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Abstract

:

Environmental issues in energy policy, especially global warming, have received more attention lately than ever before. Excessive dependence on fossil fuels, deforestation, and land degradation are the three main factors that lead to increased carbon dioxide (CO   2  ) emissions. Consequently, the global average temperature has doubled compared to anticipation. Various international protocols and agendas have been established, pledged to restore the global average temperature to the 1990 level. As a result, energy policies worldwide have also undergone various transformations to align with these protocols since then. As a developing nation, Malaysian’s electricity demand has continuously grown in the past two decades. To date, the electricity sector is still dominated by fossil fuels. Government incentives have been the most influential factor in the nation’s energy mix trend. Several energy policies implemented throughout the past 22 years have seen the shift from natural gas to coal power in power plants, and in more recent years, renewable energy resources. Numerous studies in the past have independently outlined the status of various energy source in Malaysia. However, they all fell short in providing the greenhouse gas (GHG) emissions in the Malaysian energy sector. Notably, the question that remains to be answered is how GHG emissions have changed in response to the amendment in the energy mix; hence, the effectiveness of policy change in this aspect remains unknown. This paper analysed the past and present trend of Malaysia electricity generation mix and the resultant GHG emissions. In particular, this paper focused on investigating the variation of combined specific GHG emissions in the Malaysian electricity sector, in response to the policy change within the past 22 years. This provides the insight for Malaysian policymakers to evaluate the effectiveness of past policies in GHG emissions and the measures to be taken in future. The finding of this paper shows the attention on the nation’s GHG emissions has evolved over the years, following the diversification in energy mix driven by the policy change. It was also found that, on average, it took a decade for a significant reduction in specific GHG emission to be visible since the government’s energy policy implementation.
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1. Introduction


Conventional fossil fuel-based energy sources (oil, coal and natural gas) are the driving force behind economic progress. In 2012, the global primary energy consumption increased by a staggering 1.8% in a single year, due to the rapid decline of traditional energy sources and rising energy demand [1]. Future growth in the energy sector is foreseen primarily surrounding the new renewable energy. The shift towards renewable energy can help to reduce greenhouse gas (GHG) emissions by limiting extreme weather and climate impacts, at the same time ensuring a reliable, timely and cost-effective energy supply [2].



Most countries around the world, including Australia, China, United States, Russia, India, Indonesia, Singapore, Thailand, the Philippines and Malaysia, are still heavily relying on fossil fuel as the main source for electricity production, with more than 79% in their energy mix on average. On the other hand, countries like Brazil, Canada, Norway and Sweden have shifted to renewable energy sources in recent years for most of their electricity production [3]. Brazil, Canada and Norway are producing 62.9%, 59.6% and 95.7% of their electricity through hydropower, while Sweden fulfilled 40% of their electricity demand via Nuclear energy in 2017.



In the last two centuries, human activities have increased the CO   2   concentration in the atmosphere from 280 to more than 380 ppm by volume, and the rate is continuously growing. As a result, the global average temperature increase is far from under 1.5    °  C as pledged in the Paris Agreement 2016; instead, it is heading towards 3    °  C [4,5]. The greenhouse effect happens when GHG, viz., CO   2  , chlorofluorocarbons (CFCs), methane (CH   4  ) and nitrous oxide (N   2  O) trap heat in the atmosphere [6]. Globally, the proportional content of these GHGs by volume is approximately 55%, 24%, 15% and 6%, respectively [7]. Carbon dioxide is the primary GHG responsible for global warming owing to its large occupancy volume of the total emissions [8,9]. The use of fossil fuel can no longer regarded as environmentally sustainable unless carbon storage can be widely used [10].



In 2015, world leaders have agreed on the UN Agenda 2030 that includes 17 targets for Sustainable Development Goals (SDGs) [11,12]. The SDGs provide an opportunity to align climate action and the sustainable development objectives at the local, national and global level—at the same time, defining key sustainability science challenges in supporting policies. Sustainable supply chain management was identified as a key element in SDGs agenda, while the productivity and conservation of natural resources are also identified as the keys to waste reduction [13,14]. In Malaysia, the national development plan has always been closely related to the economic, social and environmental agenda. The implementation of SDGs needs to be aligned with future policies development. The novelty of the study is reflected by the comprehensive analysis of GHG emissions from the energy sector in Malaysia and to provide an insight for Malaysia policymakers to evaluate the effectiveness of past policies, and the measures to be taken in future.



By 2020, more than 70 countries, including some of the major GHG emitters, have pledged to achieve net-zero carbon emissions/carbon neutrality by 2050 or earlier [15,16,17]. It is only a matter of time that more developing countries, including Malaysia, will be required to comply with carbon neutrality as well. Part of the effort in achieving carbon neutrality status is to understand the nation’s current carbon emission situation. This, in turn, allows for more effective policy and regulation to accelerate the progress towards net-zero carbon emissions.



The energy scenario and evolution of energy policies in Malaysia at different times in the past two decades have been investigated by numerous studies in the past [18,19,20,21]. The inherent obstacles in implementing these technologies were further discussed by Ali et al. [22] and Samsudin et al. [23] in depth. In brief, it seems that full implementation of the sustainable energy sources in Malaysia will take some considerable amount of time, as will be shown later in this paper as well. Therefore, fossil fuel is still regarded as the primary source of energy mix in Malaysia for the foreseeable future.



However, these past studies fell short in providing the GHG emissions in Malaysian energy sector. Notably, the question remains to be answered is how GHG emissions have changed in response to the amendment in energy mix. Thus, this study is set to analyse the past and present energy mix in Malaysia, and the corresponding evolution in GHG emissions. This is intended to provide an insight for policy makers to evaluate the effectiveness of past policies, and, more importantly, the measures to be taken in the future.



For this purpose, the first part of this paper will review the current energy resources in Malaysia and various studies in the past. The second part of this paper will put emphasis on the computation of CO   2   and non-CO   2   emissions (CH   4   & N   2  O) due to the energy resources usage in Malaysia power station.




2. Background Study


The world’s 7.7 billion population is currently growing at a rate of 90 million people per year. Electricity demand due to population growth has increased by 66% from 2000 to 2017, more than any other industry. However, close to a quarter of the world’s population still does not have proper access to electricity. Digitisation, electromobility and sector coupling will further drive up the global electricity demand [24]. Since 1990, the global electricity generation has doubled, reaching nearly 25,000 TWh in 2016. The largest absolute growth was found from coal generation (∼5300 TWh or +116%) and natural gas (∼3500 TWh or +213%). That being said, the fastest growth was in renewable energies, i.e., solar, wind and other renewable sources (∼1370 TWh or +2224%).



By 2016, more than 75% of global electricity was still generated from non-renewable sources, primarily non-renewable thermal (16,186 TWh or 65%) and nuclear sources (2608 TWh or 10%). However, this went through an unprecedented change in recent years. The booming renewable electricity accounted for more than half of global electricity capacity expansion since 2010 [3].



The world is emitting around 50 billion tonnes of GHG emissions each year. Approximately three quarters of the global CO   2   emissions are generated from energy sector, as shown in Figure 1. Nearly 40% of it is due to the combustion of fossil fuel for electricity generation for the residential, commercial and industrial demand. The transportation sector, including road transportation, aviation, shipping, rail and pipeline for fuels and commodities, made up another 16% of the total CO   2   emissions worldwide [25].



The use of coal massively increased the CO   2   emissions in the world, especially in Asian countries. China, India, United States and the United Kingdom together has increased the world’s CO   2   emissions by 85%. The use of coal in the energy mix is mainly driven by its attractive cost. Apart from that, the energy efficiency and weaknesses of current policies also further contributed to the rising of CO   2   emissions in Asia [27,28].



ASEAN was one of the world’s most diverse and rapidly rising economic regions in the 20th century [29,30,31]. Fossil fuels have traditionally dominated the energy mix in the region, making it amongst the largest GHG emitter and contributors to global warming [32,33,34,35]. Energy-related GHG emissions in the ASEAN region is forecasted to double by 2040, hitting 2.3 billion tonnes, unless substantial decarbonization in the fossil fuel energy mix can happen [36].



Figure 2 gives the ratio of various energy sources for electricity generation in ASEAN countries in 2017, with renewable energy covering hydropower, biomass, biogas, and solar energy. Coal is a major fossil energy source of electricity for numerous ASEAN countries such as Malaysia, Indonesia, the Philippines and Cambodia. Meanwhile, Singapore, Brunei, Thailand and Myanmar use natural gas as their primary fossil energy resource for electricity production [3,37]. Thailand is leading in non-hydropower renewable energy resources among the Asian countries. As a country of agriculture-based economy, Thailand has been successfully utilizing their agriculture waste as the main renewable energy resource and producing about 20% of electricity in their energy mix [38].



Malaysia has been heavily dependent on fossil fuel resources for its energy input in power stations. In 2017, 82.9% of the Malaysia energy mix was from fossil fuel, according to the capacity data from the Energy Commission of Malaysia [37], while the remaining 17.1% is generated from renewable energy resources, mainly the hydropower. The fossil fuel energy input is made up of 44.2% of coal, 38.0% of natural gas and 0.6% of fuel oil/diesel. The contribution of other renewable energy besides the hydropower in energy mix of the year 2017 was only a mere 0.5%.



Energy mixes tend to relate to a country’s economic growth and energy demand. As a developing country, Malaysia has seen constant growth in energy demand due to the vast development in industrial, transportation, and agriculture sectors. In 2017, the energy demand for electricity in Malaysia stood at 12,605 ktoe (equivalent to 527,760 TJ), which has increased by ∼64% (4920 ktoe) since 2007. The industrial sector has dominated the energy consumption by 49%, followed by 30% from the commercial sector, 21% from the residential sector, 0.4% from the agriculture sector and 0.3% from the transportation sector as illustrated in Figure 3.



This paper will therefore concentrate on GHG emissions due to the electricity sector, since it is recognized as the primary emitter of the total global CO   2   emissions. The structure of the industrial sector in energy consumption is shown in Figure 3, which is mainly from the cement industry (48%) and steel & iron industry (19%) [39]. The transportation sector also showed a noticeable increment in energy demand from 2007 to 2017, which was from 0.05% to 0.3% of the total country demand. This is mainly due to the population increase as well as the income per capita of the country [40].



In order to analyse the energy mix in Malaysia, secondary data were used during data collection in the first part of this paper. Secondary data are accessed through publications, open literature, or LCA libraries [41]. It is regarded as a more cost-effective and non-reactive approach where information cannot be skewed and interpolated as a result of contact between the interviewer and the interviewees [42].



In this regard, data were assembled from the government documents, journals, published books, seminar presentations and unpublished materials and from government websites or other related websites. There are two significant areas for data collection, which are the upstream processes and the power generation processes. In this paper, only the power generation processes part will be discussed.
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Figure 3. Energy demand in Malaysia [39,43]. 
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3. Energy Mix


The information of power generation mix in Malaysia was gathered from the annual National Energy Balance (NEB) report of the Energy Commission of Malaysia [37]. It is worth mentioning that the Energy Commission of Malaysia also formed various cooperation arrangements to periodically supply the energy data to the relevant agencies such as the International Energy Agency (IEA), International Energy Forum Secretariat (IEFS), The Institute of Energy Economics, Japan (IIEJ), Asia Pacific Economic Cooperation (APEC), and the ASEAN Center for Energy (ACE). The data and information from the NEB report are claimed to be gathered from various agencies in Malaysia such as the government agencies, power utilities, independent power producers, oil companies, coal producers, cement, and iron as well as steel manufacturers [43].



3.1. Energy Input in Power Stations


The compilation of energy input trends in Malaysian power stations is summarised in Figure 4, and the percentage of each input at the selected year is given in Figure 5. Natural gas was the most significant resource for Malaysia’s electricity generation back in 1995, followed by oil (diesel and fuel oil), coal, and hydropower station. The oil share in the energy input was about 21% in 1995, but vastly reduced to 2% in year 2010 and continuously reduced to 0.6% in 2017.



On the other hand, coal usage has increased in the last two decades. In the year 2010, coal surpassed natural gas as the primary resources for electricity generation. The total percentage of natural gas consumption accounted for 57%, 75%, 62%, 46%, 40% and 32% in 1995, 2000, 2005, 2010, 2015 and 2017, respectively. Meanwhile, coal accounted for 9%, 10%, 28%, 47%, 47% and 51% for the same period accordingly. Looking at the actual energy input in Figure 4, the consumption of natural gas has plateaued since the year 2000. Since then, the increase in Malaysia electricity demand was fulfilled by coal instead—indicated by its near linear increment between 2000 till 2017.




3.2. Electricity Generation


The trend for energy generation by different fuels in Malaysian power stations from 1995 to 2017 is summarised in Figure 6. Among the total electricity generation of 155.7 TWh in Malaysia during 2017, thermal power stations contributed the most, i.e., 128.9 TWh (82.8%), whereas hydropower plants generated the remaining 26.8 TWh (17.2%) [37]. In contrast, the electricity generated in 2000 was only 56.3 TWh, with the thermal power stations dominated by natural gas as the primary source at 49.9 TWh.



Back then, the hydropower station only contributed 7 TWh of the total electricity generation. Other renewable energy resources besides the hydropower only accounted for a very minute portion in Malaysia’s energy mix. Most of the power stations in Malaysia are located in Peninsular Malaysia, which has highly concentrated population and industrial activities. On the other hand, Sabah and Sarawak are mostly depending on hydropower stations to generate electricity due to their favorable geographical terrains [44].




3.3. Status of Energy Resources in the Power Generation Mix


There are two main types of power plants available in Malaysia, namely the thermal (fossil fuel) and hydro power plants. From Figure 6, it can be seen that the power generation in Malaysia is predominantly relying on four major fossil fuel sources—coal, natural gas diesel and fuel-oil [20,22,45]. These fossil fuel resources, and some renewable resources such as the biomass, can be transformed into electricity at the thermal power plants, while the hydro power plants convert the potential energy of water heads into electricity by means of the hydraulic turbine.



The high energy demand and declining state of natural energy sources have turned into major concerns for energy industry players and policy makers alike. In order to improve the competitiveness and resilience of the economy, energy policy has gradually shifted its focus more on resources security, reliability and cost-effectiveness for energy supply [46].



3.3.1. Energy Policies


The energy policy in Malaysia could be loosely divided into two periods of time, as summarised in Figure 7, which is from 1975 to 2000 and from 2001 to 2011. The first-phase policies, initiated between 1975 to 2000, were intended to give an overview and direction to the energy sector in Malaysia. The existence of the National Energy Policy 1979 had outlined three main objectives, namely the supply objective, utilization objective and environmental objective [21]. The Four-Fuel Diversification Policy 1981 was then introduced to complement the National Depletion Policy 1979 to ensure the security and reliability of energy supply by diversifying the energy source.



The second-phase policy between 2001 and 2011 emphasises the role of renewable energy sources in the energy mix, green technology and environmental aspects of energy development [21,44,47]. The government also announced their pursuit of a green economy in the 11th Malaysia Plan 2016–2020, which changes the energy landscape in Malaysia to emphasise adopting the sustainable consumption and production concept [48]. The National Energy Efficiency Action Plan (NEEAP) 2016–2025 was also developed during this period highlighting three main key initiatives which are the Equipment Programme Initiatives, Industrial Programme Initiative, and Buildings Programme Initiative.



Malaysia is one of the countries that experienced drastic economic growth among the ASEAN members since the mid-1980s. Oil was the major source of energy in the early 1980s. However, the four fuel diversification policies introduced by the Malaysia government in 1981 reduced the oil consumption for that year [49]. The action was to balance the utilisation of other non-renewable energy sources, thereby ensuring the energy security and stability [20]. Furthermore, the oil prices started to increase since the 1980s, and the more economical natural gas became the primary choice for coping with the surge of electricity demand in the 1990s [23].



The fuel diversification policy in Malaysia was continuously reviewed to ensure that the country was not too dependent on one single source of energy, which was oil, with the concern of a possible prolonged energy crisis. Other options of energy resources available at that time were the large untapped indigenous hydropower and natural gas reserves, and abundant coal worldwide with relatively low and stable prices [50]. As a direct consequence of this strategy, the contribution of oil to the energy mix drastically dropped from a high of 90% dependence in 1980 to less than 10% in 2003, and it continuously decreased to 0.7% by 2017 [18,37].




3.3.2. Natural Gas


As shown in Figure 6, the natural gas usage in the energy mix has seemed to plateau since 2010, for the simple reason that Malaysia was promoting fuel diversification in electricity generation. This move offered Malaysia the chance to free up more natural gas resources for exports and helped with the government’s newly adopted policy of attempting to reduce its heavy reliance on natural gas for power generation [22]. In that context, the control usage of natural gas in power generation has different principles than the oil and diesel in the 1980s. Natural gas has a more stable yield compared to oil. Therefore, the production of natural gas has been found to increase steadily since the year 2000, despite the fact that the consumption at power station has been regulated.



The production, consumption and net exports of natural gas in Malaysia are given in Figure 8a. From the 2000 to 2005, the production level of natural gas has increased by nearly 23%. In 2010, Malaysia was ranked as the world’s ninth largest exporter of natural gas with about 1130 billion cubic feet of LNG being exported. Over time, the production and consumption of natural gas have reached near linear level trends, with the production exceeded the consumption by more than double; and their gap is showing a widening trend [46].



Globally, China and India have been developing energy strategies to simultaneously tackle the air quality, emissions and set expectations for continued energy demand growth. The switch from burning coal to natural gas in China is expected to see a drop in global GHG emissions and pollutants, including particulate matter. Both countries view the use of imported natural gas for cooking and transportation, as well as increasing the usage in solar power as a way to reduce air pollution [52].




3.3.3. Coal


The use of coal in the energy mix is mainly driven by its attractive cost in 2010. Besides further distributing the dependency on a single energy resource, it also helps the government to rationalize the nation’s electricity tariff. de Oliveira [53] also reported that the selection of coal as the primary source in the energy mix was also partly due to political involvement. Nonetheless, the use of coal in the energy mix has raised worry worldwide for its detrimental impact on the environment.



Bituminous and sub-bituminous coals are the most common type of coal found in Malaysia, with the latter being more predominant [54,55]. Sub-bituminous coal is generally used for electricity generation, which contains 35–45% of carbon. Bituminous coal has a much higher carbon content (45–86%), and is also used as the fuel for electricity generation, and is sometimes referred to as the coking coal in steel production [56].



Almost 98% of the coal reserves in Malaysia are on the island of Borneo, which is in the Sabah and Sarawak region, though these states were utilizing mostly hydropower generation. Only 2% of coal reserves are found in Peninsular Malaysia, where energy demand is high and most of the coal fields are located inland with poorly developed infrastructure [54].



On paper, Malaysia has sufficient coal resources to meet its local demand in comparison with other natural sources. However, 90% of the local coal demands were still imported from other countries, primarily from Indonesia, Australia, and South Africa, as shown in Figure 8b [51]. One of the most important factors contributing to this particular scenario is the high extraction and transport cost of local coal. Most coal deposits in Malaysia require underground mining, hence they are less cost effective compared to importing the surface mined coal.



As the prices for renewable power worldwide are plummeting and technologies for storage are becoming more cost-effective, coal is becoming comparatively expansive for generating electricity [57]. This is anticipated to alter the global energy mix significantly, but perhaps not so much for Malaysia since 15-year affreightment contracts for long-term coal supply have just been put in place in 2016 [58]. That said, no new coal power plant will be expected until 2025. It may be seen in Figure 9 that the known 5-year plan for Malaysia 7840 MW power generation capacity expansion is dominated by natural gas and renewable energy.



Nonetheless, the global coal demand is expected to remain largely stable over the next five years, owing to robust growth in major Asian markets. Countries in Southern and Southeast Asia, such as India, Indonesia and Vietnam, have been heavily relying on coal to boost their economic development. Pakistan and Bangladesh are historically relied on natural gas and oil for power generation but have opted for large-scale coal power generation to cope with the nations’ electricity surge in recent years [3]. On the contrary, coal power production is declining in Europe and the United States to levels not seen in decades, due to low natural gas prices, stagnant electricity demand, and the vast growing solar and wind energy. This trend is expected to continue through 2024.




3.3.4. Renewable Energy


The Malaysian government has set an enthusiastic target to achieve a higher infusion of Renewable energy in Malaysia’s energy mix since 1980 [60]. Renewable Energy Act was gazetted in 2011, which introduced the implementation of Feed–in Tariff (FiT) and the renewable energy smart target. In 2018, the government targeted to achieve 20% of renewable energy in the energy mix by the year 2025 [48]. Malaysia’s renewable energy mix consists of hydropower, biomass, biogas, and solar energy.



Hydroelectricity represents the largest portion of renewable energy in the power generation mix. This is because nearly all the states in Malaysia have the potential for hydropower, especially Perak, Pahang, Sarawak and Sabah. The average annual rainfall in Peninsular Malaysia, Sabah and Sarawak are about 2540 mm, 2630 and 3850 mm, respectively, due to the monsoon season [61]. This made up the abundant water resources of Malaysia for hydroelectricity generation.



Hydropower creates a unique “techno-political” situation in which nature becomes economically and financially efficient, opening up new possibilities for economic growth [62]. The Iron Gates Dam in Romania and Yugoslavia is among the most representative hydropower projects when examining the economic and political relations underpinning industrial development [63]. It demonstrates the critical role of political power and diverse institutional settings in the production of hydropower [64].



On the other hand, the Three Gorges Dam in China is one of the largest hydroelectric dams in the world [65], but poses several environmental issues, including water quality control and ecological problems. The dam-building significantly impacts the river processes, its related habitats and landscapes, and alters the water chemistry. The Yangtze River basin is one of China’s most economically developed and densely populated regions, thus environmental quality management is critical for long-term economic growth [66].



Other than hydroelectricity, Malaysia has also started to explore biomass product for electricity generation at an industrial scale [67]. Biomass is a natural, renewable carbon resource derived from living or dead organisms and organic materials that consist of chemical energy content. It is the fourth largest energy resource in the world and abundantly found in Malaysia, though has not been fully capitalized.



Palm oil is a major contributor to the production of biomass in Malaysia. As the world’s second-largest palm oil producer, Malaysia processes about 71.3 million tonnes of fresh fruit bunches on average every year. As a result, 19 million tons of crop residue consisting of empty fruit bunches, fibres and shells were produced. In addition to the agricultural waste generated from palm oil, forest waste and municipal solid waste are also the sources of biomass in Malaysia [68]. Among the green energy policies implemented by the Malaysian government between 2001–2011, there are five that highlighted biomass as an alternative renewable energy source to drive the local industry. Consequently, electricity generated from biomass resources has started in 2012 with a power station input of 65 ktoe.



Conventionally, biomass is converted into briquettes, a dry, blackened material with high energy density via the torrefaction process [69]. The briquettes can then be burned directly, and energy conversion is realised through the steam power plant. Alternatively, biomass can be made into biogas via the anaerobic digestion of the organic substrates, where the complex organic material is dissolved in the presence of anaerobic microorganisms [70]. The main composition of biogas is CH   4   (and CO   2  ), hence energy conversion can be accomplished through a gas turbine power plant that has higher thermal efficiency compared to the steam counterpart. This proved to be a more favourable fuel source as could be seen from the steady increment in biogas usage since the 2012 in Figure 4.



The biggest concern of biogas is obviously its production process and storage since its main composition also happens to be the main source of GHG emission. Another complication with biomass/biogas industry is in the procurement of feedstock, where unregulated feedstock prices may quickly deteriorate the interest in its usage. The Malaysian government has been looking at the feasibility of turning biowaste into a commodity to resolve this situation [71]. Besides the economical difficulty, the technological development of gas turbine in handling fuel of a much wider spectrum of physical and chemical properties is also vital in promoting the usage of biomass and biogas [72].



The activity and maintenance of biogas plants are crucial to their long-term viability. A sustainable biogas plant needs to be professionally constructed to avoid failures caused by shoddy workmanship. Numerous biogas plants worldwide have been shut down, due to leakage in a reactor as a result of a variety of factors, including sub-standard construction materials, excessive biogas strain, unskilled labour, and substandard piping [73,74,75,76].



Biomass energy is often regarded as problematic because of its complexity and interaction with a variety of different fields of study, including land use, forestry, livestock, animals and societal factors. The provision and use of biomass energy is only a subset of a more complicated issue surrounding the preservation of all forms of vegetation, which is a necessary component of ensuring stable socio-economic growth [77].



Solar energy is another great energy resource for electricity generation in Malaysia. Being close to the equator, Malaysia benefits from solar rays all year round, making solar energy a very viable generation resource. Solar energy has been popular renewable energy lately due to its simplicity in comparison to other renewable energy (i.e., hydro, wind and wave) that required complex mechanical systems for producing electricity. The use of solar energy began in 2012 with an input of 12 ktoe (Figure 4) and has steadily increased by six-fold to 93 ktoe in 2017.



In the early 2010s, the primary limitation of solar energy utilisation was its relatively expansive cost-to-power density ratio that leads to high capital investment [78]. However, the solar cost has drastically dropped by a factor of 5 since 2010, even less than coal in Europe. This has been attributed to the massive expansion of the solar industry economy of scale [79,80]. That said, the hazardous production process and short life expectancy of the solar module are foreseen to trigger a set of new environmental problems in the very near future [81].



In Malaysia, solar energy has been widely used along the North–South Expressway, telecommunication towers, and even street lighting [82]. The aforementioned Feed-in-Tariff (FiT) program further encourages solar energy usage by offering a long-term contract and guaranteed pricing to the producers of renewable energy, who could be any home or business owners and private investors, where they will be compensated for the renewable energy they have produced [83]. In addition, the initiation of 1400 MW Large-Scale Solar (LSS) project, shown in Figure 9, is expected to further increase the solar energy share in Malaysia energy mix in the coming decade [84].



Solar energy is becoming more widely used in urban areas, but its implementation requires comprehensive urban planning. This must consider the relationships between solar energy and urban morphology [85,86,87], implications for technological strategies used, solar accessibility, and solar energy potential [88]. Often in practice, more technical and non-technical obstacles in the planning process such as land use and architectural integration [88,89], technology and energy problems, as well as social, environmental, and economic barriers must be overcome [90,91].






4. Greenhouse Gas (GHG) Emissions


Electricity generation accounts for the largest share of Malaysia GHG emissions. As a developing country, rising energy demand has pressured the government to select cheaper sources of energy for power generation [92]. The concern over GHG emissions has been a debatable topic among climate change communities, mainly surrounding the release of CO   2   generated through power generation being unsustainable for the environment [93].



The emission level of Malaysian industries is governed and monitored by the Department of Environment Malaysia. However, unlike the energy mix data, the emission data were categorized as non-disclosure information by the Department of Environment Malaysia, thus not being accessible by the public or in this study. Hence, the next reliable approach was taken for the second part of this paper, which is via calculation rather than secondary data gathering. A comprehensive emission calculation methodology for stationary combustion, covering three major GHGs of the combustion process (CO   2  , CH   4   and N   2  O), has been outlined by IPCC [94].



In general, the emissions of each GHG from the stationary sources are calculated via multiplying fuel consumption by the corresponding emission factor. The fuel consumption is estimated from the energy input statistics in Figure 4, measured in TJ. The emission factor for stationary combustion extracted from IPCC [94] is given in Table 1.



4.1. Carbon Dioxide,    C O  2   Emission


CO   2   emission has the greatest direct global warming contribution because of its high natural concentration measured in parts per million (ppm) of air. MESTECC [95] (currently known as KASA) stated that 55% of the total CO   2   released in 2011 was contributed by the electricity industry, followed by 22% from the automobile sector and 11% from the manufacturing and construction sector. Even in 2013, the electricity industry was still the biggest contributor with 46% CO   2   emissions. Therefore, it is undeniable that the energy sector is the largest contributor to GHG emissions in Malaysia.



Figure 10a shows the calculated total annual of CO   2   emission at power plants throughout Malaysia, categorized by resource, from 1995 till 2017. The annual CO   2   emission has shown an increasing trend ever since year 1995, in the same trend as the energy input in Figure 4. The emissions of CO   2   from natural gas power station have been found to flatten since the year 2000, when coal became the primary power generation resource. This led to the rise of CO   2   emissions by coal from the year 2000 onwards. Huda et al. [96] reported that the coal projects in thermal generation from 1997 till 2010 to cope with the surge in energy demand, such as the two 700 MW coal-fired power generation in Negeri Sembilan, had increased the CO   2   emission by 8.5 MTon within the range of 13 years.



The switch in the usage of coal in the energy mix has certainly altered the pattern of CO   2   gas emission in Malaysia, and the trend continues to grow since it was reported a decade ago [97]. On the other hand, the CO   2   emission from diesel and fuel oil remain the minority compared to the natural gas and coal due to their low generation capacity.



The CO   2   emission plot in Figure 10a is subjected to the variation in energy input between resources. In order to evaluate the emission performance of each fuel, it is necessary to normalise the emission data in Figure 10a to a common ground. Thus, the CO   2   emission per unit (1 kWh) electricity generation, referred to as the specific CO   2   emission. Unlike the conventional emission intensity/factor in Table 1, this parameter is computed relative to the generation (output) energy, thus taking into account the efficiency of thermal conversion. This is computed here for each resource and shown in Figure 10b.



Looking at the two primary resources of Malaysia energy mix, coal is consistently having higher specific CO   2   emission compared to natural gas. The difference is close to nearly twice as much throughout the last two decades. This is likely to relate to the energy content of these fuels. The energy content of coal is around 24 MJ/kg, about half of the 42–55 MJ/kg from natural gas. Hence, it is expected to consume twice as much coal (by mass) in producing the equivalent generation energy as natural gas, thereby doubling the specific CO   2   emission.



Another indication from the specific CO   2   emission plot is the power plant conversion efficiency—higher specific emission indicates poorer energy conversion in the power plant. It may be observed that the specific CO   2   emission of natural gas has been fairly stable since 1998 till recently. On the contrary, specific CO   2   emissions of coal power plants were rather unstable in the 1990s and only began to decrease since 2004, four years after the Malaysia government’s policies in promoting fuel diversification that led coal to be the primary resource in electricity generation.



On the other hand, the specific CO   2   emissions of diesel and fuel oil are highly fluctuating throughout the year. In particular, they were found at different magnitudes than the natural gas and coal, and hence were plotted on a separate scale in Figure 10b to ensure the readability of other plots. This happened because of the mismatch in the energy input and energy generation data in Figure 4 and Figure 6.



Unfortunately, there was no conclusive explanation on this phenomenon. According to the unofficial explanation from the Energy Commission of Malaysia, it was because diesel and fuel oil were mainly used by remote (independent) generator sets, where their usage/generation data could not be documented properly. As a result, these results are less reliable and will not be discussed much here. Nonetheless, the contributions of diesel and fuel oil in the energy mix are very minute compared to natural gas and coal, thus less critical in the current analysis.



The motivation of using coal as the primary generation resource in the year 2000 was also partly driven by its cheaper cost compared to natural gas. Figure 11a gives the comparison on unit cost of each resource (for 1 TJ of electricity input energy) in Malaysia Ringgit (MYR) [98]. Due to the availability of data, the unit costs for natural gas and coal are shown from the year 2000.



In the early 2000s, the unit cost of natural gas was nearly triple that of the cost for coal. This explained the government’s initiative in moving into coal for energy generation. However, the price of petroleum products suffered a massive drop following the 2008 financial crisis [99,100]. While the price of diesel managed to recover by the year 2011, the unit cost of natural gas remained low and comparable to coal since then.



In addition, the strong growth in the production has also contributed to stabilising the natural gas price [101]. All these have diminished the initial attraction of using coal as the primary energy input. It is also worth mentioning that the price of diesel from Figure 11a is highly subjected to the fluctuation in market supply, demand and political moves, including the lowest price seen in 2016 due to global oversupply [102].



The specific cost of energy input (actual cost computed using the energy input data from Figure 4 divided with the generation data from Figure 6) and the specific CO   2   emission for various energy resources is compared in Figure 11b. Besides the Malaysia data, the energy data of primary energy input for few other ASEAN countries are also included here. Since the comparison is conducted across different countries, the currency is expressed in US dollars instead.



It is apparent from Figure 11b that natural gas is having clear advantage in specific CO   2   emission over coal. On average, the specific CO   2   emission of coal across Malaysia, Indonesia and the Philippines is around 1350 g/kWh. This is nearly 2.5 times greater than the averaged specific CO   2   emission of natural gas from Malaysia, Singapore and Thailand. It is worth noting that the power plant conversion efficiency of these countries, for each energy resource, is highly comparable among them; with coal power plant having ∼24.7% of averaged conversion efficiency and natural gas ∼38.7%.



The specific costs in Figure 11b is obviously varying across a fairly wide range, due to the fluctuation of market prices of these resources. Therefore, natural gas is now becoming the more favourable fossil fuel resource—not only its specific cost is comparable to coal, but the specific CO   2   emission is also significantly lower.




4.2. Methane, CH   4    Emission


The total annual CH   4   emission from Malaysia electricity generation sector is given in Figure 12a from 1995 to 2017. The CH   4   emissions are showing an increasing trend over the years, in line with the electricity consumption shown earlier. The majority of the CH   4   emission is thought to be man-made, such as the systemic leakage during coal mining and from oil wells, anaerobic decomposition of organic waste including the production of biogas and biomass burning (charcoal combustion, forest fire, etc.) [103,104]. CH   4   emission is well known for its dreadful impact to the earth ozone depletion. Although the magnitude of CH   4   emission in Figure 12a is ∼1/100,000 of the CO   2   emission in Figure 10a, CH   4   could be 105 times more harmful than CO   2   emission, and thus should not be undermined in anyway [105].



Figure 12b shows natural gas and coal is emitting equivalent specific CH   4   emission. The CH   4   emission from coal is primarily produced during the coal mining process rather than during its combustion, and deep mining is producing twice as much CH   4   as surface mining [106]. On the other hand, CH   4   emission from natural gas is almost exclusively due to systemic leakage, often resulting from immature extraction technology [107,108].



Systemic leakage at this scale could potentially emit equivalent or higher amount of CH   4   than CO   2   during its combustion. In the United States, the CH   4   emission has increased by 27% (39 MMTCO2e) from 1990 to 2009 due to the increase in natural gas consumption [109]. Therefore, the use of natural gas as primary energy mix should take appropriate risk assessment into consideration despite its superior specific CO   2   emission.



Oil and gas operations are likely the largest source of CH   4   emissions from the energy sector as compared to coal and biofuels [3]. Global oil- and gas-related CH   4   emissions in 2017 were estimated to be around 80 Mton. Specific CH   4   emissions from diesel and fuel oil are generally much higher than coal and natural gas according to Figure 12b. A substantial fraction of this is again due to the systemic leakage at the petrochemical facilities [110], and the mismatch in energy input and electricity generation data aforementioned. Fortunately, diesel and fuel oil are no longer the primary energy mix in any ASEAN countries.




4.3. Nitrous Oxide, N   2  O  Emission


Similar to CH   4  , the N   2  O emission is minor compared to the CO   2   emission, but it is far more potent than CO   2   and may lead to ozone depletion as well. The majority of the world N   2  O emission is from agricultural soil management (74%) and secondly from stationary combustion (8%), particularly from the power plants [111]. N   2  O emission is a by-product of fuel combustion, arising from oxidation of fuel nitrogen [112]. Since coal contains a higher content of nitrogen, the highest concentrations of N   2  O are observed in coal flames and the lowest levels in the natural gas flame [113].



Therefore, it is no surprise that more than 80% of the annual N   2  O emission in the Malaysia electricity sector is from coal power plants since 2003, two years after coal became the primary energy source. This is shown in Figure 13a. In comparison, the N   2  O emission from natural gas, diesel and fuel oil is relatively negligible. The specific N   2  O emission in Figure 13b, after accounting for the plant conversion efficiency, also shows that coal is consistently having nearly 20 times more specific N   2  O emission than natural gas. The diesel and fuel oil data are again influenced by the inconsistency in data available and hence not the interest of discussion here.



Other factors that contributed to the high specific N   2  O emission from coal power plant are the technology and combustion features, lack of pollution control equipment, and the surrounding environment [114]. Temperature optimization alone is insufficient in controlling the N   2  O emission in the combustion process. Instead, gas afterburning and solid-catalysed N   2  O decomposition are identified as the most promising measures for N   2  O emission abatement [115].




4.4. Indirect GHG Emissions


Besides the direct GHG emissions discussed above, there are a few indirect GHG emissions that are worth discussing. These are the sulphur-dioxide, SO   2  ; nitrogen oxide, NO   x   and carbon monoxide, CO emission. SO   2   emission is produced from the oxidation of sulphur impurities in many fossil fuels during combustion. When dissolved in rainwater droplets, SO   2   leads to sulphurous acid or acid rain formation. Heavy fuel oil is identified to emit the highest concentration of SO   2   emission, followed by coal then diesel oil, while natural gas is commonly regarded to have negligible sulphur content [116]. The purity level of fuel being used in power plants is not usually known, and may vary from one plant to another, hence making the calculation of SO   2   not reliable.



Most NO   x   is known to form through thermal NO   x  , resulting from the thermal dissociation and subsequent reaction between nitrogen and oxygen molecules during combustion. The amount of NO   x   emission is highly subjected to the combustion quality, i.e., the oxygen concentration, peak temperature and time of exposure at peak temperature. On the other hand, CO emission results from incomplete combustion of fossil fuel, subjected to variation of fuel oxidation efficiency and boiler size (high-temperature residence time). The presence of CO emission in atmosphere will affect the tropospheric (ground layer) ozone and indirectly accelerate the climate change and global warming [117].



In short, the emissions of indirect GHGs are subjected to a wide variety of local uncertainties such as the fuel and combustion quality variation from one power plant to another. This may be seen from the emission factor for indirect GHGs provided by [116], where it is further narrowed down to the exact type of fuel, its carbon content, and the combustion chamber/boiler being used and even the configuration of firing. While this will be useful for individual power plants in estimating their indirect GHGs emission, it offers very little help here without knowing the exact specification of each power plant that contributed to the energy data in Figure 4.



Thus, indirect GHG emission calculation will not be attempted here since it could never be as reliable as first-hand emission data. Nevertheless, de Gouw et al. [118] has shown that natural gas power plants in the United States are producing ∼40% less NO   x   and SO   2   after switching from coal.




4.5. Combined Specific GHG Emission


By combining the energy mix data from Section 3, the combined specific emission of Malaysia electricity generation sector throughout the last two decades could be calculated and given in Figure 14. The combined specific emission represents the associated GHG emission for every kWh of electricity consumed by end users in Malaysia. The major government incentive moves are also included in Figure 14 as a reference.



It is clear that government incentives are the prime mover of the Malaysia specific emission trend. Since the promotion of coal as a primary energy resource in 2000, the specific N   2  O emission has been gradually soaring upward over that decade. Towards the year 2010, the annual combined specific N   2  O emission is close to two times higher than at the beginning of the decade, and this is completely due to the coal power plant expansion.



A similar trend may be observed in the combined specific CO   2   emission. The shift from natural gas to coal for coping with the nation’s electricity demand leads to a 32% increase of combined specific CO   2   emission in that decade. The raise is less drastic compared to N   2  O as the specific N   2  O emission of coal is nearly 20 times that from natural gas. It is also due to the same government incentive, and the combined specific CH   4   emission remained within 10% in that decade.



In 2010, hydropower accounted for 5% of the total Malaysia energy mix. Since the numerous renewable energy policies that have been put in place, this number rose to 17% in the following seven years. In fact, the energy mix data show the expansion of all fossil fuel power plants had come to a halt since 2010, and all growing electricity demand was fulfilled mostly via hydropower generation.



The increase of renewable energy resources like hydropower brought a positive trend to the nation’s combined specific emission. From 2010 to 2017, the combined CO   2   and CH   4   emissions dropped by 6% and 13%, respectively. Although the combined N   2  O emission did not reduce like the other two GHGs, its gradual annual increment was radically decreased to 6% in that 7-year time period.





5. Discussion and Limitations


Malaysia is recognised as one of the fastest-growing GHG emissions countries in the world, with a compounded annual growth rate (CAGR) of 7.9% from 1990 to 2006 [28]. In order to replace the conventional fossil fuel as the primary energy mix, it is estimated that renewable generation needs to expand at the current rate for another two decades. However, Figure 9 indicates that 80% of the next 5-year plan for Malaysia power generation capacity expansion is still made up of natural gas combustion. Furthermore, it is impossible to completely discard the annual 120 TJ of generation from natural gas and coal. Thus, fossil fuel is still anticipated to be the primary energy mix in the coming decade.



The global natural gas demand is projected to rise at an annual rate of 18% until 2035, and the electricity sector is anticipated to be the primary end-use sector in driving the demand [119]. Many countries are continuously looking at ways to allow better use of natural gas as an alternative energy source to further reduce its carbon emissions [120]. Many of these are focused on the improvement of plant conversion efficiency. Likewise, the relatively low efficiency of many coal power plants in Malaysia will significantly increase the adverse effects on GHG emissions [92]. Coal power plant efficiency may be enhanced via the ultra-supercritical technology and clean coal technology such as the one utilised in the Manjung 4 Power Plant [121]. The Manjung 4 coal power plant is delivering 42% of daily conversion efficiency, compared to the global average of 33% [92,122].



Waste heat energy recovery (WHR) technology has also been gaining attention since the last decade as an effort to reduce the GHG emissions with fossil fuel generation [123,124,125]. Conventional WHR technology is expected to elevate the plant efficiency by some 4%, and studies have been ongoing to increase this number to close to 8% by compounding various WHR technologies [126,127]. However, most of these technologies are still in their early phase and could use some push from the government’s incentive to propel them.



There is still a long way to go for Malaysia to transform into a fully renewable energy mix. The major challenge of implementing new renewable energies always lies in their economical feasibility. Higher initial cost and a much longer payback period inevitably hindered the attractiveness of new technologies and their market penetration. On top of that, the technical factor in terms of the suitability of technology and availability of local expertise in these technologies is another difficulty to overcome [128].



Carbon neutral status can be achieved in two ways, i.e., carbon mitigation and carbon removal. The conventional carbon mitigation techniques are to phase out the fossil fuel power plant and replace it with the clean and renewable power source. Whereas carbon removal techniques rely on natural or artificial sinks to capture and remove the carbon in the air, during the transition to achieve net-zero emissions, before all combustion power plants are obsoleted, the use of alternative (carbon-neutral) fuel is foreseen to take off as the substitution of conventional fossil fuel [129,130,131].



Another energy-consuming sector that should not be overlooked is the transportation sector that contributed 16% to the global CO   2   emission (Figure 1). To date, the Malaysia transportation sector is almost exclusively relying on fossil fuel combustion. The global promotion of electric vehicles in recent years will further increase the electricity demand on top of the nation’s economic growth. Therefore, a decision should be made by taking the specific GHG emission of the nation’s energy mix into consideration. This topic alone deserves a dedicated discussion and hence will not be covered in this study.



Even though the present study places emphasis on the electricity sector in Malaysia, the implication on energy policy, from the finding of this study, is generally applicable to countries with a similar energy mix. This is particularly true for the Asian countries that are still heavily relying on fossil fuels to cope with the surge in electricity demand caused by the rising industrial sector. The choice of renewable energy, however, is more often subjected to geopolitical influence and varies from country to country. Nonetheless, similar underlying difficulties owned by each energy source, as discussed in this paper, are commonly found in many developing countries.




6. Conclusions and Recommendations


In summary, this paper presented the energy mix for electricity generation in Malaysia from 1995 to 2017 and the corresponding evolution in GHG emissions. To date, Malaysia’s power generation is still dominated by the two major sources of fossil fuels, which is natural gas and coal, leaving renewable resources to play catch up. The government’s incentive proved to be the prime mover of the energy mix, more than any other factors. On average, it took a decade for a significant reduction in specific GHG emission to be visible from the government’s energy policy implementation.



Among fossil fuel energy, coal generation is the largest contributor to CO   2   and N   2  O emissions in the electricity sector. Most CH   4   emission is from the systemic leakage during natural gas transport and the coal mining process. However, for renewable energy, the share of hydropower in Malaysia’s electricity generation mix is expected to expand continuously. The ever-cheaper solar panel module worldwide is making it the next favourable large-scale renewable energy option. Together with biogas and biomass, for which their usage is yet to be maximized, these are the four prospect primary renewable resources for the electricity generation mix in Malaysia. The shift in Malaysia government’s incentive in the primary resource in the last two decades or so leads to clear changes in the trend of specific GHG emissions. Particularly, the renewable energy policies implemented at the end of the last decade has successfully lowered the combined specific CO   2   and CH   4   emissions and suppressed the increment of specific N   2  O emission.



To this end, the next incentive of Malaysia government will be paramount, as evidenced in the past two decades. Therefore, two implications for future energy policy may be summarised from the current study. Firstly, resource diversification of energy security was the main driving force of past energy policies in Malaysia. Moving forward, the factor of GHG emissions must also be included in the equation, though the often-unseen environmental complication from renewable energy must not be neglected. Secondly, the complete substitution of fossil fuel in energy mix is not imminent; hence, the contribution of other zero-emission renewable energy resources, improvement in conventional carbon mitigation techniques, and upcoming carbon removal techniques will be vital in cutting down the specific GHG emissions from Malaysia’s electricity generation sector towards achieving a net-zero carbon nation.



The current study focused only on the electricity sector—the largest source of CO   2   emissions. For a complete GHG emissions scenario in Malaysia, the future study shall look into the transportation, agricultural and industrial processes in Malaysia. This would not only benefit the policymakers, but also the end-users in understanding the carbon footprint associated with their activities.
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Figure 1. Sources of total    C O  2   worldwide [25,26]. 
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Figure 2. Percentage of energy inputs use for electricity production (%) in ASEAN countries in 2017 [3]. 
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Figure 4. Energy input in power station from 1995 to 2017 [37,43]. 
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Figure 5. Percentage of energy input in power stations. 
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Figure 6. Electricity generation from 1995 to 2017 [37,43]. 
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Figure 7. Summary of major energy policies in Malaysia from 1975 to 2020. 
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Figure 8. (a) Production, consumption, & net exports of natural gas [37]; (b) coal import by country, averaged between 2011 to 2013 [51]. 
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Figure 9. Malaysia power plant capacity expansion plan till 2025 [59]. 
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Figure 10. (a) Total annual and (b) specific CO   2   emissions from Malaysia electricity generation sector from 1995 to 2017. 
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Figure 11. (a) Specific cost of resource for 1 TJ of energy input (MYR/TJ); (b) specific cost (USD/TWh) and specific CO   2   emission (kg/kWh) of natural coal and coal for ASEAN countries. 
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Figure 12. (a) Total annual and (b) specific CH   4   emissions from Malaysia electricity generation sector from 1995 to 2017. 
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Figure 13. (a) Total annual and (b) specific N   2  O emissions from Malaysia electricity generation sector from 1995 to 2017. 
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Figure 14. Combined specific emission from Malaysia electricity generation sector from 1995 to 2017. 
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Table 1. Emission factors for stationary combustion in the energy industries [94].
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	Fuel Type
	CO    2   

(kg/TJ)
	CH    4   

(kg/TJ)
	N    2   O

(kg/TJ)





	Natural gas
	56,100
	1
	0.1



	Residual fuel oil
	77,400
	3
	0.6



	Diesel oil
	74,100
	3
	0.6



	Other bituminous coal
	94,600
	1
	1.5



	Sub-bituminous coal
	96,100
	1
	1.5



	Industrial waste (Biomass)
	143,000
	30
	4



	Other biogas
	54,600
	1
	0.1
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