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ABSTRACT 

	[bookmark: _Hlk181378303]One of the major global issues threatening the survival of mankind is the effects of global warming exacerbated by the increasing production of carbon dioxide emissions. The global atmospheric carbon dioxide (CO₂) concentration has increased by 50 per cent since pre-industrial times, rising from 277 ppm in 1750 to 416 ppm in June 2023. In the US, this end-use sector accounted for more than 36% of CO2 emissions from the combustion of fossil fuel in 2020 for meeting energy demands related to heating and cooling. In Trinidad and Tobago, the electricity usage by the residential and commercial sector accounts for 40% of the power generated of which more than 50% is used for air-conditioning. This research investigates the potential reduction in atmospheric carbon dioxide using coconut fibre as a building thermal insulation via its carbon sequestration properties. Thermal conductivity measurements were conducted in accordance with ASTM C-518-04, standard test method for steady-state thermal transmission properties by means of the heat flow meter apparatus. Coconut Fiber test specimens, 254 mm square, and of  thickness, 25.4, 38 and 50.4 mm, respectively, were made. Experiments were conducted at mean test temperatures of 15.6oC and 21.8oC, for the density range 40kg/m3 to 90 kg/m3.  For presently used building thermal insulation the environmental payback period shows that insulation materials are environmentally efficient, if they are used for between seven to ten years. This time is required to achieve an equivalent carbon environmental neutrality between production carbon dioxide equivalents (CO2e) and saved CO2e. Research on coconut fiber indicates that it meets the criteria for use as building thermal insulation. The analysis for coconut fiber batt insulation shows carbon sequestration and with building insulation application will continue to decrease the carbon footprint through energy savings. Coconut palm as a monoculture crop provides 51.14 t/hectare per year of above ground carbon stock.  This translates to 188.6 Tons of CO2e per hectare.  The results indicate that at the installation stage for a 1 m2 area, fiberglass insulation batt has +5 kg CO2e compared to carbon sequestration of 16.1 and 18.6 kg CO2e of coconut fiber insulation for RSI 2.29 and RSI 2.64, respectively.  In the case of Trinidad and Tobago, where building insulation is grossly inadequate, if any at all, effective insulation has the potential to reduce the electrical demand for cooling in the residential and commercial sector by 35 to 50%. This translates to 7 to 10 % reduction in the overall electrical demand which is in line with the Kyoto Protocol and Paris Agreement where it was agreed to reduce the overall carbon emissions by 15% by 2030.  
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1. INTRODUCTION 

Global warming refers to the increase in the earth’s average atmospheric temperature with respect to pre-industrial average global temperature. In this context, the earth’s global average temperature has been increasing mainly due to the increase in the percentage of greenhouse gases in the atmosphere. This trend can be envisaged as a natural phenomenon as the human population increases. However, with the industrial revolution, in the last hundred years due to the increasing demand for energy, the rate of increase has been exacerbated. The major contributor to global warming effects is caused by the high level of carbon dioxide in the atmosphere [1]. The greenhouse gas effect of carbon dioxide is caused by the ability of CO2 to absorb inferred re-radiation from the earth surface within the range wavelengths 2,000 and 15,000 nanometers [2]. Approximately half of this thermal energy escapes out into space, and the next half of it is trapped in the earth’s atmosphere as heat, contributing to the ‘greenhouse effect’. However, CO2 presence in the atmospheric air is a necessary component to maintain a habitat conducive to living. Without the presence of CO2, the earth’s average temperature will be about −18°C [3], since nitrogen and oxygen, the main components of atmospheric air, are transparent to thermal radiation. Before the industrial revolution, atmosphere CO2 levels hovered around 280 ppm [4] and the energy balance between the thermal energy re-radiated back into space from the earth surface and the thermal energy constricted within the earth atmosphere maintained an average earth temperature of 13.9oC [3].  CO2 behaves like a control valve for regulating thermal radiation leaving the earth’s atmosphere. This is a very delicate energy balance and carbon dioxide plays a significant role in providing for the relatively high temperature on Earth. Following the industrial revolution, the increase in atmospheric carbon dioxide concentration is mainly because of the burning of fossil fuels such as coal, oil and natural gas to sustain the high energy demand of modern day living [5]. 
The current average global atmospheric CO2 concentration as of August 2024 from the Mauna Loa Observatory in Hawaii is 423.14 ppm. This showed an increase of 4.31 ppm increase over the one-year period from August 2023 [6]. The exponential increase in CO2 emissions over the last decade led to the 10 most recent years being the warmest years on record.  According to NASA's Goddard Institute for Space Studies (GISS), Earth’s average surface temperature in 2023 was the warmest on record since recordkeeping began in 1880 [7]. Overall, Earth average temperature was about 1.36oC warmer in 2023 compared to the preindustrial average in the late 19th-century (1850-1900) [8]. The increase in global temperature has a direct correlation with the increase in atmospheric CO2 concentrations. The effects of the increase in global warming have manifested in several different scenarios. Global sea level has risen about 0.2 meters since reliable record-keeping began in 1880 [9]. Higher temperatures have accelerated the rate at which the ice in the arctic and glaciers are melting. This increase in sea water from melting ice and the expansion of water as it warms is causing sea level to rise [9]. This has affected small island states and low coastal regions globally, with some areas now under water. In the Caribbean region more intense hurricanes and more frequent storms are being experienced. These changes have been linked to the effects of global warming. Globally, heat waves are becoming more extreme and longer [10]. The extreme heat has extended and intensified wildfire across several developed countries to the extent that the systems in place are unable to cope [11]. Precipitation patterns across the globe are changing with some regions experiencing drought conditions and other areas extreme rainfall, resulting in severe flooding. Millions more people worldwide are experiencing hunger and food shortages due to extreme weather events [12]. 
Presently, there is a huge gap between what is needed for lowering the CO2 levels and what is happening.  To date, no country has achieved the targets pledged at the Paris Summit [13].  We are heading in the wrong direction. Under the current scenario, a 3°C increase in world average temperature would result in cities like Miami, Shanghai, Osaka or Rio de Janeiro sinking underwater. Added to that, to escape the flood approximately 275 million people would need to relocate worldwide [14].  At the 28th Conference of the Parties to the United Nations Framework Convention on Climate Change (COP 28) meeting it was acknowledged that progress was too slow by all stakeholders in meeting the efforts to address climate change under the Paris Agreement across all areas of climate action, especially, from reducing greenhouse gas emissions [15].  Governments were called upon to accelerate action across all areas by 2030 to deal with climate change issues and quicken transitioning away from using hydrocarbon fuels to renewables such as wind and solar power in their next round of climate commitments [15]. This research investigates the carbon sequestration ability and carbon reduction potential by using naturally occurring biodegradable materials as building thermal insulation. The investigation focuses on coconut fiber and looks at the carbon reduction and carbon sequestration ability during the plant growth phase, insulation production phase and energy savings during the application.
2. Literature review 

[bookmark: _Hlk175738649]Making a significant impact on the reduction of carbon emissions requires an understanding of the contributing factors. Starting with countries yearly contribution, China, The United States of America and India top the list as the top emitters of greenhouse gas [16]. Trinidad and Tobago is a small island state with a carbon dioxide equivalents (CO2e) emissions per capita equivalent to 19.64 tons per person based on a population of 1,495,921, in 2022 [17]. On this basis, this small island ranks among the top emitters, however, the contribution is 0.08% of the global emission. 
2.1 Energy Consumption 
Energy consumption per capita in a country is related to quality of life and enhanced standard of living. Hydrocarbon based fossil fuel is still the main source of energy, especially for industrialized countries. Coal, natural gas and oil account for over 80% of the energy requirements [18].  The power generation and industrial sectors consume the most fuel. The residential, transportation, and commercial sectors are also significant energy consumers [19]. However, energy usage is not evenly spread across each sector. 
In the US, the transportation sector consumes hydrocarbon-based fuels directly in internal combustion engines and accounts for close to 36% of the fuel used. The combined residential and commercial sector utilizes between 36 to 40 % of the fuel [20].  A similar pattern of energy consumption is observed in the UK, India and China [21, 22, 23]. Also, a similar pattern of energy consumption is observed in the small island state of Trinidad and Tobago [24]. This comparison shows that the general trend of energy consumption is similar, regardless of the country’s size or a being major contributor or a minor contributor to global CO2 emissions. Carbon dioxide emissions are byproducts of electric power generation since fossil fuel is consumed to generate most of the electricity for use by the four major energy consuming sectors, or “end-use” sectors.
[bookmark: _Hlk175219567]2.2 Electric Power CO2 Contribution 
[bookmark: _Hlk174964232]Electric power consumption is directly related to CO2 emissions since more than 80% of the world’s electricity is generated from burning fossil fuel. In Trinidad and Tobago, almost all our electricity is generated from natural gas [25]. The average carbon intensity of electricity generated from fossil fuel is 475 gCO2/kWh [26].  Therefore, electric power consumption is synonymous with CO2e emissions. This trend where the residential and commercial sector consumes close to 40 % of the electricity in a country holds for the big carbon emitters and smaller contributors. Correlating electric energy consumption with CO2 generation translates to the commercial and domestic sector accounting for between 35 to 40% of the CO2 emissions.
[bookmark: _Hlk175558158]2.3 Domestic and Commercial Power Consumption 
[bookmark: _Hlk175243601]“The domestic and commercial power consumption is heavily skewed towards most of the power being consumed for space conditioning. Space conditioning for heating in the winter months and cooling in the summer months for temperate regions and for tropical regions, like Trinidad and Tobago, cooling throughout the year, accounts for up to 50% of the energy bill” [27]. “ A breakdown of the residential power consumption in the US shows that space conditioning accounts for over 40%” [28]. “The Arizona State University, Energy Centre report noted that According to the U.S. Department of Energy, heating and cooling your home accounts for nearly 50% of yearly energy costs and with effective thermal insulation, this can be reduced by up to 50%” [29]. 
2.4 Thermal Insulation Benefits  
“Thermal insulation is a proven technique of reducing the thermal loads in buildings. This passive method has been effectively used for decades and in some countries is mandatory for buildings meeting standard practice. According to a study presented by the US building industry trade association, around 9 in 10 American houses are poorly insulated” [30]. “The North American Insulation Manufacturer Association (NAIMA) revealed that a high number of households struggle to keep their energy expenses low throughout the year [30]. According to the U.S. Department of Energy, heating and cooling your home accounts for nearly 50% of yearly energy costs. Adding the appropriate insulation based on factors such as climate, size, and condition of the home can save homeowners an average of 15% on their electricity bills” [31].  “In Trinidad and Tobago, as with most tropical nations, buildings have little, and in many cases no thermal insulation, hence, the percentage savings in energy can be much higher.  Proper insulation is vital to save money and be energy efficient which translates to reducing CO2e emissions. As the leading authority in the world for setting standards for the built environment, ASHRAE noted that approximately 40% of the CO2 generated in the world is associated with the built environment” [32]. “This adds up, since the built environment consumes about 40% of the electricity generated. In 2009, the National Insulation Association (NIA), in collaboration with the US Department of Energy estimated that $4.8 billion in energy savings and a reduction of 43 million metric tons of CO2 emissions was possible through increased use of insulation” [33]. However, the idea that proper thermal insulation is the game changer is only half of the story.  The other side of the coin shows that the cradle to gate analysis of these commonly used building thermal insulation has a large carbon footprint.  These industries are heavy energy consumers.
[bookmark: _Hlk175504575]2.5 Thermal Insulation Carbon Footprint
The United States Environmental Protection Agency report EPA 430-F-21-007 5/21/22 U.S., highlighted the fiberglass insulation industry as having high carbon intensities [34].  In 2019, a survey of 23 fiberglass insulation plants reported to the U.S. Environmental Protection Agency (EPA) direct emissions of 1,213,287 million metric tons of CO2e. “Emissions from these fiberglass insulation manufacturers that were surveyed represented about 53% of total direct emissions from this industry [34]. Therefore, the actual number is almost twice this amount.  In terms of carbon footprint, commercial insulation has a high balance sheet with an average of 1500 kg CO2e emission per ton of product for fiberglass” [35]. The study by Kunic in 2017 reported the comparative carbon footprint of commonly used thermal insulation materials in building envelopes as illustrated in Figure 1 [35].
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Fig. 1. Carbon footprint of different thermal insulation materials per kilogramme mass of the selected material, presented as an illustration of inappropriate presentation of environment impact of thermal insulations [35].
[bookmark: _Hlk180958530][bookmark: _Hlk181377974]In the 2020 study, Llantoy et al. [36] developed a comparative life cycle assessment (LCA) of different insulation materials (polyurethane, extruded polystyrene, and mineral wool) to analyze the environmental profile of each insulation material type in the Mediterranean continental climate [36, 37]. “Significantly, all three insulation materials demonstrated a net positive benefit over a fifty-year life span due to the reduced heating requirements of the building. Results showed that the highest environmental impact was associated with the polystyrene insulation material and the best environmental performance was for the mineral wool” [36]. Moreover, regarding the consumption, polyurethane and mineral wool had similar thermal performance during the whole year. Furthermore, the environmental payback period shows that insulation material are environmentally efficient, if they are used for at least 7 years (for mineral wool), 10 years (polyurethane), and 12 years (extruded polystyrene) [36]. Only then can net savings in the CO2e be achieved. 
2.6 Natural Fiber Thermal Insulation 
Reducing carbon emissions alone cannot alleviate the crisis that the world is presently in. What is needed is deep decarbonizing. Together with reducing emissions, creating carbon sinks that would remove existing carbon from the atmosphere is needed and carbon sequestration. Deep decarbonization is the only realistic way forward on climate change that can practically help countries towards meeting the target of 2.5oC by 2030 [38].  Nature provides the largest carbon sink and carbon sequestration in the forests and ocean.  In this context, researchers are looking at nature for the answer with respect to natural fibers that can serve as building thermal insulation. Straw bale insulation has been used for decades as a building method where straw bales act as exterior walls. The R-value of straw bale insulation is over R-30 ft2·°F·h/BTU [39]. When laid flat and stacked like bricks in a ‘running bond’ pattern, R-30 straw-bale wall is 686mm (27") thick. Stacked on edge, with straw parallel to the plane of the wall, an R-30 insulation level is achieved in about 25% less width of 457mm (18"). This is several times the value of typical insulated wood wall [39]. The cost of construction with straw-bales is comparable or less than other thick-walled construction systems. In many houses, the bales also provide the structural component of the exterior walls, thereby eliminating the need for wood framing and fiberglass insulation.  Since the 1980s, straw bale construction has increased steadily. There are now strawbale houses in over 50 countries and every US state, with over 1000 in California, including residential and commercial buildings [38]. However, it is not practical or feasible to use Straw Bale to retrofit existing buildings and build modern homes in densely populated cities. 
In 2021, the School of Natural Building (SNaB) UK, announced the publication of an Environmental Product Declaration (EPD) for Straw as Insulation Material in the UK [40]. For the first time this gives an accurate assessment of the environmental impact of straw production in the UK. The focus on straw as building thermal insulation by the developed countries in the temperate region was mainly due to availability. These studies show the current research and direction of building thermal insulation is towards natural materials.  An effective carbon reducing biodegradable thermal insulation requires three important ingredients for deep decarbonization.  Carbon sink during the fiber formation stage, carbon sequestration during the application stage and carbon reduction during the usage stage.  The apparent thermal conductivity of the fibrous thermal insulation material varies with density, increases with mean temperature and has the characteristic hooked shape graph of thermal conductivity with density. For a material to be suitable for use as thermal insulation in buildings, the apparent thermal conductivity at the optimum density should be within the range 0.02 to 0.08 W/(mK) [41].
[bookmark: _Hlk214297171]3. material and methods 

The most compelling factor for building thermal insulation is the thermal conductivity of the material.  The recent trend in potential biodegradable thermal insulation paved the way for engineering investigation on available fibrous material. In this regard, coconut fiber, a naturally occurring biodegradable material available in Trinidad and Tobago and tropical regions was investigated. Experimentation was conducted to first determine the density above which the fibrous batt would not settle under gravity.  This parameter determined the minimum density of material so that it would not settle under gravity when used as thermal insulation. Figure 2 shows the specimen holder constructed from 25.5mm thick rigid polystyrene.  Specimens of size 51 mm thick and 254 mm square of the various density were made and allowed to condition in the lab for a period of one week. The density of the specimens was varied by using different masses of fiber (fig. 3). The settling of the samples was determined by measuring the drop in thickness of the specimen at the center. Ten specimens were prepared, and the findings statically analyzed. The results showed the minimum density above which the material would not settle under gravity was 40kg/m3.
[image: ]
Fig. 2. Specimen Holder 
[image: ]
Fig. 3. Coconut Fiber 


3.1 Coconut Fiber Thermal Conductivity 
[bookmark: _Hlk175842330]The next stage was to experimentally investigate the thermal conductivity to determine the suitability as building thermal insulation. Coconut Fiber test specimens, 254 mm square, and of varying thickness, 25.4, 38 and 50.4 mm, respectively, were made.  Results from the settling test determined the minimum test density. Steady state Thermal conductivity measurements were conducted using the LaserComp FOX 304. This apparatus measured thermal conductivity under steady state conditions (Fig. 4). The equipment was designed to operate in accordance with ASTM C-518-04, standard test method for steady-state thermal transmission properties by means of the heat flow meter apparatus.  Before testing, the FOX 304 was calibrated with Standard Reference Material, NIST SRM 1450b, from the National Institute of Standards and Technology. A 20oC temperature difference between the plates was used with upward heat flow.  The signal output from the FOX 304 was connected to a computer that continuously monitored and recorded the experimental progress. 
[image: ]
Fig. 4. LaserComp FOX 304

The test equipment was designed to operate in the range 0.005 W/m.K to 0.35 W/(mK) with ± 0.2% repeatability and ± 0.5% reproducibility. An independent refrigeration system with a circulating pump provided the cooling water for the FOX. Thermal conductivity measurements were performed at mean temperatures of 15.6oC and 21.8oC with a delta T of 20oC in each case. 

4. results and discussion

[bookmark: _Hlk214304606]Five tests were conducted for each fiber density and the mean thermal conductivity calculated and the results are presented on Table 1.  Experiments were conducted at mean test temperatures of 15.6oC and 21.8oC, for the density range 40kg/m3 to 90 kg/m3. The temperature difference between the hot and cold plates was maintained at 20oC.  The test results showed that the thermal conductivity increased as the mean test temperature increased. The experimental results showed that coconut fiber has a minimum apparent thermal conductivity of 0.048 W/m.K at a density of 80 kg/m3. These thermal conductivity values are within the range for use as building thermal insulation. Therefore, use of coconut fiber as building thermal insulation can reduces the CO2e emissions by reducing energy needed for space conditioning. 

Table 1. Thermal conductivity test results
	[bookmark: _Hlk163319191]Density
(kg/m3)
	Thermal conductivity (W/(mK))

	
	Mean Temperature 15.6 ˚C
	Mean Temperature 21.8 ˚C

	40 
	0.056241 
	0.057581 

	50 
	0.050986 
	0.051836 

	60 
	0.050513 
	0.049698

	70 
	0.048913 
	0.048841 

	80 
	0.047997 
	0.048862 

	90 
	0.048693 
	0.050093 



4.1 Coconut Palm Carbon Sequestration
“Carbon sequestration takes place in plants when they photosynthesize CO2 from the atmosphere into biomass, which means that it accumulates into carbon sinks. The amount of carbon stored is equal to 50% of the dry biomass” [42].  “Carbon dioxide has an atomic mass of 44. Therefore, the sequestration of one kilogram (kg) of carbon will effectively remove 3.67 kg of CO2.  Coconut palm as a monoculture crop provides 51.14 t/hectare per year of above ground carbon stock” [42].  “This translates to 188.6 Tons of CO2e per hectare. Coconut palm is not a perennial crop and therefore coconut cultivation mimics a forest that would be acting as a carbon sink” [43].
[bookmark: _Hlk175658182]4.2 Fiber Diameter 
[bookmark: _Hlk175604037][bookmark: _Hlk175603551][bookmark: _Hlk181045951]Coconut fiber or coir is derived from the fibrous husk of the coconut.  Coconut fibers are the strongest natural fibers with a tensile strength of 21.51 MPa [44].  It has proven to be highly moisture resistant and when used as reinforcement in concrete mixture with 3% of coconut fibers, the tensile capacity of the concrete was 15 percent greater than the reference concrete after 28 days of curing [44]. Two independent sets of measurements were conducted to determine the mean fiber diameter of coir. In the laboratory, fiber diameter measurements were conducted on 100 randomly selected samples using the ONO SOOKI GS-322 linear gauge sensor. The instrument read up to 10-3 mm with an accuracy of ±0.0005mm.  The results showed a fiber diameter range between 0.104mm to 0.502mm with a mean fiber diameter of 0.262 mm and standard deviation of 9.04 X 10-2. The Caribbean Industrial Research Institute (CARIRI) was contracted to measure the fiber diameter of coir. The specimen was randomly divided into 4 batches and twenty-five samples were randomly selected from each batch. Fiber diameter measurements were recorded using the Nikon V-12 Profile Projector at a magnification of ten. This instrument provided readings up to 0.0001mm with an accuracy of ±0.00005mm.  The results showed a fiber diameter range between 0.0925mm to 0.5790mm with a mean fiber diameter of 0.2744 mm and standard deviation of 1.26 x 10-1.  Combining the data from the two independent sets of measurements showed a mean fiber diameter of 0.267mm. The results show that the fiber diameter of coir is relatively large in comparison to the commonly used fiberglass thermal insulation average fiber diameters of 10 to 17 μm [45]. In this case the coconut fiber strand is considered as large diameter and opaque fiber to thermal radiation.
4.3 Solid Fiber Density 
The solid fiber density of the coir strands was determined from specific gravity tests in accordance with ASTM D-792 with water as the medium for immersion.  The specific gravity was determined using equation (1)
							(1)
The coir density was calculated from equation (2)
Density = Specific Gravity x 997.6 kg/m3, 						(2)
where the density of water at 24oC is 997.6 kg/m3. The apparatus used the SARTORIUS electronic scale that displayed readings up to 10-2g with an accuracy of ±0.005g.  The buoyancy tests were conducted for ten randomly selected coir specimens from which the average solid fiber density was calculated to be 756 kg/m3 with a standard deviation of 36.5. The density of wood in temperate regions varies from about 300 to 900 kg/m3, and the range worldwide is approximately from 200 to 1200 kg/m3 [46]. This indicates that the coir has a density comparable to hardwood. Therefore, the lignin content and corresponding carbon sequestration in coconut fiber can be considered as 50% of the biomass material
4.4 Comparative Carbon Footprint 
[bookmark: _Hlk163071325]Fiberglass batt insulation accounts for 70% of the insulations used in residential and commercial buildings. Global demand for fiberglass insulation is forecasted to rise 3.0% per year to $11.1 billion in 2024, and in volume terms will total 5.6 million metric tons [47]. Going forward, demand for fiberglass insulation products will be driven by the global changes in climatic conditions fueled by global warming.  Fiberglass batt insulation of thickness 100 mm (4 inch) is widely used as wall insulation in buildings. The International Energy Conservation Code (IECC) Residential Provisions for 100 mm thick insulation walls, recommended the energy star ratings as R13-R15 ft2.oF. hr/BTU or in SI units RSI 2.29-2.64 m2.K/W [48].  For comparison, 100mm fiberglass batt insulation was chosen to assess the insulating potential of coconut fiber batt insulation at the optimum density.  Producing 1 ton of glass fibers results in a carbon footprint of approximately 1.7 - 2.2 tons CO2e [49].  Thermal insulation for RSI 2.29 (R13) and RSI 2.64 (R15) and the CO2e impact on the environment for 100 mm (4 inch) thick wall was chosen for calculation and the data shown on Tables 2 and 3.


Table 2. Energy Star Rating for 1 m2 batt insulation – RSI 2.29 (R13)
	Material
	Thickness
(mm)
	Thermal conductivity
(W/(mK))
	Density
(kg/m3)
	Fiber Mass
(kg)
	CO2e
(kg)

	Fiberglass
	87.2
	0.038
	22.6 (NIST data)
	2.26
	+ 5

	Coconut fiber
	110
	0.048
	80
	8.8
	- 16.1



Table 3. Energy Star Rating for 1 m2 batt insulation – RSI 2.64 (R15)
	Material
	Thickness
(mm)
	Thermal conductivity
(W/(mK))
	Density
(kg/m3)
	Fiber Mass
(kg)
	CO2e
(kg)

	Fiberglass
	100
	0.038
	22.6 (NIST data)
	2.26
	+ 5

	Coconut fiber
	127
	0.048
	80
	10.16
	- 18.6



The results indicate that at the installation stage for a 1 m2 area, fiberglass insulation batt has produces 5 kg CO2e compared to carbon sequestration of 16.1 and 18.6 kg CO2e of coconut fiber insulation for RSI 2.29 and RSI 2.64, respectively.  This shows that the coconut fiber insulation batt has significant sequestrated carbon stored in the material.  However, for the respective RSI 2.29 and RSI 2.64, the coconut fiber batt is 10mm and 27mm thicker than the fiberglass batt. After installation, both the fiberglass and coconut fiber thermal insulation with the equivalent R-value have the potential of providing the same energy savings. The Carbon payback from energy savings for fiberglass is about 7 years [36] compared to the carbon payback for coconut fiber insulation is zero. The disadvantage of using coconut fiber batt insulation is the weight. For the equivalent energy star RSI 2.29 and RSI 2.64 values, the mass of the coconut fiber batt is 3.9 and 4.5 times, respectively, when compared to fiberglass. 
[bookmark: _GoBack]On a national level in Trinidad and Tobago, the commercial and residential sector consumes 40% of the power generated.  Space conditioning accounts for between 35 to 50% of the building’s energy use. In Trinidad and Tobago, like in most tropical countries, buildings have little to no thermal insulation. Literature speaks to insulation can save up to 50% in the space conditioning power consumption. Therefore, with effective thermal insulation, an overall reduction in energy demand of 7 to 10% can be achieved.  Substituting fiberglass insulation with coconut fiber insulation would translate into sequestrated CO2e of millions of tons. For coconut fiber insulation the CO2e produced is negative in the formation stage of coir since this involves the growing of plants which is a carbon sink. 
5. CONCLUSIONS 
The results show that coconut fiber can be used as a sustainable biodegradable thermal insulation that would be a carbon sink during fiber creation stage (plant growth), carbon sequestration at the insulation batt application stage, and direct reduction in energy consumption during usage. At the optimum density, the thermal conductivity of coconut fiber batt insulation is within the range for use as building thermal insulation. The results show that at the optimum density a marginally thicker coconut fiber insulation batt exhibit similar R-values as conventional insulation. The results indicate that at the installation stage for a 1 m2 area, fiberglass insulation batt has produces 5 kg CO2e compared to carbon sequestration of 16.1 and 18.6 kg CO2e of coconut fiber insulation for RSI 2.29 and RSI 2.64, respectively. Coconut fiber batt can directly replace insulations that have CO2e emission during production and provide the equivalent Energy Star rated R-values at comparable thickness. With effective thermal insulation, an overall reduction in energy demand of 7 to 10% can be achieved.  This is in coherence with the International Energy Agency (IEA) that noted some 75% of the emissions reductions necessary to meet net-zero emissions are dependent on technologies which have not yet reached commercial maturity [50]. This opinion was echoed at the COP 28 meeting in Dubai.

6. FUTURE WORK
Reducing the carbon footprint of buildings has increased the demand for green building insulating materials from renewable resources. From the thermal conductivity aspect, coconut fiber has the potential for use as building thermal insulation. However, reaction to fire of natural fibers is a factor limiting the use as insulating materials in construction. Like cellulose insulation, the high cellulose content makes coconut fiber particularly prone to catch fire through external ignition. Therefore, the flammability aspect of coconut fiber for use as building thermal insulation must be investigated.  An appropriate flammability suppressant has to be use and the material should meet standards applicable to the industry. In this study, the flammability of coir was not undertaken and is an important aspect that must be done for future development for use as building thermal insulation.  Being a natural fiber, the coir is susceptible to insect attack, in particular ants and beetles, that can damage the insulating material.  Future studies need to include appropriate insect repellent.
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