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A B S T R A C T   

Green roofs are generally acknowledged as environmentally sustainable roof systems with several 
environmental, economic, and social benefits, as well as an effective and practical strategy for 
mitigating the negative consequences of urbanization. In this paper, we used CiteSpace and 
VOSviewer bibliometric software for visual analysis, citation analysis, co-authorship network, co- 
citation analysis, and keyword analysis for descriptive statistics on 3986 articles on “green roofs” 
published in the Web of Science core database since 2000. Descriptive statistics were used for 
citation analysis, co-authorship network, co-citation analysis, and keyword analysis. According to 
a review of green roofing-related research literature, (1) Through analysis from three dimensions 
of country, institution, and author, it was found that China, the United States, and Italy ranked 
among the top three countries in terms of green roof publication volume; All but three of the top 
10 institutions in terms of publications are from China and all are from developed countries; A 
large-scale collaborative network has not yet formed among authors. (2) Through keyword 
clustering analysis, it was found that “green roof,” “performance,” and “UHI” were the three 
keywords with the highest frequency. The research direction of this theme mainly includes five 
primary themes: rainwater management, urban biodiversity, building energy efficiency, allevi
ating urban heat islands and improving air quality, sustainable development, and public health. 
Through keyword hot words, it is found that the frequency of occurrence is relatively high, 
mainly involving energy conservation, alleviating urban heat islands, biodiversity, and sustain
able development. The research on sustainable development, its impact on urban microclimate, 
and air quality remains a hot topic through keyword highlighting. (3) Co-citation analysis was 
used to identify the most influential journals, highly cited publications, and authors. (4) Three 
potential study objectives have been identified: synergistic development with other green in
frastructures from an urban planning standpoint, localized research on green roofs, and photo
voltaic green roofs.   

1. Introduction 

The increasing rate of urbanization has replaced vegetated urban spaces with artificial habitats, causing a slew of issues such as 
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urban heat islands, noise, air pollution, urban flooding, and biodiversity loss. Green roofs are an essential approach for improving 
building energy performance and sustainability by converting impermeable parts of the roof into multifunctional spaces [1,2]. Green 
roofs, commonly referred to as “eco-roofs,” “living roofs,” or “roof gardens,” are building roofs that are covered with vegetation and 
growth media to some extent [3]. Three categories of green roofs are often used: dense, semi-dense, and huge green roofs [1]. Green 
roofs are commonly thought to be advantageous in terms of water storage, precipitation, and flood mitigation potential [4–6], 
improving urban biodiversity [7,8], building energy efficiency [9,10], mitigating urban heat island effect [11,12], reducing air 
pollution [13,14], and public health [15,16]. 

The literature review can enable researchers to quickly and effectively understand the research field. The current research status 
and development trends in this field can be clarified by systematically reviewing existing literature. However, most existing literature 
on green roofs only focuses on one aspect and lacks a comprehensive and systematic quantitative summary and review. Most studies 
mainly focus on narrative summary, lacking visual, intuitive expression, and overall visual bibliometric analysis is still very rare. 
CiteSpace and Vosviewer, on the other hand, are widely used in scientific metrology through visual citation analysis. The main 
objective of this study is to describe in detail the results of the existing studies and to analyze the visual knowledge map of the relevant 
articles in the WOS core collection database using CiteSpace, Vosviewer, and bibliometric visualization software to present the 
research trends related to green roofs in a clear and introductory way to promote the development of green roofs. This study aims to 
provide a detailed understanding of the trends in the development of green roofs, to facilitate the development of green roof research 
better, and to help those in the study quickly access research trends and information to provide theoretical and practical guidance for 
future research. The specific goals are: (1) It is important to understand which countries have conducted the best research, which 
institutions have made outstanding contributions, and which authors are leading figures in the field. (2) Through keyword and cluster 
analysis, identify specific areas in which green roofs have contributed, as well as research trends related to green roofs, to better 
promote the development of green roofs. (3) Through co-citation analysis, identify highly cited literature, journals, and authors in 
green roofs. (4) Determine possible future research directions for green roofs through the above discussion. The above goals will 
provide references for the theoretical and practical research of future green roofs. 

2. Methods of research and data sources 

We chose publications from the Web of Science core dataset as our data source because the publications from the WoS core dataset 
have higher quality and reputation and are highly recognized globally. Core dataset data can make our research results more 
convincing, universal, and representative. The subject search in Web of Science used the search equation TS = (“green roof”). The raw 
data generated was further filtered using “document type = paper, conference proceedings paper, review paper.” In order to have a 
more comprehensive understanding of the development of roof greening, we found that the core journal first included in the Web of 
Science was in 2000. Therefore, we determined the research time of the paper from January 1st, 2000, to March 17th, 2023, and 
obtained 3986 data for bibliometric analysis. 

Data analysis, scientific measurement, information analysis, and scientific mapping were utilized in this paper to depict and 
evaluate the knowledge mapping of the green roofing industry to explore its evolutionary characteristics and hot concerns. Biblio
metric methods and mapped knowledge domains (MKD) have become important tools for analysis and investigation in a variety of 
scientific fields around the world due to the benefits of comprehensive quantitative statistics, visual information presentation, tracking 
the frontiers of science and technology, indicating the direction of scientific research, and objective description and evaluation [17, 
18]. CiteSpace and VOSviewer are the most commonly referenced tools in the bibliometric area since they are freely available, offer 
good analysis and visualization capabilities, and have a larger dispersion and influence [19,20]. VOSviewer is a software tool Van Eck 
and Waltman created at Leiden University in the Netherlands. It allows networking based on keywords, institutions, authors, 

Fig. 1. The number of documents from 2000 to 2022.  
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publications, and so on to do co-citation analysis and show their relationships [21]. CiteSpace employs a keyword analysis tool to map 
scientific information and examine research topics, hotspots, and trends in specific knowledge domains [22,23]. Bibliometric is an 
open-source and free application for detailed scientific mapping analyses of scientific publications [24]. The bibliometric analysis of 
green roofing research was performed using the CiteSpace, VOSviewer, and bibliometric software packages. Therefore, we chose to use 
CiteSpace and Vosviewer for bibliometric analysis. It is possible to analyze the number of published articles, publishing institutions, 
literature sources, core author groups, research hotspots, and future trends by leveraging its advantages. At the same time, its results 
are visualized, making it easy to identify features and domain structures, facilitating readers’ understanding and analysis, and helping 
to describe the distribution of hotspots in green roof research for overall and comprehensive quantitative analysis. 

3. Data analysis 

3.1. Annual trends in overall publication volume 

The annual trend in the number of papers published objectively represents the degree of attention of academics and professionals 
and is an essential indicator of the current state of research, which may assist in understanding a field’s growth process [17,25]. Fig. 1 
displays the number of green roofing papers by time distribution. 3986 documents were retrieved, including 240 review articles 
(6.021 %) and 3746 publications (93.979 %). It should be noted that since the data collection ended on March 17, 2023, the data for 
2023 are incomplete, and the data for 2023 are not included in the generation of discounted, bar, and trend charts; also, since the data 
of web of science are updated in real-time, the number of articles obtained under the same search conditions may be different. 

To forecast future publishing patterns, a polynomial was fitted to the number of publications in Origin to provide a fitted curve 
(dashed line in Fig. 1). The trend equation is y = − 0.08018x3 + 484.72925x2 − 976761.70614x + 6.56058E8. The number of pub
lications is represented by y in the equation, while the publication year I.D. is represented by x in chronological sequence. In this 
equation, the model fit curve shows a positive trend in the number of annual publications over the previous 20 years (R2 = 0.98496; the 
closer R2 is to 1, the better the trend line fit). The number of publications will continue to climb, according to the trend line. 

The publication years may be separated into two periods based on the number of publications: 2000 to 2011 and 2012. According 
to Fig. 1, there were more papers in the field from 2000 to 2011 than in the previous year, although the growth rate was only 
marginally faster. 2012 there were 138 publications, going beyond 100 for the first time. The number of studies published has 
dramatically grown between 2012 and 2022, demonstrating that academics are becoming more aware of the potentials of green 
roofing. 

Fig. 2. Scientific production and cooperation relations among countries.  
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3.2. Analysis and cooperation on the main research forces of green roofs 

3.2.1. Analysis of the cooperation network of countries 
To evaluate a country’s contribution in green roofs, the country/region cooperation network generated through VOSviewer was 

imported into Scimago Graphica to generate radiation maps and publish the distribution of countries. The detailed information is 
shown in Fig. 2A and B. The size of the nodes in Fig. 2A is proportional to the number of articles, and they indicate the number of 
national publications. The node color represents the level of country collaboration; the degree of international collaboration increases 
as the node gets closer to red. The link size in Fig. 2B represents the weight of the country’s papers, and the breadth shows the level of 
collaboration between the two nations. CiteSpace’s country collaboration network is depicted in Fig. 2C, with 3986 papers published 
in 103 countries or regions. The country collaboration network can reveal the distribution of research power in green roofing, with 
strong research capacity in countries with high activity. Nodes with high centrality have purple outer rings, and the centrality of nodes 
is a graph theory property that is the primary measure of node significance. The size of node fonts and labels positively correlates with 
the number of articles published in a nation or area. 

The core nodes are the UK, France, Spain, Italy, Germany, USA, Canada, Singapore, and Malaysia (centrality >0.1), denoted by 
purple circles. In the field of green roofs, most publications came from five countries - China (837/3986, 21.00%), the United States 
(697/3986, 17.49%), Italy (375/3986, 9.41%), the United Kingdom (253/3986, 6.35%) and Australia (213/3986, 5.34%) - which 
published 59.58% ( 2375/3986) of the total number of articles. Among the top 10 countries, the United States, Italy, the United 
Kingdom, Canada, Spain, Germany, and France show a high degree of centrality. Fig. 2D depicts the number of papers published in the 
top ten nations over a year. 

3.2.2. Institutional analysis 
In VOSviewer, the minimum amount of articles published by institutions is set to 10, and 14 clusters of 124 institutions are obtained 

to fulfill the threshold value. Each node in Fig. 3A represents an institution, the size denotes the number of published papers, and the 
color symbolizes the same cluster. The thickness of the connecting line represents the degree of collaboration between the two in
stitutions. The top five with the highest total link strength are Chinese Academy of Sciences (53), Arizona State University (40), 
National University of Singapore (35), Tsinghua University (28), Hong Kong University of Science and Technology (23), and Delft 

Fig. 3. Institutional collaboration.  
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University of Technology (22). A higher total linkage intensity indicates higher cooperation and connection between national in
stitutions. The biggest linked cluster comprises 22 universities, including the National University of Singapore, the University of 
Perugia, and the Polytechnic University of Crete, who collaborate closely and often with other national schools. The green cluster 
mostly consists of Arizona State University, Tsinghua University, Princeton University, etc., and is the second-largest cooperative 
organization group. Through CiteSpace, a map of institutional collaborations (Fig. 3B), a map of institutional collaboration time zones, 
and institutions that exploded were generated. In green roofing, 603 institutions published 2986 articles, and the top ten contributing 
institutions are shown in Table 1. The Chinese Academy of Sciences had the most papers (n = 55), and among the top 10 institutions, 
all but three were from China, and all were from developed countries in Europe and the United States. 

The Chinese Academy of Sciences is ranked first regarding intermediary centrality for both numbers (see Table 2), so its purple 
outer circle is also most evident in Fig. 3B. The clustering of nodes in the institutional cooperation network indicates frequent and close 
inter-institutional communication in research on green roofs. The institutions with red circles in Fig. 3C are outbreak institutions, and 
the top 25 outbreak institutions are shown in Fig. 3D. The yellow nodes in Fig. 3A indicate the institutions where newer literature 
appears, and combined with Fig. 3D; we know that most of the institutions where newer literature appears are Chinese universities. 

3.2.3. Author collaboration analysis 
By analyzing the structural characteristics of authors in green roofing and their collaboration network, the core authors and their 

collaboration can be identified. Using Citespace and VOSviewer to generate author collaboration networks, 856 authors have pub
lished articles on green roofs (Fig. 4A shows the CiteSpace author network map, and Fig. 4B shows the VOSviewer author network 
map). The author publishes more articles in the figure when the circle is larger. Jim, C Y published 49 articles and was the most prolific 
author, followed by Garg, Ankit with 21 articles. Notably, the top 9 authors have a centrality of 0 (Table 2), indicating that the impact 
of authors on green roofing needs to be improved. Jim, C Y (6.22, 2010–2015), Rowe, D Bradley (6.04, 2006–2012), and Garg, Ankit 
(5.93, 2019–2023) are the strongest citation explosion of the 3 authors. 

As seen in Fig. 4B, the area of green roofing research just recently began to create a few core groups of authors who are leaders in 
the field, but it has yet to form a substantial collaborative network. In future work, collaboration among authors from different 
countries should be emphasized. The author collaboration can be found in 14 clusters through Fig. 4C, and the largest cluster consists 
of 15 authors, including Bou-zeid, Elie, Georgescu, Matei, Li, Dan, etc., for active collaboration and communication, forming the 
largest author collaboration network. 

3.3. Analysis of research hotspots and frontiers 

3.3.1. Keywords 
Keywords are the distillation and summation of an article’s essential content, and a visual map can highlight scientific trends and 

concerns growing over time-based on keyword co-occurrence network analysis [26]. In this paper, keyword co-occurrence maps are 
drawn by CiteSpace combined with VOSviewer. Due to the large sample size, the samples were pruned in CiteSpace Pathfinder to 
obtain the keyword co-occurrence network (Fig. 5A) by pruning the sliced and merged networks, and then keyword clustering was 
carried out to obtain the keyword clustering map (Fig. 5C); After setting the threshold value of occurrence number of 10, 454 keywords 
will fulfill this value in the co-occurrence network analysis using VOSviewer software, and the keyword co-occurrence network is 
generated (Fig. 5B). 

CiteSpace provided the keyword frequencies (see Table 3 for details). “Green roof” placed top in the list of most strongly connected 
keywords with a total link strength of 8957, “performance” (5261) ranked second, and “UHI” (4670) ranked third. When combined 
with Fig. 5A, the larger the node, the higher the frequency of keywords. The study’s top three keywords had an average year of 
publication ranging from 2016 to 2019. Generally speaking, there is a direct correlation between the number of occurrences and the 
total link strength; however, “vegetation” is an exception among the top ten strongest keywords. 

In Fig. 5B, the node size is controlled by the frequency of item usage, and the greater the item’s label, the more frequently the item is 
used. Furthermore, there are stronger links between nodes with the same color. Fig. 5B depicts the clustering of keywords, with “green 
roof” being the biggest node and the center node of cluster 3. “Performance” comes second, with 358 connections between these two 
keywords, making it the most tightly linked. Fig. 5C shows the CiteSpace keyword clustering map, and we selected the largest 15 

Table 1 
Volume and centrality of papers published by the top 10 institutions.  

Rank Institution Count Centrality 

1 Chinese Academy of Sciences 55 0.14 
2 The University of Hong Kong 51 0.03 
3 Arizona State University 48 0.10 
4 The University of Sheffield 47 0.03 
5 Agricultural University of Athens 46 0.01 
6 The University of Melbourne 44 0.02 
7 National University of Singapore 41 0.10 
8 University of Calabria 39 0.00 
9 Chongqing University 34 0.10 
10 University of Columbia 34 0.05  
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clusters for visualization and analysis. 
The high-frequency words within the yellow clusters include runoff, stormwater management, low-impact development, retention, 

and hydrologic performance, showing the potential for green roof research to focus on stormwater management aspects. Green roofs 
have the advantage of intercepting and absorbing rainwater, which improves the urban water environment and reduces flood hazards 
[27–30]; they can also purify stormwater [31]. An analysis of studies shows that since 1981, about 40.9 % of the articles on green roofs 
focused on regulating service studies in the context of water [32]. Studies by different authors have also confirmed that factors such as 
soil type and depth, roof type and slope, local climate and previous precipitation, and vegetation type are the main factors influencing 
rainwater flow path [28,33–35]. Green roof rainwater retention performance is primarily connected to design configuration and 
climate, and configuration modification may increase green roof rainwater retention performance [36,37]. Sims, Andrew W. et al. 
found that dry climates had better retention, but mild and humid climates still had significant performance by examining the retention 
performance of green roofs in three different climates: humid continental, semi-arid continental, and humid oceanic [38]. Green roofs 
performed differently in several climatic groups, with significant variations in water quality concentrations, according to studies on 
urban stormwater management employing them by Akther et al. [39]. The impacts of green roofs on runoff quality are not universally 
accepted; some studies consider green roof systems to be a source of pollutants, while others consider them to be a sink of pollutants. 
This has been researched by Vijayaraghavan and Wang. The findings of a study conducted by Vijayaraghavan et al. on four separate 
real rainfall events and six simulated rainfall events revealed that green roofs may enhance rainwater runoff quality by filtering 
contaminants and heavy metals from rainfall [40]. Wang et al. argued that integrated measures should be taken to reduce runoff 
pollution by transforming the source-to-sink journey of pollutants based on the green roof runoff pollutant cycle [41]. In conclusion, 
different scholars have studied the stormwater management potential of green roofs from different perspectives and confirmed that 
green roofs are effective. 

Expansive green roofs, ecosystem, variety, plants, biodiversity, substrate depth, and soil are among the high-frequency phrases 
clustered in red, illustrating the green roofs’ effects on urban biodiversity. Green roofs may promote urban biodiversity to some extent 
[42], and the widespread application of green roofs can contribute to increased urban diversity [43]. By increasing the diversity of 
green roof plants, animal diversity can be increased and made more resistant to disturbance [44,45]; similarly, the diversity of green 
roofs can be increased through biodiversity design [46]. Green roofs, in particular, boost biodiversity by providing habitat and food for 

Table 2 
Top 10 productive authors on applying green roofs (N = 1259).  

Ranking Publication Author Centrality 

1 49 Jim, C Y 0 
2 21 Garg, Ankit 0 
3 19 Rowe, D Bradley 0 
4 18 Farrell, Claire 0 
5 17 Piro, Patrizia 0 
6 16 Belarbi, Rafik 0 
7 13 Stovin, Virginia 0 
8 13 Nektarios, Panayiotis A 0 
9 12 Perez, Gabriel 0 
9 12 Mei, Guoxiong 0 
9 12 Ntoulas, Nikolaos 0 
9 12 Lundholm, Jeremy 0 
9 12 Macivor, J Scott 0  

Fig. 4. Author collaboration network.  
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animals, making them ecologically significant [7]. For example, floral resources on green roofs can attract wild bees [47] and provide 
habitat for insects, invertebrates, and birds [48]. Increasing plant diversity can improve the green performance of a roof, which in turn 
supports richer and more diverse fauna and is more resistant to disturbances [45]. There is a complex relationship between soil and 
substrate depth and microorganisms [49], the presence of which, in turn, plays a key role in urban ecosystems [50]. According to a 
study by Fulthorpe, microorganisms can boost the lifespan of green roof plants, the primary producers of ecosystem services [51]. 
Compared with other sustainable roof technologies, green roofs can provide ecosystem services [52,53], including providing animal 
and plant habitats and rainwater management. Increasing biodiversity and combining species for the green roof can improve its 
ecosystem service capacity. Although green roofs can benefit urban biodiversity and contribute to urban ecosystem services, mosquito 
and plant waste nuisance are recognized as negative impacts [54,55], which still need our attention. Finally, installing green roofs in 
cities may significantly improve the surrounding environment and expand urban natural areas. 

High-frequency terms for green clustering include thermal performance, energy savings, residential buildings, cold roofs, 

Fig. 5. Keyword analysis.  

Table 3 
Keywords with the strongest links.  

Ranks Clusters Keywords Total Link Strength Years on average since publication 

1 4 Green roof 9075 2017 
2 5 performance 5258 2017 
3 3 UHI 4670 2018 
4 3 impacts 3450 2018 
5 4 runoff 3066 2017 
6 3 vegetation 2990 2017 
7 2 system 2664 2018 
8 4 models 2592 2017 
9 3 Mitigation strategies 2533 2018 
10 3 temperature 2128 2017  
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simulation, and mitigation strategies, indicating that green roofs contribute significantly to building energy efficiency. Because of the 
presence of plants, green roofs can reduce indoor temperature [56]. Green roofs have thermal insulation benefits, and it was found 
through energy simulations that they can also reduce energy consumption [57], and retrofitting existing buildings with green roofs can 
achieve energy savings [58]. In dynamic energy models, green roof retrofits in Mediterranean cities have been shown to lower heating 
and cooling demand by up to 5 % and 16 %, respectively [59], and to increase interior comfort in lower levels of green roofs [60]. 
Green roofs, whether dense or vast, may reduce air temperature, and the long-term environmental and energy advantages outweigh 
the cost of installation [61,62]. Taylana Piccinini Scolaro et al. found more economic viability than other roofing systems by analyzing 
the life cycle costs and benefits of green roofs [63]. However, green roofs do not always provide energy savings related to weather 
conditions [64]. Green roofs may greatly cut power usage for air conditioning in the rainy tropics [65], and in cold weather, even in the 
presence of snow, green roofs can be energy efficient [66]. However, green roofs have no significant effect on rainy weather [67]; in 
desert climates, they are even harmful [68]. Due to their potential to improve building energy efficiency and their role in lowering 
heating and cooling energy consumption, green roofs are gaining popularity as an alternative [69]. Combining photovoltaics and green 
roofs can increase the amount of photovoltaic power generated, increasing the availability of clean energy and is a promising alter
native energy source [70]. 

High-frequency blue clustering terms include urban heat island, plants, temperature, climate change, surface, urbanization, and air 
quality, demonstrating the good function of green roofs in decreasing air pollution and greenhouse gas emissions and minimizing the 
effects of the urban heat island effect. Plants reduce ambient air temperature and improve air quality through transpiration, evapo
ration, respiration, and photosynthesis, creating a milder microclimate [71]. Thus, by boosting albedo and using plant transpiration, 
green roofs can aid in lowering temperatures in metropolitan settings [72,73]. Cooler air generated by green roofs leads to enhanced 
air movement in street canyons, improving the air quality attached to roads [74]. Gourdji showed that the type of vegetation and 
increased use of green roofs can improve air quality [75]. Kostadinović, the study of the light green roof can reduce the monthly 
concentration of PM particles, improving air quality [76]. Green roofs have the potential to decrease carbon dioxide emissions by 
absorbing and storing air pollutants on a building scale [77]. Public policies must be implemented to encourage the use of 
semi-intensive and intensive green roofs in cities since they have a good impact on the microclimate of metropolitan areas [78]. 

Performance, green infrastructure, public health, benefits, and sustainability are some of the high-frequency terms in the purple 
cluster that highlight the beneficial effects of green roofs on sustainability and public health. To sustain environmental quality, it is 
becoming increasingly crucial to restore green places [79], and green roofs can help promote the restoration of urban green spaces and 
improve air and quality of life [80]. Therefore, green roofs are a potential solution for sustainable urban development [81]. Achieving 
sustainability in green roofs requires, firstly, the selection of plant types with high survival rates; secondly, it is important to choose 
sustainable irrigation systems [82]. For example, water can be conserved by changing irrigation demand, switching to different 
irrigation sources, or managing and monitoring irrigation regimes [83]. Vegetable cultivation on green roofs may help urban agri
culture remain sustainable [84] without hurting it [85]. With proper management, most vegetables can survive [86], providing food 
products that can help support and sustain food for urban communities [84]. There is evidence that green roofs offer positive psy
chological effects [16], especially in large cities where intensive greening of spaces with different plant components is required to 
improve the mental health of residents [87]. Green roofs are important for public health not only in psychological terms but also in 
physical terms. Noise is a major problem in urbanized areas, and vegetation and soil can reduce noise pollution [88], especially higher 
frequency noise [89]. Green roofs not only reduce noise pollution [90], they are beneficial for improving air quality, etc. [91], which in 
turn is beneficial for the health of urban residents [92]. 

The clusters in Fig. 5C are also included in the five major clusters in Fig. 5B. For example, the purple clusters in VOSviewer include 
#4 aesthetics, #7 green wall, and #11 urban agriculture; the blue clusters then cover #0 urban heat island, #8 cooling effect, and #13 
passive cooling; the green clusters include #3 thermal performance, #10 cold roof, and #14 renewable energy; the red clusters include 
#2 urban ecology, #6 ecosystem services, and #9 basement depth; and the yellow clusters include # 1 stormwater management, #5 

Fig. 6. Keyword heat map and emergence.  
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low-impact development, and #12 water retention. For this analysis on CiteSpace clustering, see VOSviewer keyword clustering 
analysis for details. 

3.3.2. Research hotspots and prediction  

(1) Hot research topics: The keyword heat map (Fig. 6A) was created using R software to depict the distribution of 30 high- 
frequency keywords across time. The frequency of keyword occurrence was processed by standardization, and the values 
were distributed between 0 and 1, where each little cell shows the frequency of occurrence of a term in one year. The value of 
the black cell is the smallest, representing the lowest frequency of keyword occurrence this year. With the color change, the 
value of the yellow cell is the largest, and its corresponding keyword has the highest frequency of occurrence this year. For 
example, from 2000 to 2023 (as of March 17), “SWMM” (stormwater management model) and “urban heat island” appear more 
frequently in 2021 and less frequently in 2022. In 2021 and 2022, the more frequent keywords are energy saving, urban heat 
island mitigation, biodiversity, and sustainable development.  

(2) Cooccurrence analysis of emergent words; keyword emergence is shown in Fig. 6B. As a supplement to keyword co-occurrence 
analysis, emergent word analysis demonstrates how the research hotspots of green roofing change over time. The red line 
indicates when keyword bursts were detected, and the blue line displays the time interval. To figure out the research hotspots in 
the last 10 years, we select the data between 2013 and 2023 and use CiteSpace for keyword co-occurrence, with minimum 
duration chosen as 3. We finally got 50 keyword bursts and the top 25 co-occurrences. We analyzed the keywords that are still 
emerging in 2023, such as “land surface temperature,” “challenge,” “particular matter,” sustainable development,” “waste,” 
“mitigation strategy,” “risk,” and “demand.” The research on sustainable development, its impact on urban microclimate, and 
air quality are still hot spots. 

4. Co-citation analysis 

Co-authorship analysis can show how research teams have contributed to green roofing. There is a frequent citation link between 

Fig. 7. Journal co-citation analysis network.  
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two articles when the third article cites them [93]. Co-citation analysis evaluates the organization and representativeness of the 
discipline and literature the research object represents. It establishes the degree of correlation between journals, literature, and authors 
through the co-citation relationship and mapping structure between literature [94]. This section uses CiteSpace to examine the 
common citation patterns across Green Roof journals, authors, and literature. This helps researchers, particularly those new to green 
roof research, understand the background of the field’s general knowledge. 

4.1. Analysis of journal co-citations 

Creating a co-citation matrix between journals makes it possible to explicitly explain the intricate co-citation interactions between 
journals [95]. To analyze the organization of academic areas where academic journals serve as the primary communication medium, 
researchers can use journal co-citation analysis to ascertain the specialty of journals and identify key journals [96]. When different 
articles cite the same research, other articles form co-citation relationships. 

Fig. 7 depicts the journal co-citation visualization network, where Fig. 7A is a co-citation reference network with centrality, where 
the size of nodes (journals) is proportional to the number of journal co-citations, and high centrality nodes are marked with purple 
outer circles; Fig. 7B is a co-citation reference network with citation bursts, with burst nodes marked with red rings; and Fig. 7C is a 
biplot overlay of journals. The node’s size indicates the journal’s total number of co-citations. The more co-citations a journal has, the 
more important it is. By comparing the journal and co-citation analysis findings, it was discovered that the most influential journals are 
LANDSCAPE URBAN PLAN, BUILD ENVIRON, and BIOSCIENCE. They are all well-known academic publications on green roofing that 
have been highlighted in various review works and should be followed. As for the blast intensity, SUSTAINABILITY-BASEL (58.95, 
2021–2023) has the highest blast intensity, followed by HORTSCIENCE (56.69, 2005–2015), PLANTING GREEN ROOFS (50.35, 
2006–2015), ENERG BUILDINGS (45.77, 2001–2012) and J ENVIRON QUAL (42.65, 2004–2014). 

Journals with the most citations are more essential, showing that they significantly impact green roofing research and are 
sometimes referred to as core journals. Table 4 shows the 15 most active journals and their citations. Several not externally connected 
journals may be organically combined by evaluating journal co-citations, demonstrating the interdependence and cross-correlation 
ships of publications in green roofing. A journal’s co-citation relationship and intensity may be used to assess its professional scope 
and disciplinary character, as well as the fundamental topics of the field. Academic publications may be objectively evaluated by 
assessing their core or peripheral position in green roof research. 

The biplot overlay of journals shows the distribution of themes in academic publications and their location concerning the major 
research areas. By combining scientific research at a broad scale and referencing mobility patterns across several fields, the bitmap 
overlay identifies areas of expertise and reveals distribution patterns [97]. Each point on the map represents a journal; the map of the 
cited journal is on the left, and the map of the cited journal is on the right; the colorful paths connecting them represent the connection 
mentioned above. The z-scores function normalizes the data to highlight stronger and smoother trajectories, with higher scores shown 
by thicker lines. There are six major citation pathways (Fig. 7C), two blue and four yellow, and the internal numbers in the ellipse show 
the number of publications in each discipline. The citation fields on the left are mainly related to ecology, earth, and ocean; the 
veterinary, animal, and scientific fields have citation paths outward, indicating that this is the most important citation. For example, 
geology, geophysics, environment, toxicology, and nutrition often cite the blue paths of ecology, earth, and marine journals above. 
This shows many ways to link the corresponding categories from different disciplines. It is further evident from the biplot overlay 
analysis that the current research presents an interdisciplinary research situation where a single discipline has bottlenecked the 
scholars’ research. With the help of interdisciplinary technical tools, technical barriers can be broken, and technological progress can 
be promoted. 

Table 4 
Top 15 active core journals in green roofing research.  

Freq Centrality Year Journal 

1658 0.12 2006 LANDSCAPE URBAN PLAN 
1947 0.09 2005 BUILD ENVIRON 
583 0.06 2008 BIOSCIENCE 
1587 0.06 2006 ECOL ENG 
1847 0.1 2001 ENERG BUILDINGS 
843 0.11 2007 J HYDROL 
1171 0.07 2006 SCI TOTAL ENVIRON 
669 0.05 2005 HORTSCIENCE 
1066 0.06 2010 J ENVIRON MANAGE 
637 0.06 2007 ATMOS ENVIRON 
251 0.03 2008 URBAN HABITATS 
329 0.03 2007 J AM WATER RESOUR AS 
1126 0.04 2010 URBAN FOR URBAN GREE 
557 0.03 2004 WATER SCI TECHNOL 
612 0.02 2010 URBAN ECOSYSTEMS  
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4.2. Literature co-citation analysis 

Co-cited publications must cover related ground. Literature co-citation analysis, which calculates the connections between ref
erences, is a valuable technique for determining certain domains’ structure and evolutionary trajectories and assessing the develop
ment and mapping of any subject topic [98]. A co-citation network graph was created using CiteSpace software to look at the 
theoretical foundations and evolutionary dynamics of green roofing (Fig. 8A and B). Fig. 8A and B shows the literature co-citation 
network, where the nodes stand for references, and the size is a direct ratio to the number of times the literature has been cited. 
Fig. 8A shows nodes in the outer purple ring with high centering, whereas Fig. 8B shows nodes in the inner red ring with citation bursts. 
References of significant weight in the green roofing are included in Fig. 8A and B. 

Table 5 lists the top 15 most co-cited publications, along with the authors, amount of citations, year of publication, and DOI 
number. Shafique M and Berndtsson JC are the two most mentioned writers. The co-citation analysis is useful for identifying the cited 
and relevant literature that comprises the field’s core body of knowledge. High-centricity material is valued in addition to highly 
referenced literature. Tall centrality literature is more likely to forge co-citation ties with other literature in the co-citation reference 
network [99], showing that it has a key position in the study area. The Co referencing network’s high centrality nodes are marked with 
purple outside rings, as seen in Fig. 6A. The top three documents in centrality are Shafique et al. (2018), Vijayaraghavan et al. (2016), 
and Berndtsson et al. (2010). Shafique et al. (2018) study demonstrates how green roofs function in various contexts and how they 
lower energy and rainfall costs and enhance environmental performance [100]. The study by Vijayaraghavan et al. (2016) identifies 
knowledge gaps in green roof technology and the necessity for localized research in poor countries to build a viable green roof method 
that considers the influence of growing substrates, vegetation, and drainage layers [101]. Berndtsson et al. (2010) explain the sig
nificance of green roofs in urban drainage while addressing water quantity and quality control [33]. Finally, references with high 
centrality and citation rates are critical for advancing our understanding of green roofs. 

4.3. Author co-citation analysis 

The field cannot progress without the full support of renowned professionals and researchers. During the development of green 
roofing, several renowned researchers have pushed the derivation and growth of the topic. The simultaneous citation of two (or more) 
authors in one or more subsequent articles is known as author co-citation, and it establishes a connection of co-citation. Author co- 
citation analysis assists us in identifying highly cited authors and analyze the authors’ interdisciplinary backgrounds and research 
areas to find the most influential contributing authors and the distribution of highly referenced authors in that research field. Fig. 9 
depicts the visualization network. The nodes represent writers, while the connecting lines show co-citation connections. The larger the 
node, the more citations the author has in the network and the greater the author’s influence. Fig. 9A depicts a co-cited reference 
network with centrality, where the size of the node (author) is proportional to the number of times the author has been co-cited, and a 
purple outer ring denotes the high centrality node; Fig. 9B shows a co-cited reference network with citation burst, where a red ring 
denotes the burst node. As illustrated in Fig. 9, ANONYMOUS has the most citations with 1526, followed by GETTER KL with 695. 

Scholars reference articles for several reasons, including admiration for the pioneer, appreciation for similar work, acknowledg
ment of instruments or research techniques, respect for colleagues, and offering context for the research. These findings indicate that 
the authors as mentioned above’ work has made a major addition to the field of green roofing, which will have an even greater in
fluence on future studies. 

Fig. 8. Co-citation chart of literature.  

H. Li et al.                                                                                                                                                                                                               



Heliyon 10 (2024) e24958

12

5. Discussion and analysis of further research topics  

(1) Synergistic development with other green infrastructures from an urban planning perspective. Green roofs, as a component of 
urban green infrastructure, many of these functions need to be used in combination with other urban green spaces to better play 
their role. For example, rainwater runoff management, compared with the single role of green roofs, combined with vertical 
green facilities, urban artificial wetlands, green belts, etc., can better play its role in alleviating rainwater runoff. Regarding 
urban biodiversity, the kind of green roofs, plant species, and whether they can complement existing green infrastructure must 
be examined from an urban planning standpoint.  

(2) Localization study of green roofs. In 3.3.1, we investigated how weather affects how much energy green roofs save and how 
much precipitation runs off them. The performance varies in different climatic conditions, in addition to the different abilities of 
plants to survive in different climates and the different levels of economic development in each country. As a result, it’s 
important to carry out regional studies on green roofs and create green roof systems that are appropriate for the country’s 
climate.  

(3) Research on photovoltaic green roofs. Photovoltaic green roofs combine the advantages of P.V. and green roofs, and their 
combined use may lower energy consumption, lessen the impact of the urban heat island, and positively affect the environment, 
the economy, and society [102]. Compared to G.R. and P.V. systems alone, P.V. green roofs generate shorter payback periods for 
energy and carbon emissions [103]. However, both G.R. and P.V. systems have substantial initial prices, which limit their 
implementation in certain countries, necessitating assessing P.V. green roof life-cycle costs and benefits. Of course, with the 
breakthrough of calcium titanite solar panel technology and cost reduction, P.V. green roofs will have greater advantages. 
Therefore, a deeper study of the topic can be conducted. 

Table 5 
Top 15 references of green roofing-related studies.  

Freq Centrality Year Author DOI 

198 0.14 2018 Shafique M 10.1016/j.rser.2018.04.006 
138 0.13 2010 Berndtsson JC 10.1016/j.ecoleng.2009.12.014 
127 0.11 2018 Besir AB 10.1016/j.rser.2017.09.106 
62 0.11 2012 Rowe DB 10.1016/j.landurbplan.2011.11.010 
77 0.06 2016 Silva CM 10.1016/j.enbuild.2016.01.012 
160 0.14 2016 Vijayaraghavan K 10.1016/j.rser.2015.12.119 
39 0.07 2007 Getter KL 10.1016/j.ecoleng.2007.06.004 
51 0.06 2010 Dvorak B 10.1016/j.landurbplan.2010.04.009 
32 0.04 2020 Bevilacqua P 10.1016/j.renene.2020.01.085 
29 0.03 2007 Carter T 10.1016/j.landurbplan.2006.06.005 
50 0.07 2010 Lundholm J 10.1371/journal.pone.0009677 
78 0.06 2016 Berardi U 10.1016/j.enbuild.2016.03.021 
37 0.03 2008 Wolf D 10.1016/j.ecoleng.2008.02.008 
61 0.02 2018 Cascone S 10.1016/j.buildenv.2018.03.052 
44 0.05 2006 Mentens J 10.1016/j.landurbplan.2005.02.010  

Fig. 9. Co-citation of authors.  
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6. Conclusion 

This study combines the advantages of CiteSpace, VOSviewer, and bibliometric software packages. Using green roofing as the 
research topic, it uses a comprehensive bibliometric approach to visualize and analyze publications in the WOS database between 2000 
and 2023. Firstly, based on the pattern in the number of papers published each year, the general development tendency is slow at first, 
then rapid, with a minor drop by 2022. Secondly, the analysis was conducted from macro, meso, and micro levels of collaboration on 
green roofing, i.e., from national collaboration, institutional collaboration, and author collaboration; China and the United States are 
the two countries with the most research on green roofing, and their collaboration is also the closest; institutional analysis reveals that 
CAS has the most publications and its intermediary centrality is also the highest, and the majority of the top ten research institutions 
are from developed countries; author collaboration level The authors’ collaboration level, which has not yet formed a large-scale 
collaborative network. Then, the keywords were analyzed, including keyword frequency, keyword co-occurrence network, and 
research hotspots. The top three keywords were “green roof,” “performance,” and “UHI,” which somewhat resembled the researchers’ 
previous areas of Interest. The keyword co-occurrence analysis shows that green roof research is divided into five major areas: 1) 
potential for water conservation, precipitation, and flood reduction, 2) impact on urban biodiversity, 3) building energy conservation, 
4) positive effects on lowering air pollution and greenhouse gas emissions, attenuating the urban heat island effect, and 5) positive 
effects on sustainable development and public health. The keyword hotspots and emergences were analyzed, and their main areas of 
involvement remained in these five areas. Finally, co-citation analysis included journal, literature, and author co-citation analysis. The 
top 15 articles with the highest number of co-citations came from the literature co-citation analysis (see Table 5); the co-citation 
analysis of authors revealed that ANONYMOUS and GETTER KL have the highest number of citations. The three most influential 
journals were LANDSCAPE URBAN PLAN, BUILD ENVIRON, and BIOSCIENCE. In addition, several topics worth further research were 
proposed based on the subject structure, high-frequency keywords, keyword emergence, and buzzwords. The bibliometric analysis 
based on CiteSpace, VOSviewer has the following advantages: 1) evaluation and visualization through different items, 2) its clustering 
can better analyze different research areas, and 3) high-frequency keywords and keyword emergence can better reveal research 
hotspots and trends. Because of this, we can come up with topics that are worthy of further research. However, this study has certain 
limitations. Firstly, CiteSpace and Vosviewer are commonly used research methods for review, but the data collection pathways need 
to be more diverse. Therefore, we plan to try other innovative review research methods in the future. Secondly, the data we selected 
comes from the Web of Science and has not been extended to other languages. Therefore, we can collect data from different languages 
in future work to make the research more comprehensive. 
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