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Green finance is an emerging topic which is broadly discussed in context of adapting and mitigating environmental deterioration due to climate change. As an effective incentive mechanism, it provides strong support for carbon emission reduction. However, a limited review articles investigate the specific combination of green finance and carbon emission reduction. Here, we apply a bibliometric analysis to review research on green finance and carbon emission reduction based on the literature from 2010 to 2021 in the Web of Science core database. The results indicate that countries with the most publications were those with high economic development, salient environmental problems, and a strong demand for ecological protection. Top publishing journals include Climate Policy, Journal of Cleaner Production, and Energy Policy. The author collaboration is fragmented, mostly less than three researchers. Based on analyses of keyword frequency and centrality, deforestation, carbon markets, and financial development were the most significant research topics. The research hotspots included clean development mechanism, adaptation, carbon market, and sequestration. Finally, the DPSIR framework is applied to explore driving forces, state, pressure, impact and response of current research. We hope our work provides a systematic review of green finance for carbon emission reduction to boost the research in this field.
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1 INTRODUCTION
With economic and social development, natural systems are undergoing rapid changes, especially due to carbon emissions, which have increased significantly (Figure 1). Although carbon emissions were substantially mitigated during the COVID-19 outbreak, the world’s CO2 emissions still reached 41.4 billion tons in 2020. Excessive carbon dioxide has led to serious global issues, such as glacial melting, sea level rise, and extreme regional climate change (Diffenbaugh et al., 2017; Garbe et al., 2020; Gomez et al., 2020; Tabari, 2020; Yalew et al., 2020), further exacerbating the imbalance of global socioeconomic development (Diffenbaugh and Burke, 2019). Meanwhile, animal migration due to global warming will potentially result in a series of crises comparable to the COVID-19 pandemic. Bill Gates, the co-founder of Microsoft, warns that global warming will have a profound influence in the long term that will be greater than impact of the COVID-19 pandemic in the short term (Gates, 2020).
[image: Figure 1]FIGURE 1 | Global green investment and carbon emissions. The bar chart represents the amount of green investment (in billions of dollars). The line gragh represents the carbon emissions released into the atmosphere (in parts per million). Source: Bloomberg.
To avoid irreversible catastrophes, the United Nations Framework Convention on Climate Change (UNFCCC) was formed at the initiative of the United Nations. Parties organize meetings to evaluate the progress in addressing climate change issues. The Kyoto Protocol was agreed upon in 1997, prompting developed countries to meet their legal obligations to reduce greenhouse gas emissions. The Copenhagen Protocol, adopted in 2009, re-established the obligations of developed and developing countries to reduce emissions (Grubb et al., 2018). As the largest developing country, China is actively fulfilling its obligations to reduce its carbon emissions. At the 75th UN General Assembly, the Climate Ambition Summit, and the Central Economic Work Conference, President Xi Jinping of China made important commitments that China will strive to reach carbon peak by 2030 and achieve carbon neutrality by 2060. Meanwhile, the Chinese government has also introduced a series of policies to promote the implementation of carbon emission reduction. For example, in January and March 2021, the release of the Measures for the Administration of Carbon Emissions Trading (in Trial) and the Corporate Greenhouse Gas Emission Reporting Guidelines (in Trial) marked the official start of China’s carbon market. These policy documents also provided a basis for the verification of greenhouse gas emissions.
As an important investment and financing tool, green finance is defined differently in different countries. The European Commission considered it to be a financial instrument for supporting the combination of climate change mitigation, adaptation, and other green dimensions (Walter et al., 2017). In contrast, the People’s Bank of China (PBOC) defined it as a set of institutional arrangements and policies to facilitate the transfer of private capital to green sectors through financial services (Pan et al., 2015). Overall, green finance takes various forms, such as green bonds, green credit, green funds, and carbon finance, providing important guarantees for addressing climate change, and it can effectively allocate resources to green development projects (Eyraud et al., 2013; Kamra and Grover, 2021). According to a report by the United Nations Intergovernmental Panel on Climate Change (IPCC), to control global warming within 1.5°C, the average investment in the energy system should be between $1.6 trillion and $3.8 trillion between 2016 and 2050 (de Coninck et al., 2018). Globally, the scale of green finance invested in climate change mitigation projects has increased rapidly in recent years (Figure 1), but it is still far from the target set by the IPCC. Consequently, the international community is striving to take more effective measures to increase green finance investments for climate change mitigation and adaptation.
Several countries or organizations have played pivotal roles in green finance and cooperation in green finance. In 2016, the G20 included green finance as an issue to strengthen cooperation among national financial institutions. The European Commission has adopted a package of sustainable finance policies to provide companies with an integrated and sustainable framework to ensure financial transformation while avoiding greenwashing. For instance, the Proposal for a Corporate Sustainability Reporting Directive (CSRD) extends the types of companies that must disclose sustainability information to include all large and listed companies. The EU Taxonomy Climate Delegated Act specifies what green activities can contribute to meeting environmental goals and encourages companies to start new projects or upgrade existing projects. In the United States, with the election of a new president, the United States government is committed to tackling the problem of climate change problem. In January 2021, President Bidon announced that the United States is re-joining the Paris Agreement, after having been withdrawn from the Agreement by President Trump. The United States government has also launched a $2.3 trillion infrastructure proposal to make intensive investments in projects targeting, for example, the country’s transportation, energy and power systems (Tollefson, 2021).
China is also actively promoting the vigorous development of green finance. In 2016, the PBOC issued the Guidelines for Establishing the Green Financial System, providing a top-level design for the development of green finance in China. In June 2017, the Chinese state designated five provinces, namely, Zhejiang, Jiangxi, Guangdong, Guizhou and Xinjiang, in which to build green finance pilot zones. In March 2019, the National Development and Reform Commission, together with seven ministries and commissions, issued the Green Industry Guidance Catalogue (2019 Edition) to set industry standards. In February 2021, the Guiding Opinions on Accelerating the Establishment of a Sound Green, Low-Carbon and Circular Development Economic System were issued by the State Council of China. Subsequently, China’s first green finance regulation, the Shenzhen Special Economic Zone Green Finance Regulations, came into effect in March 2021, providing a guarantee to promote the regulation of green finance and to guide the orderly development of related institutions.
Against the backdrop above, recent studies on green finance and carbon emission reduction have been conducted. Such studies involve aspects such as the performance of green finance, risk assessment, and carbon emission reduction policy design. Therefore, a systematic review of the existing field is needed. Several bibliometric analyses on carbon emission reduction have been conducted. For instance, Zhang and Liang reviewed cooperation on carbon emission reduction (Zhang and Liang, 2020), and Huang et al. identified empirical methods of modelling Chinese sectoral carbon emissions (Huang et al., 2019). Additionally, the literature has focused on climate-related financial tools, such as the carbon market (Zhou and Li, 2019; Tang et al., 2020), carbon tax (Zhang et al., 2016), and green supply chains (Zhou et al., 2021). Nevertheless, a limited number of articles take a broader perspective to focus on green finance. Although some studies mention green finance (Cai and Guo, 2021; Cunha et al., 2021), they do not investigate the specific combination of green finance and carbon emission reduction. Therefore, we comprehensively review the recent literature on green finance and carbon emission reduction in the Web of Science core database. The following research objectives will be addressed by this article:
RQ1: What is the trend in the number of publications in the research field?
RQ2: What are the predominant countries, institutions, journals, research areas, and authors in the current field of research?
RQ3: What is the state of cooperation between authors and countries?
RQ4: What are the primary research priorities at the moment, and how have they changed over time?
RQ5: What research topics and references were highlighted at certain points in time?
RQ6: What are the main research directions in the current field?
By addressing the questions above, we will have an insight to the performance (RQ1-RQ3), progress (RQ4-RQ5), directions, challenges as well as future research (RQ6) of green finance and carbon emission reduction.(Lim et al., 2022).
The remainder of the paper is organized as follows: Section 2 introduces the methodology of the bibliometric analysis and search criteria. Section 3 presents the findings of the analysis, including the number of annual publications, major areas and institutions, publishing journals and research areas, authors, and keywords. Section 4 summarizes the research topic in DPSIR framework. Lastly, Section 5 draws our conclusion and policy implication.
2 METHODOLOGY
Bibliometric analysis, which is a quantitative way of discovering and evaluating articles in the corresponding research field, has seen a marked growth in use over the last two decades.(Zupic and Čater, 2015). Due to the complexity of the environmental issues, research might be conducted in an interdisciplinary approach, with the collaboration of universities, laboratories, non-governmental organizations, and financial institutions. As a result, compared with narrative literature evaluation, bibliometric analysis avoids the subjectivity of authors and incompleteness of contents, both of which are driven by the huge and intricate articles in the corresponding research field.(Donthu et al., 2021; Mukherjee et al., 2022). Moreover, the science mapping tools help to illustrate the cooperation, trends, and hotspots in a certain period of time, thus they can be presented in a more visualized way.(Romanelli et al., 2021). Consequently, by utilizing the bibliometric analysis approach in environmental scenarios, researchers will have a holistic view of the corresponding area, and it is also substantially significant to the development of environmental science.
To perform the bibliometric analysis, we used CiteSpace software developed by Prof. Chaomei Chen of Drexel University and visualization technology to construct a scientific map of the literature. Consequently, we can gain an in-depth understanding of the hotspots, correlations, development directions and trends of the field of study (Chen, 2004). Meanwhile, this software has been used in various bibliometric analysis studies (Ouyang et al., 2018; Su et al., 2019; Ye et al., 2020), indicating that it can support our research.
To ensure the quality of the literature, the Science Citation Index Expanded (SCI-EXPANDED) and Social Sciences Citation Index (SSCI) from the Web of Science core database were selected for the search. Since there were very few studies on related topics in the database before 2010, the time range of the selected literature in our work was 2010, 2021, and the endpoint was August 2021.
Based on the research field, we determined the search criteria, including “carbon”, “carbon dioxide”, “green finance”, “carbon finance”, “sustainable finance”, “climate finance”, “green credit”, “green venture capital”, “green bond”, and “green security”. The search string is as follows:
TS = ((“carbon” OR “CO2” OR “carbon dioxide”) AND (“green financ*” OR “carbon financ*” OR “sustainable financ*” OR “climate financ*” OR “green credit” OR “green venture capital” OR “green investment*” OR “green bond*” OR “green securit*”))
Finally, we performed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) (Moher, 2009) to exclude unqualified articles (Figure 2). After careful screening, we obtained 445 papers for the following analysis.
[image: Figure 2]FIGURE 2 | Flowchart for conducting a literature search using the PRISMA approach.
3 RESEARCH OVERVIEW
3.1 Number of Annual Publications
Analysing the temporal trend of the literature (Figure 3), we see that the number of articles has undergone two main phases: the first phase was from 2011 to 2018. During this period, the number of articles published was small, and the growth was slow, with 17 articles in 2011 and 40 articles in 2018. The second phase was from 2018 to 2020. During this period, the number of articles published increased rapidly, from 40 in 2018 to 92 in 2020. This increase was mainly because after 2019, more than 190 countries clearly defined and implemented their nationally determined contribution (NDC) targets to reflect their determination to address climate change, attracting the attention of scholars. The number of papers published in the first 8 months of 2021 was 73, and we expect that the total number will be higher than the number of papers published in 2020, reflecting an upward trend into the future.
[image: Figure 3]FIGURE 3 | Number of publications from 2011 to August 2021.
3.2 Major Areas and Institutions
Figure 4 shows the distribution of countries with the highest number of publications. Of the top 10 countries, 8 are developed countries. Developed countries have higher levels of economic development, more advanced technology, and better research conditions; thus, they pay more attention to the development of the theory and practice of green finance. As developing countries, China and India are both large countries in terms of their population and economy. Meanwhile, environmental problems are also prominent. As a result, there is a greater emphasis on the development of green finance theory and practice in those countries.
[image: Figure 4]FIGURE 4 | Number of selected studies published by different countries.
The research cooperation between different countries is illustrated in Figure 5, which shows the collaborations between countries on the themes of green finance and the carbon emission reduction. The links indicate the collaborations between different countries, while the colours of the links indicate the dates of the collaborations. The results indicate that China, the United States, and the United Kingdom published the highest number of papers. The United Kingdom, the United States, and Canada produced studies earlier, while China, Germany, and Australia produced studies later. Additionally, the purple outer ring indicates the centrality of countries, and countries with a higher centrality have a wider outer ring. Of the top countries, the United States, the United Kingdom, China, France, Switzerland, and the Netherlands are the countries with the highest centrality.
[image: Figure 5]FIGURE 5 | Network map of countries publishing papers. The links indicates cooperation between the related countries, and the colours represent the dates of the cooperation. The size of a circle is proportional to the number of studies contributed by countries or regions.
The top 10 most productive institutions are presented in Table 1. The institution with the largest number of publications is Oxford University in the United Kingdom, which has published 9 high-quality related articles. Overall, most of the top 10 publishing institutions are from developed countries such as the United Kingdom, Canada, France, and Germany. However, institutions in China are also strengthening their research efforts, and of these institutions, Tsinghua University has performed the best.
TABLE 1 | Number of articles published by institution.
[image: Table 1]Analysing countries and institutions, we divide the relevant research into the following aggregate areas. First, developed countries and regions such as the United States, Europe, and Australia, which have great economic strength and where the financial industry developed early, coupled with more well-established research institutes, started publishing related works earlier, and the number of publications is also higher. Second, developing countries such as China and India focus on the construction of infrastructure. Both of them demand to solve the corresponding environmental problems; consequently, they need a large amount of funds to implement green projects. Finally, developing regions with vast forest resources, such as South Asia and South America, have sinks that can store significant amounts of carbon. The United Nations launched the Reducing Greenhouse Gas Emissions from Deforestation and Forest Degradation in Developing Nations (REDD+) initiative to fund countries that actively promote sustainable development and expand their forest carbon sinks (Fahey et al., 2010). As a result, numerous studies have been conducted on the carbon reduction and economic benefits of REDD + projects (Fuss et al., 2011; Nunes et al., 2012).
3.3 Publishing Journals and Research Areas
Figure 6 depicts the 10 journals and research fields that produced the most articles. Climate Policy (34 articles) contributes the most, followed by the Journal of Cleaner Production (27 articles) and Energy Policy (18 articles). Most articles involve the following research areas: ecological and environmental sciences (237 articles), followed by business and economics (80 articles), other subjects in science and technology (72 articles), energy and fuels (42 articles), engineering (39 articles), and public administration (38 articles).
[image: Figure 6]FIGURE 6 | Productive journals and research fields. A single article can be categorized under several research directions.
3.4 Authors of the Publications
Table 2 lists the top 10 most productive authors. Among them, Professor Monasterolo Irene of the Vienna University of Economics and Business published the most articles. Her research directions are related to climate stress testing, the evaluation of climate risk and financial risk, and the EIRIN stock-flow consistent behavioural model. Her publications have appeared in Nature Climate Change, Environmental Science & Policy, Ecological Economics, and other journals (Pasqualino et al., 2015; Howarth and Monasterolo, 2016, 2017; Battiston et al., 2017; Monasterolo et al., 2017, 2018; Monasterolo and Raberto, 2018, 2019; Monasterolo and de Angelis, 2020), and the most influential article has gained 307 citations.
TABLE 2 | Productive authors and their institutions.
[image: Table 2]We investigated 1-year time slices of authors who published articles between 2010 and 2021 and visualized the cooperation network among the authors. Figure 7 demonstrates that collaborations occur mostly in pairs; additionally, groups of three or more collaborators are relatively rare. In general, the network density of collaborating authors is 0.0066, indicating that the majority of researchers prefer to conduct research individually (Tang et al., 2020).
[image: Figure 7]FIGURE 7 | Cooperation network of different authors. The links indicate the cooperation of related authors, and the colours represent the dates of the cooperation.
3.5 Keyword Analysis
Figure 8 shows the frequency of keywords. The most frequent keyword is “climate change”, followed by “policy”, “climate finance”, “CO2 emission”, “impact”, “economic growth”, “China”, “energy”, “carbon finance”, “carbon”, and “carbon market”.
[image: Figure 8]FIGURE 8 | Network of keywords by frequency. The links indicate the connections of related keywords, and the colours represent the dates of the connections. The size of a circle is proportional to the frequency of the keywords.
The centrality of a node represents the node’s connection with other nodes; the higher the centrality is, the greater the importance of the node’s participation in the network. As shown in Figure 9, the keyword with the highest centrality is also “climate change”, other keywords are “policy”, “energy”, “long-term”, “challenge”, “impact”, and “model".
[image: Figure 9]FIGURE 9 | Network of keywords by centrality. The links indicate the connections of related keywords, and the colours represent the dates of the connections. The size of the cross icon is proportional to the centrality of the keywords.
Figure 10 further shows the temporal evolution of keywords between 2011 and 2021. The high-frequency keywords in the early research direction (2011–2013) were mainly “climate change”, “climate finance”, “carbon finance”, “China”, “policy”, and “energy”. In the following 3 years (2014–2017), the high-frequency keywords were “emission”, “conservation”, “market”, “economic growth”, and “performance”. The main keywords in recent years (2018–2021) were “renewable energy”, “CO2 emission”, " energy consumption”, “green finance”, and “green bond”. In short, the research direction has shifted over the last decade from exploring the related policy design to exploring the efficiency and environmental protection effect of green finance. Additionally, with the emergence of new energy sources and financing mechanisms such as green bonds and green credits in the last few years, the research direction has updated to reflect these developments.
[image: Figure 10]FIGURE 10 | Temporal evolution of keywords from 2011 to 2021. The links refer to the connection of related keywords, the colour of which represents the time of connection. The size of a circle is proportional to the frequency of keywords.
3.6 High Burstiness of Keywords and References
Burstiness refers to a surge in keywords or cited studies over a specified time period, indicating that they draw widespread attention from the research field during that time period. Thus, burstiness detection is useful for determining the degree to which keywords or articles in this field are at the frontier of research. As a result, this study examines the burstiness of keywords and referenced studies.
3.6.1 High Burstiness of Keywords
Figure 11 shows the keywords with high burstiness. From 2011 to 2021, in chronological order, they are “carbon finance”, “clean development mechanism”, “adaptation”, “carbon sequestration”, “stock”, “carbon market”, “sequestration”, “conservation”, “governance”, “emission”, “mitigation”, “trade”, “political economy”, “management”, “CO2 emission”, “green finance”, and “green bond”. The keywords with a longer burstiness (lasting for more than 3 years) are “clean development mechanism” (2011–2015), “adaptation” (2012–2016), “carbon market” (2013–2017), and “sequestration” (2014–2017). These results indicate that these keywords are typically topics of high interest for a long period. Currently, “CO2 emission”, “green finance”, and “green bond” are becoming more popular, as they appeared in 2019 and had lasted into the present.
[image: Figure 11]FIGURE 11 | High burstiness of keywords. The green line represents the period during which the keyword appeared, and the red line indicates the period during which the keyword received wide attention.
3.6.2 High Burstiness of Publications
A thorough examination of the literature based on its high emergence in the relevant years helps summarize the research hotspots in different periods (Figure 12). The following literature is utilized in this study to demonstrate the hotspots of research.
[image: Figure 12]FIGURE 12 | High burstiness of references. The green line represents the period during which the reference appeared, and the red line indicates the period during which the reference received wide attention.
Pendleton et al. (Pendleton et al., 2012) focus on blue carbon research. Most of the literature studies the reduced carbon sequestration capacity of coastal vegetation ecosystems due to their destruction, while little literature has considered that these vegetated environments (i.e., sediments such as silt) also have sinks that can store large amounts of carbon that is released into the atmosphere with the destruction of coastal vegetation ecosystems, resulting in increased greenhouse gas concentrations. This article is the first to measure the global storage of blue carbon and to estimate the economic impact of releasing these sinks into the atmosphere; thus, it contributes to the establishment of carbon accounting and carbon markets.
Stadelmann et al. (Stadelmann et al., 2013) focus on the accounting of private capital in addressing climate change. According to the Copenhagen and Cancun Agreements, developed countries mobilized $100 billion per year in public and private finance for developing countries through 2020. Most of the existing literature has studied public finance, but research on private finance is limited. The article summarizes the different ways of financing private capital and analyses their quality.
Lee and Min (Lee and Min, 2015) examine the relationship between environmental innovation and firm performance from the firm perspective. A consensus on the relationship between environmental innovation and business performance has yet to be reached. Consequently, additional research about the impact of eco-innovation on company performance is required. This article investigates the relationship between green research and development (R&D) investment and carbon emissions and financial performance.
Wang and Zhi (Wang and Zhi, 2016) demonstrate the status of green finance. First, they summarized the market mechanism of green finance and green finance products, which play an indispensable role in adjusting the scale, speed and structure of economic development through the leverage effect. The article also proposes that policy is important for raising funds for environmental protection industries, whose payback period is long. It suggests that in the future, innovation and development should focus on both financial tools and fiscal revenue management.
Battiston (Battiston et al., 2017) concentrate on the financial concerns associated with climate change. While a number of climate measures have been implemented to achieve the 2°C global temperature target, the question of whether these policies will result in systemic hazards in the financial sector has generated much debate. This paper establishes a framework for conducting climate stress tests, evaluates how risks associated with climate policies are transmitted via the financial sector, and assesses the impact of policy risks on large financial institutions.
Monasterolo and Raberto (Monasterolo and Raberto, 2018) examine the role of monetary policy, fiscal policy, and financial instruments in the design of climate change responses. They find that there is a high level of uncertainty in the analysis results because a comprehensive understanding of the direct and indirect effects of the real economy and financial markets is lacking. Consequently, they create a set of EIRIN models and illustrate the influence of business investments in brown and green sectors on unemployment, credit and bond markets, and other variables.
Campiglio et al. (Campiglio et al., 2018) take the broader view of central banks and associated regulators on climate change and the low-carbon transition. They point out that central banks and regulators should evaluate climate-related financial risks, as climate change that is not mitigated will potentially influence financial stability. Moreover, they argue that future research should focus on developing effective methods and collecting data to assess climate change risks, as well as models for evaluating the impact of climate-related risk on the macroeconomy and society.
4 RESEARCH TOPICS CLASSIFICATION IN THE DPSIR FRAMEWORK
The Driving-Pressure-State-Impact-Response (DPSIR) model is generally used to construct a conceptual framework of the interaction between environment and society (Wei et al., 2019). In order to present a holistic view of the research topic, we carefully review and then classify the related articles in DPSIR framework. The logical relationship is illustrated in Figure 13.
[image: Figure 13]FIGURE 13 | Research topics of green finance and carbon emission reduction in DPSIR model.
4.1 Driving Forces
The implementation of green finance at the regional scale is motivated by the need for regional sustainable development, and it is promoted by appropriate economic policies. Several studies have examined the processes through which macro- and microeconomic policies related to climate change affect green financing. Public finance, taxes, Clean Development Mechanism (CDM) financing, and private cost financing are common policy mechanisms that have varying implications for the growth of green finance (Bowen, 2011; Aglietta et al., 2015; Zhang et al., 2021). As a new green financing technique, carbon tax has an influence on the profitability and environmental performance of supply chains, making it possible to identify the optimal strategic investment decisions under each tax model (Chelly et al., 2021). Feed-in-tariff (FIT) and carbon pricing policies benefit green investments (Eyraud et al., 2013). Some studies also consider more factors, such as politics, the economy and culture, in promoting green finance (Du et al., 2019; Nawaz et al., 2021). However, Xu et al. (Xu et al., 2017) take sectoral panel analysis in China and find that climate policies have favourable effect on investments in transportation sector, but have no effect on biofuel, agriculture, or building sectors. Cojoianu et al. (Cojoianu et al., 2020) argue that FIT policies have a negative impact on the new entry of grey and brown funds.
4.2 Pressure
Ignoring climate risks when setting financial policies may undermine their effectiveness. The uncertainty of climate change can weaken the performance of financial policies (Bhandary et al., 2021). For example, infrastructures that are vulnerable to climate change may perform poorly in the long term, resulting in feeble investment (Reynolds et al., 2020). Additionally, the risk of climate change is of greater concern to institutional investors, and they need assurances that their portfolios will not be affected by this potential risk (Bender et al., 2019). A limited number of studies have made mention of the dimensions above (Clapp and Prag, 2012). D’Orazio and Popoyan (D’Orazio and Popoyan, 2019) suggest that greater capital requirements should be imposed on banks with brown assets to mitigate the risk of expanding green financing. Future research should incorporate climate factors when assessing the effectiveness of green finance projects and policies and quantitively analyse the risk from the business perspective.
4.3 State
Driven by policy and climate risk, many countries or institutions in the world are exploring the mechanism of green finance to mitigate carbon emission and adapt to climate change. At present, countries or institutions have implemented various green taxonomic practices to classify green assets. First, the International Organization for Standardization (ISO) established a technical committee (ISO/TC 322) to support the United Nations Sustainable Development Goals (SDGs). One of the committee’s objectives is to standardize the principles, terminology, and assessment of green finance, and several standards are under development, including ISO 32210, ISO 32220, and ISO 14100. Second, the European Union Commission published the first EU sustainable plan in March 2018, i.e., Action Plan: Financing Sustainable Growth, and then established a Technical Expert Group on Sustainable Finance (TEG) in May 2018. The final report on the EU taxonomy and Technical Annex were released in March 2020 to provide technical guidance on the green taxonomy. Third, seven ministries of the Chinese government published the Guiding Opinions on the Green Financial System in August 2016, which laid the foundation for the green taxonomy in China (Peng et al., 2018). In addition, the PBOC issued the first Chinese green finance standards, i.e., the Guidelines on Environmental Information Disclosure for Financial Institutions (JR/T 0227–2021) and Environmental Equity Financing Tool (JR/T 0228–2021), contributing to the classification of environmental equity financing instruments and green investment procedures. However, inconsistent definitions and a taxonomy of green finance potentially have a negative influence on the international cooperation of green projects, making it difficult to guide public and private investment in all green properties; moreover, it increases the potential of international greenwashing behaviour resulting from asymmetric information (Rado, 2019). Therefore, a unified green definition, along with a taxonomy, is needed for investors to identify adequate green properties.
As a growing financing tool that can assist in climate change mitigation and adaptation, green bonds have recently grown rapidly. They can successfully fund low-carbon infrastructure while mitigating and adapting to climate risks (Sartzetakis, 2020). External assessment can increase the transparency of green bonds and their capacity for emission reduction (Fatica and Panzica, 2021). In addition, some papers focus on the green bond market, including mechanisms (Reboredo, 2018; Lee et al., 2021; MacAskill et al., 2021), connectedness with conventional markets (Broadstock and Cheng, 2019; Dutta et al., 2020; Reboredo and Ugolini, 2020; Yahya et al., 2020; Gao et al., 2021; Pham, 2021), and investor attention (Nanayakkara and Colombage, 2019; Pham and Huynh, 2020; Piñeiro-Chousa et al., 2021). Despite Sinha et al. (Sinha et al., 2021) investigated the impact green bonds on social responsibility and environment at a global scenario, studies assessing the effectiveness of green bonds in carbon emission reduction and environment are still limited. This situation can be explained by inconsistent standards and non-transparent information (Gibon et al., 2020).
4.4 Impact
The impact of green finance can be reflected in CO2 emission reduction. Le et al. (Le et al., 2020) took the perspective of financial inclusion and concluded that the development of inclusive finance will result in a reduction in CO2 emissions. Nevertheless, Zahan and Chuanmin (Zahan and Chuanmin, 2021) argue that green investment reduces carbon emissions in the long run and that the increased consumption of clean energy can have an environmental improvement effect. Additionally, high CO2 emissions might have a detrimental influence on business financial indicators at the micro level (Xu et al., 2020).
Moreover, the impact also conveys in other aspects. Green investment contributes to a rational redistribution of income, which provides benefits by increasing employment levels (Banacloche et al., 2020), social welfare (Glomsrød and Wei, 2018), and GDP growth (Glomsrød and Wei, 2018; Banacloche et al., 2020). Studies have examined this relationship using quantitative methods at the national, regional and industry levels. Some researchers focus on the energy, environmental, and economic perspectives (Ahmed et al., 2018; Cosmas et al., 2019; Wang et al., 2020; Ziolo et al., 2020; Gustafsson et al., 2022), while others introduce more influences, including industrial added value (Batrancea et al., 2020), private sector and foreign investment, population, R&D, the human development index (HDI) (Baek, 2016; Nawaz et al., 2021), and political issues (Du et al., 2019).
4.5 Response
There are two broad financing mechanisms to reduce carbon dioxide emissions. One is carbon markets using market mechanisms; another is funding for carbon sequestration projects in developing countries, called REDD + Programme.
4.5.1 Carbon Market
Carbon markets are a means for the UNFCCC to address climate change using market mechanisms (Michaelowa et al., 2019). The steady growth of the carbon trading market requires a solid pricing mechanism, and natural gas prices, oil prices, and natural gas and coal conversion prices all have a significant influence on the carbon price (Boersen and Scholtens, 2014; Elie et al., 2019; Dutta et al., 2021; Yahya et al., 2021). Some references investigated the volatility of carbon prices and the linkage between carbon prices and energy prices in phases I, II and III of the European Union (EU) Emissions Trading Scheme (ETS) (Gebara, 2013; Boersen and Scholtens, 2014; Michaelowa et al., 2019) as well as China’s National (CN) ETS plots (Chang et al., 2019). Moreover, many studies discuss dilemmas associated with carbon markets, including market volatility as a result of structural and political issues (Yu et al., 2015), the inefficiency of the carbon price as a result of market failure (Ji et al., 2018), debt and power distribution issues (Chevallier, 2009), and the clash with the environment (Chu et al., 2020). Consequently, the development of carbon markets requires a concerted effort on the part of all stakeholders to normalize financial processes (Chang et al., 2019).
Quantitative models are commonly used to assist governments in advancing market mechanisms and corporations in developing plans (Tang et al., 2020). A considerable number of models have been adopted for carbon market research, including optimization models (Yoshino et al., 2010; Jiang et al., 2016), simulation models (Lin and Jia, 2018), statistical models (Chang et al., 2017; Liu et al., 2018), and assessment models (Zhang et al., 2017). In addition, coupling different models can optimize the related studies. For example, Tang et al. (Tang et al., 2020) mention that the integration of artificial intelligence (AI) models and statistical models can improve the accuracy of the interpretability of carbon market research. Chai et al. and Chen et al.(Chai et al., 2020; Chen et al., 2021) use support vector machine (SVM) and particle swarm optimization (PSO) techniques, respectively, to forecast carbon prices, helping investors and risk managers in their decision-making. Therefore, future research should balance adequate models for carbon market-related research.
Furthermore, research on CN ETS will be a potential topic. In July 2021, China officially launched its carbon trading market after the 10-years pilots in seven provinces. The market is initially focusing on the electric power industry, and the time at which other sectors are incorporated in what order should be considered (Karplus, 2021). One of the key characteristics of the carbon market is the carbon emission allowance, which limits the annual carbon emissions of a corporation. How to incorporate fairness (Wiedenhofer et al., 2017), efficiency (Wu et al., 2020), and uncertainty (Ye et al., 2017; O’ Ryan et al., 2019) into the allocation holds significance for the carbon market. Another dimension of CN ETS is the policy design. From the perspective of global practices, carbon market policies usually evolve from simple to complex and from flexible to strict. As CN ETS is in its initial stage, the government should learn from the world’s advanced practices and explore adequate policies that suit China’s national conditions, including carbon pricing, transactions, performance assessments, etc.
4.5.2 REDD + Programme
Forests are the greatest carbon sinks in terrestrial ecosystems, and their protection can help lower greenhouse gas concentrations in the atmosphere and moderate global warming. During the 11th Conference of the Parties to the United Nations Framework Convention on Climate Change (COP11) in 2005, REDD + projects started. In relation to donee countries, developing areas are compensated for reducing deforestation and forest degradation through REDD + projects (Norman and Nakhooda, 2015; Turnhout et al., 2017). As one of the most significant carbon sink projects in the world, numerous studies verifying the forest carbon stocks in various locations and analysing the costs and benefits of projects have been carried out (Peskett et al., 2011; Graham et al., 2016). For example, Ravikumar et al. (Ravikumar et al., 2017) estimated the benefits of carbon financing under various land use scenarios in Peru, Indonesia, Tanzania, and Mexico. On the other hand, as for donor countries, both the public (e.g., United Nations Development Programme (UNDP), Food and Agriculture Organization (FAO)) and private (e.g., local REDD + initiatives) sectors can be sources of financing for REDD+ (Parker et al., 2009). The private sector is gradually playing a more imperative role in REDD+, and it is predicted to provide more funding than the public sector in the future (Miah and Aturo, 2021). Carbon transfer payments are one of the methods for distributing private funds, but the selling price of carbon offsets is low and unstable because of the voluntary market (Meza et al., 2021). This situation results in a small share of carbon transfer payments. Simonet et al. (Simonet et al., 2014) investigated 410 global REDD + projects and found that only 16% of funding comes from carbon offset transactions. Another issue is the unequal distribution of funds and benefits (Gebara, 2013; Guerra and Moutinho, 2020). Therefore, future research should pay attention to the transmission pathways underlying the effect of deforestation, as well as quantitative evaluation methods for examining the fairness and effectiveness of REDD + policy implementation.
REDD + plays an important part in carbon emission reduction and biodiversity enhancement. The community forest programmes in Guatemala’s Mayan Biosphere Reserve (MBR) have been found to offset approximately 1 million tons of CO2 equivalent per year (Hodgdon et al., 2013), while the Norway-Guyana REDD + project successfully decreased deforestation by 35%, averting 12.8 million tons of CO2 emissions (Roopsind et al., 2019). Abram et al. (Abram et al., 2016) examined the financial feasibility of converting common forest trees to oil palm in Malaysia and discovered that the cost of reducing emissions ranged between $9 and $75 per ton. Most researchers believe that carbon funding will benefit forest initiatives. More importantly, the REDD + projects have a number of significant benefits, including ecosystem services and biodiversity enhancement. (Jantz et al., 2014). The multiple effects of REDD + need to be examined (Alusiola et al., 2021). The decrease in agricultural land will raise the price of crops, exacerbating food scarcity (Huettner, 2012; Loaiza et al., 2015). Meanwhile, REDD + tends to change the previous rules of community forests and does not accommodate changes in the local social and economic environment (Hajjar et al., 2021). Future research should concentrate on the impact of REDD + on community forests and how to prioritize community forests (Bayrak and Marafa, 2016).
5 CONCLUSION
Green finance provides an important supporting tool for carbon emission reduction or other green projects, and the sustainable ecological and environmental development has become an indispensable target of green finance. Our study takes green finance and carbon emission reduction as its theme and searches for literature in the Web of Science core database to conduct a bibliometric analysis of studies published between 2011 and 2021. We summarize the status, trends and hotspots of the related research and clarify the challenges and future research, which will help to study green finance and carbon emission reduction in more depth. However, limitation exists where the articles selected for analysis are basically from WoS database, despite the quality of articles are guaranteed, the quantity of papers is relatively low. Different databases could be comprised to strengthen the representativeness of results. Moreover, besides using DPSIR framework in classifying the articles, it is also useful classify the articles characteristic based on methodological choices and research contexts, which can shed light on the trends of research characteristics and benefit the scholars working in the area (Kumar et al., 2022). Finally, the major conclusions of this study are as follow.
1) Between 2011 and 2018, there were a small number of related studies, growing from 17 in 2011 to 40 in 2018. Between 2018 and 2020, the number of studies increased considerably, from 57 in 2019 to 92 in 2020. We expect that the total number of studies in the future will be higher than the number of papers published in 2020.
2) Developed countries and regions such as North America, Europe, and Australia produced the most studies because of their great economic strength and well-established research institutes. Some developing countries, such as China and India, have made significant contributions to this field. Emerging regions, such as South Asia and South America, contain a significant quantity of forest carbon sinks and emphasize research supported through REDD + programmes. Moreover, the United Kingdom, the United States, and Canada published studies early, while China, Germany, and Australia published studies later. In terms of institutions, Oxford University published the largest number of papers, and most of the top institutions were from developed countries, while China also made contributions.
3) The top three journals in terms of the article count were Climate Policy, Journal of Cleaner Production, and Energy Policy, which together accounted for 21.9% of all papers. The top research area was ecological and environmental sciences, followed by business and economics, other topics in science and technology, energy and fuels, engineering, and public administration.
4) The collaboration analysis shows that the majority of academics cooperated with fewer than three authors. Professor Irene Monasterolo of the Vienna University of Economics and Business published the most articles in the field. Her research directions include climate stress testing, the evaluation of climate risk and financial risk, and the EIRIN stock-flow consistent behavioural model.
5) The keyword analysis finds that “climate change” had the greatest frequency and centrality. It was followed by keywords such as “policy”, “energy”, “impact”, “economic growth”, and “long-term”. The analysis of the temporal evolution of keywords demonstrates that the trend of research evolved from exploring policies to exploring the efficiency and environmental protection effect of green finance. Furthermore, the trend has updated with the emergence of new energy sources and financing mechanisms.
6) Burstiness can reflect the frontiers in a specified period. We find that “clean development mechanism”, “adaptation”, “carbon market”, and “sequestration” were typically high-interest topics for a long period. “CO2 emissions”, “green finance”, and “green bond” have become more popular, as they appeared in 2019 and continue into the present. The hotspots of references include global blue carbon estimation and impact, private capital for addressing climate change, and the current status and concerns of green finance.
7) The DPSIR framework is feasible and apprehensible in constructing a holistic picture of current research. We apply the framework in clustering articles about green finance and carbon emission reduction. We divide the articles into: driving forces, state, pressure, impact and response, and identify current research topic, limitations and future research.
Through the above analysis, the research on green finance and carbon emission reduction is gradually gaining the attention of the academic community, and the future research direction in this field might focus on the following issues: Incorporating climate factors into assessing the effectiveness of green finance projects and policies, quantitively analyse the risk from the business perspective; Constructing a unifying green definition and taxonomy in identifying green properties for investors; Balancing adequate models for carbon market-related research; Transmission pathways underlying the effect of deforestation; Quantitative evaluation methods for examining the fairness and effectiveness of REDD + policy implementation as well as the impact and priority level of community forests.
Meanwhile, the policy implication of this article is profound. Firstly, in the wake of the surging growth of green finance, the discrepancy of green standards between nations and sectors is apparent, leading to latent threats such as greenwashing behaviors, governments should communicate and collaborate with one another, and international organisations (such as the United Nations) could play a proactive role in encouraging the implementation of related policies to reconcile the green taxonomies globally. Secondly, the cooperation network of authors shows that a majority of researchers study separately, however, some environmental issues are in the position at the global level, particularly for carbon sequestration projects such as REDD+, which involves the participation of both donor and donee countries. In order to enhance mutual understanding and promote the development of green finance, more international projects are encouraged to be set up to boost the collaboration of researchers from different countries. Finally, with the establishment of carbon neutrality goals in numerous countries, emerging carbon markets continue to grow. In this scenario, governments should utilise fiscal and monetary measures to ensure that the emerging carbon market functions effectively, and the market mechanism is also required to stimulate vitality.
At present, the COVID-19 pandemic has caused a global economic crisis, and many countries are using green finance to revive their economy and move it towards sustainable development. Specifically, the EU 2021–2027 long-term budget coupled with Next Generation EU (NGEU) will provide a total of 2.018 trillion euros for green development and digital transformation. In addition, as an important country for the implementation of carbon emission reduction, China has used a range of financial instruments to reduce its carbon emissions, especially the recent national carbon emission trading market. We hope that our work provides a systematic review of green finance for carbon emission reduction to boost the research in this field, especially under the recovery from the COVID-19 pandemic and for the construction of sustainable societies.
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