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Due to the progressive climate change on our planet, scientists are interested in solving this issue since it threatens not only certain regions or countries but also the world’s ecosystems and economies. Therefore, minimizing carbon dioxide (CO2) emissions and reducing atmospheric levels are global priorities. Thus, it is necessary at this moment to develop an appropriate approach to reduce or stabilize CO2 levels in the atmosphere. However, CO2 capture projects are long-term, low-profitable, and high-risk environmental projects. Consequently, it is necessary to find an appropriate and sustainable CO2 capture approach that is efficient in reducing atmospheric CO2 levels while having a safe impact on the environment. Although carbon (C) is the key basic component used to produce biological compounds by photosynthetic organisms in terrestrial plants, the C pathway is a key factor affecting the capture of CO2 by photosynthetic organisms. Among photosynthetic organisms, Paulownia, a multipurpose tree, is popular around the world for its timber and its potential role in CO2 sequestration. Paulownia spp. belongs to the Paulowniaceae family and comprises a group of trees. These trees are primarily found in southeastern Asia, particularly in China, and have been intentionally grown for more than two millennia due to their ornamental, cultural, and medicinal value. The number of Paulownia species varies depending on taxonomic classification, ranging from 6 to 17. Among them, Paulownia tomentosa, Paulownia elongata, Paulownia fortunei, and Paulownia catalpifolia are the most widely recognized and favored species. The present review provides a comprehensive technical-economic scenario for the capture of one million tons of CO2 by Paulownia trees (as a terrestrial plant model, grown on 2,400 ha−1). P. tomentosa can be utilized in agroforestry systems to mitigate greenhouse gas (GHG) emissions within urban cities and emphasize the carbon storage potential of agroforestry. In conclusion, Paulownia trees as an environmental mass project showed great encouragement to investors and governments to expand these types of projects to achieve global climate goals by 2050.
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1 INTRODUCTION
The climate change challenge is a global issue affecting many species of plants and animals, as well as human civilization and the health of the earth. The continued increase in greenhouse gas (GHG) emissions, such as CO2, CH4, N2O, and fluorinated gases, has only served to worsen this situation (Adams and Engel, 2021). Among greenhouse gases, carbon dioxide (CO2) is the most important and essential for photosynthesis, which sustains the life of plants. However, the concentration of CO2 can vary, with natural gas power plants emitting CO2 at a rate of 3%–4%, while coal power plants release it at a rate of 10%–13%. Conversely, bio-refineries can have a CO2 concentration of up to 80%. Generally, the amount of atmospheric CO2 globally has risen significantly, from 313 ppm in 1960 to 411 ppm in 2020, and is projected to reach 450 ppm by 2035 (Santori et al., 2018). This could result in a 2°C increase in global warming and have a major impact on the global economy, with a 99% chance of this outcome (Santori et al., 2018; Bushing, 2021). However, increased atmospheric CO2 is considered the predominant cause of global climate change (Shreyash et al., 2021).
The reduction of CO2 emissions is a pressing global concern, and a strategy must be put in place to lower or maintain CO2 levels in the atmosphere. Despite extensive research on reducing CO2 emissions by physical and chemical methods, there are several environmental, technical, and economic challenges. Therefore, it is crucial to find a sustainable, profitable, and effective approach for capturing CO2 that reduces atmospheric CO2 levels better than physical and chemical methods (Kadlec et al., 2021). A study conducted by Prasad et al. (2021) found that there are two crucial approaches for reducing CO2 emissions: 1) reducing dependence on fossil fuels and increasing the use of renewable energy sources and 2) capturing and storing CO2 through biological, chemical, or physical methods (Shreyash et al., 2021). Osman et al. (2021) have identified three primary methods for CO2 capture, storage, and utilization: pre-combustion, post-combustion, and oxyfuel combustion.
Among CO2 capture and storage (CCS) technologies, biological CCS is the most cost-efficient and environmentally sound option, relying primarily on photosynthetic organisms such as terrestrial and aquatic plants (Chu and Majumdar, 2012; Benedetti et al., 2018). Through photosynthesis, photoautotrophic organisms, including terrestrial and aquatic plants, can convert CO2 into carbon-based products such as sugars, proteins, and lipids. Globally, these organisms can store solar energy at a rate of 120 TW y−1 (Zhu et al., 2010). This means that photoautotrophic organisms can cover the global energy demand by 800%. Therefore, the widespread cultivation of these organisms is a promising solution for meeting a significant portion of the world’s energy needs (Stephenson et al., 2011).
Several published studies have reported that urban green areas can play a crucial role in reducing the carbon footprint of cities. These areas include trees, parks, gardens, and canals and provide several benefits, such as improved air quality, reduced noise, preservation of biodiversity, mitigation of urban heat islands, management of microclimate, soil stability, groundwater recharge, avoidance of soil erosion, and CO2 capture (Strohbach et al., 2012; Singh et al., 2018). Such urban green spaces, along with vegetation, green areas, and soils, have the potential to lower atmospheric CO2 levels and influence the CO2 cycle (Chang et al., 2017; Roeland et al., 2019). In another work, Chia et al. (2016) reported that forests are seen as a way to mitigate the effects of climate change, given that it is a global issue.
Forests play a critical role in carbon sequestration, storing carbon in trees and soils. They also provide numerous other ecosystem services that are essential for human wellbeing and the functioning of the planet. Forests provide a habitat for countless species of plants and animals, many of which are essential for pollination, pest control, and nutrient cycling. They also play a critical role in regulating the water cycle, helping prevent erosion and flooding, and providing clean drinking water to downstream communities (Martínez Pastur et al., 2018; Chaudhry et al., 2021). For a long time, forest CO2 capture projects were considered high-risk investments due to the long time frames involved. Thus, they have been adopted relatively slowly or excluded from international carbon markets, such as those established by the Kyoto Protocol and the EU Emissions Trading Scheme (ETS). Recently, over 25 public funds have provided incentives for forest operations related to carbon rather than relying on carbon markets. This helps governments better manage their forests (van der Gaast et al., 2018). The findings of Chia et al. (2016) align with those of Osman et al. (2021), who stated that carbon pricing is an effective approach to encourage investment in the carbon sequestration and storage industries. Regarding this point, terrestrial plants have attractive CO2 capture potential and high biomass productivity. Trees have an average CO2 capture potential of 1.78 tons CO2 tons biomass−1 y−1 and an average biomass productivity of 2.6–3.9 tons ha−1 y−1 (Fuhrer and Molnar, 2003; Khan and Ansari, 2005).
Investigating the C pathways in terrestrial plants is crucial to assessing their ability to absorb atmospheric CO2 and produce oxygen (O2) through photosynthesis, as well as their contribution to the ecosystem. The exchange of CO2 and O2 by photosynthetic cells through their cell walls plays a crucial role in this process. However, understanding the unique carbon pathways in terrestrial plants can provide valuable information about their potential as a tool for CO2 capture (Kheyrodin and Kheyrodin, 2017). When the stomata of a plant are open, CO2 enters and is utilized in the photosynthesis process. At the same time, O2, a byproduct of photosynthesis, can escape. However, in hot and dry conditions, this problem is amplified because, while the stomata are open, the plant also loses water through transpiration. As a result, the efficiency of a plant’s CO2 fixation can vary. Plants fix CO2 in the atmosphere through one of three pathways: the C3, C4, and Crassulacean acid metabolism (CAM) pathways (Winter and Holtum, 2017).
C3 plants, which make up more than 85% of plants on Earth (Kheyrodin and Kheyrodin, 2017), are referred to as the “C3 pathway” because the first molecule created in the cycle is a 3-carbon molecule called 3-phosphoglyceric acid. Although C3 plants are the most common on the planet, C4 plants are estimated to be twice as efficient at photosynthesizing as C3 plants, although this difference becomes less noticeable in high CO2 environments (Mondal et al., 2017). This increased efficiency is because C4 plants concentrate carbon and reduce carbon loss during the fixation process. In contrast, C3 plants fix CO2 through the Calvin cycle, where the RuBisCO enzyme causes an oxidation reaction that accounts for part of the energy utilized in photosynthesis being lost through photorespiration. As a result, the amount of carbon that the plant fixes and releases back into the environment as CO2 has decreased by approximately 25%. In C3 plants, the main carboxylase is RuBisCO, and the main product of RuBP’s carboxylation is a three-carbon sugar. Additionally, RuBP’s oxygenation, which is the first stage of photorespiration, is catalyzed by RuBisCO in C3 plants (Zhu et al., 2010). Figure 1 shows the carbon pathways in plant cells. The C4 pathway was unknown until the 1960s, when scientists discovered the C4 pathway in sugarcane. The C4 pathway, also known as the Hatch–Slack cycle, is named for the 4-carbon intermediate molecules that were generated (malic or aspartic acid).
[image: Figure 1]FIGURE 1 | Carbon pathways (C3, C4, and CAM) in plants.
In C4 plants, the PEPCase enzyme is the main carboxylase, a 4-carbon molecule is the main carboxylation product in light, and a secondary carboxylase is RuBisCO, which works under high CO2 conditions to limit oxygenation and photorespiration. C4 plants have an additional step in their pathway before starting the Calvin cycle, which decreases the amount of carbon lost in the CO2 fixation process (Santos et al., 2022; Silva Araújo et al., 2022). In C4 plants, CO2 reacts with phosphoenolpyruvate to produce 4-carbon acids (malate), which are transported to bundle sheath cells where CO2 is liberated and used in the Calvin cycle. The typical carbon isotope composition in C4 plants ranges from 10% to 14%. In CAM plants, which are found in deserts and shallow bodies of water, the stomata close during the day to conserve water and open at night to absorb CO2, which is stored as malate. During daylight, photosynthesis starts through the Calvin cycle. Table 1 summarizes the differences between the three pathways, as described in various studies (Hatfield et al., 2009; Carvajal, 2010; Kheyrodin and Kheyrodin, 2017; Guidi et al., 2019).
TABLE 1 | Most important differences between C3, C4, and CAM pathways.
[image: Table 1]Paulownia trees, also known as the “princess tree,” are part of the Paulowniaceae family and have attracted attention for their potential to capture CO2 from the atmosphere. These trees have a fast growth rate and are known for their exceptional carbon sequestration abilities. When grown in large quantities, they can absorb substantial amounts of CO2, making them a promising solution for combating the impacts of climate change (Janjić and Janjić, 2019).
Several studies have indicated that Paulownia trees can absorb up to twice as much CO2 compared to other tree species. The CO2 absorbed by Paulownia trees is stored in their wood and soil, making them effective long-term carbon sinks. In addition, these trees are resistant to pests and require minimal input of water, fertilizer, and pesticides (Magar et al., 2018; Jakubowski, 2022; Testa et al., 2022). The popularity of Paulownia trees has skyrocketed due to their remarkable CO2 capture and storage capabilities (Icka et al., 2016b; Magar et al., 2018). They are known for their high productivity and carbon sequestration potential and are widely considered valuable assets in the fight against climate change (Dong et al., 2014). Furthermore, they are versatile and can be utilized for a range of purposes, such as lumber, construction materials, and musical instruments. With their ability to absorb and store significant amounts of CO2, Paulownia trees have become a popular choice for reforestation and carbon offset projects. The effectiveness of these trees in capturing CO2 is contingent upon various factors, such as location, growth conditions, and management practices (Jakubowski, 2022).
A comprehensive evaluation of the entire life cycle of Paulownia trees, including their harvesting and processing, is crucial to determining their actual carbon footprint. The potential of Paulownia trees to capture CO2 from the atmosphere is substantial, but more research and analysis are required to understand its effectiveness and limitations regarding C sequestration value and information about P. tomentosa and its implementation for CO2 mitigation. This work offers a review of carbon pathways in terrestrial photosynthetic plants as well as an in-depth assessment of the ability of terrestrial plants, particularly the Paulownia genus, to capture CO2 from the atmosphere. The study also contains a detailed techno-economic scenario aimed at capturing one million tons of CO2 using the Paulownia species. The expected results from using the Paulownia are carefully evaluated and discussed. Finally, the work gives a comprehensive overview of ongoing carbon credit projects and assesses the prospects of achieving global climate objectives by 2050.
2 ROLE OF TERRESTRIAL PLANTS IN CO2 CAPTURE FOR BIOMASS PRODUCTION
During biophysical processes, trees absorb and release CO2 into the atmosphere. In the process of photosynthesis, leaves capture CO2 through their stomata and utilize the energy from the sun to transform it into O2, carbohydrates, and water. These substances are then used to create the structures of wood, as well as the vitamins, resins, and hormones required for tree development, growth, and health. Trees get their energy from the carbohydrates that are produced during photosynthesis. The net storage of CO2 by the tree is the result of the interaction between photosynthesis and respiration (Aguaron and McPherson, 2012). Indeed, urban green areas, especially those with trees, have a great potential to capture CO2 from the atmosphere and reduce the effects of climate change in urban areas. However, several studies have reported that urban green areas can be critical to reducing carbon footprints (Strohbach et al., 2012; Nouri et al., 2019; Sharma et al., 2020). As previously reported by Sharma et al. (2020), there are three ways to reduce CO2 levels naturally in the atmosphere: (I) increase atmospheric CO2 capture rates through tree planting; (II) reduce energy demand; and (III) increase bioenergy demand and utilization of bioenergy.
The expression “atmospheric CO2 storage” describes the accumulation of woody biomass that accumulates over time as plants grow. The annual rate of CO2 uptake in biomass for one growing season is called “atmospheric CO2 sequestration.” Sequestration relies on tree growth and death, which is strongly dependent on species diversity and demographic factors such as the age of the urban forest. Carbon stored in one location at a specific moment is referred to as “carbon stock.” Carbon stocks in forests include live and standing dead plants, wood waste and litter, organic matter present in the soil, and harvested stocks like timber for wood products and fuel (Robards, 2008). According to the Intergovernmental Panel on Climate Change (IPCC) report (Pedersen et al., 2022), the plant ecosystem involves five major carbon pools, namely, 1) above-ground biomass (AGB), 2) below-ground biomass (BGB), 3) dead wood, 4) detritus, and 5) soil organic matter. When trees die, the biomass becomes part of the food chain or becomes soil carbon (Suryawanshi et al., 2014).
However, the average rate of CO2 sequestration in trees is mainly influenced by factors such as the size of the tree at maturity, the lifespan, and the growth rate (Nowak and Crane, 2002). To determine the amount of CO2 stored in trees, Aguaron and McPherson (2012) used allometric formulas that consider several characteristics, including diameter at breast height (DBH), site index, height, moisture content, wood density, and overall tree conditions. These characteristics can vary between species and even within individual trees, making it difficult to determine an accurate average. The allometric biomass equations used for this calculation come in two forms: volumetric and direct. The volumetric equation calculates the above-ground volume of a tree using DBH and height, while the direct equation determines the above-ground dry weight using the same variables (Domec and Gartner, 2002). The study conducted by MacDicken (1997) concluded that tree biomass, including AGB, BGB, total biomass (TB), carbon content (CC), and equivalent CO2 (CO2-Eq.), can be estimated by measuring the diameter at breast height (DBH, cm) of the tree using morphometric equations. These equations were designed specifically for a dry climate with an average seasonal rainfall of up to 1,500 mm.
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As described in the study by Sharma et al. (2020), AGB, BGB, TB, CC, and CO2-Eq. were calculated for several trees commonly used in the construction of landscapes and green belts. Table 2 presents the mean values (based on 10 trees) of AGB, BGB, TB, CC, and CO2-Eq. found in the Godavari Botanical Garden in Nepal (Magar et al., 2018) and at the Amity University Campus in India (Sharma et al., 2020).
TABLE 2 | CO2 equivalent content of some tree species used in the construction of CO2 capture, landscape, and green belts.
[image: Table 2]The IPCC report demonstrated that urban green areas (green belts) may reduce atmospheric carbon in three primary ways (Pörtner et al., 2022). First, atmospheric CO2 is absorbed by the leaves, and a portion of this adsorbed CO2 is then released into the atmosphere. The remaining portion is stored in the plant tissues, both AGB and BGB (total biomass), leading to plant growth in the form of biomass. Second, soils are considered one of the major contributors to carbon stocks because they make up only a small portion of the overall carbon stocks; litter and dead wood are not significant sources of carbon. Third, urban areas minimize the need for heating by lowering wind speed and the need to cool infrastructure by offering shade and evaporation. This significantly lowers the need to use fossil fuels to generate energy, which balances out carbon emissions (Jo, 2002).
Most published studies on carbon have focused on AGB because BGB assessments are inherently more expensive and time-consuming. There is still a demand for reliable BGB equations, although very few studies have concentrated on creating equations to predict BGB based on straightforward tree variables (Hertel et al., 2009; Ziegler et al., 2012; Yuen et al., 2013; Kralicek et al., 2017). The amount of CO2 captured per hectare using the formula based on plant photosynthesis and wood chemical composition can be estimated by calculating the average yearly increase of the trees, and this value was estimated to be 981 kg m−3 (Fuhrer and Molnar, 2003).
Intelligent selection of effective and suitable species, as well as their proper management in urban spaces, are vital in increasing the potential and success of these areas (Bhalla and Bhattacharya, 2015; Ram et al., 2015). Therefore, to guarantee the success of any green belt project, the specific tree species must be identified before starting the project planning. The study by Alotaibi et al. (2020) investigated which specific, effective, and tolerant tree species must be planted and used within the frame of the “Green Riyadh Project,” one of the limited greening-belt projects. This study aimed to assess the air pollution tolerance index (APTI) associated with the anticipated performance index (API) for five tree species (Ficus altissima, Eucalyptus camaldulensis, Ziziphus spina-christi, Albizia lebbeck, and Prosopis juliflora), which are usually planted and used along roadsides and around industrial and residential spaces. Four different Riyadh sites were used to collect leaf samples: a residential area, a busy intersection, an industrial area, and a reference site that was approximately 20 km outside the city. Based on the APTI and API performance data, they concluded that the green belt planning in the “Green Riyadh Project” must include growing Ficus altissima on roadsides and heavy industrial locations, followed by Z. spina-christi and A. lebbeck.
3 CURRENT CARBON CREDIT INDUSTRIES AND PROJECTS
To reach the goal of reducing global CO2 emissions by 2050, there is a growing need for projects that capture CO2. Various strategies have been proposed and implemented throughout the world, including improving energy efficiency, implementing a carbon tax, increasing the production of renewable energy, planting trees, and capturing CO2 from the atmosphere in power plants (Nunez, 2019). Carbon capture and storage (CCS) and carbon capture, utilization, and storage (CCUS) are considered effective solutions for addressing climate change. As the climate change crisis intensifies, CCS/CCUS projects are becoming increasingly common. In a comprehensive study of CCUS systems, Hong (2022) reviewed technologies for CO2 capture, separation, transport, utilization, and storage. The study indicated various methods for CO2 capture, such as industrial separation, pre- and post-combustion, oxyfuel combustion, chemical looping combustion, and direct air capture (DAC).
Therefore, the current study specifically focuses on DAC technology using biological adsorption through trees and microalgae. Studies by Deutz and Bardow (2021), Keith et al. (2018), and Abanades et al. (2020) have shown that the efficiency of CO2 removal, energy consumption, and cost for the DAC technology are 85%–93% vol, 5.25 GJ tons−1 CO2, and USD 140–USD 340 tons−1 CO2, respectively. Carbon credit pricing is a crucial aspect in promoting the development and growth of CO2 capture technologies (Lefvert et al., 2022). To make these technologies commercially viable, it is important to have attractive carbon pricing mechanisms, such as carbon taxes or allowances. The value of carbon taxes varies among countries, ranging from a few US $ to 100 US $ per ton of CO2. In 2017, the carbon allowance equivalent was valued at 5.17 dollars per ton of CO2, and it is projected to increase to 47.25 USD per ton of CO2 by 2023 (Chen et al., 2020; Osman et al., 2021). In 2020, there were 22 demo CO2 capture projects around the world, with the United States and China being the main contributors with seven and five projects, respectively (Vega et al., 2020). The number of commercial CO2 capture projects has been steadily increasing, with a reported increase from 51 projects in 2019 to 135 projects in 2021 (Turan et al., 2021). In September 2021, the global CO2 capture capacity was estimated at 49.4 million tons per year.
The Americas region had the highest CO2 capture capacity, contributing 58.5% of all global projects. Europe ranked second with a total of 38 projects and 28.1% of global projects (E Silva and Costa, 2021), while the Asia–Pacific region ranked third with 14 projects (Steyn and Havercroft, 2021). The Middle East has the lowest number of commercial CCS/CCUS projects, representing only 10% of the global CO2 captured (Turan et al., 2021), with a total CO2 capture capacity reached in September 2021 of 3.8 million tons CO2 y−1. In the Middle East region, the total number of CCS/CCUS commercial projects was four, coming from three countries (one in Qatar, one in Saudi Arabia, and two in the United Arab Emirates) (Steyn and Havercroft, 2021). The European Union aims to achieve net-zero CO2 emissions by 2050, leading to an increase in CCS/CCUS projects and facilities in the region. The United Kingdom government has invested 1 billion GBP in CCS/CCUS facilities to establish four industrial clusters that will be able to capture 10 million metric tons of CO2 per year by 2030 (Turner et al., 2021). This investment has contributed to the growth of CCS/CCUS projects and facilities in the EU, leading to a 32% increase in the maximum CO2 capture capacity. This capacity increased to 37.4 million tons of CO2 per year in September 2021, up from 28.4 million metric tons of CO2 in 2020 (Turan et al., 2021; E Silva and Costa, 2021).
In response to the global increase in carbon emissions and the decline in the carbon budget, the use of CCS technology has become increasingly critical in addressing climate change. Therefore, the use of CCS technology has become increasingly crucial in mitigating the impact of rising global carbon emissions. The IEA has outlined a Sustainable Development Scenario (IEA-SDS) that calls for CCS to reduce global emissions by 9%. The IEA-SDS aims to reduce the world’s annual CO2 emissions from 33 to 10 gigatons by 2050, which requires the development of 2,000 commercial CO2 capture projects. This means that an estimated 70 to 100 new projects need to be built each year, requiring a total capital investment of between 655 and 1,280 billion USD (Rassool, 2021; Yan et al., 2021). On the other hand, scientists are incorporating CCS into their scenario models as a means of effectively capturing and storing CO2 in geological formations. This aligns with the goals outlined in the Paris Agreement and is reflected in the Sustainable Development Scenario (IEA-SDS) (Newell et al., 2021; Berrada et al., 2022).
Due to the high cost of implementation, private sector investment is crucial to financing CCS projects. The majority of funding is expected to come from debt, financial markets, and sovereign wealth funds, as governments may not be able to provide the necessary capital within the required time frame. According to the Global CCS Institute Report 2021 (Rassool, 2021), the prices of CCS systems are projected to decrease as more projects are implemented, but the rate of decrease depends on several variables, such as geography and industry. The CCS learning rate predicts a cost reduction of 10%–25% for every doubling of installed capacity, leading to an estimated total capital need of 655–1,280 billion US $.
Developing nations still lack sufficient government-led programs that recognize the value of CO2. However, programs that incentivize CO2 capture investment have been implemented successfully in developed countries in the form of carbon credits. These credits are used to offset emissions and finance mitigation projects in less developed countries. The most well-known example of a crediting system is the Clean Development Mechanism (CDM) under the Kyoto Protocol (Bajaj, 2022). The report by Doda et al. (2021) found that the voluntary carbon market (VCM) is rapidly growing in the carbon credit industry, but they also noted that these credits alone will not be enough to address all climate risks. They concluded that investment in CO2 capture through both natural and technical means, including CCS, is necessary. Additionally, investment in CO2 capture can be made through VCMs as the need for compensation becomes increasingly important. More than 612 million USD of carbon credits were granted through VCM programs between 2007 and 2019, including 142 million USD in 2019 (Doda et al., 2021).
4 TAXONOMY, CHARACTERISTICS, AND CULTIVATION OF PAULOWNIA
4.1 Paulownia classification and botanical description
In the past, Paulownia was classified as a member of the Scrophulariaceae family before its current classification as a member of the Paulowniaceae family (Schneiderová and Šmejkal, 2015). There is a lack of consensus on the exact number of Paulownia species, as taxonomical classifications vary. Depending on the classification, the number of species ranges from 6 to 17 (Kadlec et al., 2021). In the study conducted by Li et al. (2020), eight species of Paulownia have been defined, namely, P. catalpifolia, P. tomentosa, P. australis, P. kawakamii, P. coreana, P. fortune, P. fargesii, and P. elongata. However, the Chinese Flora Editorial Committee differs in its classification, as it does not recognize P. coreana but instead includes two additional variations of P. tomentosa: P. tomentosa var. tomentosa and P. tomentosa var. tsinlingensis (Cheng et al., 2019). In addition, other studies have recognized P. albiflora, P. taiwaniana, and P. glabrata (Yadav et al., 2013; He et al., 2016).
Typically, a mature Paulownia tree reaches a height ranging from 20 to 30 m; the tallest registered specimen was 50 m (Icka et al., 2016a; Yi et al., 2020). The trunk is typically approximately 1 m thick but can reach 2 m under suitable environmental conditions. Under normal environmental conditions, the trunk of a mature Paulownia tree generally has a diameter of approximately 1 m. However, under favorable environmental conditions, the trunk can grow even thicker, reaching up to 2 m in diameter (Kadlec et al., 2021). Paulownia trees possess extensive and well-developed root systems that can extend up to a depth of 8 m in the soil. The upper part of the roots is densely packed, exhibiting branching and dichotomous growth patterns. The bark of the tree is typically brown or black. In young Paulownia trees, lenticels begin to form, and as the tree matures, these lenticels expand, eventually developing into vertical cracks on the bark’s surface (Jakubowski et al., 2018).
Mature Paulownia trees have umbrella-shaped leaves that measure approximately 10–12 cm in width and 15–30 cm in length. The leaves have smooth, undulating edges. It is worth noting that younger trees have even larger leaves, with a width that can reach up to 80 cm (Woods, 2008b). The flowering period for Paulownia occurs in May and June, with flowers displaying five petals that range in color from white to light purple. The fruits of the Paulownia tree are approximately 4 cm long and 2.5 cm wide. They mature in the autumn season, and each fruit can release up to 2,000 winged seeds (Šmejkal et al., 2007). Many different substances are secreted by glandular trichomes covering the surfaces of leaves, fruits, and flowers (Asai et al., 2008; Kobayashi et al., 2008).
4.2 Cultivation and growth conditions of Paulownia
Paulownia trees have the ability to reproduce both generatively and vegetatively, although vegetative reproduction is predominantly employed in industrial settings. Traditional methods of reproduction, such as root-splitting, which is also utilized for natural species, have been historically employed (Yi et al., 2020). Additionally, techniques like mini-cuttings at an early developmental stage (Stuepp et al., 2015) or stimulating rooting in green cuttings (Temirov et al., 2021) have been utilized. However, in vitro propagation serves as the primary means of propagation for many clones (Gyuleva, 2010; Magar et al., 2016). The production of a robust and well-developed root system is a critical aspect of the reproduction phase, leading to extensive research focused on addressing this matter (Pożoga et al., 2019; Mohamad et al., 2022).
Among the most commonly cultivated species of paulownias are P. tomentosa, P. catalpifolia, P. elongata, P. taiwaniana, P. fortunei, P. glabrata, and P. fargesii (Woods, 2008b). During the initial global introduction of paulownias, pure botanical species were used predominantly. The United States was one of the early adopters, importing Paulownias (specifically P. tomentosa) around 1840. Due to its rapid growth, it earned the nickname “the tree of the future.” Over the past 150 years, it has spread across various states, causing significant problems and sparking heated debates concerning all species of Paulownia. P. tomentosa has been officially recognized as an invasive species, leading to its eradication in many states. In the United States, Paulownia has garnered both opponents and proponents, and discussions surrounding the genus are contentious due to the substantial profits generated by existing crops (Snow, 2015).
Recent research indicates that P. tomentosa has the ability to spread in various areas where forests have been damaged by several disturbances (Chongpinitchai and Williams, 2021). In certain countries, specific Paulownia species like P. tomentosa have been identified as hazardous and recognized as invasive, as seen in Austria (Franz, 2007). Although natural Paulownia species are still cultivated in Asia, including Turkey, there is a growing shift toward hybrid varieties. In Bulgaria, for instance, hybrids have gained importance after unsuccessful attempts to cultivate pure species (Gyuleva, 2010).
4.3 Paulownia as a sustainable model for CO2 mitigation
The study by Sage and Sultmanis (2016) highlighted an important issue to consider: why are C3 trees more suitable for forests and carbon sequestration than C4 trees? Most C4 species are associated with harsh habitats, such as deserts and salty areas, where arborescence is not feasible. Most C4 species are grasses and sedges that lack the meristems required for tree growth. Only seven species of Hawaiian Euphorbia and a few desert plants that become arborescent with age exhibit C4 photosynthesis. Therefore, wherever C3 trees can grow, they have a competitive advantage over C4 plants due to their height (Sage and Sultmanis, 2016). Recently, published research in the field of reducing climate change has increased rapidly, particularly in the area of biomass production as a renewable energy resource (Jamil et al., 2021; Sikkema et al., 2021; Kirikkaleli et al., 2022). Numerous reports predict that the demand for wood and wood-based products will continue to increase until at least 2050 (Haldar and Sethi, 2021; Kircher, 2022). The production of trees and timber species for biomass use is also increasing worldwide (Ols and Bontemps, 2021; Hamdan and Houri, 2022). They are also considered one of the most promising C4 trees, known for their air-purifying properties (Magar et al., 2018; Jakubowski, 2022; Testa et al., 2022).
One notable characteristic of Paulownia is its remarkable ability to grow to enormous sizes within a remarkably short period. In China, it is often said that Paulownia “shoots up like a pole in 1 year, transforms into an umbrella in 3 years, and can be harvested for boards in 5 years” (Zhu et al., 1986). China has witnessed the existence of extraordinary specimens, such as an 80-year-old P. fortunei tree in Kweichow Province, which soared to a towering height of 49.5 m, possessed a DBH of 202 cm, and yielded a wood volume of 34 m3. Another striking example was a 90-year-old Paulownia with a DBH of 224 cm and a wood volume of 44 m3. Even younger trees demonstrated impressive dimensions, such as an 11-year-old P. fortunei tree in the Guangxi Zhuang Autonomous Region of southern China, which was 22 m tall, had a DBH of 75.1 cm and produced a wood volume of 3.69 m3. P. elongata also achieved similar sizes. In their native habitats in China, Paulownia typically attains a DBH of 30–40 cm within a decade and produces approximately 0.3–0.5 m3 of wood. However, under ideal conditions, valuable timber can be obtained in just 5–6 years (Zhu et al., 1986; Yi et al., 2020).
As reported in the study conducted by Kozakiewicz et al. (2020), the environmental and growth conditions of Paulownia vary between different species, such as P. tomentosa, P. fortunei, and P. elongata, which consequentially contribute to the variation in the density of Paulownia wood. The density of Paulownia wood ranges from 220 to 400 kg m─3, with an average of approximately 270 kg m─3 (Akyildiz and Kol Sahin, 2010; Madhoushi and Boskabadi, 2019; Lachowicz and Giedrowicz, 2020a). Paulownia trees have a high growth rate and low wood density, but they do not efficiently produce biofuel (Jakubowski, 2022). Recently, using Paulownia for the production of biomass has gained popularity, especially as a way to mitigate the harmful effects of CO2 (Magar et al., 2018). These trees can produce more biomass per year than other trees can produce in several seasons. However, the region in which trees are grown can limit biomass production (Zuazo et al., 2013). In a study by Magar et al. (2018), P. tomentosa trees were planted in the Godavari Botanical Garden in Nepal at a density of 2000 plants ha−1. The researchers assessed the carbon content of the total biomass of 5-year-old, 1-year-old, and newly planted 4-month-old P. tomentosa trees. They found that the 5-year-old trees had a carbon content of 4.52 kg C y─1 tree─1, yielding 9 tons of C ha─1 y─1. The 1-year-old trees had a carbon content of 18.21 kg C y─1 tree─1, resulting in 0.36 tons of C y─1 ha─1. The newly planted 4-month-old P. tomentosa trees in a remote village in Nepal had a carbon content of 6.07 kg of C tree─1.
In a study conducted by Gyuleva et al. (2021), they estimated the productivity (dried biomass content) of two cultivated Paulownia species (P. tomentosa and the hybrid species P. elongata × P. fortunei) after 2 and 4 years of planting in southwestern Bulgaria. They found that after 2 or 4 years, P. tomentosa showed higher productivity (3.47 and 36.99 tons ha─1, respectively) than the hybrid species (2.73 and 19.96 tons ha−1, respectively). The carbon content of P. tomentosa was also higher after 2 or 4 years (1.73 and 18.49 tons ha─1, respectively) than that of the hybrid species (1.15 and 9.98 tons ha─1, respectively). Similarly, the equivalent capture of CO2 (CO2-Eq.) of P. tomentosa was also higher after 2 or 4 years (6.34 and 67.79 tons ha─1, respectively) than that of the hybrid species (4.21 and 36.59 tons ha─1, respectively).
In another study, Joshi (2015) reported that a 16-year-old trial of P. tomentosa in Asia yielded 38.8 tons of C y─1 ha─1, while a 21-year-old trial yielded more than 105 tons C y─1 ha─1. Paulownia can have reduced growth rates when grown in poor soil conditions. In a study by Madejón et al. (2016), the biomass of P. fortune cultivated in Spain for 3 years was 3.34 tons ha─1 (Madejón et al., 2016), compared to the symmetrically grown Eucalyptus globules, which had a biomass of 40.4 tons ha─1. In a related study, Stankova et al. (2019) used a model to demonstrate how the crop species had an impact on the differences in biomass production, which ranged from 0.3 to 4.5 tons ha─1 of dry matter. Although modeling is continually improving, it still has several issues because of how complicated the factors that might affect prediction are, such as different areas and their local conditions. This is particularly true for the prediction of wood characteristics and biomass production (Abbasi et al., 2020; Lachowicz and Giedrowicz, 2020b; Palma et al., 2021). Therefore, globally, using Paulownia as a significant component of biomass production requires special attention in nations where the growth of hybrids that could compete with native species is encouraged. In recent reports, Iran, due to its field experience, has reported its ability to plant Paulownia in an area of approximately 16 × 104 km2 (Galán-Martín et al., 2015; Abbasi et al., 2020). More importantly, several nations are beginning to advance in this area, such as Portugal (Abreu et al., 2020), Iran (Abbasi et al., 2020), Spain (Parra-Lopez et al., 2015; Pleguezuelo et al., 2015), Romania (BUZAN et al., 2018), Italy (Testa et al., 2022), Serbia (Janjić and Janjić, 2019), Ukraine (Morozova et al., 2020; Kaletnik et al., 2021), Northern Ireland (Woods, 2008a; Olave et al., 2015), and Kyrgyzstan (Thevs et al., 2021).
Compared to the production and utilization of fossil fuels, the production and utilization of bioenergy are considered more environmentally benign (Pieratti, 2020). Globally, concerned parties are increasingly understanding that implementing strategies to combat climate change reduces environmental risks, increases production efficiency, and increases profits (Hiloidhari et al., 2019; Secinaro et al., 2020). According to the literature, numerous studies have shown that farmers, especially in the EU, are motivated by their position toward adopting cleaner production methods that can reduce the harmful effects of climate change (Sacchelli et al., 2017; Boyer and Touzard, 2021). Globally, Paulownia culture is a trend that has been pervasive in recent years, in addition to their environmental tasks, such as fighting climate change. As a primary key to the sustainable production of biomass crops, Paulownia farms powerfully achieve economic sustainability for farmers (Magar et al., 2018).
A recent study conducted by Testa et al. (2022) evaluated the economic profitability of the Paulownia farming that replaced a vineyard. The study was conducted on a farm located in southern Italy. They reported that Paulownia farming for wood and woodchip production generated an annual overall margin of approximately 357.91 € ha−1, compared to the annual overall margin of wine grapes of approximately 237.41 € ha−1, yielding 150% annual profit ha−1, whereas Paulownia farming for biomass production only has roughly zero profitability (4.22 € ha−1). Finally, they concluded that profitability relies not only on the product type but also on future price variations, public funding, rewards, and the appropriate decisions made by entrepreneurs for the sustainable development of supply chains from an environmental and social perspective.
5 INVESTMENT OPPORTUNITIES AND RISKS IN PAULOWNIA AND OTHER CARBON SEQUESTRATION-BASED PROJECTS
Forestry-based projects have struggled to take off in compliance and voluntary carbon markets due to various reasons, including investment risks related to non-permanence and leakage (Verma and Ghosh, 2023). Non-permanence refers to the risk that carbon stored in forests will be released back into the atmosphere before the end of the project’s crediting period, while leakage refers to the risk that emission reductions achieved in one area are offset by increased emissions in another area. These risks have led to uncertainty in the carbon market and a lack of investor confidence in forestry-based projects (Henry, 2023; Wang et al., 2023). Additionally, there have been challenges in accurately measuring carbon sequestration in forests and ensuring the permanence of carbon storage over time. As a result, there have been relatively few forestry-based projects in the compliance market, with most focused on afforestation and reforestation. In the voluntary market, forestry projects have also faced challenges in attracting buyers due to the perception that they are less credible than other types of carbon credits (Chen et al., 2023).
These challenges have been exacerbated by the limited availability of funding for forest projects and a lack of standardized methodologies for measuring and verifying carbon sequestration. However, recent developments in measurement and verification technologies, as well as the emergence of new voluntary carbon markets and standards, may provide opportunities for forestry-based projects to overcome these challenges and play a more significant role in global efforts to mitigate climate change (Ince, 2022).
On the other hand, Paulownia, also known as the “empress tree,” is a fast-growing hardwood species that has become increasingly popular as an investment opportunity in recent years. The tree’s ability to grow rapidly, even on poor soils, makes it an attractive option for timber production as well as for carbon sequestration and ecosystem restoration projects. However, as with any investment opportunity, there are both potential rewards and risks associated with investing in Paulownia projects (Yadav et al., 2013). One of the primary benefits of investing in Paulownia projects is the fast growth rate, which allows for relatively quick returns on investment. Additionally, the high-quality wood of the tree is in demand for a variety of uses, including furniture, flooring, and musical instruments, further increasing the potential for profitability (Fos et al., 2023).
Another potential benefit of Paulownia projects is their ability to sequester carbon. As trees grow, they absorb CO2 from the atmosphere, helping mitigate climate change. In addition, Paulownia can be planted on degraded or marginal land, helping restore ecosystems and providing a variety of additional benefits, such as improved soil health and increased biodiversity (Marana, 2018). In addition to the importance of Paulownia culture in the fields of CO2 mitigation, biomass, and wood production, this tree has great commercial potential due to the bioproducts it could produce. Paulownia wood can be used in the production of wood plastics and their composites (Khanjanzadeh et al., 2012; Ebrahimi et al., 2021), blackboards (Nelis et al., 2019), low-density woods (Li et al., 2018; Yu et al., 2018), lightweight particleboards (Nelis et al., 2018; Nelis and Mai, 2021), biopolymers (Rodríguez-Seoane et al., 2020), as well as energy sources (Zhang et al., 2017) such as bioethanol (Zhang et al., 2017; Kirikkaleli et al., 2022), biomethane (Janjić and Janjić, 2019), and biohydrogen (Zhang et al., 2022). In addition to the applications of Paulownia wood, the Paulownia flowers, leaves, and their remains can be utilized for medicinal (Yang et al., 2019; Adach et al., 2021; Dżugan et al., 2021; Huang et al., 2021; Nowak et al., 2022), animal feed (Al-Sagheer et al., 2019; Ganchev et al., 2019; Alagawany et al., 2022), and bioremediation applications (Tzvetkova et al., 2015; Miladinova-Georgieva et al., 2018a; Miladinova-Georgieva et al., 2018b). Despite these potential benefits, there are also several risks associated with investing in Paulownia projects (Ferguson et al., 2010).
One of the main risks is the potential for crop failure. Although Paulownia is known for its fast growth, it is also susceptible to disease, pests, and other environmental factors that can impact growth rates and yield. Additionally, the tree’s rapid growth can make it more vulnerable to wind damage, which can result in significant losses. In addition to these risks, there are also several regulatory and legal considerations that investors in Paulownia projects should be aware of. Depending on the location of the plantation, there may be specific regulations related to forest management practices, land use, and environmental impacts that must be complied with. Failure to comply with these regulations can result in fines or legal action, which can have a significant impact on the profitability of the project (de Deus Ribeiro et al., 2021). Despite these risks, several strategies can be employed to minimize potential losses and maximize returns on investment in Paulownia projects. One approach is to diversify investments across multiple projects or regions, reducing the impact of any individual crop failure or market downturn. Additionally, investors can work with experienced plantation management teams that have a proven track record of success in Paulownia projects. This can help ensure that best practices are followed and that risks are minimized (Zhao et al., 2019; Oliveira et al., 2020).
6 TECHNO-ECONOMIC SCENARIO FOR PAULOWNIA CO2 CAPTURE
To achieve global climate targets by 2050, there will be greater demand for approximately 2000 commercial CO2 capture projects and a rate of 70–100 commercial CO2 capture projects y−1, with a total capital investment ranging from 655 to 1,280 billion USD. This number clearly shows that these projects required large investments, which governments (Alprol et al., 2021; Ashour and Omran, 2022) have not been prepared to make in the required time (Bajaj, 2022). Biological CO2 capture projects are the most sustainable, safe, and attractive solution that can overcome and mitigate high levels of atmospheric CO2. Although the Paulownia tree, a terrestrial C4 plant, differs in its nature and habitats, they are both photosynthetic organisms and have a greater potential for biological CO2 fixation than other terrestrial and aquatic plants (Mansour et al., 2022). Although biological CO2 capture projects are seen as long-term, low-profitability, and high-risk environmental projects, recent microalgae-based CO2 capture projects have proven otherwise. They are commercial, short-term, highly profitable, and low-risk. Additionally, these types of projects have a significant environmental impact by reducing high levels of atmospheric CO2. However, to capture 1 million tons of atmospheric CO2 over 10 years as a part of a megaproject, a technical and economic scenario for Paulownia trees is presented below. The cost of the used land is not included.
For wood production, Paulownia hybrid trees (Wu et al., 2014; Huseinovic et al., 2017) are mainly planted primarily at a distance of 4 m2 × 4 m2 (Zhao et al., 2019), with approximately 625 trees ha-1 (Icka et al., 2016b; Berdón Berdón et al., 2017). As reported by several studies (Newman et al., 1997; Popescu and Sabau, 2016; Zhao et al., 2019), the standard cycle duration for Paulownia trees’ roundwood is 10 years. Based on this fact, the current study has selected 10 years as the ideal cycle duration for Paulownia trees. The study conducted by Jakubowski (Zhao et al., 2019) reported that there are ideal growing conditions for Paulownia trees for wood production in southern Europe and the Middle East. However, the crop yield of Paulownia trees varies based on several parameters, such as climate change, soil type, culture conditions, age, species, and cultivation regions. In Asia, at 16 and 21 years of age, P. tomentosa yields approximately 382.6 and 223 tons y─1 ha─1, respectively (Joshi, 2015). In Bulgaria, after 2 and 4 years, P. tomentosa showed higher productivity (3.47 and 36.99 tons ha─1, respectively) than the hybrid species (P. elongata × P. fortunei), (2.73 and 19.96 tons ha─1, respectively) (Gyuleva et al., 2021). In China, at 80 and 90 years of age, Paulownia trees reached a wood volume of 34 m3 and 44 m3, respectively. In Spain, after 3 years, the total biomass of P. fortune was 3.34 tons ha─1 (Madejón et al., 2016). In Nepal, the average total biomass of P. tomentosa after 5 years was 19.50 tons ha─1 y─1 (Magar et al., 2018).
Based on the literature, proposed model, and calculations, in the best-case scenario to capture 1 million tons of CO2 over 10 years using Paulownia trees, 1.5 million trees will be planted in approximately 2,400 ha─1 with a planting density of 625 trees ha─1 (the distance needed for each tree is approximately 4 m2 × 4 m2). Based on the literature, proposed model, calculations, and the best-case scenario, each Paulownia tree will gradually capture CO2 (CO2-Eq.) in the 1st, 2nd, 3rd, 4th, 5th, 6th, 7th, 8th, 9th, and 10th years as follows: 6.25, 12.50, 25.00, 27.50, 33.00, 42.90, 60.06, 93.09, 144.29, and 250 kg CO2 tree─1, respectively. For 1.5 million trees in 10 years, it will be calculated that all 1.5 M trees will gradually capture CO2 as follows: 9,375; 18,750; 37,500; 41,250; 49,500; 64,350; 90,090; 139,635; 216,435; and 375,000 tons CO2 1.5 million trees at 2,400 ha─1.
After 10 years, the CO2 captured by 1.5 million trees on 2,400 ha─1 is approximately 1.04 million tons of CO2. According to Equations 6 and 5, to convert CO2-Eq. to CC (eq. 6) and then to TB (eq. 5), the constant factors 0.27273 and 0.5, respectively, should be used. Therefore, the total biomass of Paulownia trees yearly was calculated as follows: 5,114; 10,227; 20,455; 22,500; 27,000; 35,100; 49,140; 76,165; 118,055; and 204,545 tons, respectively. As a result, after 10 years, the total crop biomass (wood) of 1.5 million trees is approximately 568,301 tons (Sharma et al., 2020).
To establish a mass project over 10 years to capture 1.04 million tons of atmospheric CO2 using Paulownia trees, 1.5 million trees will be planted on 2,400 ha─1 to produce 568,301 tons of total crop biomass (wood). The total cost (capital and operating costs) of the investment required for the planting of 1.5 million tons in 2,400 ha─1 over 10 years is approximately 1,128 billion USD. The total marketing value of Paulownia’s wood (568,301 tons) is estimated at 1,136.6 billion USD (based on 2,000 USD ton─1 wood).
Our proposed scenario is based on the study by Testa et al. (2022), who evaluated the economic profitability of Paulownia and concluded that the highest profit of Paulownia is approximately USD 358 ha−1 y−1, while the lowest profit is approximately USD 5 ha−1 y−1. Furthermore, as described previously (Chen et al., 2020; Osman et al., 2021), the carbon allowance in 2023 is equivalent to approximately USD 47.25 tons of CO2, which means that the equivalent carbon allowance of 1.04 million tons of CO2 (captured by 1.5 million trees on 2,400 ha─1 10-year─1) is approximately 49.7 billion USD (based on the lowest estimated value reported for 2023). In conclusion, Table 3 shows a technical and economical comparison between Paulownia trees with respect to the capture of 1 million tons of atmospheric CO2 over 10 years.
TABLE 3 | Technical and economic comparison of Paulownia trees, concerning the capture of 1 million tons of CO2 over 10 years.
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Reducing CO2 emissions is a global priority. Thus, it is necessary to develop an appropriate approach to reduce or stabilize CO2 levels in the atmosphere. First, CO2 capture projects are long-term, low-profitable, and high-risk environmental projects. To achieve global climate goals by 2050, there is a greater demand for approximately 2000 commercial CO2 capture projects, with an average of 70–100 commercial CO2 capture projects per year, with a total capital investment ranging from 655 to 1,280 billion USD (Rassool, 2021). This figure clearly shows that the majority of CO2 capture project funding will come from debt, financial markets, and sovereign wealth funds. Therefore, it is necessary to provide direct support for CO2 capture projects on a large scale, especially in developing countries. In addition, this number clearly shows that these projects require high investments that governments were not prepared to spend in the required time. Therefore, the private sector should be encouraged to participate in this type of investment. Carbon credit pricing is the most effective way to encourage investors to expand and develop CO2 capture technologies. It is essential to have enough attractive carbon pricing for CO2 capture technology to become commercially viable, such as a carbon tax or carbon allowances, especially for investors. Private sector encouragement may include tax exemption and providing technologies with low facility prices. On the other hand, requiring flue and power plants to participate in financing such projects increases the carbon tax on the companies and factories that emit high CO2 levels into the atmosphere, as well as on transport, shipping, and aviation companies (Rassool, 2021). These challenges make investors, as well as governments, not prefer this type of project. Therefore, it is necessary to find appropriate, sustainable, and profitable CO2 capture projects that are efficient in reducing atmospheric CO2 levels. Previously, many scientists focused on capturing atmospheric CO2.
Today, scientists around the world are proposing a completely different new strategy. Scientists try not only to capture atmospheric CO2 but also to use it straightaway for energy generation alongside other vital commercial applications by converting atmospheric CO2 into several biologically bioactive carbonic compounds such as proteins, carbohydrates, and lipids. Therefore, the regeneration of bioenergy alongside the capture of atmospheric CO2, in addition to the benefit of other carbonic bioactive compounds, is a wonderful concept and a likely solution to the global warming issue (Doda et al., 2021).
Based on the literature, recommended calculations, and equations, this review presents the latest developments in the use of Paulownia trees as a biological solution for capturing CO2, with a focus on technical and economic aspects. The study provides a scenario for the implementation of a million ton CO2 capture project using C4 Paulownia trees grown on 2,400 ha. The results demonstrate the profitability and feasibility of Paulownia trees as a large-scale CO2 capture project and provide insights into the potential for investment and government support toward achieving global climate goals by 2050.
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Drumstick tree Moringa oleifera 3263 1489 3752 187.6 6879

Silver oak Grevillea robusta 3284 93 3777 1889 6925

Royal palm Roystonea regia 3294 9.4 37838 1894 6945 |
Bottlebrush tree Callistemon viminalis |33 502 3845 1923 7049

Eucalyptus Eucalyptus sp. 3211 1482 3693 1846 6770

Banana Musa sp. 3342 50.1 3844 1922 | 7047

Spanish cherry Mimusops elengi 3299 195 3794 189.7 6956 |
Neem Azadirachta indica 3270 9.1 3760 1880 689.4

Pride of India Lagerstroemia speciosa N 1938 3821 110 7004

Dwarf white orchid Bauhinia acuminata 3320 193 3818 1909 6999

Indian rosewood Dalbergia sissoo 3290 494 3784 1892 6937 |
White fig Ficus virens 3274 9.1 3765 1882 02

Indian gooseberry Phyllanthus emblica 3240 186 3725 1863 6830

White mulberry Morus alba 3261 1489 3750 1875 687.4

Date palm Phoenix dactylifera 3184 4738 366.2 183.1 6713

Sacred fig Ficus religiosa 3109 166 3575 1788 6555

Bamboo Bambusa vulgaris 2550 382 2932 1466 | s37s

Scholar's tree Alstonia scholaris a2 3738 290.1 1450 |58

Copper pod Peltophorum pterocarpum 2016 302 219 1159 4251

(), (**), and (***): average values of 100, 30, and 30 trees of Paulownia (Paulownia tomentosa), cultured at Godavari Botanical Garden, Nepal), under the age of 4 months (*), 4 years (**), and
5 years (***), respectively (Magar et al., 2018).
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