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Abstract  19 

There is general agreement on the importance of green roofs as ways of reducing GHG emissions, reducing 20 

overall costs and improving sustainability in urban areas. This systematic literature review highlights life 21 

cycle sustainability assessment as an essential criterion to evaluate green roofs. A bibliometric analysis was 22 

used to quantitatively review relevant literature. The Scopus database was chosen as a bibliographic 23 

database of academic publications. Thes period of search started from 2003 and final search was conducted 24 

on February 15, 2023. Based on further in-depth reading, 88 publication records which met the selection 25 

criteria, including 74 papers and 14 conference papers. Researchers from the United States contributed 26 

almost 31 % of the documents. We evaluated leading studies in this field and discussed assessment method, 27 

system boundaries and research gaps through a critical literature review and a systematic search review. 28 

Finally, we propose a framework and identify a gap and future research. The environmental aspect of green 29 

roofs have received more attention than economic issues. We found that most economic evaluations of 30 

green roofs are limited to their construction stage. As yet there is no comprehensive social study on green 31 

roofs. We considered a unified study of the economic, environmental impact and social evaluation of green 32 

roofs to be warranted. Additionally, various measurement methods should be used to assess the economic 33 

profitability of green roofs over the long term. In summary, this study provides a deeper understanding of 34 

the environmental, social, and economic performance of green roofs and identifies research gaps as well as 35 

future research directions.  36 
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1. Introduction  43 

1.1 Life Cycle Sustainability Assessment  44 

An increasing population worldwide has expanded the rate of construction of new buildings in 45 

recent decades. For example, the value of construction was around 7.3 trillion in 2021, and it is expected to 46 

increase by about 14.41 trillion by 2030 [1]. The construction building industry is responsible for 47 

consuming about 40% of all global resources, producing 33% of all emissions and 40% of all waste 48 

worldwide [2, 3]. Consequently, the construction industry generates almost 40% of annual CO2 emissions. 49 

Sustainable development adheres to the principles of respect for nature, environmental protection, and 50 

responsible management of social and economic standards. The statistics above highlight the need for 51 

sustainability to be considered in the construction sector to control resource consumption and eliminate 52 

waste. Urban sustainability and global climate change issues can be addressed by designing cities that are 53 

climate-conscious and energy-efficient [4]. In recent years, green roof construction has become an 54 

increasingly popular design tool because of the numerous environmental benefits it provides [5]. Using a 55 

green roof can support the sustainability objectives of an organization because it conserves energy by 56 

insulating a building and reducing thermal heat gain [6]. Reducing the energy consumption of buildings 57 

can also result in a significant reduction of CO2 emissions from fossil fuel-fired power plants [7], reducing 58 

pollution [8] as well as energy consumption [9]. Green roofs also decrease the heat island effect, leading to 59 

a natural change of water [10]. This study focuses on the Sustainability Life Cycle Assessment (SLCA) of 60 

green roofs. Furthermore, it identifies the gaps in previous studies. This will help researchers explore 61 

additional challenges of the sustainability of green roofs in future studies.  62 

Life Cycle Sustainability Assessment (LCSA) is one of the most valuable methods of evaluating 63 

sustainability in the building sector. LCSA refers to the assessment of three sustainability pillars [11,12]. 64 

These pillars are life cycle assessment (LCA), life cycle cost (LCC) and social life cycle assessment 65 

(SLCA). LCA is a methodology for assessing the environmental impacts associated with all the stages of 66 

the life cycle of a building. LCC includes all costs associated with the life cycle of a building. SLCA is a 67 

method that can be used to assess the social and sociological aspects of buildings, their actual and potential 68 

positive as well as negative impacts during their life cycle [107]. In 1987, the Brundtland report [109] 69 

referred to the terms of LCSA for the first time. Accordingly, Agenda 21 built on the Brundtland 70 

Report, which stressed the importance of linking social and economic development with 71 

environmental protection [110]. Each of these assessments has its own distinctive methodology [14]. 72 

SLCA generally uses a questionnaire to identify the most appropriate product from a social perspective. 73 

Some questions that have been asked in this context relate to freedom of association, economical, social, 74 

and environmental impacts, and fewer occupational accidents [15]. It is important to note that LCSA is 75 

similar to the circular economy. According to a previous study [16], LCSA can be used to evaluate 76 

circular economy strategies as it incorporates a comprehensive framework and is also capable of preventing 77 

barriers between value chains and stockholders. Previous studies [16,17] indicate that circularity indicators 78 

cannot be used in isolation. They argue that LCSA needs to be used to evaluate the entire process of a 79 

product.  80 

 81 

 82 
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1.2 Types of Green Roofs  83 

As mentioned above, one of the ways of constructing sustainable buildings is to build green roofs 84 

[19]. Numerous studies over the past decade have identified the environmental benefits of green roofs in 85 

cities. Green roof systems have many components, including roofing membranes, a protection layer, a 86 

drainage layer, a filter layer, an irrigation system for the dry climates, and different types of vegetation, all 87 

resting on an insulated structure [10]. Generally, these roofs fall into three categories [20]: extensive, 88 

intensive and semi-intensive. Figure 1 shows the main features of green roofs. First, the extensive green 89 

roof is of modest depth, has plants with shallow roots, and requires low maintenance. Second is the intensive 90 

green roof, with a deeper layer of soil, and planted with various trees and plants and require considerable 91 

maintenance. Currently and in widespread use, ‘extensive’ green roofs are planted with homogeneous 92 

species and display shorter-term characteristics than intended [21].  93 

 94 
Figure 1, Roofs with greenery of two types: extensive (right) and intensive (left) [22] 95 

The third type of green roof is called semi-intensive [23]. Figure 2 shows different configurations 96 

of this type. Green roofs with semi-intensive features are an intermediate type between extensive and 97 

intensive roofs. They support a wide variety of shrubs and herbs, and provide ample possibilities for 98 

landscaping [24]. Semi-intensive green roofs differ from extensive green roofs, in which vegetation grows 99 

naturally. Clients and landscape architects and can choose plant types based on their interests and needs. 100 

As a way to address the listed urban circularity challenges, green roofs can be integrated into newly 101 

constructed and existing buildings (intensive, extensive and semi-intensive) [22] thereby offering solutions 102 

to service “circular cities” [25].  103 

 104 
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 105 
Figure 2, Semi-intensive green roofs [24] 106 

The maximum depth of roofs is 180mm, 250mm and 760mm for extensive, semi-intensive [24] and 107 

intensive green roofs, respectively. The vegetation planted in intensive roofs include trees, shrubs and 108 

lawns, while extensive roofs are limited to grasses, herbs and moss. However, semi-intensive roofs are of 109 

average soil depth compared to the two previous roof planting systems. They support shrubs, grass and 110 

herbs but not trees [26]. The weights for these roofs vary between 200 kg/m², 300 kg/m² and 800 kg/m² for 111 

extensive, semi-intensive and intensive green roofs respectively. The weight of an extensive green roof 112 

system is understandably the lowest among the alternatives and there is therefore no need to strengthen the 113 

roof structure [27]. However, the weight intensive green roof gardens needs to be considered when 114 

designing the roof structure system. Extensive green roofs are not trafficable by people and are considered 115 

inaccessible. In contrast, their intensive counterparts are suitable for social interactions and can be used by 116 

the public [28]. 117 

 118 

 119 

1.3 Theoretical Background  120 

Vegetation such as vertical gardens, green façades and green roofs contribute to sustainability in 121 

cities as they absorb carbon from alternative urban sources [10]. Green roofs provide important benefits 122 

including reducing the heat island effect, extending roof life and reducing carbon emissions [29]. 123 

Additionally, Kosareo and Ries [30] found that extensive and intensive green roofs could reduce stormwater 124 

run-off and mitigate urban heat island impact by 90% and 60%, respectively. Another study [31] found that 125 

19.8 ha of green roofs in Chicago improved air quality by removing about 1700 kg of air pollutants in one 126 

year. An investigation by Mirnezhad, Bin Aminudin and Yeap [32] measured and evaluated the heat transfer 127 

between conventional and green roofs. They found that green roofs could decrease temperature by 1-2 ⁰C 128 

in hot and humid climates. Other researchers [33] investigated the energy performance of three different 129 

green roofs in a Mediterranean climate. They found that intensive green roofs required less cooling energy 130 

than extensive green roofs. Energy use was 20%, 70%, and 60% lower for extensive, semi-intensive and 131 

intensive green roofs compared to a traditional roof. These results confirm the advantages of green roofs. 132 

Another study [34] found that 50%–75% of roofs could improve air quality when covered with plants. 133 

Green roofs also have other advantages such as providing noise barriers in urbanized regions [35].  134 
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Green roofs produce fewer environmental emission in both the production and use phases [36]. 135 

Some studies have focused on the LCA of green technologies, such as green roofs. For example, one of the 136 

first LCA studies of extensive green roof systems investigated reducing the energy consumption of 137 

residential buildings [37]. Other study [38] compared the LCA of four existing roofs, namely: intensive 138 

green roofs, extensive green roofs, semi-intensive green roofs and conventional roofs. This showed that 139 

extensive green roofs generated the least biodiversity loss and was considered the best option. Yet another 140 

study evaluated the LCA of roofs and established that the manufacturing phase of intensive green roofs 141 

resulted in higher GWP (global warming potential) compared with extensive green systems and gravel 142 

roofing systems [39]. In contrast to research advocating green roofs as a sustainable building method [39, 143 

40], other research offers a contrary perspective. For example, one study compared the LCA of conventional 144 

and green roofs [42]. This showed that conventional roofs have less environmental impact than extensive 145 

green roofs. This is not surprising because extensive green roofs require considerably more materials and 146 

components than conventional ones. Different studies have compared the LCA of green roofs with different 147 

insulation materials, heat resistances, and waterproof layers [43]. The investigators argue that green roofs 148 

contribute the highest emissions and most damage to human health and the ecosystem. This relates to the 149 

construction of green roof as more materials are needed compared to roofs designed only for heat resistance 150 

or waterproofing. A LCA study conducted by Rincón, [44] evaluated the reduction in cooling and heating 151 

of alternative layers of recycled rubber, pozzolana when insulated and not insulated with polyurethane for 152 

extensive green roofs and conventional roofs. They showed that recycled rubber could decrease the 153 

environmental impact of extensive green roofs compared to a non-insulated conventional roof. Another 154 

LCA study [24] analyzed four different semi-intensive green roofs, including hydrophilic mineral wool and 155 

extruded polystyrene.  Yet another LCA study [45] evaluated ten alternative flat roofs with and without 156 

plantings. They found that green roofs with plants had a higher environmental impact benefit and lower 157 

cost. These studies clearly highlight the need for a comprehensive life cycle boundary analysis for 158 

evaluating alternative case studies. Some reviews of green roof literature have been conducted in the past 159 

few years. For example, a LCA study [50] of green roofs revealed that they could have less environmental 160 

impact than traditional roofs. Additionally, this study recommended that industry byproducts be studied 161 

more thoroughly. 162 

Some studies have estimated the cost of green roofs versus conventional roofs. For example, a cost 163 

analysis of traditional roofs versus extensive green roof systems was conducted by Talbot [46]. They found 164 

that green roofs cost around 25% less than traditional roofs at the end of their lifetime [47]. They showed 165 

that green roofs (extensive and intensive) are more economical than other non-greened roofs. Another LCC 166 

study conducted by Chan and Chow [48] compared conventional roofs with green roofs. Their findings 167 

were that for the replacement cost of a conventional roof, the cost payback period is about ten years. 168 

Additionally, a limited number of articles have combined LCA and LCC as a single study [41, 47]. The 169 

study reported in this paper has been conducted to evaluate the LCSA of all sustainability approaches: LCA, 170 

LCC, and SLCA. We also propose a framework that highlights gaps in current knowledge to inform further 171 

research.  172 

 173 

 174 

 175 
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2. Method 176 

2.1 Principles and Procedures 177 

The results of this study are presented in two sections. The first presents the result as a bibliometric 178 

analysis which is shown as a co-occurrence map of keywords, geographical distribution, organization and 179 

counties. The second section analyses different details of LCA, LCC, and SLCA based on various 180 

characteristics used in their assessment. Recently, academic researchers have become increasingly 181 

interested in bibliometric analyses [51]. Bibliometric evaluation includes statistical strategies and 182 

mathematical methods to evaluate the bibliometric data from a previously selected publication, such as 183 

articles and conference papers [52]. The bibliometric method could be described as a quantitative review 184 

technique such as analyzing citations on bibliometric data such as units of publication and citation. The 185 

bibliometric technique considers a review method to discover the relationship among emerging research 186 

topics, journal citations, and the current state of the existing research area.  187 

Figure 3 shows the systematic procedures of selecting appropriate literature for this study. In the 188 

first stage, appropriate keywords were chosen to target SLCA and green roofs. The evolution of the search 189 

terms used is presented in Table 1. Searches were conducted using the keywords and their combinations. 190 

The final search was conducted on February 15, 2023.  In the second stage, the Scopus database was chosen 191 

as a bibliographic database of academic publications. Scopus is one of the most commonly used databases 192 

for bibliometric analyses due to its unique features [53]. Our searches were limited to articles and 193 

conference papers as well as book chapters to identify high-quality research. We searched for English 194 

documents published between 2003 and 2022. As part of stage 3, 164 publications were found related to 195 

the definition of the search (title, abstract, and keywords). All duplicate papers were excluded (exclusion) 196 

based on the titles of articles and grey literature, and 154 records were retained for further processing. A 197 

review of abstracts identified 42 papers outside the scope of the study and these were discarded. The 198 

remaining 112 articles were checked for their title, abstract and keywords, and 13 records that did not focus 199 

on environmental or economic aspects of sustainability assessment were excluded. Based on a further in-200 

depth reading, ten papers were removed, leaving 88 records which met the selection criteria, including 74 201 

papers and 14 conference papers. The last analysis stage (4) is explained in the bibliometric analysis section 202 

(2.2). It is worth mentioning that papers related to surveys of air conditioner resizing and storm-water 203 

related to green roofs were considered outside the scope of this research.  204 
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 205 
Figure 3. Procedures of selections of article 206 

 207 

2.2 Bibliometric Analysis  208 

Visualizing similarities (VOS) viewer software has become increasingly popular in bibliometric 209 

research. This software was developed [54] to present bibliometric maps in a visually appealing manner. It 210 

allows literature to be efficiently collated, similarities between selected publications identified within 211 

parameters, and significant themes identified among publications [55]. In addition, it was possible to map 212 

the sciences encountered and analyze networks using VOSviewer (ver.1.6.19). Moreover, in terms of 213 

bibliometric mapping, clustering and the visualization of networks, this study was limited in its analyses of 214 

keywords and co-authorships. We retrieved data from the Scopus database and exported them in a .csv 215 

(Microsoft Excel) file [55]. The selected keywords for the database are illustrated as shown in Table 1.  216 

Table 1. Results of keyword search terms 217 

Query 
Number of 

articles  

After 

refine  

"green roof " AND "Sustainability" AND "Life Cycle" 44 32 

"green roof " AND "Sustainability" AND "Life Cycle assessment" AND “LCA” 21 18 

"green roof " AND "Sustainability" AND "Life Cycle cost" 13 13 

"green roof " AND "Life Cycle cost" 35 34 

"green roof " AND "Life Cycle assessment" AND “LCA” 62 59 

"green roof " AND "Social Life Cycle assessment" 0 0 

"green roof " AND "Life Cycle cost" AND "Life Cycle assessment" AND 

“LCA” AND “LCC” 
9 8 

"green roof " AND "Life Cycle assessment" OR "Life Cycle cost" AND "Social 

Life Cycle assessment" 
0 0 

Initial Title Screening Total  164 

Total after removing duplication  88 
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 218 

To conduct a bibliometric analysis, three primary steps are required. They include an evaluation of 219 

performance, network analysis and science mapping. An evaluation of performance involves evaluating the 220 

number of publications and citations (the h-index) as well as related metrics (e.g., the number of citations). 221 

This reflects the influence and strength of relationships between different title attributes of articles using 222 

their co-occurrence weights and total link strengths. An analysis of citations may include citation analyses, 223 

co-citation analyses, bibliographic coupling analyses, co-word (keyword) analyses, and co-authorship 224 

analyses. Through network analysis, bibliometric mapping results can be enhanced. A common method is 225 

to evaluate and visualize network metrics and cluster data. The methodology adopted for this study followed 226 

previous research [56]. Data obtained from Scopus were used for a performance analysis that included the 227 

number of publications, citations, and impact factor. 228 

Three types of visualisation are available in VOSviewer: overlays, networks, and densities. Data 229 

clustering was effected solely using network visualisation. Keywords and topics are displayed as well as 230 

their co-occurrences, co-authorship, and country of origin regardless of co-occurrence of words or co-231 

authorship. Additionally, colors indicate the popularity and similarity of studies. As these are frequently 232 

used in multiple studies, line colors used for the interconnection of words change. Smaller connections are 233 

indicated by lighter colors, while larger connections are indicated by darker colors. 234 

 235 

3 Results  236 

3.1 Bibliometric Data 237 

This section expands on the descriptive analysis of bibliometric evaluation. Different criteria have 238 

been considered such as years of publication, geographical distribution, number of citations and the journals 239 

in which the papers were published. Preliminary results based on document type distribution showed that 240 

around 79.5% of papers are published in journals versus 26% as conference papers. Only 4.5% are book 241 

chapters. Most of the publications related to the green roof are articles (70), which represent 79.55% of all 242 

the documents. The second source of publications, conference papers, provided 14 papers and represents 243 

15.9% of all the selected documents. The last source, book chapters, provided four papers accounting for 244 

only 4.5%. Most publications were published in international journals. 245 

Growth in the number of publications related to this topic is shown in figure 4. The first study 246 

related to the life cycle of green roofs was about LCC in 2003 [57], while the first green roof study of LCA 247 

was not until 2006 [37]. The number of publications rose during 2007 and then decreased in the next year 248 

(2008). No relevant research was published during 2009, showing that research about green roofs was 249 

sporadic. However, since 2012 the number of publications stabilized to more than four papers every year. 250 

Still, many picks and some bottom observed probably showed the uncertainty about LCSA research about 251 

a green roof. Only one paper relevant related was published in 2011, but output rose to eight in 2012 and 252 

decreased to four papers in 2021. Prior to that, only nine papers were published until 2011, and from 2012 253 

to 2022, this number rose to 79, showing an 88% increase rate.  The annual publication rate increased in 254 

2022 to 13 papers, being the highest number of publications to date. The growth trend publications in life 255 

cycle studies of the green roof thus has many ups and downs. In contrast, similar studies about building or 256 

construction show an increase each year [58]. This shows that the importance of life cycle studies of green 257 

roofs have not been prioritised. Figure 4 also shows the number of citations these papers attracted. The first 258 
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citations appeared only two years after the first published article in 2005. Unlike the number of publications 259 

that have not increased steadily during the last twenty years, the number of citations has had a more stable 260 

growth trajectory. The total number of citations increased from 23 in 2009 to 458 in 2021 only decreasing 261 

to 423 in 2022.  262 

 263 
Figure 4. Annual growth of publications from 2003 to 2022 264 

Table 2 shows the primary outlets that publish life cycle studies of green roofs. The “Journal of 265 

cleaner production” and “Building and environment” published the most articles. However, “Building and 266 

Environment” attracted the highest citations. Table 2 also lists the journals' highest total link strength in 267 

green roofs for LCSA. Journals such as the Journal of Cleaner Production, Building and Environment, 268 

International journal of life cycle assessment, Environmental and climate technologies, Environmental 269 

science and technology, Energy and buildings, and Science of the total environment received the highest 270 

co-citation link strengths. These journals are the preeminent research outlets for green roofs and LCSA.  271 

Table 2, Main sources of research from 2003 to 2022 272 
Source Documents Citations Total link strength 

Building and environment 7 746 55 

Web of conferences 2 0 3 

Energy and buildings 2 207 7 

Environmental and climate technologies 2 1 8 

Environmental monitoring and assessment 2 73 4 

Environmental science and technology 3 405 23 

International journal of life cycle assessment 2 31 2 

International journal of sustainable building technology and 

urban development 2 21 10 

Journal of cleaner production 7 281 55 

Journal of environmental management 3 289 3 

Science of the total environment 2 37 9 

Journal of Water (Switzerland)- MDPI 2 28 5 

 273 
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3.1.1 Geographical Distribution 274 

Figure 5 shows the geographical distribution of the documents analysed. This shows that 275 

researchers in the United States are actively in green roof and life cycle research. In addition, authors in 276 

many European countries such as Italy, Spain, Germany, Portugal, and the Netherlands are publishing a 277 

high number of publications in this field. However, researchers in China are the only ones in Asia that are 278 

active in this field. The United States and Italy have been listed as the top countries for publications since 279 

2003, and these countries have made a significant contribution to life cycle and green roof topics. Table 3 280 

provides details of regions/ countries for these papers. To compare citations, the United States and Italy 281 

have the highest number relative to their number of publications. The citation is 1108 (31%), 465 (13%), 282 

304 (9%), 296 (8%), and 220 (6%) for the United States, Italy, Singapore, Canada, and Germany, 283 

respectively.  284 

 285 
Figure 5. Total link strength of active key regions from 2003 to 2022 286 

Italy has the highest link strength among other countries. This represents the country's core role in 287 

cooperating with others on this topic. Thus, Italy has made a solid contribution to developing green roof 288 

life cycle studies. Researcher in Italy have co-authored papers on green roofs and their life cycle 289 

applications with researchers in several countries. Other countries with high total link strengths include 290 

Germany, Portugal, and Greece, respectively. Surprisingly, the total link strength of the United States is 291 

among the lowest in the ranking of nine out of twenty countries. This might relate to the fact that researchers 292 

from the United States rarely collaborate and publish papers with researchers from other countries. 293 

The link between two countries or circles shows that authors in these countries cooperate with 294 

author from other countries. The thicker the connection, the stronger the cooperation between the two 295 

countries in terms of the number of contributions. The lines and circles in yellow represent new researchers 296 

conducting research on the topic. Bosnia and Herzegovina and Sweden are countries where researchers 297 

have recently published papers about green roofs and life cycles. It is also interesting to note links between 298 
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countries. For example, a strong relationship is found between the United States, Germany, Canada and the 299 

Netherlands. Researchers from these countries have been contributing to this topic for the longest time.  300 

 301 

  Table 3, Details of regions/ countries in selected papers 302 
Country Documents Citations Total link strength 

Bosnia and Herzegovina 2 14 1113 

Canada 5 296 167 

China 8 140 351 

Egypt 2 13 66 

France 3 52 231 

Germany 5 220 1386 

Greece 5 56 1332 

Hong Kong 2 192 9 

India 2 8 4 

Italy 16 465 1582 

Lebanon 2 43 204 

Netherlands 5 86 187 

Portugal 5 72 1361 

Singapore 2 304 59 

South Korea 3 186 46 

Spain 9 209 1161 

Sweden 3 1 7 

Turkey 2 19 1136 

United states 17 1108 385 

Figure 6 shows the network of countries in which LCSA studies were conducted from 2003 to 303 

2022. Each circle represents countries with publications about green roofs and LCSA, and the size of each 304 

circle represents the number of publications. The large circles for Italy and the United States thus mean that 305 

researchers in these countries have published most papers in this field. The link between two countries or 306 

circles shows that authors in these countries cooperate with those from other countries. The thicker the 307 

connection, the stronger the cooperation between the two countries in terms of the number of contributions. 308 

The lines and circles in yellow represent new researchers conducting research on the topic. Bosnia and 309 

Herzegovina and Sweden are countries where researchers have recently published papers about green roofs 310 

and life cycle studies. It is also interesting to note links between countries. For example, a strong 311 

relationship is found between the United States, Germany, Canada and the Netherlands. Researchers from 312 

these countries have been contributing to this topic for the longest time.  313 
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 314 
Figure 6. A network of regions/ countries in which LCSA studies were conducted in 2003 to 2022. 315 

 316 

 317 

 318 

3.1.2 Co-occurrence of Keywords 319 

One of the main components of any research paper is the keywords that represent their content. 320 

The co-occurrence of the keywords ‘green roof’ and ‘life cycle studies’ was effected by setting the 321 

minimum frequency to two keywords in VOSviewer software. Next, the process of filtering was conducted 322 

to merge synonyms such as “green roof” and “green roofs” and to convert abbreviations into full terms 323 

(“life cycle assessment” and “LCA”). Some general terms such as (“method”, “conclusion”, etc.) were 324 

ignored. Analysis of the keywords revealed 298 results for the green roof and life cycle topic with one co-325 

occurrence threshold. When the minimum number of co-occurrences was changed to at least two, the 326 

threshold number decreased to 50. Consequently, sixteen keywords with the highest number of co-327 

occurrences were selected as shown in Table 4. The most cited keyword was “Life cycle assessment, LCA, 328 

Life cycle analysis, etc.” with an occurrence of 33, which covered 25% of all shares and with total link 329 

strength of 71 (26%). The second highest keyword was “green roof, green roofs”, with a frequency of 30 330 

(23%) and total link strength of 54 (20%). The third highest cited keyword was life cycle cost, with a 331 

frequency of 13 (10%) and total link strength of 24 (9%). The remaining highest cited keywords are 332 

environmental impact (8%), sustainability (5%), extensive green roof (5%), energy efficiency (5%), energy 333 

saving (4%), low impact development (3%), and green infrastructure (3%), respectively.  334 

 335 

 336 
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Table 4, Details of Co-occurrence of keywords of the selected publications 337 

 Keyword Occurrences Total link strength 

1 Life cycle analysis 2 7 

2 Life cycle approach 2 4 

3 Life cycle assessment 33 71 

4 Life cycle cost 13 24 

5 Green roof 30 54 

6 CO2 emission reduction 2 6 

7 Sustainability 7 20 

8 Sustainable development 3 6 

9 Low impact development 4 2 

10 Green infrastructure 4 6 

11 Environmental impact 10 22 

12 Extensive green roof 6 16 

13 Energy efficiency 6 14 

14 Energy saving 5 10 

15 Urban heat island 2 5 

16 Vegetative roofs 2 4 

 338 

The current network map shows five highly interconnected clusters. Among the top five knowledge 339 

areas of life cycle and green roof, the most popular topics were life cycle assessment, green roof, life cycle 340 

cost, and environmental impact. Furthermore, these keywords were strongly associated with different 341 

clusters. The other cluster in concern is mainly related to green construction and infrastructure, and their 342 

corresponding issues can be seen as “ecology”, “green architecture”, “green infrastructure”, “retention”, 343 

and “sustainable development”. The purple cluster relates to “life cycle cost”, “low impact development”, 344 

“energy saving”, and “cradle to grave”. The green cluster refers to “environment impact”, “recycle”, 345 

“building”, “extensive green roof”, “life cycle approach”, “urban area”, “vegetable roof”, while the light 346 

blue cluster relates to “life cycle assessment”, “rooftop agriculture”, and “sustainability”, and “storm 347 

water”. The blue cluster relates to “energy consumption”, “maintenance”, “flat roof”, “environment 348 

performance”, and “eco-design”. The yellow cluster refers to “green roof” “green wall”, “white roof”, 349 

“urban heat island” “energy efficiency”.  350 

The red cluster in figure 7 is mainly related to green construction and infrastructure.  Corresponding 351 

issues can be seen as “ecology”, “green architecture”, “green infrastructure”, “retention”, and “sustainable 352 

development”. The purple cluster relates to “life cycle cost”, “low impact development”, “energy saving”, 353 

and “cradle to grave”. The green cluster refers to “environment impact”, “recycle”, “building”, “extensive 354 

green roof”, “life cycle approach”, “urban area”, “vegetable roof”, while the light blue cluster relates to 355 

“life cycle assessment”, “rooftop agriculture”, and “sustainability”, and “storm water”. The blue cluster 356 

relates to “energy consumption”, “maintenance”, “flat roof”, “environment performance”, and “eco-357 

design”. The yellow cluster refers to “green roof” “green wall”, “white roof”, “urban heat island” “energy 358 

efficiency”.  359 
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 360 

Figure 7. Co-occurrence map of the keywords from 2003 to 2022 361 

 362 

 363 

3.2 Life Cycle Sustainability Analysis  364 

3.2.1 LCA Evaluation 365 

The meta-analysis can be used to inform recommendations or provide guidance for future designs. 366 

Table 5 presents the top 12 most cited research papers in Scopus. The most cited research article is 367 

“Comparative environmental life cycle assessment of green roofs” [30] from Building and Environment, 368 

with 250 citations. This is one of the first studies to use the Simapro software to evaluate the LCA of green 369 

roofs. This study considered the Impact 2002+ life cycle impact assessment (LCIA) method for four 370 

environment categories: ozone layer depletion; acidification; eutrophication; and global warming. They 371 

claimed that intensive green roofs are ideal in all five impact categories. The second highest cited article 372 

“Comparative life cycle assessment of standard and green roofs” from the journal of environmental science 373 

& technology has 223 citations. It is the first investigation to use Simapro Software to analyse the LCA of 374 

green roofs [37]. However, it only evaluated extensive green roofs for a range of environmental categories, 375 

including abiotic depletion, ozone layer depletion, freshwater aquatic ecotoxicity, terrestrial ecotoxicity, 376 

global warming, photochemical oxidation, human toxicity, eutrophication, acidification, ecotoxicity, and 377 

marine aquatic. However, the authors did not mention the LCIA method by name. Another highly cited 378 

article  [59] used the CML-2 and Eco-indc-99 LCIA methods for analysis.  379 

 380 

 381 
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Table 5, Most cited articles on life cycle assessment of green roofs 382 

 Source Year Location Types of roof Functional unit 
Lifetime 

(Years)  

Method 

/Software 

Total 

citations 

1 [30] 2007 USA 
Extensive/ 
Intensive  

- 50  Simapro 250 

2 [37] 2016 Canada Extensive - 50 Simapro 223 

3 [60] 2010 United States Green roof - - - 67 

4 [59] 2007 UK Innovative system treated greywater 15 Simapro  65 

5 [61] 2015 Finland Extensive 1m2  40 
Simapro 

 
64 

6 [44] 2014 Spain Extensive 9 m2  50 LCAmanager 59 

7 [24] 2017 Czech Republic Intensive 1 m2 20 GaBi 54 

8 [62] 2013 Spain Extensive 50 m2 - European database 51 

9 [27] 2012 Italy Extensive 1 m2 50 
Simapro 

 
48 

10 [63] 2012 Netherlands Extensive 
kWh of 

electricity  
30 

Simapro 

 
42 

11 [64] 2014 Spain 
Extensive/ 

Intensive 
300 m2 30 

Ecoinvent 99 (EI99), 

IMPACT 2002+ and 

Cumulative Energy 
Demand 

37 

12 [65] 2018 Portugal semi-intensive 1 m2 50 GaBi 34 

The fourth and fifth most cited papers also evaluated extensive green roofs, as well as most of the 383 

other studies. This may be because this kind of green roof does not require changing the last ceiling 384 

thickness of building with needing the lowest thickness of soil; consequently, it is particularly suitable for 385 

existing building structures [66]. Most studies evaluated one type of green roof, either the extensive green 386 

roof [27], intensive green roof [24], or semi-intensive green roof [65]. Some researchers compared the LCA 387 

of different types of green roofs. For example, one study [30] compared two types of green roof (extensive 388 

and intensive green roofs), finding that ozone layer depletion, acidification, eutrophication, and global 389 

warming impact categories of intensive green roofs were better than those of extensive roofs. Another study 390 

found that intensive green roofs have the highest impact on all damage categories, including human health 391 

and climate change, compared to extensive green roofs [64]. A further study [67] compared the LCA of 392 

alternative roofs: traditional gravel ballasted roofs, and white reflective roofs with extensive and intensive 393 

green roofs. They found that many life cycle stages need to be evaluated in future research, such as water 394 

retention, pollutant extraction from the atmosphere by a green roof, and thermal insulation effects. Their 395 

results indicated that both green roofs perform better than other alternatives [67].  396 

There are many different LCIA methods that have been used in alternative LCA studies. Despite 397 

most studies using the IMPACT2002 +, ReCiPe v1.06, and CML2 baseline, other LCIA methods were used 398 

in a few studies. For example, one study [68] applied the UM-LCA method. The UM-LCA approach has 399 

limitations and these should be considered when evaluating results. A study by  Goldstein et al. (2013) 400 

discussed how UM-LCA can be useful only with appropriate geographic boundaries and functional units. 401 

The differences between the UM-LCA method and other LCIA methods such as IMPACT2002 +, ReCiPe 402 

v1.06, and CML2 need further investigation to identify their differences. The LCIA methods used included 403 

Impact 2002+ (six times, 24%), followed by CML 2001, ReCiPe v1.06, and CML2 baseline (four times, 404 

16%). The eco-Indicator 99 method was used twice (8%). Other LCIA such as TRACI v2.1 [69], LCA/EPD 405 

[70], IPCC [71], European database [62], and Cumulative Energy Demand [64] were only used once in 406 

different studies. The majority of LCA studies used Simapro software to analyze green roofs (19 times, 407 

70%), followed by GaBi software (three times, 11%). Other software was used once in different LCA 408 

studies, eBalance 4.7 [72], CYPE Engineers [73], Athena [69], EPA-W [43], and LCA-calculator [66]. 409 

 410 
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3.2.2 LCC Evaluation 411 

Table 6 shows the most cited articles on the LCC of green roofs. Different LCC methods may be 412 

used including the net present value (NPV), present value (PV), internal rate of return (IRR), and pay back 413 

period (PBP). The most cited study [20] is from the Journal of Environmental Management, entitled “Life-414 

cycle cost-benefit analysis of extensive vegetated roof systems” with 254 citations. Most studies used NPV 415 

to compare different scenarios. Some studies [74] used other methods, such as PBP and IRR. Some studies 416 

compared extensive and intensive green roofs. For example, one study [57] compared two intensives (80% 417 

shrub & 50% tree) with an extensive green roof. They found that the initial cost of extensive, intensive with 418 

80% shrubs and intensive with 50% trees was 89 $ M2, 178 $ M2, 197 $ M2, respectively. The extensive 419 

green roof was therefore considered a lower-cost option. Only a few studies compared the LCC between 420 

intensive and extensive green roofs. Mohapatra et al., (2020) believed that semi-intensive roofs deliver 421 

higher energy efficiency than extensive green roofs. However, the LCC of the semi-intensive roof was not 422 

evaluated in any of the selected publications. Other costing methods such as total rate of return (TRR), 423 

discounted payback period (DPP), and external rate of return (ERR), could be used in future studies to 424 

evaluate green roof costs and energy consumption.  425 

Table 6, Most cited articles on life cycle cost of green roof 426 

 Source Location Types of roofs 
Method/Software 

 
Total 

citation 

1 [20] USA Extensive NPV 254 

2 [74] Italy Extensive NPV, IRR, PBP 215 

3 [75] USA Extensive cost-effectiveness 190 

4 [57] Singapore Extensive/Intensive Discounting method 184 

5 [76] Hong kong Green roof PV 163 

6 [77] United states Extensive NPV 119 

7 [78] Italy Extensive NPV 56 

8 [79] China Green roof NPV 31 

9 [80] Hong Kong Extensive PV 28 

10 [81] USA Green Roof - 17 

11 [99] Italy 
Extensive/ 

Intensive 

NPV, Life Cycle Revenue, 

and Discounted Cashflow 
12 

 427 

3.2.3 LCA & LCA Evaluation 428 

Table 7 shows the most cited articles on LCA and LCC of green roofs. One of these is “LCC and 429 

LCCO2 analysis of green roofs in elementary schools with energy saving measures” by Hong et al., (2012) 430 

published in the Journal of Energy and Buildings, with 88 citations. The authors evaluated 16 case studies 431 

with green roofs, incorporating external insulation, exterior blinds, double glazing, and a light-emitting 432 

diode. The impact of alternate green roofs could not be distinguished in this study since its focus was on a 433 

different element of existing buildings. The first study about LCA that claimed to have a consequential life 434 

cycle analysis was by Wang, Eckelman and Zimmerman [82]. A consequential LCA provides an estimate 435 

of how global environmental burdens are affected by the production and use of a product and how to make 436 

changes to improve choices [83]. This study focuses on the LCA of alternative rainfall scenarios of green 437 

infrastructures such as green roofs. Another study [49] analyzed the life cycle CO2 and LCC of sixteen 438 

different types of vegetation for green roofs. This revealed that green roofs, sedum, and grass generate low 439 

total costs. In another study, two green roof types, roof farm and extensive roof garden, were compared. 440 

This found the roof farm to be more expensive than the roof garden [84]. Another study [66] assessed the 441 

energy environment and cost of a building and applied some strategies such as retrofitting of extensive 442 

green roofs, windows, and thermal insulation. LCA and LCC were compared in another [42], finding that 443 
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traditional roofs have less environmental impact compared to extensive green roofs. It is probably because 444 

extensive green roofs require more materials than a traditional one. In conclusion, none of the reviewed 445 

studies identified the most effective green roofs with respect to LCA and LCC. Furthermore, none of these 446 

studies considered semi-intensive green roofs and how these differ from the other two types of green roof. 447 

Therefore, it is currently not possible to identify the optimum green roof structure.  448 

Table 7, Most cited articles on life cycle assessment and life cycle cost of green roof 449 

 Source Location Types of roof 
Functional 

unit 

Lifetime 

(Years)  

 

LCA method/Software Citation 

1 [85] 
Republic of 
Korea 

Extensive / Intensive/ Mix 
system 

Not spacified 15 - 88 

2 [82] United States Green roof 1298 m2 40  SimaPro 101 

3 [49] Korea Extensive - 40  - 71 

4 [66] Italy Extensive - 100  Design Builder 42 

5 [84] 
Republic of 

Korea 
Extensive 140m2  40 

ecoinvent database 

(v3.3) 
10 

6 [42] Greece Extensive - 45 SimaPro 2 

 450 

3.3 Life Cycle System Boundary Monitoring  451 

3.3.1 System Boundary of LCA 452 

Table 8 shows research about the LCA of green roofs and the various phases of the life span of 453 

green roofs. Since an evaluation of cradle-to-gate (A1-A3) is compulsory in LCA studies, we have excluded 454 

studies that consider only these stages. The literature includes cradle-to-gate (A1–A3) [70], cradle-to-site 455 

(A1–A5) [67], and cradle-to-grave (A1–C4) [44,85]. All these studies focused on the production and 456 

manufacturing stage (A1–A3) more than others. This might be related to EPD (Environmental Product 457 

Declaration) EN15804 and EN15978, as any LCA must assess A1–A3. No studies focused on the entire 458 

life cycle of a green roof. In other words, even studies that presented their system boundaries as a complete 459 

life cycle do not include all the subcategories of these phases. Figure 8 shows that there is no mention of 460 

repair (B3), refurbishment (B5), and reuse (D1) in any LCA studies. These stages need further evaluation.  461 

Although almost half of the LCA studies considered maintenance (B2), the assumptions made 462 

differed from one study to another. There thus appears to be a need for a robust framework and clear 463 

understanding. The maintenance of the wall of a building is quite different from a green roof. For example, 464 

one study considered the maintenance for a green roof to be that the plants needed cleaning [38]. The 465 

maintenance of semi-intensive green roofs was seen as intermediate maintenance, and was limited to 466 

occasional irrigation, weeding, and fertilization [72]. However, in this study, the maintenance of the main 467 

structure of the green roof and its alternative layers has not been considered. Another study [69] claimed 468 

that their study had considered maintenance. However, this was limited to weed control. Another study [87] 469 

considered only fertilization for the 40 year life span of the roof. A further study [24] considered fertilization 470 

of the substrate, visual checks and weeding for the maintenance stage. Maintenance  includes regular visual 471 

inspection and actions necessary to retain the desirable functionality level  [88]. Unlike the study of Manso, 472 

Castro-Gomes, Paulo, Bentes and Teixeira [65] waterproofing and irrigation require maintenance every ten 473 

years of the 50 year life span of the roof. This is different to the work of other researchers. Thus, a detailed 474 

framework for maintaining different green roofs is needed as the depth of soil in the various roofs is 475 

different and may affect the process.  476 
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 477 

Table 8 Description of Life cycle stages of selected articles related to the life cycle assessment 478 
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Source Year 
A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 B6 B7 C1 C2 C3 C4 D1 D2 D3 D4 

[45] 2022                     

[70] 2022                     

[89] 2020                     

[72] 2020                     

[86] 2020                     

[69] 2020                     

[66] 2020                     

[87] 2020                     

[65] 2018                     

[73] 2018                     

[59] 2007                     

[24] 2017                     

[90] 2017                     

[91] 2016                     

[67] 2016                     

[43] 2015                     

[61] 2015                     

[44] 2014                     

[88] 2013                     

[27] 2012                     

[92] 2008                     

[30] 2007                     

[84] 2018                     

[49] 2012                     

[37] 2016                     

[93] 2014                     

[94] 2019                     

[38] 2019                     

[71] 2022                     

[42] 2021                     

[60]                      

 479 

The replacement (B4) stage for green roofs also needs further evaluation. For example, one study 480 

[24] considered replacement of the substrate but it was not clear what materials were used, what was 481 

replaced and how many times this was done during the life span of the roof. Another study considered 482 

replacing irrigation, plants, and sealing [38]. Yet another study [30] claimed that the average life span 483 

of a conventional roofing system is usually 10 to 15 years before replacement. The same study 484 

stated that is was necessary to assess a green roof and disclose the life span of the green roof before 485 

replacement was considered. The different layer of a green roof, including thermal insulation, root 486 

barriers, vapour barriers and waterproof layers, have different life spans. These need to be considered 487 

separately for replacement and / or maintenance. On the other hand, since green roofs are exposed to the 488 

elements, the life span of green roof layers and components can be affected compared to the materials used 489 

inside. These scenarios need to be considered in future studies.  490 

 491 



19 

 

 492 
Figure 8, Life cycle assessment stage of system boundaries 493 

 494 

The operational energy use stage (B6) was considered in few green roof studies. One study [86] 495 

analyzed the LCA and energy consumption of extensive green roofs. Other researchers included B6 and 496 

considered annual energy consumption for extensive green roofs [48,59]. Future studies could investigate 497 

operation energy use of alternative green roofs. Another study [86] considered recycling, but was limited 498 

to the energy consumption of extensive green roofs. Environmental performance was not calculated. 499 

Extensive green roofs can be retrofitted to existing buildings without structural changes. The environmental 500 

performance of intensive green roofs on existing buildings may present larger benefits during the use phase 501 

as larger reductions in heating and cooling energy use are expected [91]. However, additional structural 502 

requirements would likely increase upstream environmental impacts. This needs to be considered with 503 

bigger system boundaries and include reuse and recycling.   504 

 505 

3.3.2 The System Boundary of LCC 506 

The system boundaries of cost or economic performance need to be analyzed in a similar manner 507 

to environmental performance in terms of their objectives and scope. According to ISO 15686-5 (2017), 508 

economic performance can be evaluated in different phases of the life cycle of a green roof. Table 9 presents 509 

various studies which concentrate on the economic assessment of these roofs at different stages of their life 510 

cycle. It is imperative to consider the inclusion of green roofs at the design stage. This is so that structural 511 

integrity is taken into account [10], Thus the A0 stage is added as a design phase. Surprisingly, no studies 512 

considering the costs of the design stage. However, most studies included the manufacturing cost (A1-A3), 513 

as this shows stakeholders what needs to be spent to construct a green roof. LCC for extensive green roofs 514 

have been analysed considering only manufacturing and construction stages [42]. One of the first studies 515 

that included disposal costs for green roofs used the benefit-cost analysis (BCA) method [78].  However, 516 

this study only considered an extensive roof. Currently, no other studies were located that evaluate the cost 517 
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of waste and disposal of other green roofs, namely, intensive and semi intensive green roofs. Therefore, it 518 

is suggested that the end of life costs of alternative green roofs is evaluated.  519 

 520 

 Table 9, Description of Life cycle stages of selected articles related to the life cycle cost 521 
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Source A0 A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 B6 B7 C1 C2 C3 C4 D1 D2 D3 D4 

[42]                      

[66]                      

[78]                      

[60]                      

[92]                      

[84]                      

[49]                      

[95]                      

[20]                      

[77]                      

[96]                      

[97]                      

[80]                      

[76]                      

[85]                      

[98]                      

[57]                      

[99]                      

 One study [92] compared the LCC of an extensive green roof with that of a built-up roof. Another 522 

study compared green roof construction cost on different buildings, such as for a single-family, multi-family 523 

and commercial buildings [60]. Roof farms with roof gardens have also been compared for extensive roofs 524 

[84]. A limited number of studies compared the LCC of intensive and extensive green roofs. However, no 525 

study compared all three types. Figure 9 shows that most studies do not account for all LCA phases (from 526 

raw material extraction to disposal). No study examined all green roof layers or the potential use of recycled 527 

materials. The refurbishment (B5) stage should be considered in future studies.  528 
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 529 
Figure 9, Life cycle cost stage of system boundaries 530 

 531 

 532 

4. Optimal Type of Green Roof  533 

Table 10 presents studies that evaluated alternative types of green roofs. Surprisingly, there is little 534 

agreement on the best choice. For example, studies that evaluated the LCA of green roofs indicated that 535 

intensive green roofs are ideal and more environmentally friendly [29, 87,29]. On the other hand, some 536 

studies claim that extensive green roofs are more sustainable compared to intensive green roofs [63,86]. 537 

Some studies compared all three green roof types, finding that extensive green roofs as an ideal sustainable 538 

choice [37, 100]. Furthermore. SLCA is a neglected area of green roof research. Some investigations on the 539 

SLCA of green roofs have been conducted recently. For example, a survey of the importance of cost of 540 

garden and farm roofs found that people did not consider economic cost to be an essential aspect of green 541 

roofs [84]. A recent review [103] of urban green infrastructure showed that most published research 542 

investigated how green structures affect the thermal performance of buildings, but none evaluated human 543 

well-being and health. Other research [93] has evaluated green roofs in terms of selected criteria, such as 544 

Structural design force, fire safety and durability. There is as yet no comprehensive published research on 545 

SLCA. 546 

 Another study [30] conducted a LCA study of three types of green roofs in the USA. The system 547 

boundaries considered were for manufacturing and transporting raw materials, maintenance and disposing 548 

of the materials at the end of their life. The Impact 2002+ LCIA method was used, and identified the 549 

intensive green roof as the best choice. Extensive and extensive green roofs were compared in another study 550 

using CML2 baseline 2000 v2.1 LCIA method. This was conducted for Sydney, a coastal area, and for a 551 

life cycle of 25 years [100]. The system boundaries for this study included the manufacturing process, 552 

installation of green roofs and separate assessment of air pollutants. Transportation and demolition were 553 

not considered. The findings were that intensive green roofs reduce global warming emissions more than 554 
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extensive green and non-green roofs. This study demonstrated that intensive green roofs have lower total 555 

environmental impacts in several categories, such as abiotic depletion, terrestrial ecotoxicity, 556 

photochemical oxidation, acidification and eutrophication. This study concluded that intensive green roofs 557 

were the type to be recommended.  558 

Table 10, different studies combining of green roofs 559 

Source Intensive Semi-intensive Extensive Best choices 

Life cycle assessmnet 

[30]    Intensive 

[64]    Extensive 

[100]    Intensive 

[38]    Extensive 

[93]    Extensive 

[67]    Extensive 

Life Cycle Cost 

[57]     Extensive  

 560 

Some other studies arrived at contrasting results. A study using two LCIA methods IMPACT 2002+ 561 

and Ecoinvent 99 (EI99) to evaluate different roofing systems, including extensive and intensive green 562 

roofs [64]. The result of the LCIA studies showed that extensive roofs have a lower impact in the material 563 

manufacturing, transportation, maintenance phase and disposal stage. Another study [67] compared the 564 

LCA of alternative roofs using the Impact 2002 LCIA method using 15 impact categories. System 565 

boundaries were limited to the manufacturing and transportation stages. The findings were that extensive 566 

green roofs had a lower environmental impact for all categories than intensive green roofs. A further study 567 

[38] compared all three types of green roof using two LCIA methods: IMPACT 2002+ and ReCiPe 2016. 568 

This study's system boundary comprised manufacturing, transportation, maintenance, replacement, water 569 

use, and disposal. However, both maintenance and replacement were limited to cleaning, sealing and plants, 570 

and not defined separately for the green roof structure and materials which need to be replaced every 10 or 571 

15 years based on other studies. A different investigation indicated that an extensive green roof is an ideal 572 

choice [93]. Table 10 shows that only one study evaluated the semi-intensive green roof. There are thus 573 

opportunities for more studies to evaluate this green roof and compare it with other alternatives, such as 574 

intensive and extensive coverings for all life cycle stages, including the load and benefit stages. Only one 575 

study was found to have investigated the LCC of all different green roofs [57]. Another study [102] pointed 576 

out that extensive and inaccessible public green roofs costs at least $108, while an intensive and publicly 577 

accessible green roof costs at least $355. Some other studies have combined LCA and LCC as one unified 578 

research. However, a study [85] considered both extensive and intensive green roofs, but it is unclear which 579 

one is more effective or environmentally friendly. This is because the study simultaneously combined green 580 

roofs with other strategies, such as internal and external insulations, venetian blinds, single and double 581 

glazing, fluorescent lamps and LED. This made it impossible to identify the contribution of alternative 582 

green roofs on energy saving and cost-efficient options. 583 
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 Table 10 highlights the lack of an LCA study that compares all green roof types simultaneously, 584 

both environmentally and economically, in a holistic manner. None of the investigations explored above 585 

considered the load and benefits stage, which include reuse, recycling, and recovery. Recycling might have 586 

a reverse impact on both LCA and LCC as it has a net positive impact. This could affect decision-making 587 

about the choice of types of green roofs.  588 

5. Discussion and Research Gaps  589 

Based on the literature, the following research gaps are proposed for further investigations. Figure 590 

10 shows the framework of knowledge gaps to be surveyed in future.  591 

 592 
Figure 10, the framework of knowledge gaps and future research 593 

➢ Firstly, semi-intensive green roofs needs further investigation for both LCC and LCA compared to 594 

other green roofs. This is mainly because a semi-intensive green roofs have been omitted in many 595 

studies, especially for cost comparisons.   596 

➢ Comparing attributional and consequential modelling is also a topic for future studies of green roof 597 

LCA. A limited number of LCA studies consider the attributional method [68, 65]. No studies about 598 

the consequential LCA study on a green roof were located. The LCC for both consequential and 599 

attributional modelling needs to be considered for alternative green roofs. Consequential LCA has 600 

come to the fore in LCA research to respond to a different key question that is not addressed by 601 
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attributional LCA. The consequential approach is useful when large-scale decisions need to be 602 

made, like for urban planning policies that could relate to green roofs. In the consequential 603 

approach, system boundaries are expanded to include avoided processes due to reuse and recycling 604 

at the end of life [83].  605 

➢ There is no agreement on the best LCA alternative green roof in literature. We recommend that this 606 

topic is investigated, considering all the life cycle stages of green roofs.  607 

➢ The system boundary of SLCA is based on the Society of Environmental Toxicology and 608 

Chemistry [104]. Social- UNEP/SETAC allows for comparisons of different products or materials 609 

[103, 104]. The principal stakeholder categories are divided into workers, local community, society, 610 

and consumers. Each category is for different purposes such as freedom of association, health and 611 

safety, fair salary for workers, or consumer satisfaction. 612 

➢ Future research into LCA, LCC and SLCA of alternative green roofs is warranted. Such 613 

comparisons might use multi-criteria analysis using the multi-criteria decision-making (MCDM) 614 

method. Since each LCA, LCC and SLCA has a different unit of measurement (Balasbaneh, 2020; 615 

Balasbaneh & Sher, 2021), it requires a technique that can compare alternatives. The MCDM 616 

method presents a foundation for prioritizing, sorting, and selecting materials and helps in overall 617 

assessment. 618 

➢ There is no evidence of recycling, reuse and recovery (D1-D3) having been considered in previous 619 

LCA and LCC studies. Some work has been recently conducted on the end-of-life of green roofs. 620 

For example, one study reported the use of recycled polystyrene foam slabs (as thermal insulation) 621 

in a green roof [42]. Green roofs may comprise concrete, steel, mastic asphalt, waterproof 622 

membrane, root barrier, thermal insulation, drainage, filtration, and substrate. Future studies are 623 

encouraged to consider the recycling of all these materials at the end of their life cycle.   624 

➢ There are currently no studies on the repair and refurbishment stages (B3, B5) for the LCA of green 625 

roof materials at the end of the life span of a roof or building. Equally, there are no studies on the 626 

refurbishment stage (B5) for LCC. LCC and LCA studies of renovation and refurbishment of 627 

existing roofs to extensive green roofs would be informative and encourage the provision of 628 

sustainable solutions. 629 

➢ It is currently not clear what the difference is between maintenance (B2) of alternative green roof 630 

cost and environmental impact following EN15804 and EN15978. Although some research has 631 

claimed there is no need for any maintenance of extensive green roofs (Williams et al., 2010), other 632 

studies have claimed that maintenance had been considered for this stage including irrigation, 633 

fertilizing the substrate, and sealing. It is also necessary to appreciate that intensive and semi-634 

intensive green roofs have different maintenance requirements. In fact, the lack of maintenance 635 

guidelines and insufficient data on green roof performance may be a significant obstacle to the 636 

adoption of green roof technology. 637 

➢ Waste processing (C3) modules (Koroxenidis & Theodosiou, 2021) are also neglected in most 638 

green roof studies. The differences and magnitude of waste among three different alternative roof 639 

are thus not clear.  640 

➢ A lack of rigour in current decision-making has been observed in the choice of green roofs. This is 641 

a critical issue and related to the importance of constructing green roofs for human health and 642 

sustainable cities. This area should be addressed in future research (Table 10). 643 

➢  One of the latest studies [108] argues that installing a green roof in a tropical climate is significant 644 

and can improve the LCC of the existing building as a retrofit option to save energy. However, the 645 
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LCA and LCC of retrofitting conventional roofs to green roofs or alternative green roofs require 646 

further exploration.  647 

➢ Studies mainly examined the environmental performance of specific climates in specific contexts 648 

regarding location and climate without comparing the effects of different contexts. Providing 649 

additional insight into location and climate impacts will be useful in future studies. 650 

➢ Finally, an integrated and coherent approach is needed to address the complexity of decision-651 

making to evaluate green roofs and reveal the best options. This requirement can be fulfilled by 652 

integrating LCA, LCC, and S-LCA into a framework for LCSA to promote a sustainable circular 653 

economy.  654 

 655 

6. Conclusion 656 

This paper has reported on a literature review of green roofs. It has focused on life cycle 657 

sustainability assessment in the context of the environment, economic and social impact. This study has 658 

evaluated current research to determine the future directions and research gaps. The bibliometric analysis 659 

has identified current trends and progress in the field of life cycle sustainability assessment (LCSA) of 660 

green roofs. A search pattern query was used to find relevant article sources, including green roof, life cycle 661 

assessment, life cycle cost, social life cycle assessment, and sustainability.  We found that the number of 662 

publications between 2003 and 2022 has increased by 88% from 2012 until 2022. However, there are many 663 

gaps in the current literature that need to be filled to enable selection of the best green roof. The US and 664 

Italy are countries whose researchers publish most in this field, followed by Spain and China.  665 

Secondly, the results of a meta-analysis and systematic search review showed that most of the 666 

studies compare green roofs with traditional roofs. A limited number of studies compare different types of 667 

green roofs. Very few studies considered the LCA of semi-intensive green roofs. No study compared the 668 

costs of all three green roof from cradle to the grave for all stages. Simapro software and IMPACT2002 + 669 

as a life cycle impact assessment (LCIA) method were the most applied approaches used in LCA studies. 670 

Most of these studies focus on the production and construction of green roofs. The repair stage, 671 

refurbishment stage and reuse of materials at the end-of-life span have not been considered in any LCA 672 

studies. 673 

The cost of the design stage for green roofs needs to be evaluated in future research since different 674 

green roof types require various structures due to the weight and thickness of these roofs. The refurbishment 675 

stage and scenario after the lifespan of the building have not been considered in any LCC studies. The most 676 

critical outcome from this study relates to the social life cycle assessment of alternative green roof that has 677 

not been evaluated in any studies. We have conducted a thorough review of literature of green roofs, 678 

revealing areas that have been thoroughly investigated as well as those that have not. This is the major 679 

contribution of this paper – to identify areas of future research 680 
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