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A B S T R A C T   

Implementing Nature-Based Solutions (NBS) is a promising way to reduce building energy demand and facilitates 
the achievement of United Nations Sustainable Development Goal 7, as they provide shading, evapotranspiration 
cooling and other influences on buildings. Although this field has attracted much attention, uncertainty persists 
regarding the potential of different NBS types to impact building energy demand in different climate conditions. 
To clarify this uncertainty, 101 papers were studied based on the Web of Science and Scopus databases. The 
current status analysis explored the development state of this field. Building energy performance analysis 
evaluated the potential reduction in cooling and heating energy in different climates by applying different NBS 
types at building scale. The review revealed that the cooling energy saving potential of NBS varies from 3% to 
90%, while the potential reduction in heating energy demand ranges from 0.58% to 60%. The extent of the 
reduction in both cases is dependent on the NBS type and climate. Notably, some NBS types may lead to an 
increase in heating energy demand by between 5.9% and 25% in climates with short and mild winters. This 
review found that maximizing the energy-saving potential of NBS requires a comprehensive consideration of 
multiple factors rather than maximizing an individual factor. Further, most studies in this field have only 
concentrated on a few NBS types and climate zones, resulting in significant differences in research depth among 
different NBS categories. Future work should focus on neglected NBS types and climates to fully understand their 
energy-saving potential.   

1. Introduction 

The population of the world will reach 8.6 billion by 2030, of which 
61% will live in the cities [1]. The continued growth of the urban 
population has inevitably driven the urban sprawl, leading to a series of 
complex problems, such as environmental degradation, increased en
ergy demand, and increased anthropogenic climate change [2]. These 
issues bring significant challenges to the achievement of the United 
Nations Sustainable Development Goals (SDGs). However, Wendling [3] 

pointed out that the further concentration of population in urban areas 
can bring substantial potential for enhancing sustainability if urban 
development is carefully managed and resource utilization efficiency is 
improved. 

The core concept of the SDGs is that environmental sustainability 
serves as a foundation for both economic and social dimensions of 
development [4,5]. Therefore, environmental sustainability is inter
twined and mutually supportive of all 17 SDGs [4]. Nature-Based So
lutions (NBS) involve working with nature and enhancing it to address 

Abbreviations: NBS, Nature-Based Solutions; SDGs, United Nations Sustainable Development Goals; EU, European Union; HVAC, heating ventilation and air 
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Bsk, Cold semi-arid climate; Dfb, Warm-summer humid continental climate; BWk, Cold desert climate; Dwa, Monsoon-influenced hot-summer humid continental 
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climate. 
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social challenges, which include broad action in protecting, restoring, or 
sustainably managing ecosystems [6]. NBS are considered an important 
measure to achieve the SDGs as they emphasize harmony between man 
and nature, and ecological development, thereby representing a 
comprehensive, human-centered response to climate change [7]. 
Increasing the global percentage of renewable energy and doubling the 
global rate of improvement in energy efficiency by 2030 are the specific 
goals of SDG 7 [8]. Although renewable energy already accounts for 
22% of total energy consumed in European Union (EU) as of 2021, fossil 
fuels remain the largest energy source [9]. Against this backdrop, the 
International Energy Agency stressed that building sectors need to be 
ready for zero carbon by 2030 at the latest, as direct carbon emissions 
from buildings account for 8% of total emissions [10]. Improving energy 
efficiency could not only reduce greenhouse gas emissions but also in
crease the proportion of renewable energy in the energy system. 

Over the past decades, an intensive analysis of how to adopt the best 
technology practices to reduce energy consumption has been conducted 
from the perspective of the building itself, such as appropriate site se
lection, rational building form, the design of building envelopes and use 
of materials with better thermal properties; etc. [11–14]. However, as 
stated by the International Energy Agency [10], energy efficiency in
vestment incentives to improve building energy efficiency through 
materials are weakening in many countries as costs of building materials 
and technological solutions, such as highly efficient and smart system (e. 
g., HVAC, renewable energy systems) have reached all-time highs. In 
recent years, NBS has been recognized as an important alternative so
lution to improving building energy efficiency, as the transpiration, 
photosynthesis and shading impact of plants could change the thermal 
environment within a certain range; thereby, influencing building 
cooling and heating energy demand [14,15]. Moreover, they also pro
vide conditions for the formation of forest-source winds, thereby 
reducing excess heat and modifying local microclimate [16]. Although a 
significant amount of papers on NBS can be found in the literature, the 
number of relevant papers on NBS and building energy demand is 
relatively small. Therefore, the question “How much building energy 
can different NBS types save?” is still not easy to answer. 

This study aims to evaluate the extent to which different NBS types 
could reduce cooling and heating energy demand at the building scale in 
different climates. Based on scientific literature collection and analysis, 
there are two objectives of this research: (1) to examine the impact of 
different NBS types on building energy performance in different climate 
characteristics, and (2) to provide pathways for further research by 
identifying gaps in the application of NBS types in specific climatic 
zones. 

1.1. The novelty of the current review 

To prepare for our review, we looked for other reviews in same field. 
Table 1 compiles a list of recently published review papers on the themes 
of NBS and their application in the building sector. Most of these reviews 
included diverse topics, resulting in varying degrees of novelty. The 
topics covered in each paper are shown in the table. Although some 
studies have explored the impact on energy performance of NBS under 
different climate conditions, they only focus on one category of NBS or 
are restricted to climate zones in some specific countries or regions. As 
such, the energy performance of other NBS types under different cli
matic conditions remains unknown. Additionally, only one research 
quantitatively analyzes the energy performance of NBS in terms of 
percentage range, and it only concerns one NBS type. Studies that utilize 
geographic distribution analysis have also only performed superficial 
evaluations of the number of publications in each country. Compared to 
these collected review papers, the novelty aspects of our research could 
be summarized as follows:  

(a) It critically evaluates the energy saving potential of different NBS 
categories on building energy demand at building scale under 

Table 1 
The recently published review articles on NBS and building fields.  

Reference Year Topic covered Novelty 

[17] 2022 Green roofs and their 
energy, thermal and 
environmental benefits  

• Reviewing the polices, 
regulations, and laws for 
green roofs and walls in 
Mexico  

• Evaluating the thermal and 
energy behavior of green 
roofs and walls in the 
different climates of Mexico 
according to the substrate, 
vegetation and systems 
configuration 

[18] 2022 Green walls systems and 
building energy efficiency  

• Exploring trends in the 
green walls field of research  

• Exploring the geographical 
distribution of studies (most 
productive countries and 
most relevant journals) 

[19] 2023 Green roofs and their 
related sustainability 
(runoff control, urban noise 
reduction, carbon 
sequestration, energy 
conservation)  

• Providing a comprehensive 
critical perspective of the 
thermal performance 
modeling of green roofs, 
and examining the effect of 
the configuration 
parameters of the main 
system on its energy 
performance and thermal 
fluxes  

• Outlining future scientific 
directions of system 
engineering applications, 
providing a comprehensive 
view of research 
advancements  

• Providing a critical 
presentation of the most 
important findings 
regarding the benefits of 
energy systems, mentioning 
concurrently the most 
significant problems, 
limitations, and 
assumptions. 

[20] 2020 Green roofs and carbon 
sequestration  

• Assessing the direct (storing 
air pollutants) and indirect 
(reducing building energy 
demand) impact of green 
roofs on carbon emission 
reduction 

[21] 2021 Passive cooling methods 
and building energy 
efficiency  

• Comparing and analyzing 
four different passive 
technologies in terms of 
economics (initial cost, 
maintenance cost, and 
operational cost) for their 
practicality and 
effectiveness under arid and 
warm climates. 

[22] 2023 The benefits of vertical 
greenery technology  

• Exploring the focus and key 
issues of current scholars’ 
attention on vertical 
greenery systems, and 
highlighting future research 
directions  

• Systematically analyzing 
the field of vertical 
greening, and highlighting 
the relevant technical and 
socio-economic benefits 

[23] 2021 Green roofs and building 
energy efficiency in 
different climates  

• Quantitative reports on the 
energy performance of roof 
greening under different 
climates were conducted 
based on different 
experimental methods 

(continued on next page) 
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different climatic conditions, and it elaborates the energy savings 
range of different NBS categories in the quantitative format.  

(b) It identifies the factors that should be considered to maximize the 
energy saving potential of NBS. 

(c) It provides an investigation on geographical distribution char
acteristics of current research (e.g., distribution of studies in 
different climate zones, cities that are frequently examined), and 
explores the reasons behind it.  

(d) It introduces the progress in the field of NBS regarding building 
energy efficiency, and outlines the research gaps in this field. 

2. Literature collection and survey 

2.1. Publication collection 

NBS was originally utilized to provide advice and suggestions to the 
field of agriculture, such as pest management [25]. Although the term 
was proposed in the early 2000s, it was only widely accepted by re
searchers and scholars after 2013 [26]. As such, this study restricted the 
time range of data collection from 2013 to 2022. The Web of Science and 
Scopus databases were used for data collection due to their coverage and 
because they provide functions to limit searches by search terms, time 
range; etc. In addition, to determine the appropriate search terms, the 
study employed the NBS categories that were mentioned and classified 
by the research of Langergraber [27]. Specifically, they divided NBS into 
several different functional units, in which the spatial and technological 
units contain many NBS categories that were significantly relevant to 
this research field, for example, the technological units have the cate
gories of vertical greening systems and green roofs. Spatial units include 
green belts, parks, etc. As a result, eight categories under these two 
functional units, along with the terms of blue infrastructure, green 
infrastructure and NBS, were used as the search terms by combining 
each of them with building energy demand or consumption. Thus, the 
specific search terms were as follows:   
• ‘Vertical greenery system’ AND ‘building energy demand’  
• ‘Street trees’ AND ‘building energy consumption’  
• ‘Green roofs’   
• ‘Gardens’   
• ‘Water bodies’  
• ‘Urban parks’   
• ‘Urban farms’   
• ‘Urban orchards’  
• ‘Blue infrastructure’  
• ‘Green infrastructure’   
• ‘Nature-Based Solutions’   

The publications collected by utilizing the above search terms in the 
Web of Science and Scopus databases were not all entirely within the 
scope of this study. Therefore, the publications were filtered several 
times. Finally, the selected publications were analyzed with the help of 
the bibliographic analysis software VOSviewer. 

2.2. Data analysis 

Data analysis consisted of two parts. The first part used to explore the 

current state of the NBS research field. The second was to analyse 
building energy performance under different climate conditions. 

2.2.1. The current state of the NBS research field 
The main aim of this analysis was to investigate the current state of 

the research field, which contains two parts. The study first explored the 
status of publications in this field, including the annual number of sci
entific publications and the most relevant sources. The second part was 
dedicated to exploring the geographic distribution of the studies 
collected as well as the different climate zones involved in the analyses. 
According to the World Bank [28], NBS has scale flexibility in its 
application and could be used from single building to city-wide scales. It 
was vital to identify the specific types of NBS at the building scale as this 
study only focuses on building scale energy consumption. To do so, the 
NBS types used or mentioned by many studies were employed in this 
research, especially the research conducted by Refs. [28,29]. As such, 
the research categorized the NBS typologies into different specific types. 
In addition, so as to quantify the number of studies in each type, the 
number of each type involved in the collected publications were counted 
during the process of analysis. Then, the cumulative marks were 
calculated and visualized in a diagram. 

Furthermore, the study also noted and counted the number of 
experimental or simulation sites and their affiliated countries and 
climate zones (based on Köppen-Geiger climate classifications) in each 
paper so as to collect the evidence for analysis of geographic distribution 
pattern. 

2.2.2. Building energy performance analysis 
The building energy performance analysis is dedicated to exploring 

how much energy could be reduced in different climates by applying 
different NBS types at building scale. The outcomes of each publication 
usually described a “percentage”; that is, how much energy consump
tion, sum of the heat fluxes, electricity intensity or energy loads reduced 
or increased by applying NBS types. Briefly, the changes of energy in 
these parameters reflect the influence of different NBS types on building 
energy performance. As noted by Ascione [30], research in this field 
presents a diverse range of evaluations of building energy performance, 
however, it would be valuable to study the performance of the whole 
building heating, HVAC system, or the performance of energy savings. 
As such, to avoid confusion, papers which only described the energy 
consumption-related percentage were highlighted and used as the main 
study objects in this research. Moreover, the saved or increased per
centage of energy in each highlighted paper was collected. Then, their 
percentages were categorized and integrated based on the different 
climate zones and visualized in the diagrams. 

3. Publication collection and overview 

A total of 3188 publications were initially found on the Web of Sci
ence and Scopus by using the search terms described in Section 2.1. 
However, after checking the title and abstract of each paper, a signifi
cant number of papers concerned topics irrelevant to this research, such 
as UHI mitigation, HVAC systems, occupant behavior and energy use, 
etc. Only 116 papers were left after eliminating irrelevant and over
lapping papers. In addition, 15 review papers were also eliminated as 
they could only partially help in the analysis of the geographic patterns 
or in the identification of the percentage of energy reductions in 
different climate zones. Finally, 101 papers remained and were studied 
in detail in this research. 

4. Review results 

In this section, we first analyse the chronological and thematic dis
tribution of the relevant literature collected and selected from the Web 
of Science and Scopus. This result provides a first informative overview 
of the relevance of different NBS regarding geographical importance. 

Table 1 (continued ) 

Reference Year Topic covered Novelty 

[24] 2021 Green roofs and heat stress 
mitigation  

• Assessing the geographical 
distribution of studies 
(publications)  

• Assessing the cooling 
potential in three different 
climates  

• Investigating elements that 
affect energy performance 
of green roofs  

Q. He et al.                                                                                                                                                                                                                                       



Renewable and Sustainable Energy Reviews 186 (2023) 113660

4

More deeply, we connect the presented NBS to climatic zones based on 
geographical location. Finally, based on the detailed literature study, we 
explain the qualitative impact of NBS on building-scale cooling and 
heating energy demand in which climatic zone. 

4.1. Chronological and thematic summary 

Fig. 1 shows the chronological distribution of the identified publi
cations. They fluctuated during the studied time period. The largest 
number of publications appeared in 2020, taking up over 24.8% of the 
total number of publications. This phenomenon may be relevant to the 
25th UN Climate Change Conference held in December 2019 and the 
widespread acceptance of climate neutral initiatives around the world in 
early 2020. For example, in 25th UN Climate Change Conference, the 
decision 12/CP. 25 highlighted the importance of enhancing investment 
in “green projects” to reduce carbon emissions [31]. Moreover, the 
European Commission announced the “European Green Agreement” in 
early 2020, which emphasizes achieving climate neutrality through 
some measures, such as improving building energy efficiency, and using 
clean energy [32]. However, the number of annual publications declined 
rapidly after 2020. This may be largely related to the COVID-19 

epidemic; for instance, some preventive policies or measures may 
cause inconvenience for extensive data collection and cross-regional 
cooperation. 

As can be seen from Fig. 2, the number of documents varies signifi
cantly between different document types, with articles representing the 
majority of papers. The Journal of Energy and Buildings is most closely 
linked to this field of research. 

Based on the description of Section 2.2.1, the research categorized 
the NBS typologies into seven different items according to the NBS ty
pologies involved in the collected data, containing green walls, green 
roofs, trees, urban forests, green belts, mixture of trees, grasses and near 
the river, as well as water features. The study further divided water 
features into the types of bioswale, lake, stream, wetland, river and 
water fountain. Moreover, green roofs were further classified into the 
types of extensive green roof, semi-intensive and intensive green roof. 
Similarly, green walls were separated into the types of direct green 
façade, indirect green façade, living wall, perimeter flowerpots and 
movable green window system. There is no specific type for the 
remaining categories. 

As for the distribution of publications under the different NBS types, 
it was found that there are two types of analysis among the collected 

Fig. 1. Annual scientific production from 2013 to 2022.  

Fig. 2. Document types and the most relevant resources.  
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publications, including single type analysis (Fig. 3) and different types 
combination analysis (Fig. 4). 

In terms of single type analysis (Fig. 3), it is evident that most of 
studies concentrated on green roofs and green walls, particularly green 
roofs. The research of green roofs relates to 51 publications, accounting 
for 50.5% of total number of collected papers. Among these publica
tions, extensive green roof was frequently studied, featuring in 36 pa
pers. In addition, green walls had 18 papers, of which indirect green 
façade, direct green façade and living wall represented 7, 3 and 5 papers, 
respectively. No study related to the type of perimeter flowerpots. 2 
studies conducted comparative analysis between indirect green façades 
and living walls. Furthermore, trees featured in 13 papers, while urban 
forests only featured in 3. Green belt and the type of mixture of trees, 
grasses and near river both had only one publication. Notably, among 
the six specific types of water features, only wetland relevant to one 
research. This indicates that exploring the impact of blue infrastructure 
on building energy consumption has not yet attracted widespread 
attention from scholars. 

As shown in Fig. 4, there were 5 types of combination analysis, 
involving 14 publications. 8 papers have conducted analysis by inte
grating green roofs with green walls. Among them, the study of 
combining extensive green roof and living wall had the largest number 
of publications. Two researches have assessed the influence of inte
grating green roofs, green walls and trees on building energy demand. 
However, they did not mention the specific types of green roofs and 
green walls. In addition, the combination analysis of green roofs and 

green belt represented 2 articles. The number of publications in the 
combination study of green roof, green wall, grass and trees was only 
one. Notably, the type of green roofs was involved in each of the com
bination analyses. Although the number of studies on combination 
analysis is limited, the way of integrating different NBS types to assess 
their impact on building energy demand has begun to attract the 
attention of scholars.  

• Geographic distribution of the current research studies 

In this section, the geographic distribution pattern of studies and the 
main examined climate zones are presented. 

Fig. 5 shows that China and Italy rank as the top 2 countries in terms 
of the number of publications and total citations. The number of docu
ments in these two countries accounts for 43% of the total number of 
publications (This part is further discussed in Section 5.1). Notably, 
although Canada published a few papers in this time period, the total 
citations are higher than in most countries. 

Fig. 6 illustrates the geographic distribution of the study sites, in 
which the circles represent the location, and the size of the circle reflects 
the number of papers. Similarly, colors signify affiliated climate zones. It 
is obvious that the majority of studies correspond to the Northern 
Hemisphere, especially along the Mediterranean Sea, the western United 
States, the Asian Pacific coast and the Gulf of Mexico as well as the 
western United States. It is clear that these regions all inhabit large 
populations and have high building densities. In the continental based 

Fig. 3. The number of publications of different NBS types in single type analysis.  
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analysis, Asia had the largest number of studied sites; followed by 
Europe and North America. In the city-based analysis, Hong Kong has 
been frequently investigated, 6 times, ranking first. Cairo, Catania and 
Rome both have been used as experimental cities 5 times. 4 in
vestigations relate to Nanning and Toronto. 

Fig. 7 and Table 2 illustrate the number of study sites in each climate 
zone and the description of the characteristics of each climate, respec
tively. The research shows a strong preference toward the climate zones 
Cfa, Csa, BWh and Cfb. This reveals that scholars currently take cities 
located in temperate climate zones as the main exploration objects, and 
the examined climate zones also need to have the characteristics of hot 
summer. However, the tropical climate groups Aw (tropical savanna 
climate) and Am (tropical monsoon climate), which are characterized by 
high temperature throughout the year, have not attracted much atten
tion from researchers. 

To sum up, the study found that the research in this field is not only 
limited in quantity, but also shows an obvious characteristic of a narrow 
focus. In other words, most of the current studies have focused on certain 
types and climate zones. To some extent, this leads to a clear gap in 
research depth between the different NBS types. In addition, compared 
to the single type analysis, there is only a limited number of studies that 
conducted combination analysis of different types. This indicates that 
exploring the influence of different types of combinations on building 
energy demand has not attracted widespread attention from scholars. 

4.2. The result of NBS on building energy performance in different climate 
zones 

In this section, we analyse the selected publications, showing sub
stantial footage regarding climate zone-related NBS impact on building 
scale energy demand. Moreover, after a detailed investigation of the 
literature, quantitative assumptions were made to show the overall ef
fect of NBS on building energy performance depending on location. The 
comprehensive selection of studied publications is listed in Appendices. 

Further, the experimental or simulation time and period was different 
in each research. For instance, most publications tended to assess the 
impact of trees on building energy performance based on the daily energy 
reduction analysis in a typical summer day. In contrast, the annual energy 
demand is often used by studies on extensive green roofs. Thus, it is 
necessary to differentiate the energy performance based on their widely 
utilized experimental and simulation time. As a result, the trees and green 
belts use daily cooling or heating energy demand. Correspondly, urban 
forest and water feature use monthly cooling or heating energy use. The 
rest of types utilize annual cooling or heating demand.  

• The impact of green roof on building energy performance 

In Fig. 8, it is clear that effect of extensive green roofs on energy 
performance was explored in 15 climate zones. The number of climate 
zones examined is about 3 times more than the types of semi-intensive 
green roofs and intensive green roofs. In general, extensive green roofs 
show a positive impact on decreasing building cooling energy con
sumption in the majority of climate zones. Although they also have 
potential to increase cooling energy demand in three climate zones, the 
proportion is tiny, around 1%. The largest annual cooling saving 
appeared in Cwb climate, up to 90%; followed by Cfa, with a maximum 
reduction of 57.6%. The notable cooling energy reduction in the former 
climate far exceeds reductions in the other climate zones. As such, 
exploring the reasons behind this significant energy saving is necessary. 
This part is further discussed in Section 5.2. In addition, extensive green 
roofs also performed a significant cooling energy reduction in the 
climate zones of Csa (50%) and Cfb (57%). In the climates of BWh and 
Aw, extensive green roofs were associated with a reduction of 45% in 
cooling energy demand. These two climate zones are hot all year around, 
and buildings mainly need cooling energy. Extensive green roofs acting 
as an additional insulation layer have potential to reduce indoor and 
outdoor heat transfer and maintain indoor thermal comfort. In contrast, 
extensive green roofs were associated with 10% and 2.7% in cooling 
energy reduction in the Dfb and Dfa climate zones, respectively. As for 
heating energy demand, it is obvious that extensive green roofs had an 
unsatisfactory performance in reducing heating energy saving. Five 
climate zones revealed that extensive green roofs had a negative impact 
on reducing heating energy demand, especially in the climates of BWh 
and BSh. In these two climate zones, extensive green roofs may lead to 
an increase in heating energy use by up to 25%. In addition, the 
maximum reduction of heating energy use, up to 46.2%, occurred in 
climate zone Cfa. In contrast, it could only decrease heating energy 
demand by 0.56% in climate Csb. Extensive green roofs had similar 
heating energy saving performance in the climate zones of Dfb and Dfa, 
around 6%. 

In addition, several studies have combined cooling and heating en
ergy performance together to describe the impact of extensive green 
roofs on annual building energy demand. It is clear that except extensive 
green roofs have better energy-saving performance in the Dwc climate 
zone (saving more than 20%), the energy-saving effect of extensive 
green roofs in the remaining climate zones is not very prominent, for 
example 6.4% and 5.1% of energy reduction in climate zones of Cwa and 
DWa, respectively. 

Regarding semi-intensive green roofs, it is only related to three 

Fig. 4. The number of publications in the combination analysis.  
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climate zones. Like extensive green roofs, semi-intensive green roofs 
have outstanding cooling energy saving performances in the Csa, Cfb 
and Cfa climate zones. Notably, they decreased more heating energy 
demand than extensive green roofs in these three climate zones. 

Furthermore, intensive green roofs were associated with over 55% 
cooling energy reduction in the climate zones of Csa, Cfa, and Cfb. In 
addition, intensive green roofs were also associated with a 37% decrease 
in cooling energy needs in the Aw climate zone. However, only 4.1% 
cooling energy demand could be decreased in the Dfb climate zone. 
Besides, intensive green roofs also have a significant impact on heating 
energy reduction in the climate zones of Cfa and Cfb. Specifically, they 
were associated with a decrease in heating energy demand of 46.2% and 
30.6% in these two climate zones. 

Overall, these three types of green roofs had a positive influence on 
reducing building cooling energy demand, especially in the temperate 
climate zones, where they demonstrated significant cooling energy- 

saving performance. However, research results on reducing heating 
energy consumption are inconsistent. Further, some studies adopted 
annual energy consumption calculation methods by integrating cooling 
and heating energy consumption together. Nevertheless, the type of 
green roof still shows a positive effect in reducing building energy de
mand in most cases.  

• The impact of green wall on building energy performance 

The number of publications associated with green walls was rela
tively small compared to the literature about green roofs. As such, the 
specific types of green walls have only been studied in some of the 
climate zones. As shown in Fig. 9, studies on direct green façades are 
only associated with climate zone Cfb and were focused on heating 
energy demand. They could reduce heating energy demand by 21%– 
37% in that climate. Furthermore, in the climate zone Csa, indirect green 

Fig. 5. The most productive countries and total citation per country.  

Fig. 6. Geographic distributions of study sites and affiliated countries or climate zones.  
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façades and living walls showed similar cooling and heating energy 
saving potentials. They were associated with over 50% cooling energy 
demand reduction, and also have the possibility to increase heating 
energy demand by around 9%. Regarding the literature, in the climate 
zone Cfa, indirect green façades saved more cooling energy (76%) than 
living walls (3%). It is necessary to explore the causes behind this sig
nificant difference. In addition, in Dfa climate zone where heating en
ergy is required much more than cooling energy [34], living walls 
reduced more heating energy consumption than that of cooling. Further, 
in the temperate climate zones of Cfb and Csb, living walls may reduce 
cooling energy consumption by 26% and 7.3%, respectively.  

• The effect of trees, urban forests, green belts and trees, grass and near 
the river as well as water features on building energy performance 

As shown in Fig. 10, the remaining five types are associated with few 
climate zones. Trees were evaluated across four climate zones, showing 
relatively insignificant energy savings in the climate zone BWh when 
compared to Cfa and Csa climate zones. The daily cooling energy savings 
in the Cfa climate (54%) were 13 times greater than in the BWh climate 
(3.9%). The causes behind this significant difference are discussed in the 
discussion. Trees were associated with 2.7% cooling energy reduction in 
the Cfb climate. In addition, buildings near the green belts may decrease 
daily cooling energy demand by 2.1% in the climate zone Cwa. Simi
larly, buildings in close proximity to urban forests and wetlands have the 
potential to achieve a maximum monthly reduction in cooling energy 
use of 13.9% and 10.8%, respectively. As for the type of mixture of trees, 

grass and near the river, it may lead to a decrease in annual cooling 
energy consumption by 6.7–10.8% in the hot desert climate. 

As shown in Fig. 11, it is clear that all the integrated analyses 
involved green walls or green roofs. However, most analyses did not 
mention their related specific types. In the integration analysis of green 
roofs and green walls, most corresponding assessments were in the Cfa 
climate zone. The integration analysis of extensive green roofs and 
perimeter flowerpots had similar cooling reduction performance with 
the combination of semi-intensive green roofs and green walls of around 
28%. However, the latter had better heating energy savings than the 
former. Living walls combined with green roofs also showed 34.6% 
cooling energy demand reduction in the Bsk climate zone. Furthermore, 
in Cfb climate zone, extensive green roofs combined with green belts 
were associated with 42% cooling energy reduction. Green roofs inte
grated with green walls and trees had a significant impact on reducing 
cooling energy in climate zones of Cfb (3%–35%) and Dfb (28%–42%). 
Notably, the combination of trees, green walls, green roofs and grasses 
may lead to 5% cooling energy decrease in the climate zone Dfa. 

Although Figs. 8–11 show the impact of the seven NBS categories 
evaluated on building cooling and heating energy demand in percent
age, they only show the maximum and minimum values. To display the 
range of distribution for the majority of numerical values, boxplot was 
used in the study. Notably, the study is restricted to generating boxplots 
on green roofs and green walls and the climate zones of Cfa and Csa, as 
there is insufficient data available for other categories and climate 
zones. The generated boxplots are shown in Fig. 12. 

In Fig. 12, the solid line and dashed line in the box of boxplots 

Fig. 7. Distribution of study sites in each climate zone.  

Table 2 
The description of characteristics of each related climate zone [33].  

Code of each climate Descriptions Main character 

Cfa Humid subtropical climate Hot summer 
Csa Hot-summer Mediterranean climate Hot summer 
BWh Hot deserts climate Hot throughout the year 
Cfb Temperate oceanic climate Warm summer 
Dfa Humid continental climate Hot summer 
Aw Tropical savanna  
Cwb Subtropical highland climate Warm summer 
Csb Warm-summer Mediterranean climate  
Bsk Cold semi-arid climate Cold throughout the year 
Dfb Warm-summer humid continental climate Warm summer 
BWk Cold desert climate Cold throughout the year 
Dwa Monsoon-influenced hot-summer humid continental climate Hot summer 
BSh Hot semi-arid climate Hot throughout the year 
Am Tropical monsoon climate  
Dwc Monsoon-influenced subarctic climate Cold summer 
Cwa Monsoon-influenced humid subtropical climate Hot summer  
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indicate the median and mean values, respectively. It is clear that the 
interquartile range (IQR) of cooling and heating energy reduction of 
green roofs in the climate zone Cfa is relatively broad compared with 
other types and climate zones. This indicates a wider spread of data 
within the middle 50% of the distribution. The values of cooling energy 
reduction of these data vary between 57.1% and 6.1%; also, the reduced 
heating energy varies between 36.4% and 2.36%. However, the lower 
whisker has a value of − 12%. This means that green roofs have the 
possibility of increasing 12% heating energy demand. As for green roofs 
in climate zone Csa, the data for cooling energy reduction distributed in 
the middle 50% varies between 43.95% and 4.94%. The corresponding 
data of heating energy reduction ranges between 28.75% and 5.85%. 
However, green roofs can increase heating energy demand due to the 
minus value (− 5.9%) of lower whisker. In addition, the data on heating 
energy reduction above the median is more dispersed. Besides, the green 
walls in the climate zone Csa show that the data for heating energy 
reduction distributed in the middle 50% are all below zero, ranging 
between − 5.53% and − 8.53%. This reveals a negative impact of green 
walls on heating energy reduction in the climate zone Csa. In contrast, 
the cooling energy savings vary from 48.585% to 28.35%. Notably, the 
ranges of IQR and the mean and median values of reduced cooling en
ergy of green walls are both high than that of green roofs. It could be 

inferred that green walls have better cooling energy saving performance 
than green roofs in this climate. Further, study only generated a boxplot 
for the cooling energy performance of green walls in climate zone Cfa, as 
only two data associates with heating energy performance. The data for 
cooling energy reduction distributed in the middle 50% varies between 
27.06% and 11.13%; also, the data below the median is more dispersed, 
and there is one outlier (76%). 

5. Discussion 

5.1. The current status of the research field 

Section 4.1 shows that the current studies in this research field 
demonstrate a narrow focus. Specifically, more than half of the collected 
publications were relevant to the studies of assessing green roofs and 
green walls, especially extensive green roofs. Moreover, most studies 
also had a significant preference toward to the climates of Cfa, Csa, BWh 
and Cfb. The former phenomenon could be explained by two reasons. 
Unlike other NBS types, green roofs and green walls do not occupy 
additional space in congested urban areas or do not inhibit natural 
ventilation in certain urban geometries [35]. Moreover, extensive green 
roofs are lightweight and mainly use sedum (low irrigation requirement) 

Fig. 8. The effect of green roofs on building energy performance in different climate zones.  
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as vegetation layers. This results in low maintenance costs and allows 
applications on buildings which have weight restrictions [36]. There
fore, they can be widely applied by building renovation projects and 
new buildings. Furthermore, another cause may be related to current 
monitoring methods of building energy performance in different types. 
Although the reduction of building energy use through green elements 
has been widely valued by scholars, the state of art seems quite 
incomplete as the evaluation of the performance of different NBS types 

requires different methods and tools [30,37]. In most studies of the 
green roofs and green walls, the potential of both types to reduce energy 
demand is evaluated directly by building energy modeling or by nu
merical values measured using high-precision equipment. The evalua
tion process is relatively easy to implement and time saving [37]. 
However, compared to green roofs and green walls, evaluating the en
ergy performance of large types, such as the permanent blue NBS cate
gory or urban forest, requires the implementation of baseline data 

Fig. 9. The effect of green walls on building energy performance in different climate zones.  

Fig. 10. The effect of trees, urban forests, green belts, and the mixture of trees, grass and near the river as well as water features on building energy performance.  
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collection [37] as the impact of these types on building energy demand 
is mainly through microclimate regulation. The duration of the moni
toring study is therefore very important. In other words, the evaluation 
process for these types is complex and time-consuming. This may be one 
of the reasons why scholars prefer to conduct research in easily assessed 
types. 

Further, researchers pay much attention to the climates of Cfa, Csa, 
BWh and Cfb. This may be related to their climatic characteristics and 
the inhabiting of large populations. According to Ref. [38], the climates 
of Cfa, Csa, BWh and Cfb all have the characteristics of hot summers. In 
addition, these four climate zones correspond to southern China, the 
western United States, the Mediterranean coast, the Middle East and 
western Europe, respectively. These areas have relatively developed 
economies and are inhabited by large populations and have high 
building density. The superimposed influence of these two factors may 
cause buildings to occupy a large proportion of the total local energy 
use. This urges the scholars to looking for alternative solutions to reduce 

building energy demands in these energy-intense locations. To some 
extent, this also provides an excellent opportunity for researchers to 
study the potential of NBS’s impact on building energy demand in 
different climates. Further, among these four climates, the climate Cfa 
and Csa attracted the largest number of studies. Most of the studies on 
these two climate zones were published in Italy and China; also, they are 
the top 2 most productive countries regarding the number of publica
tions. The active performance in this field of these two countries is not 
only related to the characteristics of the climate itself but also relevant to 
the huge proportion of building energy demand in society’s energy de
mand. For example, as revealed by the Italy’s energy consumption 
profile in 2018, while household energy demand has been declining 
since 2010, residential buildings still rank the second highest users 
among the five sectors, accounting for 29.3% of total final energy con
sumption [39]. Similarly, in China, building energy use accounts for 
about 30% of the total social energy demand at present [40]. This pro
portion is huge as China is the largest energy consumer in the world 

Fig. 11. The effect of different types combination on building energy performance.  
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[41]. Therefore, the urgency of improving the building energy efficiency 
pushes these two countries to actively encourage the development of 
this field. For example, the Italian government has involved NBS in the 
process of improving the energy efficiency of buildings, such as the use 
of green roofs and walls, through the active implementation of the En
ergy Performance of Buildings Directive (EPBD) [42,43]. 

5.2. The impact of different NBS types on building energy performance in 
different climate zones 

As discussed in Section 4.2, nearly all the studies confirmed that 
green roofs had a positive impact on decreasing building cooling energy 
demand in almost all climate zones. Only one study pointed out that 
extensive green roofs have potential to increase cooling energy demand 
by a small amount in three different European climates (Csa, Cfb and 
Dfb) if using short sedum as the roof vegetation [44]. Compared with 
other roof vegetation, the short sedum vegetation used in that study 

Fig. 12. The boxplots for green roofs and green walls in climate zones of Csa and Cfa.  
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represents a sparse plant type with low values of plant height and Leaf 
Area Index (LAI). It has been already confirmed that LAI is the key 
parameter affecting the green roof in building energy efficiency when 
considering the influence of evaporation rate [45,46]. In a similar study 
on energy consumption in an office building, Ferrante [47] compared six 
types of plants in the climate zone of Csa, and found that higher LAI 
could effectively decrease cooling energy consumption. Moreover, the 
height of plants often acts as additional thermal insulation and mass, 
which could effectively reduce the heat flux through the roof [48]. 
Therefore, it is suggested that the type of roof vegetation used should be 
seriously considered when using green roofs in the temperate climate 
group with hot characteristics in summer. In addition, although the use 
of extensive green roofs in five climate zones (Cfa, Csa, Cfb, BWh and 
Aw) with hot summer characteristics may lead to a significant reduction 
in cooling energy consumption by up to 58%, this percentage is much 
lower than in the Cwb climate zone. Study by Ávila-Hernández [46] 
used simulation approaches and found that extensive green roofs have 
the potential to reduce cooling energy consumption by up to 90% in one 
residential building in Tlaxcala (Cwb), Mexico. Compared with the 
above five climates, the summer temperatures are lower in the Cwb 
climate. Moreover, the annual average temperature of the simulation 
site Tlaxcala is around 16.1 ◦C [46]. In that publication, the authors 
explored the optimal combination of parameters affecting indoor tem
perature by constantly adjusting the vegetation parameters for the 
extensive green roof. Then, these optimal parameters were used for the 
energy consumption simulations. In other words, that publication 
described an optimal or ideal state rather than the actual situation; that 
is, how much cooling energy could be maximally saved with an optimal 
state of extensive green roof. To some extent, the 90% reduction in 
cooling energy consumption obtained by that paper lacks broad repre
sentation. In simple terms, it does not represent the actual state of the 
energy performance of the majority of extensive green roofs in the Cwb 
climate. Therefore, the authors of the current study believe that this high 
energy saving mut be critically observed and need further investigation. 

In addition, study detected that green roofs may lead to an increase 
in heating energy demand in the climates of Cfa, Csa, Cwb, BWh and 

BSh; also, green walls have the potential to increase energy demand in 
the climate of Csa. However, further evaluation is needed to assess the 
impact of green walls on building energy performance in other climate 
conditions, as it is only associated with limited data and climate zones. 
Besides, while studies have found an increase in heating energy demand 
associated with green roofs in the above 5 climate zones, the statistical 
analysis using boxplots shows that most studies on green roofs tell a 
reduction in heating energy needs for buildings in the Cfa and Csa 
climate zones. To date, the impact of green roofs and green walls on 
building heating energy demand is still controversial in the above-warm 
temperature climates. Some unusual findings have been reported in 
some literature. For example, Coma [49] used experimental approach 
and observed that indirect green façades and living walls increase 
heating energy by 9.3% and 9.5% in the climate Csa, respectively. 
However, Chafer’s study [50], which also used experimental methods, 
found that green façades and living walls respectively reduced heating 
energy consumption by 2.65% and 2.47%. Similarly, study by Alexandri 
[51] employed energy modeling tool and found that direct green façades 
and living walls showed reductions in annual heating energy demand of 
1.2% and 4%, respectively. As the above-mentioned studies did not 
provide key information for simulation or experimentation, the inter
pretation of these results becomes more challenging. In addition, in the 
rest of the studies on the types of green roofs and green walls, many 
studies stress that this phenomenon relates to LAI and the short and mild 
climatic characteristics of winter [50,52,53]. The general opinion is that 
despite vegetation losing its leaves (lower LAI) during winter compared 
to summer, the scattered branches and the remaining leaves can still 
function as additional insulation layers, preventing most of the heat flow 
into the interior. As such, compared with the bare wall, green roofs and 
green walls will increase part of the heating energy need in the winter. 
Thus, given that green roofs and green walls may increase heating en
ergy demand in temperate and arid climates which are characterized by 
short mild winters or year around heat, any effort to improve the energy 
efficiency of buildings should be concentrated in summer, as summer is 
hot and much longer than winter. 

Furthermore, although green walls were not involved in a large 

Fig. 13. The factors affect building cooling and heating energy reduction.  
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number of climate zone studies compared with green roofs, it is shown in 
the examined climate zone that it performed better in terms of energy 
efficiency than green roofs, especially in reducing cooling energy de
mand. To a large extent, this is because the surface area of building walls 
is larger than that of the rooftop. Furthermore, among the three specific 
types of green walls, only in the temperate oceanic climate were living 
walls discussed with regard to the cooling energy saving performance 
(Cfb). They were associated with 26% reduction in cooling energy use. 
However, this proportion is much lower than that of extensive (57.3%), 
semi-intensive (62.7%) and intensive green roofs (66.2%) in this 
climate. It is necessary to explore the causes. The significant cooling 
energy reduction of extensive, semi-intensive and intensive green roofs 
was found in Melbourne by Pianella [54]. The plants used in that study 
contained multiple types of species. This means that the building roof is 
well coved by plants. Meanwhile, the vegetation is well irrigated during 
summer; also, the simulated building had no-insulated layer. In contrast, 
the study that observed a 26% reduction in cooling energy for green 
walls showed significant differences in building properties and vegeta
tion maintenance compared to studies on green roofs. Specifically, the 
simulated building walls had 5 cm insulation layer and the irrigation 
frequency of vegetation was lower than the green roof analysis of the 
former [55]. Therefore, the superposition of these two factors may be 
the reason why the energy saving performance of green walls is lower 
than that of green roofs in the climate zone Cfb as the irrigation status of 
vegetation, and insulation layer has been proved by many studies to 
affect energy saving performance [56–62]. To some extent, this also 
stressed that optimizing the energy saving performance of buildings 
through green walls or green roofs requires comprehensively consid
ering the combination of multiple factors. 

Additionally, it is worth noting that several current studies on green 
roofs use a comparative analysis approach on the same rooftop, meaning 
that one part of roof is transformed to a green roof while another part 
remains as a traditional roof. Due to the proximity of these two roof 
types, they may to some extent be influenced by each other [63,64]. 
Therefore, for this comparative analysis approach, this study suggests 
that comparing the difference between soil and ground temperature may 
be a more effective method, as the soil is the heat buffer for green roofs. 

As for the remaining five categories, although they have been 
involved in a small number of studies compared to green roofs and green 
walls, research in limited climate zones has also shown their positive 
impact on improving building energy efficiency, especially the energy 
saving performance of trees in Cfa and Csa climates. Specifically, trees 
showed a reduction in cooling energy demand by over 50% in both 
climate zones. This proportion is over 12 times than in the hot, arid 
desert climate (BWh). The BWh climate has high temperatures 
throughout the year, whereas the Cfa and Csa are only hot in summer 
[38]. It is necessary to explore the causes behind this phenomenon. Up 
to the present time, the relationship between trees and building cooling 
energy demand has been deeply studied, in which the Leaf Area Density 
(LAD), the height of tree and the distance to building are considered to 
be important factors affecting building energy consumption [65–70]. 
Nevertheless, the studies which mentioned the significant cooling en
ergy reduction of trees in the above Csa and Cfa climate zones benefited 
not only from the highest value of LAD (dense trees) and the high height 
of the tree, but also from the unusual arrangement of trees [67,71]. 
Specifically, the trees were arranged into uniform rows, forming a 
continuous shading canopy with no space between the canopies. This 
feature allows the trees to form large shaded areas on the walls. 
Therefore, this planting pattern combined with the high values used in 
the LAD and tree height may have allowed significant daily cooling 
energy savings. To some extent, this revealed that reducing building 
energy consumption through vegetation is a complex process that re
quires many considerations, which includes not only the characteristics 
of vegetation itself but also the planting configuration pattern. More
over, it also recommended that when planting trees in warm or hot 
climate zones, the vegetation should be arranged in uniform rows when 

possible to create a continuous shade on the building surface, thereby, 
further reducing the cooling energy load, especially in the areas where 
buildings have low height and have large distances between each other. 

In addition, green belts also show good energy saving performance in 
the subtropical monsoon climate with hot summers (Cwa). Although the 
daily cooling energy reduction was only found to be 2.1%, the energy 
savings are significant if this percentage is extended to the entire sum
mer period. Green belts are usually small in size but have flexibility in 
scale and can be applied to a variety of urban spaces [72]. As such, for 
the cities with prominent imbalances between people and land, the 
construction of many small green belts in the dense urban areas could be 
another option as it is significantly difficult to build new large green
space in the city centers that have a dense population and urban form. 

As for the water feature, wetland performed a significant cooling 
energy saving performance. This phenomenon also observed in the type 
of mixture of trees, grass and near the river. Study by Ayad [73] found 
that water (8.12%) saved significantly more cooling energy than the 
combinations of trees and grasses (4.78%) in the hot desert climate. 
Even by increasing the canopy cover ratio, there are still significant 
differences in energy saving performance between them. To a large 
extent, this suggests that in the process of achieving a low-carbon city, it 
is necessary to reasonably plan blue infrastructure and properly design 
water features in existing urban areas. For example, when implementing 
tree planting, combining technologies (e.g., sustainable urban drainage 
system) can be installed to collect the excess water and return it back to 
the bioswales or ponds at the neighborhood scale. Further, unlike other 
types (e.g., green roofs, green walls) that can directly produce shading 
effect on the buildings, the influence of water features on building en
ergy demand is primarily achieved by modifying the microclimate [74]. 
As such, distance plays a key role in determining the energy saving 
potential. In simple terms, the closer the distance between building and 
water feature, the more significant the impact of microclimate on the 
building. Similarly, distance is also the important factor of urban forests 
affecting the energy demand of building as it influences the cooling of 
the outdoor ambient air temperature through transpiration by large 
areas of plant [75,76]. Nevertheless, the authors of this study suggest 
that in the early stage of planning building energy efficiency, priority 
should be given to considering the size or scale of these two types and 
then determining their distance from the buildings. Because the influ
ence of smaller scale water features or urban forests on the surrounding 
microclimate is limited compared to larger scales. Being farther away 
from buildings will further weaken their impact on the adjacent 
microclimate of the buildings. Therefore, the size of these two types and 
the distance to the buildings should be seriously considered to maximize 
their energy saving potential. Moreover, other measures should be taken 
to further optimize the energy saving potential of urban forests, such as 
maximizing their transpiration by selecting the appropriate vegetation 
type and layout to reduce the outdoor ambient temperature. 

In terms of the combined analysis of different types, as described 
earlier, most integration studies involve green roofs and green walls. 
However, few of them mentioned the specific types of these two cate
gories, making it difficult to discuss them in depth. In the subtropical 
monsoon climate (Cfa) and temperate oceanic climate (Cfb), the com
bination of different NBS types all showed a significant and positive 
performance of cooling energy savings. This is consistent with the results 
of the single type analysis. Notably, extensive green roofs combined with 
perimeter flowerpots could significantly reduce heating energy demand 
in the temperate climate. In contrast, indirect green facades and living 
walls are likely to increase heating energy consumption in such climates. 
It might be that the perimeter flowerpots cover the building facade to a 
lesser extent than that of indirect green facades and living walls, thereby 
the building walls can receive more solar heat in winter. To some extent, 
this suggests that in climate zones with short and mild winters, using 
perimeter flowerpots with green roofs could be another option to avoid 
increasing heating energy use. 

Furthermore, the cooling energy savings of the integration of green 
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roofs, green walls, grasses and trees is not significant in the humid 
continental climate (Dfa), with only 5%. This climate is cold but has hot 
summers. Green walls, green roofs and trees can all produce a significant 
shading effect on the experimental building in the summer. Only one 
study has involved in this combination analysis, in which the façade and 
roof material of the simulated building all have high albedo properties 
[57]. Moreover, this building is well-insulated. Thus, compared with 
most of the simulated buildings in the collected publications, this 
experimental building already has a decent building envelope structure 
in terms of energy saving. Thus, the 5% cooling energy reduction is the 
comparison between the combination of green wall, green roof, trees, 
grass and the current cooling materials of simulated building. In other 
words, if this experimental building does not use high albedo reflective 
material on the facades and roof, or has no insulation layer, the com
bination of green walls, green roofs, trees and grass will save more 
cooling energy consumption. Besides, although no collected publica
tions in this study explored in detail combining green walls and roofs 
with solar technologies, such as solar photovoltaic (PV) arrays, this 
combination is being accepted by a growing number of regeneration 
projects as this combination could bring the benefits of biodiversity and 
energy generation for building performance. These synergies have the 
potential to increase the efficiency of PV panels due to the ambient 
temperature reduction from evapotranspiration. Solar panels are able to 
protect flora and fauna from direct exposure to radiation and wind, 
which intensify plant growth and microhabitats. Lastly, photovoltaics is 
able to increase cost savings from generated energy, which can offset the 
additional cost of green infrastructure. 

To sum up, although the experimental buildings have different 
characteristics (e.g., with or without insulation, different building ma
terials), the seven NBS types evaluated all have an absolute impact on 
the saving of building cooling energy. The proportions of cooling savings 
depend on the NBS types and climate zones; However, the results of 
reducing heating energy demand are inconsistent. Specifically, green 
roofs and green walls may increase the heating energy load in the 
climate zones characterized by short and mild winters or hot year-round 
temperatures. Notably, the proportion of increased heating energy de
mand is offset by the saved cooling energy in summer. In this regard, 
although the energy performance of green walls and green roofs achieve 
net energy saving over the year, the risk of potentially increased heating 
energy load in winter still cannot be ignored. As such, it is suggested that 
when applying green roofs or green walls in these kinds of climates, 
measures to improve building energy efficiency should be concentrated 
on solutions for summer months. For the climate zones characterized by 
hot summers and cold winters, green roofs and green walls can effec
tively reduce cooling and heating energy demand. As such, it is rec
ommended to widely apply these two NBS types in this kind of climate, 
which will make contributions to the realization of zero carbon for 
building sectors. 

Based on the above discussion, the main conclusion drawn is that 
reducing building energy demand through NBS is a complicated process 
that requires considering various factors, such as the factors of climates 
(Fig. 13). Importantly, to maximize the energy saving potential of NBS, 
it is crucial to comprehensively consider the combination of these fac
tors rather than maximizing an individual factor. In other words, 
exerting the advantages of NBS in reducing building energy demand 
requires a holistic approach that considers the interactions between 
different NBS, climatic, and physical components. Moreover, it is 
important to continue research and development in the NBS to optimize 
the design and implementation of NBS strategies on building energy 
reduction. 

6. Limitations 

There are several limitations in this study. First, although the study 
employs two literature databases and logically combined search terms, it 
is impossible to ensure that study collected all the relevant articles. 

Some papers may employ other search terms, for instance “urban nat
ural elements” rather than “green roofs”, “gardens”, or other specific 
types. Moreover, the restriction to English articles may also have 
resulted in a reduced number of data sources, particularly given the 
rapid growth of research output in China in this research field. 

7. Conclusion 

As NBS can bring multiple benefits in multiple aspects (e.g., biodi
versity, public well-being), they should be considered an important 
contribution to achieving SDGs. Improving energy efficiency and 
building sustainable communities and cities are the significant targets of 
SDGs 7 and 11. Given that direct carbon emissions of buildings still 
account for a significant proportion of total emissions, and that energy 
efficiency investment incentives through building materials have 
weakened, NBS has emerged as an alternative approach for reducing 
building energy demand. Although this study is framed as a climate 
specific review, the higher goal is to evaluate the energy saving per
formance of various NBS types at building scale in different climates, 
providing evidence for the widespread application of NBS in the city- 
wide scale. 

This review found that there is a positive influence of NBS technol
ogies on building energy reduction. The energy reduction potential of 
NBS for building cooling varies from 3% to 90%, while the potential 
reduction in heating energy demand ranges from 0.58% to 60%. The 
extent of the reduction in both cases is significantly dependent on the 
NBS type and climate. It should be noted that some NBS types may lead 
to an increase in heating energy demand by between 5.9% and 25%. In 
other words, the heating energy performance of green roofs and green 
walls is controversial; especially in climates characterized by year-round 
hot temperatures or those with long hot summers and short mild win
ters. However, the increased heating energy demand in these climates is 
offset by the savings in cooling energy in summers. Besides, it is crucial 
to note that although this study quantified the building energy demand 
for different NBS categories, the proportion of reduced energy was not 
classified according to different building types and designs (substrate 
thickness, plant type; etc.). While a direct comparison of previous 
studies based on these factors would be complex and challenging, 
further classification of energy saving performance based on these fac
tors is necessary in the future. This will provide guidance for different 
types of NBS to make appropriate decisions in further reducing energy 
consumption in buildings. 

Besides, this review detected that the studies in this field have feature 
of a narrow focus. The majority of studies focused only on a few NBS 
types and climate zones. For example, extensive green roofs were eval
uated by 36 studies across 15 climate zones. However, green belt was 
only examined by one research in one climate. In addition, the six spe
cific categories included in the water features also involve only one 
study. Moreover, this phenomenon also appears in urban forests and in 
some combination studies. The significant differences in the quantity of 
research between different NBS types and climate zones will result in 
significant differences in the depth and breadth of research among 
different NBS categories. As such, future research should concentrate on 
neglected types and climates that have been underrepresented to fully 
understand the energy-saving potential of different NBS types. 
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Appendix A. The publications in different NBS types associated with the energy consumption related percentage  

Extensive green roof 

Reference No. Climate zone Annual cooling energy use Annual heating energy use Annual cooling and heating energy use 

[77] Cfa 56.1% 22%  
[78] Cfa 7%–8%   
[67] Csa 2.92% 5.28%  
[67] Cfa 2.56% 4.45%  
[67] Cfb 3.5% 3.5%  
[79] Csa 50% 31%  
[80] Bwh 39.7%   
[46] Bwh 45% − 25%  
[46] Cwb 90% − 23% to − 11%  
[46] Bsh  − 25%  
[46] Aw 45%   
[81] Dfa   2.1% 
[81] Dwa   5.1% 
[81] Bwk   18.1% 
[81] Dwc   26.4% 
[81] Cwa   6.4% 
[81] Cwb   15.2% 
[81] Cfa   6.0% 
[82] Csa   55% 
[83] Csa 31.8%–35.2% 1.8%–9.5%  
[84] Dfb   13% 
[85] Cfa Less than 1%   
[86] Cfa 25% − 9.9%  
[87] Csa 20% 25%  
[88] Dfa 2.3%–2.7% 3.5%–5.4%  
[144] Cfa 26.7%   
[143] Csa   10% 
[143] Cfa   5% 
[89] Bwh 19.4% − 5.6%  
[90] Csa 17%  3.4% 
[91] Csb 3.2% 0.56%  
[92] Cfa  2%  
[92] Csb   2% 
[48] Dfb   8.3% 
[48] Cfb   6.2% 
[44] Csb 1.1%–11%   
[44] Csa − 0.9% - 11% 5.3%–17.1%  
[44] Cfb − 0.8% - 10% 5.3%–8.2%  
[44] Dfb − 1.4% - 10.5% 5–6%  
[93] Cfa 6.1% 26%  
[94] Aw 45%   
[95] Bwh 3.2%   
[96] Csa 50% 30%  
[97] Csb 1.2%–6.9%   
[98] Cfa  5%  
[99] Csa 16.3%   
[99] Bwh 23%   
[100] Cfa 16.7%   
[54] BSk   8.5% 
[101] Csa 44% 34%  
[102] Cfa 48.67%   
[103] Aw 31.7%   
[104] BWh 7.09% 13.7%  
[105] Cfa 9.88%   
[106] Csa 10.8%   
[107] Cfb 57.3% 40.8%  
[108] BWh 5%   
Semi- intensive green roof 
[77] Cfa 13.3%–57.7% 36.4%–53%  
[56] Csa 2.19% 5.43%  
[56] Cfa 1.81% 2.36%  
[56] Cfb 2.5% 2.17%  

(continued on next page) 
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(continued ) 

Extensive green roof 

Reference No. Climate zone Annual cooling energy use Annual heating energy use Annual cooling and heating energy use 

[109] Csa 28.4%–43.8% 7.1%–35.3%  
[110] Cfa 10.2% 27.5%  
[107] Cfb 62.7% 34.4%  
Intensive green roof 
[77] Cfa 13.3%–58.6% 46.2%–58.9%  
[78] Cfa 22%–35%   
[56] Csa 1.33% 8.3%  
[56] Cfa 0.96% 1.16%  
[56] Cfb 1.35% 0.84%  
[50] Cfa 25% − 12%  
[142] Dfb 4.1% 8.6%  
[111] Cfa 1.7%–14.3% 5.4%–19%  
[102] Aw 37.1%   
[110] Cfa 12.3% 41.6%  
[107] Cfb 66.2% 30.6%  
[112] Csa 81% 15%  
Indirect green facade 
[113] Csa 25%–35%   
[114] Csa 30%–54% − 5.4%  
[115] Csa 16.7%–43.4% − 9.3% to − 6.2%  
[116] Csa 33.8%   
[117] Cfa 76%   
[118] Cfa 16%   
[119] Cfa 3.2%–11%   
[120] Cfa 11.5%   
[121] Cfa 15%   
[122] Cfa 25% 18%  
Living wall 
[115] Csa 27.8%–50.3% − 9.5% to − 5.9%  
[123] Dfa 17% 60%  
[50] Cfb 26%   
[124] Cfa 3%   
[116] Csa 58.9%   
[91] Csb 7.3% 1.6%  
[125] Csa 41%   
[126] Dfa 3%–7%   
Direct green facade 
[127] Cfb  21%–37%  
Trees (Daily energy use) 
[67] Cfa 54%   
[128] Bwh 2.3%–3.9%   
[68] Cfa 10.3%–15.2%   
[66] Cfa 10%   
[129] Csa 17.3%   
[71] Csa 50%   
[130] Cfa 50%   
[131] Cfb 1.6%–2.7%   
[58] Cfb 1.7%   
[132] Csa 11%   
Green belt (Daily energy use) 
[72] Cwa 2.1%   
Urban forest (Monthly energy use) 
[75] Cfb 1.28%–13.4%   
[76] Cfb 11.4%–13.9%   
Tree, grass, and the near the river 
[73] Bwh 6.73%–10.84%   
Wetland (Monthly energy use) 
[133] Cfa 10.8%   
Green roof and Green walls 
[79] Cfa 27.5% 35%  
[134] Cfa 7%–8%   
[135] Cfa 28.5% 28.3%  
[136] BWh   3% 
[137] Bsk 34.6%   
Green roof and Green belt 
[138] Cfa 10%   
[139] Cfb 42% 4%  
Green roof, Green wall and trees 
[140] Dfb 28.6%–42.4%   
[141] Cfb 3%–35%   
Green roof, Green wall, trees and grass 
[57] Zhang Dfa 5%    
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solutions”. 2015. https://www.researchgate.net/publication/280067191_Nature 
-Based_Solutions. [Accessed 1 October 2022]. 

[26] Somarakis G, Stagakis S, Chrysoulakis N, editors. Think nature nature-based 
solutions handbook; 2019. https://platform.think-nature.eu/system/files/th 
inknature_handbook_final_print_0.pdf. [Accessed 15 October 2022]. 

[27] Langergraber G, Castellar JAC, Pucher B, et al. A framework for addressing 
circularity challenges in cities with nature-based solutions. Water J 2021;13: 
2355. 

[28] World Bank. A catalogue of nature-based solutions for urban resilience. 
Washington, DC, USA: World Bank; 2021. https://openknowledge.worldbank.org 
/handle/10986/36507. [Accessed 23 September 2022]. 

[29] Morello E, Mahmoud I, Colaninno N. Catalogue of Nature-based solutions for 
urban regeneration. 2019. https://www.labsimurb.polimi.it/nbs-catalogue/#. 
[Accessed 3 September 2022]. 

[30] Ascione Fabrizio, et al. Green walls, a critical review: knowledge gaps, design 
parameters, thermal performances and multi-criteria design approaches. Energies 
2020;13:2296. 

[31] United Nations. Report of the Conference of the Parties on its twenty-fifth session, 
Part two: action taken by the Conference of the Parties at its twenty fifth session. 
2023. https://unfccc.int/sites/default/files/resource/cp2019_13_a02E.pdf. 
[Accessed 28 February 2023]. 

[32] European Council. 5 facts about the EU’s goal of climate neutrality. 2023. https: 
//www.consilium.europa.eu/en/5-facts-eu-climate-neutrality/. [Accessed 25 
January 2023]. 
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