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Being a developing economy, Pakistan is facing a severe energy crisis that limits its economic development. Pakistan relies heavily on energy resources like natural gas, oil, hydropower, nuclear, coal and liquefied petroleum gas (LPG) which contribute as 48.3, 32.1, 11.3, 7.6, and 0.6% of the primary energy supply, respectively. Because of the rapidly growing population and economy, Pakistan's energy needs are huge; to accomplish these energy necessities, Pakistan is continually spending $7–9 billion on the import of fossil fuels. To resolve the serious issues of energy availability, the Alternative Energy Development Board (AEDB) of Pakistan is currently exploring the development of renewable energy technologies in Pakistan that will be beneficial for the developing economy so that Pakistan might be able to minimize the growing energy crisis. Out of all the renewable energy resources, biomass is considered the best and most easily accessible source of energy with its unique environmentally friendly nature, constant supply, wider availability, and ease of integration into existing infrastructure. Despite the presence of an abundance of biomass energy resources, there is still a need for work on the use of these sources to produce energy. This literature review explores the availability of biomass resources in Pakistan and their potential for addressing rapidly growing energy demand in the country, which can assist in the stabilization of a Pakistan's energy demand for challenged economic development.
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INTRODUCTION

The current population of Pakistan is 198,139,348 (198 million) with an annual growth rate of 1.97% based on the most recent United Nations approximations.1 Within various sectors of, such as domestic consumption, commercial consumption, agriculture, public lighting and bulk supply, the expenditure of energy is 45.7, 7.5, 28.1, 11.8, 0.5, and 6.4%, respectively (Aziz, 2013). Agriculture is the second largest sector of Pakistan's economy, comprising five subsectors with major crops, minor crops, livestock, fisheries, and forestry having a collective share of 21% of the total Gross Domestic Product (GDP) (Raza et al., 2012; Chandio et al., 2016). Major crops, minor crops, livestock, and forestry contribute 5.3, 2.3, 11.8, and 0.4%, respectively, to the total GDP (Chandio et al., 2016). Agriculture is the backbone of Pakistan's economy as most of the exports from Pakistan are based on agricultural products including rice, cotton, wheat, sugarcane, and many other major and minor products (Faridi, 2012). Presently, Pakistan is facing a severe and unmanageable energy crisis that is hindering socio-economic development (Mirza et al., 2008a; Aziz, 2013).

The Energy Situation in Pakistan

The industrial and agricultural sectors are the backbones of the economy, and the progress of the economy is directly linked to the constant availability of energy resources (Abbas, 2015). The main hindrance to the economic development of Pakistan is its poor division of risky energy resources. The power sector of Pakistan remains unsuccessful in overcoming the energy-related issues despite being rich in coal resources (Arif, 2011). Michael Kugelman (Javed et al., 2016) acknowledged in his remarks on Pakistan's energy situation in the National Bureau of Asian Research of America, “Pakistan is mired in an acute energy crisis, one with immense implications for both the nation's floundering economy and its volatile security situation.” At periods of high demand in Pakistan, the electricity supply gap is ~6,000 MW, which accounts for 33–35% of the total expenditures (Abbas, 2015; Saeed et al., 2015). Pakistan has more than 30% of its population (55 million) with no access to electricity (Harijan et al., 2008; Saeed et al., 2015). In urban and rural areas the duration of power outages is 6–12 and 12–18 h per day, respectively (Saeed et al., 2015).2 Pakistan relies heavily on energy resources like natural gas, oil, hydro, nuclear, coal, and liquefied petroleum gas (LPG), each of which contributes 48.3, 32.1, 11.3, 7.6, and 0.6%, respectively, to the primary energy supply (Rehman et al., 2013). According to recent statistics by AEDB, the share of various resources of energy, along with a contribution of 2% from renewable energy, resources involve natural gas (21%), hydropower (31%), Oil (39%), LNG (4%), and nuclear power (3%).2 Moreover, relevant figures for the energy mix have also been supported by the Hydrocarbon Development Institute of Pakistan (HDIP). During 2013, dependence on various sources made up an 80.8% share of natural resources [oil (30.8%), gas (49.5%), coal (87.4%), and liquefied petroleum gas (0.5%)], with a 12.5% share coming from the remaining sources [hydro-power (10.5%), nuclear electricity (1.9%) and imported electricity (0.1%)] (Shaikh et al., 2015). Widening power supply and demand gaps from 1980 to 2012 are shown in Table 1 (Mahmood and Ayaz, 2018).3 Kessides (2013) explored the entire energy scenario of Pakistan, developing a projection of the future stating that electricity outages are expected to increase to 13,000 MW by 2020 (Figure 1).


Table 1. Energy Demand and Supply Share in Pakistan for the period 1980–20123.
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FIGURE 1. Energy scenario of Pakistan with the supply and demand gap (Kessides, 2013; Khan et al., 2014).



Effects of Energy Crisis

The economic development of any country relies on energy availability as energy is the engine of the economy (Lee and Chang, 2008; Sadorsky, 2010; Kakar et al., 2011). Economical productivity exhibits an increase concomitant with that of the increase in available energy resources. Likewise, energy crisis leads to serious impacts on the economy of a country through its adverse impacts on employment, marketing, and poverty (Cleveland et al., 1984; Kessides, 2013). Because of the heavy shortfall in energy production vs. demand, not only domestic but also various dimensions of the industrial sectors are also badly affected (Khan and Ahmad, 2008; Aziz, 2013; Saeed et al., 2015). Sixty to seventy percent (60–70%) of industrial investors have shifted their businesses to other countries, such as China, India, and Bangladesh, which is attributed to the increase in the energy shortfall, which reaches 40% (Asif, 2009; Saeed et al., 2015). In this period of industrialization and globalization, increasing energy demand cannot be accompanied by only depending on natural resources. Since the mid-1970s, natural energy resources have been running low and considerable efforts have been made to produce energy through renewable energy technologies (Mohan et al., 2006). Not only is the industrial sector affected, but agricultural productivity is also adversely affected by the rapid decrease in affordable energy availability, as the proper functioning of all the tools for agriculture—i.e., for transportation, pesticides and irrigation—are based on the application of energy (Pimentel et al., 1973). Pakistan is not only facing this severe electricity crisis, but a shortage of petroleum products and water scarcity have also become serious issues (Khan et al., 2012). Kessides (2013) in his recent publication described the severe energy crisis in Pakistan. He related severe energy issues with the lack of proper forecasting and planning together with the increasing domestic necessity. Severe blackouts in Pakistan are pushing the country toward concerning levels of poverty and create a negative impact on employment, global competitiveness and exports. The effects of energy disruption and electrical failures are so intensive that they declined the growth rate of the economy by 2% of the original figure of 6.5% per annum (GOP, 2013; Komal and Abbas, 2015). Kugelman (2013) stated that the unavailability of indispensable energy to the various economical sectors has resulted in an annual decline of up to 4% in the total GDP. Siddiqui et al. (2008) reported a survey describing the impacts of power crisis on the employment, production cost, and supply orders. Employment demand for labor in the industrial sector of Pakistan is adversely impacted. The resulting unemployment and labor loss per day varies from industry to industry and the results for different industries are shown in Figure 2.
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FIGURE 2. Labor loss per day in different industries due to the energy crisis.



Energy or Electricity Theft in Pakistan

Of all the electricity generated every year in Pakistan, a large segment is either stolen or lost in the distribution process. Besides the transmission losses and electricity theft, a significant fraction of the electricity consumed remains unpaid for. Islamabad Electricity Supply Company (IESCO), Lahore Electricity Supply Company (LESCO), Gujranwala Electric Power Company (GEPCO), Faisalabad Electricity Supply Company (FESCO), Multan Electric Power Company (MEPCO), Peshawar Electricity Supply Company (PESCO), Quetta Electricity Supply Company (QESCO), Hyderabad Electricity Supply Company (HESCO), and Karachi Electric Supply Company (KESC) are the major power distribution companies in Pakistan (Jamil and Ahmad, 2014). The collective transmission loss of all the distributing companies was reported to be 20.4% by 2010, with the average loss exceeding 20–25% per year. Jamil and Ahmad (2014) submitted a detailed analysis of electricity theft and transmission losses throughout the country. During 201–13, the recorded transmission losses for the IESCO, PESCO, and KESC were 9.5, 36, and 40% respectively. They discovered that 17.8 million consumers were supplied with 92,480 GWh, and ~18,919 GWh remained unpaid for in 2010. The illegal consumption and stealing of electrical power can be prevented by the implementation of strict laws of accountability, strategies and action plans alongside the establishment of good political governance.

Effects of Gas Shortage

In the previous decade, Pakistan was self-reliant in natural gas. However, currently, widespread utilization of natural gas in industry, domestic affairs, and transportation has led to a gas shortage in Pakistan. During 2001–2008, a significant elevation of 10% yearly in gas use was reported. Natural gas provides 31.9% of the overall national energy expenditure and 29% of electricity production (Awan and Rashid, 2012). The Ministry of Petroleum and Natural Resources reported that the growth rate of production of natural gas increased by 2.6%, which occurred alongside a growth rate of 4.4% in the consumption of gas. The consumption of natural gas in various sectors of Pakistan is shown in Figure 3 (Dawood et al., 2013). The textile industry of Pakistan is one of the biggest industries of the country, covering about 60% of total exports and having a net worth of $9 billion. This textile industry is also adversely affected by the gas crisis (Khan and Khan, 2010).
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FIGURE 3. Sector-based division of the consumption of natural gas in Pakistan (Dawood et al., 2013).



Effects of Oil-Shortage

The International Energy Agency has reported that the rise of oil consumption, on average, will be from 85 million barrels to 113 million barrels by 2030 (Howden, 2007). In Pakistan, the energy yearbook describes a 35.5% increase in the share of oil consumption, which surely can be a reason for oil depletion (Figure 4).4 In Pakistan, oil utilization is equivalent to 490 kilograms, with the commercial share of oil in the production of electricity being 19% (Husain, 2010; Javaid et al., 2011). There is a huge gap between oil production and consumption, with production equaling 64,000 barrels per day and consumption surpassing 351,400 barrels per day (Sahir and Qureshi, 2008; Zuberi et al., 2013). The consumption of oil and gas has grown so fast that the remaining reserves are reported to last for 19 and 10 years respectively (Muneer et al., 2006; Asif, 2009). The depletion of natural gas and oil reserves not only affects agriculture and transport, but a reduction in industrial productivity has also been noticed (Asif, 2009). The majority of the natural oil reserves of Pakistan have been consumed, and due to this reason Pakistan is spent $6.7 billion on oil imports during 2005–06 with an increase in growth rate of 1% per year (Ashraf Chaudhry et al., 2009; Awan and Rashid, 2012).5 Currently, studied sources of renewable energy in Pakistan are solar, wind, hydro and biomass. A great number of industries in Pakistan are at present dependent on liquid fuels to fulfill their electricity and heating requirements (Saeed et al., 2015). Unfortunately, accessing universal energy is also a large concern in the country. More than 20,920 villages in the country are so far to be electrified.5 This energy dilemma is further exacerbated because there is no connection to the national electricity grid for some of these remote villages. Thus, decentralized electricity provision is the only cost-effective solution for them.
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FIGURE 4. Primary energy supplies by source4.



Reasons for Critical Power Outages

Continuous power interruptions negatively affect economic activities. The obvious reduction in Pakistan's economic productivity is due to power cuts that exceeded 8,000 MW until 2012. Experts analyzed various aspects of the critical power situation in Pakistan and provided reasons for these drastic shortfalls; one of these is that the relevant organizations and institutes have failed to enhance electricity generation and capacity according to supply demands, which leads to drastic energy deficits. Other major reasons include the decline in natural energy reserves, severe water shortfalls, rapidly increasing demand, excessive dependency on imported petroleum products, circular debt and other significant political and governance issues (Malik, 2012; Munir and Khalid, 2012; Nawaz et al., 2013; Rashid Amjad, 2015). Mismanagement and poor administration are also significant factors behind energy issues due to nepotism, corruption, incompetent generation or limited capacity addition, inefficient and outdated transmission systems, financial malefaction, non-optimal tariffs and reliance on expensive fuels (Malik, 2012; Nawaz et al., 2013; Ullah, 2013; Ahmed et al., 2015; Rashid Amjad, 2015). In general, the unskilled and undereducated political leaders and policymakers, low investments by the government, lacking proper vision and accountability, and instability of governance have all led to the power crisis in the country. Delays in payments by the government to the relevant power generation agencies is another huge issue that has lead to the growth of this crisis (Malik, 2012; Munir and Khalid, 2012; Kugelman, 2013; Rashid Amjad, 2015).

The Policy for Energy Production

Efficient policies and proper planning can prevent severe power outages and expanding crisis. Pakistan needs good and efficient governance for broad-based planning to overcome the energy shortfalls. In the designing of reliable policies, many factors are taken into consideration, such as valid and reliable forecast for future demand on the basis of past trends, appropriate development and assessment of technologies, energy conservation, improved policies of long-term and short-term planning to compensate for the energy demand and effective project management (Mathur, 2001; Chikkatur et al., 2009; Østergaard and Sperling, 2014). There are numerous concerns for policy-makers in the formation and management of long-term reliable energy policies, such as energy security, climate change and natural fuel depletion (Turton and Barreto, 2006; Østergaard and Sperling, 2014; Overland, 2016). Energy security refers to the availability of affordable energy without interruptions, which is crucial for economic development (Turton and Barreto, 2006; Hogan et al., 2007).

Reliable energy policy and planning take into account the following important factors, such as the following (Mathur, 2001; Qureshi, 2009; Balat, 2010; Valasai et al., 2017):

• Focusing on renewable energy sources

• Focusing on the cost-effective generation of electricity

• Increasing resources to overcome energy deficits

• Conservation of energy

• Reducing the energy vs. supply demand gaps

• Improving the energy infrastructure to reduce the system losses

Various past governments of Pakistan have also put forward a number of different policies which were reshaped occasionally, including the national energy policies of 1994, 1995, 1998, 2002, 2005, 2006, 2010–2012, and 2013 (Table 2) (Munir and Khalid, 2012; Dawood et al., 2013; Abbas, 2015; Valasai et al., 2017).


Table 2. National energy policies of Pakistan with their major focus (Abbas, 2015; Valasai et al., 2017).
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For bridging the supply and demand gap, the Government of Pakistan (GOP) has recognized alternative and renewable energy (ARE) sources as one of the best preference (Aziz, 2013; Saeed et al., 2015). Pakistan had made a strategy to add a minimum of 9.7 GW of renewable energy by 2030 in the national energy mix. The industrial sector contributes about 40% of the country's GDP. But owing to the deficiency in energy, a large number of these industrial units are dependent on expensive and polluting diesel generation units to meet their energy demand.5 Various industries, such as rice mills, wood processing mills, brick kilns, cement kilns, and metal processing are heavily dependent on heat energy. They frequently burn fossil fuels and some biomass to sustain their energy needs.5 So now, Pakistan is in dire need of advanced conversion technologies, such as biomass combustion, gasification and pyrolysis. Such technologies have been effectively installed in various countries around the globe (Mirza et al., 2008a; Saeed et al., 2015).5 The global daily expenditure of oil currently stands at 85 million barrels, which will be increased to 113 million barrels by 2030 (Howden, 2007). Energy resources that are used at present will not be able to cope with future energy necessities because Pakistan's fossil fuel reserves are diminishing rapidly and the demand of energy is expected to exceed 66,000 MW or 66 GW by 2030 (Howden, 2007; Zuberi et al., 2013). Modern society and economic development would not be realistic without energy; thus, a continuous decline in fossil fuels has forced the relevant agencies to plan alternative ways to produce sustainable energy (Qureshi, 2009; Valasai et al., 2017). The energy produced by renewable sources or inexhaustible natural resources is usually referred to as renewable or sustainable energy (Howden, 2007; Ashraf Chaudhry et al., 2009).2 Renewable energy sources including solar, wind, biomass and others are prevalent in Pakistan (Raja and Abro, 1994; Farooq and Kumar, 2013).2 As stated in a recent survey, the extent of power generation by renewable energy sources in Pakistan is accounted for by wind (340,000 MW), solar (2,900,000 MW), hydro (small/mini, 3,000 MW), and bagasse cogeneration (2,000 MW) (Syed et al., 2014).2

RENEWABLE OR SUSTAINABLE ENERGY RESOURCES IN PAKISTAN

Pakistan can resolve energy-related concerns by utilizing renewable energy resources rather than relying on conventional fossil energy resources (non-renewable). Sheikh (2010) described in his study that Pakistan pays 60% of the foreign exchange on the import of expensive fuels, which can be saved by diverting to renewable energy resources. The renewable energy resources of Pakistan are solar, wind, hydro, geothermal and biomass (Sheikh, 2009, 2010; Rafique and Rehman, 2017).

Wind-Power

The coastal area of Pakistan is spread over 1,050 km (250 km in Sindh and 800 km in Balochistan) from the Indian border in the east to the Iranian border in the west (Bhutto et al., 2013).6 According to an estimation of AEDB, Pakistan has the potential to produce 360 GW, but currently, Pakistan ranks 44th in generating wind power, with a total installed capacity of 106 MW (Bhutto et al., 2013; Khahro et al., 2014a). The estimated wind speed on the coastlines of Pakistan ranges between 5 and 7 m/s which leads to wind power generation at the coastal areas of Sindh and Balochistan (Karachi, Ormara, Jivani, Pasni, Baburband, Kati Bandar, Gharo, and many others), and wind power plants have been installed (Ahmed et al., 2006; Sheikh, 2009; Ullah and Chipperfield, 2010; Khahro et al., 2014a,b; Siddique and Wazir, 2016). Wind power plants with energy capacities of 4 KW and 20 KW have been installed at various locations on the coastline of Sindh and Balochistan (Ahmed et al., 2006). Ahmed et al. (2006) reported that the generators of 4 kW capacities work efficiently throughout the year, but there are only a few locations, such as Pasni and Jivani where the 20 KW plants can work because they need high wind speed for operation. The Pakistan Meteorological Department has reported the wind power potential of 45 different Pakistani locations on the coastline. The resulting measures are shown in Table 3 (Harijan, 2008; Harijan et al., 2009, 2011). Despite having considerable wind power generation capacity, regrettably the wind power share has no significant contribution to the total energy mix, but wind energy can be employed in the development of various rural and remote areas in Pakistan (Ahmed et al., 2006). Wind power generation can be enhanced by the formation and proper implementation of long-term productive policies, significant investment and proper vision (Mirza et al., 2007).


Table 3. Estimated wind power generation capacity of Pakistan (Harijan et al., 2009, 2011).
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Solar-Power

Pakistan possesses exceptional solar potential, which is suitable for decentralized commercial utilization of energy. Therefore, solar energy could be the best option to balance the increasing supply and demand energy gap (Khalil and Zaidi, 2014). Solar rays occur on 95% of the surface of Pakistan, which is about 1,500–3,000 h per annum with 5–7 kWh/m2/day of annual average solar radiation, accounting for 200–250 watt/m2 or 6,840–8,280 MJ/m2/day (Mirza et al., 2003; Ashraf Chaudhry et al., 2009; Solangi et al., 2011; Harijan et al., 2015). According to the solar map of Pakistan issued by NREL and USAID, the province of Balochistan shares more than 5–7 kWh/m2/day of annual average global insolation, with an energy potential of 18–25 MJ/m2/day as the sun warms the surface of Balochistan for 6–8 h daily (Sheikh, 2009). Adnan et al. (2012) presented a report stating that solar irradiation intensity was observed to be varied, as the irradiation intensity exceeded 200 W/m from February–October in province of Sindh, March–October in Balochistan, April–September in the various regions of KPK, Gilgit-Baltistan, Azad Kashmir, and March–October in the areas of Punjab. Solar energy resources can be exploited in rural and urban areas for an assortment of applications in two major fields, including photovoltaic (PV) and solar thermal (for instance solar water heating, steam generation, solar cookers, solar dryers and solar desalination) (Mirza et al., 2003; Ashraf Chaudhry et al., 2009). Solangi et al. (2011) reviewed the complete profile of solar power units' installment in Pakistan. They stated that since the 1990s, Pakistan had established 18 photovoltaic projects with 440 kW capacities that afterward diminished due to the inadequacy of technical expertise and mismanagement. Other solar power units of photovoltaic and solar thermal were installed by the relevant companies, with <1,000 kW in photovoltaic and 10,000 kW solar thermal power, which is considerably less than the estimated potential of solar energy generation in Pakistan. There are many reasons behind the current regrettable solar energy scenario in Pakistan, for instance lack of managing and operating proficiency, appropriate policies, awareness in remote areas and lack of sufficient investment together with the extravagant PV technology (Sheikh, 2010; Solangi et al., 2011); (Khan and Pervaiz, 2013).

Hydropower

Hydropower, as the name suggests, is the form of energy that is interconnected with the force of flowing water (potential energy), which can be converted into electricity for diversified applications (Wagner and Mathur, 2011). Globally, hydro-power shares a great deal of about 20% contribution in the total electricity production (Boyle, 2004; Asif, 2009). Total water resources (such as rivers, glaciers, snow melt, etc.) of Pakistan have been estimated to be 400,000 Km2 with an anticipated potential of about 42 GW (Ashraf Chaudhry et al., 2009; Sheikh, 2009). Regardless of being rich in natural water resources, the contribution of hydropower to the total energy mix of the country is declining day after day due to many reasons (such as climate change, short-term policies, proper execution of project, land clearance, resettlement site development, long construction periods and many other financial and political issues). Until now, only 15% of the total hydropower potential, accounting for 6.5 GW, has been installed (Asif, 2009; Bhutto et al., 2012). The generation and exploitation of hydropower have reduced since the 1970s, from 70 to 33% in 2006. Various major hydropower projects are operational, for instance Tarbela, Mangla, Warsak, Chashma, Ghazi, and Barotha contributing about 6,355 MW (Mirza et al., 2008b). The major hydropower projects including Tarbela, Mangla, and Chashma have recently been reported as displaying declines in their storage capacity by 20%, yet alternate undertakings, for instance Ghazi and Barotha (introduced in 2004), are noteworthy contributors toward the complete hydropower capability of Pakistan (Asif, 2009; Bhutto et al., 2012). Hydropower development in Pakistan is shown in Figure 5.7 In the Indus basin of Pakistan, 800 potential sites have been recognized, with a hydroelectric power of 60 GW. Only the hydropower plants at 134 sites are operational, amounting to 11% (6,720 MW) of the total, but the remaining 89% of this project are under implementation and completely undeveloped (Siddiqi et al., 2012). Pakistan can boost the hydroelectric share of the nation's overall energy output by effectively working on the following major projects: Kalabagh, Bhasha, Bunji, Dasu, Kohala, Patan, Neelam-Jhelum, Thakot, Munda, and Ahori, with energy generation capacities of about 3,600–3,800, 4,500–4,600, 5,400, 3,800, 1,100, 2,800, 950, 2,800, 750, and 600 MW, respectively (Asif, 2009; Malik and Sukhera, 2012). Besides these major projects, there are many mini- and micro-hydropower sites in Pakistan, with an identified potential of <5%, which can be employed to harness <1,000 MW of hydroelectric power (Sheikh, 2009, 2010).
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FIGURE 5. Hydroelectric power development in Pakistan7.



Geothermal

Geothermal energy is another form of clean, renewable energy that is obtained from the heat energy available on the earth. There are various sources of geothermal energy, such as hot springs, volcanoes, fumaroles, and geysers. Pakistan also has great potential for electricity production from geothermal energy. There are numerous hot springs with temperatures of 30–170°C in the regions of Balochistan, Sindh, Karachi, Azad Kashmir, and KPK that can be exploited for the generation of geothermal energy. Despite having plentiful geothermal resources, there is no substantial work or planning to produce usable energy from these resources in Pakistan (Sheikh, 2009, 2010; Awan and Rashid, 2012; Malik and Sukhera, 2012).

ENERGY FROM BIOMASS

Biomass energy has the potential to play a substantial role in combating the expanding energy crisis in Pakistan owing to the massive and diversified biomass potential of the country. Biomass is counted as a clean energy source since it recycles carbon dioxide through photosynthesis during biomass growth (Mirza et al., 2008a). Biomass can be used to produce electricity, thermal energy, and various chemicals. Zuberi et al. (2013) depicted the diverse advantageous aspects of the biomass resources in Pakistan including economic, environmental and employment benefits. Understanding the different properties of the biomass resources is crucial for the success of a biomass-to-energy project. The properties include calorific value, moisture content, ash content, carbon content, hydrogen content, cellulose, hemicellulose and lignin (McKendry, 2002a).

Indigenous Biomass Resources in Pakistan

Pakistan is gifted with biomass resources; however, its overall energy potential is yet to be scientifically determined. Biomass is not only limited to habitat and animal waste but also includes feedstocks, such as agricultural stalk, straw and trash, agro-industrial bagasse, paddy husks and shells, forestry and woodchips, barks and trims, and riverside greens (Farooq and Kumar, 2013; Naqvi et al., 2018).2 Agricultural waste, agro-industrial waste or lignocellulosic waste and wood-based residues are presently estimated to be around 20,494, 25,271, and 1,121 million tons, respectively (Anwar et al., 2014).2 The total estimated biomass potential of Pakistan is 50,000 GW h/year (Farooqui, 2014), which contributes up to 36% of the total nation's energy scenario (Asif, 2009). The various types of biomass feedstock/sources available for power generation are shown in the following Figure 6 (Asif, 2009; Naqvi et al., 2018).2
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FIGURE 6. Types of biomass feedstocks.



Potential of Agricultural Residues

Owing to the huge agricultural sector, Pakistan produces a large number of agricultural residues including wheat husks, rice husks, cotton sticks and sugar cane residues. In addition to non-woody agricultural residues, the woody portion also contributes a great share to the production of energy (Mirza et al., 2008a; Aziz, 2013; Zuberi et al., 2013). The total land structure of Pakistan is presented in Figure 7 (Book, 2017).
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FIGURE 7. Total land structure of Pakistan.



Cotton is being planted on a large scale with an average crop production of 2,00,000 tons, 2.67 million hectares (11% of the agricultural land) during 2011–12. From 2011 to 2012, the cotton stalks obtained were about 5,898,771 tons, containing an energy potential of 614 GWh. Pakistan is positioned as the fourth largest sugarcane producing country. According to a survey from 2011 to 2012, Pakistan's sugar cane crop cultivation was measured to be 63,920,000 tons, with 5,752,800 tons of residue possessing a power potential of 9,475 GWh (Table 4) (Naqvi et al., 2018). Sugar mills contribute ~2,000 MW in the total national energy (Naqvi et al., 2018).


Table 4. Major crop contributions to Pakistan's total energy content.
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Regarding the cultivation of wheat, Pakistan is listed as the world's third largest country in the production of wheat, with its total share of the agricultural sector reaching 10.1%, and it has been identified as a potential source to produce clean energy, such as bio-oil (Iqbal et al., 2018). Together with these major crops, other crop residues (maize, rice, gram, etc.) also encompass a significant share of the total of agricultural residues that are available for energy conversion (Farooq and Kumar, 2013). The total residue production from the agriculture sector was estimated to be 62 million tons, with 2% growth rate per annum since 2000, which became 81 million tons per annum in 2012–13 (Farooq and Kumar, 2013; Ghafoor et al., 2016). Woody residues are utilized extensively in the household and cottage industries. Forest covers 5.2% (4.224 million hectares) of the available land and provides about 80% of the total generated bio-energy (Sheikh, 2009; Naqvi et al., 2018). Banana production is also considered as a source of renewable energy in Pakistan. According to one estimation, there are 173,000 banana trees per km2 countrywide, with an average caloric value of 17.8 MJ/k. Cutting of the banana trees is usually carried out three times per annum, resulting 7 kg of heavy residues per tree (Saeed et al., 2015). Saeed et al. (2015) presented a comprehensive study on the estimated energy production from banana cultivation in Pakistan (Table 5). They stated that the share of banana tree remains in the annual consumption of electricity is 2.4% and, by efficiently processing agricultural waste materials, 56% of the total electricity requirement of the nation can be achieved.


Table 5. Energy production from banana crop per year (Saeed et al., 2015).
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Potential of Animal Manure

The bovine population of Pakistan is estimated to be 67,294,000 (Table 6) with an annual growth rate of 4% (Amjid et al., 2011; Aziz, 2013; Sakib Sherani, 2009-10). The resulting animal manure measures at 368,434,650 kg, which is deployed in the production of biogas with an energy potential of 23,654 GWh (Aziz, 2013; Naqvi et al., 2018). Livestock animals (such as cows, buffaloes, sheep, cattle, etc.) account for 55.3% of the total agricultural sector, which was elevated to 55.4% a year later, with total contributions of 11.9 and 12.1% to the GDP, respectively (Uddin et al., 2016).


Table 6. Livestock population (in millions) in Pakistan from 2010 to 2013 (Uddin et al., 2016).
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Potential of Municipal Solid Waste (MSW)

Being a populous country, urban areas of Pakistan produce more than 64,000 tons of municipal solid waste daily, which comprises both organic and inorganic components and can be efficiently processed into various energy forms with an average calorific value of 6.89 MJ/kg (Harijan et al., 2008; Aziz, 2013; Valasai et al., 2017). In the major cities of Pakistan (such as Karachi, Islamabad, Lahore, Multan, Faisalabad, Peshawar, Gujranwala, Rawalpindi, and Quetta), the estimated MSW production is about 7,121,626 tons (Aziz, 2013). MSW can contribute 13,900 GWh of energy production (Naqvi et al., 2018). Pakistan is confronting issues of waste (damped papers, plastics, metals, rubbers, glass, textile effluents, cardboards, bones, leaves, grass, straws, wood, fodder, and so on) mismanagement as the effluent is not disposed of properly. The typical composition of the MSW is shown in Figure 8 (Zuberi and Ali, 2015). According to an approximation, 9.8 million tons of MSW were produced in 2005, 57% of which was collected for utilization in the production of electricity (Farooq and Kumar, 2013). Muhammad Khalid Farooq and S. Kumar (Farooq and Kumar, 2013) reported the complete scenario of MSW in Pakistan shown in Table 7.
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FIGURE 8. Composition of municipal waste (Zuberi and Ali, 2015).




Table 7. The potential of Municipal Solid Waste (MSW) in Pakistan (Farooq and Kumar, 2013; Valasai et al., 2017).
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METHODOLOGIES FOR BIOMASS-TO-ENERGY CONVERSION

There are two major classes of the techniques for processing of biomass into bioenergy, such as (i) thermo-chemical conversion techniques including direct combustion, liquefaction, trans-esterification, gasification and pyrolysis; and (ii) biochemical decomposition techniques including anaerobic decomposition and fermentation, as shown in Figure 9 (McKendry, 2002a,b; Naqvi et al., 2018). Another unique set of techniques receiving attention is bioelectrochemical systems (BES). In bioelectrochemical techniques, microbes are utilized to yield valuable inorganic and organic byproducts along with power generation by oxidization of biological substratum (Pant et al., 2012; Kelly and He, 2014; Wang et al., 2015; Bajracharya et al., 2016; Khan et al., 2017). BES is a potential platform for producing sustainable bio-energy by minimum power consumption and it can also be applied as a robust tool for remediation of contaminants, such as carbon dioxide, nitrates, phosphates, and micropollutants in wastewater, etc. (Jin and Fallgren, 2014; Kelly and He, 2014; Sultana et al., 2015; Wang et al., 2015). Amongst various thermo-chemical processes, the most preferable are gasification and pyrolysis. Biomass pyrolysis has drawn much consideration recently owing to the production of bio-oil, biochar, and hydrogen-rich fuel gas (Ferdous et al., 2001; Li et al., 2004; Goyal et al., 2008). Pyrolysis of biomass takes place at elevated temperatures above 400°C in the absence of oxygen or air, and the nature of the resulting products is determined by the chemical composition of the biomass and reaction conditions of the pyrolysis (Li et al., 2004; Naqvi et al., 2018). The efficiency of the pyrolysis process mainly depends upon various factors, such as particle size, temperature, heating rate, residence time, biopolymer composition, and type of catalyst (Li et al., 2004). The process of pyrolysis has certain limitations including the production of unstable crude bio-oil, which is comprised of high contents of water and oxygen and needs to be further upgraded for direct use in combustible engines. Moreover, an air decontamination installation is essential as the pyrolysis process generates a high concentration of detrimental gases, such as carbon dioxide, carbon monoxide, etc. As a result of pyrolysis, the delivered ashes are reported to have high heavy metal content that is regarded as hazardous waste (Zaror and Pyle, 1982; Serio et al., 2001; Yaman, 2004; Jahirul et al., 2012). Sometimes, biochemical conversion methodology is applied to wet biomass (anaerobic digestion, ethanol fermentation, lignocellulosic conversions) for biomass energy conversions (Goyal et al., 2008; Naqvi et al., 2018).2 The anaerobic digestion process is well-recognized in the generation of biogas from biomass including MSW, remnants of fruits, vegetables, leaves, grasses, woods, weeds, as well as marine and freshwater biomass. As an outcome of this process, the biogas obtained is rich in methane (60%) together with hydrogen and carbon dioxide, which can be utilized for numerous applications, such as transportation fuel, heating fuel, as a substitute to natural gas and so on (Jones and Ogden, 1984; Chynoweth, 1987; Gunaseelan, 1997; Chynoweth et al., 2001). Almost all types of dry biomass can be effectively utilized as fuel in combustion-based processes with the limited end-use of products. For gasification, woody biomass—for example husks and wood chips—are good fuels in dry form. Gasification of biomass is carried out in the presence of oxygen, air and/or steam at temperatures exceeding 700°C with or without a catalyst, which subsequently generates a syngas consisting of hydrogen, methane, carbon dioxide, carbon monoxide, nitrogen and water vapor (Nunes et al., 2016). Various reactor configurations are utilized, such as fixed bed (updraft or downdraft) and fluidized bed (bubbling or circulation) reactors. Moreover, with the application of gas turbines or diesel generators, the generated gases can be converted into electricity (Chynoweth et al., 2001). The complete process of biomass conversion to syngas consists of different steps (Figure 10) (Kumar et al., 2009). Some of the semi-woody biomass, such as corncobs and corn stalks, can also be used for gasification. Leafy biomass, such as straw and stalks need to be densified (pellet) for gasification (Demirbas et al., 2009; Kumar et al., 2009; Farooq and Kumar, 2013).2 An alternative sustainable solution of solid waste management including agricultural waste materials and animal manure is composting, which is frequently practiced in various underdeveloped countries including Pakistan. In the process of composting, the organic matter is subjected to aerobic or anaerobic decomposition by microbes, which act as an effective fertilizer or soil conditioner for the agricultural land. Moreover, composting results in the production of harmful greenhouse gases—for instance, methane, ammonia, nitrous oxide, and carbon dioxide—which, together with deteriorating the atmosphere, emits an unpleasant odor and causes contamination of the underground water sources (Inbar et al., 1993; Smet et al., 1999; Alfano et al., 2008; Ngoc and Schnitzer, 2009; Shen et al., 2011).


[image: image]

FIGURE 9. Various techniques for biomass conversion into bio-fuels (Naqvi et al., 2018).




[image: image]

FIGURE 10. Steps involved in gasification of biomass (Kumar et al., 2009).



Biomass Composition

The woody biomass is categorized into three types—softwood, hardwood, and eucalypt. Lignocellulosic biomass primarily consists of three natural polymers (lignin, cellulose, and hemicelluloses). The chemical composition of different biopolymers of wood is given in Table 8 (Papari and Hawboldt, 2015).


Table 8. Chemical composition of different biopolymers of wood (Papari and Hawboldt, 2015).
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Biomass Products

The final product of pyrolysis of biomass depends on feedstock that can be sourced from agricultural waste, such as rice, wheat, sugar cane, and forestry residues, such as sawdust, bark, wood chips, shavings, and algae. Three main products obtained from biomass are bio-oil, biochar, and non-condensable fuel gas, in addition to solid pellets, chemicals and biofuels (Papari and Hawboldt, 2015).

Bio-Oils

During pyrolysis, the breakage of bonds between the biopolymers (lignin, cellulose, and hemi-cellulose) leads to volatile vapors being produced. These vapors are condensed to form a liquid called bio-oil. Fast pyrolysis leads to higher bio-oil yields and slow pyrolysis to lower yields. Bridgwater (2012) and Duman et al. (2011) describe the bio-oil as a complex mixture of different organic compounds, which requires blending with conventional fuels or hydro-deoxygenation to make it usable as a liquid fuel. Bio-oil is a complex mixture of around 300 different compounds as stated by Zhang (Zhang et al., 2007). Various researchers (Oasmaa and Kuoppala, 2003; Oasmaa and Meier, 2005; Mullen et al., 2010) have described the weighted percentage of compounds present in bio-oil to include water (10–30%), aldehydes (1–17%), acids (3–10%), carbohydrates (3–34%), phenolics (2–15%), alcohols (<4%), ketones (2–11%), and other unclassified compounds (5–58%). Calorific value, pH and viscosity of bio-oil are shown by Zhang (Zhang et al., 2007) to vary between 16 and 30 MJ/kg, 2.5–3.4 and 40–100 (cP), which makes it an inferior fuel compared to diesel.

Pyrolysis of biomass generates bio-oil which is a CO2-neutral fuel with limited contents of sulfur oxide gases and can be readily stored and transported (Mohan et al., 2006). Bio-oils have been catalytically improved to high-quality hydrocarbon fuels and can be used as an alternative to petroleum fuels, which are of exceptionally high cost (Czernik and Bridgwater, 2004; Mohan et al., 2006). Iqbal et al. (2018) presented a study based on the production of bio-oil from the wheat residues by using the fast pyrolysis methodology. They studied the energy products of the fast pyrolysis of wheat stalks under a temperature range of 300–650 degree Celsius, which resulted in the phenolics, linear ketones, anhydrosugars, ketones, furan, anhydrosugar and acids, with percentage shares of 27.32, 8.53, 7.66, 8.53, 10.74, and 11.12%, respectively (Iqbal et al., 2018).

Biofuels

Biofuels are harnessed from food crops that require, for instance, bio-ethanol from corn, wheat or sugar beet, and biodiesel from oil seeds (such as rapeseed, soybean, palm, sunflower, and so forth) (Demirbas, 2011; Naqvi et al., 2018). Some of the biofuels are highly controversial as they use land that is used for growing food. Forestry and agricultural remains along with the MSW can also be exploited in the production of biofuels (Balat, 2007). Another classification of bio-fuels presented based on the conversion technology including first generation biofuels, second-generation biofuels, third generation biofuels, and fourth generation biofuels as shown in Figure 11. Variant products obtained by using first-generation biofuels are bio-alcohols, vegetable oil, biodiesel, bio-syngas, and biogas. Bio-alcohols, bio-oil, bioDMF, biohydrogen, and bio-Fischer–Tropsch diesel are generated by employing the second-generation biofuel technology. Third-generation biofuel technology results in the production of vegetable oil and biodiesel, and the fourth-generation technology gives bio-gasoline (Demirbas, 2011).
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FIGURE 11. Classification of bio-fuels presented based on the conversion technology.



Vegetable oils and animal fats are also frequently deployed nowadays in the production of biodiesels (a biofuel) through trans-esterification, which is used in compression–ignition engines or diesel engines. Low sulfur content, flash point, aromatic content, and biodegradability make biodiesel superior to diesel fuel (Mirza et al., 2008a). Currently, Pakistan possesses the largest stocks of the methanol and ethanol, which react with vegetable oil to form bio-diesels. Pakistan is estimated to have the potential to produce 56 million tons of bio-diesels, which is far greater than the required amount (8.5 million tons). It has been reported in the literature that Pakistan has the potential to produce ~930,000 tons of edible oils, which is expected to be elevated in the future (Khan and el Dessouky, 2009).

Biogas

Biogas is generated by using the microbially-controlled anaerobic digestion process from waste byproducts including animal dung, urban waste, and crop residues with high moisture content. On average, biogas contains methane (50 to 70%), carbon dioxide (30 to 50%) and traces of other gases, such as hydrogen, hydrogen sulfides, moisture, and siloxanes. Biogas plants of varying scales are deployed in domestic biogas production for cooking and in industrial installations to generate electricity. In the literature, the reported calorific value of biogas is 21–24 MJ/m3 (Sheikh, 2010; Amjid et al., 2011; Jiang et al., 2011; Saleh, 2012). Rural areas of Pakistan are replete with a variety of biomass resources (animal dung waste, MSW, agri-industrial, and agricultural waste), which can be used to produce about 12 million cubic meters of biogas per day, which is enough to fulfill the energy requirements of 28 million rural people. Currently, Pakistan possesses ~5,357 operational biogas units, with a varying production capacity of 3–15 m3/day; however, the targeted total biogas potential is 12–16 million m3/day (Mirza et al., 2008a; Sheikh, 2010; Javed et al., 2016; Naqvi et al., 2018). In Pakistan, the installment of biogas plants was started in 1974, and from then 4,137 plants were installed until 1987, but the growth rate of this technology became extremely slow, resulting in an increase of the figure to only 6,000 installations by 2006. Nevertheless, new policies are being developed by the government to install 3,00,000 biogas units throughout Pakistan within 10 years. This program was initiated in 2009, but only 5,360 plants have been successfully installed as of 2014 (Saleh, 2012).8,9 Biogas is also used to produce electricity in Pakistan on a small scale, as 92 biogas plants are working in this regard resulting in the generation of 790 KW electricity (Uddin et al., 2016). There is significant potential that remains to be explored to install biogas plants for electricity production.

Biochar

Biochar is a charcoal-like substance (Chynoweth et al., 2001) produced by the thermochemical conversion of organic matter, such as crop residues, various grasses, and agricultural plant residues. Char can be produced either by heating biomass with or without air or oxygen (pyrolysis) by processes known as gasification and pyrolysis (run in the regime that leaves charcoal residue) (Jones and Ogden, 1984; Chynoweth et al., 2001).

Carbon is found in all living organisms. It is the major building block for life on Earth. Carbon exists in many forms, predominately as plant biomass, soil organic matter and as the gas carbon dioxide (CO2) in the atmosphere and dissolved in seawater (Demirbas et al., 2009). Carbon dioxide (CO2) is a potent greenhouse gas along with other gases, such as methane (CH4) and nitrous oxide (NOx) (Jones and Ogden, 1984; Demirbas et al., 2009; Kumar et al., 2009; Ngoc and Schnitzer, 2009; Nunes et al., 2016). CO2 is released through natural processes; for example via respiration and volcano eruptions or by human activities, such as the burning of fossil and biomass fuels. It has been reported that in the last 150 years, the amount of carbon in the atmosphere has increased by 30% (Alfano et al., 2008). According to the World Meteorological Organization (WMO) “concentrations of carbon dioxide in the atmosphere surged at a record-breaking speed in 2016 to the highest level in 800,000 years.” This high level of CO2 in the atmosphere affects the global climate. The scientists believe that the rising global temperature has a direct relationship with the increased level of CO2 (Alfano et al., 2008). It is estimated that global temperatures will rise for decades to come, largely due to greenhouse gases emitted by human activities. At present, Pakistan contributes <1% of the total global greenhouse gas emission on a per-capita basis. However, due to the geographical location of Pakistan, average temperatures are predicted to rise faster than elsewhere, increasing 7.2°F (4°C) by the year 2100 (2012 World Wildlife Fund report) (Inbar et al., 1993). Pakistan's per capita energy consumption and cumulative CO2 emissions are extremely low (Inbar et al., 1993). However, the situation will not remain so as Pakistan is projected to add nearly 100 million people by 2050, causing great strains on its resources. According to projections, the country will increase carbon emissions by 300 percent in the next 15 years due to more cars which clog roads and an increased demand for electricity (Inbar et al., 1993). Hence, it is high time for Pakistan to focus on using renewable sources for energy production that will lead the country to a low-carbon pathway. In this direction, biochar production via pyrolysis of biomass is a carbon-negative system that leads to the production of energy products and biochar for carbon sequestration. This technology is carbon-negative as it removes net carbon dioxide from the atmosphere and can store CO2 in the soil via a process known as carbon sequestration. Electrochemical reduction of the carbon dioxide is also actualized by deploying modified microbial electrochemical technologies (METs) including microbial fuel cells (MFCs), which aim to convert of biomass into electrical power using micro-organisms (Rabaey and Verstraete, 2005; Logan et al., 2006; Oh and Logan, 2007; Wang et al., 2010). In low-cost microbial electrochemical technologies (METs) or bioelectrochemical systems (BES), such as microbial electrolysis cells (MECs), the biological substrate is oxidized at the surface of the anode by utilizing bacteria that act as exoelectrogens, leading to electron generation and also CO2 (Aelterman et al., 2006; Logan, 2009; Qiao et al., 2010; Villano et al., 2010; Zhao et al., 2012). Then, these electrons are captured by the cathode. On the cathode surface, the electron and diffused protons cause a reduction process of CO2 and produce valuable products; for example, hydrogen gas or water and methane [CO2 + 8H+ + 9e−1 → CH4 + 2H2O] (Call and Logan, 2008; Sun et al., 2008; Cheng et al., 2009; Villano et al., 2010; Wang et al., 2010; Kim and Logan, 2011; Logan and Rabaey, 2012; Zhao et al., 2012; Khan et al., 2017). It is estimated that biochar has the potential to sequester almost 400 billion tons of carbon by 2100 and to lower atmospheric CO2 concentrations by 37 parts per million (Ngoc and Schnitzer, 2009). Overall, it seems reasonable to conclude that biochar production from biomass has the potential to offset the entire annual CO2 increase in the atmosphere (4.8 vs. 4.1 GtC/yr), as shown in Table 9 (Jones and Ogden, 1984).


Table 9. Potentials for worldwide carbon sequestration via biochar production and dispersion over agricultural land (Jones and Ogden, 1984).
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CONCLUSION

Being a developing country, Pakistan is facing a severe energy crisis that limits its economy. Because of the rapidly growing population and economy, Pakistan's energy needs become potentially huge; to resolve these serious issues, AEDB is currently functioning on the development of recent renewable energy technologies in Pakistan, which will be beneficial for the developing economy of Pakistan to minimize the growing energy crisis. The sources of renewable energy are hydel, solar, wind and biomass, which has significant potential to compete with growing energy requirements. Thus far, Pakistan envisions setting up plants to generate 10,000 MW through renewable resources by 2030. These plants will be installed with a 50% share of the beneficiary. Out of all the renewable energy resources, biomass is considered the best and most easily accessible source of energy with its unique environmentally friendly nature. Despite the bountiful presence of biomass energy resources, there is still a need to work on the use of these sources to produce energy.
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FOOTNOTES

1Worldometer: Population. http://www.worldometers.info/world-population/pakistan-population/ 2017

2Alternative-Energy-Development-Board, Ministry of Water and Power, Government of Pakistan [http://www.aedb.org/].

3https://www.eia.gov/beta/international

4Pakistan Energy Year Book 2015 published by Hydrocarbon Development Institute of Pakistan (HDIP) MoPNR, Government of Pakistan.

5An overview of Fossil Fuels in Pakistan PEY, 2004 by Ministry of Petroleum and Natural Resources, Government of Pakistan.

6Wildlife of Pakistan. Introduction to Pakistan: Coastline WoP: Available online at: http://www.wildlifeofpakistan.com/IntroductiontoPakistan/coastlineofPakistan.htm

7Hydropower Development in Pakistan [http://www.wapda.gov.pk/index.php/projects/hydropower-development-in-pakistan].

8EKN-RSPN Pakistan Domestic Biogas Programme (PDBP): [http://www.rspn.org/index.php/projects/completed/ekn-pdbp/].

9(PDBP) E-RPDBP: [http://www.rspn.org/wp-content/uploads/2014/09/Newsletter-Jan-Mar-2012.pdf].
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per Km?2 cutting per year banana tree Kg waste (x108)Kg/y

296 173,000 3 7 1,075
Total heat contents from banana tree residue “GWh/y"

With 32% efficiency “GWh/y"
Contribution of banana tree residue toward annual consumption of electricity

Calorific value
“MJI/Kg”

17.8

Energy content from banana
tree waste (x108) MJ/7y

1,908
5,300
1,696
2.4%
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Feedstocktype  Cellulose (%)  Hemicellulose (%) Lignin (%)

Hardwood 40-45 25-30 25-80
Softwood 40-45 30-35 20-25
Eucalypt 45 20 30
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Technology  Technical potential Technical potential
(Mw) (GWh)

2010 2030 2050 2010 2030 2050

Waste 199 672 1933 1134 3826 11,004





