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Abstract: This paper presents the research of optimization of road lighting energy consumption by
utilizing the fact of human twilight and night vision (mesopic vision) dependency on luminance level
and lamp’s light spectral composition. The research was conducted for a suburban street illuminated
by smart LED road luminaires with a luminous flux control system with which different luminance
levels can be achieved on the road. This road is an access road leading to a town located on the
outskirts of Warsaw which is the capital of Poland and a large metropolitan area. Therefore, the
traffic here is quite heavy on this road in the morning and in the evening and it is very light at other
times of the day. In accordance with EN 13201 standard, lighting control can be applied to illuminate
this road. This paper compares energy consumption for different lighting scenarios of the road in
question. In the first scenario, the road luminance is compliant with M4, M5, and M6 lighting class
requirements depending on the time of the day. In the second scenario, for each M lighting class, the
values of luminance levels provided by EN 13201 standard have been reduced to the values resulting
from their conversion to the corresponding mesopic luminance values. The conducted research has
shown that a 15% saving per year in electricity consumption on the road is possible with such a
conversion. Therefore, energy efficiency of a lighting installation can be improved by matching the
lighting levels provided by the standard to the mesopic vision.

Keywords: lighting classes; mesopic illumination; LED lamps; eye spectral sensitivity

1. Introduction

Everyone likes to feel safe. For that reason, especially in urban environments, the lack
of natural light after dusk is always a problem that needs solving, e.g., through properly
designed road lighting that guarantees adequate brightness at night [1–3]. Such an issue has
been faced by communities since the establishment of first human settlements when their
inhabitants first started to consider how to ensure overall safety and proper functionality
of public spaces.

For many years, by using artificial light sources, people have been trying to light up
the darkness to obtain appropriate lighting conditions. For this reason, the history of street
lighting goes back a long way [4].

Today, streetlights are based on LED lamps and high-intensity discharge (HID) lamps
like metal-halogen (MH) and high-pressure sodium lamps (HPS). Thanks to the rapid
rise of LEDs [5], HID streetlights may soon be just as extinct as the oil lamps the Romans
used. Nowadays, LEDs have been widely used as light sources in general indoor [6,7] and
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outdoor lighting [8], automotive lighting [9], TV backlighting [10], medical and communica-
tion equipment [11], and others [12]. This is due to the many advantages of LEDs [13] such
as longer lifetime (50,000–100,000 h), higher reliability, environmental friendliness, com-
pactness in size, and quicker switching time. Low energy consumption, which ultimately
helps in the energy saving programs, is one of the greatest benefits of LEDs [14,15].

The replacement of traditional lighting sources with LEDs is to reduce the electrical
energy usage for lighting applications by 15% in 2020, by 40% in 2030, and up to 75%
in 2035 in the U.S according to the latest forecasts [16]. The European Union has issued
many directives and regulations banning the use of energy-intensive lighting equipment,
including that used in road lighting. In accordance with the second stage of the implemen-
tation of the EU regulations 245/2009 (ErP) [17], 357/2010 (ErP) [18] and the terms of the
EU Directive 2011/65 (RoHS2) [19], since April 13th 2015, further marketing of any and
all mercury lamps (HQL), mercury-incandescent lamps (HWL), and many sodium lamps
(NAV Plug-in) has been banned in the European Union. The third stage of eco-design
requirements for lighting products intended for the institutional sector, including street
lighting, set out in Commission Regulation (EC) No 245/2009 [17] and amended by Com-
mission Regulation (EC) No 347/2010, ended on April 13th 2017. As a result, it will be
possible to introduce high-pressure metal halide lamps, only with strictly defined, high
values of luminous efficiency, lumen maintenance factor, and durability factor, into the EU
market. These limitations do not apply to the use of LED based lamps on roadways and in
the outdoor areas.

Over the centuries, we have witnessed the changes in road lighting techniques not
only in respect to the light sources used in lamps, but also to the role of road lighting
itself. Initially the focal point was the road illumination [20–23] due to its direct impact
on traffic safety. However, over time, the safety of pedestrians and cyclists was also
considered [24–29]. As a result, pavements, bicycle paths, and the immediate surroundings
of the road/roadside started to be illuminated [30], bearing in mind optimization of energy
efficiency in the given lighting installation [31]. Currently, in Europe, road lighting is
designed following the requirements of EN 13201-Road Lighting standard [32] published
in 2003, i.e., when HID lamps were still used in indoor lighting. Although EN 13201 does
not explicitly state that the recommended luminance levels on roadways have been set for
HPS lighting, it is clear (due to the lack of other technologies used) that these requirements
were set for this type of lamps. It is so because in the first decade of the 21st century, HPS
light sources (with typical CCT 2060 K) dominated road lighting installations [33]. An
extended and supplemented version of EN 13201 standard was published in 2015 [34],
i.e., at the time when LEDs entered and revolutionized the lighting market. The EN
13201:2015 standard [34] indicates the possibility of selecting the lighting class (from M1 to
M6) depending on the conditions on the road and its surroundings such as: Traffic volume,
traffic composition, separation of carriageway, parked vehicles, ambient luminosity, and a
navigational task [35,36]. Depending on the lighting class (Table 1) the average luminance of
the road surfaces a minimum of 0.30 cd/m2 and a maximum of 2.0 cd/m2. It is well known
that the luminance levels recommended in this standard are based on scientific research
carried out several decades ago for roadways illuminated with HID lamps [37–40]. This
standard, however, contains a significant innovation compared to the previous normative
recommendations—among other things, it introduces the possibility of changing/reducing
the lighting class (luminance of the roadway) depending on daily traffic volume changes on
the given road. With a significant periodic reduction in vehicle traffic, the luminance level
of a given roadway can be temporarily reduced by up to 50% according to the information
contained in this standard. Thanks to the application of lighting control (luminaire flux
control of a given installation) [41,42] it is possible, for example, to change the class from M4
(0.75 cd/m2) to M5 (0.50 cd/m2) or even to M6, i.e., to the luminance level of 0.30 cd/m2.
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Table 1. Requirements of M road lighting classes according to EN 13201:2015 standard.

Lighting Classes Lav
[cd/m2]

Uo
[–]

UI
[–]

fTI
[%]

REI
[–]

M1 2.00 0.40 0.70 10 0.35
M2 1.50 0.40 0.70 10 0.35
M3 1.00 0.40 0.60 15 0.30
M4 0.75 0.40 0.60 15 0.30
M5 0.50 0.35 0.40 15 0.30
M6 0.30 0.35 0.40 15 0.30

Symbols of column names; Lav [cd/m2] = average luminance (minimum maintained), Uo [–] = overall uniformity
(minimum), Ul [–] = longitudinal uniformity (minimum); fTI [%] = threshold increment (maximum), REI [–] = edge
illuminance ratio (minimum).

The luminous flux value of the luminaire can be easily adjusted to the required
luminance levels of the road by using LED luminaires (their CCT is typically between
4000 K and 6500 K) [43]. Such possibilities were generally not available (or limited) in
the case of HPS lamps where oversizing of the lighting installation luminous flux was
frequently encountered due to the lack of possibility of smooth adjustment of the luminous
flux level in these lamps [44,45]. The previous research and practical applications have
shown that the standard-compliant possibilities of reducing lighting levels (in adjustment to
current road conditions) have led to significant electricity savings [46,47] and light pollution
reduction in the night environment [48]. As LEDs allow a relatively easy and immediate
change of the emitted luminous flux [49] and light color, new technical possibilities and
methods for reducing of light pollution [50–53] have opened up for lighting designers [54].

Manufacturers of road lighting luminaires offer a wide range of LED lighting luminaire
optical system designs [55]. Thanks to the right shape of the optical system [56–58] taking
into account luminance distribution on the LED surface [59–61], the use of LED luminaires
ensures high energy efficiency of the road lighting installation [31,62]. The energy efficiency
value of LED lighting installations additionally increases when they are operated at low
temperatures i.e., in winter [63–65].

However, the use of such luminaires is not without disadvantages. Compared to
classic lighting installations, using such luminaries requires the designer to pay more
attention to reducing the undesirable glare effect [66–70].

As far as the recommended road luminance by the standard, the observer (a driver,
a pedestrian, etc.) has the eyesight adapted to the twilight (mesopic) vision [71]. The
luminous efficiency of the human eye (Figure 1) is then different from the night vision
(scotopic V’(λ)) and the day vision (photopic V(λ)). As presented in CIE 191:2010 [72], in the
mesopic range, the spectral sensitivity of the human eye Vmes(λ) depends on the photopic
luminance level (Lp) and the spectral distribution of radiant power (SPD) of the given
lighting. This CIE document also details the method for determining the eye sensitivity
in this luminance range. The mesopic sensitivity is calculated as a linear combination
(Equation (1)) of the photopic V(λ) and scotopic V’(λ) human eye sensitivities. In Equation
(1), the m parameter is the adaptation coefficient and M(m) is a normalization factor to
ensure that the maximum value of Vmes(λ) is unity.

Vmes(λ) =
1

M(m)
[mV(λ) + (1−m)V′(λ)] (1)

The value of m for an adaptation field characterized by given photopic (Le) can
be iteratively calculated as defined in the CIE document and other papers [73–75]. As
perceived by a person whose eye is adjusted to mesopic conditions, luminance value Lmes
has a different value than the luminance (Le) defined (measured) for photopic viewing
conditions [76]. The mesopic luminance (cd/m2) of a light beam with spectral radiance
Le(λ), in W/m2/sr/nm can be calculated as:
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Lmes = Kmes

∞∫
0

Vmes(λ)Le(λ)dλ (2)

where Kmes = 683⁄(Vmes (λ0 = 555 nm)), in lm/W.
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Figure 1. Spectral luminous efficiency of the human eye under photopic (white curve), scotopic (black curve), and mesopic
(grey curve) vision conditions at luminance level L = 0.5 cd/m2 obtained with high-pressure sodium (HPS) lamp (spectral
distribution of radiant power (SPDS) of HPS lamp (CCT = 2060 K) is show as violet curve).

Determined by using Equation (1) and the computational methodology provided by
CIE 191 [72] document, the distribution curves of spectral sensitivity of the human eye
adapted to the brightness levels of typical M4 class road lighting (i.e., luminance level
Le = 0.5 cd/m2) obtained with HPS lamps is shown in Figure 1. In Figure 1, the white
line indicates the sensitivity of the eye in the photopic range, the black one represents the
scotopic sensitivity, and the dashed grey line represents the sensitivity in the mesopic range
(at luminance level Le = 0.5 cd/m2 obtained with HPS lamp). The spectral distribution of
radiant power (SPDs) of the HPS lamp is shown as a purple line in Figure 1. For the same
luminance level (e.g., Le = 0.5 cd/m2) obtained using light sources of different SPDs (HPS
or LED), the spectral sensitivity of the human eye differs Figure 2 illustrates the spectral
distribution of the HPS (black continuous line) and LED (white continuous line) lamps
and the spectral efficiency of the human eye at luminance Le = 0.5 cd/m2 obtained with
typical HPS lamps (dashed black curve) and for typical LED lighting (white dotted line)
determined by using Equation (1) and the computational methodology provided by CIE
191 document [72]. The purple line shows the quotient of the spectral sensitivity of the
human eye under HPS lighting to the spectral sensitivity of the eye under LED lighting,
where in both cases, the Le road luminance was 0.50 cd/m2.



Energies 2021, 14, 1175 5 of 23Energies 2021, 14, 1175 5 of 25 
 

 

 

Figure 2. Spectral distribution of HPS and LED lamps and the spectral efficiency of the human eye at luminance Le = 0.5 
cd/m2 obtained with these lamps and for luminance Le = 0.5 cd/m2, the quotient of the spectral sensitivity of the eye at HPS 
lighting (CCT 2060 K) to the sensitivity of the eye at LED lighting (CCT 4000 K). 

It is important to remember that in road lighting standards defining the lighting re-
quirements, are formulated for luminance values defined in a photopic manner [77]. 
Therefore, the luminance values of a given lighting perceived by a person in mesopic con-
ditions will differ from those given normatively i.e., photopically. Bearing this in mind, it 
should be considered whether the criteria provided in the standards for luminance values 
(specified for photopic vision under HPS illumination) should be replaced by correspond-
ing mesopic luminance values Lmes [78,79]. Luminance created by HPS lighting in mesopic 
conditions is always lower than that provided for photopic conditions [76,80,81]. The sit-
uation is different for LED lighting where luminance perceived in mesopic conditions has 
always a higher value than the one determined photopically [76,80]. This fact makes one 
consider if it is necessary to strictly adhere to the design criteria defined for photopic con-
ditions or whether mesopic luminance values as design criteria e.g., in case of luminaires 
with LED light sources should be introduced. In the scientific literature, the qualitative 
and quantitative parameters characterizing the exchange of road lighting from HPS to 
LED have been analyzed many times [82]. The scientific literature also highlights the fact 
that taking human visual performance factors into account in the lighting design leads to 
a significant improvement in energy consumption and reduction of operating costs of the 
lighting system [83,84]. Experimental verification of this issue (for an actual lighting in-
stallation) was undertaken by the authors of the article titled “Drivers’ impressions under 
high-pressure sodium and LED street lighting” [85]. They conducted the experiment in 
which the respondents compared lighting quality of two lighting installations—one with 
HSP lamps and the other with LED lamps. These comparisons were made for two cases 
of illumination of each of these installations. In the first case, the photopic luminance val-
ues (Lp) of the road for both LED and HPS installations were equal. In the second case, the 
photopic luminance values of each installation (HPS and LED) were different. Their val-
ues were chosen so that the mesopic luminance level (Lmes) for LED lighting was the same 
as that obtained for HPS lighting. It was obtained by calculating its Lmes mesopic luminance 

Figure 2. Spectral distribution of HPS and LED lamps and the spectral efficiency of the human eye at luminance
Le = 0.5 cd/m2 obtained with these lamps and for luminance Le = 0.5 cd/m2, the quotient of the spectral sensitivity
of the eye at HPS lighting (CCT 2060 K) to the sensitivity of the eye at LED lighting (CCT 4000 K).

It is important to remember that in road lighting standards defining the lighting
requirements, are formulated for luminance values defined in a photopic manner [77].
Therefore, the luminance values of a given lighting perceived by a person in mesopic
conditions will differ from those given normatively i.e., photopically. Bearing this in mind,
it should be considered whether the criteria provided in the standards for luminance values
(specified for photopic vision under HPS illumination) should be replaced by corresponding
mesopic luminance values Lmes [78,79]. Luminance created by HPS lighting in mesopic
conditions is always lower than that provided for photopic conditions [76,80,81]. The
situation is different for LED lighting where luminance perceived in mesopic conditions
has always a higher value than the one determined photopically [76,80]. This fact makes
one consider if it is necessary to strictly adhere to the design criteria defined for photopic
conditions or whether mesopic luminance values as design criteria e.g., in case of luminaires
with LED light sources should be introduced. In the scientific literature, the qualitative
and quantitative parameters characterizing the exchange of road lighting from HPS to
LED have been analyzed many times [82]. The scientific literature also highlights the fact
that taking human visual performance factors into account in the lighting design leads
to a significant improvement in energy consumption and reduction of operating costs of
the lighting system [83,84]. Experimental verification of this issue (for an actual lighting
installation) was undertaken by the authors of the article titled “Drivers’ impressions under
high-pressure sodium and LED street lighting” [85]. They conducted the experiment in
which the respondents compared lighting quality of two lighting installations—one with
HSP lamps and the other with LED lamps. These comparisons were made for two cases
of illumination of each of these installations. In the first case, the photopic luminance
values (Lp) of the road for both LED and HPS installations were equal. In the second case,
the photopic luminance values of each installation (HPS and LED) were different. Their
values were chosen so that the mesopic luminance level (Lmes) for LED lighting was the
same as that obtained for HPS lighting. It was obtained by calculating its Lmes mesopic
luminance value for the photopic luminance Le of the road illuminated with HPS lamps
using the method described in IES TM-12-12 [80] and in IES TM-24-13 [86]. Then, for
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LED lighting, the photopic luminance level was numerically determined to provide the
same mesopic luminance value as that obtained with HPS lamps, i.e., for it to equal Lmes.
This means that with LED lighting, the luminous flux value was reduced compared to the
nominal one. In the mode in which both lighting installations were characterized by the
same photopic luminance value, the LED installation (CCT = 4000 K) was found by most
respondents to be a better lighting solution. However, in the case of alignment of Lmes
mesopic luminance levels (i.e., in the case of LED lighting lower than photopic luminance),
some of the respondents whose opinions were presented in this article considered the HSP
lamps to be a better-quality solution.

The authors of this paper did research in order to investigate the possibility of reducing
the amount of electricity consumed by a street LED lighting installation, and thus of
improving its energy efficiency by utilizing at design stage the mesopic vision properties.
The objective of the experiment was to reduce the luminous flux of LED lighting installation
so that for a given class of lighting the road luminance corresponded to the value of mesopic
luminance obtained under HPS lighting (i.e., lower than the photopic luminance). Such
an experiment is technically possible as LED luminaires can precisely control the emitted
luminous flux [87].

2. Materials and Methods

A street typical for Polish towns was chosen for the study (the required lighting class is
M4) [88], located (Figure 3) in Radzymin near Warsaw. It is a single carriageway, two-lane,
two-way street that is 7-m wide and about 1 km long. It has a lighting installation consisting
of 40 streetlamps with 25-m distance between them, 1.50 m luminaire overhang, and the
tilt angle of 0◦ (Figure 4). A LED lighting installation made on the basis of luminaires from
a well-known EU manufacturer (Figure 5) is installed on this street. Catalogue technical
parameters of this luminaire (later in the article it is marked as LED_26W) are presented in
Table 2, and the luminous intensity distribution curve is shown in Figure 6. The luminaires
are equipped with a local controller based on the analogue signa, which allows to control
and change the emitted luminous flux and the power consumption. The luminaires are
controlled by changing voltage (in the range from 1 V to 10 V) on the controller. The control
characteristics of the LED_26W luminaire, i.e., the dependence of the luminous flux (Φ)
emitted by it and the power consumed (P) on the value of the controller control voltage
(changed in the range from 1 V to 10 V) was determined with the use of the laboratory
test stand presented in Figure 7. This stand consists of an. integrating sphere of 2-m
diameter; photometer B520 (by LMT company); autotransformer, power analyzer IT9121
(by ITech company); oscilloscope DS1054Z (by Rigol company); and programmable DC
power supply PPS3210 (by Motech company).

Table 2. Technical parameters of LED_26W luminaire.

Technical Parameter Luminaire (LED_26W)

Light source type LED
Number of light sources 16

Current LED 500 mA
Luminaire luminous flux 2900 lm

Luminaire power 26 W
Luminaire lighting efficiency 126 lm/W

Luminaire efficiency 83%
Light color Natural White (CCT 4000 K)
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DC power supply, (3) oscilloscope, (4) photometer, (5) power analyzer, (6) autotransformer.

Thanks to the central controller, the lighting installation consisting of such luminaires
can transmit and receive a signal to and from each of the luminaires wirelessly. Data
are transmitted from the central controller via the Internet to the server and databases
(telemanagement option). Thanks to such a solution, it is possible to control, measure, and
manage the lighting network via the Internet, e.g., with a web browser such as Google
Chrome or Microsoft Edge. The time of switching it on and off depends on the time of
the sunrise and the sunset on a given day. The sunrise and sunset hours on this street (for
example, for the first and last day of each month in 2020) are presented in Table 3. For each
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day of the year from 9:00 a.m. to 03:00 p.m. the lighting installation does not work as it is
the daylight and the lamps are switched off.

Table 3. Sunrise and sunset hours (at the beginning and end of the month—Slowackiego Street, Radzymin).

Month
Sunrise Hour

for the First Day
of the Month

Sunset Hour
for the First Day

of the Month

Sunrise Hour
for the Last Day

of the Month

Sunset Hour
for the Last Day

of the Month

January 7:46:00 a.m. 3:31:00 p.m. 7:19:00 a.m. 4:18:00 p.m.
February 7:19:00 a.m. 4:18:00 p.m. 6:23:00 a.m. 5:12:00 p.m.

March 6:20:00 a.m. 5:14:00 p.m. 6:11:00 a.m. 7:07:00 p.m.
April 6:09:00 a.m. 7:09:00 p.m. 5:06:00 a.m. 7:58:00 p.m.
May 5:04:00 a.m. 8:00:00 p.m. 4:21:00 a.m. 8:44:00 p.m.
June 4:21:00 a.m. 8:45:00 p.m. 4:20:00 a.m. 8:58:00 p.m.
July 4:21:00 a.m. 8:58:00 p.m. 4:58:00 a.m. 8:25:00 p.m.

August 4:59:00 a.m. 8:24:00 p.m. 5:48:00 a.m. 7:22:00 p.m.
September 5:50:00 a.m. 7:20:00 p.m. 6:37:00 a.m. 6:12:00 p.m.

October 6:39:00 a.m. 6:10:00 p.m. 6:32:00 a.m. 4:05:00 p.m.
November 6:34:00 a.m. 4:03:00 p.m. 7:24:00 a.m. 3:25:00 p.m.
December 7:25:00 a.m. 3:24:00 p.m. 7:46:00 a.m. 3:31:00 p.m.

The lighting requirements of this roadway are classified as M4 (EN 13201:2015 stan-
dard) taking into account the values of parameters such as traffic volume, traffic composi-
tion, separation of carriageway, parked vehicles, ambient luminosity, and navigational task.
Peak hours (Table 4) are from 7.00 a.m. to 9.00 a.m. and from 3.00 p.m. to 5.00 p.m. on this
street and lower traffic volume is observed from 5.00 a.m. to 7.00 a.m. and from 5.00 p.m.
to 11.00 p.m. However, during the night hours from 11.00 p.m. to 5.00 a.m. the traffic on
this street is very light. Taking into account the fact that the traffic volume on this road is
subject to significant changes during the day, according to EN 13201:2015, it is possible to
reduce the luminance level of the roadway (below the requirements of M4 class) during
the night hours i.e., by using lighting control. It is acceptable for this road (see Table 4,
Figure 8) to reduce the luminance requirements of M4 class (0.75 cd/m2) outside the traffic
peak to the luminance requirements of M5 class (0.5 cd/m2), and for night hours to the
luminance requirements of M6 class (0.30 cd/m2).
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Table 4. Possible road lighting classes depending on time of day.

Hours Range Lighting Classes

0:00 a.m.–5:00 a.m. M6
5:00 a.m.–7:00 a.m. M5
7:00 a.m.–9:00 a.m. M4

9:00 a.m.–03:00 p.m. day light—lamps off
03:00 p.m.–05:00 p.m. M4
05:00 p.m.–11:00 p.m. M5
11:00 p.m.–0:00 a.m. M6

As the luminance levels of the road change, so does the perception of the road
user whose eye is adapted to mesopic conditions. Figure 9 shows (determined using
Equation (1)) the spectral sensitivity curves of the human eye Vmes, with lighting provided
by LED_26W luminaire, for luminance levels (Le) of 0.30 cd/m2 (road class M6), 0.50 cd/m2

(road class M5), and 0.75 cd/m2 (road class M4).
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(CCT 4000 K), the eye sensitivity at these luminance levels is different from that of HPS 
lighting (Figure 10). In Figure 10, the human eye SPDs ratio for HPS to LED at different 
levels of lighting is presented. The green line is for 0.75 cd/m2, the black line is for 0.50 
cd/m2, and violet line is for 0.30 cd/m2 luminance. The information presented in Figure 10 
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the HPS source. 

Figure 9. Spectral distribution of the LED_26W road lighting luminaire (pink line) and sensitivity
curves of the human eye under mesopic conditions for LED_26W lighting for luminance 0.30 cd/m2

(purple curve); 0.50 cd/m2 (dashed grey) and 0.75 cd/m2 (navy blue), as well as spectral sensitivity
of the eye under photopic conditions (white line) and under scotopic conditions (black line).

In Figure 9, the purple line represents Vmes for luminance value of 0.30 cd/m2; the
dashed grey line represents Vmes for 0.50 cd/m2 and the navy-blue line represents Vmes
luminance value for 0.75 cd/m2. For comparison purposes, Figure 9 also shows the
curve illustrating the spectral sensitivity of the eye under photopic conditions (white line)
and under scotopic conditions (black line). The spectral distribution of the SPD radiant
power of this luminaire is also shown by a pink line in Figure 9. As mentioned before,
the normative requirements (determined for photopic vision) for the Le luminance of the
road were determined for lighting with HPS lamps (CCT 2060 K). In the case of LED
lighting (CCT 4000 K), the eye sensitivity at these luminance levels is different from that
of HPS lighting (Figure 10). In Figure 10, the human eye SPDs ratio for HPS to LED at
different levels of lighting is presented. The green line is for 0.75 cd/m2, the black line is
for 0.50 cd/m2, and violet line is for 0.30 cd/m2 luminance. The information presented
in Figure 10 shows that mesopic luminance levels Lmes (Equation (2)) resulting from the
normative lighting level of HPS lamps are possible at lower photopic luminance levels
when using LED lamps (see Table 5). In Table 5, the third column represents the mesopic
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values specified for standardized photopic values and the fourth column represents the
photopic luminance values at which the LED source reaches the same mesopic luminance
values as the HPS source.
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Figure 10. The human eye SPDs ratio for HPS to LED at different levels of lighting. The green line is
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Table 5. Average luminance levels for different lighting classes, with the observer’s eye adjusted to
different lighting conditions (photopic/mesopic vision).

Lighting Class

Luminance Le
[cd/m2]

(Photopic Vision
—for HPS Lamp)

Luminance
Lmes

[cd/m2]
(Mesopic Vision—for HPS
Lamp and for LED Lamp)

Luminance
Le

[cd/m2]
(Photopic Vision—for LED

Lamp Providing
Lmes Equal to Lmes with

HPS Lamp

M4 0.75 0.71 0.68
M5 0.50 0.47 0.43
M6 0.30 0.27 0.25

In order to verify the thesis of the work on whether LED street lighting can reduce elec-
tricity consumption and thus improve the energy efficiency of a given lighting installation,
two lighting scenarios were established for this street (Table 6) along with a third reference
scenario. For the first case, it was assumed that the road lighting was to be compliant with
the luminance values required by EN 13201-Road Lighting standard for classes M4, M5,
and M6 (Table 6, first column). For the second case, the street lighting photopic luminance
levels created by LED (in each M lighting class provided in EN 13201:2015) were reduced
to the values that provide equal their mesopic luminance level with mesopic luminance
values created by the HPS lamp (Table 6, second column). The reduced values result from
the conversion of the photopic luminance values created by the HPS lamp to the corre-
sponding mesopic luminance values. At the next step for LED lighting, photopic luminance
values corresponding to those mesopic luminance values are calculated. For comparison
purposes, the third scenario (shown in Table 6, third column) was also introduced, in which
the lighting class is fixed, (i.e., M4—with no use of the control system) for the whole period
of the installation illumination.
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Table 6. Luminance values for given lighting scenarios.

Hours Range
Luminance

[cd/m2]
Scenario 1

Luminance
[cd/m2]

Scenario 2

Luminance
[cd/m2]

Scenario 3

0:00 a.m.–5:00 a.m. 0.30 0.25 0.75
5:00 a.m.–7:00 a.m. 0.50 0.43 0.75
7:00 a.m.–9:00 a.m. 0.75 0.68 0.75
9:00 a.m.–3:00 p.m. lamps off lamps off lamps off
3:00 p.m.–5:00 p.m. 0.75 0.68 0.75

5:00 p.m.–11:00 p.m. 0.50 0.43 0.75
11:00 p.m.–0:00 a.m. 0.30 0.25 0.75

The measurements were made using a portable testing equipment, which is shown
in Figure 11. The equipment is a typical station for determining road luminance distribu-
tion [89–91]. After changing from a luminance meter to a digital camera, it also allows
users to take overview photos. According to the current standard, such measurements
should be taken for both the left and right street lane [34] and then the less favorable value
(worst-case scenario) should be considered the final result. According to the requirements
of EN-13201:2015 standard, the image luminance measuring device (ILMD) Techno Team
LMK 98-3 Color was placed in the center of each (left/right) lane at a height of 1.5 m, 60.0 m
from the measuring module (Figure 11). It has been demonstrated in earlier works of the
authors of this article [63,65,91–94] and other research papers [95–98] that using this type
of the meter to measure the luminance distribution of road lighting is well-justified.
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Figure 11. View of the measuring system used to determine the road luminance distribution where S is equal to 25 m—
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Measurements were taken for 6 levels of roadway luminance i.e., 0.75 cd/m2; 0.68 
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Figure 11. View of the measuring system used to determine the road luminance distribution where S is equal to 25 m—
distance (module) between luminaires, 60 m—distance of the luminance meter from the measuring field, 1.5 m—height of
the luminance meter placement, ILMD—image luminance measuring device Techno Team LMK 98-3 Color, the line from
ILMD shows exemplary aiming of the meter at one of the measuring points.

Measurements were taken for 6 levels of roadway luminance i.e., 0.75 cd/m2; 0.68 cd/m2;
0.50 cd/m2; 0.43 cd/m2; 0.30 cd/m2; 0.25 cd/m2. The values 0.75 cd/m2; 0.50 cd/m2,
and 0.30 cd/m2 stem directly from the EN-13201:2015 standard [34]. Their equivalents
resulting from the assumption of the equality of mesopic luminance in LED lighting
with those created by the HPS lamps are the respective luminance values of 0.68 cd/m2;
0.43 cd/m2 and 0.25 cd/m2. The measurements were taken in the summer during a rainy
night at 10:30 p.m. (10:30 p.m. was the starting time of measurements). Before starting



Energies 2021, 14, 1175 13 of 23

the measurements, the lighting system was switched on for one hour. With the changes
in the luminance level of the roadway, it took 20 min to stabilize the lighting system
photometric parameters (stabilization of the emitted luminous flux). Only after that time
was the luminance distribution measured and the photo illustrating the given measurement
scene taken.

3. Results

Table 7 summarizes the results of tests carried out to determine the control characteris-
tics of the LED_26W luminaire. The measurements were taken using the test stand shown
in Figure 7.

Table 7. Dependence of the luminous flux and the power consumed on the voltage signal controlling
the LED_26W luminaire.

Control Signal
(U) [V]

Luminous Flux
(Φ) [lm]

Consumed Power
(P) [W]

10.0 2849.9 27.27
9.5 2849.9 27.25
9.0 2849.9 27.22
8.5 2849.9 27.21
8.0 2831.9 26.98
7.5 2677.8 25.43
7.0 2510.2 23.78
6.5 2359.3 22.17
6.0 2180.4 20.77
5.5 2006.6 18.96
5.0 1837.0 17.42
4.5 1663.2 15.85
4.0 1471.9 14.21
3.5 1264.5 12.57
3.0 1071.1 10.84
2.5 873.2 9.25
2.0 680.2 7.79
1.5 492.9 6.18
1.0 290.5 4.57

The first column of Table 7 shows the level of control where 10V means the maximum
control of the luminaire (maximum operating parameters—100% control). The second
column contains the results of the luminous flux value measurements (Φ) for a given level
of luminaire control. The third column shows the results of active power (P) measurements.
The measurements presented in Table 7 were used to determine the control characteristics
(Figure 12), which illustrate how the level of control of the LED_26W luminaire affects
the emitted luminous flux (Φ) and the active power (P) consumed by it. Based on the
control curve shown in Figure 12, the values of the luminaire control signals (U) were
determined, which ensure obtaining (Table 8) 6 target luminance levels Le (i.e., 0.75 cd/m2;
0.68 cd/m2; 0.50 cd/m2; 0.43 cd/m2; 0.30 cd/m2; 0.25 cd/m2). Table 8 also shows for each
of the luminance levels the values of the luminous flux (Φ) of the luminaire needed to
obtain the given luminance level and the active power (P) consumed for this case. These
values are also given in (%) in the fourth and sixth columns.
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Table 8. Overview of control levels for LED_26W luminaire in order to obtain the intended lumi-
nance levels.

Average Luminance Level
(Le)

[cd/m2]

Control Signal
(U)
[V]

Luminous Flux
(Φ)
[lm]

Luminous Flux
(Φ)
[%]

Active Power
(P)
[W]

Active Power
(P)
[%]

0.75 10.00 2849.9 100 27.27 100
0.68 7.25 2591.3 91 24.38 88
0.50 5.22 1907.9 67 18.13 65
0.43 4.42 1624.7 57 15.60 56
0.30 3.17 1140.8 40 11.42 41
0.25 2.65 940.0 33 9.77 35

Based on the results of the measurements in Table 8, the required luminous flux levels
[%] were determined to ensure that the three lighting scenarios presented in Table 6 were
implemented. In accordance with the assumed lighting scenario, the requirements for the
luminous flux levels emitted by the installation are listed in Figures 13–15, respectively.
Regardless of the control scenario, the lighting installation is switched on in the hours from
the dusk to the dawn. There is no need for it to operate during the day. If the sunrise (see
Table 3) occurs earlier than the data shown in Figures 13–15, the control algorithm for this
lighting system will turn it off. This lighting installation can only be switched on after the
sunset (see Table 3). The longest operating time of the installation will take place on the 22
December, (16 h 22 min) and the shortest on the 22 June (7 h and 17 min). For example, on
the 1 January 2020, the lighting installation performing lighting scenario number 1 (control
compliant with EN 13201 standard) will work as shown in Table 9. For 2020, the total
operation time) of the lighting installation was 4313 h.

Electricity consumption for 40 LED_26W luminaires installed on one kilometer on
Slowackiego Street in Radzymin depends on the lighting scenario in which this lighting
installation operates and on the working time. For the three lighting scenarios (control
systems) under consideration, the anticipated electricity consumption was determined for
each month and the entire year. Table 10 summarizes the data in [kWh] and [%]. A visual
illustration of electricity consumption [kWh] and [%] is shown in Figure 16.
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Figure 14. Lighting control profile—case 2 where the control system carries out the control to
execute scenario number 2 i.e., adjustment of road luminance levels to the brightness perceived in
mesopic conditions.
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Figure 15. Lighting scenario number 3 (no lighting control)—the installation works with full luminous
flux over the whole range of operation, providing road luminance values compliant with M4 class
for the whole operating time of the lighting installation.

Table 9. Required levels of luminous flux emitted by lighting installations in order to ensure the
required levels of road luminance on 1 January 2020 (for given lighting scenario).

Hours Range
Scenario 1

(Φ)
[%]

Scenario 2
(Φ)
[%]

Scenario 3
(Φ)
[%]

0:00 a.m.–5:00 a.m. 40 33 100
5:00 a.m.–7:00 a.m. 67 57 100
7:00 a.m.–7:46 a.m. 100 91 100
7:46 a.m.–3:31 p.m. lamps off lamps off lamps off
3:00 p.m.–5:00 p.m. 100 91 100

5:00 p.m.–11:00 p.m. 67 57 100
11:00 p.m.–0:00 a.m. 40 33 100

Table 10. Energy consumption for 1 km of lighting installation and various lighting control schemes.

Month
Energy Consumption

(Scenario 1)
[kWh] and [%]

Energy Consumption
(Scenario 2)

[kWh] and [%]

Energy Consumption
(Scenario 3)

[kWh] and [%]

January 321.13 100% 275.96 85.93% 532.37 165.78%
February 250.86 100% 213.47 85.10% 446.10 177.83%

March 219.29 100% 185.83 84.74% 409.15 186.58%
April 167.53 100% 141.60 84.52% 329.26 196.54%
May 135.96 100% 114.62 84.30% 280.21 206.10%
June 114.96 100% 96.83 84.23% 241.31 209.91%
July 127.32 100% 107.25 84.24% 266.70 209.47%

August 160.27 100% 135.33 84.44% 321.05 200.32%
September 198.32 100% 167.95 84.69% 375.21 189.19%

October 253.54 100% 215.55 85.02% 456.37 180.00%
November 298.23 100% 255.80 85.77% 501.45 168.14%
December 339.51 100% 292.62 56.19% 550.75 162.22%

SUM 2586.92 (100%) 2202.81 (85.15%) 4709.93 (182.07%)
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Figure 16. Comparison of electricity consumption for lighting installation without control. with
classic control (reduction values for photopic vision), and with control where the photopic reduction
values for LEDs are compared against mesopic values.

For particular levels of luminance control, the results of luminance distribution mea-
surements and the corresponding street pictures are shown in Figures 17–22 (the left picture
shows the street picture, and the right picture shows the luminance distribution for the
observer’s position on the right lane). The values of the average road luminance resulting
from these measurements are listed in Table 11. This table does not contain the information
on whether this result concerns the right or the left side of the roadway. This results from
the recommendations included in EN-13201:2015 standard [34] which require that the
result of the luminance measurement of a given roadway to be defined as the less favorable
value from among the measurements made for the right and left observer’s position on
the road.
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Figure 17. View of the street with lighting when the luminous flux Φ of the lamps is controlled to 100% (average luminance 
of the roadway is Lav = 0.75 cd/m2). 

Figure 17. View of the street with lighting when the luminous flux Φ of the lamps is controlled to 100% (average luminance
of the roadway is Lav = 0.75 cd/m2).
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Figure 18. View of the street with lighting when the luminous flux Φ of the lamps is controlled to 91% (average luminance 
of the roadway is Lav = 0.68 cd/m2). 
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Figure 19. View of the street with lighting when the luminous flux Φ of the lamps is controlled to 67% (average luminance 
of the roadway is Lav = 0.50 cd/m2). 
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Figure 20. View of the street with lighting when the luminous flux Φ of the lamps is controlled to 57% (average luminance 
of the roadway is Lav = 0.43 cd/m2). 
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Figure 21. View of the street with lighting when the luminous flux Φ of the lamps is controlled to 40% (average luminance 
of the roadway is Lav = 0.30 cd/m2). 

Figure 18. View of the street with lighting when the luminous flux Φ of the lamps is controlled to 91% (average luminance
of the roadway is Lav = 0.68 cd/m2).
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Figure 19. View of the street with lighting when the luminous flux Φ of the lamps is controlled to 67% (average luminance
of the roadway is Lav = 0.50 cd/m2).
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Figure 22. View of the street with lighting when the luminous flux Φ of the lamps is controlled to 33% (average luminance 
of the roadway is Lav = 0.25 cd/m2). 

Analyzing the presented data from Table 10 and Figure 16 on an annual basis, the 
total annual energy consumption in Scenario 1 was 2586.92 kWh. For scenario 2 (where 
the mesopic vision was incorporated), energy consumption was 2202.81 kWh and 
dropped by about 15% in respect to scenario 1. In scenario 3 (no lighting control), the 
energy consumption increased to 4709.07 kWh, i.e., it increased by over 82% compared to 
the first lighting scenario. This means that the electricity savings are possible when using 
lighting control and having mesopic vision incorporated in this kind of street lighting de-
sign. These savings will be significant if the possibility of converting normative road lu-
minance levels to those corresponding to the mesopic vision is considered. 

5. Conclusions 
The research was conducted for a suburban street illuminated by smart LED road 

luminaires with a luminous flux control system, which allows different luminance levels 
to be achieved on the road. This road is an access road to a town located on the outskirts 
of Warsaw, which is a large metropolis and the capital of Poland. Therefore, a lot of traffic 
occurs on this road in the morning and in the evening and it is very light at other times of 
the day. In accordance with EN 13201 standard, lighting control can be applied to illumi-
nate this road. For the peak hours of the traffic, the road luminance should follow the M4 
class requirements. After peak hours, it is possible to reduce the level of road illumination 
to M5 and for some night hours even to M6 class. 

This paper compares energy consumption for different lighting scenarios of the road 
in question. In the first scenario, the road luminance is compliant with M4, M5, and M6 
class requirements depending on the time of the day. In the second scenario, the values of 
luminance levels for each M lighting class provided by EN 13201 standard have been re-
duced to the values resulting from their conversion to the corresponding mesopic lumi-
nance values. The basis for reducing the criteria for road luminance requirements is the 
fact that the observer’s eye is adapted to the vision in mesopic conditions. According to 
the information presented in the CIE 191:2010 document, the same value of luminous flux 
perceived as brightness by humans in twilling (mesopic) range differs from that for pho-
topic (daytime) conditions. When illuminating the road with LED lamps emitting a spe-
cific luminous flux, the road luminance considered in photopic conditions will have a 
lower value than when the mesopic vision conditions are taken as reference. In the case 
of HPS lamps, this issue is opposite. When the road is illuminated with an HPS lamp with 
a specific luminous flux, the luminance values of the road in relation to the mesopic range 
are lower than those determined for the photopic range. 

So, it should be emphasized that the presented research has shown that a 15% saving 
per year in electricity consumption on the road is possible with such a conversion. There-
fore, energy efficiency of a lighting installation can be improved by matching the lighting 
levels provided by the standard to the mesopic vision. Scenario number three does not 
include lighting control—all lighting is compliant with M4 class. In this case, the energy 
consumption is more than 82% higher than that needed in the first scenario. 

Figure 22. View of the street with lighting when the luminous flux Φ of the lamps is controlled to 33% (average luminance
of the roadway is Lav = 0.25 cd/m2).
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Table 11. Summary of results of average luminance values for different levels of LED_26W luminaires’ control on the
tested road.

Control Signal
[V]

Luminous Flux
(Φ)
[%]

Active Power
(P)
[%]

Average Luminance Value of
Road Surface (Le)

[cd/m2]

Longitudinal
Uniformity

(Ul)
[–]

Overall
Uniformity

(Uo)
[–]

10.0 100 100 0.77 0.62 0.40
7.25 91 88 0.68 0.61 0.41
5.22 67 65 0.51 0.61 0.40
4.42 57 56 0.43 0.61 0.40
3.17 40 41 0.31 0.62 0.41
2.65 33 35 0.25 0.61 0.40

4. Discussion

In the course of the tests of photometric and electrical parameters of the LED_26W
luminaire, the dependence of the luminous flux emitted by it on the voltage (changes from
1 V to 10 V) of the lamp controller was determined. In the range of control signals between
1 V and 8 V, the luminaire’s luminous flux Φ and power consumption P is a linear function.
The control range from 8V to 10V causes saturation of the system—the value of the output
luminous flux and the power consumed do not change (see Table 7 and Figure 12).

Based on the luminaire’s control characteristics, the system was redirected to achieve
the road luminance levels required by EN 13201-Road Lighting standard for M4, M5, and
M6 classes (Table 6, first column) and luminance levels reduced to those resulting from
converting it to the corresponding mesopic luminance values (Table 6, second column). The
photographs and luminance distributions shown in Figure 17 are related to the control of
the lighting system in such a way that the luminous flux emitted by the system ensures that
the lighting requirements for M4 class are met on the road. The luminous flux Φ emitted
by the luminaires has a maximum value (see Table 11). The data presented in Figure 17
should be compared with the data presented in Figure 18, which were obtained when the
luminous flux Φ of the lamps was 91%. In this case, the road luminance is Le=0.68 cd/m2,
i.e., this luminance created by LEDs in mesopic viewing conditions has the same value
as the luminance obtained with HPS lighting in M4 class (see Table 5). In the same way,
Figures 19 and 20 for M5 lighting class and Figures 21 and 22 for M6 lighting class should
be compared.

Analyzing the presented data from Table 10 and Figure 16 on an annual basis, the
total annual energy consumption in Scenario 1 was 2586.92 kWh. For scenario 2 (where the
mesopic vision was incorporated), energy consumption was 2202.81 kWh and dropped
by about 15% in respect to scenario 1. In scenario 3 (no lighting control), the energy
consumption increased to 4709.07 kWh, i.e., it increased by over 82% compared to the first
lighting scenario. This means that the electricity savings are possible when using lighting
control and having mesopic vision incorporated in this kind of street lighting design. These
savings will be significant if the possibility of converting normative road luminance levels
to those corresponding to the mesopic vision is considered.

5. Conclusions

The research was conducted for a suburban street illuminated by smart LED road
luminaires with a luminous flux control system, which allows different luminance levels to
be achieved on the road. This road is an access road to a town located on the outskirts of
Warsaw, which is a large metropolis and the capital of Poland. Therefore, a lot of traffic
occurs on this road in the morning and in the evening and it is very light at other times
of the day. In accordance with EN 13201 standard, lighting control can be applied to
illuminate this road. For the peak hours of the traffic, the road luminance should follow
the M4 class requirements. After peak hours, it is possible to reduce the level of road
illumination to M5 and for some night hours even to M6 class.
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This paper compares energy consumption for different lighting scenarios of the road
in question. In the first scenario, the road luminance is compliant with M4, M5, and
M6 class requirements depending on the time of the day. In the second scenario, the
values of luminance levels for each M lighting class provided by EN 13201 standard have
been reduced to the values resulting from their conversion to the corresponding mesopic
luminance values. The basis for reducing the criteria for road luminance requirements is
the fact that the observer’s eye is adapted to the vision in mesopic conditions. According
to the information presented in the CIE 191:2010 document, the same value of luminous
flux perceived as brightness by humans in twilling (mesopic) range differs from that for
photopic (daytime) conditions. When illuminating the road with LED lamps emitting a
specific luminous flux, the road luminance considered in photopic conditions will have a
lower value than when the mesopic vision conditions are taken as reference. In the case of
HPS lamps, this issue is opposite. When the road is illuminated with an HPS lamp with a
specific luminous flux, the luminance values of the road in relation to the mesopic range
are lower than those determined for the photopic range.

So, it should be emphasized that the presented research has shown that a 15% saving
per year in electricity consumption on the road is possible with such a conversion. There-
fore, energy efficiency of a lighting installation can be improved by matching the lighting
levels provided by the standard to the mesopic vision. Scenario number three does not
include lighting control—all lighting is compliant with M4 class. In this case, the energy
consumption is more than 82% higher than that needed in the first scenario.

The research results show a high potential for saving energy when the mesopic vision
is taken into account at the design process of road lighting. Therefore, further research
work is planned by the authors on this subject.
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