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Abstract: This study examined the potential of electricity generation from biogas and heat energy 
arising from municipal solid waste (MSW) collected from the year 2021 to 2045 using anaerobic 
digestion (AD) and incineration (INC) technologies. The goal of this paper is to evaluate the economic 
and environmental benefits of implementing the aforementioned technologies in Lesotho. The 
environmental impact was assessed by using the life cycle assessment strategy based on global 
warming potential for three scenarios, while the economic assessment was carried out by using the net 
present value (NPV), levelized cost of energy (LCOE) and total life cycle cost. The key findings show 
that, over 25 years (2021–2045), MSW generation will range from 185.855 to 513.587 kilotons. The 
methane yield for the duration of the project for AD technology is 44.67–126.56 thousand cubic meters 
per year. Moreover, the electricity generation will range from 0.336–0.887 GWh for AD technology 
and 17.15–45.34 GWh for INC technology. Economically, the results demonstrated that the two waste-
to-energy technologies are viable, as evidenced by their positive NPV. The NPV for AD was about 
USD 0.514 million, and that for INC technology was USD 339.65 million. AD and INC have LCOEs 
of 0.029 and 0.0023 USD/kWh, respectively. The findings demonstrate that AD can minimize the 
potential for global warming by 95%, signifying a huge environmental advantage. This paper serves 
to provide the government, as well as the investors, with current and trustworthy information on waste-
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to-energy technologies in terms of costs, execution and worldwide effect, which could aid optimal 
decision-making in waste-to-energy projects in Lesotho.  

Keywords: anaerobic digestion; biogas; heat energy; incineration technology; Lesotho 
 

1. Introduction 

Increasing population growth, economic improvement and industrialization in developing nations 
account for a portion of the accelerating rate of municipal solid waste (MSW) production and rising 
energy demand. Studies have demonstrated that, because there is no sustainable MSW management 
in these nations, most of the MSW is not thrown away hygienically. It is also documented that, in 
the last 20 years, most developing African countries have been struggling with the management of 
waste in general [1,2], and the collection efficiency of MSW is below 50% [3]. In countries like 
Lesotho, sustainable MSW administration is a fundamental pathway for an economical pollution-
free environment [4]. Numerous studies have found that the majority of MSW in these nations is 
organic [5,6], which results in significant emissions of greenhouse gases (GHGs) that have detrimental 
effects on both human health and the environment [7]. Methane (𝐶𝐶𝐶𝐶4) and carbon dioxide (𝐶𝐶𝐶𝐶2) gases 
make up the majority of GHG emissions. It was generally believed globally that, by going entirely 
green in terms of creating power and producing transportation fuels, environmental degradation could 
be avoided and the entire world would be safer [8]. Methane (𝐶𝐶𝐶𝐶4) is one of the main types of GHGs 
that makes up 50–55% of landfill gas (LFG) and has a 25 times greater global warming potential (GWP) 
than carbon dioxide (𝐶𝐶𝐶𝐶2 ) [9,10]. Methane is produced by the organic portion of MSW that goes 
through anaerobic biodegradation of MSW in landfills. The most common way of disposing of trash 
in these poor nations is land filling. In Lesotho, all of the MSW is landfilled with no LFG being 
recovered for use. Using waste-to-energy (WtE) technology to recover energy from the disposed solid 
waste is one method of managing MSW. Based on the composition of Lesotho MSW, Sechoala et al. 
claim that LFG to energy, anaerobic digestion (AD) and incineration (INC) technologies are the most 
appropriate types of energy recovery for the country [4,11,12]. According to Cudjoe and Acquah [13], 
INC technology has the capability of reducing the mass of MSW that was supposed to be landfilled 
by 70% to 90%. The air pollution control of INC technology is considered to be safer and more 
efficient; apart from avoiding methane emissions, it also reduces water and soil erosion [14]. As a 
result, there are about 1179 MSW incineration plants around the world, and this shows that many 
countries have opted for INC technology. In 2015, China incinerated around 26.16 million tons of 
MSW through 220 incinerators [15].  

It is affirmed that Denmark and Japan incinerate more than 65% of their MSW [16]. INC 
technology is also used in Africa, mostly without the intention of harnessing electricity generation, as 
it is purposed to destroy inert hazardous and medical waste [12]. However, if not practiced 
appropriately, INC can be very harmful to the environment through direct emissions that result from 
the combustion. Consequently, it is essential to invest in flue gas cleaning technology that helps to 
reduce the amount of pollutants emitted into the atmosphere. In contrast, another proposed method 
is AD technology, which is among the most widely utilized energy recovery technologies in the 
world [17]. AD technology is used to treat a variety of organic materials, such as food scraps, 
agricultural waste, livestock manure, municipal waste and wastewater [18]. It is the decomposition of 
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solid waste by microorganisms in an oxygen-free framework, which results in the emission of biogas. 
AD technology has the ability to harvest high-quality biogas and inoculants for agricultural reasons. 
AD has gained more popularity in the western world, with over 17,000 plants as recorded in 2016 [19]. 
It also reduces bad smells, destroys pathogens and produces a raw material that can be processed 
further for agricultural purposes. Even though the viability of AD has been proven in countries, it still 
faces the obstacles of high solid content and delayed biodegradability [20].  

Like most developing countries, Lesotho faces the pressing issue of fast-growing MSW 
generation and insufficient electricity [6,11]. It is documented that African countries lose 1–5% of their 
gross domestic product (GDP) due to insufficiency of the electricity supply [12]. On the other hand, 
there are several studies which articulated the management of MSW in the capital city (Maseru), and 
WtE technology in selected districts [4,5,11,21–23]. Mvuma addressed the economic impact of waste 
in least developing countries [4], using Lesotho as a case study, and Hapazari looked into the 
generation of waste and its management in relation to producing clay brick [21]. The environmental 
hazard posed by GHG emissions will be eliminated, and monetary gain can be made by trading 
electricity with nearby areas due to the application of AD and INC WtE technologies [24]. Similarly, 
Taele [25] discussed the potential of renewable energy technologies for Lesotho's rural development, 
and it was found that biomass and biogas are two potential technologies that could be used to produce 
energy.  

To prevent initiatives from failing financially, it is crucial to evaluate their economic viability 
before implementation of such a project. Landfilling is alleged to be the most economical way to 
dispose of MSW in poor nations [25,26]. Although these WtE technology techniques are thought to be 
cost-effective, they are the cause of land loss and have a negative effect on the environment [27]. Thus, 
the following are the study's goals:  

• To assess the viability of deploying AD and INC technologies for MSW-based electricity 
generation in Lesotho's industrialized districts.  

• To detect and assess any potential environmental effects of the application of the two WtE 
technologies outlined above.  

The available literature data were used to calculate MSW generation, potential methane emissions 
and the amount of power that can be produced by using collected methane. Additionally, the study 
assesses the potential for global warming and acidification, as well as potential economic viability 
from the dumped MSW in Lesotho. The study will bridge the gap between Lesotho's inadequate 
electricity supply and environmental sustainability while also supplying governments and investors 
with scientific data that will help in decision-making. To the best of our knowledge, no comparable 
research under energy recovery from MSW has been undertaken in Lesotho to date. 

2. Materials and methods 

2.1. Area of study and framework 

Concurring with the Bureau of Statistics (BoS) Lesotho, 65% of Lesotho's population resides in 
urban areas [28]. This is probable because industrialization and service accessibility are more prominent 
in urban regions. This study focuses on the region of Lesotho's Lowlands, which consists of 10 districts, 
separated into four distinct ecological zones. The districts of focus include Mafeteng, Maseru, Berea 
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and Leribe. In terms of occupancy, Maseru is the most populated one, followed by Leribe, Berea and 
Mafeteng.  

The study's structure and the method of harvesting MSW to generate power are depicted in 
Figure 1. The investigation involves both thermochemical and biochemical processes. MSW is the 
input to this structure, the WtE technologies (AD and INC) are the process and the biogas and heat 
energy are the outputs. Each product is utilized to produce electricity via the corresponding engine.  

 

Figure 1. Simplified WtE technology block diagram for AD and INC technologies.  

2.2. Projection of population and generation of MSW 

According to Alao et al., population growth and GDP have a direct impact on the production of 
MSW [29]. In determining the population of Lesotho, the policy stipulates that the census must be 
conducted every 10 years. However, as a developing nation with a largely uneducated populace, there 
is no policy as to restricting or controlling the population growth rate in Lesotho. Therefore, it is 
beyond the scope of this study to include any policy regarding the population growth rate/factor. In 
this study, the Lesotho BoS database was consulted to extrapolate the population from 2020 to 2045. 

According to the population settlement, 65% of Lesotho's population resides in urban areas [28]. 
Figure 2 displays the population growth of Lesotho; the method of projecting the population is used to 
determine the annual population as follows:  

𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏�1 + 𝑃𝑃𝑔𝑔�
𝑡𝑡                                                       (1) 

𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 represents the population's reference point, 𝑃𝑃𝑔𝑔 reflects the population increase and t is the time of 
interest for the project.  
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Figure 2. Population growth projection for Lesotho. 

According to this investigation's findings, 75% of waste is assumed to be delivered to disposal 
sites. The amount of municipal solid garbage created is determined by the amount of waste generated 
per population and the categories of waste generated in a country [18,23,30]. Figure 3 shows the solid 
waste composition of Lesotho. Per capita waste production in this study was taken as 0.5 kg/capita/day 
from 2020 to 2025, and 0.8 kg/capita/day from 2026–2045. The annual volume of waste brought to 
the WtE plant is measured as follows:  

𝑀𝑀𝑊𝑊𝑊𝑊𝑊𝑊(𝑖𝑖) = 𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡 × 𝑤𝑤𝑝𝑝𝑝𝑝 × 365 × 0.75 × 𝑓𝑓(𝑖𝑖)(𝑘𝑘𝑘𝑘 𝑦𝑦𝑦𝑦⁄ )                               (2) 

where 𝑤𝑤𝑝𝑝𝑝𝑝 is the waste generation per capita and 𝑓𝑓(𝑖𝑖) is the proportion of garbage committed to each 
type of WtE technology. 
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Figure 3. MSW composition of Lesotho urban areas [4,5]. 

2.3. Production of electrical energy using AD and INC technologies 

This component of the study determines the potential electrical energy that can be harvested using 
AD and INC technologies. The electricity generation from both technologies is depicted in Table 1.  

2.3.1. Potential for electricity generation using AD technology  

Food waste is harnessed through the use of AD technology inside a digester to produce electrical 
energy. During this process, food waste decomposes and biogas is generated. The biogas is therefore 
channeled to the internal combustion engine (ICE) with the intention of generating electricity. The 
electricity under this section can be calculated as follows:  

𝐸𝐸𝐴𝐴𝐴𝐴 = 0.85×𝜂𝜂×𝐿𝐿𝐿𝐿𝐿𝐿×𝑀𝑀𝐴𝐴𝐴𝐴
𝐶𝐶𝐶𝐶

                                                         (3) 

where η is the thermal efficiency, 𝑀𝑀𝐴𝐴𝐴𝐴 is the putrescible solid waste and 𝐶𝐶𝐶𝐶 represents the conversion 
factor and is given as 3.6.  

2.3.2. Electricity generation potential of INC technology 

The potential amount of energy that can be created by INC technology can be calculated using 
the following formula:  

𝐸𝐸𝐼𝐼𝑁𝑁𝑁𝑁 = 𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝐿𝐿𝐿𝐿𝐿𝐿 + 𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒 + 0.913                                           (4) 

where 𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the combustible MSW and 𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒 represents the heat-to-electrical energy factor and is 
given as 25%. The plant is assumed to run at least 334 days per year.  
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Table 1. Electrical energy projection of AD and INC technologies [22,23].  

Year AD INC 
 GWh 
2021 0.335 17.154 
2022 0.353 18.064 
2023 0.371 18.987 
2024 0.395 20.183 
2025 0.413 21.133 
2026 0.432 22.102 
2027 0.457 23.354 
2028 0.477 24.360 
2029 0.497 25.384 
2030 0.522 26.703 
2031 0.543 27.763 
2032 0.564 28.833 
2033 0.591 30.199 
2034 0.612 31.294 
2035 0.634 32.401 
2036 0.661 33.810 
2037 0.684 34.944 
2038 0.706 36.086 
2039 0.734 37.535 
2040 0.757 38.702 
2041 0.781 39.928 
2042 0.810 41.417 
2043 0.834 42.616 
2044 0.857 43.820 
2045 0.887 45.343 

2.4. Evaluation of economic feasibility of WtE technologies 

Before capitalizing on any project, it is important to know its economic viability. During this stage 
of the research project, an investigation into the economic viability of AD and INC in certain parts of 
Lesotho was carried out. For the evaluation, the following metrics were computed: payback period, 
total life cycle cost (TLCC), net present value (NPV) and levelized cost of energy (LCOE). The 
economic evaluation of this WtE technology is at a point where it is ideal for investment by both the 
government and private investors.  

2.4.1. NPV 

A dollar's present value is contrasted with its future value while accounting for inflation and 
returns. NPV is the appellation for this comparison. By examining the cash inflows and outflows from 
revenues over the course of the project, it is determined [31]. Revenues, tax breaks and subsidies are 
examples of cash inflows, whereas investments, maintenance costs and income taxes are examples of 
cash outflows. The indices listed in Table 2 were taken into account for this analysis.  
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Table 2. Lesotho's economic indicators [32,33]. 

Indices Rate of inflation (e) Nominal 
discount rate 

Marginal tax 
rate  

Electricity cost 
(USD/kWh) 

Project lifespan 

Value  5.70% 10.05% 25% 0.15 (AD)  
0.11 (INC) 

25 

A potential project should be approved if its NPV is positive, because it is economically 
feasible [34]. The two techniques of WtE technology in this study's NPV were as follows: 

𝑁𝑁𝑁𝑁𝑉𝑉(𝑖𝑖) = �
𝐹𝐹𝑛𝑛

(1 + 𝑑𝑑𝑟𝑟)𝑛𝑛

𝑁𝑁

𝑛𝑛=0

= 𝐹𝐹0 +
𝐹𝐹1

(1 + 𝑑𝑑𝑟𝑟)1 +
𝐹𝐹2

(1 + 𝑑𝑑𝑟𝑟)2 +. . . +
𝐹𝐹𝑁𝑁

(1 + 𝑑𝑑𝑟𝑟)𝑁𝑁                             (5) 

where 𝐹𝐹0 is equal to the project's initial investment cost, 𝑑𝑑𝑟𝑟 is the real discount rate per year and 𝐹𝐹𝑛𝑛 is 
the net cash flow rate. Additionally, i stands for the WtE technology type, which could either be INC 
or AD, and n denotes the overall length of time of study. 𝐹𝐹𝑛𝑛 and 𝑑𝑑𝑟𝑟 are clarified as follows:  

𝐹𝐹𝑛𝑛 = ℜ𝑣𝑣(𝑖𝑖) − 𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿(𝑖𝑖) − 𝐶𝐶𝑂𝑂𝑂𝑂 − 𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡                                           (6) 

𝑑𝑑𝑟𝑟 = �1+𝑑𝑑𝑛𝑛
1+𝑒𝑒

� − 1                                                                (7) 

where 𝑅𝑅𝑅𝑅𝑅𝑅(𝑖𝑖)  is the amount of income generated by the project, 𝐼𝐼𝐼𝐼𝐼𝐼𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿  is the overall investment 
expense, 𝐶𝐶𝑂𝑂𝑂𝑂  is the cost of operation and maintenance and 𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡  is the amount of tax owed on the 
project's profit. Under the discount rate, 𝑑𝑑𝑛𝑛 is the nominal discount rate, assumed to be 10.05%, and e 
is the rate of inflation, assumed to be 5.7% [32]. Alternatively, revenue and tax paid were determined 
by using the following formula: 

ℜ𝑣𝑣(𝑖𝑖) = 𝐸𝐸𝑝𝑝(𝑖𝑖) × 𝐹𝐹𝑑𝑑                                                                (8) 

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑃𝑃𝑅𝑅𝑖𝑖 × 𝑇𝑇𝑇𝑇𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚                                                             (9) 

where 𝑃𝑃𝑃𝑃𝑖𝑖 is the money raised from utilizing a particular type of WtE technology, 𝐸𝐸𝑝𝑝 is the overall 
amount of electrical energy obtained from the considered WtE technology, 𝐹𝐹𝑑𝑑 is the cost of sale of 
electricity in USD/kWh (1 USD = R15) according to projections made by the Lesotho Electricity and 
Water Authority and 𝑇𝑇𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 reflects the marginal tax of Lesotho, and it was taken from the Central 
Bank of Lesotho (CBL) [32]. Table 2 contains the data used for this consideration.  

Computation of the capital expenditure and cost of operation and maintenance of AD technology 

According to Cudjoe et al. [19], investment costs, operating costs and maintenance costs for AD 
technology can be calculated as follows: 

 

𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖 = 51827.082 × 𝑀𝑀𝑓𝑓(𝐴𝐴𝐴𝐴)
0.55                                                 (10) 

𝐶𝐶𝑂𝑂𝑀𝑀 = 25340.71553 × 𝑀𝑀𝑓𝑓(𝐴𝐴𝐴𝐴)
−0.61                                            (11) 

where 𝑀𝑀𝑓𝑓(𝐴𝐴𝐴𝐴) is the capacity of the system in tons/year.  



345 

AIMS Energy  Volume 11, Issue 2, 337–357. 

Determination of investment, operation and maintenance costs of INC technology 

The initial investment cost, together with the operation and maintenance costs of the INC 
technology, may be computed based on the following [31]:  

𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖 = 4900 × 𝑀𝑀𝑓𝑓(𝐼𝐼𝐼𝐼𝐼𝐼)
0.8 × 𝑄𝑄 × 𝑅𝑅 × 𝑆𝑆                                          (12) 

𝐶𝐶𝑂𝑂𝑂𝑂 = 700 × 𝑀𝑀𝑓𝑓(𝐼𝐼𝐼𝐼𝐼𝐼)
−0.29 × 𝑄𝑄 × 𝑅𝑅 × 𝑆𝑆                                            (13) 

where 𝑀𝑀𝑓𝑓(𝐼𝐼𝐼𝐼𝐼𝐼) specifies the amount of MSW that is flammable. Q is the USD-to-EUR exchange rate 
of 1.0815, R is the inflation rate of 0.057 [33] and S is the Euro-to-USD purchasing power parity 
adjustment of 1.0400 [33].  

2.4.2. LCOE 

LCOE is the minimal price per kWh at which the power produced must be sold for the project to 
break even during its lifetime [35]. According to Ayodele et al., the break-even point is reached when 
the capital cost of the project matches the operating and maintenance expenditures [36]. By using the 
NREL [37] technique, the economically feasible technology in WtE technology is distinguished as 
follows: 

𝐿𝐿𝐿𝐿𝐿𝐿𝐸𝐸(𝑖𝑖) = �𝑇𝑇𝑇𝑇𝑇𝑇𝐶𝐶(𝑖𝑖)

𝐸𝐸𝐺𝐺(𝑖𝑖)
�𝐶𝐶𝐶𝐶𝐶𝐶                                                    (14) 

where TLCC represents the total project life cycle cost and CRF represents the capital recovery factor. 
According to Cudjoe and Han [38], the aforementioned TLCC and CRF can be computed over the 
duration of the project as follows:  

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + �
𝐶𝐶𝑂𝑂𝑂𝑂(𝑖𝑖)

(1 + 𝑑𝑑𝑛𝑛)

𝑁𝑁

𝑛𝑛=1

                                         (15) 

                                                                      𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑑𝑑𝑛𝑛(1+𝑑𝑑𝑛𝑛)𝑁𝑁

(1+𝑑𝑑𝑛𝑛)𝑁𝑁−1
                                                               (16) 

2.5. Life cycle assessment-based evaluation of the environmental impact of WtE technologies 

This study utilized a life cycle assessment (LCA) as a technique to assess the environmental 
implications of WtE projects over the course of their lifetime [39–41]. At this juncture, the focus is on 
the two aforementioned technologies, so the LCA was employed to evaluate the environmental impact 
of biogas production from AD and heat from the process of combustion. In this situation, all 
environmental problems resulting from the production of a solid waste product are disregarded. This 
section is based on International Organization for Standardization standard ISO 14404/43, since the 
objective was to evaluate the decrease in GHG emissions resulting from the deployment of WtE 
projects (i.e., AD and INC technologies) in Lesotho [38]. GHG is a mixture of several gases, including 
methane (𝐶𝐶𝐶𝐶4), carbon dioxide (𝐶𝐶𝐶𝐶2), nitrous oxide (𝑁𝑁2𝑂𝑂), perfluorocarbons, sulfur hexafluoride (SF6) 
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and hydrofluorocarbons [37]. In this study, the probability for MSW management to contribute to global 
warming was evaluated using the following scenarios: 

Scenario A: In this plan, the majority of MSW (putrescible and combustible waste) is landfilled 
without energy recovery. The recyclables are not disposed of in landfills; hence, they are not considered 
in this analysis. This form of MSW practice is prevalent in impoverished nations, and Lesotho is no 
exception. 

Scenario B: Here, putrescible waste is transported to the AD plant, it is placed inside a digester 
and processed. The captured biogas from this technique is subsequently used to generate power through 
an ICE. During this energy recovery, digestate is produced as a by-product, and it can be processed 
further to produce fertilizer; however, it is neglected in this study.  

Scenario C: In this scheme, the dry waste in the form of combustibles is delivered to the INC plant. 
The waste is then deposited in an incinerator and burned to generate steam that will be utilized to 
produce power using a steam engine. The heat energy from this process can also be used for teleheating. 

2.5.1. Potential global warming under Scenario A  

All MSW is disposed of in a landfill without energy recovery in this scenario. Garbage is not 
sorted before disposal in landfills; energy recovery from waste is not currently practiced, despite 
interest in WtE technology; nor is leachate treated [42]. The anaerobic decomposition of biodegradable 
waste emits methane (𝐶𝐶𝐶𝐶4), carbon dioxide (CO2), as well as trace amounts of hydrogen sulphide (H2S), 
hydrochloric acid gas (HCl), hydrogen fluoride (HF) and other chemical substances [7].  

According to the International Renewable Energy Agency, plastic waste and other inert materials 
do not contribute to the generation of LFG [43]. The environmental harm posed by GHGs includes all 
of these gases, although methane is the most significant emitter. Its contribution to climate change and 
the loss of the ozone layer is 25 times that of 𝐶𝐶𝐶𝐶2 [30]. In light of the Cudjoe et al. argument, the 
quantity of 𝐶𝐶𝐶𝐶2 emitted by the putrescible waste is equal to the amount of 𝐶𝐶𝐶𝐶2 absorbed by the matter 
during its life cycle [44], so the focus of this investigation is on methane production. According to the 
IPCC (2006), 90% of the produced methane is released into the atmosphere, while the remaining 10% 
is immediately converted to carbon dioxide by bacteria [45]. The LandGEM mathematical model was 
used to determine the annual emission rate of methane for 25 years (2021 to 2045). Therefore, in the 
equation applied to determine the methane emission equivalent of carbon dioxide for an untreated 
landfill, the volume of methane can be multiplied by the GWP:  

𝐶𝐶𝐻𝐻4(𝑘𝑘𝑘𝑘𝑘𝑘𝑂𝑂2𝑒𝑒𝑒𝑒) = 𝐶𝐶𝐻𝐻4(𝐿𝐿𝐿𝐿𝐿𝐿) × 0.9 × 𝐺𝐺𝐺𝐺𝑃𝑃(𝐶𝐶𝐻𝐻4) × 6.67 × 10−4 × 1000             (17) 

where 𝐺𝐺𝐺𝐺𝐺𝐺(𝐶𝐶𝐶𝐶4)  is the GWP of methane and is assumed to be 25 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘2  [30], and 0.000667 is the 
LandGEM model conversion factor from 𝑚𝑚3 𝑦𝑦𝑦𝑦⁄  to 𝑡𝑡𝑡𝑡𝑡𝑡 𝑦𝑦𝑦𝑦⁄ .  

2.5.2. Potential global warming under Scenario B 

Carbon dioxide is produced during the combustion of biogas inside a CHP or ICE plant that is of 
biogenic origin, which are assumed to be carbon-neutral. In this scenario, the emission of 𝐶𝐶𝐶𝐶4 and 
nitrogen dioxide (𝑁𝑁𝑁𝑁2) is ignored due to the small amount [46]. However, there will still be minor 𝐶𝐶𝐶𝐶4 
emissions from the reactor, which is the largest contributor to GHG emissions in AD facilities. As per 
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the Intergovernmental Panel on Climate Change and Mohareb et al., the biogas digester only spills 5% 
of its biogas [46,47]. The amount of methane leaking from the digester is obtained as follows: 

𝑀𝑀𝐶𝐶𝐶𝐶4(𝐴𝐴𝐴𝐴) = 0.05 × 𝐶𝐶𝐻𝐻4(𝐴𝐴𝐴𝐴) × 𝜌𝜌𝐶𝐶𝐶𝐶4                                                (18) 

where 𝐶𝐶𝐶𝐶4(𝐴𝐴𝐴𝐴) is the actual amount of methane emitted into the environment during the AD process, 0.05 
represents the 5% leakage from the digester and 𝜌𝜌𝐶𝐶𝐶𝐶4 is the density of methane, which is assumed to 
be 0.717 𝑘𝑘𝑘𝑘 𝑚𝑚3⁄   [46,47]. Figure 4 depicts the effects of AD adaptation prior to and following gas 
recovery. However, the carbon dioxide equivalent of methane for this leak can be calculated as follows:  

𝐴𝐴𝐷𝐷𝐺𝐺𝐺𝐺𝐺𝐺(𝑘𝑘𝑘𝑘𝑘𝑘𝑂𝑂2𝑒𝑒𝑒𝑒) = 𝑀𝑀𝐶𝐶𝐶𝐶4(𝐴𝐴𝐴𝐴) × 𝐶𝐶𝐶𝐶4(𝐺𝐺𝐺𝐺𝐺𝐺)                                      (19) 

where 𝐶𝐶𝐶𝐶4(𝐺𝐺𝐺𝐺𝐺𝐺) represents the GWP of methane equivalent to carbon dioxide; 25 𝑘𝑘𝑘𝑘𝐶𝐶𝐶𝐶2 is used [30].  

 

Figure 4. Global warming potential from AD technology. 

2.5.3. Potential global warming under Scenario C  

A thermochemical process implies the controlled heating or oxidation of MSW to produce heat. 
Moreover, under this section of the study, MSW is combusted inside a burn/water walled design INC 
plant with appropriate capacity. According to Ayodele et al., for this process to operate efficiently, an 
air pollution control system that includes an acid gas control spray dryer, activated carbon injection 
control to deal with mercury, urea or ammonia injection and filtering systems in terms of bag houses 
for particulate matter are engaged [31]. As a result of INC, the emitted GHGs include 𝐶𝐶𝐶𝐶2, 𝐶𝐶𝐶𝐶4 and 
𝑁𝑁2𝑂𝑂 [32]. Additionally, depending on the characteristics of the waste, other pollutants like heavy metals, 
NOx, HF, 𝑆𝑆𝑆𝑆2 and HCl are released into the atmosphere [48]. In addition to gaseous emissions, bottom 
and fly ash comprise 20 to 30% and 2 to 6%, respectively, of the total feedstock [7,49–51]. This 
procedure uses the IPCC's 2006 and USA EPA’s mathematical models to determine national GHG 
inventories and emissions for criterion air pollutants, acid gases and dioxins and furans, 
respectively [52,53]. The GHGs were calculated by determining the emissions of carbon dioxide from 
the INC process and the total anthropogenic methane, including nitrous oxide emissions converted to 
the carbon dioxide equivalent, and then adding them together. The 𝐶𝐶𝐶𝐶2  emitted from INC was 
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determined by finding the product of fossil carbon, combustible MSW, the oxidation factor and 
conversion from carbon to carbon dioxide (𝐶𝐶𝐶𝐶2 ). Other emissions were determined by the waste's 
heating value, whereas the anthropogenic or non-biogenic origins of 𝐶𝐶𝐶𝐶2 and 𝑁𝑁2𝑂𝑂 were respectively 
determined by the carbon and nitrogen contents of each component of burnt MSW. Consequently, the 
direct combustion of MSW is equal to the sum of the two emissions converted to 𝐶𝐶𝐶𝐶2 equivalent using 
the 100-year GWP [25,54]. Only GHG emissions originating from plastic, paper and textile waste were 
considered for this study, and they can be calculated as follows:  

𝐸𝐸𝐺𝐺𝐺𝐺𝐺𝐺 = 𝐸𝐸𝐶𝐶𝐶𝐶2 + �𝐸𝐸𝑘𝑘

𝑛𝑛

𝑘𝑘=1

                                                                                   (20) 

where k denotes the type of GHG under consideration. 𝐸𝐸𝐺𝐺𝐺𝐺𝐺𝐺 is the emission of GHGs from the process 
of INC, 𝐸𝐸𝐶𝐶𝐶𝐶2  is the emission of carbon dioxide that results from INC and 𝐸𝐸𝑘𝑘  refers to the total 
anthropogenic 𝐶𝐶𝐶𝐶4 and 𝑁𝑁2𝑂𝑂 emissions converted to 𝐶𝐶𝐶𝐶2 equivalent [7,55]. 

𝐸𝐸𝐶𝐶𝐶𝐶2 = 𝐹𝐹𝐹𝐹 × 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 × 𝛼𝛼 × 𝑀𝑀𝐶𝐶𝐶𝐶2
𝑀𝑀𝐶𝐶

                                           (21) 

where FC is the fossil carbon component (fossil carbon fraction in percentage of plastic and paper total 
carbon is 1 and 100, respectively), 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 is the amount of combustible MSW, α is the oxidation 
factor (taken as 1) [47], the conversion factor of 𝑀𝑀𝐶𝐶𝐶𝐶2= 44 kg/mole and 𝑀𝑀𝐶𝐶= 12 kg/mole represents the 
element of carbon to carbon dioxide [41,56].  

𝐸𝐸𝑘𝑘 = 𝐸𝐸𝐹𝐹𝑘𝑘 × 𝐺𝐺𝐺𝐺𝑃𝑃𝑘𝑘 × 𝐿𝐿𝐿𝐿𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 × 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 × %𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎ℎ𝑟𝑟                          (22) 

where 𝐸𝐸𝐸𝐸𝑘𝑘  represents the emission factor for 30 kg/TJ for methane and 4 kg/TJ for nitrous oxide, 
respectively [45] and k denotes the fraction of emission (𝐶𝐶𝐶𝐶4 or 𝑁𝑁2𝑂𝑂) under consideration; 𝐺𝐺𝐺𝐺𝐺𝐺𝑘𝑘 is the 
GWP equivalent to 25 kg𝐶𝐶𝐶𝐶2 [30], 𝐿𝐿𝐿𝐿𝐿𝐿𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎 is the lower heating value of the burned waste, considered 
as 37.2 MJ/m3, and 𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎ℎ𝑟𝑟 is the 20% anthropogenic component of the combustible MSW. The results 
of incinerating municipal waste with the intention of producing heat are illustrated in Figure 5.  

 

Figure 5. Potential global warming caused by INC technology. 
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Projection of acidification potential emissions 

During the process of INC, there are emissions of gases like 𝑆𝑆𝑆𝑆2 , 𝑁𝑁𝑁𝑁𝑥𝑥 , HF, HCl and 𝐻𝐻2𝑆𝑆  are 
emitted into the atmosphere [13]. According to Cudjoe et al., the emission of these gases results in acid 
rain and forest demeaning; however, in this study, only HCl and 𝑆𝑆𝑆𝑆2  were regarded as the major 
contributors of acid rain [19]. Therefore, to determine the emission of these acid rain-causing gases, the 
product of acid gases (HCl and 𝑆𝑆𝑆𝑆2) needs to be measured in the equivalent of sulfur dioxide (𝑆𝑆𝑆𝑆2𝑒𝑒𝑒𝑒); 
the potential of acidification can be determined as follows:   

𝐸𝐸𝐼𝐼𝐼𝐼𝐼𝐼(𝑎𝑎𝑎𝑎) = 𝐸𝐸𝑆𝑆𝑂𝑂2 × 𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻                                                         (23) 

where 𝐸𝐸𝑆𝑆𝑆𝑆2 is the release of sulfur dioxide into the atmosphere, and 𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻 is the release from the gas of 
hydrogen chloride. They can both be estimated as follows:  

𝐸𝐸𝑆𝑆𝑂𝑂2 = 𝑆𝑆𝐸𝐸𝑆𝑆𝑂𝑂2 × 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 × 𝐸𝐸𝐹𝐹𝑆𝑆𝑂𝑂2                                            (24) 

𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑆𝑆𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻 × 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 × 𝐸𝐸𝐹𝐹𝐻𝐻𝐻𝐻𝐻𝐻                                            (25) 

where 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2 and 𝑆𝑆𝑆𝑆𝐻𝐻𝐻𝐻𝐻𝐻 are the detailed release factors of 𝑆𝑆𝑆𝑆2 and HCl, and they are given as 0.277 
and 0.106 kg/tons, respectively [13,57]. On the other hand, 𝐸𝐸𝐸𝐸𝑆𝑆𝑆𝑆2  and 𝐸𝐸𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻  are the equivalency 
elements that involve HCl and 𝑆𝑆𝑆𝑆2, both given as 0.88 and 1.0 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘2𝑒𝑒𝑒𝑒, respectively [14].  

Dioxins potential assessment 

This section calculates the dioxins known as polychlorinated dibenzo-p-dioxins and 
dibenzofurans. Public health is threatened by the high carcinogenicity and toxicity of persistent organic 
pollutants that are created unintentionally during the burning process [7,56,58]. Dioxins are produced 
from precursors and new synthesis; they are also produced from compounds that result from 
incomplete combustion [7]. Therefore, emission factors were harnessed; the dioxin emissions from 
INC can be calculated as follows:  

𝐸𝐸𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝑆𝑆𝑆𝑆𝐹𝐹𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 × 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀                                       (26) 

where 𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 is the specific emission factor of the INC; according to Ayodele et al. [7], this factor 
was taken as 3.31 × 10−8 𝑘𝑘𝑘𝑘 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡⁄ .  

3. Results and discussion 

This section presents the study's findings, discussing energy generation, demographic changes, 
MSW characterization, economic analysis and environmental effect analysis of AD and INC 
technologies in Lesotho.  

3.1. Generation of electricity and population growth 

The population under the study area is expected to grow from 1.3471 to 1.6359 million 
between 2021 and 2045. As a result, it is determined that the population is capable of producing up 
to 138.241 and 388.391 annual kilotons of MSW for INC and AD, respectively. Through INC and AD 
processes, 17.154 to 45.343 GWh and 0.336 to 0.887 GWh of electrical energy can be generated, 
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respectively. This proves that the electricity of INC technology is higher for all the years followed by 
AD technology.  

3.2. Economic assessment  

3.2.1. Economic feasibility evaluation of INC technology 

Economically, INC technology is viable for the country because it presents a positive NPV. 
Table 3 shows the outcome of the economic feasibility of INC.  

Table 3. Economic metrics of AD and INC technologies. 

AD INC 
NPV (×103 USD) LCOE (USD/kWh) NPV (×106 USD) LCOE (USD/kWh) 
513.825 0.029 33.9645 0.0023 

As reflected in Table 3, INC technology is the best WtE technology for the country, with a high NPV 
of USD 33.965 million. On the other hand, the LCOE of INC technology is expected to be 0.0023 
USD/kWh. Again, the LCOE of INC technology is lower, making it the superior solution for Lesotho. 

3.2.2. Economic feasibility evaluation of AD technology 

The economic viability of AD technology for the nation is supported by a positive NPV. Table 3 
depicts that AD technology is a secondary efficient WtE technology for the country, with an NPV of 
USD 513.825 × 103 and an LCOE of 0.029 USD/kWh. Again, the LCOE of AD technology is low, 
which makes it a viable option for Lesotho. 

Evaluation of the environmental damage of AD and INC technologies 

This section presents and discusses the results of the environmental impact of reusing MSW with 
AD and INC technologies. Lacking WtE technology, the atmosphere is exposed to a bigger quantity 
of GHG emissions, as depicted in Figure 4. The emission from 2021 to 2045 is expected to change 
from 760.613 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2𝑒𝑒𝑒𝑒  to 2.155 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔2𝑒𝑒𝑒𝑒 . On the other hand, the emissions after 
engaging AD technology were estimated to be reduce by 1.601 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2𝑒𝑒𝑒𝑒 in 2021 and 4.537 
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2𝑒𝑒𝑒𝑒  in 2045. Again, it can clearly be seen from the results that WtE technology can 
introduce a safe living space that is not hazardous to the environment.  

Furthermore, the study investigated the emissions that will arise from the INC procedure. 
Figure 5 presents the results of INC technology; it can be seen that GHG emissions range from 308.619 
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2𝑒𝑒𝑒𝑒 to 874.492 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2𝑒𝑒𝑒𝑒 for the lifespan of the project. However, according to [59], 
the emissions can be suppressed by modifying the filtration system on the output side of the project.  

Analysis of acidic rain for the period of the project was also considered in this study. Figure 6 
depicts the acidification potential results considering that contributors of acidic rain are sulfur dioxide 
and hydrogen chloride gas. The emissions are expected to range from 61.5 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑆𝑆𝑆𝑆2𝑒𝑒𝑒𝑒 to 493.79 
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑆𝑆𝑆𝑆2𝑒𝑒𝑒𝑒 ; as trash production continues to rise, it is evident that acidification is projected to 
increase over time.  
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Figure 6. Potential of acidification resulting from incineration. 

It is also found that exposure to dioxins can cause harm to humans; therefore, this study took a 
turn to research the dioxin potential that may result from INC technology [35,60,61] due to the 
incomplete combustion of the MSW inside the furnace [55,56,61]. Another study found that the 
presence of PVC as part of the MSW renders huge emission of dioxins during the combustion of waste. 
Figure 7 shows the increasing response of dioxin emission during the maturity of the project from the 
assessment.  

 

Figure 7. Dioxin potential due to incineration technology. 
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4. Conclusions 

The study assessed the economic viability and impact on the environment of producing power 
from MSW for the lowland districts of Lesotho (comprising Mafeteng, Maseru, Berea and Leribe) 
over 25 years (2021–2045). Based on the study's findings, the following can be concluded:  

Between 2021 and 2045, it is anticipated that the population of the region under investigation will 
rise from about 1.35 million to 1.64 million people. Consequently, it has been determined that the 
population can generate up to 138.241 kilotons and 388.392 kilotons of MSW yearly for INC and AD 
technologies, respectively. Electrical energy may be created in the INC and AD processes, ranging 
from 17.155 GWh to 45.343 GWh and 0.336 to 0.887 GWh, respectively. This demonstrates that INC 
technology produces more power throughout the years, followed by AD technology. All of the 
technologies are economically feasible for the country since they have a positive NPV. With an NPV 
of USD 33.965 million, INC technology is the top WtE technology for the country, whereas AD has 
an NPV of USD 513.825 × 103. INC and AD, on the other hand, have LCOEs of 0.0023 and 0.029 
USD/kWh, respectively. Again, it appears that INC technology is the preferred technology for Lesotho, 
as it has the smallest LCOE, followed by AD technology.  

The results of the LandGEM program for the landfill site indicate an increase in GHG emissions 
from 2020 to 2045, after which the emissions is expected to begin to drop as waste is removed from 
the site. Regarding the deployment of AD technology, without energy recovery, 1.005 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔2𝑒𝑒𝑒𝑒 
will be emitted into the atmosphere in 2025, whereas only 52.869 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡2𝑒𝑒𝑒𝑒 will be emitted into 
the atmosphere if the technology is applied. According to Yang et al., leaks can be avoided by utilizing 
contemporary construction techniques [61]. It is evident from this study's findings that the above-
mentioned technologies are suitable for Lesotho. In addition, the environment will be preserved 
because the results indicate that only a small amount of LFG is released into the atmosphere when 
LFG is harvested using AD technology. Therefore, the adoption of AD or INC technology will create 
a sustainable environment and contribute to the economic prosperity of the nation by generating clean 
electricity from MSW. This document is essential for the government(s) or private sector(s) when 
choosing which WtE technology is most suited for the ecological zone of Lesotho's Lowlands or 
similar developing countries in the future.  
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