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Abstract

:

Despite the enormous efforts put into practice by governmental entities, most of the energy consumption worldwide proceeds from fossil fuels. In this regard, there is a clear need to advance toward the use of cleaner energies. This situation is especially critical in developing countries, where a high population, increased commercial and industrial activities, and rising greenhouse gas (GHG) emissions are major concerns. This paper focuses on reviewing the current energy map in Jordan, one of the developing countries in the Southwest Asia area. Jordan generates 2.7 million tons of municipal solid waste annually, which can cause a variety of environmental problems rather than benefit the energy industry or the country’s economy. Jordan uses biomass energy to provide just 0.1% of its overall energy needs. Presently, produced energy comprises logs, chips, bark, and sawdust is made up of around 44% wood. Jordan has a high potential for producing biomass in the future. About 96% of the biomass is made up of animal manure, followed by olive trees and pomace, with a percentage of 1.8%. This work evaluates the theoretical energy potential of waste in Jordan based on previous studies. Moreover, this article looks at the biomass potential in Jordan, emphasizing how the country may become one of the top producers of bioenergy in terms of waste and identifying procedures to assess the biogas potential for common substrates in Jordanian communities (food and agricultural waste). Finally, some further recommendations are provided for developing the biomass sector in Jordan.
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1. Introduction


In 2021, various weather indicators reached top values: greenhouse gas concentrations, sea level rise, ocean warming, and ocean acidification. This is another demonstrable example of how human activity is altering the land, the oceans, and the atmosphere over the whole globe with dramatic and enduring effects. The solution to this problem lies in reducing our dependency on fossil fuels, which are the primary driver of climate change. Global population growth, industrialization, and energy use have all increased significantly. Coal, oil, and natural gas are the major energy sources, but they are finite and prone to depletion. A significant percentage of the world’s power comes from coal. With a total production of 9914 TWh in 2019, 37% of the electricity generated globally came from coal-based sources. Globally, 27,044 TWh of electricity was produced in 2019, utilizing 27% renewable energy sources, mostly because of rising solar and wind energy consumption as well as sizable contributions from biomass and hydropower. In 2019, 14.1% of the primary energy supply came from renewable energy sources such as solar, wind, hydro, biomass, geothermal, etc. This represented an increase of 0.3% from the previous year [1].



Recent studies show that there has been a tremendous improvement in the production of biogas worldwide, both in small-scale domestic digesters in underdeveloped nations and bigger commercial electric biogas facilities. With more than 17,000 commercial biogas plants completed and a total capacity of more than 10 GW, compared to a global electric capacity of 16 GW [2].



Due to the recent invasion of Ukraine, energy markets and policies have altered, and they will continue to do so for decades. Even with the current policy framework, the energy landscape is rapidly changing. A cleaner, more cost-effective, and safer energy system is predicted to be implemented because of global governance initiatives. Demand for coal declines over the following years; natural gas demand stabilizes by the end of the decade, and rising electric vehicle (EC) sales reduce oil demand halfway through the 2030s before slightly declining to the middle of the century [3].



For food security and sustainable development, agriculture, forestry, and other land use (AFOLU) are crucial. When plants grow, they absorb carbon dioxide (CO2) from the air and nitrogen (N) from the soil, redistributing the two substances among various reservoirs, such as above- and below-ground live biomass, dead leftovers, and soil organic matter. In turn, plant respiration, the decomposition of dead plant biomass and soil organic matter, and combustion release CO2 and other non-CO2 greenhouse gases (GHG), mostly methane (CH4) and nitrous oxide (N2O), into the atmosphere. These natural fluxes are subject to changes brought on by anthropogenic land-use activities (such as the management of croplands, forests, grasslands, and wetlands) and changes in land use/cover (such as the conversion of forest lands and grasslands to cropland and grazing, and afforestation) [3].



AFOLU’s primary mitigation options include one or more of three strategies: sequestration, which improves the uptake of carbon in terrestrial reservoirs and thus removes carbon dioxide from the atmosphere; replacement of biological products with fossil fuels or enhanced oil recovery; and reduction or prevention of atmospheric emissions by maintaining soil carbon pools or vegetation that would otherwise be lost, or by reducing methane and nitrous oxide emissions as GHGs. These emissions can be reduced by supply-side mitigation or demand-side options. Although their implantation is challenging, demand-side solutions (such as changing one’s lifestyle, minimizing food losses and wastes, altering one’s diet, or cutting back on one’s use of wood) may also have an impact [4].



Worldwide, around 584 TWh of bioenergy was produced in 2020 [5]; Asia contributed 39% of all bioenergy created globally with 255 TWh of output, followed by Europe at 35%. Europe leads bioenergy production from urban garbage, accounting for 64% of total production, whereas Asia leads the world in the use of industrial waste for power generation, accounting for 71% of total production. Biogas energy dominates in Europe, accounting for 72% of the worldwide market [6]. In the European Union, many by-products of high nutritional value can be produced as animal feed using ethanol from wheat or corn [7]. Furthermore, 94.3 million metric tons of oil equivalent were consumed domestically in 2020, and Germany is the main country consuming most of the energy derived from solid biomass. Its domestic consumption reached 12.7 million metric tons of oil equivalent in 2020 [8] as the biomass energy market in Asia-Pacific grew to 49 GW. It is also anticipated to develop strongly between 2021 and 2026, with a compound annual growth rate of 9% [9]. In the United States, corn ethanol is centrally manufactured, and by-products from dry milling and wet milling processes can be fed to animals, including chickens, pigs, beef, and dairy cows [10].



The 2020 target date for the large-scale commercialization of biomass resources for energy usage in China is emphasized in the 13th five-year plan for the development of renewable energy in China. To completely replace fossil fuels, twelve feedstock-to-final bioenergy conversion paths are presented, and their usage structure is calculated using the China Bioenergy Development Roadmap 2050 [11].



Jordan’s overall population was 10,269,022 in 2021, with a 0.6% yearly population increase [12]. Jordan’s main energy consumption in 2021 was 8166 tons of oil equivalent since it is regarded as one of the energy-consuming nations [13]. The Jordanian energy industry must be resilient because it is susceptible to outside shocks, including price changes, and because it affects the country’s economy. Even humanitarian organizations working in Jordanian refugee camps have faced the costs associated with unreliable electricity sources. As a result, promoting the green energy industry and energy conservation are now the main priorities. In order to meet this challenge, it is necessary to pursue alternatives with a strategic plan whose goals are to, wherever possible, provide stable, affordable, efficient, and clean energy through self-reliance and source diversification [14].



Currently, over 90% of all garbage ends up in unhygienic landfills and dumpsites across the nation as a result of high rates of waste creation and few disposal choices. When waste leachate is not contained, it seeps into the ground and contaminates the water supply. In addition to harboring pests that transmit illness, open landfills are dangerous for the public’s health and general welfare. Waste generation, including hazardous waste and MSW, is anticipated to rise by 3% per year as the population expands [15].



The Ministry of Environment oversees establishing several laws governing this industry, and it should be noted that the Kingdom generates 2.7 million tons of municipal solid waste annually, 2745 tons of medical waste, and 45 tons of hazardous industrial waste. The Hazardous Waste Treatment Center/Swaqa receives the equivalent of 2000 tons of this waste each year, much of it recycled, including used batteries and used mineral oils. The municipal solid waste collection service covers 90% of urban areas and 70% of rural areas, whereas 50% of the overall amount of municipal garbage is made up of organic waste, while 15% is recyclable plastic [16].



Jordan has begun to think about solving this environmental and economic problem, as it is in the process of establishing a biomechanical waste treatment project. The project aims to establish a mechanical-biological facility to treat organic waste with an initial production capacity of 239 tons per day, which will recycle waste and produce energy and fertilizer [17]. Through the yearly combustion of around 19 million cubic meters of biogas, the project will help reduce the emission of 175,000 tons, equivalent to carbon dioxide [18].



In light of the data above, the biomass potential in Jordan is high but currently unexploited. In this regard, this research aims at theoretically quantifying this potential, bringing to light some clear concepts and data that may help establish future developments. In this sense, increasing biomass generation in Jordan would lead to the following benefits:




	
Increase in natural capital.



	
Consistent economic growth.



	
Poverty alleviation and social development.



	
Effective use of resources.



	
Mitigation and adaptation to climate change.








Solid or liquid organic industrial wastes are supposed to be excellent substrates for the anaerobic digestion process that produces biogas. The use of anaerobic digestion technology for industrial waste management would be a significant step in Jordan’s emergence as a hub for renewable energy in the MENA region. Anaerobic digestion of organic industrial waste is quickly gaining popularity throughout the world as one of the best waste management methods.



This research examines, analyzes, and investigates the possibilities of using biomass energy to replace traditional energy in Jordan to assist Jordan in improving its energy status toward a cleaner and more sustainable model. In the rest of this paper, Section 2 provides an overview of the energy sector in Jordan and its sources. Section 3 covers the most common methods of converting biomass into different forms of energy. Section 4 summarizes Jordan’s current biomass and waste regeneration potential to better understand the situation and available resources. The calculations needed to analyze biomass economically are covered in Section 5. Section 6 covers biomass energy balance calculations. Section 7 discusses the most important points that discuss barriers in society, behavior, and education. Section 8 deals with the most important outputs, recommendations, and discussions. Section 9 concludes the paper.




2. The Energy Sector in Jordan: Current Situation


Due to the rapid population growth, increased industrial and commercial activity, the high price of imported energy fuels, and high GHG emissions, the availability of clean and affordable energy resources have become a problem for the Jordanian government. As a result, developing renewable energy projects has elevated to the top of the national agenda in recent years. Projects utilizing waste, biomass, solar, and wind energy must be implemented.



Jordan imported 2.62 billion USD of energy in 2021, while the quantity of primary energy utilized in the same year was 8166 tons of oil equivalent [19]. In Jordan, oil is the country’s main source of energy, accounting for 52% of total consumption, and natural gas for 38%. Per capita consumption is also 0.7 toe/capita, including 1850 kWh of electricity in 2020, as the country’s total consumption of about eight million tons of oil equivalent in the same year decreased by 3.5% since 2017 [20]. Jordan dropped 16 positions to 82 from 66 in the World Economic Forum’s energy transition ranking, scoring 49.5% compared to 53% in the 2019 index. Jordan also received scores of 46% for the efficiency of its energy system (down from 56% the year before) and 53% for pre-default (up from 50% in the index from the prior year). Despite a 0.4% decline in labor force participation [21], Figure 1 shows the total energy supply (TES) by source in Jordan between 1990 and 2021 [22,23].



According to a 2022 report by Economist Intelligence, the world’s energy consumption will only increase by 1.3% in 2023, with the economy sluggish and energy prices rising. Many nations will be forced to turn to fossil fuels because of declining gas supplies and severe weather, which will slow the transition to green energy. Asia will lead the world with an 11% increase in renewable energy consumption, while investment will decline. In fact, even though some governments’ efforts to gradually phase out the use of nuclear energy will be thwarted by the energy crisis. The nuclear power plant project in Jordan was put on hold because the Nuclear Energy Commission was unable to secure parliamentary approval due to public pressure, financial constraints, and technical difficulties [24,25].



2.1. Electricity Generation in Jordan


Families pay 0.100 USD per kWh for household use, and businesses pay 0.123 USD per kWh, and this rate includes all fees associated with using electricity, including taxes, distribution costs, and energy costs [26]. Figure 2 shows the 1990–2021 total electricity generation in Jordan by source.



The per capita consumption of electricity was 1746 kWh. The contribution of natural gas to electricity generation has also decreased over the last year, reaching 73% in comparison to 80% in 2020 [27], whereas local sources contributed 28% of power generation in 2021, up from 22% in 2020. Between the beginning of September 2021 and the end of 2021, 13 million barrels of crude oil were imported (see Figure 3). In comparison, the level of production in the Hamza oil field in 2021 totaled 105 thousand barrels [28]. Bioenergy derived from household waste and other biomass raw materials has the potential to reduce reliance on imported fossil fuels, strengthen the national economy, and reduce harmful GHG emissions.




2.2. Renewables Energy Status in Jordan


The broken global energy mix will be fixed by switching to renewable energy, and the chance that global warming will not exceed 1.5 °C will remain [32]. Before the renewable energy and energy efficiency law was passed regarding climate change requirements requiring stakeholders to report GHG emissions. The most abundant renewable energy sources in Jordan were solar and wind energy, with less potential for bioenergy, hydropower, and geothermal energy [33]. Jordan pledges in its nationally determined contribution (NDC) to cut GHG emissions by 14% by 2030. The NDC’s initiatives include creating and using renewable energy sources and promoting financial investments in this sector [34]. Jordan’s track record demonstrates that decarbonization of the energy mix is possible while still guaranteeing a consistent electricity supply [33]. In 2018, nearly 1.5 million tons of carbon dioxide emissions were saved by electricity produced by solar photovoltaic (PV) and wind. Solar water heaters, up until this point, the only renewable energy source used for heating and cooling, were introduced to the market by the Jordan Renewable Energy and Energy Efficiency Fund [33]. Jordan’s total installed renewable electricity capacity was 2445.7 MW in 2021, of which 1498 MW was the capacity of projects that sold power to electricity companies and 947.6 MW came from non-commercial renewable energy systems owned by individuals and institutions. This represents a 26% increase in the country’s energy production in 2020 [35].



A record from the reference price list is used to determine the upper limit for renewable energy source electricity purchase costs. For electricity based on wind, solar heat, PV, biomass, and biogas, the tariff ceilings for selling electrical energy produced by renewable energy plants are set at 0.12 USD, 0.19 USD, 0.17 USD, 0.13 USD, and 0.08 USD, respectively. These rates will be applied to the successful bidders in direct bids for renewable energy projects. If a facility is established entirely in Jordan, the tariff may increase by 15% [36], This tariff is an encouragement for renewable energy investors to generate electricity and sell it to electricity companies.





3. Potential Bioenergy from Targeted Biomass


Bioenergy needs to be widely used in a sustainable way if future energy scenarios and projected climate change mitigation goals aim to be met. This could lead to a variety of issues, such as the strategic management of land use that does not negatively affect deforestation, GHG emissions, human health, biodiversity loss, or food production. Globally, using by-products of the production of biofuels as animal feed can improve the efficiency of land use and lower GHG emissions associated with the production of biofuels [37,38]. By substituting by-products for grains in the composition of animal feed, land usage can be improved by reducing the area set aside for the production of grains [39,40]. Sugarcane yeasts, bagasse, and molasses can all be fed to cows to help them produce milk and beef [38,41]. Electricity can frequently be produced from bagasse [42]. Additionally, only 7–20% of the total bagasse is utilized in integrated systems as animal feed [43].



A thorough evaluation of the annual amount of organic waste (biomass) produced from a number of sources in Jordan for 2018 was made through research co-conducted by the Royal Scientific Society (RSS) and National Energy Research Center (NERC), in partnership with the Friedrich-Ebert-Stiftung [34] where various types of biomass (Sludge from wastewater treatment plants, animal manure, slaughterhouse wastes, olive oil pomace) were found to produce 627,929.2 tons of carbon dioxide equivalent (toe). For combined thermal and power units in biogas plants, which can generate up to 612,107.4 MWh of thermal energy from olive oil pomace and roughly 10,454.7 MWh/year of electrical energy, the total amount of electricity that can be produced using biogas technology is about 37.02 MW. Due to the high oil content of olive oil pomace, the potential for manufacturing biodiesel was assessed. A total of 28,253,184 L of biodiesel are anticipated to be produced annually from the pomace of olive oil in 2018, having the capacity to build biodiesel production facilities and plants with a 14,715.2 L/h capacity [34]. In order to provide these indicators, the following equations were employed. The yearly energy was calculated using (1), while the biogas power was calculated using (2) [34]:


   Annual   Energy = Methane   (    m 3   a    )   ×   Heating   value   of   methane   (   KWh    m 3    )   × Generator efficiency .  



(1)






  Power   ( KW ) =    Total   amount   of   methane     (   m 3   )     ×   Heatning   Valu      KWh    m 3       Operating   hours     ( h )    .  



(2)







This study will investigate three main types of raw materials used as an alternative to fossil fuels from biomass resources in Jordan: solid waste, liquid biofuels, and biogas, as shown in Figure 4.



3.1. Solid Biomass (Wood, Agricultural Residue, and Strong Waste)


Most biomass currently in use is for domestic energy. Biomass energy, which includes tree trunks, chips, bark, and sawdust, is made up of about 44% wood, but any organic material has the potential to produce biomass energy. Examples of agricultural waste that can be used as additional sources of biomass include fruit pits and corn cobs. Wood waste and wood are used to generate electricity. Companies that generate waste use a huge amount of electrical energy, which is produced through a method called cogeneration as opposed to being distributed through utility links. Most of the waste materials produced by paper and sawmills are used to create steam and energy for internal use. However, they must purchase more electricity from utilities due to their high energy consumption [44].



Due to its high nutritional content, waste generated from food processing plants poses a severe risk, including environmental deterioration, water contamination, and land pollution [45]. Trash burning converts rubbish into a valuable type of energy; one ton of garbage contains approximately the same amount of thermal energy as 500 pounds of coal. Garbage is not entirely composed of biomass; perhaps half of its global energy content is derived from plastics, which are derived from petroleum and natural gas [44]. Waste-to-energy plants are power plants that use garbage to generate electricity. These facilities generate electricity in the same way that coal-fired plants do, except that the fuel used to power their boilers is combustible garbage rather than coal [44].



Wood processing generates by-products and waste streams known as “wood processing residues”, which have a notable energy potential. For example, unused sawdust, bark, branches, and leaves/needles are produced during the processing of wood for products or pulp. These residues can subsequently be used to produce biofuels or bioproducts. Because these wastes are already collected at the site of processing, they can be quick and cheap sources of biomass for energy [44].



Agricultural and food waste entering the municipal solid waste stream continues to pollute the environment. The accessibility of sewage sludge with high nutrient levels, including 2.05% N, 0.64% P, 1.39% K, 0.70% calcium (Ca), and 0.23% Mg, combined with a pH level of 6.2 and a low carbon/nitrogen C/N ratio (18:98) [46].




3.2. Biogas Energy (Decay and Rot, By-Products of Animals, and Manure and Human Waste)


Advanced large-scale biogas utilization plants are used in developed nations. Biogas is frequently used to produce electricity, heat, and power. Many industrial applications for using biogas as an alternative to natural gas in biogas plants are also making progress. According to the data analysis, a continuous rise in biogas production as a result of international policies and programs has been seen [47]. As biogas is widely regarded as a traditional off-grid energy source, there are numerous applications for biogas, as it can be used to generate electricity [2], heat generation [48], combined heat and power generation [49], biomethane conversion [50], transportation fuel [51], hydrogen production [52], and fuel cells [47,53].



It is well known that white-rot and brown-rot fungi accelerate wood decay by secreting oxidative enzymes that can accelerate delignification in uncontrolled environments [54]. Enzymatic delignification frequently exhibits significant substrate specificity when operating under favorable conditions and is therefore considered to be an effective, low-energy process [55]. One of the most efficient methods for producing renewable energy is the anaerobic digestion of lignocellulosic biomass. Although rot fungi are widely used in pretreatment for bioethanol production, they have rarely been used to improve biogas production during the anaerobic digestion of lignocellulosic biomass [56]. There are several advantages to producing biogas through anaerobic digestion. Among them, the final solid residue can be used as fertilizer, while the methane produced can be used for a variety of purposes (heat, electricity, and biofuel) [56]. As it stands, the anaerobic digestion of lignocellulosic residues appears to be the most environmentally friendly method of producing biofuels [57].



Food waste can be a crucial input material for anodes in micro fuel cell systems since it is a readily available and easily reducible carbon source [58]. The reported primary composition of the biogas is given in Figure 5 [59].




3.3. Liquid Biofuel Energy (Ethanol and Biodiesel)


Recent research has shown that crops, which are grown for human nourishment, may also be used to make bioethanol, biodiesel, and biogas. Crops are developed by yielding edible oils. However, they present a variety of challenges when it comes to the generation of biofuels. The production of industrial biofuels can utilize a variety of multipurpose oil crops (such as seeds) [60].



The process of chemically converting vegetable oils and animal fats into biodiesel is the most typical method. In many parts of the world, used cooking oil and fat constitute a significant cause of pollution. By utilizing and controlling used cooking oil as a raw material for biodiesel synthesis, these environmental problems may be eliminated. The four main processes for producing biodiesel are pyrolysis, micro-emulsions, direct usage and blending, and transesterification [61].



Due to its complete miscibility, biodiesel can be used either in its pure form or blended with petroleum diesel. Worldwide, Europe leads biodiesel production. Soybean, rapeseed, and palm oils continue to dominate the production of biodiesel globally today. Different alcohols, including methanol, ethanol, propanol, and butanol, can be used in the production of biodiesel [62].



Methanol is the most commonly used alcohol due to the mild reaction conditions required, the quick reaction time, the ease of phase separation, and its low cost and industrial availability [63]. Ethanol from sugar beets produces beet pulp, both of which are excellent sources of nutrition and can be used as animal feed [7]. Ethanol, a fuel alcohol, is created by the fermentation and distillation of sugars and starches in plants. Any organic material that contains cellulose, starch, or sugar can be converted into ethanol. New technology turns the cellulose found in wood fibers from trees, grasses, and crop residues into ethanol. By chemically reacting vegetable oils, animal fats, or greases, such as used restaurant grease, with alcohol, biodiesel is a fuel that is produced [44].



The human production of bioethanol can use a variety of biomasses as raw materials. Based on their chemical makeup, or sources of carbohydrates, they are divided into three groups:




	
Sugar-containing raw materials include sugar beet, sugar cane, molasses, whey, and sweet sorghum.



	
Grains such as corn and wheat are examples of raw materials that contain starch and crops with roots, such as cassava.



	
Lignocellulosic biomass includes straw, crop waste, and wood waste [64].








The use of these first-generation raw materials, which contain sugar and starch, as food or feed, has an impact on their availability. Lignocellulosic biomass (second generation) offers an alternative feedstock for bioethanol production, which is not competitive with food and forage crops due to its low cost, availability, and wide distribution [65,66].



All other organic molecules are produced from ethylene, the simplest olefin (a hydrocarbon with carbon-carbon double bonds), which is widely used in chemistry and society [67].



Although biogas is only sparsely used in a few European regions, bioethanol and biodiesel are the most widely used biofuels for transportation because of their high energy levels, low volatility, and moisture [68,69].





4. Bioenergy Situation in Jordan


Although Jordan is one of the most advanced Arab nations regarding renewable energy generation, its share was estimated at 11% in 2020, and its contribution to biomass energy production to the entire energy mix is unknown, knowing that it has great potential for the production of biofuels from municipal waste, agricultural waste, and agricultural, industrial waste [70]. Jordan’s biomass energy sector is expanding steadily but gradually, as it currently generates 3.5 MWh of electricity from biomass resources, or 0.1% of the nation’s total energy requirements, according to a recent World Bank analysis. Jordan produces large amounts of biomass that can be used as a feedstock for biofuels, including used cooking oil, tallow, agro-industrial waste, industrial effluent, etc. [70].



According to the Minister of Energy and Mineral Resources (2013), the transportation sector alone in Jordan accounts for 51% of all final energy consumption. Hence, policymakers must discover alternative and sustainable transportation fuels such as biodiesel, bioethanol, biogas, algal fuels, etc. However, the formulation of appropriate policies and objectives by the local government goes hand in hand with the allocation, development, and implementation of alternative fuels. Reduced effects of climate change and less dependency on imported fossil fuels are two of the main factors promoting the growth of the biofuel industry in Jordan [71].



4.1. Energy Production from Palm Farms and Olive Groves in Jordan


Oil palm plantations and the processes associated with them frequently produce several tons of biomass waste. These biomasses include palm oil mill effluent, mesocarp fibers, palm kernel shells, and empty fruit bunches. These waste biomasses could endanger the environment’s health if they are not used [72]. A sizable amount of the nutrients from deciduous oil palm debris may be recycled for the establishment of newly planted palm plants on the farm [73,74,75]. The composition of a dried oil palm trunk is shown in Figure 6 [76].



The composition of dried palm oil stem indicated in the above figure shows the average result of a triplicate run on a 100 g dry biomass basis.



Planting olive trees is a common practice throughout the Mediterranean Sea. Olive groves are regarded as the first agricultural produce in Jordan, where agriculture is one of the main economic sectors. Nearly 11 million trees were planted, and olive trees were planted on 570,000 hectares of land, making up about 72% of the area planted with fruit trees and 20% of the entire area under cultivation. Two different types of waste are generated during the olive oil extraction process: one is a solid residue known as olive pomace, or “Jift” as it is known locally, and the other is a liquid waste known as “Zebar.” Each year, Jordan generates roughly 200,000 m3 of Zebar water and 50,000–60,000 tons of olive pomace. The majority of the generated olive pomace is utilized as heating fuel, while Zebar water is transferred to designated landfills without being adequately treated [77].



The study conducted by Al-Addous, et al. in 2017 [78] tested six different samples of olive leaves: green palm leaves, dry palm leaves, and olive pomace from three different olive presses, to assess the potential for gas production to confirm the sample’s ability to produce biogas. As a result, the olive pomace type three produced the most methane, with a value of 103 NLKgFM-1, as indicated in Figure 7 [78].



For the sake of completeness, we show below some useful information and results about the production of olive oil and its by-products:




	
Most of the generated olive pomace was dried and burned directly in homes as heat.



	
35% of pomace, 17% of oil, and 48% of pomace are all included in one ton of olive pellets [79].



	
In 2018, nearly 200 tons of pomace were generated by each olive oil milling line [80].



	
Most facilities and companies that produce olive oil have several milling lines.









4.2. Human Waste Sources in Jordan


Jordan contains a large amount of biomass in the form of sewage, industrial waste, animal manure, and municipal solid waste, which are managed under the supervision of the Ministries of Local Administration and the Environment, Joint Services Councils. Currently, 19 landfills and other disposal facilities are deployed throughout the country, whose locations are shown in Figure 8.



Municipal solid waste supposes the most prominent source of biomass in terms of amount per capita and components [82]. At most disposal places, nearly 60% of all waste is made up of food waste. Additionally, the Greater Amman area produces more than two million m³ of sewage sludge annually from the treatment of sewage water, which may be a very good source for the production of biogas [82].



According to estimates, sheep, poultry, and cow farms create 1,662,650 tons of wet manure annually [15]. The expense of handling this trash is quite significant, and incorrect disposal may have long-term negative effects on the environment, including unhygienic conditions for adjacent people. In Jordan, biomass energy may be produced from municipal solid waste, agricultural waste, and industrial organic waste [15]. Jordan produces waste in an amount and with a makeup that is comparable to those of most developing nations [15]. The following are the main sources of biomass feedstock in Jordan:




	
Organic waste from grocery stores, motels, and restaurants.



	
Animal waste, primarily from chickens and cows.



	
Agro-industrial organic waste.



	
Industrial organic waste.



	
Garbage accumulated in cities.



	
Septic and sewage sludge.



	
Olive mills.








More than two million tons of municipal trash are produced annually in Jordan, according to estimates [82]. Additionally, after treating 44 million m³ of wastewater, the Greater Amman area generates 1.83 million m³ of sewage and sewage sludge per year. Sewage sludge and garbage can yearly yield 85,000 tons of potential dry matter in Amman [82]. Due to the country’s enormous animal population, which includes cows, sheep, camels, horses, etc., Jordan produces a large amount of animal waste [82].



The yearly quantity of biomass from the target sectors in 2018 demonstrates that most of Jordan’s governorates have significant potential for biomass generation. The largest potential for biomass generation in Jordan may be observed in animal dung, which accounts for around 96% of total biomass. Table 1 reports the percentage of each targeted category of biomass.



The second-largest potential exporter is the olive oil industry, which produces 1.8% of all biomass. As every type of biomass is disposed of via landfilling or dumping in open places, the annual quantities of biomass created have a direct influence on the environment and climate through the production of GHGs.




4.3. Slaughter Field Waste in Jordan


Jordan has 19 slaughterhouses for cows and sheep and 11 for chickens [34]. Blood, internal intestines, and inorganic materials such as wool and feathers are produced during the slaughter of each head. The amount of biological waste produced annually by slaughterhouses was determined using the variables of biowaste production issued by slaughterhouses distributed in all governorates of the Kingdom [34]. Three organizations oversee the slaughterhouses:




	
Agriculture Ministry for slaughterhouses.



	
The Ministry of Local Administration.



	
The slaughterhouse in the Greater Amman Municipality.








The annual organic waste quantity from slaughterhouses in Jordan for poultry, cows, and sheep in 2018 was 15,225 t/a, 1,652 t/a, and 862 t/a, respectively (it is assumed that each cow, sheep, and chicken generate approximately 32 kg, 2.5 kg, and 0.090510 kg of organic waste, as well as 30 L, 4 L, and 0.027512 L of blood, respectively [34]).




4.4. Current Biogas Projects in Jordan


Biogas technology is one approach for converting waste streams into a more valuable renewable source. Anaerobic digestion of organic waste from industrial operations generates energy in the form of biogas, which has the benefit of not emitting odors and containing few germs. Bioreactor design, microbial composition, substrate type and content, temperature, and humidity are only a few of the variables that affect biogas output. However, as seen in Figure 9, biogas can have a range of production parameters (temperature and digestion) based on the substrates utilized. Several substrates, such as plant and animal waste as well as industrial waste, were used to make biogas [83].



In the absence of oxygen, anaerobic digestion is a biological process that breaks down biodegradable organic waste through bacterial decomposition to create biogas. The energy generation potential of biogas derived from various biomass resources    P e    may be determined using the following equation [85]:


   P e  =    f  C H 4   ×    H  v C H 4     ×    B  i g a s   ×    η e    3.6 ×   10  6      M J   G  W h       



(3)




where    η e    represents the efficiency of the electricity generation system, %,    H  v C H 4     represents the heating value of   C H 4   (39.0 MJ/m3), and 3.6 × 106 represents the conversion factor from MJ to   G  W h   .    B  i g a s     represents the total amount of biogas generated, m3/year.



Jordan produces biogas energy from the Al-Ghabawi landfill. The only engineered sanitary landfill is Great Amman Municipality’s largest final disposal site (FDS). The remaining 17 FDS are landfills with varying conditions and disposal methods operated by the corresponding JSCs [86], which cover an area of 2 km², and is located in Jordan’s eastern desert, roughly 40 km from the capital, which has 45 biogas wells. The volume of biogas collected from the landfill reached 2669 m3/h by the end of 2021, and electricity generation began in July 2019 [87].



4.4.1. Al-Samra WWTP Biogas


The quantity of solid sludge generated annually in Jordan’s wastewater treatment facilities (WWTPs) was 352,308 (t/a) in 2018 [34]. In the “Zarqa Governorate Description,” the Samra wastewater treatment facility was built to take the place of the outdated and overworked Samra pools. The plant serves 2.2 million people in Greater Amman and Zarqa with a peak flow of 840,000 m³/day and an average flow of 267,000 m³. The factory uses the sludge to fuel a combined heat-and-power (CHP) unit that can produce energy with a total output of 6.5 MW, and the labor, as a consequence, is sent to the landfill [34].




4.4.2. Wadi Shallala WWTP Biogas


Irbid Governorate’s Wadi Al-Shallala treatment facility station opened for business in 2013. The station’s present flow is roughly 7000 m³/day, while the station was built to hold 13,700 m³ of wastewater per day. In addition to two digesters with a combined capacity of 2500 m³, the Wadi Shalala Wastewater Treatment Plant also has a biogas plant for treating sludge. A CHP plant with a total capacity of 0.58 MW uses the biogas generated for energy generation [34].




4.4.3. Al-Russaifah Landfill Biogas


The UNDP-funded Zarqa biogas plant was built at the Rusaifa landfill in 1998 to show how the treatment of organic waste from the central waste can enhance the project. The Rusaifa landfill is located in Zarqa Governorate. In 2018, methane production ceased, and the facility’s electricity production ceased due to the degradation of the organic component in the biowaste. The facility’s 3.5 MW thermal power generation unit was powered by biogas from the plant [34].



Al-Russifah Biogas Landfill produces 850 m³ of gas per hour. Since it began in 2000, the project has produced between 30 and 35 thousand tons of carbon, utilizing around 33 effective gas extraction wells to generate 550 MW/month on a yearly basis [15,88]. A system of twelve landfill gas wells and an anaerobic digestion facility utilizing 60 tons per day of organic waste from Amman’s hotels, restaurants, and slaughterhouses make up the project. Since the biogas plant was installed successfully, it has become a model for the entire area, and numerous large cities are working to adopt it [82].






5. Economic Analysis


In industrialized countries, foreign direct investment (FDI) is subject to stringent environmental regulations. As a result, FDI introduces energy-saving technology to host nations, increasing demand for renewable energy sources such as biomass. Increased demand for renewable energy can lead to the establishment of high-value investment zones. According to the feedback hypothesis, there is a two-way causal link between biomass energy and FDI. This association may be explained by the growth theory. A rise in renewable energy (such as biomass), according to this concept, can encourage foreign direct investment and energy-saving technology [89].


  F D I i t = ∂ 0 + ∂ 1 ×   F D I i − 1 + ∂ 2 ×   B I O E i t + ∂ 3 ×   I N O V i t + ∂ 4 ×   N R i t  + ∂ 5 ×   E C O P i t + ∂ 6 ×   P O P D i t + μ 3 , i t  



(4)




where i and t represent cross-sections and time, respectively. BIOE is a unit of measurement for energy consumption (tons). The ECOP stands for ecological footprint per person. Foreign direct investment (FDI) refers to a net inflow of direct investment equity into an economy, while POPD (population density in km²) stands for the population density. INOV represents total natural resource rents, whereas NR represents natural resources rent.   ∂ 0   and   ∂ 1   are panel model slopes,   ∂ 2   −     ∂ 6   are the unknown parameters of equations, and  μ  represents the regression residual [90].



The process of converting food waste to H2 was studied from a technical and financial perspective. The material consumption index was used to assess the model’s efficacy in producing H2 from food waste. The ratio of food waste to hydrogen can be used to express material consumption in Equation (5).


   η   FWG      =   mfw    m  hydrogen      



(5)




where the mass of hydrogen in the product is denoted by    m  hydrogen     and    η  FWG      denotes   the   quality   of   the   eatenood   waste   .



Investments in working and fixed capital, as well as direct and indirect investments, make up the majority of total capital investment (TCI) [91]. The majority of investments in fixed capital are made in large pieces of machinery and infrastructure. Working capital is mostly used to keep the process running on a daily basis [92]. Equation (6) was used to determine investment in equipment for the food waste to H2 process.


   I 2  = θ  I 1    (    Q 2     Q 1     ) n   



(6)




where    I 1    and    Q 1    stand for the research project’s equipment investment and process scale, respectively.    I 2    and    Q 2    stand for the research project’s process scale and process equipment investment, respectively. On the other hand, n is proportional exponential while   θ   is a regional factor. The literature was used to acquire information on process size and equipment investments [93]. The equipment investment for the food waste to H2 process was determined using an equation. The TCI value of the food waste to H2 process is determined as follows:


  TCI =  EI     (  1 +  ∑    RF  i   )   



(7)







TCI denotes total capital investment, EI denotes equipment investment, where i denotes component investment, and RF denotes component ratio.



The production cost (PC) of the FWG gasification process has been computed using (5). Straight-line technology is expected to last 15 years, with a residual value equivalent to 4% of depreciation cost [94].


  P C =  C R  +  C U  +  C  O & M   +  C D  +  C  P O C   +  C  A C   +  C  D S C    



(8)








6. Biomass Exergy Balance


The mechanism that turns food waste into H2 is analyzed under pressure using the second law of thermodynamics [95]. Exergy, a commonly employed metric for measuring efficiency, is the portion of exergy that has been most effectively converted into useful work. Equation (9) can be used to express the food waste gasification model’s exergy balance.


   E  x   F W   +  E  x   a g e n t   =  E  x   s y n g a s   +  E  x   l o s s    



(9)




where    E  x   F W   ,    E  x   a g e n t     and    E  x   s y n g a s     represents process gas, gasifying, and food waste energy, respectively, and    E  x   l o s s     indicates the exergy loss.



The entire exergy in the gasification process, after accounting for kinetic and potential energy [96], is made up of chemical and physical stress:


   E  x   T o t a l   =  E  x   p h   +  E  x   c h    



(10)




where the sum of the physical and chemical energies produced during the gasification process, respectively, are    E  x   T o t a l   ,  E  x   p h     and    E  x   c h    . The following relationship is satisfied by the physical exergy of mixed gas:


   E  x p h   =   ∑  i   n i   e  x , p h    



(11)




where the pure gas is    e  x , p h    . The molar flow of component I is the physical stress related to Equation (12).


    e  x , p h     =  (  h −  h 0   )    −  T 0   (  s −  s 0   )    



(12)




where the values of    h 0    and    S 0    are, respectively, The reference state’s enthalpy and specific entropy are   (  T 0    = 25 °C    P 0  = 1 a t m  ) [97].


   (  h −  h 0   )  =   ∫   T 0  T   C p  d T  



(13)






   (  s −  s 0   )  =   ∫   T 0  T    C p  T  d T − R I n    P   P 0     



(14)




where    C p    is the gas’s specific heat capacity given by [98]


   C p  = a + b y + c  T 2  + d  T 3   



(15)




where the coefficients for various gases are denoted by a, b, c, and d. The following formula is used to calculate an ideal gas’s chemical energy.


   E  x c h   = R T  ∑   x i   l  n x i   +  ∑   x i   e  x c h    



(16)




where the normal chemical exergy of each component is represented by    e  x c h    . The sole factor considered for most solid fuels is chemical energy. Equation (17) is used to determine food waste’s chemical energy [99].


      E ˙   B i o m a s s   = 363.439 w  ( C )  + 1075.633 w    ( H )  − 86.308 w    ( 0 )  + 4.417 w    ( N )   ˙  + 190.78 w    ( S )  − 21.1 w    (  A s h  )   



(17)







Food waste has the following mass fractions of C, H, O, N, S, and ash: w(C), w(H), w(O), w(N), w(S), and w (Ash), respectively. The gasification model’s exergy loss consists of both internal and external exergy loss.


    E  X l o s s   = E  x  l o s s   i n   +   E  x  l o s s   o u t     



(18)







As shown in Equation (19), heat, mass, physical changes, chemical processes, and entropy are the primary causes of internal exergy loss:


  E  x  l o s s   i n   =  T 0   S  g e n    



(19)




where    T 0    is the reference state’s temperature and is the entropy produced by gasification.



Inability to release heat from the gasifier causes exergy loss, as illustrated in Equation (20):


  E  x  l o s s   O u t   =  Q  l o s s     ( 1 −    T 0     T w    )  



(20)







Conducting an energy efficiency assessment for the entire H2 food waste conversion process is crucial. In the study of energy efficiency in the gasification model, the second law of thermodynamics, together with mass and energy balance, served as the theoretical cornerstones for determining the effectiveness of gasification. According to the following equation, the energy efficiency of the aggregate gasification model was defined as the proportion of the product’s energy production to its energy input from its raw materials:


   η  T o t a l     =    E  x   o u t      E  x   i n      



(21)








7. Barriers in Society, Behavior and Education


The world’s countries currently place a high value on economic and technical growth and development, and it has become a modern trend in how to achieve this aim while not harming the ecological environment in which we live. Traditional energies such as oil, coal, and gas poison the environment. Therefore, the answer was to sustain the rate of economic and technological progress while maintaining the environment while turning to alternative sources of energy that do not pollute the environment, resorting to solar energy, wind energy, water energy, and other renewable energy sources [100].



From the foregoing, it became clear, theoretically and practically, how much bioenergy contributes to achieving sustainable development in various countries, which is the trend adopted by many developed-world nations and international institutions concerned with sustainable development. As a result, it is necessary to emphasize how bioenergy can help achieve the 2030 Sustainable Development Strategy by addressing the axes and goals. The biogas initiatives described in Jordan do not cover all forms of biomass and only employ biogas-generating technologies. That is why, in order to fully utilize the potential of biomass, many sorts of technology are required [34]. The following are the main gaps and challenges facing Jordanian society:




	
The most significant societal hurdles to attaining sustainable renewable energy development are population expansion and unsustainable consumption and production habits.



	
The persistent lack of understanding regarding renewable energy production has stymied progress.



	
There is a scarcity of innovative research in the educational sector.



	
Data are difficult to obtain for consultants, investors, institutions, and researchers, posing a barrier to progress and innovation.



	
There is an insufficient connection between civil society and government.









8. Recommendations and Discussion


The main purpose of the current research is to bridge this research gap that appeared during the review of the literature related to bioenergy in Jordan. To encourage the use of biomass as a major source of electrical energy, we remark below the various possible options that Jordanian organizations may take to bridge the gaps that were presented in the research:




	
The Jordanian government must design and incorporate goals for sustainable development, combating climate change, and green growth within its sectoral policy frameworks. This would encourage the development of greener initiatives and rules that enhance the favorable environment for greener investment and private sector growth.



	
Complementary technical assistance programs must be activated, and support for small and medium-sized enterprises that use recyclable products that are environmentally and climatically sustainable and enhance collaboration across sectors must be provided for the responsible institution to be more successful in obtaining funding for implementation, whether from the general budget or from private investors or donors.



	
Creating training programs to prepare garbage collectors for formal and institutional integration into the recycling value chain by teaching them best practices for recycling in addition to core business and soft skills and issuing necessary regulatory directives in areas where business activity is concentrated companies and enterprises that minimize trash creation or recycle it, as well as organizations that separate the source and carry out waste recycling activities, can all participate in a program of financial and moral grants and incentives.



	
Analyzing current processes and outlining procedures are important to make sure Jordan’s biogas potential is realized. Planning and implementing a standard laboratory; creating, running, and assessing a hybrid biogas pilot plant; as well as designing and executing a biogas inventory for the Jordanian landfills.



	
Jordan’s government should pursue a stronger role for renewables in the future energy mix because of the significant cost reductions in renewable energy technology over the past ten years.









9. Conclusions


This study contributed to a better understanding of the technical, economic, and environmental aspects of the use of bioenergy waste. Coal, oil, and natural gas are the main sources of energy, but they are finite and subject to depletion, reducing our dependence on fossil fuels, which are the main drivers of climate change.



Jordan has a significant potential to produce biofuels from municipal waste, agricultural waste, and industrial waste. Jordan’s biomass energy sector is expanding steadily but gradually. The nation currently generates 3.5 MWh of electricity from biomass resources or 0.1% of the nation’s total energy requirements. The Jordanian government should work to secure energy sources, decrease the nation’s reliance on energy imports, and shift energy supply and demand trends in favor of more sustainable ones. Because investing in biomass energy also has social and economic implications, Jordan must also make substantial efforts to grow this industry as one of the most significant energy choices.



Due to the country’s enormous animal population, which includes cows, sheep, camels, horses, etc., Jordan produces a lot of animal waste. Solid or liquid organic industrial wastes make an excellent substrate for the anaerobic digestion process that produces biogas. The use of anaerobic digestion technology for industrial waste management would be a significant step in Jordan’s emergence as a hub for renewable energy in the MENA region.
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	Symbol
	Description
	Symbol
	Description



	GHG
	Greenhouse Gas
	TES
	Total Energy Supply



	CO2
	Carbon Dioxide
	KWh
	Kilowatt-hour



	N2O
	Nitrous Oxide
	USD
	United States Dollar



	CH4
	Methane
	NDC
	Nationally Determined Contribution



	AFOLU’s
	Agriculture, Forestry, And Other Land Use
	Toe/Cap
	Ton Of Oil/Capacity Market Programs



	N
	Nitrogen
	Ca
	Calcium



	TWh
	Ton Watt-hour
	Mg
	Magnesium



	GW
	Giga Watt
	MEMR
	Minister of Energy and Mineral Resources



	PJ
	Petajoule
	MENA
	Middle East and North Africa.



	GWh
	Giga Watt hour
	kg
	Kilograms



	FDI
	Foreign Direct Investment
	WWTP
	Wastewater Treatment Plant.



	TCI
	Total Capital Investment
	CHP
	Combined Heat and Power



	NLKgfm−1
	Cumulative biogas formation and methane yield volume produced per kg
	L methane kgfm−1
	Cumulative methane yield formation potential.



	t/a
	Ton/annum
	FDS
	Final Disposal Site



	JSC
	Joint Service Councils
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Figure 1. Jordan, 1990-2021 TES [22,23]. 
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Figure 2. The 1990-2021 total electricity generation in Jordan [22,27]. 
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Figure 3. Crude oil, oil products, and coal imports from 2016 to 2021 (thousand toe) [29,30,31]. 
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Figure 4. Three types of biomass feedstock, classified based on the energy carrier produced by each type. 
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Figure 5. Average organic residual content in biogas produced [59]. 
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Figure 6. Composition of a dried oil palm trunk [76]. 
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Figure 7. Characterization of Olive Leaves and Pomace as Potential Substrates for Biogas Formation and Methane Production [78]. 
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Figure 8. Jordan’s current final disposal location [81]. 
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Figure 9. Biogas production parameters (temperature and digestion time) [84]. 
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Table 1. Jordan’s share of each type of biomass feedstock [34].
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	Biomass Feedstock
	Amount of Production (%)





	Animal Manure
	96.5



	Olive Oil Pomace
	1.8



	Slaughterhouse Waste
	0.1



	Blood
	0.5



	Sludge
	1.1
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