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Abstract: The aim of the article is to present and analyze the implementation of intelligent lighting
within the concept of smart energies and smart cities. Motivation and research hypothesis: Electricity
consumption in the world is based largely on non-renewable energy. Until these full changes, it
is necessary to look for opportunities to save and use it efficiently. Today’s cities are increasingly
implementing the smart concept, of which smart energy is one area. One of the smart city elements
implemented by cities is smart energy. Within this framework, a supported concept is the replacement
of traditional lighting with LEDs (Light-Emitting Diodes), which contributes to energy and cost
savings and reduces the pollution of the sky with artificial light, while increasing the efficiency of
urban lighting. Positive effects of modern solutions include reduced lighting expenses and increased
safety of residents. Methods and results of the research: The authors chose the case study method
for their research. The authors present forecasts for the development, not only from the point of
view of the number of lamps but also the cost efficiency pointing out the importance of this element
in the context of building smart cities. These are specific benchmarks for cities that have not yet
implemented this concept. Conclusions and interdisciplinary implications: solutions are desirable
directions for the development of the smart city concept, bringing benefits and reducing external
costs. Considerations show a quantitative development forecast and an indication of the possibility
of achieving trade-offs and cost reductions. It translates into meeting the requirements of sustainable
development providing tangible benefits. The analysis of the case studies is intended to show the
effects that can be achieved and the wide range of applications (indicating that modern lamps are
not just lighting, but a platform for urban services). The analyses presented are intended to serve as
benchmarks showing the possibilities of reducing costs and increasing the quality of life of residents
in modern cities. The indicated examples and analyses are of economic importance, they show
managers, but also inhabitants, in which direction they should lead the smart city concept, which
will allow saving costs, but also to increase the quality of life of inhabitants.

Keywords: smart city; energy; street lighting; LED lighting

1. Introduction

Global electricity consumption is reaching considerable figures and increasing by
around 3% each year. Outdoor lighting is responsible for 15–19% of global electricity
consumption, lighting represents something like 2.4% of the annual energetic resources of
humanity, accounting for 5–6% of the total greenhouse gas emissions to the atmosphere [1,2].
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Atmospheric concentrations of carbon dioxide (CO2), methane, and nitrous oxide have
increased by 40% compared to the pre-industrial era, mainly due to the burning of fossil
fuels [3]. According to estimates, cities consume almost 75% of global energy, and outdoor
urban lighting alone can account for as much as 20–40% of budget expenditure related
to power [4]. LED (Light-Emitting Diodes) lighting achieves energy savings of 50–70%
compared to the old technologies. Switching to LED lighting can bring considerable benefits
to tight city budgets. It estimates that a global transition to energy-efficient LED technology
would save more than 1400 million tonnes of CO2 and avoid the construction of 1250 power
plants [5]. In this context, it is essential to implement solutions that allow for the proper
management of the natural environment and human-made artificial environment [6]. The
answer to these challenges may be intelligent lighting, which is part of the smart city
concept. It is essential to fulfill world agreement that has established the reduction of
greenhouse gas emissions by 80–90% by 2050 [7]. The main reason for the increase in
anthropogenic emissions is the dramatic increase in consumption of fossil fuels, i.e., coal,
oil, and gas. The world’s population is also increasing, as is consumption per capita. It
is believed that in the development of technologies limiting the amount of CO2 emitted,
a large role is played technology related to its capture and storage will play, respectively
selected geological formations (CCS—CO2 Capture and Storage). This is where CCS
technology contributes perhaps up to a 20% reduction in CO2 emissions expected by
2050 [8]. There are three methods of carbon capture: pre-combustion, post-combustion,
and oxy-combustion [9]. Many developed countries have already started the process of
ending/banning the use of fossil fuels—at the beginning of 2021, a joint communiqué
of the ministers of the European Union countries was announced, calling for the global
abandonment of coal in the energy sector and the cessation of subsidizing fossil resources.
Natural gas can be replaced with biogas [10], carbon is being replaced by carbonized
bio-waste [11], and instead of diesel, biodiesel or vegetable oil can be used [12]. Increasing
the share of renewable and innovative energy leads to a reduction of CO2 emissions [13].

Innovation and high-tech solutions lead to savings of 40% in this area. This would
be equivalent to a 50% reduction in emissions from electricity and heat [1]. It gives about
EUR 2 billion in funding at the EU level as a whole and 50% of the cost of maintaining
energy infrastructure while improving the efficiency of energy systems by 1.5%. The
implementation of modern energy-using products in cities requires the improvement of
their efficiency, e.g., longer working hours with a simultaneous increase in environmental
efficiency [14]. Investments in urban infrastructure are key to the development of smart
cities [15]. Smart lighting is one such investment. By changing from outdoor lighting to
modern LEDs from a global perspective, street lighting alone indicates energy cost savings
of about EUR 18.8 billion, prevent 221 power plants from being built, and avoid 245 million
tons of CO2 emissions. If this translates into all sectors of the economy, switching to lighting
could lead to energy cost savings of EUR 187.1 billion, prevent 1250 power plants from
being built, and avoid 1400 million tons of CO2 emissions [16,17]. The global problem is
the increasing carbon footprint. Since the 1960s, the carbon footprint has increased more
than 11 times [18]. Energy production generates the second-largest share of greenhouse
gas emissions. In the US, it accounted for 26.9% of GHG emissions, and about 63% of
electricity comes from burning fossil fuels, mostly coal and natural gas [19]. CO2 emissions
have increased by about 90% since 1970; emissions from nonrenewable energy sources
and industrial processes account for about 78% of the total increase in greenhouse gas
emissions [20]. It is often identified as a result of logistical processes, including transport,
production, and storage. However, energy consumption also accounts for a large part of this.
The rapid growth of the urban population and the increase in energy needs in cities forces a
change in thinking and the search for innovative ideas and solutions that will mitigate the
adverse effects of increasing energy consumption. Traditional power sources are ineffective.
Street lighting is one of the essential elements of critical urban infrastructure. A modern,
extensive, safe, and economically efficient street lighting network and accompanying
services within the smart city system can be a solution to some of the economic, social,
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and environmental problems in cities. The use of LED lamps is becoming more and more
common, especially due to the possibility of cost savings, the natural environment [21–23],
but also the multifunctionality offered by installing intelligent streetlamps. The use of
modern, intelligent lighting in cities contributes to reducing expenditure on lighting,
increasing the safety of citizens, and reducing sky pollution (through the use of appropriate
intensity and color of lights), for example, the paper by J. Kowalska [24]. Modern street
luminaires of LED lamps can be connected to an advanced remote management system
that allows the programming of luminaire operation scenarios. The light intensity can be
adjusted to the weather conditions on a given day (sudden deterioration of conditions,
faster darkening due to, e.g., an approaching storm, fog, heavy rainfall), depending on the
season, or reduce at the least frequented sections. The implemented investments, although
costly and time-consuming, bring positive effects for all stakeholders and should be a good
example for all cities. The replacement of traditional street lighting with cost-effective
LEDs not only contributes to cost savings for cities in urban lighting but is also part of
the modern concept of city development—smart cities. Modern lamps can be used, not
only in a traditional way but with the entire infrastructure (pole, bulb) they can serve as
an element of a virtual smart city platform. In addition, modern street lighting solutions
contribute to a reduction in electricity consumption, thereby reducing air pollution, and
modern spotlighting does not pollute the night sky [25]. The problem of electricity use in
cities is one of the elements and research areas of a smart city. Therefore, the researcher’s
problems in this area related to the use of intelligent street lighting is a scientifically and
practically important area that should be reflected in scientific works. Indication of case
studies can become not only an inspiration for different types of territorial units and cities
but also be a basis for developing the contribution of such solutions to scientific research
related to the possibilities of energy savings in cities. The problems addressed are not
limited to regions, the case studies can serve as examples and benchmarks for any city
in the world. Dedicated as well as universal solutions should be tailored locally, but the
urgency of the solutions is related to the need to reduce energy expenses in cities and to
protect the environment by using more efficient and optimal energy sources (e.g., for urban
street lighting). The urgency of change is linked to the need to respect the principles of
sustainable development, which applies globally.

The remainder of this paper is organized as follows. Section 2 presents a literature
review on the presented topic. In Section 3, a synthesis of the main materials and methods
is presented. Section 4 presents results of the empirical research in the area of energy
demand, smart lighting, and smart energy as a part of smart city concepts and the most
important presentation of the case studies. In Section 5 it was included discussion, Section 6
presented conclusions.

2. Literature Review

The development of smart cities poses many challenges for the authorities, not only
related to them adapting technology to the needs and expectations but also with care for
the environment.

The term smart city has many definitions, but on the basis of a detailed review of the
literature on the subject, the authors assume for the purposes of further considerations
that smart cities are cities with a development strategy focusing on creativity, openness
to innovation, and flexibility, understood as the ability to quickly adapt to external and
internal conditions. These are cities that use modern technologies to improve the quality of
life of their inhabitants while fighting the negative effects of ecosystem degradation.

High-quality LED lighting improves the quality of life in the city by providing the
right light that makes the streets brighter and safer [26]. Providing solutions that will be
modern, efficient, and energy-saving at the same time and human-friendly. This is the goal
that lighting designers and manufacturers are trying to achieve. The conducted research
proves that thanks to the implementation of innovative technology life, it will become more
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convenient in the city, and the costs related to energy use and infrastructure maintenance
will be lower [2,3,7,13,27,28].

Scientists also prove that street lighting can significantly reduce energy demand and
reduce CO2 [29]. Out of concern for the natural environment, producers of advanced
technologies are trying to improve lighting so that it is as energy-efficient and ecological
as possible. The sensors will allow you to adjust the light intensity to the conditions, the
spotlighting of individual light sources, responding to the appearance of pedestrians or
cyclists, will also help minimize power consumption. Streetlamps may also have additional
functions—such as electric bike charging stations, which will reduce the emission of carbon
dioxide into the atmosphere.

In recent years, scientists from around the world have put a lot of effort into identifying
the most important factors influencing energy saving, which results in an improvement of
the environment in which inhabitants of smart cities live. Most scientists emphasize that
the most important factors are energy planning and innovative urban solutions that help
reduce energy losses [27–30].

Cities are currently the largest energy-consuming center; therefore a big challenge
is to plan long-term activities while ensuring maximum efficiency of the city’s energy
system. Interestingly, Klaassen et al. [28] showed in their article that any manifestation of
pro-ecological solutions in the city results in a significant reduction of the carbon footprint
and ecological costs and shows long-term benefits for residents. It is observed that the
use of the street lighting control and monitoring system and other smart city elements
generates measurable savings.

This aspect is the perfect business case for smart city authorities to invest in modern
technologies such as smart street lighting.

3. Materials and Methods

The case study methodology is used for qualitative research [31]. Such an approach
aims to describe and explain the phenomenon indicating in such a way as to achieve an
appropriate level of complexity [32]. This type of research can take a holistic approach
and explore social processes that are complex [33]. The case study should correspond
to the theoretical assumptions, being an extension of them, identifying new categories
in theory, or showing positive or negative cases corresponding to a given scope of the
described approach. Based on considerations and case study design [33], it can indicate
that the authors have chosen the method: external validity, in which to demonstrate that
the domain to which a case study’s findings belong can be generalized. For quantitative
analysis were used materials and reports from available public databases, statistical offices,
and official websites of cities and companies producing and supplying energy and lighting
infrastructure.

The research process was conducted in two steps. In the first step, an analysis was
carried out of statistical data related to electricity consumption in each country over the last
30 years. This analysis allows conclusions to be drawn in relation to changes in electricity
consumption and an indication of levels of energy consumption and expenditure on urban
lighting. The focus was then on identifying technologies and assumptions related to street
lighting, with a particular focus on LED. The next step of the research analysis was to
identify the essence of smart energy in the smart city concept. The second track of research
is concluded with the presentation of case studies. Their choice is not accidental, focusing
on modern solutions that are either part of a larger concept, are innovative, and can serve
as benchmarks for other cities in the world. The indicated methodology aims to indicate
the practical possibilities and positive effects to be achieved by popularizing LED lighting
in cities.
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4. Results
4.1. Energy Demand

The increasing population of the Earth, as well as the general trend to get richer and
raise the standard of living, affect the growing demand for raw materials and energy. Data
from United Nations (UN 2019) show that 2030 will increase by a billion, from 2000 to
7.8 billion to 8.6 billion in 2030. In 2050, the world will already have 9.8 billion people, and
in 2100 as much as 11.2 billion [34]. Such population growth will result in an ever-increasing
demand for fuel and energy.

The rapid development of renewable energy sources is not keeping pace with the
increasing electricity demand. Total energy demand worldwide has increased in 2018
by 2.3%, and for electricity almost twice as much—by 4% (about 900 TWh) [35]. This
is the fastest pace since 2010. By 2050, the Energy Information Administration (EIA)
report shows data showing an almost 50% increase in energy consumption (compared to
2018) [4]. This is due to the next edition of the International Energy Outlook 2020 report,
published on 24 September, containing forecasts of changes in energy production and
consumption in the world [4]. Electricity consumption can be related to micro- and macro-
economic levels. The analysis of energy efficiency considered at the micro-level concerns
the technological possibilities of energy management. Analyzed at the macroeconomic
level, energy efficiency is assessed by energy consumption, it shows how much is used
for one euro or another currency [19]. Energy plays a central role in national economic
development. It may also have a leverage effect on economic growth [36].

The increase in energy consumption in the industry (by EIA also means agriculture
and construction, among others) forecasts at 30% (all percentages are given here relate to
the period between 2018 and 2050) [37]. Energy consumption in transport may increase by
40%, of which in non-OECD countries by almost 80% [38]. The transportation of passengers
and goods is developing in these countries much faster than, for example, in the USA or
European Union countries. The building sector expects to increase energy consumption by
65% [39]. This is to be related mainly to the growing incomes on a global scale, progressive
urbanization, and increased access to electricity, i.e., with electrification. As for electricity
alone, its consumption projects to increase by 79%. In addition to the factors mentioned
above, the population growth of our planet and the rising standard of living in many
countries must take into account. The development of transport based on electric vehicles-
cars and railways—is also essential.

To better understand the thesis about the increasing energy demand, it is worth looking
at historical data and seeing what the trend in energy demand looks like. Figure 1 shows
that on the continents, where most economically developed countries (North America and
Europe), the movement in energy use has been relatively constant over the last 30 years.
What stands out is Asia, where the use of energy is increasing. In the remaining continents,
we can also see an increase, but these are small about the continents mentioned above.
Researchers’ results indicate that there is a relationship between GDP and the level of
energy used [40,41], which is also confirmed in our research, only it was shown in a
different context.

Figure 2 shows per capita electricity consumption in the division for each selected
country. The figure shows that developing countries such as China, Brazil, and India
are increasing their energy demand per capita. Governments of Western Europe and the
USA have been in a somewhat declining trend over the last few years. Figure 2 shows
a significant analysis. Brazil, China, and India, from the beginning of the 21st century,
experience high economic dynamism and are the driving force of emerging markets. These
countries respond for an enormous part of global energy growth. They coped with the
economic crisis in 2008 much better than the USA or European Union.
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The next chart (Figure 3) shows energy consumption in selected countries (Poland,
Germany, United Kingdom) over the last 30 years. It can be seen that in the case of Germany
and the United Kingdom, energy consumption has been decreasing in recent years. In
Poland, it is relatively stable, although in recent years (from 2015), consumption has been
increasing. There may be various reasons for the decrease in energy demand. The collapse
(especially in 2008) in the European Union countries and the United States, as shown in
the figure, is primarily due to the weak economic situation caused by the financial crisis
and the associated lower demand for electricity in industry. A similar situation observes in
2020, e.g., in Germany, which is related to the ongoing global COVID 19 pandemic and its
consequences of restrictions in various sectors of the economy. According to preliminary
calculations of the BDEW [42], electricity consumption in the first half of 2020 in Germany
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was 5.7% lower than in the first half of 2019. It seems that this trend will be downward
all over the world and not, as in 2008 and beyond, only in highly industrialized countries.
Another reason for this state of affairs is climate change, mild winters in Europe, which
cause lower energy demand. Germany has seen a large drop in energy consumption of
several percent due to the slowdown in the economy due to the coronavirus epidemic and
the increase in renewable energy production. It may result in Germany achieving its goal of
reducing CO2 emissions by 40% in 2020 compared to 1990 levels. Simultaneously, it points
out that even without the economic slowdown caused by the coronavirus, Germany would
reduce its CO2 emissions this year—due to relatively high temperatures at the beginning
of the year, better wind conditions, and lower gas prices [43]. The visible demand and
consumption of energy are still reaching enormous values globally. The visible decreases
are also a consequence of various administrative, legal, and conceptual measures. Cities,
like industry, also have a massive energy need. Recalling the example of Germany, it can
point out that since 2010 various types of plans (Masterplan) have implemented, which
allow cities and municipalities, with their own resources, aid, or cooperation between
local authorities and energy companies, to change their lighting to more energy-efficient,
innovative and digital, supporting the idea of a smart city. Data and forecasts of the World
Energy Council [44] indicate that about 10,000 MWh of energy per year need a town with
nearly 1 million inhabitants to function safely and without problems. However, cities
are developing very intensively. Each week, cities around the world are growing by an
additional million inhabitants [45]. Global energy demand project to peak in 2030. By
that time, cities worldwide will have grown significantly, and solve problems related to
energy supply, electricity, and clean air will become an absolute priority. Another element
indicating the increase in energy demand in cities and among the world’s inhabitants is
digitalization [46]. In addition to urbanization and industrialization, it is this very factor
that causes the increasing demand for energy consumption by individual households.
Despite the observable stabilization or decrease in energy demand, it is clear that without
taking measures to save energy, the upward trend can maintain. It is important that in the
era of depletion of conventional resources, on which the energy demand is based, measures
should be taken that will prevent the increase in energy consumption, and the associated
negative consequences, e.g., emission of pollutants into the atmosphere.
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To analyze the energy consumption data of these countries more closely, Table 1
shows energy consumption but only from the public sector. Here you can see that again in
Germany and the United Kingdom, consumption is relatively constant and even decreasing
(from 2016). It can influence by the widespread use of LED technology in public space
lighting. In the case of Poland, however, consumption is increasing. The increase in energy
consumption in Poland is a sign of the development of the country’s economy—energy
increases, new companies are created, the demand for energy is greater. Poland, following
the footsteps of European countries, should strive to separate the time of economic growth
from electricity distribution. This will mean an increased rate of consumption but less than
the rate of GDP growth. Additionally, it may be a sign that Poland is entering a period when
GDP growth does not take any noticeably higher electric voltage. Moreover, Figure 4 shows
energy consumption in the public sector in Poland with a forecast for the following years.
It can see that consumption in recent years is increasing. If the trend continues, it will
increase by about 4% per year (the forecast was applied using a polynomial trend). The
graph also shows a prediction of energy consumption when we assume that Poland will
start using LED technology (in public services)—an assumption of 10% replacement of
lamps in general lighting every year, giving savings of about 20% in this area.

Table 1. Energy use in commercial and public services (selected countries).

TIME 2010 2011 2012 2013 2014 2015 2016 2017 2018

Germany 143,862 136,306 139,210 142,062 131,515 140,736 141,585 141,479 137,097

Poland 43,669 44,190 44,378 43,130 45,171 45,443 47,800 47,019 49,441

United Kingdom 97,372 95,718 96,802 97,652 93,356 94,144 93,692 92,792 92,257

Source: [47].
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The next graph in Figure 5 shows another unfavorable trend that has persisted in
Poland in recent years—expenditure on street lighting in municipalities. It can seem that
over the last 20 years, with small interruptions, prices have been constantly increasing.
There may be several reasons for this situation. First of all, energy expenses are rising
because most of the infrastructure is outdated, requiring modernization, and the lighting
itself, e.g., sodium, is not sufficient. The expenditures on the modernization of lighting
infrastructure are associated with investment expenditures. Still, as the examples (case
studies section) show, they pay for themselves in a concise period, allowing for savings
related to the energy consumption expenditures alone.
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Currently, energy consumption is much greater than several dozen years ago. Calls
are being made to all sides to save it. What is more, we are becoming increasingly aware
that saving energy is very important not only for our wallet but also for the environment.
Therefore, energy efficiency is becoming an important criterion for smart cities [49].

4.2. Smart Lighting

Smart lighting is an important element of energy management as part of the smart city
concept. Smart lighting encompasses a heterogeneous area of lighting management, which
offers the possibility of integrating a wide range of techniques and technologies into the
ideas develop concepts. It is no longer just lighting associated with a streetlamp but a device
that allows the installation and use of information and communication technologies to
achieve the most excellent possible efficiency and reduce negative environmental impacts.
The intelligent lighting network enables access to additional data in real-time. In this aspect,
it is possible to talk about small individual elements, such as spot air pollution, traffic, and
volume monitoring, using a holistic approach involving the management and monitoring
of the entire urban ecosystem [50]. The multifunctionality of intelligent lighting allows the
integration and use of these resources as light sources, relays, weather stations, air pollution
recorders, or electric vehicle chargers. Modern lanterns have electronic systems that allow
the control and monitoring of various processes [51] in support of urban intelligent services.
Currently, the technological advancement of solutions using LED (Light Emitting Diodes)
allows not only energy savings due to the technology of the source itself but also for the
development, integration, and use of advanced lighting systems and functions. It allows
for high efficiency and responsible use of infrastructure. Smart lighting creates intelligent
functions as well as interfaces for lighting solutions in the ambient, commercial and public
domains [52] for management using the Internet of Things (IoT). LED smart lighting can
be a significant catalyst for the evolution of IoT, supporting the rapid development of the
smart city concept globally. Monitoring, storage, processing, and data analysis systems
enable comprehensive optimization of the entire installation and monitoring of municipal
lighting systems based on various parameters. Modern management of an outdoor lighting
system is possible from one central point, and technological solutions allow both the whole
system and each luminaire or lantern to be managed separately [53].

Intelligent lighting integrates intelligent functions and interfaces on four levels that
complement each other [52,54,55]:
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• First level or levels built into the lighting engine or the light source itself.
• The second level or levels of the electrical system in luminaires and lighting systems.
• The grid level or level includes end-to-end management and real-time monitoring of

energy sources, power plants and utilities along with distribution facilities.
• The fourth level or level of communication and detection is incomplete lighting

technologies along with applications and programs for monitoring, control and man-
agement.

Such a system requires appropriate optimization. Among other things, it bases on
designing it in such a way as to find the most effective technical parameters and their
combinations to obtain the best results. The parameters influencing the above factors
may be the height of the lighting units, their inclination or the distance between the
columns [56,57]. It is a very useful system due to the location, density, and availability of
lighting lamps.

LED lighting can be used as a platform for intelligent urban services. Being part of a
smart city allows for:

• reducing energy and infrastructure maintenance costs.
• increase public safety through a better, more efficient, and dynamic street lighting

system adapted to outdoor conditions, including the use of cameras.
• safer movement, better visibility of risks.
• protection of the environment, due to lower emissions of harmful substances into the

atmosphere (CO2, emissions, and noise), including the reduction of energy use.
• ensuring the right amount of light, the right time, and the right place. Such a solution

is possible, among other things, through the implementation of lighting schedules
that automatically adjust the operating time and light intensity to the real needs of
residents.

• the use of infrastructure for mobile broadband communications.
• being traffic light controller.
• supporting intelligent car parks.
• support for traffic management.
• be part of an electric vehicle charging station (EV).
• seismic registration in case of earthquakes.
• installation of emergency telephone boxes.
• the longer service life of this type of luminaires.

Advanced LED lighting solutions (including efficient use of luminaires) include in-
tegration with cloud computing to deliver real-time data to central servers. It provides
real-time information on movement, temperature, brightness, and air pollution. Integration
with the relevant application allows the monitoring of different parameters of the urban
system Luminaires installed in pedestrian areas work in synchronization with motion
sensors, which ensure that the lamps do not shine with full force when no one is near them.
Each of the luminaires can be remote-controlled, and data on the technical condition of the
infrastructure is also transmitted to the system on an ongoing basis, thanks to which any
faults detect almost immediately.

There is a lot of research in the literature on street lighting that focuses on operational
and strategic levels. The functional level allows to present in real-time ways to improve the
effectiveness of implemented systems (including methods of lamp control and control) [58],
adaptive on-demand energy-based street lighting control, and, e.g., traffic forecast [59],
up to actions at the strategic level including integrating smart lighting with traffic man-
agement within the intelligent urban platform [60] or power diversification and use of
renewable energy. At the strategic level, including in smart cities, the LED street lighting
program is combined with a central management system (CMS), using IT networks and
communication technologies. With all these functions, lighting in the city can manage more
efficiently and wisely. Decisions do not make based on estimates but based on specific data
that are continually flowing into the system from the intelligent sensors installed in each
luminaire [28].
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4.3. Smart Energy as a Part of Smart City Concepts

The smart city concept is an innovative idea whose goal is to manage the city and its
resources in an ecological, modern, economical, and practical manner. New urban areas
are continually developing their innovative technologies, primarily information and com-
munication technologies [61]. The concept of smart cities also relates to many other fields,
such as energy, architectural engineering, environmental protection, transport engineering,
knowledge, and innovation management, social sciences, and e-administration.

One of the fastest-growing forms of settlement in the world are cities where problems
related to the growing number of people and population density can observe. Population
growth in smart cities has increased demand for buildings, infrastructure, and energy
supplies in urban areas. City authorities face the challenge of introducing sustainable
energy systems related to the energy transition and transition to a low-carbon society [62].
It becomes necessary to use renewable energy sources and implement efficient technologies
in the field of energy infrastructure and urban infrastructure, such as [63]:

• Smart Meters—real-time energy, water, and gas measurements, including energy
consumption measurement,

• Smart Grids—redesign of electrical systems through the use of smart meters, smart
devices, and renewable energy sources to achieve better energy efficiency,

• Smart buildings—a range of sensors and technologies that improve safety, security,
energy efficiency, and usability in urban construction,

• Electric vehicles—cars powered by electricity and batteries, providing adequate in-
frastructure for charging vehicles throughout the urban area,

• Smart Parking—car parks and parking locations on the street, real-time information
transmission to users,

• Smart LED Street lighting—light sensors and communication devices that enable
communication of lights with other nearby lights and control at the city level, and
replacement of traditional street lighting with energy-saving and environmentally-
friendly LED lighting.

The concepts of smart cities and smart environments, as well as related technologies,
are gaining increasing importance [64]. The everyday basis of energy transformation and a
smart city is data from ICT [65]. The use of modern tele information technologies in the
energy sector brings real benefits to smart cities in the form of lower costs of street lighting.

It is due to the implementation of a city lighting system based on new LED lighting
fittings control using an intelligent control system via the Internet, thanks to which data is
accessed at any time and anywhere.

The luminaires are equipped with traffic flow detectors and weather sensors, which
enable the selection of the appropriate lighting control algorithm depending on the weather
and the current traffic situation.

4.4. Case Studies

Intelligent lighting solutions support by many local, national, or global initiatives.
Since 2011, The Climate Group’s Lightsavers [17] initiating the change of lighting on LEDs
in 12 global metropolises. The potential for lighting change is enormous, as there are
over 300 million upgradeable streetlight points, growing to 352 million by 2025, smart
led systems will cumulatively represent EUR 51,9 billion market opportunity [16]. It is
also crucial that the solutions are not just about replacing luminaires or light bulbs. These
must be systemic solutions, including an inventory of contemporary lighting, the bulbs
themselves, the poles, cables, and all supporting infrastructure. The potential for energy
savings is enormous. Analyzing the plans of individual countries or urban units, one can
see an interest in the subject and, despite the necessity to incur high costs, great interest in
implementing the concept.

As part of the national program to replace lighting with greener and more efficient,
India has planned to change 35 million streetlights and 770 million light bulbs to LED
by the end of 2020, saving EUR 4.9 billion a year by reducing electricity consumption.
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The installation of 1 million LED streetlights has resulted in annual energy savings of
6.71 billion kWh and avoided 1119.40 MW of peak energy demand, resulting in a reduction
of 4.63 million tons of CO2 emissions per year [66].

Many cities have participated in the program. Some of the initiatives have already
complete. Some are still ongoing. One of the participating cities was Adelaide, which
participated in the project in 2009–2012. The main advantages of the successful project
were better (4 times higher) light intensity offered by LED lamps, a reduction in energy
consumption of 18.4% (assumed 18%), and increased efficiency in directing light to the
surface of the pedestrian path. The project replaced 4800 lamps (which represents 10% of
public lighting). The solution will reduce CO2 emissions by 50%, by 1300 tons per year [17].
Pilot projects have been implemented in Hong Kong under the same program relating to
LED lighting. Solutions were applied, among others, at the campus of The Hong Kong
University of Science and Technology (HKUST). The project, which ran for 19 months
in 2010–2011, installed LED lamps on the campus and on the way to the campus. The
Seafront Driveway, where the new lights are installed, usually illuminated 8.5 h per day.
Lighting from three manufacturers was used. The second project was implemented at The
University of Hong Kong, the lamps were installed on a section of road which is accessible
to pedestrians and cars. The pilot period was 11 months. At the time, four LED luminaires
were installed, and the distance between them was 20 m. The project was carried out in
2010–2011. The energy-saving results for HKUST were between 67% and 78%, compared
to traditional luminaires. For HKU, the level of energy savings was 89% compared to
conventional lighting. Pilot projects have also been implemented in New York. One of
them included the implementation of LED lighting in Central Park. The project started
in 2009 and was completed in 2012. The pilot program consisted of examining, through
independent performance tests, more than 500 luminaires, which represented 27 different
LED products available at the time. The most important conclusions after this pilot study
are that LED lighting achieves savings of between 50–70% and even up to 80% when
combined with intelligent control. Even the installation of such luminaires locally brings
benefits compared to standard luminaires. A positive effect is the long service life of such
lighting, with small changes in light intensity and color. The second project was to change
some of the lighting to FDR Drive. It was the first step in changing lighting on New York
City freeways. The project also started in 2009. 24 lamps were installed, and a period of
around one year was spent carrying out tests of the performance of the new lighting. The
conclusions of the piloting are similar to those of other projects, with savings of between
15% and 50%. A similar project was implemented in Sydney. The pilot was implemented in
a business district and compared with traditional lighting. The results of the pilot project
were satisfactory, therefore, in 2011 a contract was signed for the installation of LED lamps
in 6448 buildings in the city. By 2015, 1500 existing luminaires were replaced. Similar
results were achieved by pilot projects in other cities such as Toronto, Birmingham, and
Madrid. Other examples of integration with smart city concepts are presented in Table 2.

Table 2. Examples of integrating outdoor LED lighting with smart city concepts.

Manchester
(United

Kingdom)

An integral part of Manchester’s “smart city” program is a large-scale program for replacing street
lighting—with LED lamps. The program has been completed in three years, and 56,000 luminaires have replaced.
The new LED system will achieve 60% efficiency savings compared to traditional lamps, allowing the city to save
around (EUR 2.3 million) per year on energy costs and reduce the city’s carbon footprint by 7500 tonnes per year.
Besides, the lighting will be controlled remotely, through integration with the city’s monitoring system (CMS).
Additionally, light sensors use to monitor air quality and traffic flow cooperation between the city, businesses,

academic institutions, and service providers.

Cardiff (Walia)

The LED modernization program in Cardiff included the installation of 14,000 LED street lighting luminaires. It is
to bring about 60% energy savings. The estimated financial savings are (EUR 855,000) per year. All 14,000 lamps
will be connected wirelessly to a centralized management system (CMS), which allows city managers to monitor

and control lighting assets remotely, and provide advanced operational analysis to optimize savings further.
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Table 2. Cont.

Los Angeles
(USA)

One of the first cities to use LEDs on a large scale was Los Angeles. The replacement of street lamps with LED
lighting started in 2009. To date, the city has equipped 180,000 lamps with LED luminaires, achieving 65% energy
savings, equivalent to EUR 8.17 million per year in cost savings and 65,000 tonnes of CO2 equivalent per year.

The system connects to the CMS—City Management System. In 2015, the city started, implementing the
“intelligent city” concept, the installation of 100 smart poles, which integrate LED lighting and 4G LTE wireless
connectivity. It allows the city to expand its broadband Internet network without having to build more mobile
towers. By the end of 2020, an additional 500 smart poles are to be installed. Various monitoring systems and

sensors have been piloted on street lamps to investigate environmental factors (noise, traffic, and pollution). Los
Angeles is saving around EUR 8.17 million per year in electricity costs after switching to LEDs. A further EUR

2.45 million in maintenance savings. Increasingly companies are saving 50–70% of their energy use through
connected LED lighting—and up to 80–90% when linked to sensors, smart controls, and the Internet of Things

(IoT) technologies.

Kopenhagen
(Denmark)

An essential element of the program is to achieve carbon neutrality by 2025. The main factor of the “Smart city”
initiative was installing 20,000 connected LEDs for street lighting. It leads to energy savings of 65%. LED street
lamps equipped with intelligent modules, which use to increase the safety of cyclists. When the modules detect a
cyclist, the lights become brighter when the cyclist approaches an intersection. The lights dim when no one is

nearby, and reducing light pollution.

Jakarta
(Indonesia)

More than 90,000 street lights in the city are equipped with a LED lighting system. It is one of the largest systems
in the world (energy savings of 70%). The lighting system is integrated with other smart city systems and enable

the city to remotely manage lighting and adjust its level to the needs of each district.

Buenos Aires
(Argentina)

Buenos Aires wants to modernize over 70% of street lighting to LED diodes. There are 126,000 city luminaires in
the city. 55% was replaced with LEDs. The new system allows you to monitor the light level. Due to the

introduced changes, the luminous flux will decrease. It will also lead to an increase in savings from an estimated
50% to 80% compared to HPS.

London
(United

Kingdom)

There are approximately 52,000 local street lamps in London. As part of the program to switch to LED street
lighting in the London network, 35,000 lanterns will be replaced by 2022/23. Total cost of the LED price to

around EUR 11.98 million. It estimates that the payback period will be less than 10 years. Most, if not all, of the
remaining 17,000 street lamps update within ten years. London also monitors air quality using sensors attached

to the lighthouse as part of the Connected London program.

Singapore

Since 2013, the Land Transport Authority (LTA) has started implementing energy-saving light-emitting diodes
(LED) for street lamps in Singapore. LED street lighting is approximately 25% more energy efficient than current

street lighting, is more reliable, and requires less frequent replacement. Since 2014, LTA has installed LED
lighting in around 29,000 street lamps, while in the remaining areas, traditional street lighting will replace by
LED lighting by 2022. An essential element is the introduction of Remote Control and Monitoring (RCMS) for

illumination to enable the system to better respond to changes in weather.

Chicago (USA)

Chicago launched its smart lighting program in 2017. It expects to support more than 270,000 obsolete
high-pressure sodium (HPS) luminaires using energy-saving LEDs. The city estimates it will save around EUR
8.17 million each year. The higher quality of light provided by LED technology will improve visibility and safety,

create a modern lighting management system to facilitate maintenance and repair.

Birmingham
(United

Kingdom)

It is the largest urban LED installation project in Europe. It covered 90 thousand street lamps. The expected
energy savings are 50%, reducing annual running costs by EUR 2.2 million. The higher upfront costs incurred

about intelligent control are fully offset by lower energy consumption and lower maintenance and replacement
costs. An effective public lighting strategy has implemented. A real-time monitoring system has introduced that
collects data on the system performance. It is possible to vary the intensity of light intensity depending on the

current needs. This will lead to a significant reduction of energy consumption.

Source: [17,67–69].

The digital master plan for lighting, which is the result of cooperation between various
ministries and local government units, and an energy company, was implemented in the
city of Cologne (Germany). The initiative involves developing a strategy for efficient,
digitalized night-time city lighting. The program manages the lighting and dynamically
integrates historical data, which is supplemented with up-to-date information. In this
way, the lighting parameters determine modernization and future investments. It is to
serve as an element of urban energy planning and management. The concept is not
only about energy saving but also about lighting efficiency. It reduces the undesirable
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phenomena of degradation of the night image, as it often happens during the modernization
of lighting—replacement of discharge lamps for ill-suited LED luminaires—based mainly
on the criterion of energy-saving, illumination of the roadway without sufficient analysis
of the structure of the urban tissue, creating random light spots, under-lighting of vertical
urban space, which is primarily responsible for the feeling of safety and contrasting or
unjustified divisions of space. The lighting of all the most important buildings has planned
in such a way as not only to emphasize their unique architecture but also to find an
appropriate place in the urban structure of the city and create landmarks and highlight the
planned visual axes. The idea of a digital master plan met the need for a lighting design
more suited and focused on the needs of cities and a rapidly growing market [70].

In Poland currently, only 10% of all street and park luminaires in Poland are energy-
efficient LED luminaires. The remaining 90% are usually outdated and extremely energy-
intensive mercury, sodium, and metal halide lamps [71]. This state of affairs means high
costs of electricity. It is the result of using ineffective and outdated lighting technologies
in cities.

Solutions are becoming increasingly popular. For example, it points out that Szczecin,
together with Philips Lighting, has replaced nearly 5 thousand lamps in the city center with
energy-efficient LED lighting. It resulted in annual savings of EUR 333,805 and a reduction
in carbon dioxide emissions of 2.7 thousand tonnes per year. Along with the replacement
of luminaires, an intelligent system for managing city lighting was also implemented. This
system is to be an element of the smart city and integrates with other smart platforms
and IoT devices. With the new luminaires, savings are estimated at 70%. Replacing old
luminaires with LEDs alone could reduce electricity expenditure by 50%. In Szczecin, after
the modernization of lighting in the city center, CO2 emissions were reduced by 7000 tonnes
per year. And ‘only’ 7000 of nearly 30,000 luminaires replaced.

By the end of 2022, Warsaw will replace 38.5 thousand streetlamps that will use LED
lighting. These lamps will be specially designed for the needs of the city so that they
can connect with the integrated lighting management system in the city. It is the largest
investment of this type in Poland. A total of 43,000 lamps will replace. The new LED
lighting on the streets of Warsaw will be brighter, and safer, and more environmentally
friendly. It has been estimated that such modernization will reduce the cost of electricity
three times, which will save about 38 GWh, i.e., the amount of about (EUR 4 million) per
year. It means that energy savings alone will allow the return-on-investment costs within
three years [72].

5. Discussion

Currently, 1.6 billion people still have very limited or no access to electric light [73].
So, when the sun goes down at the end of the day, the possibility of any social, cultural, or
recreational activity disappears with it [74].

The future of a smart city includes intelligent lighting solutions in public space [75,76].
The priority goal of smart cities is to build urban infrastructure, taking into account energy
plans for street lighting [77,78]. Initially, it should be started by creating a comprehensive
street lighting management system [79]. New communication technologies carry data.
Their implementation will improve the city management system, which will result in an
improvement in the quality of life of city inhabitants [80,81]. The next step is to create an
interactive public space where appropriate lighting applications combined with modern
technologies will create a friendly place for residents and activate local business [82].

The reduction of electricity consumption for lighting purposes is implementing during
the modernization of roads, often accompanied by the completion of lighting points and
the construction of new road sections [83]. Because that the number of new lighting points
is growing, the electricity savings compensate for the increase in energy consumption in
new lighting points [84].

The need to move towards a low-carbon economy and to reduce energy consumption,
particularly in cities, makes it necessary to take action to achieve these goals [85]. There
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is a growing interest in this topic in scientific publications. Recent research focuses on
how to optimize the consumption of street lighting [46], which is consistent with the
solutions already presented (case studies), technological innovations are also implemented,
including [86]. Much attention is also given to aspects of general energy supply and
modern solutions [87]. Research that focuses on the aspect of modern and intelligent
energy also refers to the modern use of already known technologies (e.g., LED) [88] or
the use of industry 4.0 and big data solutions in this field [89]. New business models are
also emerging that no longer just offer basic pillars and changes to them (e.g., lighting)
but take a more comprehensive approach to research topics [90]. An energy-smart city
using smart technologies can become a variant of a low-carbon city. It can therefore
be seen as a combination of smart cities and low-carbon cities [91]. Both strategies and
concepts of modern cities are supported by, among other things, the indicated smart
lighting solutions. The indicated examples of implementations clearly indicate that smart
lightening solutions fulfill more than one economic, as well as social, and environmental
goals. The economic objectives will be related to the reduction of costs incurred for
urban lighting, while the social objectives are identified with a higher level of quality of
service, better lighting, greater safety, less unreliability of the infrastructure, and modernity.
Environmental objectives are related to greater environmental neutrality, less pollution,
and lower energy consumption. The indicated case studies are good benchmarks and
examples of what other cities can do to be smart using modern lighting.

6. Conclusions

The adoption of intelligent lighting solutions contributes to lower energy consumption
and thus leads to savings. The savings indicated can be measured and justified using
appropriate indicators (e.g., energy performance indicators for road lighting systems [92].
Their use confirms the cost-effectiveness of the indicated solutions. The introduction of
optimal solutions, including dynamic lighting management, supported by IT tools of
the lighting management system increases the reliability and efficiency of smart lighting
applications while gaining the approval of all stakeholders of the urban space [93]. The
choice and selection of an appropriate performance measurement system can be crucial
for the future of implemented concepts. The use of energy efficiency indicators and the
optimization of LED lighting in cities is one of the criteria for the success of a concept and
for convincing its implementation.

All these benefits are measurable. However, there is also another aspect, the installa-
tion of intelligent lighting. High-quality, intelligent lighting increases the abstraction of a
structure, land, building, or city. Therefore, cities should use efficient, intelligent lighting as
an element of changing the city’s aesthetics (light illumination of buildings) and pointing
out new landmarks. Such factors contribute to economic growth and lower expenses while
achieving positive effects from user friendly, economically efficient lighting.

LED lamps have become efficient, long-lasting, environmentally friendly, and fully
controllable, opening up a whole new area of possibilities in building lighting systems.
In the last ten years, technological advances have reached almost the speed of light [94].
The resulting solutions enable fascinating lighting of different spaces and shaping various
moods using intense white or colored light. All this with energy consumption is only a
fraction of the energy needed by conventional systems.

But LED lights are not only about aesthetics. This technology is extremely energy-
efficient—it generates white light of uniformly high-quality brightness and intensity with
up to 70% lower energy consumption [95]. LED lamps also have extremely long durability,
making it possible to eliminate most of the service work and maintenance required with
traditional lighting systems. They are ready-to-use, future-proof solutions, the purchase
price will pay off more than once while the fittings are in use.

The current environmental awareness and knowledge about the impact of greenhouse
gases on the functioning of the entire planet allow us to notice a high share of public space
lighting in the city’s energy bills, approx. 40% of total energy expenditure. Equipping
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lighting systems with remote management devices would reduce these costs by half.
Europe is proving to be the most effective region so far in combating climate change and
implementing the energy transformation. The growth of energy demand in the European
region has been much lower than in the rest of the world. Germany is leading the way in
this area, with the largest drop in demand of 2.2%. It is made possible by implementing
various concepts, including smart cities and supporting the smart energy component.
Actions are taken in multiple fields, in the industrial sphere, at the level of cities, or directly
related to citizens.

Cities face continuous pressure to meet their energy reduction targets, and at the same
time, have an obligation to provide lighting that complies with different standards. Roads
connecting residential areas with crowded expressways or industrial zones require special
lighting that considers the needs of both pedestrians and motorized users. LED lights that
combine functionality with ambiance are ideal for this purpose. On the one hand, they
offer the technical advantages of traditional road lighting systems and, on the other, a
friendlier atmosphere suitable for places with many people.

The analyzes presented in the article show that in most countries the energy demand
has been falling in recent years or has remained relatively stable. The reason for this
situation is found in the economic downturn caused by the financial crisis and the related
lower demand for electricity in the industry in 2008, while in 2020 a decrease in energy
demand may be the result of the ongoing Covid-19 pandemic and restrictions introduced
in various economic sectors in individual countries. Another reason is climate change (mild
winters in Europe, better wind conditions) and lower gas prices. Smart city authorities
are looking for solutions that bring savings in energy expenditure, including changing
street lighting to more energy-efficient, innovative, and supported ICT technologies. The
consideration presented positively proves the hypothesis and research questions posed.
Despite the need to incur high infrastructural costs associated with the modernization of
street lighting, external costs are reduced, and positive effects appear in the form of the
implementation of sustainable development principles in urban spaces. Additionally, the
cities implement innovative solutions and become the best examples and model projects
for others.
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