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Abstract: Puerto Rico's geographic and climatic conditions render it highly susceptible to natural 

disasters, particularly hurricanes. The devastation caused by Hurricane Maria in 2017 highlighted 

the fragility of the island's centralized energy infrastructure, which led to prolonged power outages 

and severe disruptions in essential services. This review explores the potential of biomass energy to 

enhance resilience in post-disaster scenarios, focusing on Puerto Rico as a case study. Biomass 

energy, derived from organic materials like agricultural residues, woody biomass, and municipal 

solid waste, offers a renewable and locally sourced power solution that can be rapidly deployed. 

Key biomass conversion technologies, including direct combustion, gasification, anaerobic 

digestion, and pyrolysis, are examined for their applicability and benefits in emergency energy 

provision. The implementation of biomass-powered microgrids in Puerto Rico, such as those by 

Casa Pueblo and Arensis, demonstrates the feasibility and effectiveness of decentralized energy 

systems in disaster recovery. These microgrids provide reliable power to critical infrastructure, 

reduce dependence on fossil fuels, and support waste management efforts. The review also 

discusses ongoing research and development in advanced biomass technologies, such as second-

generation biofuels, algae-based biomass, and biomass-to-hydrogen conversion, which can further 

enhance energy efficiency and sustainability. Additionally, the economic, environmental, and social 

impacts of biomass energy are evaluated, highlighting its role in job creation, waste reduction, 

emission control, and community resilience. Policy recommendations include streamlining 

permitting processes, enhancing financial incentives, developing feedstock supply chains, and 

incorporating biomass into disaster recovery plans. The findings suggest that integrating biomass 

energy into Puerto Rico’s energy strategy can significantly improve its capacity to respond to and 

recover from natural disasters, promoting long-term sustainability and resilience. 
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1. Introduction 

Puerto Rico, an island in the Caribbean, is susceptible to natural disasters, particularly 

hurricanes and tropical storms [1] (see Figure 1). The geographic and climatic conditions of the region 

contribute to frequent and severe weather events, which have significant impacts on the island’s 

infrastructure and economy [1]. The island's location in the Atlantic hurricane belt means it is 

regularly exposed to storms that can cause widespread devastation. This vulnerability was starkly 

illustrated in September 2017, when Hurricane Maria, a Category 4 hurricane, struck Puerto Rico [2]. 

The hurricane caused catastrophic damage, with sustained winds of 155 mph and heavy rainfall 

leading to flooding and landslides. The impact was profound, leaving millions without power and 

disrupting essential services for months [2]. 

Hurricane Maria's destruction extended beyond immediate physical damage to the island's 

infrastructure. The hurricane resulted in an almost complete collapse of Puerto Rico's power grid, 

highlighting the fragility and inefficiency of its centralized energy system [3]. The aftermath of Maria 

exposed the critical need for resilient and sustainable energy solutions. Over 80% of the transmission 
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and distribution system was damaged, leading to prolonged outages that affected hospitals, water 

supply systems, and communications. The slow recovery process underscored the limitations of 

relying on a centralized grid system, which proved highly vulnerable to extreme weather events [3]. 

 

Figure 1. Hurricane Exposure by County. The left panels display the best track paths of hurricanes 

Georges, Jeanne, Irene, and Maria, with each cross marking the position of the hurricane's eye at 6-

hour intervals. All four hurricanes made landfall in Puerto Rico. However, it's important to note that 

landfall is not a prerequisite for the island to be affected; areas farther from the hurricane's eye can 

still experience strong winds, resulting in positive exposure. Color shades represent positive exposure 

levels, with darker shades indicating stronger exposure. Reprinted with permission from ref. [1], 

Copyright 2023, Elsevier -Ecological Economics. 

In this context, the implementation of decentralized and renewable energy systems, such as 

those based on biomass, becomes essential for enhancing the island’s resilience against future 

disasters. Biomass energy, derived from organic materials such as agricultural residues, woody 

biomass, and other organic waste, offers a renewable and potentially self-sustaining source of power 

that can be crucial in post-disaster scenarios [4]. Unlike fossil fuels, biomass is renewable and can be 

locally sourced, reducing dependence on external supplies and enhancing energy security [4]. 

Biomass energy systems can be rapidly deployed and are versatile in their applications. They 

can provide both electricity and thermal energy, making them highly suitable for emergency 

situations [5]. These systems can convert readily available organic waste into valuable energy, thus 

also addressing waste management issues. By integrating biomass energy into Puerto Rico’s energy 

mix, the island can enhance its capacity to respond to and recover from natural disasters while 

promoting sustainable development. The benefits include not only energy security and resilience but 

also economic and environmental gains [6]. Using biomass reduces greenhouse gas emissions 

compared to fossil fuels, and the development of biomass projects can create local jobs and stimulate 

the economy [5,6]. 

The potential for biomass energy in Puerto Rico is significant given the island's abundant organic 

resources [7]. Agricultural residues, such as sugarcane bagasse, and urban waste can be utilized to 

generate energy. For instance, the implementation of biomass-fueled microgrids can provide reliable 

power to critical infrastructure and communities, reducing the vulnerability of these areas during 

and after a disaster [7,8]. Moreover, the production of biochar as a byproduct of biomass energy can 

improve soil health and agricultural productivity, contributing to a more sustainable and resilient 

agricultural sector [8]. 

The primary objective of this review is to examine the role of biomass energy in disaster 

recovery, using Puerto Rico as a case study. This paper will explore how biomass conversion 
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technologies can be utilized to provide emergency energy solutions in the wake of natural disasters. 

By analyzing the specific experiences and initiatives undertaken in Puerto Rico following Hurricane 

Maria, we aim to highlight the potential of biomass energy to contribute to the island’s resilience and 

long-term sustainability. 

Additionally, this review will: 

1. Provide an overview of the different biomass conversion technologies applicable in post-disaster 

scenarios. 

2. Assess the implementation and effectiveness of biomass energy systems in Puerto Rico post-

Hurricane Maria. 

3. Evaluate the broader impacts of biomass energy on community resilience, economic recovery, 

and environmental sustainability. 

By addressing these objectives, this paper aims to contribute to the understanding of biomass 

energy’s role in disaster recovery and to provide insights that can inform policy and practice in other 

regions facing similar challenges. 

2. Background 

2.1. Impact of Hurricane Maria 

In September 2017, Hurricane Maria made landfall in Puerto Rico as a Category 4 hurricane, 

causing unprecedented destruction across the island. With sustained winds of 155 mph and torrential 

rainfall, Maria resulted in catastrophic damage to infrastructure, housing, and natural landscapes. 

The hurricane triggered widespread flooding and landslides, exacerbating the destruction of roads, 

bridges, and power lines. An estimated 80% of the island's crop value was lost, severely impacting 

the agricultural sector [9,10]. 

The most significant and long-lasting consequence of Hurricane Maria was the complete 

collapse of Puerto Rico’s energy infrastructure. The hurricane knocked out power to nearly 3.4 

million residents, plunging the entire island into darkness [10]. The island’s aging and fragile power 

grid, already weakened by inadequate maintenance and previous storms, was ill-prepared to 

withstand such a severe natural disaster. The destruction of the transmission and distribution 

networks meant that restoring power was a monumental challenge, leading to some areas being 

without electricity for up to 11 months [9]. 

The extensive damage to the energy infrastructure not only hindered immediate recovery efforts 

but also had severe implications for healthcare, water supply, and communication systems [9–11]. 

Hospitals were forced to operate on limited generator power, impacting the delivery of critical 

medical services. Water treatment facilities and pumping stations were incapacitated, leading to a 

scarcity of clean drinking water. The loss of communication networks further complicated 

coordination and relief efforts, leaving many communities isolated and in dire need of assistance [11]. 

2.2. Pre-Hurricane Energy Sources and Infrastructure 

Before Hurricane Maria, Puerto Rico's energy landscape was dominated by a centralized power 

grid heavily reliant on fossil fuels. The Puerto Rico Electric Power Authority (PREPA), the sole 

provider of electricity on the island, primarily used imported oil, coal, and natural gas for power 

generation [12]. Approximately 98% of the island’s electricity was derived from these non-renewable 

sources, with only about 2% coming from renewable resources like solar and wind [12]. 

PREPA’s infrastructure was notably outdated and poorly maintained, contributing to its 

inefficiency and vulnerability. The centralized grid system, with its dependence on long transmission 

lines, was prone to failures, particularly during extreme weather events [12,13]. The high reliance on 

imported fossil fuels also made the energy system expensive and subject to the volatility of global 

fuel prices, adding economic strain to the island’s energy sector [13]. The limited adoption of 

renewable energy technologies before the hurricane reflected both policy and infrastructural barriers 

that hindered the transition to a more sustainable energy system. 
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2.3. Post-Hurricane Energy Restoration Efforts 

The aftermath of Hurricane Maria brought about extensive efforts to restore and improve Puerto 

Rico's energy infrastructure. Initial recovery efforts were led by the Federal Emergency Management 

Agency (FEMA) and the U.S. Army Corps of Engineers (USACE) [14]. These efforts focused on 

restoring basic power services through temporary repairs and the deployment of generators. Despite 

these immediate actions, the restoration process was slow and challenged by logistical difficulties, 

bureaucratic delays, and the sheer scale of the destruction [14,15]. 

One of the most significant lessons from Hurricane Maria was the vulnerability of Puerto Rico’s 

centralized power grid. In response, there has been a substantial push towards decentralizing the 

energy system to enhance resilience and reliability. Decentralized energy systems, such as 

microgrids, have been proposed and implemented in various areas. Microgrids can operate 

independently of the main grid and provide localized energy solutions, making them particularly 

valuable in post-disaster scenarios [16]. 

Renewable energy projects have also seen expansion in the wake of the hurricane. Solar and 

wind energy installations have been prioritized to reduce dependence on fossil fuels and to create a 

more sustainable and resilient energy infrastructure [17]. Additionally, there is growing interest in 

leveraging biomass energy as a viable alternative. Biomass energy, which uses organic materials like 

agricultural residues and woody biomass, offers a renewable and locally sourced energy option. It 

can contribute to both energy generation and waste management, addressing multiple challenges 

simultaneously [18]. 

The integration of renewable energy sources into Puerto Rico’s energy mix aims to build a more 

robust and resilient infrastructure capable of withstanding future natural disasters. By diversifying 

energy sources and incorporating advanced technologies, Puerto Rico is working towards a more 

sustainable and secure energy future. 

3. Biomass Conversion Technologies 

3.1. Overview of Biomass as an Energy Source 

Biomass refers to organic materials that are used as a source of energy. These materials include 

a wide range of biological matter, which can be categorized into three main types: woody biomass, 

agricultural residues, and municipal solid waste (MSW) [19,20] (see Figure 2). 
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Figure 2. Types of biomass feedstocks. Reprinted with permission from ref. [19], Copyright 2019, 

Frontiers in Energy Research. 

Woody biomass includes wood chips, sawdust, forest residues, and dedicated energy crops like 

willow and poplar [21]. This category is a significant source of biomass due to its high energy content 

and availability from forestry operations and wood processing industries. The energy density of 

woody biomass makes it an efficient fuel source, and its availability from sustainable forestry 

practices ensures a continuous supply [21]. 

Woody biomass is derived from various sources including logging residues, thinnings, and mill 

residues. Energy crops like willow and poplar are specifically grown for energy purposes, 

contributing to a sustainable supply. Woody biomass is characterized by its high lignocellulosic 

content, which provides substantial calorific value when used for energy production [21]. 

Agricultural residues are by-products of agricultural activities, such as crop residues (e.g., corn 

stover, wheat straw) and animal manure [22]. These residues are abundantly available and can be 

used for energy production without affecting the food supply. Utilizing agricultural residues helps 

in managing waste and improving overall agricultural sustainability [22]. 

Crop residues include the non-edible parts of crops, such as stalks, leaves, and husks. Animal 

manure, another form of agricultural residue, can be processed through anaerobic digestion to 

produce biogas [22]. The use of agricultural residues for energy not only provides a renewable energy 

source but also helps in reducing waste and greenhouse gas emissions from agricultural activities 

[22]. 

Municipal Solid Waste (MSW) includes organic components of household and industrial waste, 

such as food waste, paper, and yard clippings [23]. MSW offers the dual benefit of waste management 

and energy production. By converting MSW into energy, municipalities can reduce landfill use and 

generate renewable energy [23]. 

The organic fraction of MSW, which includes biodegradable materials, can be converted into 

energy through processes like anaerobic digestion and incineration. This conversion not only helps 

in managing urban waste but also reduces methane emissions from landfills, contributing to climate 

change mitigation [23]. 

Biomass energy, derived from renewable organic materials, offers several advantages, including 

sustainability, carbon neutrality, and versatility in energy production. It plays a significant role in 

waste reduction by utilizing waste materials, and its use supports local economies through job 

creation in collection and transport [23]. However, challenges such as the logistical difficulties of 

biomass collection and transportation, lower energy efficiency compared to fossil fuels, and potential 

competition with food crops for land use present significant obstacles. Additionally, the 

environmental impact of biomass production requires careful management to avoid issues like 

deforestation and biodiversity loss. Table 1 shows a summary of the advantages and challenges of 

biomass energy. 

Table 1. Summary of the advantages and challenges of biomass energy. 

Aspect Advantages Challenges 

Renewable 

Biomass is a renewable energy source as 

it comes from organic materials that can 

be replenished, ensuring a sustainable 

supply [19–23]. 

Biomass resources require continuous 

growth and cultivation, which can be 

influenced by seasonal and climatic 

variations [19–23]. 

Carbon Neutral 

Biomass, when sustainably managed, 

contributes to a closed carbon cycle, as 

the CO2 released during combustion is 

offset by the CO2 absorbed during 

biomass growth, aiding climate change 

mitigation [20]. 

Unsustainable practices can disrupt the 

carbon cycle, leading to net CO2 

emissions. Monitoring and management 

are necessary to maintain neutrality [20]. 
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Versatile 

Biomass can be converted into multiple 

energy forms such as heat, electricity, 

and biofuels, making it applicable for 

residential heating, power generation, 

and transportation fuels [21]. 

The efficiency and scalability of biomass 

conversion technologies can vary, and 

not all forms of biomass can be easily 

processed into desired energy forms 

[21]. 

Waste Reduction 

Utilization of waste materials for 

biomass energy reduces landfill volumes 

and enhances waste management 

practices, minimizing environmental 

impacts [22]. 

The availability and consistency of waste 

biomass materials can fluctuate, 

affecting energy production reliability 

[22]. 

Collection and 

Transportation 

Biomass, despite being bulky, provides 

local employment opportunities in 

collection and transport, and can utilize 

existing infrastructure [23]. 

The logistical challenges and costs 

associated with collecting and 

transporting bulky biomass materials, 

coupled with their lower energy density, 

make this process less efficient 

compared to fossil fuels [23]. 

Efficiency 

Advanced biomass technologies are 

being developed to improve conversion 

efficiency, offering potential for 

increased energy output [19,21]. 

Many current biomass conversion 

processes, such as direct combustion and 

anaerobic digestion, have lower energy 

efficiency compared to conventional 

fossil fuel systems [19,21]. 

Land Use 

Biomass production can be integrated 

with agricultural systems, potentially 

improving land productivity and 

biodiversity [20,22]. 

Large-scale production can compete 

with food crops for land, raising 

concerns about food security and land 

availability. Careful management is 

required to balance these needs [20,22]. 

Environmental 

Impact 

Sustainable biomass practices can 

enhance soil quality and biodiversity if 

managed correctly, contributing to 

environmental conservation [19,21–23]. 

Improper management can lead to 

negative environmental impacts such as 

deforestation, soil degradation, and loss 

of biodiversity, necessitating strict 

sustainability measures [19,21–23]. 

3.2. Conversion Technologies 

Direct combustion is the simplest and most common method of biomass conversion [24]. It 

involves burning biomass in the presence of oxygen to produce heat, which can be used directly for 

heating or to generate electricity via steam turbines. The heat generated from combustion can also be 

utilized in combined heat and power (CHP) systems, which enhance overall energy efficiency by 

simultaneously generating electricity and useful thermal energy [24] 

This process is straightforward and well-established, making it a widely used method for energy 

production from biomass. One of the primary advantages of direct combustion is its flexibility, as it 

can utilize a wide variety of biomass types, including wood, agricultural residues, and waste 

materials. This versatility allows it to be applied in different contexts, ranging from small-scale 

residential heating to large-scale industrial power generation, thus offering scalability in deployment 

[24]. 

However, direct combustion has certain limitations. The process can produce pollutants such as 

particulate matter (PM), carbon monoxide (CO), nitrogen oxides (NOx), and volatile organic 

compounds (VOCs), which may have adverse environmental and health effects [25]. To mitigate 

these impacts, modern combustion systems often incorporate emission control technologies. Despite 

these advancements, direct combustion generally exhibits lower energy efficiency compared to other 

biomass conversion methods, such as gasification or anaerobic digestion. The efficiency can, 

however, be improved by utilizing advanced combustion technologies and integrating CHP systems, 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 August 2024                   doi:10.20944/preprints202408.0891.v1

https://doi.org/10.20944/preprints202408.0891.v1


 7 

 

which optimize energy utilization by capturing and using both heat and power generated during 

combustion [25]. 

Gasification converts biomass into syngas (a mixture of carbon monoxide (CO), hydrogen (H2), 

and methane (CH4) by reacting it with a controlled amount of oxygen and/or steam at high 

temperatures (typically 700-1,200°C) [26]. The syngas produced can then be used for electricity 

generation, as a fuel for internal combustion engines, or as a feedstock for producing chemicals and 

biofuels (see Figure 3). Gasification can achieve higher efficiency and lower emissions compared to 

direct combustion [26]. 

Gasification projects in Puerto Rico have shown promise in utilizing agricultural residues and 

urban waste for energy production. For instance, the University of Puerto Rico has conducted studies 

on gasification of sugarcane bagasse and other residues, demonstrating its feasibility and benefits in 

local energy systems [27]. These projects have highlighted the potential of gasification to enhance 

energy security and sustainability on the island by converting local biomass resources into valuable 

energy products [27]. 

 

Figure 3. Stages of the gasification process. Reprinted with permission from ref. [27], Copyright 2019, 

Elsevier -Renewable and Sustainable Energy Reviews. 

Anaerobic digestion involves the microbial breakdown of organic matter in the absence of 

oxygen, producing biogas (mainly methane (CH4) and carbon dioxide (CO2) and digestate (a nutrient-

rich residue) [28]. Biogas can be used for heating, electricity generation, or as a vehicle fuel, while the 

digestate can be applied as a fertilizer. The process typically occurs in a sealed vessel (digester) where 

the conditions are controlled to optimize microbial activity [28]. 

Anaerobic digestion is particularly suitable for managing livestock manure and food waste in 

Puerto Rico, helping to reduce waste and generate renewable energy. Projects focusing on 

community-scale digesters have been proposed to support local energy needs and agricultural 

practices [29]. These systems can provide a reliable source of energy for rural areas and contribute to 

sustainable waste management and soil fertility improvement through the use of digestate as 

fertilizer [29]. 

Pyrolysis is the thermal decomposition of biomass in the absence of oxygen, producing bio-oil, 

syngas, and biochar [30]. The process operates at temperatures between 300-700°C. Bio-oil can be 

refined into liquid fuels, syngas can be used for energy generation, and biochar can be used as a soil 

amendment to enhance soil properties and carbon sequestration [30]. 

Pyrolysis is beneficial in post-disaster scenarios due to its ability to process various types of 

biomass waste into valuable products [31]. The biochar produced can improve soil fertility, aiding in 

agricultural recovery, while bio-oil and syngas provide alternative energy sources for communities. 

Pyrolysis systems can be designed for small-scale, decentralized applications, making them suitable 
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for rural and disaster-affected areas where centralized infrastructure may be compromised [31]. 

Figure 4 shows an overview of the thermochemical and biochemical conversion processes for energy 

and biofuel production. 

 

Figure 4. Overview of thermochemical and biochemical conversion processes for energy and biofuel 

production. Reprinted with permission from ref. [24], Copyright 2021, Journal of Physics: Conference 

Series. 

4. Emergency Energy Solutions 

4.1. Immediate Post-Disaster Needs 

Natural disasters, such as hurricanes, earthquakes, and floods, often lead to significant 

disruptions in energy supply, leaving affected regions without power for extended periods. The 

immediate aftermath of a disaster is characterized by critical energy demands for various essential 

services, which are vital for both immediate response and long-term recovery efforts: a) Hospitals 

and clinics require uninterrupted power for the operation of medical equipment, lighting, and 

refrigeration of medicines and vaccines. Power outages in healthcare facilities can lead to life-

threatening situations for patients relying on electrical medical devices and can compromise the 

storage of essential medicines [32]. After Hurricane Maria, many hospitals in Puerto Rico struggled 

to maintain critical services due to prolonged power outages [33]. b) Reliable energy is essential for 

maintaining communication networks, including cell towers, emergency response coordination 

systems, and public information dissemination channels. Effective communication is crucial for 

coordinating rescue operations, providing updates to the public, and managing relief efforts [33]. The 

failure of communication systems can lead to chaos and hinder effective disaster response. c) Energy 

is needed for the operation of water treatment plants, sewage systems, and water distribution 

networks. Power outages can result in the failure of these systems, leading to a lack of clean drinking 

water and proper sanitation, which can cause outbreaks of waterborne diseases [33]. After Hurricane 

Maria, many areas in Puerto Rico faced water shortages and sanitation issues, exacerbating the public 

health crisis [34]. d) Shelters and relief centers require power for heating, cooling, cooking, lighting, 

and other essential services to support displaced populations. Providing a safe and comfortable 

environment in shelters is crucial for the well-being of disaster survivors. Reliable power in these 

centers ensures that they can operate efficiently and provide the necessary support to affected 

individuals [34]. 

Biomass energy can play a crucial role in meeting these immediate post-disaster energy needs. 

Biomass systems can be rapidly deployed and utilize locally available organic materials, such as 

agricultural residues, wood, and organic waste, to generate electricity and heat [35]. This not only 

provides a renewable energy source but also aids in waste management, which is often a significant 

challenge post-disaster. For instance, after Hurricane Maria, the use of wood debris from the storm 

for biomass energy helped in both generating power and clearing debris. 
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4.2. Microgrids and Distributed Energy Systems 

Microgrids are localized energy systems that can operate independently or in conjunction with 

the main grid [36]. They integrate various distributed energy resources (DERs) such as solar panels, 

wind turbines, and biomass generators to provide reliable power. Microgrids enhance energy 

resilience by maintaining power supply during grid outages and can be tailored to meet the specific 

needs of communities [36]. By incorporating renewable energy sources and storage systems, 

microgrids can offer a sustainable and resilient energy solution. 

Puerto Rico has seen the implementation of biomass-powered microgrids, especially in the 

aftermath of Hurricane Maria. These microgrids utilize locally sourced biomass to generate power, 

thus reducing dependence on imported fossil fuels and enhancing energy security. Notable examples 

include: 

Casa Pueblo: A community-based initiative in Adjuntas, Casa Pueblo has implemented a hybrid 

solar-biomass microgrid that provides power to critical infrastructure, including a radio station and 

community center. The system uses biomass gasification to produce syngas, which is then used for 

electricity generation. This microgrid has been crucial in maintaining community services and 

enhancing local resilience [37]. 

Fajardo Sports Complex: Arensis, an international provider of distributed energy systems, 

installed a biomass conversion system at the Sports Complex in Fajardo. This microgrid converts 

woody biomass and hurricane debris into electricity, providing power to the facility, which served 

as a refugee shelter and distribution center during the disaster. The project demonstrated the 

potential of biomass energy to provide immediate and reliable power in disaster scenarios [38]. 

4.3. Case Study: Arensis Biomass Conversion System 

Arensis, an international provider of distributed energy systems, launched a biomass conversion 

initiative in Fajardo, Puerto Rico, in response to the devastation caused by Hurricane Maria. The 

project aimed to provide immediate relief by generating electricity from woody biomass and 

hurricane debris, addressing the urgent need for power in a region where the centralized power grid 

had been severely damaged [38]. The system was strategically installed at the Sports Complex in 

Fajardo, which served as a shelter and distribution center during the disaster, supporting numerous 

displaced residents and relief operations. 

The biomass conversion system implemented by Arensis utilizes advanced gasification 

technology to convert woody biomass into syngas, a mixture of hydrogen, carbon monoxide, and 

methane, which is then used to generate electricity [39]. The system includes a debris processor to 

handle the biomass feedstock and a gasifier to convert the processed biomass into syngas. Each unit 

of the system can generate 50 kilowatts (kW) of electricity and 120 kW of thermal energy. Its modular 

design allows for the deployment and stacking of multiple units to scale up the power output, making 

it adaptable to the needs of larger facilities or multiple smaller sites. This scalability is particularly 

beneficial in disaster scenarios where energy demands can vary significantly. 

The entire biomass conversion system is housed in a 20-foot shipping container, providing a 

compact and mobile design that allows for rapid deployment and ease of transport, ideal for disaster 

response situations. These containerized units can be quickly relocated as needed, offering flexible 

and adaptable energy solutions [40]. The system's immediate impact was evident as it provided 

reliable power to the Fajardo Sports Complex, enabling it to function as a critical relief center. This 

deployment demonstrated the feasibility and effectiveness of biomass energy in disaster response, 

supporting essential services such as lighting, heating, cooling, and medical equipment operation, 

thereby significantly improving living conditions for displaced residents and the efficiency of relief 

efforts. 

The Arensis system's use of locally available biomass reduced dependence on imported fuels, 

which are often scarce and expensive in post-disaster scenarios [40]. The project also contributed to 

waste management efforts by converting hurricane debris into valuable energy, showcasing the dual 

benefits of energy production and waste reduction. This initiative underscored the potential of 
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biomass energy to enhance community resilience and sustainability, with the use of renewable 

biomass minimizing the carbon footprint and supporting long-term environmental goals. 

The success of the Fajardo project set a precedent for scaling up biomass microgrid solutions 

across Puerto Rico and other disaster-prone regions. The modular and scalable design of the Arensis 

system facilitates its replication in various settings, from small communities to larger urban areas. 

Future projects can build on the lessons learned from the Fajardo initiative, such as the importance 

of local biomass resource assessment, community involvement in planning and operation, and the 

integration of biomass systems with other renewable energy sources for optimal resilience. 

5. Community Impacts 

5.1. Economic Benefits 

Biomass energy projects can play a vital role in stimulating local economies by creating jobs at 

various stages, from biomass collection and processing to system installation and maintenance [41]. 

These projects provide employment opportunities in both rural and urban areas, thereby enhancing 

economic activity and stability. In Puerto Rico, the implementation of biomass energy systems has 

resulted in new job opportunities in sectors such as forestry, agriculture, and engineering. Direct 

employment is created within the biomass energy sector, including positions in feedstock supply, 

operation of biomass conversion facilities, and maintenance of energy systems [41]. For instance, the 

harvesting and processing of biomass feedstock involves labor-intensive activities, providing jobs for 

local workers. 

Additionally, indirect employment opportunities arise in supporting industries such as 

equipment manufacturing, transportation, and construction, which benefit from the increased 

demand for services and products related to biomass energy systems [42]. Biomass projects can also 

stimulate local economies by creating new markets for agricultural and forestry residues, thereby 

increasing the income of farmers and forest owners. The establishment of biomass facilities can lead 

to the development of local supply chains and encourage investment in related sectors. In Puerto 

Rico, the use of agricultural residues for energy production has provided additional revenue streams 

for farmers, contributing to rural economic development [40]. 

In the long term, biomass energy projects contribute to economic resilience by diversifying the 

energy mix and reducing reliance on imported fuels. This diversification protects local economies 

from global fuel price volatility and enhances energy security. The development of local biomass 

resources ensures a sustainable and reliable energy supply, fostering economic stability and growth. 

In Puerto Rico, the integration of biomass energy into the energy portfolio could reduce the island's 

vulnerability to external energy market fluctuations and promoted energy independence. 

5.2. Environmental Impacts 

Biomass energy systems play a crucial role in reducing waste and greenhouse gas emissions. By 

converting organic waste into energy, these projects help divert waste from landfills, thereby 

reducing methane emissions that result from waste decomposition [43]. Furthermore, the combustion 

and gasification processes in biomass energy systems produce lower levels of sulfur dioxide (SO2) 

and nitrogen oxides (NOx) compared to traditional fossil fuels [43]. This makes biomass energy a 

cleaner alternative. Effective waste management is another significant benefit, as biomass energy 

systems utilize agricultural residues, forest residues, and urban organic waste, thereby reducing 

landfill use. For instance, in Puerto Rico, biomass energy projects have made use of hurricane debris 

and agricultural waste, aiding in waste reduction efforts. 

Additionally, biomass energy systems can contribute to emission reductions. When managed 

sustainably, these systems can achieve net-zero carbon emissions, as the CO2 released during 

combustion is balanced by the CO2 absorbed during the growth of the biomass feedstock [44]. This 

characteristic of carbon neutrality makes biomass energy a viable option for climate change 

mitigation. Advanced biomass technologies also include emission control systems, which help 
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minimize the release of harmful pollutants, thereby enhancing the environmental benefits of these 

systems [44]. 

Another important aspect of biomass energy systems is the production of biochar, a byproduct 

of biomass pyrolysis [45] (see Figure 5). Biochar can be used as a soil amendment to enhance soil 

health and fertility. It improves soil structure, increases water retention, and provides a habitat for 

beneficial soil microbes [45]. Additionally, biochar sequesters carbon in the soil, contributing to long-

term carbon storage and climate change mitigation. The application of biochar to soils has been 

shown to improve soil fertility by increasing nutrient availability and enhancing microbial activity, 

which can lead to higher crop yields and improved agricultural productivity. Moreover, biochar's 

stable carbon structure allows it to persist in the soil for extended periods, effectively sequestering 

carbon and reducing atmospheric CO2 levels, thereby contributing to efforts to combat climate change 

[45]. 

 

Figure 5. Thermochemical conversion of various waste types into biochar, biofuels, and hydrogen. 

Reprinted with permission from ref. [45], Copyright 2021, Elsevier -Bioresource Technology. 

5.3. Social and Health Impacts 

Improved access to reliable and sustainable energy through biomass projects can significantly 

enhance the quality of life for local communities. A stable energy supply supports essential services 

such as healthcare, education, and communication, which in turn contribute to overall well-being 

and development [46]. For instance, in Puerto Rico, biomass energy systems have provided stable 

power to critical facilities, thereby improving living conditions and bolstering community resilience. 

In healthcare, reliable energy access ensures that medical facilities can operate efficiently, offering 

continuous medical services and maintaining the functionality of critical equipment [46]. In the 

educational sector, a stable energy supply allows institutions to provide uninterrupted services, 

creating a better learning environment. Additionally, improved energy access strengthens 

communication infrastructure, enhancing connectivity and coordination during emergencies and 

daily activities [46]. 

While biomass energy can offer numerous health benefits, it also presents potential concerns. 

On the positive side, replacing traditional biomass cooking methods with modern biomass energy 

systems can significantly reduce indoor air pollution, which is a major health risk in many developing 

regions [47]. This transition can lead to a decrease in respiratory diseases and an overall improvement 

in public health. However, biomass combustion can still produce pollutants such as particulate 

matter (PM), which may have adverse health effects if not properly managed. To mitigate these 

concerns, it is crucial to implement advanced emission control technologies and promote the use of 

clean biomass technologies. These measures can help control emissions from biomass combustion, 

reducing the release of harmful pollutants and ensuring the health benefits of modern biomass 

systems [47]. 
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5.4. Community Engagement 

Involving local communities in biomass projects is crucial for their success. Active participation 

and engagement ensure that these projects are tailored to the specific needs and conditions of the 

community, leading to greater acceptance and sustainability [48]. When communities are involved in 

the planning, implementation, and operation of biomass projects, it not only helps in creating 

solutions that are practical and effective but also builds local capacity and empowers residents. This 

engagement fosters a sense of ownership and responsibility, which is essential for the long-term 

success of the projects. 

Community involvement helps design biomass projects that address specific local challenges 

and preferences. By engaging the community, the projects can be adapted to meet the unique needs 

of the area, ensuring they are both practical and effective. Furthermore, involving local residents 

builds their skills and capacity, empowering them to manage and sustain the projects independently. 

This empowerment contributes to the long-term sustainability and success of the initiatives. 

A notable example of successful community engagement in Puerto Rico is the Casa Pueblo 

initiative in Adjuntas, as mentioned before. This grassroots organization implemented a hybrid solar-

biomass microgrid to power critical community infrastructure. Local residents were involved in 

every stage of the project, from planning to operation, ensuring that the system met the community's 

needs and priorities. Casa Pueblo’s approach has been widely recognized for its effectiveness in 

fostering community resilience and sustainable development. Additionally, various biomass projects 

in Puerto Rico have conducted workshops and training sessions for local residents. These initiatives 

have provided the community with the skills and knowledge needed to operate and maintain the 

energy systems, building local expertise and ensuring the long-term sustainability of the projects. By 

empowering community members to take active roles in managing and sustaining biomass energy 

systems, these programs have enhanced local capacity and resilience. 

6. Policy and Governance 

6.1. Regulatory Framework 

Puerto Rico has been actively pursuing renewable energy strategies to reduce its dependence on 

fossil fuels and improve energy resilience. The regulatory framework supporting biomass energy 

includes several key policies and initiatives. The Puerto Rico Energy Public Policy Act (Act 17-2019) 

is a comprehensive energy reform law that aims to transform Puerto Rico’s energy sector by 

promoting the adoption of renewable energy sources, including biomass [49]. It sets a target of 

achieving 100% renewable energy by 2050 and mandates the integration of diverse renewable energy 

sources into the island’s energy mix. The act also includes provisions for modernizing the energy 

infrastructure, increasing energy efficiency, and promoting distributed generation systems such as 

microgrids [49]. 

The Renewable Portfolio Standards (RPS) requires electricity providers to obtain a certain 

percentage of their power from renewable sources. Biomass is recognized as a qualifying renewable 

resource under this standard, encouraging utilities to invest in biomass energy projects [50]. The RPS 

in Puerto Rico is designed to incrementally increase the share of renewables, providing a structured 

pathway toward achieving the 100% renewable target set by Act 17-2019. Various financial incentives, 

such as tax credits, grants, and low-interest loans, are available to support the development of 

renewable energy projects, including biomass. These incentives are designed to reduce capital costs 

and make biomass projects more economically viable [50]. The Puerto Rico Green Energy Incentives 

Program offers specific benefits to renewable energy projects, helping to lower barriers to entry for 

biomass energy developers. 

Despite the supportive policies, several regulatory challenges and barriers hinder the 

widespread adoption of biomass energy in Puerto Rico. Obtaining the necessary permits for biomass 

energy projects can be a lengthy and complicated process. Developers often face bureaucratic delays 

and inconsistencies in regulatory requirements, which can deter investment. The need for multiple 

approvals from different agencies can create bottlenecks and increase project timelines. Additionally, 
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strict land use and environmental regulations can limit the availability of suitable sites for biomass 

facilities [51]. Ensuring compliance with environmental standards adds to the complexity and cost of 

project development, as concerns about deforestation, biodiversity loss, and soil degradation require 

careful site selection and sustainable practices. 

Infrastructure limitations also pose a significant challenge. The existing infrastructure may not 

be adequately equipped to integrate biomass energy systems. Upgrading grid infrastructure to 

accommodate distributed generation sources, such as biomass, requires significant investment [52]. 

The lack of modernized grid infrastructure can impede the efficient integration of biomass energy 

into the national grid [53]. Furthermore, the lack of a stable and predictable market for biomass 

energy can create uncertainty for investors and project developers. Fluctuations in feedstock 

availability and prices, as well as competition from other renewable sources, can affect the financial 

viability of biomass projects. A comprehensive strategy to stabilize the market and ensure consistent 

feedstock supply is necessary to attract investment. 

6.2. Recommendations for Policy Makers 

To promote the adoption of biomass energy in Puerto Rico and overcome existing barriers, 

policymakers should consider several key changes. First, streamlining and expediting the permitting 

process for biomass projects can significantly reduce delays and lower development costs. 

Establishing clear guidelines and timelines for permit approvals would provide greater certainty for 

project developers. Additionally, creating a one-stop-shop for permits could streamline the process 

and reduce bureaucratic obstacles. Enhancing financial incentives, such as tax credits, grants, and 

subsidies, would make biomass projects more attractive to investors. Providing additional support 

for research and development could also foster innovation in biomass technologies, while expanded 

incentives would help mitigate financial risks and lower the upfront costs associated with these 

projects. 

Developing reliable and sustainable biomass feedstock supply chains is essential to ensure a 

steady supply of raw materials for biomass facilities [54]. Encouraging partnerships between the 

agricultural, forestry, and energy sectors can facilitate feedstock production and logistics. 

Furthermore, developing infrastructure for efficient collection, processing, and transportation of 

biomass feedstock is crucial [54]. Establishing long-term power purchase agreements (PPAs) for 

biomass energy would provide financial stability and predictability for project developers. These 

contracts would help secure financing and ensure a stable revenue stream, offering investors the 

confidence needed to invest in biomass energy projects. 

Integrating biomass energy into disaster recovery plans is another critical strategy for enhancing 

energy resilience and sustainability after natural disasters. Policymakers should recognize biomass 

energy as a vital component of emergency energy plans, developing protocols for the rapid 

deployment of biomass systems to provide immediate power during disaster recovery. Emergency 

energy plans should include detailed guidelines for mobilizing biomass resources and setting up 

temporary biomass power units. Investing in mobile biomass energy units that can be quickly 

transported to disaster-affected areas is also essential. These units can utilize locally available 

biomass feedstock, such as hurricane debris, to generate power and support relief efforts. Designed 

for quick setup and operation, mobile units provide a flexible and adaptable energy solution during 

emergencies. 

Encouraging community-based biomass projects can enhance local energy resilience by 

engaging communities in the planning and implementation of biomass systems. This involvement 

ensures that projects meet local needs and priorities, providing localized energy solutions that 

strengthen overall community resilience to disasters. Promoting collaboration and training is also 

vital, fostering partnerships between government agencies, non-profit organizations, and private 

sector partners to develop and implement biomass energy solutions. Offering training and capacity-

building programs can equip local communities with the necessary skills to operate and maintain 

biomass systems, leveraging resources and expertise for the success and sustainability of these 

projects. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 August 2024                   doi:10.20944/preprints202408.0891.v1

https://doi.org/10.20944/preprints202408.0891.v1


 14 

 

7. Technological Innovations 

The field of biomass energy is advancing rapidly, with innovative technologies being developed 

to enhance efficiency, reduce costs, and broaden the range of usable biomass feedstocks [55]. One key 

emerging technology is advanced gasification. Innovations in this area, such as plasma gasification 

and supercritical water gasification, are increasing the conversion efficiency of biomass into syngas 

[56]. Plasma gasification utilizes electrically generated plasma to gasify biomass at extremely high 

temperatures, resulting in cleaner syngas with fewer impurities [56]. In contrast, supercritical water 

gasification processes wet biomass in water under supercritical conditions, enabling efficient 

conversion without requiring biomass drying [56]. 

Second-generation biofuels, derived from non-food biomass sources like agricultural residues 

and waste materials, are gaining popularity due to their potential to significantly reduce greenhouse 

gas emissions compared to conventional fossil fuels [57]. Technologies like cellulosic ethanol 

production, which transforms lignocellulosic biomass into ethanol, and advanced fermentation 

processes are enhancing the feasibility and scalability of these biofuels [57]. These second-generation 

biofuels offer a sustainable alternative without competing with food production. 

Algae-based biomass is another promising area of research. Algae can be cultivated in various 

environments, including wastewater, and can produce more biofuel per acre than traditional crops 

[58]. Optimized algae cultivation systems, such as photobioreactors and open pond systems, are 

being developed for large-scale production. Additionally, algae can sequester carbon dioxide, 

contributing to efforts to reduce greenhouse gases [58]. Research is focused on improving algal 

strains, optimizing cultivation conditions, and developing cost-effective harvesting and processing 

techniques. 

Technologies that convert biomass into hydrogen are also being explored as part of the transition 

to a hydrogen economy [59]. Methods like steam reforming of bio-oil and biogas offer renewable 

pathways to hydrogen production. Steam reforming involves reacting bio-oil or biogas with steam 

to produce hydrogen and carbon dioxide [59]. Another promising approach is biomass gasification 

followed by a water-gas shift reaction and hydrogen separation. Efforts are underway to refine these 

technologies to improve efficiency, reduce costs, and integrate them with existing energy 

infrastructure. 

Puerto Rico stands to benefit from these technological advancements by incorporating them into 

its biomass energy strategy. One potential application is the development of waste-to-energy 

facilities. Advanced gasification and anaerobic digestion technologies can convert municipal solid 

waste and agricultural residues into electricity and heat, addressing waste management challenges 

while providing renewable energy [60]. These facilities can enhance waste management 

sustainability and generate local energy, integrating waste collection, sorting, and conversion 

processes for maximum efficiency. 

Establishing biofuel production plants in Puerto Rico could also reduce dependence on imported 

fuels and improve energy security. These plants could use local feedstocks, such as sugarcane bagasse 

and corn stover, to produce ethanol and other biofuels, stimulating the local economy and creating 

jobs [61]. Microalgae cultivation, leveraging coastal and wastewater resources, offers another 

sustainable biomass source for biofuel production and carbon sequestration [62]. Puerto Rico's 

favorable climate and coastal resources are well-suited for large-scale algal biomass production, 

which could integrate into the existing fuel supply chain while contributing to wastewater treatment 

and carbon capture. 

Finally, implementing biomass-to-hydrogen technologies could support Puerto Rico's shift 

towards a hydrogen economy, providing a clean energy carrier for various applications, including 

transportation and industrial processes. Biomass-derived hydrogen could be utilized in fuel cells for 

clean electricity generation or as a fuel for hydrogen-powered vehicles, diversifying Puerto Rico's 

energy portfolio and reducing greenhouse gas emissions. 
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7.1. Scaling Up and Replicability 

There are significant opportunities to expand biomass projects in Puerto Rico and replicate 

successful models in other regions. One key area for growth is in developing comprehensive 

feedstock supply chains by engaging local agricultural and forestry sectors [63]. This involves setting 

up systems for collecting agricultural residues, forest residues, and organic waste from urban areas. 

By establishing robust infrastructure for the collection, processing, and storage of biomass, these 

projects can stabilize feedstock availability, reduce supply chain disruptions, and lower costs. 

Collaborative efforts with local farmers and foresters can provide them with additional revenue 

streams, fostering economic development. 

Creating integrated energy systems that combine biomass with other renewable sources, such 

as solar and wind, can also enhance energy reliability and resilience [64]. These hybrid systems can 

ensure continuous power supply, even during grid outages. For instance, solar panels and wind 

turbines can generate electricity during favorable weather conditions, while biomass systems can 

provide backup power when solar or wind energy is insufficient. The integration of battery storage 

with these hybrid systems can further guarantee a stable and reliable energy supply, supporting 

critical infrastructure and enhancing disaster preparedness. 

Promoting community-based biomass projects is another avenue to explore. These projects can 

foster local engagement and ownership, which enhances the sustainability and impact of biomass 

energy initiatives. Community projects can be specifically designed to meet local needs, ensuring that 

the benefits of biomass energy directly reach residents. Examples include small-scale biomass plants 

supplying energy to local communities, agricultural cooperatives converting farm waste into energy, 

and educational programs raising awareness about biomass energy benefits. Involving local 

communities in the planning and implementation processes can build trust and ensure the long-term 

success of these initiatives. 

The successful deployment of biomass energy systems in Puerto Rico can serve as a model for 

other disaster-prone regions. One replicable strategy is the development of mobile biomass units that 

can be quickly deployed in disaster-affected areas. These units can process locally available biomass, 

such as debris from hurricanes or agricultural waste, into electricity and heat. The mobility of these 

units makes them ideal for rapid deployment in emergency situations, providing power to critical 

facilities when the main grid is down. 

Building partnerships with local governments, non-profits, and private sector entities is crucial 

for tailoring biomass projects to regional needs and conditions. These partnerships can help mobilize 

resources, secure funding, and ensure regulatory compliance [65]. Collaborative efforts can also 

enhance the scalability and replicability of biomass projects by leveraging the expertise and 

capabilities of different stakeholders. For instance, partnerships with universities can drive research 

and innovation, while collaborations with non-profits can support community engagement and 

educational efforts. 

Finally, capacity building through training and technical assistance is essential for the successful 

operation and maintenance of biomass systems, ensuring their long-term sustainability. Training 

programs can equip local residents with the necessary skills to operate biomass conversion 

technologies, manage feedstock supply chains, and maintain energy systems. These initiatives can 

also promote local entrepreneurship, encouraging the development of small businesses that support 

the biomass energy sector. Ensuring that local communities have the knowledge and resources to 

sustain biomass projects is crucial for their long-term success and resilience. 

7.2. Ongoing Research and Development 

Ongoing research in biomass energy is focused on enhancing conversion efficiencies, expanding 

the range of feedstock options, and reducing environmental impacts [66]. Key areas of investigation 

include advanced biochemical conversion processes, such as enzymatic hydrolysis and fermentation 

[67]. Enzymatic hydrolysis involves breaking down complex carbohydrates in biomass into simple 

sugars using specific enzymes, which are then fermented by microorganisms to produce bioethanol 
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and other valuable chemicals [67]. Current research aims to improve enzyme efficiency, reduce costs, 

and increase the yield of fermentable sugars. 

Another area of focus is the development of new thermochemical conversion technologies, 

including pyrolysis and hydrothermal liquefaction [68,69]. Pyrolysis thermally decomposes biomass 

in the absence of oxygen to produce bio-oil, biochar, and syngas [68]. Hydrothermal liquefaction, on 

the other hand, processes wet biomass into bio-oil under high pressure and temperature, making it 

possible to handle biomass with high moisture content without the need for drying [69]. 

Genetic engineering of biomass crops, such as switchgrass and miscanthus, is also a significant 

research area [70]. Genetic modifications aim to enhance biomass yield, improve resistance to pests 

and diseases, and increase the ability of these crops to grow in marginal soils [70]. This research can 

lead to the development of more robust and high-yielding energy crops, making biomass energy 

more sustainable and cost-effective. 

There are several areas that require further study to advance the field of biomass energy and 

fully realize its potential. One of these areas is sustainability assessments, which involves conducting 

comprehensive life cycle assessments to evaluate the environmental, economic, and social impacts of 

biomass energy systems [71] (see Figure 6). These assessments help identify best practices and 

mitigate potential negative effects by considering the entire process, from feedstock production to 

energy generation, including emissions, resource use, and socio-economic impacts. 

 

Figure 6. Thermochemical conversion of various waste types into biochar, biofuels, and hydrogen. 

Reprinted with permission from ref. [71], Copyright 2024, Advances Sustainable Systems. 

Integrated waste management is another area needing further exploration [72]. Research into 

integrating biomass energy with waste management systems can optimize resource use and reduce 

waste generation. This integration supports the development of circular economy models, where 

waste products are reused and recycled, thus minimizing environmental impact [72]. For example, 

combining anaerobic digestion with wastewater treatment can produce biogas while treating organic 

waste. 

Lastly, studying the resilience and adaptability of biomass energy systems in the face of climate 

change and natural disasters is critical [73]. This research can inform the design of robust and flexible 

energy systems capable of withstanding extreme conditions. Developing biomass systems resilient 

to supply chain disruptions, weather extremes, and other challenges is essential for ensuring a 

reliable energy supply during emergencies. 

8. Conclusions 

The role of biomass in post-disaster energy solutions is multifaceted and crucial for enhancing 

resilience in regions prone to natural disasters. Biomass energy provides several benefits, making it 

an effective option for disaster recovery and long-term energy sustainability. Firstly, biomass energy 

systems can be quickly deployed to meet immediate post-disaster needs, providing essential power 
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for healthcare facilities, communication systems, water and sanitation infrastructure, and shelters. 

These systems leverage locally available organic materials, reducing the dependence on imported 

fuels and aiding in waste management. 

Secondly, biomass-powered microgrids and distributed energy systems enhance energy 

resilience by decentralizing power generation. They can operate independently of the main grid, 

ensuring a continuous power supply during emergencies. Examples such as the Casa Pueblo 

initiative and the Arensis biomass conversion system in Puerto Rico highlight the effectiveness of 

these solutions. Thirdly, technological innovations in biomass energy, including advanced 

gasification, second-generation biofuels, algae-based biomass, and biomass-to-hydrogen conversion, 

are increasing efficiency and expanding the range of feedstocks. These innovations hold significant 

promise for regions like Puerto Rico, seeking sustainable energy solutions. 

Fourthly, there are opportunities for scaling up and replicating biomass projects by developing 

comprehensive feedstock supply chains, creating integrated energy systems, and promoting 

community-based projects. The success of biomass systems in Puerto Rico can serve as a model for 

other disaster-prone areas. Finally, ongoing research and development efforts are focused on 

improving conversion efficiencies, expanding feedstock options, and minimizing environmental 

impacts. Key research areas include biochemical conversion processes, thermochemical conversion 

technologies, and genetic engineering of biomass crops. Further studies are necessary in areas like 

sustainability assessments, integrated waste management, and system resilience. 

The potential of biomass energy to enhance resilience in Puerto Rico is substantial. It not only 

offers a renewable and sustainable source of power but also supports local economies, reduces waste, 

and enhances environmental sustainability. By integrating biomass into energy strategies, Puerto 

Rico can build a more resilient and self-sufficient energy infrastructure capable of withstanding 

future disasters. 

Policymakers should continue to support and enhance regulations that promote biomass energy. 

Streamlining permitting processes, enhancing financial incentives, and developing long-term 

contracts can encourage investment and innovation in this sector. Additionally, active community 

engagement is vital to ensure that biomass projects meet regional needs and preferences, fostering a 

sense of ownership among residents and enhancing project sustainability. Continued investment in 

research and innovation is crucial for advancing biomass technologies and addressing existing 

challenges. Collaboration between academia, industry, and government can drive innovation and 

bring new solutions to market. By taking these steps, stakeholders and policymakers can fully 

harness the potential of biomass energy, contributing to a more resilient and sustainable future for 

Puerto Rico and beyond. 
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