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Abstract 

Background Nature-based solutions (NBS) in urban areas offer an opportunity to improve environmental condi-
tions and to reduce  CO2 emissions towards establishing climate-neutral cities in the next few decades. Furthermore, 
the implementation of NBSs—vertical or horizontal green infrastructures on public facilities—could in particular 
improve both climate, including outdoor thermal conditions on a micro-scale (especially during the summer season) 
and the energy demand of buildings as well as save heating energy during the winter period.

Results On both selected buildings, extensive green roofs were implemented as an NBS intervention. The ana-
lysed data were obtained using the monitoring systems (from 2019 to 2022) installed on two public buildings 
in Novi Sad (Republic of Serbia) and Osijek (Republic of Croatia), with a focus on climate/bioclimate characteristics 
and thermal transmission capacities. Four automatic weather stations (AWS) were used for microclimate monitor-
ing, along with the heat flow meter (HFM) method, to measure the alterations in the thermal transmittance (U value) 
of a flat concrete roof before and after energy refurbishment and the installation of a green roof. The outcomes 
of this study show that the air temperatures (Ta) and globe temperatures (Tg) near the green roof are lower by 0–3 °C 
for Ta and by 0–16.5 °C for Tg than the values captured by the AWSs at other locations. An even more interesting fact 
is that the green roof has a constant cooling potential during tropical nights, and based upon this research, the cool-
ing value is around 2 °C for Tg (the Ta value is not distinct). The thermal transmittance results show that more savings 
can be achieved by applying a green roof with an 8 cm thick substrate: U values decreased by 50–69%, as measured 
by two different heat flux sensors.

Conclusions Nature-based solutions, such as the implementation of an extensive green roof, have positive effects 
on diverse aspects of urban environments and building energy savings, which are particularly evident in extreme sea-
sons, both summer and winter. Applying the proposed monitoring and assessment system could help local commu-
nities in their efforts to reduce carbon-based emissions. This paper provides a good example of the implementation 
of NBSs on a local- and a micro-scale.

Keywords Energy efficiency, Public buildings, Nature-based solutions, Green roof, Thermal transmittance, Cities

Open Access

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Energy, Sustainability
and Society

*Correspondence:
Ivan Šećerov
ivan.secerov@dgt.uns.ac.rs
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13705-024-00455-2&domain=pdf


Page 2 of 15Savić et al. Energy, Sustainability and Society           (2024) 14:23 

Background
Current and previous events in the modern world, such 
as the recent COVID-19 pandemic, had a significant 
socioeconomic impact within the European Union (EU) 
[1]. Unfortunately, the pandemic was not the only event 
in past years that caused a shift in our lives—with an 
increased dependence of energy, and after the outbreak 
of the “Ukraine war”, the EU has got another battle to 
fight [2]. While wars, embargoes, sanctions and other 
geopolitical hostilities can disrupt fossil fuel supplies, 
renewable energy costs are now resilient to such events, 
unlike those of fossil fuels [3]. As the atmosphere con-
tinues to warm every year, resulting in climate change, 
the European Commission invests 30% of the budget in 
climate-related programmes, projects, and initiatives [4]. 
The principles and policies of sustainable development 
have been recognized since the 1970s. While the focus 
on sustainable development offers real opportunities to 
developed countries, developing countries, facing many 
problems, are generally more oriented toward economic 
development, which is not always aligned with sustain-
ability principles [5]. The green transition, transition 
toward economically sustainable growth and economy, 
which is based on low-carbon solutions, is unfortunately 
a long-term process [6]. The EU has proposed The Euro-
pean Green Deal, a plan to decarbonise its economy by 
2050 and fight climate change, but some Members States 
remain sceptical of this policy [7, 8].

While working hard to reduce fossil fuel consumption 
and make the environment more desirable to live in, the 
EU tends to fight against one of the legacies of previ-
ous times with an equal passion, making the reduction 
of energy demand in buildings through the adoption of 
energy efficiency policies one its key pillars [9]. Studies 
demonstrate that European residential buildings account 
for up to 40% of energy consumption and up to 36% of 
 CO2 emissions [10], offering solutions regarding the 
prioritisation of energy efficiency intervention in such 
buildings [11]. Energy efficiency in public buildings is not 
a problem limited to the EU. It is widespread all over the 
world. The UN Sustainable Development Goals (Agenda 
2030) prove that the problem is global [12].

According to Eurostat, the gross primary energy con-
sumption in the Republic of Croatia in 2021 was 9.61 Ter-
awatt hours (TWh) and the final energy consumption was 
8.1 TWh [13]. For the Republic of Croatia over the past 
15 years, the balance in primary energy supply of oil and 
oil products accounted for 50%, while the share of natural 
gas was 25.6% [4]; renewable energy sources accounted 
for 31.33% of Croatia’s energy mix, with 53.47% of the 
total electricity production coming from renewables, pri-
marily large hydropower plants [3]. The Republic of Cro-
atia imports about 54.54% of the total energy consumed 

annually [13]: 74.48% of natural gas, 78.34% of oil and 
petroleum products, and 100% of its solid fossil fuel 
needs. The Republic of Croatia also co-owns the Krško 
nuclear plant in Slovenia, which is included in its energy 
mix as imported electricity [13]. In 2020, the Croatian 
government adopted a new Energy Strategy until 2030, 
with an outlook through 2050 [14]. The Strategy tends 
to improve energy independence, to increase energy effi-
ciency, reduce dependence on non-renewable sources, 
and increase production from renewable resources. 
The Strategy predicts that renewable energy resources 
as a share of the total energy consumption will grow to 
36.4% in 2030 and to 65.6% in 2050. Buildings are com-
plex energy systems and the largest individual energy 
consumers; the European buildings sector is responsible 
for about 40% of the total primary energy consumption 
[15, 16]. Furthermore, the stock of residential buildings 
constructed before the 1970s, which have a low perfor-
mance regarding energy saving, makes up for more than 
three-fourths of the total existing residential buildings 
in the European Union [17]. The situation is the same in 
the Republic of Croatia, where approximately 70% of the 
total existing buildings are constructed before 1980 [18]. 
The Croatian national nZEB plan was adopted in 2015. 
The minimum threshold for the primary energy ranges 
between 50 kWh/m2a and 80 kWh/m2a; the final heat-
ing demands is 50–75 kWh/m2a and the final cooling 
demand in residential buildings is 25–60 kWh/m2a [19]. 
Renewable energy sources must cover at least 30% of the 
annual site energy [19].

According to the Statistical Office of the Republic of 
Serbia [20], the gross primary energy consumption in 
2021 was: 0.013516 TWh solar photovoltaic, 1.084541 
TWh wind energy, 11.984227 TWh hydroenergy and 
0.650913 TWh electricity. The overall energy produc-
tion by transformation was 38.235523 TWh (0.013516 
TWh solar photovoltaic, 1.084541 TWh wind turbines, 
11.984227 TWh hydroenergy, 23.733678 TWh thermal 
power plants and 1.419561 TWh other types of energy 
production) [20]. According to the International Renew-
able Energy Agency (IRENA), the overall energy import 
amounted to 229 476 TJ (Terra Joules) in 2015 and 256 
531 TJ in 2020—37% and 39% of the supply, respectively 
[21]. Unfortunately, the overall growth of the Total Energy 
Supply (TES) for non-renewable energy was 531,780 TJ 
in 2015 and 553,035 TJ in 2020, while the TES for renew-
able energy was only 82,681 TJ in 2015 and 112,804 TJ 
in 2020. Although there is a small increase in renew-
able energy production between 2015 and 2020, it is still 
insignificant compared to the non-renewable production 
growth [21]. In 2015, the Republic of Serbia submitted 
the Intended National Determined Contribution (INDC) 
to the United Nations Framework for the Convention on 
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Climate Change (UNFCCC), while in 2022, the second 
National Determined Contribution (NDC) was submit-
ted. It puts forward the intention to reduce greenhouse 
gas (GHG) emissions by 2030—by 13.2% compared to the 
2010 level and by 33.3% compared to the 1990 level [22]. 
According to the Long-Term Strategy for Encouraging 
Investment in the Renovation of the National Building 
Stock of the Republic of Serbia by 2050, residential and 
non-residential buildings, both public and private, will be 
provided with financial support to improve energy per-
formance and ensure energy modernisation [22].

Nature-based solutions (NBSs) should play a crucial 
role in decreasing the energy demand of buildings, decar-
bonising cities, fostering urban biodiversity, improving 
biometeorology conditions, and helping achieve a higher 
quality of well-being for the urban population [23, 24]. To 
support natural processes in cities, NBS interventions, as 
an act of intervening in existing ecosystems by applying 
various techniques, should be enforced [24]. Therefore, 
NBSs can provide effective solutions for: the cooling of 
‘hot spots’ in cities; the regulation of outdoor and indoor 
thermal conditions during hot days and tropical nights; 
the reduction of greenhouse gases and pollutants (par-
ticularly  CO2 and PM2.5 particles); the improvement of 
the energy efficiency of public and private facilities and of 
the public health, particularly in terms of reducing cardio 
and respiratory diseases. Generally speaking, NBS can be 
part of sustainable approaches and ecosystem services in 
cities [23, 25–29].

As stated in the Research and Innovation concept [30], 
by working with nature, rather than against it, commu-
nities can develop and implement solutions that pave 
the way towards a resilient, resource-efficient and green 
economy. Since the direct carbon emissions of build-
ings account for a significant proportion of total carbon 
emissions, while energy efficiency investment incentives 
through building materials have weakened, NBSs have 
emerged as an alternative approach for reducing build-
ing energy demands [31]. Several projects have presented 
green façade solutions that not only contribute to the 
energy efficiency of the buildings, but also improve their 
thermal comfort and aesthetic appeal [32]. NBSs applied 
in building industry have the potential to be cost-effi-
cient, i.e. they can yield good results without huge costs, 
and resource-efficient using building materials, natural 
resources and energy in a sustainable way, while mini-
mizing impacts on the environment [33].

Studies show that NBS interventions and expected con-
tributions from the NBS infrastructure are in accordance 
with the European Green Deal [34] and the New Euro-
pean Bauhaus [35] concepts, with the overarching goal 
of making Europe climate-neutral by 2050. These con-
cepts foster the transformation of economy and society 

towards sustainable development by creating a revolu-
tion in green industry (4.5 million green jobs in the Euro-
pean economy were opened from 2001 to 2019); rising 
the ratio of clean energy systems that produce renewable 
energy (by 2030 the target is 42.5% of new renewable 
energy); renovating buildings for greener lifestyles with 
the goal to improve the energy performance of buildings 
across Europe; working with nature to provide a high 
level of public health and to capture more greenhouse 
gases.

According to the CORDIS database, created by the 
European Commission, there are more than 2,000 pro-
jects (finished or ongoing) dealing with the topics related 
to urban biodiversity, renewable energy, decarbonization 
of cities, greening of cities, urban climate and bioclimate, 
and similar urban environment issues. The projects that 
stand out by activities and proposed solutions related to 
NBS and the urban environments include: (a) ThinkNa-
ture—with the main goal to develop a multi-stakeholder 
communication platform that provides support and 
ensures the promotion of NBS at the local, regional and 
international levels; (b) Nature4Cities, which develops 
complementary and interactive modules (the N4C plat-
form) for engaging stakeholders in the process of collec-
tive education on urban greening, the development and 
circulation of new businesses, financial and management 
models for nature-based projects; (c) UNaLaB, which 
seeks to establish the so-called “Living Laboratories” in 
cooperation with stakeholders and implement demon-
stration areas, develop a comprehensive base of examples 
and a European framework of innovative, replicable and 
locally oriented NBSs to improve the resilience of cities 
to climate and hydrological change; (d) URBAN Gree-
nUP, which aims to establish an adaptable methodology 
that will support the development of urban greening 
plans focused on climate change adaptation and efficient 
water management; and (e) CONNECTING Nature, 
seeking to position Europe as a leader in the innovation 
and implementation of NBSs [23, 36]. Another project 
funded by the EU, which is the topic of this study, is GRe-
ENERGY, tasked with fostering the implementation of 
NBSs in public facilities. The main goals of the project 
are: (a) to encourage the production and use of renew-
able energy while reducing energy consumption from the 
conventional sources that are the major emitters of  CO2 
and (b) to emphasize the installation of green roofs and 
green walls on public buildings as one of the NBSs that 
ensure additional energy efficiency, to help preserve the 
urban ecosystem by improving the outdoor thermal com-
fort conditions on a micro-scale. GReENERGY project 
activities were focused on the implementation of green 
roofs (total area of 640  m2) and a green wall (total area 
of 80  m2), and the production of 213  kW of additional 
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renewable energy through solar power plants installed on 
both selected buildings in Novi Sad and Osijek [37]. The 
entire infrastructure provided through the GReENERGY 
project will remain the property of respective institu-
tions after the project officially ends. As far as future 
maintenance after that period is concerned, each insti-
tution will be responsible for its own NBS/monitoring 
implementation.

The research presented in this study was focused on 
the multifunctional importance and positive impacts 
of NBSs towards making cities carbon–neutral and cli-
mate optimal. Therefore, the main goal was to monitor 
the positive impacts of NBSs and answer the following 
research questions: SQ1—to what extent implementing 
an extensive green roof (in Novi Sad, Republic of Ser-
bia) on public buildings can contribute to the mitigation 
of outdoor thermal discomfort, especially on days with 
extremely high temperatures, as well as during tropi-
cal nights?; SQ2—to what extent green infrastructure 
placed on public buildings (extensive green roof in Osi-
jek, Republic of Croatia) can contribute to the reduction 
of heating energy consumption in buildings during the 
heating season, helping cities become carbon–neutral in 
the future?

Methods
Research locations
Osijek is the fourth largest city in the Republic of Croa-
tia, with 60  km2 of built-up and urban green/blue areas 
and a population of 97,000 people (data from 2021). The 
city is located in the Pannonian Plain between the Drava 
and Danube rivers in Central Europe (45° 33′ N, 18° 41′ 
E). The average absolute elevation of the city is 94  m 
(Fig. 1A). According to the Köppen–Geiger climate clas-
sification system [38], Osijek has a Cfb climate (temper-
ate climate, fully humid, warm summers, with at least 4 
months of the average air temperature above 10 °C). The 
mean monthly air temperature ranges from − 0.2  °C in 
January to 21.3 °C in July, and the mean annual precipita-
tion is 655 mm (based on data between 1971 and 2000) 
[39].

The selected public object in Osijek was the Sports and 
Recreational Complex of the High School Playground 
(Fig. 1B). Through the GReENERGY project, an extensive 
green roof with an area of 160  m2 and a solar power plant 
with the power of 93  kW were installed on this facility. 
The building was erected in 1964, with a gross area of 
1045.65  m2 and a usable area of 878.85  m2. The Sports 
and Recreational Complex of the High School Playground 
consists of two heated floors—the ground floor and the 
first floor. The building uses remote heating with a boiler 
room connected to the city’s hot water system. The facil-
ity is locally supplied with hot water from electric boilers. 

The building does not have air conditioning, mechanical 
ventilation and cooling systems. Cooling devices (split 
system) have been installed for the local cooling of indi-
vidual rooms. In general, the facility’s energy consump-
tion was high. Using funds provided by the GReENERGY 
project, the insulation was reconstructed in the whole 
building [40].

Novi Sad is the second largest city in the Republic of 
Serbia, with 102   km2 of built-up and urban green/blue 
areas and a population of 325,000 [41]. The city is located 
near the Danube River in the Pannonian Plain in Central 
Europe (45° 16′ N, 19° 50′ E); accordingly, the most of 
the urban area is flat with an absolute elevation between 
72 and 80 m [42] (Fig. 1C). Novi Sad has a Cfb climate 
according to the Köppen–Geiger climate classification 
system [38]. The mean monthly air temperature ranges 
from − 0.3 °C in January to 21.8 °C in July, and the mean 
annual precipitation is 623 mm (based on data between 
1949 and 2015) [43].

The selected public facility in Novi Sad was the School 
for Primary and Secondary Education (SPSE) "Milan 
Petrović" (Fig. 1D). On this building, the NBS was imple-
mented by installing an extensive green roof with an area 
of 480  m2 above the physical training hall, a small green 
wall with an area of 80  m2, and a solar power plant with 
the power of 120 kW on the roof of the school. The SPSE 
"Milan Petrović" school is the largest building in Novi Sad 
housing an education institution. It was built in 2010 as a 
detached building on a rectangular plot with a total area 
of 11,538  m2. The gross area of the building is 7244.64  m2, 
while the net area is 6034.15  m2; where the ground floor 
area is 4175  m2, and the total heating area is 5719  m2. The 
size of the building and its multiple purposes required 
complex construction solutions, and it was divided into 
several parts, with different purposes and functionalities 
and thus with different thermal zones [40, 42].

Monitoring methodologies and data sets
Monitoring thermal micro‑scale conditions around a facility 
in Novi Sad
As one of the GReENERGY project outcomes, four static 
Davis Vantage Pro2 automatic weather stations (AWS) 
equipped with Globe sensors, were deployed around the 
SPSE "Milan Petrović" building in Novi Sad (Republic of 
Serbia). This AWS network was used for the comprehen-
sive monitoring of climate and outdoor thermal comfort 
conditions on a micro-scale. The criteria for the selection 
of sites included their suitability for data acquisition and 
the availability of electricity and security requirements. 
All stations were mounted on building walls of different 
heights (Fig. 2). Each station was equipped with a Davis 
Vantage Pro2 sensor set, sensors for measuring air tem-
perature, air humidity, wind speed and direction and 
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solar radiation, and with a Testo Globe sensor. The Tg is 
referred to as the globe temperature or black globe tem-
perature and it resembles the thermal values of the envi-
ronment, simulating the thermal conditions felt by the 
human body [44]. AWSs measure new data every 10 min 
and each measurement time is recorded as UTC. Based 
on previous research [45–47], the 10-min interval used 
for measuring of the environmental variables proved 
to be sufficiently frequent for climate and bioclimate 
analysis.

This study is based on the analysis of a 10-min inter-
val data set from all four AWS: 301—roof/street side; 
302—schoolyard/solar panels; 303—green roof; and 

304—schoolyard/garages (Fig.  2). Furthermore, the 
research period covered the year 2022, with the focus 
on heatwaves and "hot day" conditions during the sum-
mer season. “Heatwave” is defined as a period with a 
minimum of three consecutive days with maximum air 
temperatures higher by 5  °C or more than the average 
temperature for a particular period of the year. Accord-
ing to the generally accepted definition, "hot day" is a day 
when the maximum air temperature is at least 30 °C [48]. 
This "hot day" threshold is representative of the climate 
conditions in Germany and can, therefore, be considered 
as representative of Central Europe and a part of South-
east Europe, which have similar climate characteristics. 

Fig. 1 A Geographical location of Osijek in the Republic of Croatia and Europe. https:// www. world omete rs. info/ img/ maps/ croat ia_ physi cal_ map. 
gif; B Sports and Recreational Complex of the High School Playground with the implementation of a green roof (160  m2) and a solar power plant 
(93 kW); C geographical location of Novi Sad in the Republic of Serbia and Europe; Source: https:// www. world omete rs. info/ img/ maps/ serbia_ physi 
cal_ map. gif; D SPSE "Milan Petrović" with the implementation of a green roof (480  m2) and a solar power plant (120 kW) Source: 

https://www.worldometers.info/img/maps/croatia_physical_map.gif
https://www.worldometers.info/img/maps/croatia_physical_map.gif
https://www.worldometers.info/img/maps/serbia_physical_map.gif
https://www.worldometers.info/img/maps/serbia_physical_map.gif
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Finally, for spatial and temporal thermal assessments, the 
air temperature (Ta) data set was used together with the 
globe temperature (Tg) data sets.

Monitoring the thermal transmittance of the facility in Osijek
This research used the heat flow meter (HFM) method 
to measure the U value of a flat concrete roof before the 
energy refurbishment of the building, after the applica-
tion of a thermal insulation layer on the roof and finally, 
the U value of the green roof measurement. This method 
is a non-destructive, standardized procedure, often used 
to estimate the thermal transmission properties of plane 
building components. It is based on creating a mini-
mal temperature gradient between the indoor and out-
door temperatures to guarantee adequate heat transfer. 
It is particularly useful for flat building elements with 
opaque layers that are perpendicular to the heat flow 
and do not have significant lateral heat transfer [49]. The 
first ISO 9869 standard providing the guidelines for the 
HFM in situ measurement of thermal transmittance and 

thermal resistance was introduced back in 1994 and, sub-
sequently, in 2014 it was technically revised according 
to ISO 9869-1:2014 [49]. The ISO 9869-1:2014 standard 
outlines that the procedure for measuring thermal trans-
mittance involves the direct measuring of heat flow rate 
and temperatures on both sides of the building element 
under steady-state conditions. To obtain the U value of 
the tested element, at least one heat flow meter should be 
positioned on the surface of the element that is in contact 
with a more stable temperature, in addition to two ambi-
ent temperature sensors. According to ISO 9869-1:2014 
[49], it is necessary to conduct measurements for at least 
3 days to estimate the U value of the element if the tem-
perature around the HFM is stable. If the measurement 
cannot be completed within 7  days, the time interval 
should be extended accordingly.

Figure  3A shows the layout of measurement devices 
placed in the building during the measurement process. 
The position of the heat flux sensor was determined 
using infrared thermography, which helped avoid errors 

Fig. 2 Locations of the AWSs installed around the SPSE "Milan Petrović" building in Novi Sad (Republic of Serbia)
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resulting from thermal bridges, cracks, construction 
joints and other similar factors of the roof, Fig. 3B and C. 
According to Albatici et al. [50], site-related factors that 
can affect thermal performance include weather con-
ditions before and during the test, such as wind speed, 
solar radiation, precipitation, and humidity, particularly 
in relation to the site’s typical climate. Building-related 
factors, such as the aging of materials and proper instal-
lation during construction, have a significant impact. 
Lastly, the operating conditions, such as building user 
management and maintenance work, are considered the 
most influential factors. In general, the level of agree-
ment between measured and calculated U values varies 
considerably and the degree of discrepancy depends very 
much on the type of the examined structure [51]. In this 
research, the calculated U values are not presented since 
the research goal was to determine the in situ difference 
of the U values for different conditions of the flat roof and 
to determine the contribution of the green roof installa-
tion to the reduction of U values. According to the ISO 
9869-1:2014 standard, the uncertainty of in situ measure-
ments performed by HFM ranges from 14% to 28% [49].

Throughout the measurement process, data must be 
recorded continuously at predetermined intervals. In 

this research, a 10-min interval was applied. To obtain 
accurate measurements, the impact of heating/cooling 
systems, rain, snow, and solar radiation was minimized 
in the following way: (a) the first measurements lasted 
for 13 days (further labelled as Measurement M1) for the 
concrete flat roof before the energy refurbishment of the 
building (Fig.  4A); (b) the second measurement (Meas-
urement M2) lasted for 23  days after the application of 
thermal insulation (20 cm of mineral wool) (Fig. 4B); and 
(c) the third measurement (Measurement M3) lasted for 
13 days after the green roof installation (added 8 cm of 
substrate at the top of the building) (Fig. 4C). The three 
measurement campaigns were performed between 
December 2019 and February 2023.

Results
The assessment of thermal outdoor conditions 
on a micro‑scale
The AWSs around the school building in Novi Sad were 
in function from 2021, but during the monitoring time, 
there were different technical and software issues due 
to which a certain amount of data was missing. There-
fore, to provide relevant thermal assessments, a shorter 
research period was used in this study and it was limited 

Fig. 3 A Layout of measurement devices during measurements; B positioning the heat flow metres on the surface of the element using infrared 
thermography, before; C and after energy refurbishment

Fig. 4 A Concrete flat roof before energy refurbishment; B construction work in progress during the application of thermal insulation on the flat 
roof; C green roof after the completion of energy refurbishment
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to the data sets from the summer season when hot days 
were detected. The overall effect of the assessment can 
be explained logically because the goal of the research 
is to present possible effects of NBSs during hot thermal 
events—in this case during periods/days with very high 
air temperatures.

Table  1 presents very small differences in Ta values 
between AWSs during both selected heatwaves in the 
summer of 2022. In general, the lowest values appeared 
at AWS 303, and compared to other AWSs, the differ-
ences ranged from 0.0  °C (June/Max, July/Average) to 
1.5 °C (July/Max—303/302), particularly for Average and 
Max values. The situation is clearer for Tg values, where 
in all cases, the temperatures from AWS 303 were lower 
than those collected at other stations, and the most nota-
ble differences were for Average and Min values. Tg dif-
ferences reach up to 3.3 °C (July/Min—303/302) and only 
in one case the lowest Tg value appeared at AWS 304 
(July/Max) (Table 1).

Table 2 presents Ta and Tg differences between AWSs 
on the hottest day (July 23rd) during the heatwave period 
in July 2022. Thermal assessments were done for daytime 

(9.00–17.00 UTC) and night-time (19.00–5.00 UTC), 
respectively. Again, Ta differences were in both cases 
(daytime and night-time) quite small—in most cases 
less than 1  °C, and the minimum values were captured 
at AWSs 303 or 304. In the case of Tg values, differences 
were more prominent, particularly during night-time. 
During daytime, the lowest Tg values were captured 
at AWS 304, and the highest values came from AWS 
302. The highest value for Minindex came from AWS 
303 (44.8  °C). During night-time, the lowest Tg values 
in all cases were captured at AWS 303 and differences 
ranged from 2 °C (Min 303/304) to 3.8 °C (Max 303/302) 
(Table 2).

Figures 5 and 6 graphically present Ta and Tg changes 
during daytime (Fig.  5) and night-time (Fig.  6) on July 
23rd 2022. According to Fig. 5A, Ta values at AWS 303 
were constantly lower than those at AWSs 301 and 302 
between 9.00 UTC and 15.00 UTC, and these differences 
reached almost up to 3 °C. After 15.00 UTC, the Ta val-
ues were higher at AWS 303 than at AWS 302, and the 
difference reached up to 1  °C. The situation was differ-
ent as regards the values obtained at AWS 303 and AWS 

Table 1 General thermal characteristics of the air temperature (Ta) and globe temperature (Tg) from AWSs during the selected 
heatwave periods in the summer of 2022

Ta Tg

301 302 303 304 301 302 303 304

Heatwave: June 27th–July 1st 2022

 Average 29.6 – 29.4 29.7 – – 35.8 37.6

 Max 37.8 – 37.8 37.8 – – 58.3 59.0

 Min 20.0 – 20.6 20.6 – – 19.0 21.0

Heatwave: July 21st–26th 2022

 Average 29.5 29.8 28.7 28.7 – 39.9 34.2 35.6

 Max 40.6 41.1 39.4 38.9 – 63.3 59.3 57.3

 Min 20.0 20.0 20.0 20.0 – 21.8 18.5 20.3

Table 2 General thermal characteristics of the air temperature (Ta) and globe temperature (Tg) in the hottest daytime and night-time 
periods (hot day) during the heatwave in July 2022

Ta Tg

301 302 303 304 301 302 303 304

July 23rd 2022—daytime from 9:00 to 17:00 UTC (from 11:00 to 19:00 CEST, local time)

 Average 38.9 39.0 38.1 37.8 – 56.0 53.8 50.4

 Max 40.6 41.1 39.4 38.9 – 63.3 58.3 56.3

 Min 36.7 36.7 36.1 35.6 – 39.3 44.8 39.3

July 23rd/24th 2022—night-time from 19:00 to 5:00 UTC (from 21:00 to 7:00 CEST, local time)

 Average 26.5 26.8 26.5 26.4 – 29.6 26.1 28.0

 Max 31.7 31.7 31.7 31.1 – 35.3 31.5 34.0

 Min 23.9 23.9 23.9 23.9 – 26.0 23.0 25.0
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304, where Ta differences were around 0 °C, and in a few 
cases, Ta was higher at AWS 303. Similar tendencies can 
be observed for Tg differences between AWS 303, AWSs 
302 and 304 (Fig.  5B). The results show that from 9.00 
UTC to 14.00 UTC, Tg was constantly lower at AWS 303 
(from 0 °C to 16.5 °C) than at AWS 302, or similar (from 
-3 °C to 5.8 °C) to AWS 304. However, after 14.00 UTC, 
until late afternoon, the Ta values were in both cases 
higher at AWS 303 with thresholds up to 14.8  °C (AWS 
302) and 12.5  °C (AWS 304). Figure 6A presents the Ta 
differences between AWSs during night-time, and the 
results show minimal differences to AWS 303, i.e. they 
mostly range from 0  °C to ± 1  °C. Greater Ta differences 
between AWS 303 and other AWSs started to appear 
with the sunrise time. Figure 6B shows the Tg differences 

during night-time, when the values captured at AWS 303 
were constantly lower than those obtained at AWSs 302 
and 304. The Tg values captured at AWS 303 were lower 
by 2 °C, with a tendency for the difference to increase to 
10 °C after the sunrise time.

Thermal transmittance results for green roofs
All three measurements (M1, M2andM3) were carried 
out during the winter season, when heating was pro-
vided, so as to reach the minimal temperature difference 
required (15  °C or higher) between indoor and outdoor 
air. Two sets of heat flux sensors were used to determine 
the U value.

Since this research aimed to determine the influence 
of additional roof layers on the U value, the following 
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conclusions have been made from the results presented 
in Table 3: (a) by applying a 20 cm thick insulation layer 
on the non-isolated flat roof, the U values decreased from 
75% to 78% (Fig. 7); (b) by applying a green roof with a 
8 cm thick substrate at the top of a refurbished flat roof, 
more savings could be achieved because the U values 
decreased from 50% to 69%, as registered by two differ-
ent heat flux sensors; (c) since the U value of building ele-
ments indicates energy loss, the insulation layer and the 
green roof can significantly prevent heat loss through flat 
roofs; (d) the differences in the U values from two sensors 
during the last measurement can be easily explained by 
the position of the sensors, as the roof was heavily iso-
lated during the last measurement (M3), and therefore, 
thermal bridges were not visible when using infrared 

thermography (Fig. 3C); on the other hand, they can be 
easily avoided on non-insulated roofs (Fig. 3B).

Discussion
In this study, the influence of NBSs on the improvement 
of thermal conditions on a micro-scale and the energy 
demand of buildings was assessed using extensive green 
roofs as an example. AWSs were placed around the 
school building in Novi Sad with the intention of identi-
fying thermal influences from different types of surfaces 
and materials, i.e. they were deployed to monitor micro-
climate characteristics near or above the green surface, 
solar cells, walls and concrete. The focus of this study is to 
identify the impact of different green or artificial surfaces 
on thermal conditions, particularly during hot days and 
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heatwaves. The Ta and especially Tg values were lower 
(by about 1  °C to 2  °C) at AWS 303 (above the green 
roof) than at other AWSs, particularly in case of the Min 
and Average indices (Table 1). Furthermore, the thermal 
assessment during daytime and night-time on very hot 
days shows more significant differences in Ta and Tg 
(Table 2, Figs. 5 and 6). Interestingly, the Ta and Tg differ-
ences between AWS 303 and other AWSs during daytime 
vary from negative to positive values depending on the 
daytime period, but constant negative difference values 
(Tg, lower values on the AWS 303) were captured dur-
ing night-time, and they ranged from − 0.5  °C to − 4  °C 
(Fig.  6b). These results indicate that an extensive green 

roof (with a 7.5  cm thick soil substrate and low vegeta-
tion—sedum mix), could contribute to better microcli-
mate conditions, especially in terms of reducing thermal 
discomfort events during hot days, and even more during 
tropical nights. The daytime Ta and Tg results indicate 
that thermal differences between micro-locations are due 
to the direct influence of shadow or sunlight. As shown in 
Fig. 5a, AWSs 301 and 302 were exposed to sunlight from 
the morning (9.00 UTC) to the afternoon (15.00 UTC), 
and AWSs 303 and 304 were in the shadow of the build-
ings and trees for most of the period. After 15.00 UTC, 
AWSs 301, 302 and 304 were in the shadow of trees and 
buildings on the south and west sides, while AWS 303 

Table 3 Summarized measurement results of the U value of the flat roof for three different conditions regarding the roof layers

Measurement 
description

Measurement 
period

Average 
outdoor 
temperature

Average 
indoor 
temperature

Average 
temperature 
difference

U value 
(sensor 
set 1)

U value 
(sensor 
set 2)

Difference 
between 
sensors

Difference 
regarding 
previous 
condition 
of flat 
roof—
sensor 
set 1

Difference 
regarding 
the 
previous 
condition 
of flat 
roof—
sensor set 2

°C °C °C W/m2K W/m2K % % %

M1—flat roof 
before building 
energy refur-
bishment

20.12.2019–
2.1.2020

5.36 27.45 22.09 1.4993 1.6384 − 9% – –

M2—flat roof 
after applica-
tion of thermal 
insulation

5.1.2021–
28.1.2021

3.93 27.81 23.88 0.3706 0.3645 2% 75% 78%

M3—flat green 
roof

20.1.2023–
2.2.2023

1.97 17.75 15.78 0.1156 0.1823 − 58% 69% 50%
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Fig.7 Decreased initial U values (M1) after the application of the insulation layer (M2) and the green roof (M3)
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was still exposed to sunlight until sunset because of its 
relative height. The constantly lower Tg values from AWS 
303 (above the green roof) throughout night-time can 
be explained by the different capacity of heat absorption 
and the upward longwave radiation intensities of various 
surfaces. Obviously, the outcomes of this study are gen-
erally in line with the literature data [52, 53], confirming 
that various artificial surfaces, green/blue surfaces and 
urban designs can lead to different climate/thermal situ-
ations on a local- and micro-scale in cities. Therefore, it 
can be confirmed that a green infrastructure could have 
a positive impact on thermal comfort conditions on the 
micro-environmental level [26–28]. Based on a multi-
type green infrastructure evaluation in Toronto (Canada) 
based on monitoring over two summers, green roof sys-
tems ensure an average reduction of the near surface air 
temperature by 0.8  °C [6]. Another study conducted in 
the same city (Toronto) shows a general reduction of  CO2 
near a green infrastructure of up to 6% [3]. The results 
of this study are generally consistent with the previous 
works confirming the cooling potential of heat mitigation 
and the thermal energy reduction in buildings in Singa-
pore [54], Utrecht [55], Beijing [56], Baltimore–Washing-
ton metropolitan area [57], particularly during extreme 
heat conditions. In addition, previous studies focusing 
on micro-environmental areas in Novi Sad, confirm that 
green infrastructures, as well as building shadows, could 
contribute to preventing outdoor thermal discomfort 
conditions [58–60]. Likewise, some studies show that 
urban trees and intensive green infrastructures are more 
effective in reducing outdoor thermal values than green 
roofs or green walls [61, 62].

The measurements carried out in Osijek focused 
mainly on the thermal transmittance properties of the flat 
roof. The accurate identification of the thermal proper-
ties of existing building components can be challenging, 
especially for historic and heritage buildings, due to their 
technological complexity and heterogeneity of material 
deterioration [63]. Thermal transmittance properties 
can be influenced by occupant activities and behaviour, 
changes to the material and design, ageing, construction 
defects, technological performance, building operation 
and maintenance [63–66]. Studies have demonstrated 
that minor alterations in thermal transmittance (U value, 
W/m2K), which is a significant parameter for forecast-
ing energy usage, can lead to a substantial shift in heat-
ing requirements [67, 68]. As expected, the actions taken 
on the building in Osijek led to an decreased energy 
demand, i.e. a decreased U value of the flat roof due to 
the implementation of thermal insulation and later a 
green roof. By reducing the U values of building ele-
ments, energy demands are reduced, leading to reduced 
operational building costs and  CO2 emissions. According 

to the study “Estimation of benefits and costs from the 
GReENERGY project” [69], the general reduction of  CO2 
emission from both public objects in Novi Sad (Republic 
of Serbia) and Osijek (Republic of Croatia) amounted to 
298.6 t/per year, and the cost savings ranged from 12.000 
EUR in 2021 to 18.000 EUR in 2034.

To conclude, the averaged U value from two sensor sets 
can be used. The average U value for the flat roof before 
the energy refurbishment of the building was 1,5689 W/
m2K; for the flat roof after thermal insulation, the U value 
was 0,3676 W/m2K and 0,1490 W/m2K for the flat green 
roof. That means that the U value for the flat green roof 
is by 59% lower than the value for the insulated roof, and 
it is by 91% lower than the value for the flat roof before 
energy refurbishment. The values presented here can be 
multiplied by the surface of the flat roof (160  m2), with 
respect to the average temperature difference during 
the measurement, and can be used to calculate energy 
savings (in kW or kWh if multiplied by numbers of the 
building’s operational hours) for 1 year.

The feasibility and future of applying nature‑based 
solutions to decrease the energy demand in public 
buildings
The implementation of NBSs requires an in-depth fea-
sibility study to evaluate the economic, ecological and 
energetic benefits of the applied solutions. Before apply-
ing adaptations on the two public buildings in Osijek and 
Novi Sad, a feasibility study was carried out to prove that 
an actual decrease in the overall amount of required elec-
tricity and  CO2 emissions would occur. This decrease was 
made possible by implementing two principles in both 
facilities: (a) decreasing energy demand by reconstruct-
ing buildings and (b) generating own energy per se, using 
photovoltaic power plants. In a public building in Osijek, 
the required amount of electricity per year, according 
to its energy certificate, was 382.111.60 kWh. After the 
adaptations (building reconstruction + green roof imple-
mentation), the amount decreased to 171.202.80 kWh, 
which is less than half of the initial requirements.

According to the energy certificate for the same build-
ing, the usable surface of the heated area is 878.65  m2 
with the specific emission of  CO2 of 121  kg/(m2a) per 
year, or 106.32 t per year. Since the surface area after 
the reconstruction (building reconstruction + green roof 
implementation) remained the same, the amount of the 
specific emission of  CO2 decreased to 50 kg/(m2a), which 
is equal to 43 t per year (instead of the initial 106.32 t) 
[69].

Although this paper presents the results of specific 
examples of NBS implementation, there are still topics 
that could be discussed in future adaptations of this kind. 
The problem that should be addressed is power plant 
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selection. At the moment, there is no information about 
whether the current power plant can reach its maxi-
mum potential, or a more suitable one would be a better 
choice. To provide information about the best choice per 
specific micro-location, additional measurements and 
analysis should be performed. To achieve this, additional 
monitoring data from the current power plant data-
loggers should be combined with micro-meteorological 
measurements provided from AWSs, bringing together 
the results regarding the financially most suitable type 
and the power of solar panels for specific micro-climate 
locations.

Conclusions
This study presents the results of the assessments of 
microclimate conditions and the thermal transmit-
tance of/around public buildings in Novi Sad (Republic 
of Serbia) and Osijek (Republic of Croatia) based upon 
multi-year monitoring data sets from different seasons. 
Based upon its outcomes, it can be concluded that green 
infrastructure, known as NBS—in this case, an extensive 
green roof—has an impact on diverse aspects of urban 
environments and the energy conditions of buildings. 
The positive effects are visible both in summer peri-
ods and during the winter season. The results show that 
extensive green roofs can slightly improve thermal con-
ditions on a micro-scale during hot days, as well as that 
the green infrastructure is particularly effective dur-
ing tropical nights. In addition, the 8 cm thick extensive 
green roof can contribute to energy efficiency during the 
winter season by improving the thermal transmittance of 
building walls and ceilings. In both cases, the green infra-
structure is helpful in improving the outdoor thermal 
comfort conditions, urban biodiversity, using less heating 
energy and preventing increased  CO2 emissions (public 
buildings use gas or oil and in some cases coal or electric 
power for heating).

Therefore, this kind of monitoring and assessment 
can help local communities in their struggle against car-
bon emissions, which endanger the urban environment, 
and it can serve as a good example of the implementa-
tion of NBSs on the local or micro level. In addition, this 
research is in line with the Agenda 2030, which defines 17 
different Sustainable Development Goals (SDGs), but it 
primarily focuses on the following: SDG 3—an increased 
awareness of the necessity of improving public health-
care through the monitoring and improvement of ther-
mal outdoor comfort conditions; SDG 11—contributing 
to a better implementation of climate-conscious urbani-
sation that can improve the quality of life, microclimate 
conditions and contribute to the development of carbon–
neutral cities; and SDG 13—work on further measures 
towards the adaptation to climate change, especially in 

urban areas where the microclimate and local climate are 
additionally modified due to the impact of urbanisation.
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