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Abstract

This paper presents an analysis of the feasibility and sustainability of using local photo-
voltaic systems, ON-GRID central photovoltaic systems, and HYBRID systems for street
lighting. By generating electricity from renewable sources (photovoltaic panels), solar en-
ergy contributes to environmental protection by avoiding the use of fossil fuels and nuclear
fission energy, while also aligning with the European Union’s Energy Strategy commit-
ments for the medium term (until 2030) and long term (toward 2050). The implementation
of local/central photovoltaic systems for street lighting largely depends on the existing
power supply infrastructure, the solar potential of the site, and a clear understanding of
potential electricity and cost savings. This study compares local and central photovoltaic
systems for street lighting to analyze their technical performance and economic feasibility.
The main sustainable objective that this work aims to achieve is Sustainable Development
Goal 7. The optimal solution for photovoltaic systems in street lighting was determined
through this analysis. The estimated cost for implementing an ON-GRID photovoltaic
power plant with a capacity of 153.90 kWp is approximately EUR 773,977.22, with a dis-
counted Payback Time of about 9.33 years. The implementation of this solution results in
an annual reduction in greenhouse gas emissions by approximately 58.52 tons of CO2.

Keywords: photovoltaic systems; public lighting; economic viability; economic efficiency;
sustainable development

1. Introduction
In recent decades, air pollution has become the greatest environmental health threat

and a major cause of diseases [1]. Clean energy and energy efficiency are key components
of the European Union’s Sustainable Energy Strategy for the medium term (until 2030) and
long term (toward 2050) in order to reduce energy consumption and air pollutants [2,3].
Renewable energy sources have experienced continuous growth and have proven to be
a suitable solution for humanity [4]. The world’s smart cities frequently use energy from
renewable sources [4,5]. The smart grid concept is also an integral part of a smart city.
Smart grids are capable of integrating distributed energy sources [4]. Also, sustainable
development in the energy sector represents an important mission in terms of energy
efficiency and low GHG emissions [1,3,6].

Sustainability 2025, 17, 7179 https://doi.org/10.3390/su17167179

https://doi.org/10.3390/su17167179
https://doi.org/10.3390/su17167179
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-6704-3123
https://orcid.org/0000-0002-0380-0711
https://orcid.org/0000-0002-9678-5708
https://orcid.org/0000-0001-7130-4827
https://doi.org/10.3390/su17167179
https://www.mdpi.com/article/10.3390/su17167179?type=check_update&version=2


Sustainability 2025, 17, 7179 2 of 35

Romania has various renewable energy resources, including biomass, hydropower,
geothermal potential, wind energy, solar energy, and photovoltaics [7]. These resources
are distributed throughout the country [8] and can be further exploited as technology
advances and becomes more cost-effective. In 2024, the electricity production structure was
as follows: 32.16% hydro, 19.16% nuclear, 15.43% wind, 15.11% natural gas, 13.45% coal,
3.01% photovoltaic, 0.83% biomass, and 0.01% fuel oil [9], while the average CO2 emissions
from electricity production were close to the European level, around 172 g CO2/kWh [9].
The installed capacity of photovoltaic power plants in Romania is approximately
2000 MWp [7].

In the context of the need to implement energy efficiency measures in all areas with
real energy-saving potential, public lighting becomes an important element of the energy
efficiency process [10]. The lighting sources used for public lighting have become increas-
ingly efficient and necessary in order to achieve sustainable systems [11,12]. Nowadays,
the recommendation is to fully use public lighting based on LED sources [13,14].

The main sustainable objective that this work aims to achieve is Sustainable Develop-
ment Goal 7 (SDG 7)—ensure access to affordable, reliable, sustainable, and modern energy
for all [15]. A growing number of scientific studies have investigated how PV-powered
LED public lighting systems contribute to this objective [16–20], especially in reducing
urban energy demand and enhancing access in off-grid areas [21].

The types of electricity supply for public lighting have evolved over time, from the
electrical grid to those completely autonomous [22]. Also, a multitude of energy sources are
used, such as conventional or renewable ones. Among the renewable energy sources used to
power public lighting systems, both centralized and local, can be mentioned: photovoltaic
systems [23], wind power plants [24], micro-hydropower plants [25], or biomass [13].

Contemporary solar street lighting systems combine high-efficiency photovoltaic pan-
els with advanced lithium battery storage [26], smart LED lighting assemblies [27,28], and
sophisticated control systems that optimize energy consumption based on environmental
conditions and usage patterns [29]. These systems have proven especially beneficial in
remote areas, humanitarian settings, and regions with unreliable grid electricity, offering
autonomous lighting solutions that improve safety, security, and quality of life. Recent
technological advancements have led to the development of more efficient and durable
photovoltaic panels, high-performance LED lighting with intelligent controls [30], and
sophisticated battery storage systems [26] that offer enhanced safety and longevity. Due
to the degradation models [31,32] of the batteries by high operating temperatures, their
capacity fades after 10 years of operation, and they need to be replaced.

Considering the versatility of photovoltaic systems, which can be integrated both as
local [33,34] and central sources of electricity supply [30,35], these are the most widespread
alternative solutions to power public lighting. Over the past decade, the photovoltaic public
lighting sector has seen significant growth due to a rising awareness of sustainability [36],
energy efficiency, and the necessity for resilient infrastructure in both developed and
developing regions. Solar-powered street lighting exemplifies the integration of various
technological fields, including photovoltaic engineering, LED lighting technology, energy
storage systems [26], and intelligent control mechanisms [37].

Strong evidence supports the expanded implementation of photovoltaic public lighting
systems as key to sustainable infrastructure development, the renewable energy transition,
and climate change mitigation. With appropriate planning, community involvement,
and technical design, these systems offer reliable, cost-effective, and environmentally
responsible lighting solutions for a wide range of applications and locations [38].

The environmental benefits of solar street lighting are significant, including substantial
reductions in carbon emissions, resource conservation, and ecosystem protection, often
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justifying the implementation costs even when direct economic returns are minimal. Eco-
nomic analyses show that solar solutions are becoming more cost-effective, especially in
areas with high electricity prices and abundant solar resources [39].

Challenges remain, particularly regarding upfront capital costs, technical capacity
building, and regulatory frameworks. However, innovative financing solutions, stan-
dardization efforts, and supportive policy development are effectively mitigating these
barriers [38]. The literature presents studies on the use of electricity generated by pho-
tovoltaic systems, covering both autonomous solutions [33] and ON-GRID or HYBRID
variants [35]. Most studies focus on each solution separately, and very few of them present
technical–economic and comparative environmental impact components [39].

The most important thing is that a technical–economic analysis is not universally valid,
because some costs are strongly dependent on the local context and particularities: the price
of electricity and the price of assembly labor [39]. Moreover, in the literature consulted,
details are not available regarding how various costs are taken into account.

In the present study, we explored the economic and environmental impact of using au-
tonomous, ON-GRID, and HYBRID photovoltaic systems for public lighting to determine
the optimal energy supply solution for implementation. The optimal use of photovoltaic
systems was determined by comparing the three photovoltaic systems in terms of techni-
cal feasibility, compliance with road and pedestrian lighting requirements (regulated by
NP 062-2002 [40], SR-EN 13201-2015 [41], and SR-EN 13201-2016 [42–45]), photovoltaic
system performance, economic viability, economic efficiency, and environmental protection.
This study was conducted numerically using Dialux Evo, and the results were processed
analytically. The results are concluded in compliance with lighting requirements M4, M5,
and M6 [41–46].

2. Materials and Methods
This study analyzes the use of local/central photovoltaic systems (Figure 1) for street

lighting for a total of 726 lighting fixtures across three types of roads: 7200 m of national
road, 2300 m of communal road, and 25,000 m of local roads. The analysis focuses on a
functional public lighting system installed near roadways and pedestrian paths, utilizing
LED lighting fixtures.

  

Figure 1. Three-dimensional analysis—aesthetic design for street lighting fixture, monocrystalline
photovoltaic panels, battery box, and charge regulator mounted on the existing electric line poles.
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2.1. Public Lighting
2.1.1. Technical Standards

For the design of the public lighting system, the following standards are currently
used as the basis: SR EN 13201-1 [41]; SR EN 13201-2 [42]; SR EN 13201-3 [43]; SR EN
13201-4 [44]; and SR EN 13201-5 [45].

2.1.2. The Components of the Public Lighting System

The main components of the public lighting system are public lighting poles, electrical
lines for powering the public lighting fixtures, lighting system ignition points, distribution
boxes, lighting fixtures, motion detection sensors, modern communication networks for
public lighting systems, and the remote management platform associated with a public
lighting system [46].

2.1.3. Analysis of the Existing Situation

In preparing the analysis, the existing infrastructure of the electricity supply system
was identified, along with the solar potential of the site, a clear understanding of the
potential electricity savings and costs to be achieved through the implementation of photo-
voltaic systems for powering street lighting, as well as the quantitative determination of
the reduction in greenhouse gas emissions resulting from this implementation.

The lighting fixtures will be mounted on the electrical poles of the 0.40 kV distribution
line at a height of 8 to 10 m using brackets made from galvanized steel flat bars and
notch clamps [27,47].

As a result of the energy balance of the analyzed lighting system with an installed
power of 45.76 kW, Table 1, and an energy consumption of 177.44 MWh/year, Table 2, the
consumption is based on the installed power of the lighting system and the schedule for
switching on and off public lighting with monthly adjustment, as presented in Table 3.

Table 1. Installed power of lighting fixtures.

Road Class Power of the Lighting
Fixture [W] Number of Lighting Fixtures Installed Power

[kW]

Technical class II (national road—M4) 100 180 18.00

Technical class IV (communal road—M5) 60 46 2.76

Technical class IV
(local road—M6) 50 500 25.00

TOTAL 45.76

Table 2. Estimation of the energy consumption of the analyzed public lighting system.

Estimation of the Energy Consumption of the Analyzed Public Lighting System.

Month Operating Hours Installed Power
[kW] Monthly Energy Consumption [kWh]

January 432.45 45.76 19,788.91

February 346.36 45.76 15,849.43

March 343.17 45.76 15,703.46

April 279.00 45.76 12,767.04

May 268.15 45.76 12,270.54

June 219.00 45.76 10,021.44

July 244.28 45.76 11,178.25
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Table 2. Cont.

Estimation of the Energy Consumption of the Analyzed Public Lighting System.

Month Operating Hours Installed Power
[kW] Monthly Energy Consumption [kWh]

August 279.00 45.76 12,767.04

September 321.00 45.76 14,688.96

October 358.67 45.76 16,412.74

November 397.50 45.76 18,189.60

December 389.05 45.76 17,802.93

Table 3. Schedule for switching on and off public lighting, with monthly adjustment [48].

Schedule for Switching On and Off Public Lighting, with Monthly Adjustment (Considering the Average Values)

No. Crt. Month Period
Zone 1

Switch-On Time Switch-Off Time

0 1 2 3 4

1 January 1–31 17:22 7:17

2 February 1–28 18:00 6:37

3 March 1–31 18:40 5:47

4 April 1–30 19:17 4:47

5 May 1–31 19:52 4:17

6 June 1–30 20:22 3:52

7 July 1–31 20:12 4:00

8 August 1–31 19:37 4:37

9 September 1–30 18:52 5:22

10 October 1–31 18:00 5:57

11 November 1–30 17:10 6:35

12 December 1–31 18:52 7:07

This energy consumption estimate was made to facilitate the calculation of greenhouse
gas (GHG) emissions (CO2).

2.1.4. Selection of Lighting Classes

The present study is focused on evaluating the ecological, energy, and economic impact
of street lighting for three types of roads: national, communal, and local. The selection of
the lighting class for the national road was carried out in accordance with standardized
photometric and traffic-based criteria. Table 4 presents the classification process based on
traffic intensity, road geometry, and safety needs, as defined by European Norm EN 13201.
The information regarding the real situation of the systems is as follows:

Table 4. Selection of the lighting class for the national road [32].

Parameter Options Evaluation Index
VWS

Selected Criterion

National Road Communal Road Local Road

Velocity

Very high (V ≥ 100 km/h) 2

0 −1 −1
High (70 < V < 100 km/h) 1

Moderate (40 < V < 70 km/h) 0

Low (V ≤ 40 km/h) −1
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Table 4. Cont.

Parameter Options Evaluation Index
VWS

Selected Criterion

National Road Communal Road Local Road

Traffic volume

High 1

0 0 −1Moderate 0

Low −1

Traffic composition

Mixed, with a high
percentage of

non-motorized vehicles
2

1 1 1
Mixt 1

Only motorized vehicles 0

Separation of traffic
directions

No 1
1 1 1

Yes 0

Intersection density
High (>3/km) 1

1 1 1
Moderate (≤3/km) 0

Parked vehicles
Yes 1

0 0 0
No 0

Ambient lighting

High 1

−1 −1 −1Moderate 0

Low −1

Navigation load

Poor 1

0 0 0Good 0

Very good −1

Sum of weighted values (VWS) 2 1 0

The lighting class number is calculated as follows: M = 6 − VWS

Resulting lighting class M4 M5 M6

The analyzed national road (NR) has the following characteristics:

• Design speed for roads of technical class II: 50 km/h [49];
• Importance category: C [49];
• Road platform width: 7.00 m [49];
• Average distance between poles: 40.00 m;
• Maximum height for lighting fixture installation: 10.00 m;
• Number of lanes: 2;
• Distance from the curb: 3.00 ÷ 6.00 m;
• Pole placement: unilateral;
• Average reflection coefficient: 0.07—(corresponding to asphalt road R3).

The analyzed communal road (CR) has the following characteristics:

• Design speed for roads of technical class IV: 40 km/h [49];
• Importance category: C [49];
• Road platform width: 5.50 m [49];
• Average distance between poles: 50.00 m;
• Maximum height for lighting fixture installation: 10.00 m;
• Number of lanes: 2;
• Distance from the curb: 1.00 ÷ 3.00 m;
• Pole placement: unilateral;
• Average reflection coefficient: 0.07—(corresponding to asphalt road R3).

The analyzed local road (LR) has the following characteristics:

• Design speed for roads of technical class IV: 30 km/h [49];
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• Importance category: C [49];
• Road platform: 5.50 m wide [49];
• Average distance between poles: 50.00 m;
• Maximum height of the lighting fixture installation: 10.00 m;
• Number of traffic lanes: 2;
• Distance from the curb: 1.00 to 2.00 m;
• Placement of poles: unilateral;
• Average reflection coefficient: 0.07—(corresponding to asphalt road R3).

3. Results and Discussion
3.1. Calculation Summary

The dimensioning of the street lighting system was carried out using a specialized
calculation program DIALux evo [50], adhering to the provisions of the standards “NP-062
Standard for the design of road and pedestrian lighting systems” [40] and “SR-EN 13201-3
Public Lighting—Part 3: Calculation of performance” [43]. The input data for the national
road lighting analysis is presented in Table 5, while the results are presented numerically in
Table 5 and graphically in Figures 2–4. Table 5 summarizes the classification of the lighting
system as M4 for the national road, based on factors such as traffic intensity, design speed,
and environmental conditions.

 

 

Figure 2. Geometric characteristics of the lighting system in the national road area.
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Figure 3. Road luminance [cd/m2] (iso-luminance curves), M4.

Figure 4. Road luminance [cd/m2] (value grid), M4.

Table 5. National road—lighting system class M4.

National Road—Lighting System Class M4

Characteristics

Distance between poles 40.00 m
Height of the light point 9.00 m
Bracket extension of the light point 4.00 m
Overhang (advancement) (A) −2.00 m
Bracket tilt 15◦

Bracket length 2.00 m

To validate the lighting design for class M4, performance parameters were computed
and are detailed in Table 6.

Table 6. Parameters calculated for NR—M4.

Parameter Calculated Nominal

Lm 0.76 cd/m2 ≥0.75 cd/m2

Uo 0.58 ≥0.40
UI 0.81 ≥0.60
TI 15% ≥15%
REI 0.68 ≥0.30

The input data for the M5 (communal road) lighting analysis is presented in Table 7,
while the results are presented numerically in Table 8 and graphically in Figures 5–7.
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Table 7. Communal road—lighting system class M5.

Communal Road—Lighting System Class M5

Parameter

Distance between poles 50.00 m
Height of the light point 8.00 m
Clearance (R) 1.50 m
Bracket extension of the light point −0.50 m
Bracket tilt 15◦

Bracket length 1.00 m

Table 8. Parameters calculated for CR—M5.

Parameter Calculated Nominal

Lm 0.51 cd/m2 ≥0.50 cd/m2

Uo 0.44 ≥0.35
UI 0.47 ≥0.40
TI 15% ≥15%
REI 0.79 ≥0.30

 

 

Figure 5. Geometric characteristics of the lighting system in the communal road area.
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Figure 6. Horizontal luminance [cd/m2] (iso-luminance curves), M5.

 

Figure 7. Horizontal luminance [cd/m2] (value grid), M5.

For evaluating the local road lighting, the following input data was used, Table 9,
while the results are presented numerically in Table 10 and graphically in Figures 8–10.

Table 9. Local road—lighting system class M6.

Local Road—Lighting System Class M6

Parameter

Distance between poles 50.00 m
Height of the light point 8.00 m
Clearance (R) 0.80 m
Bracket extension of the light point 0.20 m
Bracket tilt 15◦

Bracket length 1.00 m

Table 10. Parameters calculated for LR—M6.

Parameter Calculated Nominal

Lm 0.44 cd/m2 ≥0.30 cd/m2

Uo 0.44 ≥0.35
UI 0.45 ≥0.40
TI 12% ≥20%
REI 0.72 ≥0.30

 

Figure 8. Cont.
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Figure 8. Geometric characteristics of the lighting system in the local road area.

 

Figure 9. Horizontal luminance [cd/m2] (iso-luminance curves), M6.

Figure 10. Horizontal luminance [cd/m2] (value grid), M6.

The 3D analysis presented in Figure 11 regarding the night frontal view and Figure 12
regarding the aerial view demonstrates the integration of the street lighting system within
the transverse profile of the road, ensuring proper alignment of the poles and uniform light
distribution in accordance with the requirements of the road lighting class [51].

 

Figure 11. Three-dimensional analysis—night frontal view of the street lighting system.
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Figure 12. Three-dimensional analysis—aerial view of the street lighting system.

Daytime perspective view (Figure 13) illustrates the integration of the street light-
ing system into the geometric configuration of the road, with the placement of light-
ing poles on the sidewalks, ensuring safety zone compliance and conformity with road
lighting regulations.

 

Figure 13. Three-dimensional qualitative analysis—daytime perspective view.

3.2. Analysis of Local Photovoltaic System for Street Lighting

Autonomous photovoltaic lighting fixtures can be installed on the electric poles of the
0.40 kV distribution line by replacing the existing lighting devices with a complete inde-
pendent lighting system consisting of a monocrystalline photovoltaic panel, programmable
charge controller, batteries, LED luminares, and auxiliary materials [17,52].

The panels used in this study are high-quality monocrystalline photovoltaic modules
with a robust anodized aluminum frame to prevent the accumulation of ice and water [53].
Their efficiency, quality-to-price ratio, and compact construction characteristics recommend
these modules as an integral part of an autonomous lighting system [53].

The photovoltaic module is mounted at the top of the pole at an optimal angle (less
than 15◦) to maximize incident solar radiation, and the batteries are placed in a box attached
to the existing pole. During installation, the module is oriented toward the south, ensuring
it receives solar radiation throughout the day without shading. The electrical energy
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generated by the photovoltaic modules will charge the batteries during the day. This
system operates from dusk until dawn.

To determine the performance of photovoltaic systems that are not connected to the
electrical grid but instead rely on storing electrical energy in batteries to provide power
when the sun is not shining, the OFF-GRID photovoltaic systems performance calculation
tool (PVGIS) developed by the European Union [54] was used. This application utilizes
information about the daily variation in electrical energy consumption to simulate the flow
of energy to users and from the batteries.

Before choosing this autonomy, the battery discharge patterns were simulated using
historical meteorological data (low irradiance winter days), and the 3 days of storage were
used in the following calculation, which ensures >90% lighting reliability during the entire
year. The installed photovoltaic power and the storage capacity of the solar battery for the
studied case are reported in Table 11 and also in Appendix A.

Table 11. Components of the autonomous photovoltaic pole—national road.

Component Parameter Value Quantity

Monocrystalline photovoltaic panel [33]

Nominal electrical power 550 W

2 pieces

Nominal current 13.20 A
Short-circuit current 14.00 A

Nominal voltage 41.70 V
Open circuit voltage 49.60 V

Dimensions 2.261 × 1134 × 30 mm

Solar regulator [34]

Maximum voltage 100 V

1 piece

Maximum charging current 15.00 A
Low-voltage disconnect 22.00 V

Reconnect 25.20 V
Boost charging voltage 28.80 V
Overvoltage protection Yes

Reverse polarity protection Yes
Degree of protection IP32

Size 133.50 × 70 × 35 mm
Weight 165 g

Gel solar battery [35]

Nominal voltage 12 V

2 piecesCapacity 150 Ah
Dimensions (L × l × h) 485 × 172 × 240 mm

Weight 44 kg

LED street lighting fixture [36]

Power 100 W

1 pieceNominal voltage 24 V
Degree of protection IP65

LED type multiled

Auxiliary materials [20,37] Battery box IP65, connectivity, protections, conductors, metal support, brackets, and OL-Zn collars

In terms of energy production, battery performance, and discharge state, the results
are detailed in the following images—Figures 14–16 and in Appendix A.

During the present study, load was considered as a constant value without considering
the dynamic impact of factors such as seasonal variations in nighttime lighting duration
and power changes due to appliance aging on the load.

Analyzing the data from Figures 9, 12 and 15, the installation of two photovoltaic
panels with total powers of 1100 Wp, 600 Wp, and 500 Wp generates an average production
deficit of 425.96 Wh, 269.27 Wh, and 224.39 Wh, respectively, while the average uncaptured
energy is 2963.16 Wh, 1613.40 Wh, and 1344.50 Wh.

From Figures 10, 13 and 16, it is evident that in the months of January, February,
November, and December, the power supply for public lighting at night cannot be guar-
anteed every day, as there are periods when the batteries do not charge completely. This
situation is also confirmed by the data from Figures 9, 12 and 15, which indicate that during
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the same time of the year, the electricity production is insufficient to ensure the operation
of the system.

 
Figure 14. Estimation of energy production for the photovoltaic system OFF-GRID—NR.

 

Figure 15. Battery performance for the photovoltaic system OFF-GRID—NR.

 
Figure 16. Battery charge percentage at the end of the day—NR.
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Analyzing the data from Figures 11, 14 and 16, the results show that the batteries
are fully charged in 70.57%, 67.53%, and 67.53% of the days in a year, while in 13.69%,
13.12%, and 13.12% of the days they are discharged. Under these conditions, public
lighting cannot be ensured for approximately 50, 48, and 48 days per year, which limits
the use of the system only to well-justified cases, considering its importance for road and
pedestrian safety.

The energy storage systems, with capacities of 3600 Wh, 2880 Wh, and 2400 Wh,
have been sized to ensure the operation of public lighting during the winter season for
approximately 1.5 days, with a discharge cutoff limit of 40% for the batteries.

3.3. Analysis of Central ON-GRID Photovoltaic System for Street Lighting

Currently, the technology used in this energy context is traditional [55]. Therefore, an
analysis was conducted on the establishment of a photovoltaic power plant designed to
cover the electricity consumption of street lighting. The change in production technology
is justified from three essential perspectives: technical, economic, and environmental
impact. It is proposed to analyze a photovoltaic power plant installed on non-productive
agricultural land, located on the outskirts of a locality.

The determination of the performance of the studied photovoltaic system was carried
out by monitoring the average and annual energy productions, without energy storage in
batteries. The calculation takes into account solar radiation, air temperature, wind speed,
and the type of PV module. The user can choose how the modules are mounted, either on
a standalone support or integrated into a building surface. By simulating in PVGIS, the
optimal tilt and orientation that maximizes annual energy production were also calculated.

For this case, the PV solar system includes the following main components:

• Photovoltaic modules: composed of 144 monocrystalline photovoltaic cells and have a
nominal unit power of 450 Wp. In the installation, 342 photovoltaic modules will be
mounted to cover the electricity consumption of the analyzed public lighting;

• Power inverter: three-phase unidirectional with a nominal unit power of 60.00 kW
(alternating current). Three-phase unidirectional power inverters will be installed in
the system—three pieces;

• Mounting structure for photovoltaic modules: metal parts made of OL, sized and
designed for the specific conditions of the project;

• Electrical panel: within the photovoltaic solar system, it provides switching devices
and protective and/or measuring devices specific to photovoltaic systems. An electri-
cal panel for the power plant will be installed in the system (TPV);

• Junction box for the PV arrays: a housing in which all the PV strings are electrically
connected and where protection devices are located. In the installation, 22 junction
boxes for the PV arrays will be mounted;

• The electrical cable networks within the photovoltaic solar include the energy cables
laid in metal conduits up to the connection of the photovoltaic electrical installation to
the distribution network of the national energy system;

• Grounding system: conductors and components used to establish equipotential bonds
between the metallic elements associated with the photovoltaic solar installation and
the conductors and components connecting to the grounding electrode of the metallic
elements related to the photovoltaic solar system;

• Low-voltage electrical installation: data cables and equipment associated with the
remote monitoring of the installed power inverters and the control and monitoring
system of the installed power inverter.
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The proposed photovoltaic power plant has a capacity of 153.90 [kWp] with an an-
nual electricity production of 177,334.56 [kWh]—Figure 17, covering almost entirely the
electricity consumption of the analyzed lighting system.

 
Figure 17. The monthly energy production from the fixed-tilt photovoltaic system.

3.4. Analysis of Using Central HYBRID Photovoltaic Systems for Street Lighting

The photovoltaic system described in Section 3.3 will be studied next as a HYBRID
system, as follows:

• Replacing the three ON-GRID inverters with three HYBRID inverters with the same
technical specifications;

• Implementing an energy storage system composed of 50 B-BOX systems, each includ-
ing one cabinet and two lithium iron phosphate (LiFePO4) batteries with a battery
management system (BMS) for use with an external inverter or charger;

• Extending the electrical network to connect public lamps to the solar energy source.

Thus, the possibility of using a HYBRID central photovoltaic system that includes
photovoltaic panels, batteries, and HYBRID inverters is being analyzed. The photovoltaic
system converts solar energy into electrical energy, which can be stored in a set of batteries
for use at night or in low-light conditions.

Once energy consumption exceeds the capacity of the batteries, the system automat-
ically switches to the power supply from the grid, which serves as a backup source for
supplying street lighting.

The calculation uses information about the daily variation in electricity consumption
to simulate the flow of energy to users and into the batteries [45]. The batteries were sized to
store the electrical energy necessary for the operation of the lighting device for an average
period of one day.

Figure 18 highlights the dependence of the photovoltaic system on the electrical grid
power supply, illustrating the automatic switching of the system when the batteries reach a
discharge limit of 40% during certain times of the year.

Figure 19 shows that the batteries are fully charged in 42.14% of the days of the year,
while in 57.86% of the days, they do not reach maximum capacity. The storage system, with
a capacity of 690,000 Wh, ensures the operation of public lighting for approximately one
day, with a discharge limit of 40%. Although it does not fully cover nighttime consumption,
the use of stored energy helps reduce dependence on conventional energy sources.
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Figure 18. Battery performance for the photovoltaic system.

 
Figure 19. The battery charging percentage at the end of the day.

3.5. Analysis of Local Photovoltaic System for Street Lighting
3.5.1. Economic Viability Analysis

The estimated value of the project for a total of 726 autonomous photovoltaic poles is
presented below in Table 12. The average total price per autonomous photovoltaic pole
was estimated at EUR 1750.92, including VAT.

Table 12. Implementation costs of the investment—local photovoltaic system.

Description Euro
(Including VAT) Pieces Total Euro

(Including VAT)

Obj. 1 Remove existing lighting fixtures 25.85 726 18,763.42

1.1. Remove existing lighting fixtures 25.85 726 18,763.42

Obj. 2 Autonomous photovoltaic pole—NR (M4) 1854.41 180 333,793.64

2.1. Equipment 1150.50 180 207,089.17
2.1.1. Monocrystalline photovoltaic panel 550 W 157.79 360 56,803.54
2.1.2. Charge controllers 100 V 15 A 73.34 180 13,201.93
2.1.3. Solar battery 12 V 150 Ah 331.27 360 118,999.04
2.1.4. LED lighting fixture 24 V 100 W 100.47 180 18,084.65

2.2. Street photovoltaic pole 487.77 180 87,798.03
2.3. Installation of machinery/equipment 216.15 180 38,906.45
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Table 12. Cont.

Description Euro
(Including VAT) Pieces Total Euro

(Including VAT)

Obj. 3 Autonomous photovoltaic pole—CR (M5) 1453.80 46 66,874.69

3.1. Equipment 752.46 46 34,613.41
3.1.1. Monocrystalline photovoltaic panel 300 W 110.07 92 10,126.16
3.1.2. Charge controllers 100 V 15 A 73.34 46 3373.83
3.1.3. Solar battery 12 V 120 Ah 247.56 72 17,824.51
3.1.4. LED lighting fixture 24 V 60 W 71.50 46 3288.91

3.2. Street photovoltaic pole 485.18 46 22,318.52
3.3. Installation of machinery/equipment 216.15 46 9942.76

Obj. 4 Autonomous photovoltaic pole—LR (M6) 1352.20 500 676,098.15

4.1. Equipment 650.87 500 325,432.06
4.1.1. Monocrystalline photovoltaic panel 250 W 110.32 1000 110,319.80
4.1.2. Charge controllers 75 V 10 A 73.34 500 36,672.04
4.1.3. Solar battery 12 V 100 Ah 158.65 1000 158,646.74
4.1.4 LED lighting fixture 24 V 60 W 39.59 500 19,793.48

4.2. Street photovoltaic pole 485.18 500 242,592.63
4.3. Installation of machinery/equipment 216.15 500 108,073.46
TOTAL 1750.92 726 1,271,170.15
TOTAL C + I 777.22 726 564,263.86

3.5.2. Calculation of Economic Efficiency

The electricity savings over a 20-year period were determined, and a comparison
between expenses and revenues was made, taking into account system maintenance and
the necessary battery replacements every 7 years [55]. The weighted average electricity
price for the year 2024 in Romania was 0.26 Euro/kWh [56]. The recommended energy
efficiency measures are relevant to the beneficiary’s activity if they can be quantified in
monetary terms or energy savings. In this regard, considering the mathematical model
for assessing the economic efficiency of the proposed solution, the energy savings for the
energy efficiency measures were estimated. During the present analysis, the soft costs
that may distort investment comparison were neglected, considering the large scale of the
systems and study interval.

The Payback Time (PBT) of the investment was calculated for the energy efficiency
measures that require investments for their implementation, along with a series of indicators
highlighting the feasibility of the proposed measures (Table 13), namely the investment
payback period, the net present value, and the internal rate of return. For all proposed
solutions, an inflation rate of 5% was considered, corresponding to an emerging country
(Romania), with a solution lifespan of 20 years. Since the investment values are known,
Figure 20 presents the cumulative cash flow over the considered 20-year period.
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Figure 20. Cumulative cash flow for the considered 20-year period—local photovoltaic system.



Sustainability 2025, 17, 7179 19 of 35

Table 13. Feasibility indicators of the proposed measures.

Description Unit Value

Total investment value EUR 1,271,170.15
Maintenance costs EUR 729,290.55
The value of the economy per year EUR 91,173.99
Net Present Income (NPI) EUR −176,980.80
Discount rate % 5
Lifespan of the solution YEARS 20
Payback Time (PBT) YEARS 13.94
Discounted Payback Time (DPBT) YEARS 21.94
Internal rate of return (IRR) % −13.92

3.5.3. Quantitative and Percentage Reduction in Resulting Greenhouse Gas Emissions

CO2 emissions were calculated using the emission factor from annex VI of Regulation
(EU) No. 601/2012 [48] on the monitoring and reporting of greenhouse gas emissions in
accordance with Directive 2003/87/EC [46] of the European Parliament and of the Council
(based on the fuel used), which is multiplied by the amount of energy savings proposed
to be achieved annually through the project until the end of the project’s sustainability
period (measured in MWh). For saved electricity, the emission factor used is 0.33 tons
CO2/MWh [46].

Based on the data presented above, greenhouse gas emissions for energy production
in power plants within the National Electricity System (SEN) are calculated, as the energy
produced from renewable sources has a very low impact on the three types of fuel. In this
context, the value of greenhouse gas emissions for the first year after the implementation
of the project involving the installation of a 475.60 kWp photovoltaic panel system is
calculated. During the present study, the GHG emissions calculation method does not
account for the carbon footprint of photovoltaic equipment over its entire lifecycle.

GHG for the energy saved (177.40 MWh/year) will be

GHGr = 177.40 MWh × 0.33 tCO2 /MWh = 58.54 tCO2

GHGPV = 177.40 MWh × 0.33 tCO2 /MWh = 58.54 tCO2

The GHG1 value of 0.00 tCO2 after the implementation of the project:

GHG1 = GHGr − GHGPV = 58.54 tCO2 − 58.54 tCO2 = 0.00 tCO2

The percentage value of GHG after the implementation of the project will be

GHGCO2 =
(GHGr−GHG1)

GHGr
×100 =

(58.54−0.00)
58.54

×100 = 100%

3.6. Analysis of Using Grid-Connected Central Photovoltaic System for Street Lighting
3.6.1. Economic Viability Analysis

The estimated value of the investment for the construction of the photovoltaic power
plant is EUR 773,977.22 including VAT—Table 14.

Construction and installation (C + I) represents the set of execution works necessary
for the realization of an investment objective, including both the actual construction works
(structures, foundations, finishes, etc.) and the assembly works for the related equipment
and installations. The value of C + I, expressed in euros and included in the general
estimate, reflects the costs associated with these works, according to the categories of
expenses specified in the relevant chapters and subsections of the general estimate.
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Table 14. Implementation costs of the investment—grid-connected central photovoltaic system.

Description Total Euro
(Including VAT)

Obj. 1 Utilities 87,076.34

1.1. Electric connection 79,719.02
1.2. Telecommunications—data voice 7357.32

Obj. 2 Land development 79,695.46

2.1. Removal of the topsoil layer (2.448 m2) 7965.32
2.2. Fencing (203.00 m, with a 4.00 m vehicle access gate and a 1.00 m pedestrian access gate) 30,164.68
2.3. Foundations for lighting poles 4920.10
2.4. Container platforms for personnel and transformer station 16,058.21
2.5. Access road made of stone (40.00 m) 20,587.14

Obj. 3 Photovoltaic power plant 153,90 kWp 373,524.51

3.1. Foundations for metal supports 58,907.70
3.2. Supports for photovoltaic panels 122,241.18
3.3. Wiring and accessories 101,313.45
3.4. Grounding 21,204.10
3.5. Junction boxes for PV (22 pieces) 32,711.14
3.6. Photovoltaic power plant panel board 14,479.95
3.7. Earthworks 16,217.02
3.8. Lighting poles (6 pieces) 4641.87
3.9. Transport 1808.09

Obj. 4 Video surveillance subsystem 14,747.55

4.1. Earthworks 6105.62
4.2. Trenches and cables 3110.25
4.3. Equipment 4232.23
4.4. Transport 1299.46

Obj. 5 Installation of machines/equipment 150,156.38

5.1. Equipment 129,768.38
5.1.1. Monocrystalline photovoltaic panel 450 W (342 pieces) 103,015.46
5.1.2. 60 kW three-phase grid-connected inverter (3 pieces) 21,422.51
5.1.3. UPS 3000 VA 2U RACK 2377.98
5.1.4. Outdoor video surveillance camera (12 pieces) 1017.56
5.1.5. NVR 32 CH 703.30
5.1.6. Street lighting fixture LED 80 W 1231.57

5.2. Installation of machinery/equipment 20,388.01
TOTAL 773,977.22
TOTAL C + I 611,300.46

3.6.2. Calculation of Economic Efficiency

The calculation of economic efficiency was performed similarly to Section 3.5.2.
The feasibility indicators for the investment in energy efficiency measures that involve

investments in their implementation, as well as a series of indicators that highlight the
feasibility of the proposed measures, are presented in Table 15. To emphasize the payback
period of the investment, the cumulative cash flow for the 20 years considered is indicated
in Figure 21.

Table 15. Feasibility indicators of the proposed measures.

Description Unit Value

Total investment value EUR 773,977.22
Maintenance costs EUR 75,943.55
Annual savings value EUR 91,140.36
Net Present Income (NPI) EUR 972,886.48
Discount rate % 5
Lifespan of the solution YEARS 20
Payback Time (PBT) YEARS 8.49
Discounted Payback Time (DPBT) YEARS 9.33
Internal rate of return (IRR) % 125.70
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Figure 21. Cumulative cash flow for the 20 years considered—grid-connected photovoltaic system.

3.6.3. Quantitative and Percentage Reduction in Resulting Greenhouse Gas Emissions

The calculation for the reduction in greenhouse gases was performed similarly to
Section 3.5.3. In this context, the value of greenhouse gas emissions for the first year after
the implementation of the project involving the installation of a 153.90 kWp photovoltaic
panel system is calculated.

GHG for the energy saved (177.33 MWh/year) will be

GHGr = 177.40 MWh × 0.33 tCO2 /MWh = 58.54 tCO2

GHGPV = 177.33 MWh × 0.33 tCO2 /MWh = 58.52 tCO2

The value of GHG1 is 0.02 tCO2 after the implementation of the project:

GHG1 = GHGr − GHGPV = 58.54 tCO2 − 58.52 tCO2 = 0.02 tCO2

The percentage value of GHG after the implementation of the project will be

GHGCO2 =
(GHGr−GHG1)

GHGr
×100 =

(58.54−0.02)
58.54

×100 = 99.97%

3.7. Analysis of HYBRID Central Photovoltaic System for Street Lighting
3.7.1. Economic Viability Analysis

The estimated value of the project for the construction of the photovoltaic power plant
is EUR 1,574,660.16 including VAT are presented in Table 16.

Table 16. Implementation costs of the investment—HYBRID central photovoltaic system.

Description Total Euro
(Including VAT)

Obj. 1 Utilities—similar to grid-connected PV system 87,076.34

Obj. 2 Land development—similar to grid-connected PV system 79,695.46

Obj. 3 Photovoltaic power plant 153.90 kWp 422,934.97

3.1.–3.9. Similar to grid-connected PV system 373,524.51
3.10. Concrete platforms and containers (energy storage system) 49,410.46

Obj. 4 Video surveillance subsystem 14,747.55

Obj. 5 Installation of machines/equipment 586,878.97

5.1. Equipment 530,978.10
5.1.1. Monocrystalline photovoltaic panel 450 W (342 pieces) 103,015.46
5.1.2. 60 kW three-phase grid-connected inverter (3 pieces) 56,923.80
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Table 16. Cont.

Description Total Euro
(Including VAT)

5.1.3. UPS 3000 VA 2U RACK 2377.98
5.1.4. Outdoor video surveillance camera (12 pieces) 1017.56
5.1.5. NVR 32 CH 703.30
5.1.6. Street lighting fixture LED 80 W 1231.57
5.1.7. Lithium-ion battery storage system B-BOX 13.80 kW (50

pieces) 365,708.44

5.2. Installation of machinery/equipment 55,900.87
TOTAL 1,574,660.16
TOTAL C + I 938,978.40

3.7.2. Calculation of Economic Efficiency

The investment feasibility indicators for energy efficiency measures that involve
investments in their implementation, as well as a series of indicators highlighting the
feasibility of the proposed measures, are presented in Table 17. Additionally, to emphasize
the payback period of the investment, Figure 22 illustrates the cumulative cash flow for the
considered 20-year period.

Table 17. Feasibility indicators of the proposed measures.

Description Unit Value

Total investment value EUR 1,574,660.16
Maintenance costs EUR 949,388.73
Annual savings value EUR 91,140.36
Net Present Income (NPI) EUR −701,241.65
Discount rate % 5
Lifespan of the solution YEARS 20
Payback Time (PBT) YEARS 17.28
Discounted Payback Time (DPBT) YEARS 27.69
Internal rate of return (IRR) % −44.53
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Figure 22. Cumulative cash flow for the 20 years considered—HYBRID photovoltaic system.

3.7.3. Quantitative and Percentage Reduction in Greenhouse Gas Emissions

The calculation for the reduction in greenhouse gases was performed similarly to
Section 3.5.3. In this context, the value of greenhouse gas emissions for the first year after
the implementation of the project, which involves the installation of a photovoltaic system
of 153.90 kWp, is calculated.
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GHG for the saved energy (177.33 MWh/year) will be

GHGr = 177.40 MWh × 0.33 tCO2 /MWh = 58.54 tCO2

GHGPV = 177.33 MWh × 0.33 tCO2 /MWh = 58.52 tCO2

The value of GHG1 is 0.02 tCO2 after the implementation of the project:

GHG1 = GHGr − GHGPV = 58.54 tCO2 − 58.52 tCO2 = 0.02 tCO2

The percentage value of GHG after the implementation of the project will be

GHGCO2 =
(GHGr−GHG1)

GHGr
×100 =

(58.54−0.02)
58.54

×100 = 99.97%

3.8. Discussion

As observed in Figure 23, the use of HYBRID photovoltaic systems for street lighting
represents the least economically viable option, while the use of ON-GRID photovoltaic
systems represents the most economically viable option. The economic feasibility of using
autonomous photovoltaic poles is similar to that of HYBRID photovoltaic systems in the
analysis conducted, but it represents the most viable option for street lighting in areas
where there is no electricity network or where the existing network is very old or damaged.

Figure 23. Comparative chart of analyzed scenarios: investment value.

The HYBRID photovoltaic power plant incurs the highest maintenance costs over the
entire analysis period, including the annual washing of the photovoltaic panels and the
replacement of inverters and storage systems every 7 years.

The ON-GRID photovoltaic power plant has the lowest maintenance costs throughout
the analysis period, as this system does not store electrical energy. Maintenance expenses
are limited to the annual washing of the photovoltaic panels and replacement of inverters
every 7 years, as shown in Figure 24.

The longest payback period is for the HYBRID photovoltaic power plant, at
27.69 years, followed by autonomous photovoltaic poles with a payback period of
21.94 years. The advantage of these solutions is the storage of electrical energy in bat-
teries to provide power for street lighting during the night, while the drawbacks are the
high costs for investment and long payback periods.
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Figure 24. Comparative chart of analyzed scenarios: maintenance costs.

The ON-GRID photovoltaic power plant has the shortest payback period of
9.33 years, due to the lower costs associated with its implementation—Figure 25. However,
its disadvantage lies in its dependence on the electricity grid and government programs
regarding the share of renewable energy sources in the national energy system.

Figure 25. Comparative chart of analyzed scenarios: payback period.

By comparing expenses and revenues, taking into account the system maintenance
over a 20-year period, the ON-GRID photovoltaic power plant generates a significantly
higher net present value than the other analyzed systems. Figure 26 shows that the
autonomous photovoltaic poles and the HYBRID photovoltaic power plant do not recoup
their investment within the analysis period.

The internal rate of return indicates the efficiency of the analyzed scenarios. Figure 27
shows that the ON-GRID photovoltaic power plant represents a feasible solution, while
the autonomous photovoltaic poles and the HYBRID photovoltaic power plant are not
economically viable for the analyzed objective.

From a technical perspective, the deployment of photovoltaic panels requires an esti-
mated surface area of approximately 2500 m2. To optimize land use and minimize ecological
impact, it is recommended that the PV system be installed preferentially on artificialized
surfaces such as industrial rooftops, parking areas, or—where these are unavailable—on
non-productive agricultural land. Furthermore, the proximity of a medium-voltage elec-
trical network is a critical requirement for the proposed site. Such proximity ensures
minimal costs associated with injecting electricity into the distribution grid. National grid
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data provided by Transelectrica [8] indicate that the available connection capacity in the
targeted region, identified as Zone J, is 1000 MW, thereby confirming the feasibility of
integrating the PV system within existing infrastructure. In alignment with the European
Union’s climate and energy policy, the project also supports broader objectives by promot-
ing energy consumption reduction measures at both enterprise and public utility levels,
including street lighting. These policies incentivize the adoption of renewable energy
sources through mechanisms such as quantitative compensation and financial settlement
schemes for prosumers.

Figure 26. Comparative chart of analyzed scenarios: net present value.

Figure 27. Comparative chart of analyzed scenarios: internal rate of return.

The adoption of PV-LED public lighting not only accelerates SDG 7 but also in-
tersects with SDG 11 (Sustainable Cities), SDG 13 (Climate Action), and SDG 3 (Good
Health and Well-Being), making it one of the most catalytic infrastructure upgrades of the
coming decade.

The disadvantage of this system is its dependence on the national energy system.
The electricity produced during the day is injected into the grid, and at night, through
EU prosumer policy facilities, represented by quantitative compensation and financial
settlement, electricity is consumed from the public electricity supply grid for street lighting.
The electricity consumed from the national energy system at night is produced from the
following sources: hydro, coal, nuclear, hydrocarbons, wind, and biomass [7]. From this
data, we can observe that a portion of the energy is produced by burning fossil and nuclear
fission fuels.

This means that by implementing this system, there is no contribution to environmen-
tal protection at night by not using fossil and nuclear fission fuels.
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However, this disadvantage will be eliminated through EU policy [7]. Thus, Romania,
through the National Energy Strategy 2018–2030, commits to constructing two new nuclear
units and maintaining an increasing trend in production capacities from intermittent
renewable sources. Also, the construction of a large-capacity pumped storage power plant
is mandatory for the stability of the power system.

Economic sensitivity
Considering the long analysis period of photovoltaic systems, a sensitivity analysis

of economic parameters was conducted. Therefore, the following variations in costs
were considered:

- A ±20% variation in electricity price;
- A ±10% variation in annual maintenance costs.

The results highlight the influence of these parameters on the amortization. However,
the main results in terms of economic efficiency remain the same, while Case 3 is close to
breakeven, but still a loss. In Table 18, the following scenarios were analyzed: favorable
scenario (+20% energy and −10% maintenance) and unfavorable scenario (−20% energy
and +10% maintenance).

Table 18. Economic sensitivity to fluctuations in electricity pricing and maintenance costs.

Scenario Case 1 Case 2 Case 3

Favorable scenario 2,502,428 8,873,577 −327,061

Unfavorable scenario −773,708 4,298,485 −3,163,473

Therefore, Case 2 is the most robust to variations (positive and negative), Case 1 has
high sensitivity and the risk of going into loss, and Case 3 remains economically inefficient
even in the favorable scenario.

SWOT Analysis
In order to outline potential directions for the future development of similar research,

a SWOT analysis was carried out on the solutions proposed in this study—Table 19. This
structured assessment highlights the strengths, weaknesses, opportunities, and threats
associated with the implementation of these solutions.

Table 19. SWOT analysis of the studied cases.

Aspect Autonomous PV Poles ON-GRID PV Power Plant HYBRID PV System (PV + Battery +
Grid Backup)

Strengths
- Full energy independence
- Modular and easy to deploy
- No grid connection required

- Lower cost per kWh at scale
- Economically efficient for large deployments
- Easier to monitor and maintain

- Combines autonomy and efficiency
- Provides backup during grid outages
- High resilience and flexibility

Weaknesses
- Limited storage capacity
- Sensitive to adverse weather
- Higher unit cost

- Fully dependent on grid availability
- Requires centralized space
- Potential distribution losses

- Higher upfront cost (PV + battery)
- More complex to manage
- Needs dual maintenance

Opportunities
- Suitable for remote/off-grid areas
- Can be integrated into smart city projects
- Easy to scale gradually

- Surplus energy can be fed into the grid
- Eligible for support schemes (e.g., feed-in tariff,
net metering)
- Ideal for urban municipalities

- Suitable for unstable grid regions
- Can participate in demand–response programs
- Scalable and future-proof

Threats
- Battery aging and degradation
- Blackout risk in poor solar conditions
- Legal risk in case of failures

- Vulnerable to energy price fluctuations
- Regulatory risk regarding grid injection
- May face grid capacity limits

- Higher long-term costs (battery replacement)
- Risk of over-engineering for small applications
- More points of failure

Based on the SWOT analysis, a logic flow was developed to guide decision making
regarding the optimal photovoltaic lighting system. This flow considers factors such as grid
availability, reliability requirements, budget constraints, sustainability goals, and available
space. The main implications reveal that OFF-GRID systems are suitable only for remote or
low-priority areas due to limited reliability, ON-GRID solutions offer the best economic
efficiency but rely on grid stability, while HYBRID systems provide the highest resilience
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and CO2 reduction potential, albeit at a higher cost. This structured approach supports
strategic planning for sustainable public lighting infrastructure.

4. Conclusions
The implementation of an ON-GRID photovoltaic (PV) power plant specifically de-

signed to meet the electricity demands of street lighting emerges as the optimal solution
for integrating photovoltaic systems into public infrastructure. This transition in electric-
ity generation technology is substantiated by a multidimensional analysis encompassing
technical, economic, and environmental criteria.

From an economic standpoint, the analysis clearly identifies the ON-GRID PV scenario
as the most cost-effective option. As illustrated in Figure 28, this solution demonstrates
superior financial viability. Notably, the internal rate of return (IRR) associated with this
scenario reaches 125.7%, reflecting the high economic efficiency and attractiveness of
the investment.

energy systems.

Figure 28. Comparative graph of analyzed scenarios: cash flow.

In terms of environmental impact, the current level of greenhouse gas emissions as-
sociated with electricity consumption from the grid is quantified at 58.52 metric tons of
CO2 (tCO2), as shown in Figure 29. The implementation of the ON-GRID photovoltaic
project results in a complete offset of this emission volume, achieving a reduction of
58.52 tCO2. This translates to an emissions mitigation rate of 99.97%, thereby under-
lining the project’s significant contribution to environmental sustainability and climate
change mitigation.

The proposed ON-GRID photovoltaic solution for street lighting not only satisfies
technical feasibility and economic efficiency criteria but also delivers substantial envi-
ronmental benefits, positioning it as a robust and sustainable choice for modern urban
energy systems.

In terms of achieving Sustainable Development Goal (SDG) 7, the present analysis
makes an important contribution by studying the share of renewables in the energy mix,
efficient LED luminaires, autonomous and modular energy solutions, and financial sav-
ings for municipalities. These findings highlight that PV-powered public lighting can
significantly support SDG 7 by promoting clean energy access, improving energy effi-
ciency, and enabling resilient infrastructure, especially in urban expansion zones and
remote communities.
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The analysis presented and the available details regarding costs allow comparisons
with the situation in other geographical areas, different in terms of available solar radiation
but also in terms of implementation costs.
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Figure 29. Comparative graph of analyzed scenarios: quantitative and percentage reduction in
GHG emissions.

Further development
Building upon the results and limitations outlined in this study, several opportunities

for future research and practical improvements were identified. These directions aim
to enhance the applicability, accuracy, and scalability of the current work, while also
addressing unresolved challenges and exploring new dimensions of the topic.

Based on opportunities, the role of a large-capacity pumped storage power plant in
electricity could be a good solution to store the surplus energy produced during the day by
photovoltaic and wind systems. At night, electricity is produced by high-head pumped
storage hydroelectric plants, which pump water from a lower storage lake to an upper
storage lake, consuming the surplus electricity produced during the day from renewable
energy sources.

The technical evolution of Romania’s energy sector must introduce the sixth dimension
of the energy system—(6) electricity storage, alongside (1) energy sources, (2) production,
(3) transmission, (4) distribution, and (5) consumption. In future studies, a broader, more
global perspective could be adopted to analyze the adaptability and scalability of the
proposed solutions under varying climatic and solar resource conditions.

It is not justified to implement small storage capacities for consumers but rather to
implement large storage capacities that exhibit high economic efficiency, high efficiency, and
contribute to the flexibility of the energy system. Electricity storage capacity is of particular
importance, similar to the natural gas market. In terms of battery behavior, future studies
could analyze the passive or active battery thermal management to ensure stability and an
extended period of operation. Therefore, the smart lighting concept would permit solving
the issues with batteries not fully loaded, coupled with an occupancy system.

The incorporation of detailed control algorithms and decision-making models for
source switching and load prioritization, particularly for public lighting applications,
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together with battery management are immediate directions that will be conducted in
future research. Also, the carbon intensity of nighttime electricity consumption, accounting
for the evolving national energy mix over time, would generate more accurate results in
terms of long-term impact.
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Nomenclature
Acronyms
PNIESC The Project of the National Integrated Plan in the Field of Energy and Climate Change
EU European Union
LEA Overhead Power Line
VWS Visual Weighted Score
PV Photovoltaic
PVGIS Photovoltaic Geographical Information System
BMS Building Management System
UNI Updated Net Income
PBT Payback Time
DPBT Discounted Payback Time
GHG Greenhouse Gas
IRR Internal Rate of Return
UPS Uninterruptible Power Supply
NVR Network Video Recorder
Parameters
Lm Average luminance [cd/m2]
Uo General luminance uniformity coefficient
Ul Longitudinal luminance uniformity coefficient
TI Threshold increment
REI Lighting efficiency ratio
S Distance between poles [m]
H Mounting height [m]
R Clearance [m]
A Overhang (advancement) [m]

Appendix A
The annex contains additional information regarding the structure of autonomous

systems for powering the lighting system for CR case—Table A1 and Figures A1–A3 and
LR case—Table A2 and Figures A4–A6.
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Table A1. The components of the autonomous photovoltaic pole—communal road.

Component Parameter Value Quantity

Monocrystalline photovoltaic panel
[55]

Nominal electrical power 300 W

2 pieces

Nominal current 9.17 A
Short-circuit current 9.78 A

Nominal voltage 32.70 V
Open circuit voltage 39.80 V

Dimensions 1.640 × 990 × 30 mm

Solar regulator [56]

Maximum voltage 100 V

1 piece

Maximum charging current 15.00 A
Low-voltage disconnect 22.00 V

Reconnect 25.20 V
Boost charging voltage 28.80 V
Overvoltage protection Yes

Reverse polarity protection Yes
Degree of protection IP32

Size 133.50 × 70 × 35 mm
Weight 165 g

Gel solar battery [57]

Nominal voltage 12 V

2 piecesCapacity 120 Ah
Dimensions (L × l × h) 410 × 175 × 227 mm

Weight 33.50 kg

LED street lighting fixture [58]

Power 60 W

1 pieceNominal voltage 24 V
Degree of protection IP65

LED type multiled

Auxiliary materials [47,59–63] Battery box IP65, connectivity, protections, conductors,
metal support, brackets, and OL-Zn collars - -

Table A2. The components of the autonomous photovoltaic pole—local road.

Component Parameter Value Quantity

Monocrystalline photovoltaic panel
[55]

Nominal electrical power 250 W

2 pieces

Nominal current 9.33 A
Short-circuit current 9.87 A

Nominal voltage 26.80 V
Open circuit voltage 32.84 V

Dimensions 1.350 × 880 × 35 mm

Solar regulator [56]

Maximum voltage 75 V

1 piece

Maximum charging current 10.00 A
Low-voltage disconnect 22.00 V

Reconnect 25.20 V
Boost charging voltage 28.80 V
Overvoltage protection Yes

Reverse polarity protection Yes
Degree of protection IP32

Size 133.50 × 70 × 35 mm
Weight 165 g

Gel solar battery [57]

Nominal voltage 12 V

2 piecesCapacity 100 Ah
Dimensions (L × l × h) 330 × 171 × 224 mm

Weight 27.50 kg

LED street lighting fixture [58]

Power 50 W

1 pieceNominal voltage 24 V
Degree of protection IP65

LED type multiled

Auxiliary materials [47,59–63] Battery box IP65, connectivity, protections, conductors,
metal support, brackets, and OL-Zn collars - -
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Figure A1. Estimation of energy production for the OFF-GRID photovoltaic system—CR.

 
Figure A2. Battery performance for the OFF-GRID photovoltaic system—CR.

 

Figure A3. The battery charging percentage at the end of the day—CR.
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Figure A4. Estimation of energy production for the OFF-GRID photovoltaic system—LR.

 

Figure A5. Battery performance for the OFF-GRID photovoltaic system—LR.

 

Figure A6. The battery charging percentage at the end of the day—LR.
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