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Abstract: In light of climate changes, technological development and the use of renewable energy 

sources are considered very important nowadays, both in newly-designed structures and 

reconstructed historic building, resulting in the reduction of the commercial energy consumption 

and CO2 environmental emissions. This paper explores the possibilities of improving the energy 

efficiency of heritage sacred buildings by utilizing photovoltaic systems. As an exceptionally 

significant cultural good, the Cathedral of St. Michael the Archangel in Belgrade shall serve as a 

case study, with the aim of examining the methods of mounting photovoltaic (PV) panels, by 

taking into account the fact that the authenticity and the aesthetic value of this cultural monument 

must remain intact. A comparative analysis of the two options for installing PV panels on the 

southwestern roof of the church was performed using simulations in PVgis and PVsist V6.84 

software, with the aim of establishing the most efficient option in terms of power generation. The 

simulation results show that photovoltaic panels can produce 151650 kWh (Option 1) and 150894 

kWh (Option 2) per year, while the required amount of energy is 42726.77 kWh. The electricity 

produced exceeds the electricity requirements for the decorative lighting of the Cathedral Church, 

so it can be used for other purposes in the sacral complex. 

Keywords: solar energy; photovoltaic systems; heritage structures; sacred architecture; the 

Cathedral of St. Michael the Archangel; Belgrade 

 

1. Introduction 

We stand witness of increasingly frequent natural disasters occurring around the world as a 

result of climate changes. The European Union has recognized this global problem and passed the 

Energy Performance of Buildings Directive, as well as the standards for the use of renewable energy 

sources. The EU aims to produce 20% of energy from renewable sources by 2020 [1]. The EU 

encourages the use of renewable energy sources through various schemes parallel to promoting and 

raising awareness of their importance. The advantages of switching from conventional energy 

sources to renewable ones are the reduction of CO2 emissions, environment protection, and the 

reduction of utility-related costs. Using renewable energy sources is a necessity in the present day. 

Excessive exploitation of fossil fuels as natural resources, in addition to deforestation and wood 

burning, and consequent CO2 emissions, has resulted in global warming and the rise of sea levels, 

with the adverse effects on all the living organisms on the planet Earth. Environmental protection 

efforts and sustainability are becoming ever-greater priorities in local development policies and 

everyday life. The United Nations issued in 1987 the Brundtland Report titled “Our Common 

Future”, which defines sustainable development as the “development that meets the needs of the 
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present without compromising the ability of future generations to meet their own needs” [2] (pp. 

37). Sustainable energy sources are one such possibility, the use of which can result in energy 

sustainability. 

The present paper explores the possibilities of using solar energy, proceeding to look at the 

strengths and weaknesses, as well as issues that may be raised during the adaptation and mounting 

of photovoltaic systems onto heritage churches with the aim of producing electric power. As is the 

case with structures of different uses, the reconstruction of heritage sacred buildings requires the 

improvements in energy efficiency and ensuring energy sustainability by utilizing renewable energy 

sources, which is in line with the modern requirements to reduce CO2 emission. The standards 

adhered to in the construction of these buildings are out of date due to the development of 

technologies and materials, and not aligned with the current regulations, thus necessitating a 

reworking. Historic architecture must be adapted to modern requirements, ensuring that in finding 

ways to achieve this, their historic, stylistic, and aesthetic uniqueness is preserved. The advantage of 

using solar energy, compared to other renewable sources, lies in the fact that the energy source in 

question is inexhaustible. In addition, the use of photovoltaic panel systems in sacred buildings is 

the most efficient because of the west-east orientation of churches along the longitudinal axis, which 

ensures ideal position for the collection of solar energy and thus for reaching full capacity of electric 

power production on the south-facing roof plane [3]. However, a problem is that photovoltaic panels 

could diminish the aesthetic value of a heritage church. No activities must be undertaken that would 

affect either the shape or the appearance of a cultural property [4]. The preservation of heritage 

churches is rarely based on environmental and, concomitantly, economic sustainability precisely 

due to the principles of protection and preservation of historical and stylistic authenticity. It is 

necessary to strike a balance and find a compromise between the preservation aspects and energy 

sustainability, as well as mitigating the effects of climate changes. Such examples from around the 

world indicate that it is possible to ensure a synergy of PV systems and abide by the regulations 

concerning heritage cultural monuments. The examples of practices from around the world can 

provide specific guidelines for mounting PV systems on heritage churches. PV panels must be 

independent of the building itself, mounted on the sub-structure that can be removed without any 

effects on the heritage building [5]. It is necessary to ensure the reversibility, i.e. reestablishing the 

condition of the structure in question prior to the intervention and installation of the photovoltaic 

systems. The elements of the system must not be visible from the outside or diminish in any way the 

aesthetic value of the protected building. For these reasons each protected structure must be 

approached individually, identifying the most adequate place for mounting PV panels in order not 

to detract from the appearance of the heritage sacred building and diminish its aesthetic and historic 

values. The modern methodology in determining the degree of intervention on architectural 

heritage structures rests on a comprehensive scientific analysis of all the elements which must be 

taken into account in making the decision [6]. The approval of the competent authority (municipal, 

regional, or republic cultural heritage preservation institute) must be sought for all the interventions 

on protected cultural monuments. Reconstruction can be initiated only when the competent 

authority issues the technical protection measures and determines the type of intervention which 

can be undertaken on the structure. Although in 2012 the Government of the Republic of Serbia 

adopted the national strategy for the sustainable use of natural resources and goods [7], there are no 

standards for the application of systems of renewable energy sources in construction, and 

consequently in sacred architecture. As the church is one of the most influential social institutions, 

this fact should be made use of. The church can raise awareness of the importance of using 

renewable energy sources through education, and promote the idea of a healthy lifestyle and 

environmental pollution reduction. 
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(a) (b)  

(a) 

Figure 1. The Application of Photovoltaic Systems in Sacred Buildings: (a) The solar panels on the 

roof of the Gloucester Cathedral [8]; (b) Herz-Jesu church, Plauen (Germany): Installed photovoltaic 

system on the roof of the Lutheran Church in Saxony [5].  

Unlike Serbia, other countries do use photovoltaic systems in heritage churches. The Church of 

England has taken seriously the climate change that the entire world is facing and has made a 

contribution by joining the CO2 emission reduction project. The role of the Church of England is to 

educate people about the importance of switching to renewable energy sources with the aim of 

protecting the environment, i.e. the surroundings which have a direct impact on the quality of life 

and health of us all. Over 5,500 churches in the United Kingdom have switched to renewable energy 

sources. As many as 150 PV panels were mounted on the Gloucester Cathedral in 2016 (Figure 1a). 

England aims to reduce CO2 emissions by 80% by 2050 [3]. Besides England, Germany has been 

putting in great efforts in using renewable energy sources, although the solar resources are less than 

1000kWh/m2 annually [1]. Figure 1b shows the Herz-Jesu church in Plauen, Germany, where 80 PV 

panels with anti-reflective front glass and hidden fixtures are mounted on 160m2 of the roof area [5]. 

One of the first major projects in integratng solar energy as a renewable energy source in a heritage 

structure is the reconstruction of the Reichstag in Berlin (Figure 2a) – a monument of worldwide 

importance. The reconstruction of this building has resulted in significant changes in its outward 

appearance. Although the Reichstag is a symbol of the German state, the reconstruction and 

introduction of renewable energy sources have turned it into a symbol of the European energy 

policy [5, 9]. Unlike Germany, Italy has very good solar resources, ranging between 900kWh/m2 and 

1800kWh/m2 [1]. PV panels are mounted on the roofs of the Vatican buildings (Figure 2b) in such a 

way as for this newly-established state to produce almost all of its electrical power from renewable 

energy sources, i.e. solar panels. The examples of implementations provided are one of the strongest 

arguments in favour of the claim that the construction of solar panels on protected buildings and 

cultural-historic areas does not detract from their appearance, but rather creates a new aesthetic 

experience. Depending on what the aims are, two approaches in mounting PV panels on heritage 

structures can be perceived. The first is for the elements of the PV system to be visible on the roof or 

façade of the structure and be visually dominant (as is the case with the Reichstag); the other 

approach – “camouflaging” – makes use of the principle of minimal intervention in order to preserve 

the original appearance of a building (characteristic of protected churches) [5]. In Serbia, the use of 

systems of renewable energy sources must be included in the modern approaches to the protection 
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of cultural goods, and standards must be set, as this is necessary due to excessive energy resource 

consumption. 

  

(a) (b)  
(a) 

Figure 2. Solar panels on protected buildings and cultural-historic areas: (a) Protected heritage 

Reichstag building, Source: [5]; (b) Solar panels on the roof of the Nervi Hall in Vatican. Source: [10]  

In order to investigate the architectural and energy-related possibilities of the use of PV solar 

systems in the local Belgrade climate, a hypothetical analysis has been conducted on the example of 

the Belgrade Cathedral, an immovable cultural property of exceptional value. This study includes 

the analysis of the climate-related characteristics of Belgrade, the analysis of the existing power 

consumption in illuminating the Belgrade Cathedral, the possibilities of mounting PV modules on 

this church, the analysis of the amount of electrical power obtained from renewable sources, and an 

estimate of CO2 emission reduction. This study aims to examine the efficiency of use of PV solar 

systems on churches in Serbia for the purposes of electrical power production. 

2. The energy potential of solar radiation in Serbia 

The energy deficit problem in the world is solved by producing energy from renewable sources. 

They are the energy sources of the future. They are still not competitors to the conventional sources, 

and in many countries, including Serbia, there are no so-called Green Certificates, i.e. the legislation 

is not defined for the systems of renewable energy sources. However, their use will soon be 

necessary and mandatory. 

Using the energy obtained from solar radiation is sufficient for meeting all energy demands in 

the world. One of the forms of using solar energy is the photovoltaic conversion, whereby 

photovoltaic receivers directly convert solar into electrical energy. The amount of electrical energy 

produced depends on the strength of solar radiation, the characteristics of the implemented 

technology, as well as the angle and position of the PV panel. Solar radiation varies in different parts 

of the world and depends on multiple factors: latitude, cloud cover, season, and time of day [11]. 

Serbia has the potential to use solar energy as the intensity of solar radiation is among the highest in 

Europe. The average intensity of solar radiation in the territory of the Republic of Serbia ranges from 

1.1kWh/m2/per day in the north up to 1.7kWh/m2 per day in the south (in January), and from 5.9 up 

to 6.6kWh/2/per day (in July). Annually, the average value of the energy of global radiation for the 

territory of the Republic of Serbia ranges from 1,200kWh/m2/per year in the north-west of Serbia, up 

to 1,550kWh/m2/per year in the south-east of Serbia, while in the central area it stands at around 

1,400kWh/m2/per year [11, 12]. The map provided below shows the values of solar radiation in 

Serbia (Figure 3a and 3b). The fact demonstrating the importance and efficiency of use of solar 

energy in Serbia is that the energy emitted by the Sun annually per 1m2 of a house roof corresponds 

to the energy obtained by burning 130 litres of oil [12]. 
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(a) (b)  
(a) 

Figure 3. Annual solar radiation in Serbia in kWh/m²: (a) Global Horizontal Irradiation (GHI); (b) 

Direct Normal Irradiation (DNI) [13].  

3. The photovoltaic conversion of solar energy into electric power 

Photovoltaic systems (BIPV: Building-integrated photovoltaic systems) comprises a few 

components. The PV cells are the main component of a photovoltaic system, and they form arrays 

and the panel. The basic function of the PV cell is to convert solar light into electrical energy. How 

much energy is produced depends on the number of cells in the panel. The energy performance of 

one PV panel usually ranges between 180 and 250W [14]. In addition to the PV panel, it is necessary 

to have the elements of the substructure in the form of prefabricated steel structures that the panel is 

mounted on, then the devices that convert the direct current to alternating, meters, and energy 

storage devices – the so-called batteries [3, 15]. There are two kinds of panels in the market: those 

with monocrystalline and polycrystalline structure (Figure 4a1 and 4a2). The difference between 

monocrystalline and polycrystalline cells lies in the fact that monocrystalline cells consist of a 

smaller numner of big crystals, and therefore have a more ordered structure -and greater efficiency 

than the polycrystalline ones, which consist of a greater number of smaller crystal structures, and are 

less ordered. The efficiency of monocrystalline cells is the highest in the market at the moment, and 

stands at around 17% to 22%, while the polycrystalline cells stand at around 11% to 17% [14]. The 

efficiency depends on the material used to make PV panels. Nowadays the technology of 

manufacturing solar cells is based mainly on silicon. Highest-efficiency modules need to be made 

from materials with the energy barrier ranging from 1.4 to 1.6eV [12]. These cells are multi-layered, 

and inside them the materials are stacked in layers such that the light first hits the 

higher-energy-barrier material. In this way, a greater portion of the solar spectrum is used, which 

increases the efficiency of the panel. The module dimensions depend on the number of cells in them, 

and are mostly standardized. The most frequent number of cells per module is 48, 60, and 72. In a 

single panel group with the same number of cells, panel strength depends exclusively on cell 

efficiency, and not on their dimensions [12]. 
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(a) (b)  

(a) 

Figure 4. Types of PV panels: (a) Thin-film, monocrystalline and polycrystalline PV panel [16]; (b) 

The possibilities of integrating PV cells in the roof coating [3]. 

In addition to monocrystalline and polycrystalline silicon cells, there are also thin-film solar 

cells [12]. Thin-film solar cells (Figure 4a3) are placed directly on the glass, stainless steel, or polymer 

base. Their efficiency is considerably less than monocrystalline and polycrystalline cells, and stands 

on average at 6% to 11% [1, 12]. 

Owing to technological development, PC cell performance constantly improves, both in terms 

of efficiency and the colour and method of integration, which depends on the purpose and 

appearance of a building [15]. Therefore, there are products – PV panels – which are adapted to the 

use on historic structures during reconstruction with the aim of preserving their appearance, and are 

imitations of the traditional material used. These technologies can be integrated into the roof cover 

(Figure 4b). Slate, wood shingles, or tiles are set in the same manner, by overlapping, as are 

traditional roof covers. Also, the PV panel colour can be made in the hue of the cover it is set on [17].  

4. The Cathedral of St. Michael the Archangel in Belgrade as a cultural good of exceptional value 

The Belgrade Cathedral (Figure 5a) is located at the corner of Kralja Petra and Kneza Sime 

Markovića streets (Figure 5b) and is part of the protected cultural-historic ensemble of Kosančićev 

venac. The present-day church was erected on the location of the Church of St. Michael the 

Archangel, which had been destroyed and reconstructed many times in its history. The new 

cathedral, in its present-day appearance, was built at the order of Miloš Obrenović on the location of 

the old church. The construction of the church began on April 28th, 1837, and was completed eight 

years later, on November 21st, 1845. The Belgrade Cathedral is the second oldest church in Belgrade, 

after the Church of St. Peter and Paul in Topčider (built between 1832 and 1834) [18]. Due to its 

location, situated as it is on elevated ground, it was visible from all sides, and is still dominant in the 

skyline of Kosančićev venac, and is a symbol of Belgrade, alongside the Temple of Saint Sava. 

                             

(a) (b)  
(a) 

Figure 5. (a) The Belgrade Cathedral [19]; (b) The immediate surroundings (Google maps). 
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The Belgrade Cathedral is a single-nave building, with the longitudinal base with the altar apse 

in the east, and the narthex and bell tower in the west. The spatial organization includes the narthex, 

naos, and altar space going from west to east (Figure 6a). The church entrance is located in the west 

façade, which stands out in terms of how representative it is. Based on the architectural elements 

and configuration, it can be concluded that St. Michael’s Cathedral was modelled after Neoclassical 

churches with baroque-style bell towers, constructed in this period in Austria-Hungary (Figure 6b). 

Churches of this type were built very frequently in Serbia during the reign of Miloš Obrenović [18]. 

              

(a) (b)  
(a) 

Figure 6. (a) The base of the Belgrade Cathedral; (b) The cross-section of the Belgrade Cathedral [20]. 

The Belgrade Cathedral stands a testimonial of the life of the Serbian people in the first half of 

the 19th century and the formation of the Principality of Serbia. It was declared a cultural good of 

exceptional significance in 1979 [18]. According to the law on cultural goods, cultural goods are 

designated as exceptionally significant if they are important in the social, historical, and cultural 

development of the nation, or are testimonials of historical events and persons, or represent rare 

examples of the creative output of the day, or have had a great impact on the development of the 

society, culture, technology, and science, or have an exceptional aesthetic or artistic value [21]. All 

structures, as well as urban, rural, and ambient ensembles which analyses indicate as possessing 

monumental features of public interest are placed under the protection of the state in a separate legal 

decision, and from that moment onwards special measures are implemented relating to them as 

prescribed by the law on the protection of cultural goods, irrespective of whether the cultural good 

in question is privately or publicly owned [6]. This means that no intervention can be undertaken on 

the cultural monument in question without the approval of the competent institution, because 

otherwise interventions could detract from its appearance. This problem occurs in mounting 

photovoltaic systems in heritage sacred buildings, when a suitable location and position need to be 

identified for PV panels in order for them to be as efficient as possible in the production of electrical 

energy without being visible in the church facade [17]. 

Illuminating the Belgrade Cathedral by means of conventional electrical energy sources is very 

expensive and has a negative effect on the environment. Illumination is provided by high-pressure 

sodium lights of varying installed power. It is highly light-efficient and has a limited radiation 

spectrum, reaching highest levels in the yellow-orange band. A favourable orientation with respect 

to cardinal points, the possibility of mounting PV panels on the building roof, the 30º tilt angle of the 

roof plane, as well as a sufficient roof surface area were the reasons for selecting this building as the 

experimental environment. The building is south-west facing. Observations at various times of day 

and year revealed that no shadows were cast by surrounding structures, and that therefore there 

was no drop in module efficiency. Implementing this research study would improve the 

voltage-related situation in the city centre and disburden the electricity distribution grid to an 

extent. 
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5. Materials and Methods  

 5.1.Analysis of power consumption for illuminating the Belgrade Cathedral of St. Michael the Archangel  

This research is aimed at finding the possibilities of reducing the consumption of conventional 

energy sources for the purpose of providing public lighting and illumination of the Belgrade Cathedral of 

St. Michael the Archangel. Determination of solar potential at the target location (N 44.818, E 20.452) 

was of prime importance for all the calculations to be presented here, and it was performed in the 

following way: 

 by means of numerical data for horizontal irradiation in Belgrade, Serbia; 

 through free online version of PVgis (Figure 7) and PVsyst V6.84 software that utilises satellite 

data for quantifying solar potential. 

 

Figure 7. PVgis software interface. Source: authors. 

Mean daily sum of energy produced by the global solar radiation on the horizontal surface in 

Belgrade equals 3.96kWh/m2, while the total annual insolation stands at 1,446.80kWh/m2. Diffuse 

component of the annual insolation is 451.97kWh/m2, while the direct anual component of insolation 

is 997.207kWh/m2. The highest mean value of insolation is recorded in June – 6.75kWh/m2, while the 

lowest is reserved for December, when it falls to 1.15kWh/m2. Mean annual irradiation at the angle 

of 30º amounts to 168.16W/m2.  

According to the Republic Hydrometeorological Service of Serbia, the total length of daylight 

for Belgrade is 4,464.83 hours a year [22]. The shortest monthly period of daylight is recorded in 

December, reaching 270.56 hours, while the longest one is in July, with 473.42 hours. According to 

the current calendar of switching the public lighting on and off in the City of Belgrade, the total 

working hours of the public lighting in Belgrade stand at 4,148.23 hours a year. The shortest working 

hours of public lighting are in June – 222.30 hours, while the number peaks in December with 467.45 

hours. The presented data on the working hours of lighting are in direct correlation with the length 

of daylight period in Belgrade. 

The average time available for the production of electric power – TPV, in the three summer 

months (June, July and August) in Serbia stands at around 6.6 hours. During three winter months 

(December, January and February) it amounts to only about 1.06 hours, resulting in the following: 

1.06h≤TPV≤6.6h. The total annual number of insolation hours in Serbia equals [11, 23]: 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 January 2020                   doi:10.20944/preprints202001.0161.v1

https://doi.org/10.20944/preprints202001.0161.v1


 9 of 17 

 
The calculation was performed by taking into consideration the consumption of electric power 

for the purpose of public lighting according to the data collected by the Public Utility Company 

”Public Lighting” Belgrade. The number of street lights in the surveyed area is 15, and they vary in 

the installed capacity and type (Table 1). 

The total installed capacity for the purpose of Belgrade Cathedral’s public lighting is 10.30kW 

(Table 1). The required amount of electric power for operating such kind of lighting, depending on 

the public lighting working hours, amounts to 42,726.77kWh a year. The greatest consumption of 

electric power is recorded in December, with 4,814.74kWh, while it falls in June to 2,289.69kWh. The 

total amount of energy needed for this purpose comes from conventional energy sources. 

Table 1. Overview of the existing decorative lighting and electric power needs for the operation of 

public lighting in the Belgrade Cathedral (Public Utility Company ”Public Lighting” Belgrade). 

Lamp Mark Source Type Lamp Type 
Pieces Lamp Power 

in kW 

Total 

RT3 

NB/150/83 

High-pressure 

sodium-vapor 

lamp 

SON-T 150W 2 0.15 0.3 

RT4 

N/1000/1103 

High-pressure 

sodium-vapor 

lamp 

SON-T 1000W 2 1 2 

RT3 

NB/400/71   

High-pressure 

sodium-vapor 

lamp 

SON-T 400W 5 0.4 2 

RT4 

N/1000/1103   

High-pressure 

sodium-vapor 

lamp 

SON-T 1000W 6 1 6 

 TOTAL  15 2.55 10.3 

Table 2. Overview of lighting and electric power consumption of the existing public lighting system 

in the Belgrade Cathedral (Public Utility Company ”Public Lighting” Belgrade). 

  
Sodium-vapor 

lamps 

   

 

No. of 

working 

hours 

No. of days No. of lamps 
Installed 

capacity in 

kW 

Total 

consumption 

per month in 

kW 

Jan 452 31 15 10.30 4,655.60 

Feb 385.15 28 15 10.30 3,967.05 

Mar 364.15 31 15 10.30 3,750.75 

Apr 310.13 30 15 10.30 3,194.34 

May 271.15 31 15 10.30 2,792.85 

Jun 222.3 30 15 10.30 2,289.69 

July 248 31 15 10.30 2,554.40 

Aug 286.45 31 15 10.30 2,950.44 

Sep 327 30 15 10.30 3,368.10 

Oct 392.45 31 15 10.30 4,042.24 

Nov 422 30 15 10.30 4,346.60 
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Dec 467.45 31 15 10.30 4,814.74 

Total 4,148.23 365 180 123.6 42,726.77 

According to the current tariff system, the price of electric power is RSD 6.8 per kWh, so the cost 

of the total annual consumption of electric power for lighting the Belgrade Cathedral reaches (Table 

2) 42,726.77kWh x RSD 6.8/kWh = RSD 290,542.03 or EUR2,343.08. The existing lamps are modern, of 

excellent photometric characteristics and high level of mechanical and electric protection, with long 

exploitation life. 

5.2. CO2 emission  

The current data for Serbia show that the production of 1kWh of electric power from 

conventional energy sources releases 842g of CO2 to the atmosphere. The analysis of the input data 

shows that the total CO2 emission is 35.98t a year (Table 3). Production of electric power from the 

renewable energy sources releases no CO2 to the atmosphere and does not pollute the environment. 

Table 3. Overview of CO2 emission of the existing lighting by months (Public Utility Company 

”Public Lighting” Belgrade). 

 

No. of 

working hours 

Total 

consumption 

per month in 

kW 

CO2 emission 

in t 

Total CO2 

emission per 

month in 

Jan 452 4655.60 0.000842 3.92 

Feb 385.15 3967.05 0.000842 3.34 

Mar 364.15 3,750.75 0.000842 3.16 

Apr 310.13 3,194.34 0.000842 2.69 

May 271.15 2,792.85 0.000842 2.35 

Jun 222.3 2,289.69 0.000842 1.93 

July 248 2,554.40 0.000842 2.15 

Aug 286.45 2,950.44 0.000842 2.48 

Sep 327 3,368.10 0.000842 2.84 

Oct 392.45 4,042.24 0.000842 3.40 

Nov 422 4,346.60 0.000842 3.66 

Dec 467.45 4,814.74 0.000842 4.05 

Total 4,148.23 42,726.77 0.010104 35.98 

5.3. Belgrade Cathedral – PV panels installation possibilities 

The possibility of installing photovoltaic panels on sacred buildings depends on the 

architectural characteristics of the church itself. When it comes to sacred buildings, photovoltaic 

system can be installed on the roof of the building or PV cells can be integrated with window panes 

on the south side. The artistic value of the stained glass windows of the Cathedral of St. Michael the 

Archangel in Belgrade restricts the integration of PV cells into the window panes. For that reason, 

the most convenient option in this case is to mount photovoltaic system on the south-western roof 

plane, since the position and the orientation of the church permits it. In the close vicinity of the 

Cathedral, there is no tall greenery or high multi-storeyed structures that would cast a shadow on 

the south-western roof. Another convenience is that the surface of the roof cannot be seen from the 

ground. In order to preserve the original view of the church, it is possible to design the panels in the 

colour of the base they are mounted on. In this particular case the colour of choice would be 

grey/green (Figure 8) so that the PV panels be in conformity with the existing verdigris coating of the 

copper-sheet roofing. 
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Figure 8. Polycrystalline panels colour palette [24].  

In the case of the Belgrade Cathedral, PV panels are to be mounted on the south-western roof 

plane, so that the inclination of the panels corresponds to the inclination of the roof itself (30° angle, 

Figure 9a) or the PV panels inclination angle can be determined irrespective of the roof sloping 

degree (Figure 9b), by employing the sub-structure inclined at the desired angle. The comparative 

analysis of the two options for mounting PV panels (Figure 9a and Figure 9b) presented in the next 

section of this paper, will show which one is more efficient in terms of energy production. Different 

inclination of PV panels affects their efficiency and consequently the total monthly and annual rates 

of power production. 

  
(a) (b)  

(a) 

Figure 9. PV panel installation on the Belgrade Cathedral’s roof: a) option 1; (b) option 2. (authors).       

6. Results: Analysing options for PV panels installation 

For the purpose of comparing both monthly and annual production of power to be used for 

illumination of the Belgrade Cathedral by the installed photovoltaic modules, two options were 

analysed.  

The roof area for installing PV modules is set at 212.50m2, with the size of 25m x 8.5m. For the 

purpose of this research, a polychristal PV module is used, a 165x99cm panel with the total surface 

area of 1.63m2. The optimum horizontal positioning of panels enables the installation of 125 panels. 

The total installed power of panels is 133.58kW. Belgrade Cathedral is positioned at 30° southwest. It 

is planned that the solar panels be installed on the roof, which has the most beneficial azimuth angle. 

 Option 1 – PV moduls on the roof, non-transparent, polycrystalline, 30° inclination. 

 Option 2 – PV moduls on the roof, non-transparent, polycrystalline, 40° inclination. 

The fact that PV panels produce direct current output and that they are connected to the power 

network via the alternating current system commands the use of inverters that transform direct 

current into the alternating current. This particular project would require seven 20kW inverters and 

two 10kW inverters. 

Such supply system is designed so as to meet the electric power needs in summer months 

almost exclusively from PV panels. In spite of the load that considerably varies throughout the year, 

the suggested system should be flexible in order to enable the greater consumption of electric power 
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in those days when it is needed. During summer months, the PV system power supply is sufficient 

to meet the total power consumption. 

The analysis of the necessary number of PV moduls for the steady operation of the public 

lighting of the Belgrade Cathedral, performed in PVsyst V6.84 software, produced the following 

results: 

 Option 1 

Photovoltaic modules of the total surface area of 212.50m2, i.e. 125 panels of the total installed 

power of 133.58 kW, produce minimum 3,812kWh of power per month in December and maximum 

20,030kWh in July. Total anual power production in Option 1 is set at 151,650kWh. The amount of 

power needed for illumination of the Belgrade Cathedral is 42,726.77kWh. This option therefore 

satisfies the needs for electric power for illumination of the total area of the Cathedral (Figure 10). 

This section may be divided by subheadings. It should provide a concise and precise 

description of the experimental results, their interpretation as well as the experimental conclusions 

that can be drawn. 

  

  

Figure 10. Overview of calculations in PVsyst V6.84 for Option 1. 

 Option 2 

Photovoltaic modules with the total surface area of 212.50m2, i.e. 125 panels of the total installed 

power of 133.58 kW, produce minimum 4,076kWh of power per month in December, and up to 

maximum 19,271kWh in July. Total anual power production in Option 2 amounts to 150,894kWh. 

The amount of power needed for illumination of the Belgrade Cathedral is 42,726.77kWh (Figure 11).  
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Figure 11. Overview of calculations in PVsyst V6.84 for Option 2. 

6.1. Comparative analysis of results 

Annually, the installed photovoltaic panels can produce 151,650kWh of power (Option 1) or 

150,894kWh (Option 2), so the analysed solutions satisfy the total annual demand for electric power 

and decorative illumination of the Belgrade Cathedral. The simulation results show that more 

electricity is produced when the panels are placed at a 30 degree incline, which corresponds to the 

slope of the roof plane of the St. Michael’s Cathedral church (Figure 12a and 12b).  

   

(a) (b)  
(a) 

Figure 12. Installation of PV modules on the rooftop of the Cathedral of St. Michael the Archangel in 

Belgrade: a) a model; b) the base plan (authors and [25]).  

A considerable surplus can be perceived in the produced amount of electric power as compared 

to the power needed for decorative illumination. The necessary amount of power is 42,726.77kWh, 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 January 2020                   doi:10.20944/preprints202001.0161.v1

https://doi.org/10.20944/preprints202001.0161.v1


 14 of 17 

while the power produced reaches 151,650kWh. The perceived surplus of 108,923.23kWh can be 

used for other purposes within the sacral complex (Table 4 and Figure 13). 

Table 4. Comparative review of monthly and annual power production for different options of PV 

modules installation and electric power consumption for illuminating the Belgrade Cathedral 

 Option 1 Option 2 
Electric Power 

Consumption 

Surplus/Shortage 

1 5,715 6,141 4,655.60 1,059.4 

2 8,627 9,023 3,967.05 4,659.95 

3 12,478 12,735 3,750.75 8,727.25 

4 15,800 15,625 3,194.34 12,605.66 

5 19,478 18,883 2,792.85 16,685.15 

6 19,578 18,710 2,289.69 17,288.31 

7 20,030 19,271 2,554.40 17,475.6 

8 18,731 18,394 2,950.44 15,780.56 

9 12,389 12,416 3,368.10 9,020.9 

10 9,794 10,108 4,042.24 5,751.76 

11 5,218 5,485 4,346.60 871.4 

12 3,812 4,076 4,814.74 -1,002.74 

Total 151,650 150,894 42,726.77 108,923.23 

 

Figure 13. Spread sheet of electric power production to electric power consumption ratio  

6.2. Investment costs 

Investment costs comprise the following: 

The cost of one panel is EUR 185.00 [26]. As it is necessary to install 125 panels, the total costs of 

panels equals EUR 23,125.  

 The cost of a 10kW inverter is EUR 2,200 and a 20kW inverter is EUR 3,100 [26]. The said system 

calls for seven 20kW inverters and two 10kW inverters, so the total investment for inverters is to 

be EUR 26,100. 

 The cost of other material is estimated at EUR 0.25 per Wat [26], meaning that the system in 

question of 133.58kW would generate the cost of EUR 33,390. 
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 On top of the above-mentioned costs, it would be necessary to add another 10% contingency 

expenses, totaling EUR 11,460. 

The total value of the investment would amount to EUR 126,080. 

The ordinary rate of return is calculated as the ratio between the anual profit from the sold 

electric power and the total investment (including the annuity factor and discount rate). As the total 

investment (taking into account only the cost of equipment, including switchgear) amounts to EUR 

126,080, and the power produced without losses equals 151,650kWh a year, provided that it is sold in 

the 12-year period at the preferential price of 20.66 Eurocents per kW/h, the return on investment 

could be expected in 4.02 years.    

7. Discussion and Conclusions 

The contribution of renewable energy sources to the electric power production by means of PV 

panels is estimated by the comparative analysis of the proposed methods of PV panels installation. 

The task of further research would be to analyse the combination of specific basic options  that 

would meet the architectural and visual aspects of PV modules application of heritage areas (Figure 

14). The optimum orientation and positioning of PV modules can contribute to increased energy 

efficiency of PV modules. Evidently, different inclination of photovoltaic modules yields different 

results of the total annaul production of electric power. 

              

                       (a) (b) 

Figure 14. Installation of PV panels on the rooftop of the Cathedral of St. Michael the Archangel in 

heritage area of Belgrade called Kosančićev venac. (a) 3D view; (b) Top view (Google maps and 

autors) 

Bearing in mind that in Serbia the PV systems still have not been used on sacred buildings, 

certain guidelines on using solar power and the application of PV systems on churches can be drawn 

from foreign experience. From the aspect of heritage protection, installation of PV panels on heritage 

churches commands the following: 

 PV panels should be mounted on sub-structures, irrespective of a building, so that they can be 

removed without impact on the protected facility [5], 

 to enable reversibility, the return of a building in the shape as before the intervention and the 

PV system installation, 

 to determine the optimum position of PV panels for each sacred building so as not to disrupt its 

visual appearance or to diminish its aestetic and historic values; 

 to preserve the appearance and stylistic authenticity of the heritage church. 

In line with all the above-mentioned, state-of-the-art technologies and materials enable that PV 

panels be produced in the colour of the base they are installed on, or that they be integrated in it (e.g. 

in roof covering – solar roof tiles, slates, wood shingles). Using renewable energy sources will soon 

become a must in every facility, regardless of whether there is a need for it, so the task would be to 

find the most sutable and the most efficient ways and places for their installation. Most certainly 
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heritage buildings, that need to be passed on to future generations intact, and with preserved 

aesthetic and stylistic characteristics, would pose a particular challenge. In order to use renewable 

energy sources in Serbia, it is necessary to: 

 educate the society on the efficiency and the use of renewable energy sources; 

 pass legal acts (laws, rulebooks and standards) on using renewable energy sources; 

 promote the use of renewable energy sources by means of state subsidies. 

In the end, it can be concluded that the application of photovoltaic systems in heritage sacred 

buildings in Serbia would principally serve as a tool to educate and increase the awareness of the 

whole society on the importance and possibilities of their use, all with the agenda of reducing the 

commercial energy consumption and CO2 environmental emission in order to secure the ecological 

and economic sustainability.  
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