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The time is calculated with Equation (1) as a function of the thermal demand and the
production capacity of the CHP system. As can be observed in Figure 12a for the individual
dwellings simulation, where the fuel-cell-based CHP systems present a higher duty cycle,
the smaller the rated power, the higher the duty cycle. A similar behavior is observed in
the results for the 10-dwelling building simulation (Figure 12b).

5. Discussion

The simulation results for the “natural gas scenario” show some interesting conclu-
sions. In this scenario, natural gas is used as the only fuel for all CHP systems. Fuel
cell-based technologies reform the gas to obtain pure hydrogen, which results in an ad-
ditional gas consumption. Even so, the fuel cell-based CHP systems have a significant
impact into PE reduction as can be observed in Figure 7a1,a2. It is noteworthy that the
smallest fuel cell CHP (“1 kWe FC”) system presents the greatest PE reductions for the
10-dwelling building simulations. PE consumptions are from ca. 50% for B-Id 1 to ca. 90%
for B-Id 4. On the contrary, the same facility does not show such good behavior in the
single dwelling simulation. This is due to the better efficiency of the back-up heater for the
energy conversion of natural gas into heat. In other words, the “1 kWe FC” system used in
the high-rise buildings means a longer operation time because of the lower proportion of
heat demand fed from the CHP (see Figures 11b and 12b for operating time and thermal
demand respectively). Thus, more energy from the back-up heater is needed to cover the
heating demand and this means that lower energy from the natural gas is required. Even
so, the use of the CHP decreases the consumed energy from the electrical grid, which
benefits the PE reduction. This can also be observed in the CO2 emissions in Figure 8a1,a2,
where only fuel cell-based CHP systems show an effective greenhouse gases reduction
because of the impact of the reduction in electrical energy importation. It is easy to see in
Figure 7a2 that the higher the HtP ratio the better the PE reduction.

“MICAPEMrated” fuel cell CHP was designed according to a standard dwelling consump-
tion, showing the best PE reduction in all scenarios. Focusing on the first scenario (Figure 7a1)
the PE consumption is around 80% for the user with the higher HtP ratio (Id 1) and around
90% for the lower HtP ratio (Id 4). However, CO2 emissions are maintained because of the
increment in natural gas consumption to meet the thermal demand (Figure 8a1). Electrical
energy surplus achieves a maximum value, doubling the energy demand, as can be observed
in Figure 9a. In the same Figure, Id 4 and B-Id 4 always import electricity from grid because
the datasets are based on a high electrified user with a low HtP ratio, ca. 0.7.

The results for the “green gas scenario” are also interesting and as expected, the use of
carbon-free fuel has a significant impact on the PE reduction in buildings. The higher the
energy exported; the higher PE reduction is achieved. Main differences for fuel-cell-based
systems in Figure 7b1,b2 are the PE reduction rate sign. On the one hand, in Figure 7b1
it is negative because the CHP unit is able to cover the entire thermal demand (see also
Figure 11a) yielding an exported electrical energy surplus. On the other hand, 10-dwelling
building results in Figure 7b2 show that the reduction is not so high because neither the
thermal nor the electrical demand are fully covered by the CHP unit and despite the fact
that green gas can be used in the backup heater, the electricity has to be imported from the
commercial grid. Decreasing the energy importation rather than creating an energy surplus
is the preferred situation for the actual electrical systems because energy consumers can be
managed more easily than small energy producers (self-consumption without net balance).
The case Id 4 is an exception not only in the carbon-free fuel scenario, but also in the other
ones, because it is a highly electrified consumer with a low thermal energy demand. In fact,
this means that the total operation time of the units is lower than others, so electricity has to
be imported. Nevertheless, the PE reduction is significant for Id 4 due to the cogeneration.

The “expected scenario” is the most probable scenario, where only hydrogen is used
to power the fuel cell-based CHP systems and natural gas for back-up heaters and the
other CHP technologies. This means that the fuel consumption term in Equation (6) can be
neglected for fuel cell-based system exclusively. Figure 7c1 shows that the most powerful
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thermal CHP units (“gas ICE” and “gas turbine”) result in a worst PE reduction for all
dwellings due to the low operating time (see Figure 12a) and, consequently, the lowest
electrical energy production (see Figure 9a). The negative value in the PE ratio for fuel-
cell-based CHP units is due to the electrical energy surplus. Figure 7a1 shows, again, an
optimal design point in the “MICAPEMrated” characteristics. For the 10-dwelling buildings,
the higher the power the higher the PE reduction due to the ability to provide the energy
demands from a low consumption of carbon-free fuel for PE production. The contrary can
be observed in Figure 7a2 for the “natural gas scenario”, where a greater fuel consumption
is penalized.

Figure 8a1,a2 show the CO2 reduction results for the “gas-fueled scenario” for both
individual and building dwellings, respectively. The use of CHP in dwellings does not
have a carbon emissions reduction due to the higher gas consumption because of the
efficiency reduction compared to the use of a boiler. Nevertheless, the 10-dwelling building
simulation shows that CO2 emissions are lower for the fuel cell-based system due to the
electrical generation and the increase in global efficiency. Similarly, in both the “green fuel
scenario” and the “expected scenario”, the reduction of CO2 emission shows the same
behavior compared to the PE reduction.

The size of the CHP system is an important design and a critical economical parameter.
The size of the CHP is directly related to the ability to meet the energy demand, but
indirectly related to the operation time (and the economic viability). Figure 11 shows the
share of thermal energy demand produced with the CHP system and Figure 12 the share
of operation hours per year. The total operating time for the smaller units of the “gas ICE”
and the “gas turbine” CHP units applied to low thermal demand consumers like a single
dwelling (Figure 12a), makes its use unviable (less than 5%-year hours). “Gas turbine”
units still are unviable for typical buildings in Spain (less than 20%-year hours). Contrary,
fuel cell-based technologies, due to their lower power appear to be a better solution for
CHP systems in the building sector, ca. 80%-year hours in the best cases. The low thermal
power is not a handicap because fuel-cell-based CHP systems are fully scalable.

6. Conclusions

When the primary energy (PE) consumption in Spanish buildings is calculated with
the official factors summarized in Table 1, which depend on the energy carrier and its energy
source, it was demonstrated that the electrical energy carrier is 1.6 times more demanding
than the natural gas from non-renewable sources. Even so, there is a tendency to electrify
the consumptions because it is an energy carrier that can be more easily decarbonized. Some
industrial heating systems are electrified due to the availability of powerful transmission
lines. Despite of this, building centralized heating systems are not normally electrified
because of the limitations of electrical grids in the cities.

Fuel cell-based CHP systems are a good solution to provide the energy demand for
heating and hot water in buildings, showing a decrease in both PE consumption and CO2
emissions, even if the hydrogen is obtained from natural gas reforming. However, this
PE reduction is directly related to the thermal energy conversion efficiency of the CHP
and the boiler because in the best situation a 50% PE reduction can be achieved with an
energy production of ca. 20% of thermal demand and ca. 50% of the electrical demand.
When the fuel cell-based CHP systems are powered with carbon-free hydrogen, the PE
reduction is higher when the system is able to meet a big share of the energy demand, which
corresponds to a better fit of the heat-to-power ratio between production and demand. The
use of micro-CHP units integrated into smart grids can help to reduce not only the thermal
and electrical demand of the user but also the electrical demand from the nearby with the
proper energy management.

The economic viability of fuel cell-based CHP units is similar to other technologies
such as solar thermal systems that are projected to supply a maximum share of the thermal
demand, ensuring the higher possible operating time. Based on the results of Figure 12,
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the optimal situation corresponds to centralized systems where the total operating time is
above 80% of the year-hours and the thermal demand can be fully supplied.
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Nomenclature

Abbreviations
CHP Combined heat and power system
EES Electrical energy storage system
EPBD Energy Performance of Buildings Directive (2010/31/EU)
HtP Heat-to-power energy ratio
PE Primary energy
PEMFC Polymer exchange membrane fuel cell
TES Thermal energy storage system
Variables
COCHP

2 CO2 emissions from the combined heat and power unit (kg)
fCO2 CO2 emissions conversion factor, kg of CO2 per kWh of end-use energy

fPE Primary energy conversion factor, kWh of primary energy per kWh of
end-use energy

.
Q Rated thermal power of the combined heat and power unit (kW)
Qbackup Back-up heater energy flow (kWh)
QD Daily thermal energy demand (kWh)
Qfuel Fuel energy flow in the combined heat and power unit (kWh)
QCHP Thermal energy produced by the combined heat and power unit (kWh)
t Estimated daily operation time of the combined heat and power unit (h)
Wbal Electrical energy balance (kWh)
WCHP Electrical energy produced by the combined heat and power unit (kWh)
WD Daily electrical energy demand (kWh)
WExp Net electrical exported energy to the grid (kWh)
WImp Net electrical imported energy from the grid (kWh)
ηQ Thermal efficiency to supply the energy demand from the generation
η

Q
CHP Thermal energy performance for the combined heat and power unit

ηW
CHP Electrical energy performance for the combined heat and power unit

ηW Electrical efficiency to supply the demand from the generation
Subscripts
e electricity
g gas

293



Sustainability 2021, 13, 1776

References

1. Energy Statistics—An Overview—Statistics Explained. Available online: https://ec.europa.eu/eurostat/statistics-explained/
index.php/Energy_statistics_-_an_overview#Final_energy_consumption (accessed on 27 December 2020).

2. IDEA. SECH PROJECT-SPAHOUSEC Analyses of the Energy Consumption of the Household Sector in Spain IDAE General
Secretary Planning and Studies Department 16th of June of 2011. 2014. Available online: https://ec.europa.eu/eurostat/cros/
system/files/SECH_Spain.pdf (accessed on 27 December 2020).

3. EPBD. Energy Performance of Buildings Directive 2010/31/EU (recast). Off. J. Eur. Union 2010, 153, 13–35.
4. Hitchin, R.; Thomsen, K.E.; Wittchen, K.B. Primary Energy Factors and Members States Energy Regulations—Primary Factors

and the EPBD, no. 692447. 2018, p. 4. Available online: https://www.epbd-ca.eu/wp-content/uploads/2018/04/05-CCT1
-Factsheet-PEF.pdf (accessed on 19 December 2020).

5. Integrated National Energy and Climate Plan 2021–2030. 2020. Available online: https://ec.europa.eu/energy/sites/ener/files/
documents/es_final_necp_main_en.pdf (accessed on 27 December 2020).

6. Amber, K.P.; Day, T.; Ratyal, N.I.; Ahmad, R.; Amar, M. The Significance of a Building’s Energy Consumption Profiles for the
Optimum Sizing of a Combined Heat and Power (CHP) System—A Case Study for a Student Residence Hall. Sustainability 2018,
10, 2069. [CrossRef]

7. Atănăsoae, P. Technical and Economic Assessment of Micro-Cogeneration Systems for Residential Applications. Sustainability
2020, 12, 1074. [CrossRef]

8. Brett, D.J.L.; Brandon, N.J.; Hawkes, A.; Staffell, I. Fuel cell systems for small and micro combined heat and power (CHP)
applications. In Small and Micro Combined Heat and Power (CHP) Systems; Elsevier: Amsterdam, The Netherlands, 2011; pp. 233–261.

9. Elmer, T.; Worall, M.; Wu, S.; Riffat, S.B. Fuel cell technology for domestic built environment applications: State of-the-art review.
Renew. Sustain. Energy Rev. 2015, 42, 913–931. [CrossRef]

10. CEER. CEER Report on Power Losses 2017. Available online: https://www.ceer.eu/documents/104400/-/-/6f455336-d8c8-aa6f-
(accessed on 12 January 2021).

11. Uchman, W.; Kotowicz, J.; Li, K.F. Evaluation of a micro-cogeneration unit with integrated electrical energy storage for residential
application. Appl. Energy 2021, 282, 116196. [CrossRef]

12. Pérez-Iribarren, E.; González-Pino, I.; Azkorra-Larrinaga, Z.; Gómez-Arriarán, I. Optimal design and operation of thermal energy
storage systems in micro-cogeneration plants. Appl. Energy 2020, 265, 114769. [CrossRef]

13. Onovwiona, H.; Ugursal, V. Residential cogeneration systems: Review of the current technology. Renew. Sustain. Energy Rev.
2006, 10, 389–431. [CrossRef]

14. Cogen Challenge. Pick the Right Cogeneration Technology. A Technology Checklist of Small-Scale Cogeneration. 2006.
Available online: https://ec.europa.eu/energy/intelligent/projects/sites/iee-projects/files/projects/documents/cogen_
challenge_technology_checklist.pdf (accessed on 23 April 2019).

15. Bhatia, S.C. Cogeneration. In Advanced Renewable Energy Systems; Elsevier: Amsterdam, The Netherlands, 2014; pp. 490–508.
16. Verhelst, S.; Wallner, T. Hydrogen-fueled internal combustion engines. Prog. Energy Combust. Sci. 2009, 35, 490–527. [CrossRef]
17. Hawkes, A.; Staffell, I.; Brett, D.; Brandon, N. Fuel cells for micro-combined heat and power generation. Energy Environ. Sci. 2009,

2, 729–744. [CrossRef]
18. Fiskum, R.J.; Hadder, G.R.; Chen, F.C. Fuel cells in residential and commercial building applications. In Proceedings of the

Intersociety Energy Conversion Engineering Conference, Atlanta, GA, USA, 8–13 August 1993.
19. Arsalis, A. A comprehensive review of fuel cell-based micro-combined-heat-and-power systems. Renew. Sustain. Energy Rev.

2019, 105, 391–414. [CrossRef]
20. Barelli, L.; Bidini, G.; Gallorini, F.; Ottaviano, A. An energetic–exergetic analysis of a residential CHP system based on PEM fuel

cell. Appl. Energy 2011, 88, 4334–4342. [CrossRef]
21. Olabi, A.; Wilberforce, T.; Sayed, E.T.; Elsaid, K.; Abdelkareem, M.A. Prospects of Fuel Cell Combined Heat and Power Systems.

Energies 2020, 13, 4104. [CrossRef]
22. European Project. Ene-Field. Available online: http://enefield.eu/category/about/ (accessed on 24 December 2020).
23. Ene-Farm Project. Japan LP Gas Association. Available online: https://www.j-lpgas.gr.jp/en/appliances/ (accessed on

24 December 2020).
24. Renau, J.; Domenech, L.; García, V.; Real-Fernández, A.; Montés, N.; Sanchez, F.P. Proposal of a nearly zero energy building electrical

power generator with an optimal temporary generation–consumption correlation. Energy Build. 2014, 83, 140–148. [CrossRef]
25. Real-Fernández, A.; Garcia, V.G.; Domenech, L.; Renau, J.; Montés, N.; Sanchez, F.P. Improvement of a heat pump based HVAC

system with PCM thermal storage for cold accumulation and heat dissipation. Energy Build. 2014, 83, 108–116. [CrossRef]
26. Jensen, J.O.; Li, Q.; Pan, C.; Vestbø, A.P.; Mortensen, K.; Petersen, H.N.; Sørensen, C.L.; Clausen, T.N.; Schramm, J.; Bjerrum, N.J.

High temperature PEMFC and the possible utilization of the excess heat for fuel processing. Int. J. Hydrogen Energy 2007,
32, 1567–1571. [CrossRef]

27. Zhang, J.; Xie, Z.; Zhang, J.; Tang, Y.; Song, C.; Navessin, T.; Shi, Z.; Song, D.; Wang, H.; Wilkinson, D.P.; et al. High temperature
PEM fuel cells. J. Power Sources 2006, 160, 872–891. [CrossRef]

28. Arsalis, A.; Nielsen, M.P.; Kær, S.K. Modeling and off-design performance of a 1kWe HT-PEMFC (high temperature-proton
exchange membrane fuel cell)-based residential micro-CHP (combined-heat-and-power) system for Danish single-family house-
holds. Energy 2011, 36, 993–1002. [CrossRef]

294



Sustainability 2021, 13, 1776

29. Yang, Y.; Zhang, H.; Yan, P.; Jermsittiparsert, K. Multi-objective optimization for efficient modeling and improvement of the high
temperature PEM fuel cell based Micro-CHP system. Int. J. Hydrogen Energy 2020, 45, 6970–6981. [CrossRef]

30. Arsalis, A.; Nielsen, M.P.; Kær, S.K. Modeling and optimization of a 1 kWe HT-PEMFC-based micro-CHP residential system.
Int. J. Hydrogen Energy 2012, 37, 2470–2481. [CrossRef]

31. Boulmrharj, S.; Khaidar, M.; Bakhouya, M.; Ouladsine, R.; Siniti, M.; Zine-Dine, K. Performance Assessment of a Hybrid System
with Hydrogen Storage and Fuel Cell for Cogeneration in Buildings. Sustainability 2020, 12, 4832. [CrossRef]

32. Jo, A.; Oh, K.; Lee, J.; Han, D.; Kim, D.; Kim, J.; Kim, B.; Kim, J.; Park, D.; Kim, M.; et al. Modeling and analysis of a 5 kWe
HT-PEMFC system for residential heat and power generation. Int. J. Hydrogen Energy 2017, 42, 1698–1714. [CrossRef]

33. Arnfield, J. Köppen Climate Classification; Encyclopedia Britannica: Chicago, IL, USA, 2017.
34. Yu, D.; Meng, Y.; Yan, G.; Mu, G.; Li, D.; Le Blond, S. Sizing Combined Heat and Power Units and Domestic Building Energy Cost

Optimisation. Energies 2017, 10, 771. [CrossRef]
35. Python Software Foundation. Available online: https://www.python.org/ (accessed on 13 January 2021).
36. Lightfoot, H.D. What engineers and scientists should know about scales for measuring primary energy: Why they are nec-

essary and how to use them. In Proceedings of the 2nd Climate Change Technology Conference, Hamilton, ON, Canada,
12–15 May 2009; p. 10.

37. Gobierno de España. Factores de Emisión de CO2 y Coeficientes de Paso a Energía Primaria de Diferentes Fuentes de Energía Final
Consumidas en el Sector de Edificios en España. 2016. Available online: https://energia.gob.es/desarrollo/EficienciaEnergetica/
RITE/Reconocidos/Reconocidos/Otrosdocumentos/Factores_emision_CO2.pdf (accessed on 19 December 2020).

38. Chandan, A.; Hattenberger, M.; El-Kharouf, A.; Du, S.; Dhir, A.; Self, V.; Pollet, B.G.; Ingram, A.; Bujalski, W. High temperature
(HT) polymer electrolyte membrane fuel cells (PEMFC)—A review. J. Power Sources 2013, 231, 264–278. [CrossRef]

39. Renau, J.; Barroso, J.; Lozano, A.; Nueno, A.; Sánchez, F.; Martín, J.; Barreras, F. Design and manufacture of a high-temperature
PEMFC and its cooling system to power a lightweight UAV for a high altitude mission. Int. J. Hydrogen Energy 2016,
41, 19702–19712. [CrossRef]

40. Barreras, F.; Lozano, A.; Roda, V.; Barroso, J.; Martín, J. Optimal design and operational tests of a high-temperature PEM fuel cell
for a combined heat and power unit. Int. J. Hydrogen Energy 2014, 39, 5388–5398. [CrossRef]

41. Alegre, C.; Lozano, A.; Manso, Á.P.; Álvarez-Manuel, L.; Marzo, F.F.; Barreras, F. Single cell induced starvation in a high
temperature proton exchange membrane fuel cell stack. Appl. Energy 2019, 250, 1176–1189. [CrossRef]

42. Bhushan, B. Handbook Technology. Available online: https://www.engineering-airliquide.com/es/technology-handbook
(accessed on 16 October 2020).

43. IEA. The Future of Hydrogen; IEA: Paris, France, 2019.
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Abstract: Low indoor humidity has been shown to influence the transmission of respiratory diseases
via air. A certain proportion of sick leave in offices is therefore attributable to dryness of air. An
improvement in these conditions thus means a reduction in sick leave, which is accompanied by
cost savings for companies. Vertical indoor greening has a verifiable positive effect on air humidity,
especially in winter months. In this article, the correlation between improved air humidity in greened
rooms and reduction of sick leave due to improved air humidity was described. The resulting
indirect economic effect was determined by comparing the costs for construction, green care, and
technical maintenance of indoor greenery with savings due to lower sick leave. Based on long-term
measurement data on air humidity and temperature, and actual cost values for three buildings,
located in Vienna, Austria, with 6 greened and 3 reference rooms without greenery, the correlation of
the method was derived and finally formulated in a generalized way using dimensioning factors.
Only considering the influence on air humidity, profitability of 6.6 m2 vertical greening installed in
an example office with six workplaces equipped with technical ventilation and saving of two sick
days already results after about 4.5 years.

Keywords: hygrothermal comfort; indoor green; vertical greenery; indoor air quality; cost-benefit-
ratio; sick leave; absenteeism; alternative quantification method

1. Introduction

People spend about 90% of their time indoors [1]. A large proportion of this time is
spent in offices. In Vienna, the share of office workers in 2001 was 28.6% of all employees,
and the trend is rising [2]. Moreover, in Germany, a rise in office working places can be
observed, as a study shows: In 2020, 71% of all employees in Germany worked at least
partly in an office, which means 32 million people, whereas in 2015, it was only about
52% (22.5 million) [3]. Austrian law assumes a normal working time of 8 h per day or
40 h per week [4]. For occupations that are mainly performed in offices, this thus accounts
for a share of around 24% of the total weekly time. Due to this amount of time spent
indoors, indoor air quality is also increasingly becoming the focus of numerous studies.
In many cases, the quality of indoor air is rated as insufficient [5–8]. In addition to the
detection of pollutants in indoor air, the temperature and climatic conditions are also the
focus of investigations. Temperature and climatic conditions are perceived as the biggest
disturbances in office work environment, directly followed by noise pollution [9,10]. Air
humidity especially plays a very important role. The occurrence of the following health ef-
fects in working spaces is associated with too low humidity: Drying of mucous membranes,
colds, eye complaints, skin complaints, and electrostatic charging and discharging [11].
Several studies have shown that the perceived indoor air quality is enhanced by indoor air
pollutants, the protective mucous layer in the respiratory tract, and tear films. This results
in complaints and diseases of the respiratory tract and eyes [5].
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The question of the development of diseases, depending on the relative humidity,
was already raised in the 1960s [12]. In this context, a connection between the survival
of pathogens and relative humidity was established. Diseases or irritations of the skin,
eyes, and upper respiratory tract are often associated with low relative humidity indoors
during the cold season [5,13]. Dry, cold respiratory air favors infections of the upper
respiratory tract such as colds and throat infections in particular [14,15]. This is probably
due to a higher stability of virus particles at low humidity and low temperatures. This
has already been shown for rhinoviruses [16], influenza A viruses [17], and numerous
other viruses [16], which are typical pathogens of the common cold. Due to the increased
stability, the transmission of these viruses is particularly favored. Studies have already
been conducted to examine the effects of prolonged exposure to low humidity on perceived
indoor air quality, sensory irritation symptoms in the eyes and respiratory tract, work
performance, sleep quality, virus survival, and voice disorders. Results showed that an
improvement in indoor humidity can have a positive effect on perceived indoor air quality,
eye symptoms, and possibly work performance in the office environment [5,10,18,19].
However, effects on increased diseases are not only attributed to the higher stability of the
viruses depending on the humidity, but are also caused by the influence on the host. Thus,
due to low humidity, the host defense changes as well as tissue repair is reduced as Kudo
et al. [20] showed in their study on mice. Lowen et al. [21] summarize as a result of their
study with guinea pigs as model host the mechanisms of influenza virus transmission as a
function of humidity at three levels: Level of host concerning the mucociliary clearance and
the associated defense potential, level of particle concerning the stability of the influenza
virions, and level of vehicle in the form of respiratory droplets. They state that there
is a possibility of reducing influenza virus spread by “maintaining room air at warm
temperature (>20 ◦C) and either intermediate (50%) or high (80%) RHs” [21]. These studies
on animals will aid in understanding the ways and types of transmission between human
populations [21].

However, it is important that the relative humidity does not reach too high values,
as this allows selected viruses to survive, as well as the growth of mold spores and fungi.
The relative humidity must therefore be within a certain defined range in order to achieve
a positive health effect. This optimal range where overall health risks may be minimized
regarding relevant biological and chemical interactions has already been defined in 1985
by Sterling et al. [22], with a relative humidity between 40–60%. This optimal comfortable
range between 40–60% is also pointed out by Arundel et al. [23] as a result of their study.
In this study, different studies from schools, offices, and barracks were summarized, which
deal with the “indirect health effects of relative humidity in indoor environments” with the
clear statement that absenteeism or respiratory infections were found to be lower among
people working or living in environments with mid-range versus low or high relative
humidity [23]. Other studies also came to the result of an optimal range of relative air
humidity concerning the viability of bacteria and the viability of viruses [24], the virus
stability and transmission rates [25], and the reduction of human stress levels in comparison
to drier conditions [26].

Furthermore, temperature is also attributed an important role in the spread and the
toll of influenza. Shaman et al. [27] therefore investigated the relationship between absolute
humidity and influenza survival and transmission, with the result that this relationship
has even stronger significance than when considering the dependence of relative humidity.
The consideration of hygrothermal comfort as a function of not only humidity but also air
temperature is therefore crucial. This connection has also been pointed out by Wolkoff [28]
in his review article concerning indoor air humidity and air quality and their influence on
health. He gives an overview of numerous studies conducted in schools, offices, hospitals,
and factories investigating the influence of air humidity on ocular surface, sleep quality,
and the airways, but also its influence on the survival of influenza virus with the conclusion
that not only relative air humidity plays a decisive role, but everything that is connected to
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it such as air pollutants. Due to the complexity of this, more attention should be paid to the
term of absolute humidity, as already done by [27].

These effects of low humidity in office rooms in the winter period inevitably manifest
themselves in higher absences due to illness. Employees in Austria spent an average of
13.1 days on sick leave in 2018, compared to 12.5 days in 2017. Short absences due to
illness (1–3 days) are very common and accounted for about 40% of all recorded sick leave
cases in 2018. However, they are not recorded, which means that the actual sickness rate is
higher. The most frequent causes of sickness are mainly diseases of the musculoskeletal
and respiratory systems [29]. Together, these illnesses cause about 50% of all sick leave
cases and 43% of all sick leave days. The overall economic costs of sick leave and accidents
are made up of several components that can be measured with varying degrees of accuracy.
While the direct payments made by companies and social insurance agencies in the form of
continued pay and sick pay can be estimated relatively accurately. However, there is little
evidence of the indirect economic costs or the medical treatment costs incurred in the health
care system. In 2017, continued salary payments in Austria accounted for 2.9 billion euros,
and a further 725 million euros were spent on sick pay. The directly attributable sick leave
costs thus amount to 1% of Austria’s GDP. Sickness-related absences from the workplace
also lead to losses in added value and possibly to other operational costs (productivity
losses, costs for replacement employees, follow-up costs of accidents at work, etc.) that
exceed the direct costs of continued remuneration of the sick employee. These costs are
difficult to quantify, as they vary greatly depending on the economic cycle, the industry,
and the size of the company. Under highly simplified assumptions, it can be estimated
that, in addition to the cost of salary replacement, sickness-related absenteeism generates
indirect business and economic costs of 0.8% to 1.7% of GDP. In addition to these direct and
indirect sick leave costs, there are also costs to the health care system in the form of medical
care, hospitals, medication, etc. The above-mentioned cost factors are directly related
to sickness absence; a decrease in sickness-related absenteeism has a correspondingly
positive effect on these factors [30]. Not least because of the high costs involved, companies
worldwide are striving to reduce absenteeism. Since the subject matter and the reasons for
absences are very different and complex, different approaches to their reduction are also
pursued. These include organizational measures related to the scope of duties, but also
the upgrading of the workplace and the creation of a positive working environment in the
offices with the aim of health promotion [31].

Milton et al. [32] investigated the connection between sick leave and indoor air quality
among office workers in the USA. They established the link between the cost of sick
leave and the currently recommended air exchanges, which, based on the length of sick
leave attributable to air quality and the labor costs of an employee, can save about USD
400 per employee per year by improving indoor air quality through air exchange with the
outside. In the mentioned article, ventilation is considered the main factor in improving
indoor air quality. In any case, air exchange is the best way to prevent the spread of
viruses and pathogens that are transmitted through the air. Moreover, the relative humidity
influenced by humidifiers is included in this study with the knowledge that, in any case,
too high humidity should be avoided, as this can not only lead to a higher survival rate
of certain viruses, but also allows the development of mold spores and fungi. As also
highlighted in Arundel et al. [23], maintaining a relative humidity between 40 and 60%
should therefore be ensured. In their article, authors clearly state, supported by various
epidemiological studies, that there is a significant correlation between absentee rates
and relative humidity indoors. This correlation has also been investigated by Reiman
et al. [33] in their study on humidity as a non-pharmaceutical intervention for influenza
A in different classrooms. Comparing humified rooms to control rooms, they observed
a significant reduction of the total number of influenza A virus positive samples. Taylor
et al. [34] point out that there is a connection between low indoor relative humidity and
reduced outdoor air ventilation and sick leave and productivity. Mendell et al. [35] suggest
that health benefits for indoor workers by improving the building environments can lead
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to high economic benefits. One of the other measures they advise is the influence of
temperature and humidity of air.

Indoor greening has many advantages. In addition to the aesthetic enhancement of
the room, it can not only contribute to a reduction of the reverberation time and thus to
better speech intelligibility, but also influences the air quality in a room. This has already
been proven in numerous studies and investigations [36–38].

In particular, vertical indoor greening in the form of wall greenery has a great effect,
since a large area of vegetation can be created on a small floor surface. Among other things,
vertical indoor greening has a positive effect on hygrothermal comfort. Particularly in
winter, this is a great advantage due to the health effects of too low humidity. This has
already been shown by means of measurement data from [36] and international studies
such as [39–41].

Further, Reimherr and Kötter [42] examined the effects of indoor greening in offices on
health, well-being, and work performance in the context of a research project. Through their
surveys, they found out that with about 55%, the psychological and psychosomatic effects
have the greatest health-promoting effect, followed by the advantages of air humidification
(30%). Furthermore, the reduction of dust and noise as well as the reduction of pollutants
are also cited. Similar results were obtained by Fjeld et al. [43] through a survey addressing
neuropsychological symptoms, mucous membrane symptoms, and skin symptoms through
indoor air conditions among office workers. The situation with and without plants in the
office was compared, and it was found that complaints regarding cough and fatigue were
reduced by 37% and 30% through plants present. They though clearly suggest that foliage
plants in offices can lead to an improvement in health and a reduction in symptoms of
discomfort. Studies by Smith and Pitt [44] also show that plants can be a low maintenance
tool to improve indoor air quality. Their in situ measurements show that plants can not
only influence the humidity in offices, but can also influence other air pollutants such
as VOCs.

Vertical indoor greening also has the advantage that very little to no floor space is lost
in the room, and yet plants can be available in large numbers in the room. In comparison
to individual plants in pots or troughs, however, wall plantings are associated with higher
costs for installation as well as for the upkeep and maintenance of the technical system.

When making decisions about investments in buildings, costs and benefits are always
weighed against each other. Cost–benefit analyses are therefore used to compare the
monetary advantages and disadvantages. In a cost–benefit analysis, the value of a project
is thus quantified in monetary terms with the aim of the support of social decision making
on a rational basis. A plan is worthy of realization if, compared to doing nothing, the
sum of its advantages is greater than the sum of its disadvantages [45], or as defined by
Cambridge Dictionary, “the process of comparing the costs involved in doing something
to the advantage or profit that it may bring” [46]. However, such cost–benefit evaluations
are very complex for indoor and outdoor greening of buildings. This is not least due to
the fact that the positive effects of the living, nevertheless technical, system of the vertical
green are varied and not only the investor profits, e.g., in the form of energy saving, but
also substantial positive effects on the health as well as also on the cityscape, which are
so far difficult to quantify and/or in a further step to monetarize, as already explained
in detail in [47]. A classical cost–benefit analysis is therefore not the correct instrument
to illustrate the effects holistically for building greenery. Alternative assessment and
evaluation concepts are therefore necessary.

In this article, the costs of an investment and operation of vertical indoor greening are
to be examined and analyzed in relation to the benefits in the form of reduced sickness-
related downtime in office buildings due to improved humidity thanks to the vertical
indoor green. These comparisons and the conclusions drawn from them are based on the
following context: Particularly in winter, interiors often have too low humidity. This has
health effects for the people who stay in these rooms—this also applies to offices and the
people who work in them and who are on sick leave because of these health consequences.
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Vertical greenery improves the hygrothermal comfort in indoor spaces and, especially in
winter, can contribute to an increase in air humidity to a comfortable level and thus also
influence the associated health consequences. Sick leave due to health consequences and
the associated absence cause costs for the company, which are reduced accordingly when
sick days are reduced. Indoor greenery can contribute to this reduction, but it also causes
costs for installation and maintenance. These costs for greenery and possible savings by
reduced sick days are compared, and a method of quantifying and monetizing the effects
of vertical greening is shown.

2. Methodology and Approach

In the context of the investigations for this article, a comparison was made between
the cost savings due to less absence through illness and the costs for vertical greening in
the interior of office spaces.

The investigations of this article are based, on the one hand, on the measurements of
relative air humidity and air temperature in greened and non-greened interiors of three
Viennese school buildings, which were equipped with different vertical greening systems
within the scope of research projects. All project results can be found in [48,49]. These
projects provided extensive long-term measurement data. The evaluations of the hygrother-
mal comfort for the classrooms in summer and winter have already been published [36]. In
addition, recommendations for the dimensioning of vertical indoor greening in classrooms
in relation to hygrothermal comfort were developed on the basis of formulas applied [49,50].
For the present study, the hygrothermal measurement data are filtered again and eval-
uated accordingly. This allows statements about the percentage of improvement of the
hygrothermal comfort and thus the improvement of the indoor air quality based on this
parameter. The three school buildings investigated differ in their construction method
and in the way they are ventilated: A non-insulated old building in brick construction
without technical ventilation system, a new building in reinforced concrete construction
with a thermal insulation composite system and ventilation system, and one without a
technical ventilation system. It is therefore possible to make statements for three different
structural situations for these locations. They will be referred to as Building A, B, and C in
the following. As an example for building C, Figure 1 shows the three different rooms as
they exist in each of the three buildings: A reference room, a green room with the trough
system, and a green room with the fleece system. This figure also contains the calculation
results obtained. Figure 2 shows the greening with the fleece system as an example from
building B.

The measured data of air humidity and air temperature were collected per building
in two greened classrooms and one non-greened comparable classroom, which served
as reference rooms, over several years in a measuring interval of 5 min. More details on
used measurement instruments as well as measurement settings can be equivalently found
in [36]. Two different vertical greening systems were used at each of the three locations: A
fleece system and a trough system. These two systems were described in detail in [48,49]
and shown in Figure 1 in a sketch. The plants used in the vertical greenings were selected
within the framework of the research projects by the project partners with many years of
expertise in vegetation technology as well as a landscape gardener involved in the project,
so that the plant selection is optimally designed for use in vertical indoor greenings. The
selection of the plants is attributed a high value, but this should not be the focus of the
present investigations, but should always be accompanied by an expert. In order to be able
to make statements about the effect of the greening also for office rooms, these measuring
data from classrooms were filtered in such a way that only times in winter period when
the rooms were not used for teaching were used for the present analysis, so that there is no
influence of the presence of the students. In addition, all measured data were checked for
plausibility, and data gaps and outliers were processed accordingly. In a further step, it
was determined how many workplaces could be arranged in the respective classrooms in
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accordance with the Austrian workplace regulations. In this way, the vertical green area
per workplace in the respective room under consideration was highlighted.

 

Figure 1. Overview of buildings and rooms with according calculation results.

 

Figure 2. Fleece system in Building B.
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The hygrothermal comfort indoors and its criteria have already been examined in
detail. In addition to relative humidity and air temperature, detailed analyses also take into
account factors such as physical conditions, the activity of the persons, and their clothing.
In order to enable statements as general as possible and in accordance with the available
data, the definition of hygrothermal comfort according to Frank [51] is used in the present
investigations and the measured values are analyzed according to these defined areas. This
method is the same as that used in [36] for the analysis. Figure 3 shows these areas. Thus,
measured values within the red framed area are in the comfortable range, which means
that both the measured air temperature and the relative humidity are in a range that is
comfortable for persons present. If a combination of relative humidity and air temperature
is within the green framed area but outside of the red area, these measurements are called
“still comfortable”. Outside of this green area, the existing conditions are considered “not
comfortable”. This means that the temperature is either too cold or too warm, and the air
is too dry or too humid.

Figure 3. Hygrothermal comfort according to Frank [51].

The costs for the installation and construction of the greenery for the three locations
were summarized and calculated on the basis of the actual costs incurred. Moreover, the
costs for operation as well as green care and technical maintenance were collected and
presented in values per year for the three locations and the two different greening systems
used. Due to the locations as well as the different functioning of the greening systems, these
vary. In summary, the costs of the greening systems could be calculated per workplace and
year for each greening system used at the three locations.

In a further step, these costs are compared to the costs for the absence due to sickness
of one person per day, which were determined based on the explanations in Section 1 and
the average annual income of employed persons (including apprentices) and the working
hours in hours per year according to Statistik Austria [52].

By improving the hygrothermal comfort in the greened rooms compared to the non-
greened rooms, a reduction of the number of sick days is then possible on the basis of the
correlations explained in Section 1, which allows a statement about the positive monetary
effect of vertical greening in the office space on the saving of salary costs for employees
due to fewer sick days.

In a final step, different initial situations addressing the connection between vertical
indoor greening and reduced sick leave are considered. These should show in which way
the method described in the article can be applied or which statements can be formulated
based on the considerations. Situations such as the profitability of greening after a certain
number of years or with a certain reduction of sick days per employee are considered
before finally a generalization of assumptions based on dimensioning factors is carried
out. Due to the compactness of the considerations, the approach is briefly described in the
chapter of the actual calculation.
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Cost-benefit analyses and also the method of evaluation presented in the context of this
article have their limitations and only provide a decision support based on a comparison
and do not represent an actual decision. They contain both value estimations as well as
uncertainties and contain beyond that in principle no examination of legal defaults.

3. Results and Discussion

Following the procedure explained in Section 2, the next subchapters describe the
considerations, calculations, and analyses performed and present the results of these.

3.1. Number of Workstations in Monitored Rooms

The monitored rooms are located in three different school buildings in Vienna, as
already mentioned under 2. The nine rooms are six classrooms with greenery and three
reference rooms without greenery. As can be seen in table in Section 3.5, all nine rooms
have different room sizes and volumes—the room size varies between about 52 m2 and
84 m2; the room volume between 193 m3 and 259 m3.

According to the Workplace Ordinance applicable to Vienna, which among other
things regulates the necessary size of a workplace in offices, “at least 8.0 m2 for one
employee must be provided plus at least 5.0 m2 for each additional employee” per room in
accordance with *§24 (1) AStV. §24 (3) AStV also stipulates that at least 12.0 m3 of airspace
per employee must be available “for work with low physical stress”, which also includes
normal office activities. [53]

In accordance with these legal requirements, the possible number of hypothetical
workplaces in the nine monitored rooms was determined. The results are summarized in
table in Section 3.5. The calculation was based on both the existing floor space and the air
volume, and it turned out that for all nine rooms, the floor space was decisive. The number
of workstations in the considered rooms ranges between 8 and 15.

3.2. Costs for Greening Systems

The construction as well as the green care and technical maintenance of vertical
greening systems comes with costs. These are divided into investment costs, which are
incurred once when the greening system is set up, and ongoing costs for plant care and
technical maintenance of the system. The calculations also include costs for electricity and
water consumption for lighting and irrigation of the green areas. They are divided into
costs for green care and technical maintenance including fertilizer, plant material, as well
as water and electricity consumption.

The costs considered in the research of this article are based on the real consumption
of electricity and water measured in one of the schools and on the costs for green care and
maintenance for the company that took over the maintenance after the end of the research
project. The necessary lighting of the vertical indoor greenery is provided by LED strips or
spotlights. The irrigation is done by a connection to the house water pipe and a micro-drip
system according to the needs of each of the two different greening systems.

Due to the different functionalities of the two greening systems under consideration,
the water consumption and the costs for green care and maintenance also differ. While in
the trough system the plants are placed in technical substrate, comparable to a conventional
flower pot, in the fleece system three different fleece layers are used for protection as well
as for water distribution and storage. Since the plants are inserted bare-rooted into the
fleece system and the fleece serves as a substrate substitute, the water consumption is
significantly higher than with the trough system. Since this characteristic makes the system
less resilient, the costs for care and maintenance are also higher than for the trough system.
A more detailed analysis and explanation of the costs are included in [47].

Due to the comparability of the systems at the three locations, these real costs per m2

known for one location are also used for the other two locations. Table in Section 3.5.
contains the corresponding values for the six greened rooms.
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The construction costs are incurred once only and are therefore allocated over the
considered time period as shown in table in Section 3.5. This is done using a straight-line
depreciation of the installation.

3.3. Costs for Sick Leave

The question to be answered in the following subchapter is: What does an hour and
resulting from this a day of sick leave in an office cost? The winter period is considered
in particular, since the frequency of sicknesses caused by low air humidity is highest
during this period, and the effect on hygrothermal comfort due to indoor greenery is
most significant.

Based on the conditions explained in Section 1 and on data from Statistik Austria from
2017, the average annual income of employed persons in Austria is 38,828 euros. If these
costs are divided by the usual annual hourly rate of 1720 h per year, the average labor costs
per hour per person are 22.57 euros. This annual hourly rate factor already includes the
annual vacation days and public holidays. This results in labor costs of 180.60 euros for a
regular 8-h workday. Table 1 contains the results of these calculations.

Table 1. Average labor costs of employed persons in Austria 2017 [54].

Average Annual Income of Employed Persons
(Including Apprentices)

in EUR 38,828.00

Working hours per year in h 1720

Working hours per day in h 8

Average labor costs per day per person in EUR 180.60

Average labor costs per hour per person in EUR 22.57

The company incurs direct costs in the form of wage costs per person and working
day of 180.60 euros. These costs represent only the direct costs as explained in Section 1.
Not included are costs for, e.g., overtime of colleagues to compensate the workload or
costs that arise from the delay of projects. Moreover, indirect costs for the health service
as well as insurance are not considered. The actual costs for one sick day per employee
are therefore significantly higher. Due to the existing data situation and the difficulties
in the determination in particular of the indirect costs in the context of these present
investigations, only the pure wage costs which must be further paid are taken into account.

Accordingly, the answer to the above question of the cost of one day of absence of an
office employee can be answered: There are direct costs for continued payment of wages
in the amount of 180.60 euros per day. Determining the indirect costs of absence is very
complex and is therefore not quantified in this article.

3.4. Improvement of Hygrothermal Comfort

The measured data were evaluated according to the filter criteria and definition
ranges for hygrothermal comfort (Figure 2) explained in Section 2. The results of these
evaluations are shown in Table 2, and for one of the buildings as an example in Figure 4.
It is clearly visible that the point cloud of the measurement data of the greened rooms
(green measurement points) has clearly shifted into the comfortable area compared to the
non-greened reference room (blue measurement points).

Based on the evaluations, it was calculated to what extent the greened rooms improve
in comparison to the non-greened reference room. This percentage improvement is shown
in Table 2. It can be clearly seen that all six greened rooms offer significantly higher
hygrothermal comfort in comparison to the non-greened rooms and therefore have a
healthier indoor climate. This also means that at no time was relative humidity too high, as
is illustrated in Figure 4 for Building A as an example, so there is no risk of mold.

Due to the applied filter criteria explained in Section 2, these evaluations of the
measured data obtained in school classes can also be applied to office rooms and, in

305



Sustainability 2021, 13, 2256

particular, statements can be made about the winter period, which is important for sick
leave due to respiratory diseases. The analysis of the monetary connection between the
improved air quality and the days of sickness is presented in the next subchapter.

 

Figure 4. Hygrothermal comfort in not greened reference room and two greened rooms (fleece and
trough system) for winter period represented by measured air temperature and relative air humidity
with applied filter criteria (Building A).

Table 2. Evaluation of the measured data on hygrothermal comfort in the greened rooms compared to the reference rooms.
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3.5. Connection between Vertical Indoor Greening and Reduced Sick Leave

The results explained so far and the calculation results described below are summa-
rized in Table 3. This table also shows the procedure explained in Section 2. In the following
subchapters, the connection between the improved indoor conditions thanks to greening
and the associated costs for installation as well as green care and technical maintenance
and the possible savings due to reduced sick days are studied by different approaches.

Table 3. Overview of the calculation results for all considered rooms and greenery systems.
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B 82 3 259 fleece 5.6 15 21 0.4 14,500 2589 400 181 356 370 770 287 1.6 2.0
B 84 3 240 none 0 16 19 0.0 - - - 181 - - - - - -
C 59 3 189 trough 11.4 11 15 1.0 14,300 1254 250 181 408 179 429 445 2.5 3.5
C 63 3 202 fleece 5.6 11 16 0.5 13,300 2375 400 181 419 339 739 376 2.1 2.8
C 64 3 206 none 0 12 17 0.0 - - - 181 - - - - - -

decisive a = 7 d = 3.5

For each of the considerations and the initial situations described below, the green area
per workplace in the different rooms was used. It is dependent on the size of the installed
vegetation as well as the number of possible workstations in the room under consideration.
This results in costs for the greening per workstation. The respective values are shown in
the Table 3.

It is to be pointed out again expressly that in the following considerations, only the im-
provement of the air humidity is used as reason, however numerous further reasons speak
for indoor greenery, which were not considered in the context of the present investigations
due to so far lacking data. In Section 4, these connections are explained prospectively.

3.5.1. Initial Situation: Profitability after Seven Years Using Linear Depreciation

For this first consideration, it is assumed that the greening system as a technical
system is depreciated on a linear basis over seven years—the installation costs are therefore
spread over 7 years. The costs for green care and technical maintenance are considered as
annual costs.

Assuming a usage period of 7 years, the following statement can be made depending
on the green space considered: From d days less sick leave per person, it will pay off to
have greenery. The number of d days varies between 1.4 and 3.4 (Table 3).

3.5.2. Initial Situation: Profitability after A Certain Number of Years

In a further step, the following statement shall be made: “With a reduction of d sick
days, the construction of the greenery is already paid off after x years”.

307



Sustainability 2021, 13, 2256

To answer this, the annual costs for the greening per workstation are set in connection
with the number of workstations in the room and the size of the greening and with the
annual savings with reduced sick leave by a certain number of days at about 181 euros per
day each. This can be calculated by the following Equation (1) and respectively Equation (2).

wsgreen·x
(

C0

x
+ Ccare

)
= Csick·d·x (1)

x =
wsgreen ·C0

Csick·d − wsgreen ·Ccare
(2)

x—number of years; Csick—costs per sick day per person; d—number of sick days; C0—
installation costs for greenery per m2; Ccare—costs for technical maintenance and green
care per m2 and year; wsgreen—m2-greenery per workstation.

3.5.3. Initial Situation: Reduction of Sick Days in Number of Days

Studies have shown that in greened offices with correspondingly improved humidity,
sickness-related days of absence decreased by up to 3.5 days per employee [55]. The
calculations based on the costs to be attributed to the greening and the saved wage costs
calculated with Equation (2) show that the greening systems installed in the rooms are
rewarded after only 1.4 to 6.3 years.

This large difference between the considered rooms or rather the exception with
6.3 years is especially due to the size of the greening with troughs in building A.

3.5.4. Initial Situation: Reduction of Sick Days in Percent

Another approach that has been followed is based on the correlation that statistically
speaking, when humidity improves into a comfortable area, there is a certain percentage
decrease in sickness absence due to respiratory diseases. As already explained in Section 1,
this correlation has already been scientifically proven with regard to the transmission and
survival of viruses at different levels of humidity. In addition, in an experiment described
under [56], 30–40% fewer symptoms related to symptoms of the mucous membranes were
detected. Based on their research, Fjeld et al. [43] found that plants reduce dry throat
symptoms by 25% and coughing symptoms by as much as 37% due to the increased
humidity in the room.

The reduction of these complaints results in reduced sick leave due to these symptoms.
Here, an assumption of a reduction of 25% is made.

Based on the average number of sick days in Austria due to respiratory diseases,
which were explained in Section 1, this results in a reduction of sick days by about 2 days.

This results in a profitability of the installed greening systems after between 3.3 and
12.7 years, depending on the greening system and area under consideration. Moreover, in
this case, the large spread of values is due to the large differences in the size of the rooms
and the installed greening systems.

3.5.5. Generalization of Assumptions Based on Dimensioning Factors

The calculations carried out so far are based on data obtained in the course of research
projects in implemented projects. Within the framework of the research project, a formula
for the dimensioning of vertical indoor greenery to achieve the optimum level of comfort
in relation to humidity (relative humidity 45%) in the interior could also be developed. The
dimensioning differentiates between technical and manual ventilation and between good
and bad user behavior with regard to ventilation or the circulation of the ventilation system,
i.e., the existing air exchange. Using these dimensioning factors, the necessary green area is
calculated in m2 depending on the floor area of the room (technical ventilation, circulation
1x per hour: 0.2; technical ventilation, circulation <1x per hour: 0.1; manual ventilation,
good user behavior 0.08) [48,50]. Figure 5 shows the surface of an office depending on
workplaces and the resulting surface of greenery for the different options of ventilation.
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Figure 5. Surface of office (Aoffice) depending on workplaces (y) and resulting surface of greenery
(Agreen) with technical and manual ventilation according to dimensioning factor (g).

If the sizes of the greenery installed in the three buildings in Vienna are checked on the
basis of these dimensioning factors, it is noticeable that they are significantly larger than
those calculated after the dimensioning. However, this does not represent a contradiction,
but the developed formula is in a way based on these research results. If the systems are
too large in relation to the room size, there is a risk that the humidity in the room is too high
due to the greenery. However, this fear could be excluded on the basis of the long-term
measurement data. In other words: These effects can also be achieved with smaller surfaces
only in relation to air humidity. However, if other effects are also considered, such as the
influence on the room acoustics or aesthetic aspects, other greening areas may well prove
to be useful. However, it is always necessary to pay attention to the increase in humidity
and to select an optimum of effects. Last but not at least, these effects also depend on the
choice of plants.

Furthermore, this generalization now includes costs for installation as well as green
care and technical maintenance based on current manufacturer information. These costs
amount to 800 euros per m2 for the installation and 150 euros per m2 per year for the
maintenance of the green care and technical maintenance.

Based on the calculations carried out for the model buildings, the following Equation (3)
applies for a general dimensioning, whereby the following conditions apply ((4) to (7)). For
an office space, the dimensioning factor thus results in a calculation according to Equation (8)
for the number of years after which the installation of greenery based on reduced sick leave
has paid off. Figure 6 visualizes these Equations for better understanding.

Agreen·Cgreen, annual = Csick,o f f ice,annual (3)

Agreen = Ao f f ice·g (4)

Ao f f ice,min = 8 + 5 (y − 1) (5)

Cgreen, annual =

(
C0

x
+ Ccare

)
(6)

Csick,o f f ice,annual = Csick·y·d (7)

x =
C0

Csick ·y·d
Ao f f ice ·g − Ccare

(8)
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Figure 6. Overview of application of Equations (3)–(8) to calculate number of years to profitability of
greenery through reduced sick leave.

Agreen—surface greenery; Cgreen,annual—total annual costs for greening per m2; Csick,o f f ice,

annual—annual costs for sick leave per office space; Ao f f ice—surface of office; y—number of
work places; g—dimensioning factor for greenery; Ao f f ice,min—minimum size of an office for
x employees; C0—installation costs for greenery per m2; x—number of years; Ccare—costs for
technical maintenance and green care per m2 and year; Csick—costs per sick day per person;
d—number of reduced sick days.

For an office space with 6 workplaces and the minimum size of 33 m2 specified by AStV
and assuming technical ventilation and a circulation of 1x per hour (dimensioning factor
0.2) as well as the costs for the greenery according to the above-mentioned manufacturer’s
specifications, it follows that, assuming a reduction in sick leave by 2 days per person,
the greenery will be profitable after about 4.5 years. For the same space with manual
ventilation, the greening will be profitable already after about one year, since the size of the
greened area of about 3 m2 is significantly smaller than in the first example with 6.6 m2.
Figure 7 illustrates the number of years to profitability comparing the costs for greenery
and the according benefits for reduced sick leave for different cases such as different sizes
of offices (3 or 6 persons) and different reduction of sick leave (2 or 3 days) as well as
different types of ventilation (manual and technical). Profitability is given as soon as the
line of costs intersects with the line of benefits.
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Figure 7. Years to profitability of costs for greenery through benefits of reduced sick leave for
different cases.

4. Conclusions and Outlook

The calculations and analyses carried out have shown that an economic consideration
of indoor greening in relation to its effects on sick leave in offices is definitely worthwhile
due to the improvement of humidity in the room and its impact on human health.

The positive effects of vertical indoor greening on the relative humidity of the indoor
air have already been proven worldwide and can also be confirmed for the six greened
sample rooms under consideration on the basis of the analyzed measurement data. On
this basis, the effects on an office space and the workplaces and employees located in it
were derived.

The effects on sick leave were assumed in these studies based on expert literature and
only the effect of improved humidity in the form of hygrothermal comfort was considered.
Other known positive effects of greening have not been considered so far. In the office
environment, these include in particular the improvement of the reverberation time and
thus the influence on the room acoustics as well as the possible enhancement of the working
environment through greening. It can therefore be assumed that there may be further
positive effects on working life and employee satisfaction. In particular, unspecific clinical
patterns related to sick building syndrome should be further considered in this context.

A comparison of these effects on the humidity of greenery with conventional air
humidification systems or extended possibilities of building technology systems could
also be made. However, such systems also cause costs for technical maintenance and, in
addition, they only pursue the one benefit of the change in air humidity and, as technical
systems, do not achieve any further advantages as is the case with greening.

It should be pointed out that this article is not a financial report, but presents a method
to demonstrate and quantify the effects that have not been considered in investment
decisions about vertical greening up to now.

Furthermore, it is to be differentiated in connection with the presented method between
the macro economical costs of sick leave and the costs for one company, as was already
explained in the introductory chapters. So far, only wage costs were considered, and no
macroeconomic total calculation were aimed at, which would include also costs of insurance,
hospitals, etc. The calculated profitability is therefore a conservative consideration.

Additionally, it must be taken into account that the calculations are subject to uncer-
tainties and, especially when using living, technical systems and when considering the
effects on humans, a generalization is not always exactly possible. Uncertainties exist, for
example, with regard to personnel costs, prices of greenery, actual reduction of sick leave,
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as well as in the generalization of sick days and the assumption that the air quality in the
office space considered was not optimal before. With regard to a practical application of
this method by a specific company, however, it should be pointed out that the formulas
presented, with their in-house data for personnel costs and sick leave, provide direct results
that are subject to greater certainty.

In a further step, the extension of this presented method to other areas such as outdoor
greening is possible. However, this expansion is more complex due to the fact that the
effects and responsibilities cannot be clearly assigned. In the presented example of office
space and the saving of wage costs, it can be assumed that the person who invests in the
greening is also the one who benefits from the savings. Due to the different levels on which
vertical greenery is effective in outdoor areas, as shown in [47], the analysis is therefore
also much more complex. One instrument that should also be considered in this context
is the Cost-Efficiency-Analysis, because it allows the intersection between buildings and
urban planning to be made visible, which is also the focus of the greening of buildings.
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Abstract: In recent years, articles have been published on the non-visual effects of light, specifically
the light emitted by the new luminaires with light emitting diodes (LEDs) and by the screens of
televisions, computer equipment, and mobile phones. Professionals from the world of optometry
have raised the possibility that the blue part of the visible light from sources that emit artificial
light could have pernicious effects on the retina. The aim of this work is to analyze the articles
published on this subject, and to use existing information to elucidate the spectral composition and
irradiance of new LED luminaires for use in the home and in public spaces such as educational
centers, as well as considering the consequences of the light emitted by laptops for teenagers. The
results of this research show that the amount of blue light emitted by electronic equipment is lower
than that emitted by modern luminaires and thousands of times less than solar irradiance. On the
other hand, the latest research warns that these small amounts of light received at night can have
pernicious non-visual effects on adolescents. The creation of new LED luminaires for interior lighting,
including in educational centers, where the intensity of blue light can be increased without any
specific legislation for its control, makes regulatory developments imperative due to the possible
repercussions on adolescents with unknown and unpredictable consequences.

Keywords: natural lighting; visual comfort; artificial lighting; indoor lighting design;
chronodisruption; circadian rhythms; daylighting; sustainable lighting design; LED luminaires;
indoor environment quality; classroom lighting

1. Introduction

In recent years, an unprecedented technological revolution has taken place. Many of the luminaires
that humans use are being replaced by new light emitting diode (LED) light sources. Unlike the
luminaires that have been used until now, which had fixed and known emission spectra, the spectral
composition and intensity in each range of the visible spectrum of these new LED luminaires can be
made to order, even including fixed or remote electronic control systems, and can be varied as desired
at any time.

It is a scientific fact that human beings have genetically evolved to perform their activities during
the day and rest during the night. The evolution of the human species has occurred under periodic
and relatively stable cycles of light and darkness, next to the main cycle, which is linked to the rotation
of the Earth on its own axis (light–dark cycle, 24 h) and the rotation of the earth around the sun
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(seasons, changed daylengths as a function of latitude, annual cycle, lunar cycle). Natural selection has
favored the presence of biological clocks through all lines of evolution, allowing animals to optimally
benefit from these cycles [1–4].

Maintaining proper lighting cycles, with appropriate levels of light during the day and darkness
at night is beneficial to the synchronization of the circadian system. It is not only the amount or type of
light we are exposed to that is important, but also the time of day when that light is received. Biological
rhythms persist in constant environments; the origin of such rhythms is endogenous and depends on
an internal clock. They are not, by default, driven by external signals but do have the ability to become
driven by several of these signals.

The increasing use of electronic equipment late at night from an early age has aroused curiosity
and fear about various related consequences, especially for children and adolescents [5]. Therefore,
in this review, we examine all relevant scientific and regulatory information that exists or is under
development. Numerous scientific studies demonstrate the influence of light on our biorhythms,
and therefore, on the moods of adolescents [6,7].

The evolution in lighting with the introduction of LED lights that can emit any wavelength at any
intensity has raised concerns about what combinations of light can be received and emitted by electronic
equipment and disturbing doubts about such light’s consequences for the health of adolescents.

The main objective of this review is to study the different sources of artificial light that adolescents
may receive and the physiological and psychological consequences of their absorption. From this
general objective, the following specific objectives were developed:

a. determine the nature of the light emitted from electronic equipment that can be used by
adolescents from the perspective of the possible risks of blue light on the retina and its effects on
circadian cycles and mood,

b. evaluate the new sources of indoor lighting that can be installed in educational establishments
today and their possible influence on mood,

c. study the current regulations (or those under development) related to new sources of artificial
light, and

d. propose control or preventive measures to improve the health of adolescents.

The light used in the personal and educational contexts of adolescents can be harmful, so there
must be an awareness of the need to implement ethical and healthy regulations related to lighting to
optimize the health and performance of young people in school contexts [1,3]. It is essential to carry
out a bibliographic review and a review of the current regulations in all proposed areas to successfully
legislate and set limits on the emissions of new LED lights according to their uses.

Research and practice in the domain of indoor lighting design have become a relevant topic in
the search for indoor environment quality. A keyword search of articles and abstracts related to these
research areas was carried out through the Web of Science (Figure 1). Indoor lighting design was
the keyword.

Figure 1. Keywords for indoor-lighting-design-related issues.
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2. Methodology and Sources of Information

The aim is to study certain processes that occur in nature without intervening or manipulating the
possible variables. For this purpose, an analysis of the physiological and psychological consequences
of the absorption of light through the human visual system will be carried out through an exhaustive
bibliographic and documentary review based on the proposed objectives. In this review, we undertake
a study of the existing literature in the scientific community concerning the effect that artificial lighting
can have on adolescents, including an exhaustive study of the literature on lighting in classrooms,
the use of natural lighting, quality requirements of the interior environment in classrooms, and how
lighting influences the visual health of adolescents.

The Federation of National Manufacturers Association for Luminaires and Electrotechnical
Components in the European Union (CELMA) published measurements of several LED luminaires
with an illuminance of 500 lx showed that none of these luminaires had blue emissions in group 2.
EN 62471 classifies light sources into four risk groups: 0, 1, 2, and 3 (where 0 = no risk and 3 = high
risk). The sun is classified as high risk, or group 3 [8]. Further measurements by the French Agency for
Food, Environment and Health and Safety at Work (ANSES) in 2010 showed that all measured LED
sources were in groups 0 and 1 according to EN 62471 UNE EN 62471:2009, the “Photobiological safety
of lamps and appliances using lamps”. This risk is measured according to two different methods,
depending on the product being measured [8].

La EN 12464-1, the European standard for indoor lighting, has detailed the recommended values
of illuminance and uniformity for classrooms (6.2 Educational Buildings) with light levels between
300 lx, and 500 lx (EN 12464-1, 2002) [9]. Figure 2 shows the blue light retinal exposure risk weighted
irradiance for small sources (EB).

Figure 2. Comparison of the irradiance values of some lamp types at 500 lx (typical for indoor lighting)
with daylight at 5000 lx (typical for outdoor lighting) [10].

Light emitting diodes (LEDs) are light sources in which light is created within solid-state materials.
The light emission is obtained by the interaction of an electric field with the solid material. The physical
process is called “electroluminescence”. This phenomenon was discovered as early as 1907, and the
first practical product based on it was created in 1962. The semiconductor material used in LEDs
is selected so that it emits in the visible or ultraviolet range. Different materials produce light with
different wavelengths (different colors). They have the characteristic of having a very narrow range
of emissions.

The general lighting levels used in interiors via LED luminaires with cold color temperatures of
4000 K, 6500 K, and even 9000 K (whose blue components very high) are never enough to cause damage
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to the retina, as long as one does not look at the naked light source. The possible photobiological risk of
blue light can be assessed using the criteria set out in EN 62471 [10], which have been indicated above.

From three billion years ago until 130 years ago, living organisms had one part of the day of
sunlight, and other part of the day, darkness. From 130 years ago until today, thanks to artificial light,
humans have experienced short periods of sleep, dim light inside the buildings where we work, short
periods of time receiving natural light, bright light in the bathroom during the night, and dim light in
the bedroom while we sleep [11,12].

Before the invention of electric light, humans had a “first sleep”, after which they would arise
and engage in tasks or go and visit neighbors. Then, they would have a “second sleep”. This whole
process took about 12 h. Today, we have only one sleep that lasts 7 or 8 h at most [13,14].

The study of the non-visual effects of light entering our eyes is so topical that the 2017 Nobel Prize
in Physiology and Medicine was awarded jointly to Jeffrey C. Hall, Michael Rosbash, and Michael W.
Young [15] for their discoveries on the molecular mechanisms of circadian rhythm control. Below are
some terms that have emerged in this new branch of science.

Chronobiology is the branch of science that deals with the physiological variations of living beings
called circadian rhythms, which occur approximately every 24 h, as well as the study of the processes
of synchronization with the surrounding environment The variation of endogenous circadian rhythms
that are determined from individual differences and psychological factors is described as a chronotype.
Twenty-five percent of people are active from noon onwards, go to bed late, and then get up late; these
people are commonly called “owls” [11].

Smolensky and colleagues define chronodisruption as an alteration in the internal temporal
order of physiological, biological, and behavioral rhythms. If chronodisruption becomes chronic, the
asynchrony, advancement, or retardation of peripheral clocks may occur [16].

3. Possible Effects of Artificial Light Absorption on Adolescents

3.1. Studies on the Non-Visual Effects of Light Absorption through Our Visual System

Stevens and Zhu [17] observed that the sun is our primary source of light during the day and that
for millions of years sunlight has shaped mammals’ endogenous circadian rhythms including when to
wake up, body temperature, metabolism, oscillations of gene expression, and hormone production
throughout our bodies. Electric light, in contrast, is dim and alters all aspects of our internal circadian
rhythms. Its intensity and spectral content are often not adequate during the day for proper circadian
resetting and are too great at night for “true darkness” to be detected.

In 1975, the scientist Richard J. Wurtman wrote an extensive article talking about the effects of
light on our internal organs, such as the ovaries, and tissues, such as the breasts. This publication was
visionary because of the knowledge of the scientific community at that time [18].

Guido et al. [19] established that the retina contains a biological pacemaker that influences the
entire circadian system. Glickman et al. [20] stated that an illuminance of 2500 lx is necessary to
suppress nocturnal melatonin in humans, but it was later determined that under certain conditions,
such as below 1 lx, melatonin can be suppressed in humans.

There is a growing trend in the scientific field to a consensus that exposure to light influences many
psychological processes through at least two pathways unrelated to the phenomenon of vision [21].
The best-known pathway is related to the regulation of melatonin secretions by the pineal gland [22].
This pathway controls circadian rhythms. Exposure to light at night, particularly at short wavelengths,
suppresses melatonin and influences insomnia. The other pathway acts on the level of alertness
by activating a mechanism separate from that of melatonin suppression, during which cortisol is
secreted [21].

Given the large amount of data that is gradually appearing on the positive and negative effects
of artificial light related to health, Erren et al. defined photohygiene as exposure to light under the
optimal conditions of periodicity, quality, and quantity [23].
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A study carried out by Cho et al. [24] stated that sleeping with the lights on causes acute negative
effects on the structure and quality of sleep. A later study showed that these negative effects could
affect aspects related to memory by producing corneal levels of less than 10 lx. The experiment was
conducted with a 5779 K LED source with a diffuser [25].

The World Health Organization’s (WHO’s) International Agency for Research on Cancer (IARC) has
classified “shift work involving circadian disruption” as probably carcinogenic to humans (group 2a).
Continuous light contributes to acute confusional syndrome in adult intensive care units, where
environmental constancy is the norm [26].

Dim light melatonin onset (DLMO) refers to the onset of melatonin secretion under low light
conditions. The human body is programmed for this moment to occur when the sun is setting. Graham
and Wong [27,28] noted in their study that intense blue light cancels the night peak 10–20 min after
exposure, which returns to its initial value after 40 min once the stimulus is removed.

In relation to the time of day, exposure to light can generate clock advances or delays as defined
by the phase response curve (PRC), so bright light at the beginning of the biological night (from the
start of melatonin elevation to the time when the minimum body temperature is produced) generates
a phase delay, while in the morning (from the minimum body temperature to 8 h later), it produces
an advance. Epidemiological, clinical, and experimental studies with animal models show that the
chronodisruption produced by artificial light during the night may be related to pathologies such as
the increased incidence of metabolic syndrome [29], cardiovascular disease [29], and cognitive and
affective disorders [30].

Exposure to light at night (LAN), reduced or inadequate light intensity during the day, or decreased
contrast in the light–dark cycle all contribute to chronodisruption (CD). The cognitive decline, affectivity,
behavioral and sleep disturbances, and limitations in the daily activities of elderly patients with
senile dementia and their caregivers have been associated with alterations in circadian cycles [31].
Artificial light at night (ALAN) is drawing the attention of researchers and environmentalists for
its ever-increasing evidence on its capacity for “desynchronization” of organismal physiology [32].
Obesity is a common disorder with many complications. Although chronodisruption plays a role
in obesity, few epidemiological studies have investigated the association between artificial light at
night (ALAN) and obesity. Since sleep health is related to both obesity and ALAN, Koo et al. [33]
investigated the association between outdoor ALAN and obesity after adjusting for sleep health and
the association between outdoor ALAN and sleep health.

Simón and Sánchez [34] noted that about 20% of people in today’s society spend most of their time
during the day indoors under dim lighting, with low physical activity and irregular, short sleep cycles.
The authors suggest that these factors could contribute to the prevalence of chronodisruption possibly
facilitating pathologies such as cancer, intestinal conditions, metabolic syndrome, cardiovascular
diseases, mood disorder, and cognitive impairment. Chronodisruption may also adversely affect
melatonin and cortisol levels. Cortisol is a regulator of stress-related functions [34]. In 1998, Sterling
and Eyer [35] defined the role of allostasis as “maintaining stability through change” and noted that
cortisol secretion and stress are a “body’s adaptation to an unknown situation that must be transient
and therefore blocked or stopped”. The authors comment that night shift workers have a high risk of
circadian disruption and, therefore, hormonal alterations. Similarly, Mirick et al. [36] suggest that a
low level of urinary sulfatoximelatonin is related to working at night, which results in higher levels
of cortisol.

Stevens and Zhu [17] state that light is a regulator of psychology and behavior and that its effects
have evolved over millennia throughout which illumination has provided reliable information about
the time of day. The authors claim that the advent of electric light has now altered this relationship
with patterns of light exposure reflecting personal tastes and social pressures. It is important, therefore,
that non-visual light effects be incorporated into lighting design. For example, one might ask to what
extent existing architectural lighting replicates the biological effects of natural light, how lighting could
be used to minimize the harmful effects of shift work while promoting alertness and safety, or how
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light therapy could be optimized. The lighting industry and scientists have begun research in this
direction. They argue that we must first determine how light impacts human behavior and psychology.
There are two different techniques for measuring light and there are different scientific criteria to
determine which of the two is the most suitable: radiometry (quantitative analysis) and photometry
(qualitative analysis).

Several studies have observed that humans are adopting increasingly nocturnal lifestyles, both
for work and for leisure, which has resulted in the night becoming excessively illuminated, while we
spend most of the day in poorly lit interiors. This results in an increasing gap between our habits and
the natural synchronizers of the circadian system. Chronodisruption or circadian disruption (CD) is
the physiological price of exposure to light at night [16,17].

It is well established that light affects both visual and non-visual systems. Little attention has been
given to testing the effects of light on building occupants’ non-visual responses, and, consequently,
lighting specifiers have been offered little guidance on the design and application of lighting for
non-visual effects. A study conducted by the Lighting Research Center, by Figueiro et al. (2019) [37],
helped to fill that gap through field-testing of light exposures from a novel luminaire designed
to promote entrainment and alertness throughout the day in actual office environments. The data
supported the inference that light exposures, when properly applied, can promote circadian entrainment
and increase alertness.

Recent research has shown that exposure to bright white or high blue light stimulates alertness,
but these effects are not seen in tasks that demand a high cognitive level. Individual and psychological
differences have been taken into account to explain the variability in the cognitive effects of light.
Sensitivity to light depends on individual differences in the PER3 gene clock involved in sleep–wake
regulation, age, the cognitive domain, and task difficulty [38]. Some authors claim that exposure to
bright daylight indoors can result in positive vitality, alertness, and help promote a healthy, active day.
These studies reveal that bright light induces improvements in alertness when healthy participants are
experimentally deprived of sleep or light prior to exposure to this indoor light [39].

Experimental studies have shown that the magnitude and duration of non-visual light effects
depend on previous light doses [40]. Exposure to bright indoor light would induce weaker non-visual
effects in spring than in autumn and winter [39].

Angel Correa et al. [38] observed that bright white light or light enriched in the range of blue
increases alertness but that this is not effective for high cognitive level tasks, such as sustained attention
to task response (SART). The authors observed that the results varied greatly depending on the
individuals and their previous states of alertness, with higher results among those who previously had
a better state of alertness or vigilance.

Wright Jr. et al. [41] conducted an experiment in which they recruited eight participants
(two women and six men) aged around 30 years old whose circadian cycles were previously studied at
their work and home. The participants then spent a week camping in the mountains without electricity.
Among the eight subjects, there was a wide range of chronotypes (i.e., larks and owls) and sleep times.
The beginning of melatonin release is approximately 2 h after sunset. Due to the habits of modern life,
this release now occurs later. After a week of camping, the beginning of melatonin secretion occurred
closer to sunset and elimination occurred at dawn, aligning larks and owls more closely to the duration
of natural light. In their conclusions they state that “increased exposure to sunlight may help reduce
the health consequences of circadian disruption”.

3.2. Analysis of the Possible Negative Effects of Blue Light from Electronic Devices on the Eyes of Adolescents

The first type of cancer to be associated with the suppression of melatonin production was breast
cancer in a 1987 publication by Stevens [42]. Stevens claims that the level of ambient light in the
room during the sleep period is associated with other diseases such as diabetes, obesity, depression,
and affective disorders, supported by multiple publications, such as Obayashi et al. (2013) [43] and
McFadden et al. (2014) [44]. The authors conclude by stating that, although the light that reaches us
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from the sun contains a high irradiance at all visible wavelengths, its maximum is 480 nm, which is
perceived by humans as a beautiful blue (e.g., a clear day in the middle of the morning). This is the
most optimal wavelength to signal to an organism that it is day rather than night [43].

Experimental and epidemiologic studies suggest that light at night (LAN) exposure disrupts
circadian rhythm, and this disruption may increase breast cancer risk. Ritonia et al. (2020) [45] found
no association between residential outdoor LAN and breast cancer for either measure of LAN. The
authors found no association when considering interactions for menopausal status and past/current
night work status. Ritonia et al. [45] are consistent with studies reporting that outdoor LAN has a
small effect or no effect on breast cancer risk.

Konis et al. [46] conducted a 12-week study of 77 patients in eight dementia care facilities with the
assumption that increased exposure to indoor lighting with natural light could reduce depression and
other neuropsychiatric symptoms. The authors stated that they found positive results, but that these
results should not be interpreted as a definitive prescription to replace existing treatments and that
further studies should be carried out on the subject.

Lai et al. [47] concluded from their studies on mice that blue light is harmful; moreover,
epidemiological studies on humans were found to be inconclusive regarding positive or negative
effects of the use of blue-light-blocking intraocular lenses (IOLs). In an experiment conducted with
18 groups of four rats that were exposed to light between 460 and 480 nm with intensities of 0.6 and
1.5 W/m2, the authors concluded that the safe amount of time that these animals can be exposed to
these irradiances is 12 h with an intensity of 0.6 W/m2 and for 4 h with an intensity of 1.5 W/m2 [48].

Roehlecke et al. [49] irradiated a culture of mouse retinal cells using blue light with a peak
emission at 405 nm and an intensity of 10 W/m2 and stated in their conclusions that oxidative stress
was produced and reactive oxygen species (ROS) were generated. Torkaz et al. [50] (2013) stated that
the retina is especially exposed to oxidative stress due to high oxygen pressure, UV exposure, and blue
light promoting the generation of ROS. Nakanishi et al. [51] stated that cultured ROS cells exposed to
blue LEDs with an emission peak at 470 nm and an intensity of 48 W/m2 showed a significant increase
in ROS occurrence.

Chamorro et al. [52] radiated human retinal pigment epithelial cells) (HRPEpiC) using blue light
emitting LEDs with peak emissions at 468 nm, using green light with peak emission at 525 nm, and
using red light with peak emissions at 616 nm, as well as white light, in 12 h light–dark cycles. The
authors observed ROS, cell DNA damage, and apoptosis (delayed cell death).

3.3. Measurements of Light Emitted by Luminaires and Electronic Equipment Used by Adolescents

There is a growing number of articles on the subject of light emitted by luminaires and equipment.
In an article published in 2013, Hassoy et al. [53] noted that mobile phones are widely used by children
and adolescents. The authors provide data from several countries including 76% phone use in Hungary,
79% in Sweden, and 94% in Germany.

In 2014 in Barcelona, the Spanish testing laboratory accredited by the Empresa Nacional de
Acreditación (ENAC) FUTTEC S.L carried out, with a double monochromator spectrometer calibrated
by the Centro Superior de Investigaciones Científicas (CSIC), different irradiance measurements on the
blue ranges of mobile phones, laptops, and indoor lights in W/m2 compared to the same ranges within
the blue range of UVI 6 and UVI 9.

The measurements were made at the distances that the electronic devices are located from our
eyes. Figure 3 shows a graph of the ultraviolet index (UVI) measurements (around five) given by the
Department of Astronomy and Meteorology of the Faculty of Physics at the University of Barcelona.
The maximum irradiance was observed around 480 nm.
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Figure 3. Several solar spectral distributions provided by the Faculty of Physics of the University of
Barcelona [54].

These results were made public at the Congress of the General Council of the Official Associations
of Pharmacists of Spain (CGCOF). Below are the results of the irradiance measurements of 10 nm
between 400 nm and 600 nm performed by the FUTTEC test laboratory including:

• irradiance at solar noon on a spring day with a UVI of 9 measured by the Astronomy Department
of the University of Physics of the University of Barcelona;

• irradiance at solar noon on a summer day with a UVI of 6 measured by the Astronomy department
of the University of Physics of the University of Barcelona;

• a laptop screen with a blue background in a totally dark room. A laptop screen with a blue
background in a lit room at working distance;

• emissions of a cold white light luminaire (6500 K) in an interior corridor at the distance from the
ceiling indicated by regulations;

• display of a desktop computer at a working distance with a blue background in an
illuminated office;

• irradiance in a work room of the PHILIPS company with the irradiance of a 2700 K LED light;
• a 4000 K LED light; and
• irradiance of a Samsung mobile phone screen with a blue background in total darkness.

In Figure 4, the green line represents measurements on a computer screen in a workroom, where
the windows facing the street are very close. This is why the measured irradiance is superior to the
irradiances of smartphones, computers, mobile phones, and LEDs, and similar in shape to the graphics
of sunlight.

Escofet and Bará [55] show the analysis of two computer screens and two smartphones. The
irradiance results from the computers are around 450 nm of 4 × 10−3 W/m2, and those from the two
smartphones around 450 nm are 6–7 × 10−4 W/m2. In their article, they show the absorption of different
filters to be placed in front of the screens to reduce the irradiance in the blue range and recommend
their use.

In 2018, new measurements were made in an optics laboratory on an optical bench in total
darkness with a double monochromator spectrometer from FUTTEC S.L. calibrated by the CSIC. The
measured electronic equipment belonged to students studying optics who were asked to give their
electronic equipment a blue background with maximum luminosity. The measurements were taken
at the distance at which they said they would put the equipment in place to use it. A nanometer by
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nanometer scan was performed from 350 to 500 nm to analyze the area in the blue range, as well as the
irradiance peak. Table 1 shows the irradiance and peak light results from these measurements.

Figure 4. Comparison of the irradiance of artificial light sources with that of the sun. The 400–500 nm
irradiance of electronic equipment for personal use, indoor lighting, and solar ultraviolet index (UVI)
(modified vertical axis scale). Authors’ own.

Table 1. Peak emission and irradiance of electronic devices. Results of the measurement of the peak
wavelength and irradiance in the blue range of electronic equipment. Authors’ own.

Model Irradiance Peak Wavelength Irradiance W/m2

Laptop: HP Pavilion 445 nm 0.003597388
iPhone 6-S 448 nm 0.001446128

iPad sixth generation 448 nm 0.001565119
Samsung Galaxy J7 455 nm 0.001976249

Samsung S9 452 nm 0.000369329
iPhone 8 Plus 449 nm 0.000465317

iPad second generation 451 nm 0.003354588

3.4. Studies on the Effects of Artificial Light Sources on Adolescents

Several authors [56–59], have referred for years to the problem of mobile phone addiction, which
they define in different ways as mobile phone dependence, the problematic use of mobile phones or cell
phones, mobile phone abuse, and nomophobia (a fear of being without one’s phone). Symptoms include
preoccupation with the device, excessive use with loss of control, use of the device in inappropriate or
dangerous situations, adverse effects on relationships, symptoms from lack of use (feeling angry, tense,
depressed when the mobile phone is not accessible, constantly worrying that the battery will run out,
etc.), and tolerance symptoms (the need for a better mobile phone, more software, or more hours of
use). These symptoms are similar to those of substance dependence, which is why some researchers
consider mobile phone dependence (MPD) to be an independent diagnosis.

A study was carried out in 2015 that surveyed 415 secondary school adolescents, among whom
251 were boys (60.48%) and 164 were girls (39.51%). The average age of the participants was
13.99 ± 0.8 years. The average time spent each day with a mobile phone was 131.77 ± 119.9 min.
In this way, the prevalence of mobile phone dependence was demonstrated. Indian boy and girl
adolescents comprised 33.5% and 39.6% of the study, respectively, and it was conducted using the
International Classification of Diseases 10th edition (ICD-10), classification criteria for mental and
behavioral disorder dependence syndromes [60].
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LeBourgeois et al. [61] published an article on the effects of machine-emitted light on physiological
circadian and warning sleep timers. They claimed that a high percentage of young people and
adolescents have insufficient sleep periods. They referred to a 2004 article entitled “National Sleep
Foundation. Sleep in America poll: Teens and Sleep”, in which a large majority of studies were shown
to find an adverse association between electronics consumption and sleep health, as well as a short
time in bed and reduced sleep time. U.S. population data show that approximately 30% of preschool
children and between 50% and 90% of school-age children and adolescents do not sleep as much as
they need to. Data from a study of 454 teenagers revealed that more than 60% go to bed with their
mobile phones and more than 45% use their mobile phone as an alarm or as a light. In addition, recent
studies of 2000 students in grades four through six indicated that sleeping close to what is defined as
“a small screen” was associated with increased fatigue.

Additionally, Crowley et al.’s [62] recent findings indicate that prepubescent children compared
to postpubescent adolescents have greater melatonin suppression under low (15 lx), moderate (150 lx),
and bright (5000 lx) light exposure in the hours prior to bedtime. Turner and Mainster [63] stated that
children are more sensitive to light than adults based on their eye structures featuring a larger pupil
size and a higher lens transmission.

Another study was conducted on 9846 adolescents between the ages of 16 and 19, taking into
account the type and frequency of electronic equipment used in bed and the hours spent in front of
screens during rest time. Sleep variables were calculated based on time in bed, duration of sleep,
latency time before sleep, and state upon waking after sleep. The results of the study confirm that the
adolescents spent a great deal of time during the day and in bed using electronic equipment. The use
of electronic devices during the day and night was associated with an increased risk of a short sleep
duration, a long sleep onset latency, and increased sleep deficits. The conclusion of the study is that
the frequent use of electronic equipment is as common in adolescents during the day as it is at night.
These results demonstrate a negative relationship between the use of technology and sleep, suggesting
that recommendations on healthy use could involve a restriction of device usage [64].

A total of 746 surveys were conducted by Feizhou Zheng et al. [65] with children in Chongqing,
China between October 2011 and May 2012 with data such as mobile phone use, if they feel well, and
other possible confounding factors. Fatigue was significantly associated with years of mobile phone
use and daily call duration. Headache was also significantly associated with daily call duration. There
was no significant association between mobile phone use and other physical symptoms in the children
and no consistent association with fatigue. The Independent Expert Group on Mobile Phones (IEGMP)
reported several possible reasons for such sensitivity, including the information below.

• Children are more vulnerable to potentially harmful agents than adults because their nervous
systems are developing.

• For anatomical reasons such as the smallness of their heads, thinner skulls, and increased nerve
conductivity of their brains, children can absorb more energy from mobile phones than adults.

• Due to their early and extensive exposure to these devices, children will tend to accumulate more
harmful health effects.

Yoshimura et al. [66] conducted a study on the mobile phone use of 23 nursing students. The
measurements of the mobile devices showed the peak light of the mobiles at 453 nm, and the values
of illuminance produced by each of the mobile devices were 25.3 to 42.6 lx (simulating their use in a
seated position) and 50.5 to 80.4 lx (lying down).

Bae [67], in an editorial in a Korean journal of medicine in 2017, referred to several studies on the
mobile phone dependency of adolescents. Min referred to an article by Lin et al. [68], which stated that
dependence on smartphones is a problem that has spread throughout the world and, based on the
study, proposed diagnostic criteria for smartphone addiction. Min also referred to a study by Elhai
et al. [69] that related the use of smartphones to anxiety and psychopathological depression. In the
editorial, Min states that the studies being published allude to various physical and psychological
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problems, including ophthalmological, orthopedic, and sleep disorders due to the use of smartphones.
This supports the claim that adolescents are a group at higher risk for addiction because of their
developing brains, as stated in the National Information Society Agency (KR) study, “Survey on
smartphone overuse” (2017) and in Long J et al. [70].

On 5 October 2017, the Spanish National Statistics Institute (INE) published the “Survey on
Equipment and Use of Information and Communication Technologies in Households. Year 2017”.
The statistics show that the proportion of children (from 10 to 15 years old) who use information and
communications technology (ICT) is, in general, very high. Thus, the use of computers among children
is very widespread (92.4%) (even more so for the use of the internet (95.1%)). In 2016, the number of
minors using the internet exceeded the number of those using a computer. The differences by sex were
not very significant. By age, the results suggested that the use of computers and the internet was a
majority practice among children aged ≤ 10 years old. In turn, the use of mobile phones was found
to increase significantly (Table 2) after the age of 10, reaching 94.0% in the population aged 15 years
old [71].

Table 2. Percentage of underage information and communications technology (ICT) users among
children aged 10–15 years. Percentage of underage ICT users by gender and age [71].

Computer Use Internet Use Cellular Availability

Total 92.4 95.1 69.1
Gender
Men 91.1 94.9 68.2
Women 83.8 95.2 70.0
Age
10 88.4 88.8 25.0
11 89.3 91.0 45.2
12 95.8 95.8 75.0
13 93.6 96.8 83.2
14 95.1 98.9 92.8
15 92.5 99.2 94.0

4. Lighting in the Classrooms

4.1. Classroom Lighting and Energy Saving

Mareno and Labarca (2015) [72] have suggested that the traditional daylight analysis methods
provide very limited information compared to the new dynamic methods that integrate factors such
as sky type and local light conditions. These methods reinforce the evaluation of applied daylight
strategies in favor of integrated design. This is shown in the design of classrooms by the method of
dynamic simulation, which provides quantitative information on the proposed strategies, taking into
account the levels of illumination for the visual tasks of the students.

The methods and metrics that incorporate climatic variables have been studied in order to refine
the climate data needed to apply dynamic methodologies. Climate-based daylight modeling (CBDM)
allows the integration of different variations of light in the simulations in relation to the local climate,
generating for a specific moment a series of predictions which, in general, are for each hour of a
complete year. At the same time, passive design, as an architectural principle, seeks to provide comfort
conditions within buildings by optimizing the design through the integration of environmental factors
of the site, thus minimizing the use of active means for that purpose. Complementarily, design for
energy efficiency seeks a specific purpose for it, providing the best environmental conditions to achieve
visual comfort and good lighting quality, and using the least amount of energy possible.

From the perspective of architectural design, a poor conception of lighting strategies can have
negative implications, such as increased use of alternative energies, or can directly affect users, creating
situations of visual discomfort. Dynamic metrics based on climate data (CBDM) have created a new
perspective in the study of natural light by responding to the local climate, which accounts for daily and
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seasonal variations of daylight when combined with weather data. These have displaced traditional
daylight metrics, like the daylight factor (DF), whose limitation is that it does not consider the dynamic
aspects of light: the latitude, the different seasons, the different times of the day, the variations of the
skies, and the orientation of the building [73].

The metrics developed and used in dynamic daylight performance measurements are based on
the time interval in which the basal levels of illuminance and luminance are reached within a building.
These time intervals typically extend throughout the year, based on external data such as annual solar
radiation and depending on the location of the building [10]. Among the metrics whose analyses are
based on the time variable, we have daylight autonomy (DA), useful daylight illuminance (UDI), and
continuous daylight autonomy (DAcon), which have been given a more comprehensive evaluation
based on climate files, the building’s orientation, and the time that the building is occupied. Daylight
autonomy (DA) sets an illumination value to guarantee autonomy to work only with daylight; however,
we can have an exceptional autonomy without guaranteeing visual comfort, since by not setting an
upper illumination limit, we can have too much daylight at certain times of the year.

The useful life of daylighting defines a range of illuminances that can be said to constitute useful
levels of illumination [74]. What is new about this metric is that upper and lower limiting illuminance
values are incorporated, while compliance intervals are set by integrating the concept of target ranges.
The new series defined in 2012 were the useful daylight illuminance (UDI) “fell-short” (UDI-f), when
the illuminance is less than 100 lx; the UDI supplementary (UDI-s), when the illuminance is greater
than 100 lx and less than 300 lx; the UDI autonomous (UDI-a), when the illuminance is greater than
300 lx and less than 3000 lx; the UDI combined (UDI-c), when the illuminance is greater than 100 lx
and less than 3000 lx; and, finally, the UDI exceeded (or UDI-e), when the illuminance is greater than
3000 lx [75].

Al-Khatatbeh (2017) [76] stated that in classrooms, light levels are directly related to energy
consumption due to the use of artificial light. Therefore, this study aimed to improve visual comfort
and energy efficiency in existing classrooms by investigating various adaptation methods for passive
daylighting techniques in north-facing classrooms at the Jordan University of Science and Technology
(JUST). The data from this research were obtained using computer simulations and real measurements.
The combination of the office window and the south-facing anidolic ceiling provided about 62% of
the light needed for the classrooms, and reduced the energy consumption required for lighting and
heating by 16.3%. According to Yener [77], classroom lighting should be adequate for activities such as
reading and writing on the blackboard and at desks. Kruger and Dorigo [78] found that each country
has its own classroom lighting standards, but they all fall within the 300–500 lx range. Many are based
on guidelines published by the Illuminating Engineering Society of North America (IESNA) and the
European Standards (CEN).

Currently, the tools that are available to evaluate green buildings include the evaluation of Indoor
Environmental Quality (IEQ) and obtaining the health of the occupants, and one of the elements that
can be evaluated is visual comfort. Adaptive re-use is one of the well-known strategies to improve the
sustainability of existing buildings in order to reduce material, transport, and energy consumption, as
well as pollution levels [79]. Changes in building function have degraded the level of many buildings’
IEQs, including their indoor lighting performance. The performance of indoor lighting is generally
measured by the lighting level (E), daylight factor (DF), and the uniformity ratio. The illuminance
level may vary in each room, with their different functions.

DF = Ei/Eo × 100(%), where Ei = indoor illuminance, Eo = outdoor illuminance (varies from
20–130 klx), and DF = daylight factor.

Based on previous research, Susan and Prihatmanti (2016) [80] stated that lighting in educational
institutions is a critical factor, because poor lighting is not only detrimental to the visual comfort of the
occupants, but could also lead to eye fatigue.
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4.2. Problems with Poor Lighting in the Classroom

Winterbottom and Wilkins [81] measured, in 90 secondary school classrooms, with the variable of
flicker, the lighting of the desks and the blackboards. The results showed that 80% of the classrooms
were illuminated with fluorescents, which can cause headaches and impair visual task performance.
While the illuminance (from excessive day and artificial lighting) was in excess of the recommended
levels in 88% of the classrooms, in 84% it exceeded the levels to a degree that visual comfort would
decrease. The lighting was not always adequately controlled, depending on the class design and
infrastructure. The ambient light needed for close work at desks reduced the contrast of images.
Venetian blinds in 23% of the classrooms had spatial features suitable for inducing glare. These
findings provided information on small-scale reports linking student performance, behavior, and
learning to classroom lighting. In rooms where there is no uniform lighting, when the immediate
task area is brighter than the surrounding area, the effects of glare can be significant. Compared to
the recommendations of the Chartered Institution of Building Services (2004) [82], the lighting varied
from inadequate to excessive. It is important to note that the data for this study were collected in the
summer months, when daily lighting may have been higher than the average for the year.

Winterbottom and Wilkins [81] stated in their article that there are numerous studies that have
also noted changes in behavior under particular forms of lighting. Schreiber (1996) [83] suggested
that children are more relaxed and interested in activities when classroom brightness is reduced;
while Shapiro, Roth, and Marcus (2001) [84] found that maladaptive behaviors were less frequent
under indirect full-spectrum fluorescents. Rittner and Robbin (2002) [85] indicated that daylight helps
students retain and learn information. Some authors have emphasized the importance of daylighting,
but with the need for integrative systems of natural and artificial light.

CIBSE (2004) [86] provides lighting design recommendations for different types of classrooms,
in the range of 300 lx to 500 lx; the adoption of such values helps to restrict glare to reasonable levels
(it is worth noting that a new installation with new lamps and clean surfaces can provide 25% more
lighting than the designed lighting, and only half as much as the initial lighting is present when the
lamps are old and dirt has accumulated).

Ho et al. [87] conducted a study to minimize classroom lighting costs in Taiwan by taking
advantage of natural light. In their article, they state that there is ample evidence of the damage caused
to children’s vision as a result of poor lighting conditions in classrooms. Optimal shading of classroom
windows is important to improve daylight illumination in the subtropics.

Guan and Yan (2016) [88] state that daylight varies greatly due to the movement of the sun,
changing seasons, and various climatic conditions. Customized static light assessments, known as static
daylight assessments, representing simulations of only one time of the year or one time of the day, are
inadequate for evaluating the dynamics of daylight variability. Using the graphic tool Temporal Map
to display annual daylight data, this study compared different passive architectural design strategies
under climatic conditions of five representative cities and selected the most appropriate schematic
design for each city, which in turn was integrated with the Chinese academic calendar to obtain an
improvement in occupational time. This modified map connected design work with human activity,
making the daylight evaluation more accurate and efficient. In addition, the prevalence rate of myopia
is extremely high among young Chinese people according to current government statistics [89]: up to
40.89%, 67.33%, and 79.2% in primary, junior, and high school, respectively, and remarkably, 84.72%
in university. In fact, the database, derived from the national adolescent health survey conducted
every five years, shows that nearsightedness ratios have been steadily rising in recent decades [89–91].
Meanwhile, high levels of light have been shown to have preventive effects for myopia [92,93]. Given
the potential energy savings and health benefits for students, improving the quality of light in such
environments must be a priority.
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4.3. Effects of Classroom Lighting on Student Performance

Improving student progress is vital to a nation’s competitiveness. Scientific research shows
how the physical environment of classrooms influences student progress. The structural facilities of
buildings have a profound influence on learning. Inadequate light, noise, poor air quality, and poor
heating in classrooms are factors known to be relevant to poor student progress. Students exposed
to more natural light (i.e., daylight) in their classrooms perform better than students exposed to less
natural light [94]. Cheryan et al. [95] conducted a study of more than 2000 classrooms in California,
Washington, and Colorado, in which they found students who were exposed to a large amount of
daylight in their classes had better reading and math test scores than students who were exposed to
less daylight in their classes (2–26% higher, depending on school district), even after statistical control
of the student population that included race and socioeconomic status [96]. According to the National
Center for Education Statistics (Alexander and Lewis, 2014) [97], 16% of schools with permanent
buildings and 28% of schools with temporary buildings (i.e., portable) have unsatisfactory or very
unsatisfactory natural lighting. Although the incorporation of natural light can be beneficial, it should
be done with care to avoid visual discomfort [95].

Choi et al. (2014) [98] investigated the relationship between indoor environmental quality (IEQ)
in university classrooms as a whole and student outcomes, including satisfaction with IEQ, perception
of learning, and course satisfaction. The results were collected from the students.

Lighting conditions have always been an important IEQ criterion, including the sources of natural
and artificial ambient and task lighting. Each of these elements has a unique role in user experiences
within the built environment. Exposure to various types of light may be associated with psychological
responses to human performance. Studies conducted in elementary school settings found a positive
and significant correlation between the presence of daylight and student performance across three
different school districts. Daylight received through skylights has a positive effect on students in
their classrooms. Subsequent studies comparing classrooms with a large amount of daylighting with
classrooms with less daylighting showed a 21% increase in student performance [96,99,100].

López-Chao et al. (2020) [101] state that empirical research has shown the influence of architectural
spatial variables on student performance. Their article explored the relationship between the learning
space and mathematics and artistic activities in 583 primary school students in Galicia (Spain). For this
study, the Indoor Physical Environment Perception scale was adapted and validated, and utilized in
27 classrooms. The result of this exploratory factor analysis evidenced that the learning space has three
structural categories: workspace comfort, natural environment, and building comfort. Sick building
syndrome (SBS) shows that poor quality environments harm the health of users. Specifically, students
perform better in brighter classrooms. Similarly, young children can differentiate their lighting needs
according to the task at hand, while visual comfort is a key element for artistic activities, especially
for drawing.

Heschong [96] included a focus on solar lighting as a way to isolate daylight as a source of
illumination, and separated the effects of illumination from other qualities associated with light
entering through windows. In this project, the author established a statistically convincing connection
between daylight and student performance, and between lighting and retail performance. The author
analyzed test score results for over 21,000 students from three districts located in Orange County,
California; Seattle, Washington; and Fort Collins, Colorado. The author reviewed architectural plans,
aerial photographs, and maintenance records, and visited a sample of the schools in each district to
classify the daylighting conditions in over 2000 classrooms. Each classroom was assigned a series of
codes on a simple 05 scale indicating the size and tint of its windows, the presence and type of any
skylighting, and the overall amount of daylighting expected.

Kuller and Lindsten [102] are private investigators who followed the health, behavior, and
hormone levels of 88 8-year-old students in four classes over the course of a school year. The four
classes had very different daylight and artificial lighting conditions: two had natural light while two
did not, and two were illuminated with warm white light emitting fluorescents (3000 K) while two had
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very cold white light emitting fluorescents (5500 K). The researchers found a significant correlation
between daylight level patterns, hormone levels, and student behavior, and concluded that the practice
of having no windows in classrooms should be abolished.

Wilkins (2002) [103] analyzed the performance of primary school classroom lighting given the
impact that natural light has on the educational experience of students. Boyce [104] and Dudek [105,106]
showed that natural light increases productivity, positively affects human performance, and has
biological effects on the production of the hormone cortisol, regulating light-dark cycles, and the ability
of students to concentrate. Ultimately, this is a relevant environmental aspect to be studied in order to
understand the results of daylighting of different environments.

5. Existing and Developing Regulations Related to the Non-visual Effects of Light Absorbed
through Our Eyes

In 2011, the European Commission published the Green Paper “Let’s light up the future:
Accelerating the deployment of innovative lighting technologies”. This document raises concerns
about blue light’s potential risks to vision. The Scientific Committee on Emerging and Newly Identified
Health Risks (SCENIHR) released a document in 2012 entitled “Health effects of artificial lights”, which
explored the scientific evidence on the potential impacts of artificial light radiating into the visible
spectrum on human health [107].

In 2013, the International Commission on Illumination (CIE) published the “Report on the first
international workshop on circadian and neurophysiological photometry”. This document features
multiple references to the article mentioned in this paper by Lucas et al. [108]. This CIE paper describes
the five photoreceptors located in the human eye (the three types of cones, the rods, and the ipRGCs)
and notes that they all influence the stimulation of melatonin synthesis, although the paper concludes
that much remains to be determined about their mechanisms of action. The importance of pupil
contraction in the non-visual effects of light absorption is also mentioned [109].

In 2016, the CIE [110] published the “Research Roadmap for healthful interior lighting applications”,
which refers to multiple studies with statements such as the following.

• The use of lamps with an illuminance of 10,000 lx for 30 min has been tried with positive results for
the treatment of people who have been diagnosed as suffering from seasonal affective syndrome
(SAD).

• Bright white light can have an activation effect that is linked to increased alertness, reduced
drowsiness, and increased levels of vigilance both during the day and at night. During the day,
high exposure to white light can modulate the brain’s cognitive functions such as logical reasoning
and creativity.

• People choose places with higher light intensity when they feel low in vitality and alertness.
During the day, periods of exposure to bright light (more than 1000 lx) can lead to better social and
emotional interaction. This may be due to a direct effect of bright light on serotonin metabolism.

In 2017, the CIE [111] held a working meeting: the CIE stakeholder workshop for temporary
light modulation standards for lighting systems. Current lighting systems vary widely in that their
light output shows temporary variations or flickering (temporal light modulation, TLM). Temporal
light modulation (TLM) is known to affect human visual perception, neurobiology, and behavior,
sometimes adversely. Many organizations have developed standards and regulations, and certifying
organizations have been active in research focused on these issues. Some researchers are studying
these effects, but such activities are currently uncoordinated and at risk of being inefficient. The CIE,
with support from Energy Efficiency Canada, the national association of electricity manufacturers,
Philips Lighting, BC Hydro, and Research Canada, agreed to hold a stakeholder workshop in Ottawa,
Canada on 8–9 February 2017. The objective of this meeting was to create a roadmap for research, offer
recommendations, and develop regulatory activities related to the temporary variations of light from
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lighting systems to accelerate the international regulatory development process in an efficient manner
and avoid the overlap and duplication of such efforts.

In 2018, the CIE [112] published a document titled “ED/IS 026/E:2018 CIE System for metrology of
optical radiation for light responses influenced by intrinsically-photosensitive retinal ganglional cells”.
The introduction of this paper states that light is the main synchronizer of human biological clocks and
may result in the acute suppression of nocturnal melatonin release. While the functioning of cones and
rods in the vision process are well known, the function of spectral sensitivity and a quantitative and
qualitative analysis of melatonin-based photoreception remain unexplored.

The aim of this international standard is to define the role of spectral sensitivity, quantify it, and
measure it to describe visible radiation and UVA according to its ability to stimulate each of the five
types of photoreceptors, i.e., how much each contributes to the melatonin content of intrinsically
photosensitive retinal ganglion cells (ipRGCs), and thus their mediation on the non-visual effects of
light on humans. This international standard is applicable to visible optical radiation of 380–780 nm.

This international standard does not give information on particular lighting applications or a
quantitative prediction of the response of ipRGCs; it also, does not mention health or safety issues,
such as the results of light treatments, flickers, or photobiological health.

Experts around the world are collaborating on the development of this standard which states
that light is the main synchronizer of human biological clocks and can lead to an acute suppression of
melatonin release at night.

6. Results and Discussions

Throughout this review, we have examined works by scientists who are experts in different
branches of knowledge related to humans. These studies confirm that human beings are designed
to carry out all their physiological and cognitive activities during the day and to rest at night. Our
civilization has changed the natural light–dark cycle that humans experience. Researchers have
expressed concern over electric lighting as a potential disruptor of the natural light–dark cycle [16].

Some articles [10,59,113] have stated that LED lights are dangerous because they emit much more
blue light than other types of lights and the sun. In studies on the development of LEDs, several
examples of technical publications have refuted the theory that new light sources radiate more blue
light than traditional sources (rather the opposite), including the sun. New LED-type light sources do
not necessarily produce a higher percentage of blue light than traditional light sources (mercury vapor
lamps, halogens, etc).

In addition, under normal working conditions, in accordance with current lighting legislation,
around 500 lx should be received at one’s workplace, regardless of the type of luminaire used.

If we compare the illuminance emitted by lights against those of solar irradiance, we find that a
cloudy day in the northern hemisphere will produce about 3000 lx; about 50,000 lx on a sunny summer
day in Spain; and about 100,000 lx in the tropics. Thus, we can conclude that the possible risk of
blue light on the retina under general lighting indoors is low to very low, even if one uses cold color
temperatures as general lighting.

The neurons responsible for the melatonin, serotonin balance (ipRGCs), are sensitive to light
from UVA to red, with their peak in blue. By absorbing light at the beginning of the day, melatonin is
eliminated and replaced by serotonin [59]. Within the range of the visible spectrum, the most abundant
energy we receive from the sun is blue, and its peak is approximately 480 nm. This is, therefore,
the peak of the maximum sensitivity of melatonin. Beings who are active during the day have evolved
by adapting to sunlight [114].

Since the discovery of these neurons 25 years ago, the scientific world has not stopped discovering
evidence of the synchronization of our organs, and even our individual cells, with the light and dark
cycles of nature. These discoveries are considered so important for the scientific world that the 2017
Nobel Prize in Physiology and Medicine was awarded jointly to Jeffrey C. Hall, Michael Rosbash,
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and Michael W. Young for their discoveries of the molecular mechanisms underlying the control of
circadian rhythms.

Artificial light has facilitated great advances in many fields, but it can also pose a risk as it can alter
the natural cycles of sleep and wakefulness, in many cases reducing the hours of sleep by people being
able to continue to carry out activities during the night period. An alteration of sleep can pose a risk to
health, leading to chronodisruption. Chronodisruption is an alteration of the internal temporal order
of physiological, biological, and behavioral rhythms. If it becomes chronic, asynchrony, advancement,
or retardation of the peripheral clocks may occur [17].

Epidemiological studies show that chronodisruption is associated with an increased incidence
of metabolic syndrome, cardiovascular disease, cognitive and emotional disorders, premature aging,
and some cancers such as breast, prostate, and colorectal cancer, as well as the worsening of
pre-existing pathologies.

The scientific community has shown, with multiple studies, that humans need biorhythms to
receive sufficient amounts of light in the blue range during the day but in a different proportion
depending on the time of day. Erren and Reiter define correct lighting as photohygiene. This factor
is already considered so important for health that the International Agency for Research on Cancer
(IARC) of the World Health Organization (WHO) included shift work as a cancer-inducing factor
in 2010.

Many articles recommend that the reception of artificial light should be as close as possible to
daylight. It should be more intense with a higher proportion of blue, with a maximum value at
mid-morning, which should then decrease in intensity and quantity, mainly in its proportion of blue.
For more than ten years, correct or incorrect lighting has been associated with the good or bad physical
and psychological conditions of people [17].

Increasingly more scientists are advocating the study and development of luminaires that are
more in line with sunlight [21], and there is a call for interior lighting that not only differs throughout
the day, but also differs depending on the seasons based on the response to their cumulative absorption,
i.e., there should be more intense irradiance in public spaces (including schools) in autumn and winter
and less in spring and summer [39,40].

Experiments have been carried out on patients with dementia and other neuropsychiatric
pathologies where researchers improved the symptoms of their illnesses by receiving light closer to
daylight. This light was more intense and featured a greater amount of light in the blue range than
that which they received in the centers where they reside [31].

Notably, Glickman et al. [20] observed that, although it was initially thought that an illuminance
of 2500 lx is necessary to suppress nocturnal melatonin in humans, under certain conditions, values as
low as 10 lx [114], and possibly 1 lx or less, can suppress melatonin in humans. This would support the
recommendation to sleep in complete darkness since, if we have any lights on, that very small amount
of light could pass through our eyelids.

The current majority of studies states that the minimum amount of light that we receive from
9:00–10:00 p.m. will delay the transition from serotonin to melatonin and, therefore, delay the
process of rest that is essential for health. Moreover, the sudden reception of low-intensity light
delays the process since this light is not received for at least 40 min [27]. If these disorders persist
over time, chronodisruption and undesirable cortisol levels may occur. Scientists have related this
disorder to metabolic syndrome, cancer, obesity, diabetes, cardiovascular disease, and cognitive and
affective disorders.

The accredited test laboratory FUTTEC measured the amount of blue light emitted by various
electronic equipment used by children and adolescents in 2014 and 2019. The results show that the
irradiance in the blue range of these devices (at the distance they are commonly used) is between 1000
and 10,000 times lower than what we can receive at the same time from the sun on a spring day with a
UVI of 6. Compared to a day with a UVI of 9, this amount would be up to 30% higher on a spring day.
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Based on these results, it is not considered plausible that this equipment is harmful to the retina, as our
eyes can survive 1000 to 10,000 times more light than they receive from these devices from the sun.

Yoshimura et al. [115], in their study on the use of mobile phones among 23 nursing students,
found the peak of light of the mobile phones at 453 nm, and the illuminance in the seated measurements
were from 25.3 to 42.6 lx; lying down, these values ranged from 50.5 to 80.4 lx. The authors logically
note that this amount of light is not likely harmful to the eye (as per other studies) but can affect
circadian cycles and sleep quality.

Escofet and Bará [55] studied the emissions of two computer screens and two smartphones with
irradiance results from the computers of 4 × 10−3 W/m2 around 450 nm and 6–7 × 10−4 W/m2 from the
two smartphones. The authors recommend the use of filters to protect from such irradiation. This
irradiance, however, is between thousands and tens of thousands of times lower than the irradiance
we receive from the sun.

An important issue for optometrists is that if we remove the part of the spectrum that we can most
comfortably accommodate at close distances, as explained in the introduction to this paper, we would
have to make more accommodation efforts and would require greater light intensity to do the same job.
Would that not be more counterproductive than removing a small percentage of blue?

The results of the measurements and scientific publications show that the composition of light
used for indoor lighting can influence the balance between serotonin and melatonin and therefore,
our circadian cycles.

• Analysis of the possible negative effects of blue light from electronic devices on the eyes
of adolescents

Various news media have reaffirmed the results (according to scientific studies) that suggest the
damaging effects of blue light emitted by sources of artificial light on the retina (both LED lights and
computers and mobile phones). These results are supported by published articles that correlate a
greater exposure to light emitted by LEDs with a greater absorption of light in the blue range which,
as a consequence, can accelerate the development of cataracts, pose a greater risk of damage to the
retina, and, therefore, increase the prevalence of age-related macular degeneration (AMD). Many
companies in the optical sector offer filters that absorb much of the blue light emitted by electronic
devices to protect children and adolescents from this hypothetical risk.

After observing the prevalence of this concern, a search was made for scientific articles that
corroborate this concern. The aim was to find an article showing the results of the irradiation of cell
cultures or exposure to guinea pigs via the light actually emitted by this electronic equipment.

Notably, all the studies to date that note the possible damage from blue light in living tissue,
especially the retina, have been carried out on cultures or living animals using monochromatic LED
sources (emitting only in the most oxidizing part of the blue spectrum), with significantly higher
irradiance levels than those actually emitted by electronic equipment.

Moreover, the experimental animals used include mice and rabbits, which are nocturnal animals
whose visual systems are much more sensitive to light than those of humans, without any kind of
algorithm or objective method to transpose these results into the possible effects on humans.

As a result, we believe that it is not possible to directly associate ICT’s emissions with the possible
real risks in the retinas of adolescents.

• Studies on the effects of artificial light sources on adolescents

There is an increasing number of publications by researchers (mainly from Asian countries) that
relate low indoor lighting and natural light to the increase in myopia among children and adolescents
worldwide, which in some countries, such as Singapore, involves more than 90% of children. The
specific causes are unknown. No article has provided conclusive results [112]. This pandemic remains
a challenge for the scientific community.
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The dependence and addiction due to the indiscriminate use of mobile phones by children and
adolescents all over the world already have attention within the scientific community, (e.g., nomophobia).
This is a different problem from chronodisruption described above.

There is talk of a greater risk in children than in adults due to physiological reasons such as
increased nerve conductivity and unwanted effects such as headache, dizziness, sleep problems,
insomnia, dependence syndrome, and mental or behavioral disorders [56–59,67,115].

According to the results of the INE 2017, the percentage of minors who use a mobile phone in
Spain reached 94% by the age of 15, making it a health priority to provide relevant information and
control the use of ICT by adolescents [71].

• Existing and developing regulations for the non-visual effects of light absorbed through our eyes

The authorities in the European Community, through the CIE, and internationally through the
International Organization for Standardization (ISO), have been sensitive to the concerns of the scientific
community, and groups with experts in different fields have been increasingly established to study the
non-visual effects of light.

In the development of this study, the work of the European Community was broken down as a
Green Paper published in 2011. When this document was published, the scientific community was not
yet aware of the technological revolution of the new LED lighting systems to come, especially from the
perspective of their possible influence on people’s states of mind.

European bodies studying health risks, such as the SCENIHR and the CIE from 2012 onwards,
have gradually entered into the exciting study of this new field of science.

Concern over ICT irradiance is growing. This concern is reflected by the proposal produced
at the end of 2018 for a group of experts from the CIE and ISO to jointly create a new document
(integrative lighting) to use this research for the development of standards that define the composition
of light in each area in which it will be used.

Lighting in the Classroom

• Classroom lighting and energy saving

The problems generated by the excessive consumption of fossil fuels and their effect on the fragile
balance of our planet are well known, and a reduction in expenditure due to a decrease in energy
consumption would allow countries to use these funds for the health or education of their inhabitants.
Therefore, the reduction of energy consumption must be a priority for all public administrations, both
for the savings it would entail and for the reduction of emissions of polluting gases [79,82,88,89].

In recent years, publications have appeared on studies and proposals for new parameters for
cataloging buildings (IEQ), for specific data analysis of the parameters to be studied (CDBM), and
on different parameters for obtaining more specific data, taking into account variables such as the
amount of light at each time of day and season (DF, DA, UDI, DAcon, UDI-e, UDI-f, UDI-s, UDI-a,
UDI-c) [72–75,79].

• Problems with poor lighting in classrooms

Studies on classroom lighting in this century and last century have reflected the widespread concern
around obtaining the best possible lighting for children. We found an abundance of publications
that discuss the unwanted effects on children of having classrooms that are either under-lit or
over-lit [79,81,82]. The problems of inadequate illumination can be divided into temporary physiological
problems of the visual system, psychological problems, and permanent problems of the visual system.
For many years, there have been publications on possible temporary physiological disorders of the
visual system, such as glare, headache, and/or fixation problems [81,82,85,87]. Some authors have
realized, from the results of their studies, that poor lighting, whether natural or artificial, has notable
negative effects on children’s performance and mood [84,85].
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The current pandemic of child myopia is an issue of global concern, but it is especially of concern
in Asian countries, where it is most prevalent. One of the theories proposed by scientists who study
this problem is that this increase in child myopia may be due to the short amount of time that children
are outdoors receiving natural light. The recommendation for indoor lighting is between 300 and
500 lx, while outdoor light even on a cloudy day is tens of thousands of lx [90–94,116].

Figueira et al. [116] show that 1-h and 2-h exposure to light from self-luminous devices significantly
suppressed melatonin by approximately 23% and 38%, respectively. The authors’ previous studies
suggest that adolescents may be more sensitive to light than other populations.

• Effects of classroom lighting on student performance

In 1992, the researchers Kuller and Lindsten [102] published an article in which they associated
insufficient light levels with inadequate levels of hormones, leading to negative effects on children’s
behavior, and recommended that there be no classrooms built without natural lighting. At the time of
their study, the relationship between light and the pineal gland and biorhythms was still unknown.
Later studies found a relationship between correct artificial lighting or a combination of natural and
artificial light and better performance of students in the classroom [98–101].

The influence of light on people’s moods remains a subject of study today, throughout the scientific
world. Official and scientific bodies involved in the world of lighting, such as the International
Committee on Illumination (CIE) and the Lighting Research Center, have been researching and
publishing studies for decades relating to the possible effect of lighting on the moods of students in the
classroom, and the influence of this on their learning ability and their performance [102,109–112,116].

7. Conclusions and Recommendations

The functioning of human biorhythms responds to the proportion and intensity of the light we
receive, whether natural or artificial. We are light-based beings designed to live with the rhythm
of sunlight. Published articles that refer to the possible damage of blue light emitted by electronic
equipment or LED lights do not scientifically prove that such equipment can damage the retinas of its
users, including teenagers.

According to the research conducted so far, the light received from luminaires at night and from
the electronic equipment used by adolescents, however low, is believed to have a negative influence on
the balance of circadian cycles and on the quality of sleep.

Numerous studies around the world have come to the same conclusion. There is a growing
pandemic of myopia in children and adolescents in certain areas of Asia, such as Singapore and South
Korea, that exceeds 80%. This pandemic is suspected to be related to the use of electronic devices,
but so far, its direct cause and possible solutions remain unknown.

The new generation of LED lights whose blue light intensity can be increased without increasing
the illuminance, makes it possible for the professionals responsible for educational centers to recognize
and alter the composition of their centers’ lights since this composition can influence the “mood” of
the affected people, including adolescents.

No publications were found on the composition of light in adolescent training centers or the
psychological responses to it. For all these reasons, there is growing concern among international
bodies, both at the European and the global level. These bodies have created groups of experts to
urgently develop regulations to control the composition of the lights in new luminaires.

Based on the conclusions of this review, the following control or preventive measures are suggested.
These measures could be promoted by administrations, educational centers, and families.

• Develop a “manual for the good use of electronic equipment by adolescents”.
• Public and private managers should train the professionals in charge of the maintenance of public

buildings, in this case schools, so that they can acquire the necessary knowledge for the correct
acquisition and assembly of the lights to be placed in their educational centers.
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• Make this circumstance known to the public bodies responsible for consumer protection, so they
can inform people, Thus, when consumers acquire new luminaires for their homes, they can
consider the proportion of blue light those luminaires contain due to their non-visual effects.

7.1. Limitations of Study and Foresight

The difficulties of this study stem from the scarcity of existing research in this field. The effects of
continuously increasing or decreasing the percentage of blue light in a systemic way are unknown
for human beings and, therefore, for children and adolescents. This is because, until a few years ago,
it was not possible to make luminaires with alterable light components.

There is no possibility to control the luminaires that are being made in real time for two reasons: (1) any
company or person can buy LEDs, group them, and use a programming system with a remote control to change
the proportion and composition of their light as desired and (2) as there is no legislation on the non-visual
effects of light, the proportion of blue light cannot be legally limited.

Due to these limitations, no concrete recommendations can be given to safely improve the health
of adolescents. The scientific study of the effects of non-ionizing light on living beings is known as
photobiology. This field does not currently exist as a separate subject, but is a new branch of knowledge
that involves dermatologists, ophthalmologists, physicists, opticians, and chemists, each in their own
fields. The aim of photobiologists is to integrate the specialty into all degrees of training in the health
field (pharmacy, medicine, veterinary medicine, architecture, and engineering related to animal and
plant biology).

Given its relevance to healthy human functioning, this content should be integrated into the
curriculum from the earliest stages of education, with greater emphasis on the secondary and high
school stages and the professional branches related to the field. In this sense, students should be aware
of the impact of healthy ethical light in different contexts:

• greater precision and safety for patients who have light applied to their light treatments,
• improving the quality of life of tabulated animals by receiving light much more similar to that of

the sun;
• a higher quality and optimization of greenhouse crops by irradiating them with light that is the

most similar in each case to that of genetically designed crops; and
• finally, improving the health of all humans, including adolescents, by providing much healthier

light inside buildings. The ideal lighting conditions involve the provision of natural light according
to the time of day and the season, so that artificial light processes can radiate with light that is as
similar as possible to that received when going out onto the street.

Therefore, the establishment of natural or artificial lighting according to natural parameters should
also be a priority issue in the design and construction of new educational centers, as well as in the
lighting of existing centers, to facilitate the transformation of toxic light into a new ethical–healthy
model. In this sense, it is also necessary to train senior educational managers (central and autonomous
community administration staff, as well as the directors or presidents of educational centers).

Additionally, this research offers a framework for study and reflection that will allow national
and international governments to regulate lights in order to promote naturalization processes and
new models that are applicable to the domestic, health, professional, and educational fields, thereby
facilitating the incorporation of new measures and training that will make it possible to overcome the
lack of existing regulations and training.

7.2. Lighting in Classrooms

The lighting of school classrooms has changed from being mostly mercury vapor lamps that
emitted a peak in the blue range, another in the green range, and another in the red range but with
a wide spectral distribution, to being LED lighting, for which the composition of the light and the
proportion of each part of the visible spectrum that the students now receive is different to that received
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from fluorescent lamps. LEDs do not emit a wide range of blue (blue LEDs do) but, as their emission is
centered around 460 nm, even though the luminaires have a quantity of lx similar to that which would
be obtained if a fluorescent lamp were measured with a lux meter, the effect of the proportion of blue
on the melatoninergic receptors could be very different. Do those responsible for the maintenance of
educational facilities understand the quantity of blue from the new LED luminaires they are installing
and, therefore, the light that the students receive with the new LED luminaires, and how it differs from
that which they received before?
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