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Abstract
A single municipal solid waste treatment technique may not be adequate to effectively treat 
the municipal solid waste (MSW) produced across the globe. This is due to the different 
composition and physical characteristics of the MSW. This has changed China’s waste 
management strategy to integrated waste management systems since the 13th Five-Year-
Plan in 2016. Therefore, the present study evaluates the electricity generation potential, 
economic feasibility, and the environmental impact of integrated waste-to-energy technolo-
gies in China, taking the Beijing-Tianjin-Hebei region as a case study. The study considers 
the integration of anaerobic digestion and landfill gas to energy (AD/LFGTE), anaerobic 
digestion and incineration (AD/INC), and incineration and landfill gas to energy (INC/
LFGTE). The prominent findings show that AD/LFGTE has the highest electricity genera-
tion potential during the project period. It was found that AD/LFGTE contributed 24.52% 
to the region’s electricity needs, while AD/INC and INC/LFGTE contributed 22.68% and 
1.88%, respectively. According to the economic analysis, all the projects are viable in the 
area and have a positive net present value. The AD/LFGTE project was found to be more 
economical with a lower levelized cost of energy (US$0.0915/kWh), shorter investment 
payback period (9.1 years), and higher profit (US$1,331.19 million) on investment. It was 
observed that the integrated systems could avoid a considerable amount of coal consump-
tion and greenhouse gas emissions, with AD/LFGTE having the highest saving ability.

Keywords  Municipal solid waste · Electricity · Integrated waste-to-energy technologies · 
Economy · Environment · Beijing-Tianjin-Hebei region
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COMP(waste)t	� Composition of typical municipal solid waste generated in China (%)
CS(InT)	� Amount of coal saved by each of the integrated technologies (t/year)
E(AD)	� Electricity generation potential of the anaerobic digestion 

technology(kWh/year)
EF(pol)	� Emission factor of coal for the GHGs
E(LFGTE)	� Electricity generation potential of the landfill gas to energy 

technology(kWh/year)
E(INC)	� Electricity generation potential of the incineration technology (kWh/

year)
FIT	� Feed-in tariff (US$/kWh)
G(cost)	� Permitting, surveying, and engineering cost
h	� Number of wells dug at the site
Hn	� Net cash flow
H2S	� Hydrogen sulfide
IE(cost)	� Cost of installation of the landfill gas to energy’s internal combustion 

engine
IN(LFGTE)cost	� Initial investment cost of the landfill gas to energy project
IN(INC)cost	� Initial investment cost of the incineration project
InT	� The integrated project
k	� Mole ratio of nitrogen
K(cost)	� Cost of installation of a blower, flare system, and knockout
LO	� Potential methane generation capacity (m3/t)
LFGTE( O& M )⊸	� Operations & maintenance costs of landfill gas to energy project
LFGTE(size)	� Size of the internal combustion engine in kilowatt (kW)
LHV(methane)	� Lower heating value of methane (MJ/m3)
M(flow)	� Rate at which the landfill methane flow
MW(col)	� Amount of municipal solid waste collected (t/year)
N(rate)	� Inflation rate (%)
NH3	� Ammonia
p	� Economic period (years)
Pbio(CH4)

	� Purified biogas (bio-methane) obtained via the anaerobic process (m3/
year)

PF(InT)	� Profit from the integrated project
PL(cost)	� Actual cost of the anaerobic digestion plant
pol	� Pollutant of calculation
r	� Annual real discount rate (%)
Rev(InT)	� Revenue gained from the projects
SW(AD)	� Amount of food waste utilized in the anaerobic digestion technology (t/

year)
SW(LFGTE)	� Amount of waste that was used in the landfill gas to energy technology 

(t/year)
SW(INC)	� Amount of combustible waste utilized in the incineration technology(t/

year)
t	� Type of waste-to-energy technology
T(InT)	� Tax paid on the project
T(rate)	� Marginal tax rate (%)
TBio(volume)	� Volume of the theoretical biogas (m3/year)
TLCC(InT)	� Total life cycle cost
V(cost)	� Capital cost of the installed vertical gas extraction wells
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W(cost)	� Cost of fixing wellheads and pipes gathering
xf 	� Oxidation factor of the landfill (%)
Xft	� Well’s depth
∈(eff)	� Electricity generation efficiency of biogas-fired generator (%)
χ(InT)	� Capital recovery factor (CRF)
�(ef)	� Efficiency of the coal power plant (%)
�(cap)	� Capacity factor (%)
∈	� Electricity generation efficiency of the conversion device (%)
�	� Nominal discount rate (%)
�	� Conversion factor from MJ to kWh
�	� Landfill methane collection efficiency (%)
�	� Electrical efficiency of the steam turbine (%)
�	� Density of coal (kg/m3)

List of abbreviations
AD	� Anaerobic digestion technology
BMT	� Biological and mechanical treatment
GHGs	� Greenhouse gases
HSWM	� Hybrid solid waste management
IEA	� International energy agency
INC	� Incineration technology
IPP	� Investment payback period
IWtE	� Integrated waste-to-energy technologies
LCOE	� Levelized cost of energy
LFGTE	� Landfill gas to energy technology
MSW	� Municipal solid waste
NPV	� Net present value
OMC	� Operations & maintenance cost
WtE	� Waste-to-energy

1  Introduction

There has been a high energy usage and utilization of fossil resources worldwide due to 
population growth, urbanization, and economic development. Consequently, significant 
environmental issues have arisen, including increasing waste production, water contami-
nation, and greenhouse gas emissions (Hameed et al., 2021). Applying a single municipal 
solid waste treatment technology might not be enough to properly manage the recently high 
municipal solid waste, with different compositions and physical characteristics. As a result, 
hybrid solid waste management (HSWM) has been proposed as an advanced approach for 
the long-term management of municipal solid waste (Iqbal et al., 2019). There is a notice-
able and growing interest in integrated renewable energy-based systems incorporating 
energy storage technologies (Murphy et al., 2021). Hybrid waste management systems pro-
vide a variety of recycling, energy recovery, and disposal options based on the waste’s bio-
logical, chemical, energetic, and physical properties (Mohammadi & Harjunkoski, 2020). 
Integrating energy networks could minimize emissions of significant air pollutants such 
as carbon dioxide, sulfur dioxide, and nitrous oxide from structured energy management 
(Hwangbo et al., 2020).
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China is facing a tremendous rise in municipal solid waste generation because of eco-
nomic growth, living standard development, and population growth (Wang & Nakakubo, 
2020). Municipal solid waste production is now around 215 Mt (Cudjoe et al., 2020). In 
2030, this is expected to rise to about 480 Mt (China’s National Bureau of Statistics, 2018). 
Food waste, wood, plastics, paper waste, rubber, and textiles are the major components of 
municipal solid waste produced in China (Gu et al., 2018). This is characterized by 46.1% 
to 64.1% moisture content and 5.67 to 8.03 MJ/kg lower heating value (Zhou et al., 2015). 
China’s main municipal solid waste treatment techniques are sanitary landfills and incin-
eration (Cheng et  al., 2020). Since the 13th Five-Year-Plan in 2016, the waste treatment 
technique has evolved from final disposal techniques and equipment to integrated waste 
management systems due to the varied content and physical features of wastes generated in 
China (Duan et al., 2020).

Researchers from all around the globe are interested in generating electricity from 
municipal solid waste utilizing integrated waste-to-energy systems. For example, in Nige-
ria, Ayodele et al. (2017) looked at the possibilities for power production and the environ-
mental effect of hybrid waste-to-energy systems. The authors discovered that compared to 
the hybrid of incineration and landfill gas to energy technology (INC/LFGTE), the integra-
tion of anaerobic digestion and incineration technology (AD/INC) had the most potential 
for producing power. In terms of global warming and Acidification Potential, the AD/INC 
technology hybrid was viable in 12 locations in Nigeria. A life cycle impact evaluation 
of different integrated solid waste management methods using a mix of material recovery 
and waste-to-energy systems was performed by Abdallah and Elfeky (2021). The research 
found that the scenario using a combination of anaerobic digestion and incineration tech-
nologies yielded the greatest energy recovery. Montorsi et  al. (2018) examined the eco-
nomic feasibility of a hybrid anaerobic digestion and gasification system to use wastes from 
an urban sewage treatment facility. The authors indicated that the proposed integrated sys-
tem had a payback period of less than 3 years and could produce the 25% of the electricity 
needed for the plant operation. However, a study that assesses the economic feasibility of 
the integration of anaerobic digestion and incineration (AD/INC), anaerobic digestion and 
landfill gas to energy (AD/LFGTE), and landfill gas to energy and incinerations (LFGTE/
INC) systems is scarcely available from the international literature.

In China, integrated waste treatment systems have received some attention from local 
researchers. The environmental effect of integrated municipal solid waste management ini-
tiatives in Hong Kong was studied by Hwangbo et al. (2020). They discovered that com-
bining landfilling with anaerobic digestion and composting decreased net greenhouse gas 
emissions by 56%, while combining incineration with anaerobic digestion and composting 
reduced greenhouse gas emissions by up to 87%. Wang et al. (2020) examined the envi-
ronmental and economic possibilities of an integrated municipal solid waste management 
facility in Horqin Left Banner, Inner Mongolia Province. The authors concluded that the 
integrated municipal solid waste management facility is environmentally and economically 
viable. Chen et al. (2020) suggested combining waste-to-energy systems with a coal-fired 
power station to generate electricity from municipal solid waste. The authors found that the 
proposed integration’s waste-to-electricity efficiency is increased by 9.16%, resulting in an 
additional 3.71 MW of net power generation. The economic analysis further revealed that 
the dynamic payback period of the proposed integration was only 3.55 years. A life cycle 
evaluation of a biological and mechanical treatment (BMT)-based integrated municipal 
solid waste management system was performed by Hong et al. (2006). The authors con-
cluded that developing an integrated municipal solid waste management system in Pudong 
using BMT-based municipal solid waste management would be ecologically justifiable and 
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beneficial. A study that conducts a robust financial analysis of integrated biological and 
thermochemical waste-to-energy technologies in China is limited. The main novelty of the 
present study is the utilization of the formulation of model equations technique and eco-
nomic metrics methods to evaluate the economic feasibility of hybrid waste-to-energy pro-
jects in China. Besides, an amortization schedule through the credit line was conducted for 
the integrated waste-to-energy projects to enable robust financial analysis.

2 � Waste‑to‑energy technologies

Municipal solid waste (MSW) is converted into energy using waste-to-energy (WtE) sys-
tems. This provides long-term, ecologically acceptable answers to the current MSW dis-
posal problems (Ahmad et al., 2020). Also, waste-to-energy conversion contributes to the 
high energy demand. For example, energy generation from wastes provides about 5% of 
the advanced countries’ energy demand (Brunner & Rechberger, 2015). Waste-to-energy 
is regarded as a renewable energy generation means that can reduce the emission of harm-
ful pollutants. Electricity generation from municipal solid waste can reduce greenhouse 
gas emissions (such as carbon dioxide, methane, and nitrous oxide) and acid gases (such 
as sulfur dioxide, nitrogen oxide, and hydrogen chloride). There are several WtE technol-
ogy options for converting MSW into energy. The popular ones among them are anaerobic 
digestion (AD), landfill gas to energy (LFGTE), incineration (INC), gasification (GAS), 
and pyrolysis (PYR). These technologies’ efficiency depends on several factors such as 
technical, economic, environmental, and social factors (Alao et  al., 2020). It is argued 
that to balance energy trilemma problems in waste-to-energy production and ecologically 
friendly waste management strategies development in the waste chain, energy justice must 
also be considered one of the factors for an efficient waste-to-energy technology (Fetanat 
et  al., 2019). The following sections briefly discuss some of the most popular waste-to-
energy technologies. Table 1 summarizes the advantages and disadvantages of waste-to-
energy technologies.

2.1 � Anaerobic digestion (AD)

The anaerobic digestion method is one of the most ecologically friendly and effective 
waste-to-energy systems. Anaerobic digestion is a formidable renewable energy source 
since it is one of the most appropriate methods for processing an organic portion of MSW 
(Kumar & Samadder, 2020). The anaerobic digestion process, which produces biogas, 
occurs in an oxygen-free environment and is initiated by natural microorganisms in a four-
stage complex process (Wainaina et  al., 2020). The AD facility process situation deter-
mines the chemical composition of the virgin biogas derived from the organic fraction of 
the MSW. The raw biogas primarily consists of 50–75% of methane (CH4), 30–50% of car-
bon dioxide (CO2), 0–3% of nitrogen (N2), about 6% of water (H2O), 0–1% of oxygen (O2), 
72–7200 ppm of hydrogen sulfide (H2S), 72 to 144 ppm of ammonia (NH3), and a small 
number of impurities (Kapoor et al., 2019). Biogas production is facilitated by the avail-
ability and quantity of feedstock such as agricultural waste, animal waste, municipal solid 
waste, organic landfill waste, food waste, and keratin waste (Atelge et al., 2020). The bio-
methane generation can be affected by organic waste composition such as fats and protein. 
Anaerobic digestion technique could theoretically generate about 1014 nominal liter meth-
ane/kg volatile solids from fats, 740 nominal liter methane/kg volatile solids from proteins, 
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and 370 nominal liter methane/kg volatile solids of carbohydrates (Harris & McCabe, 
2015). If not properly operated, the anaerobic digestion technique could face high retention 
time requirements, partially digestible substrates, and low bio-methane production (Passos 
et al., 2017).

2.2 � Landfill gas to energy (LFGTE)

Landfilling is one of the most cost-effective municipal solid waste management methods 
globally, particularly in developing nations (Cudjoe & Han, 2021). Landfills for MSW dis-
posal lead to greenhouse gas emissions due to landfill gas production (CH4 and CO2) from 
decomposed organic materials (Friesenhan et  al., 2017). However, if properly upgraded, 
landfill gas produced from MSW landfills could be a suitable energy carrier for electric-
ity production (Ayodele et al., 2020). The main determinant factors for optimal waste-to-
energy technology selection for electricity generation are landfill gas quality and its gen-
eration rate (Manasaki et  al., 2021). Over the years, landfill gas as a bioenergy resource 
has gained global attention. When creating its guidelines for nations’ bioenergy roadmap 
development and implementation, the International Energy Agency (IEA) identified land-
fill gas as bioenergy (Fei et al., 2019). During the late twentieth century, landfill gas utili-
zation as a renewable energy resource has massively increased in the USA and European 
nations. Similarly, landfill gas exploitation has continued to progress steadily in China 
since the first LFGTE plant’s construction in 1998 (Chen et al., 2010).

2.3 � Incineration (INC)

Incineration has gained popularity worldwide for treating a combustible fraction of munici-
pal solid waste. This is due to its ability to reduce the volume of waste and generate elec-
tricity (Cudjoe & Acquah, 2021). The municipal solid waste is combusted to produce ash, 
flue gas, and heat for electricity generation during incineration. To completely break down 
toxic organic substances, the flue gas temperature is set to about 850 ◦C in the incinera-
tion chamber (Escamilla-García et  al., 2020). Municipal solid waste incineration could 
lessen the volume of waste by up to 90%, efficiently produce energy, save the emission 
of methane gas, and avoid soil and water pollution (Gu et al., 2019). Despite its contribu-
tions toward non-recyclable waste management, factors such as high investment, long-term 
nature of waste-to-energy incineration projects, inadequate management capacity, and pub-
lic budget constraints make it difficult for local governments to solely invest, construct, 
and operate, especially in developing countries (Cui et al., 2020). Besides, the pollutants 
in its flue gases, which are composed of dust and gases such as carbon dioxide (CO2), car-
bon monoxide (CO), sulfur dioxide (SO2), nitrogen oxide (NOX), hydrogen chloride (HCl), 
nitrous oxide (N2O), hydrogen fluoride (HF), and dioxins could be harmful to the environ-
ment (Mutz et al., 2017).

2.4 � Gasification (GAS)

The gasification technique is a substitute for recovering fuel from waste and conserving 
fossil fuels. Gasification enables sustainable waste management by minimizing carbon 
dioxide emissions (Liu et al., 2020). The gasification process can be summarized into four 
significant steps: oxidation, drying, pyrolysis, and reduction. Among these steps, only the 
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oxidation is exothermal, and the energy utilized by the other three is produced by it. The 
gasification process occurs in the presence of a gasifying agent (air, steam, and oxygen) or 
a combination of them (Giglio et al., 2021). The process occurs at a temperature above > 
650 ◦C (Zhang et al., 2019), with a calorific value ranging from 4 to 14 MJ/Nm3 (Hameed 
et al., 2021). The gasification process could transform high-sulfur petroleum coke into syn-
gas (a mixture of CO and H2) to produce hydrogen and chemical products through synthe-
sis. Compared to incineration or combustion, gasification has tremendous environmental 
performance. This is because the sulfur intrinsic in the petroleum coke can be transformed 
into hydrogen sulfide (H2S), which can be retrieved as sulfur (S) by the Claus process (Ba 
et al., 2020).

2.5 � Pyrolysis (PYR)

Pyrolysis is a popular thermochemical technique that serves as an alternative strategy for 
managing wastes (Zhang et al., 2020a, 2020b) while recovering prudent products (Zeaiter 
et  al., 2018). Chemical recycling through pyrolysis is one option for plastic waste man-
agement. This process can convert plastic waste into chemical feedstock, producing raw 
polymers of good quality (Jeswani et al., 2020). Pyrolysis produces char and volatiles that 
may be separated downstream into condensable products (oil or wax) and permanent gases 
at temperatures ranging from 400 to 700 °C without oxygen. The process uses hazardous 
waste and biomass waste as feedstock to produce gas, char, and pyrolysis oil for energy 
production (Chew et al., 2021). Relative to incineration, pyrolysis is economical and mini-
mizes the generation of harmful chemicals (Parku et al., 2020).

3 � Case study

The study assesses the power production potential, economic viability, and ecological 
impact of integrated waste-to-energy technologies in the Beijing-Tianjin-Hebei region. 
This region is considered due to the Chinese government’s recent interest in establishing 
waste-to-energy projects to contribute to the sustainable management of the high amount 
of waste produced in the region. The Beijing-Tianjin-Hebei region can be found in the 
central part of the Bohai Sea economic area in the Northern part of China (Yang et  al., 
2020a, 2020b). The region has a population of 112.7 million people. About 65.8% and 
34.2% of the population live in urban and rural areas, respectively (Cudjoe et al., 2021a). 
The Beijing-Tianjin-Hebei, referred to as the “capital circle,” has 13 cities and 200 coun-
ties (Gong et al., 2020). The region (113.5oE-119.8oE and 36.1oN-42.7oN) occupies a total 
land area of 218 thousand square kilometers. The region contributes 9.44% of China’s real 
GDP (Yang et al., 2020a, 2020b). The total amount of municipal solid waste collected in 
the region from 2004 to 2018 for disposal was 232.73 Mt. The main municipal solid waste 
treatment methods in the region are landfilling, incineration, and composting (NBS, 2018). 
Figure 1 depicts the maps of China and the Beijing-Tianjin-Hebei region.

4 � Methodology

The methodological framework of this study is presented in Fig. 2.
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4.1 � Allocation of waste composition to the waste‑to‑energy technologies

Typical municipal solid waste in China is organic waste (food waste), paper, plastic, metal, 
glass, textile, wood, and inert materials (Cudjoe et al., 2020). Waste-to-energy technologies 
require a particular municipal solid waste composition for efficient operation and energy 

Fig. 1   The maps of China and the Beijing-Tianjin-Hebei region (Yang et al., 2020a, 2020b). Note: Hebei 
province consists of Baoding, Cangzhou, Hengshui, Shijiazhuang, Xingtai, Handan, Langfang, Tangshan, 
Qinhuangdao, Chengde, and Zhangjiakou cities

Fig. 2   The methodological framework of the study
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generation potential. In this study, food waste is allocated to anaerobic digestion technology. 
Food waste’s high moisture content and composition rate make it a suitable feedstock for 
anaerobic digestion technology (Ayodele et al., 2018). The mixed waste except recyclables is 
allocated to the landfill gas to energy technology, while combustible waste is assigned to the 
incineration technology. The amount of municipal solid waste that can be utilized by each of 
the waste-to-energy technologies for electricity generation can be obtained as:

where MW(col) is the amount of municipal solid waste collected for disposal in the region 
from 2004 to 2018 (see Table 8 in the appendix), COMP(waste)t is the percentage composi-
tion of typical municipal solid waste generated in China, which are given as food (52.6%), 
paper (6.9%), plastic (7.3%), metal (0.5%), glass (1.6%), textiles (4.7%), wood (6.9%), and 
inert materials (19.2%) (Cudjoe et al., 2020), and t is the type of waste-to-energy technology 
(anaerobic digestion, landfill gas to energy or incineration).

4.2 � Electricity generation potential of the integrated waste‑to‑energy technologies

The integrated WtE technologies considered in this study are the integration of anaerobic 
digestion and landfill gas to energy technologies (AD/LFGTE), anaerobic digestion and incin-
eration technologies (AD/INC), and incineration and landfill gas to energy technologies (INC/
LFGTE). The composition of food waste and mixed waste (except recyclables) was utilized in 
the AD/LFGTE for electricity generation. The electricity generation potential (kWh/year) of 
the AD/LFGTE technology could be determined as:

where E(AD) is the electricity generation potential (kWh/year) of the anaerobic digestion tech-
nology and E(LFGTE) is the electricity generation potential (kWh/year) of the landfill gas to 
energy technology.

The electricity generation potential of the anaerobic digestion technology can be evaluated 
as:

where LHV(methane) is the lower heating value of methane, which is taken as 37.2 MJ/m3 (Cud-
joe et al., 2021b), ∈(eff) is the electricity generation efficiency of biogas-fired generator and is 
given as 0.26 (Ogunjuyigbe et al., 2017), �(cap) is the capacity factor, which is given as 0.85 
(Ayodele et al., 2018), � is the conversion factor from MJ to kWh and is taken as 3.6 (Cudjoe 
et al., 2020), and Pbio(CH4)

 is the purified biogas (bio-methane) obtained via the anaerobic pro-
cess. The volume of theoretical methane should be known to calculate the actual bio-methane. 
Buswell’s equation (Eq. 3 and 4) was used to calculate the digester’s theoretical bio-methane 
production potential.

(1)SW(t) = MW(col) ∗ COMP(waste)t

(2)E(AD∕LFGTE) = E(AD) + E(LFGTE)

(3)E(AD) =
LHV(methane) ∗ ∈(eff) ∗ Pbio(CH4) ∗ �(cap)

�
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The normalized mole ratio equation (Ayodele et al., 2019) was used to determine the 
constants d, e, f, and g.

where EL is the composition of carbon, hydrogen, oxygen, and nitrogen, which is 
obtained from the ultimate analysis of food waste in China (see Table  9), ML is the 
molar mass (oxygen = 16.00, carbon = 12.01, nitrogen = 14.01, hydrogen = 1.01, and 
sulfur = 32.06) of the elements (Ogunjuyigbe et  al., 2017), and k is the mole ratio of 
nitrogen.

At a standard temperature of 0 ◦C and pressure of 1 atm, the theoretical methane (m3/t) 
and carbon dioxide (m3/t) can be evaluated using Eq. (6)-(7):

The theoretical volume of biogas can be calculated as:

Practically, a portion (about 10%) of the digester’s organic matter does not decompose 
(Cudjoe et al., 2022b). Besides, about 5–10% of the organic matter in the waste stream is 
used to synthesize the cell tissue of the organism that influences microbial degradation 
(Ayodele et  al., 2019). The raw biogas yield should be purified to obtain methane (bio-
methane) for electricity generation. Following Ayodele et  al. (2018), it is assumed that 
the theoretical biogas after purification is upgraded to 70% of methane and 30% of carbon 
dioxide. Therefore, the purified biogas (bio-methane) yield can be estimated as:

where TBio(volume) is the volume of the theoretical biogas, SW(AD) is the amount of waste 
(food waste) utilized in the anaerobic digestion technology, and 0.85 is the fraction of 
organic matter utilized for cell tissue synthesis (Salami & Susu, 2011).

The electricity prospects of the landfill gas to energy technology can be obtained as:

where A(CH4)
 is the volume (m3/year) of landfill gas (methane) captured from the landfills, 

xf  is the oxidation factor of the landfill and is taken as 10% (IPCC, 2006), and ∈ is the 
electricity generation efficiency of the conversion device, which is taken as 35% (Ayodele 
et al., 2018). The volume of landfill gas (methane) that can be produced annually from the 
landfills was calculated using the Landfill Gas Emission Model (LandGEM) software ver-
sion 3.02 (US EPA, 2005):

(5)CdHeOfNg + B1H2O ⇒ B2CO2 + B3CH4 + B4NH3

(6)Mole ratio =
EL

ML
∗
1

k

(7)CH4(theo) =

[ d

2
+

e

8
−

f

4
−

3g

8

12d + e + 16f + 14g

]

∗ 2.24 ∗ 104

(8)CO2(theo) =
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12d + e + 16f + 14g

]

∗ 2.24 ∗ 104

(9)TBio(volume) = CH4(theo) + CO2(theo)

(10)Pbio(CH4) = (TBio(volume) ∗ SW(AD) ∗ 0.85) ∗ (0.7)

(11)E(LFGTE) =
A(CH4)

∗ LHV(methane) ∗ �(cap) ∗ xf ∗∈

�
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where i is the 1-year time increment, y is the (year of the calculation) -(initial year of waste 
acceptance), j is the 0.1-year time increment, k is the methane generation rate (y−1), LO is 
the potential methane generation capacity (m3/t),SW(LFGTE) is the amount of waste that was 
utilized in the landfill gas to energy technology, tij is the age of the jth section of waste in 
year i , and � is the landfill methane collection efficiency, which is assumed to be 75%, fol-
lowing Cudjoe et al. (2021a).

To ascertain the electricity generation potentials of integrating anaerobic digestion and 
incineration technologies (AD/INC), the food waste and the combustible fraction in the 
waste stream of the Beijing-Tianjin-Hebei region were utilized. The electricity generation 
prospects (kWh/year) of the integrated technologies could be determined as:

where E(INC) is the electricity generation potential of the incineration technology and is 
obtained as:

where SW(INC) is the amount of combustible waste (t/year) utilized in the incineration tech-
nology, � is the electrical efficiency of the steam turbine and is taken as 29% (Cudjoe et al., 
2022a; Ogunjuyigbe et al., 2017), INC(LHV) is the lower heating value of the waste inciner-
ated, INC(HHV) is the higher heating value of the waste incinerated, %H is the weight per-
centage of atomic hydrogen, %H2O is the weight percentage of atomic water, and C,H , S , 
O , N , and A stand for carbon, hydrogen, sulfur, oxygen, nitrogen, and ash content obtained 
from the ultimate analysis of municipal solid waste generated in China.

The electricity generation potential of integration of incineration and landfill gas to 
energy technologies (INC/LFGTE) was estimated as:

The estimated electricity needs by the Beijing-Tianjin-Hebei region and the percentage 
contribution of electricity generation from the integrated waste-to-energy projects to the 
needs were determined using Eq. (17) and (18):

(12)A(CH4)
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y
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1
∑
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)

e−ktij

]

× �

(13)E(AD∕INC) = E(AD) + E(INC)

(14)E(INC) =
SW(INC) ∗ � ∗ INC(LHV)

�

(15)INC(LHV) = INC(HHV) −
(

9 ∗ %H + %H2O
)

∗ 2.44

(16)INC(HHV) = 0.3491C + 1.1783H + 0.1005S − 0.1034O − 0.015N − 0.0211A

(17)E(INC∕LFGTE) = E(INC) + E(LFGTE)

(18)E(n) = E(c) ∗ Pop

(19)Δ =
E(InT)

E(n)

∗ 100
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where E(c) and Pop are the per capita electricity consumption in China and the population 
of the Beijing-Tianjin-Hebei region from 2004 to 2018 (see Table 10), and Δ is the percent-
age contribution of energy from the integrated waste-to-energy projects.

4.3 � Economic feasibility and investment analysis

4.3.1 � Initial investment cost (IIC)

The initial investment cost of the integrated anaerobic digestion and landfill gas to energy 
(AD/LFGTE) can be calculated as:

where IN(AD)cost is the initial investment cost of the anaerobic digestion project, IN(LFGTE)cost 
is the initial investment cost of the landfill gas to energy project, PL(cost) is the anaero-
bic digestion plant’s equipment and installation cost per kW, which is taken as US$4,339 
(Cudjoe et al., 2021b), AD(size) is the size of the anaerobic digestion plant in kilowatt (kW), 
V(cost) is the capital cost of the installed vertical gas extraction wells, W(cost) is the cost of 
fixing wellheads and pipes gathering, K(cost) is the cost of installation of a blower, flare 
system, and knockout, G(cost) is the permitting, surveying, and engineering cost, IE(cost) is 
the cost of installation of the landfill gas to energy’s internal combustion engine, Xft is the 
well’s depth, h is the number of wells dug at the site, M(f low) is the rate at which the landfill 
methane flow, and LFGTE(size) is the size of the internal combustion engine in kilowatt 
(kW).

(20)IN(AD∕LFGTE)cost = IN(AD)cost + IN(LFGTE)cost

(21)IN(AD)cost = PL(cost) ∗ AD(size)

(22)AD(size) =
E(AD)

8760

(23)IN(LFGTE)cost = V(cost) +W(cost) + K(cost) + G(cost) + IE(cost)

(24)V(cost) = Xft − 10ft ∗ h ∗ US$85

(25)W(cost) = h ∗ US$1, 700

(26)K(cost) = (M(f low))
0.6

(27)G(cost) = h ∗ US$700

(28)IE(cost) = US$1, 100, 000 +
(

LFGTE(size) ∗ US$1, 300
)

(29)LFGTE(size) =
E(LFGTE)

8760
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The initial investment cost of the hybrid of anaerobic digestion and incineration technol-
ogy is determined as:

where 4,900 Euro is the specific cost of the incineration plant (Tsilemou & Panagiotako-
poulos, 2006) IN(INC)cost is the initial investment cost of the incineration project, Con(rate) 
is the conversion rate from Euro to US$, In(rate) is the inflation rate (CPI), and � is the pur-
chasing power parity (PPP) adjustment from Euro to US$.

Similarly, the initial investment cost of the integration of incineration and landfill gas to 
energy project was estimated as:

4.3.2 � Operations & maintenance cost (OMC)

The operations & maintenance cost of the hybrid of anaerobic digestion and landfill gas to 
energy projects (AD/LFGTE) can be ascertained as:

where AD(O&M) and LFGTE(O&M) are the operations & maintenance costs of anaerobic 
digestion and landfill gas to energy projects. The factor, 0.005 , is the assumed percentage 
(0.5%) of the energy generated (Hadidi & Omer, 2017), while 0.03 is the percentage (3%) 
of the assumed capital cost (Ayodele et al., 2018). LFS(O&M) is the operations and mainte-
nance cost of operating the landfill site, and LIN(O&M) is the cost of operating and main-
taining the internal combustion engine.

The operations and maintenance cost of the integration of anaerobic digestion and incin-
eration (AD/INC) can be evaluated as:

where INC(O&M) is the operations & maintenance cost of the incineration plant.
The operations & maintenance cost of the integrated incineration and landfill gas to 

energy project (INC/LFGTE) is calculated as:

(30)IN(AD∕INC)cost = IN(AD)cost + IN(INC)cost

(31)IN(INC)cost = (SW(INC))
0.8 ∗ 4, 900Euro ∗ Con(rate) ∗ In(rate) ∗ �

(32)IN(INC∕LFGTE)cost = IN(INC)cost + IN(LFGTE)cost

(33)OMC(AD∕LFGTE) = AD(O&M) + LFGTE(O&M)

(34)AD(O&M) = 0.005
(

E(AD)

)

+ 0.03(IN(AD)cost )

(35)LFGTE(O&M) = LFS(O&M) + LIN(O&M)

(36)LFS(O&M) = US$5, 100 + h(US$2, 600)

(37)LIN(O&M) =
(

E(LFGTE)

)

∗ US$0.025

(38)OMC(AD∕INC) = AD(O&M) + INC(O&M)

(39)INC(O&M) = (SW(INC))
0.29 ∗ 700Euro ∗ Con(rate) ∗ In(rate) ∗ �
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4.3.3 � Net present value (NPV)

NPV of a project is the sum of the discounted cash flows incurred during the project’s 
lifetime (Creemers, 2018). The NPV enables cost–benefit analysis by comparing different 
aspects of benefits and costs among several projects. It utilizes discounting to compute the 
present values of future net benefits. This ensures that the net benefits that appear at dif-
ferent levels within a period become comparable (Knoke et al., 2020). For a project to be 
economically viable, its net present value should be positive. The NPV of the integrated 
waste-to-energy projects was calculated as:

where Hn is the net cash flow, Rev(InT) is the revenue gained from the projects, r is the 
annual real discount rate, T(InT) is tax paid on the project, FIT is the feed-in tariff, which is 
taken as US$0.12/kWh (Winston & Strawn, 2014), T(rate) is the marginal tax rate, which 
is taken from World Bank Group (2019), PF(InT) is the profit from the integrated project, 
N(rate) is the inflation rate taken from World Bank Group (2019), and p is the economic 
period (15 years) of the project, InT is the integrated project, which could be AD/LFGTE, 
AD/INC or INC/LFGTE, and α is the nominal discount rate and is given as 10% (IRENA, 
2012).

4.3.4 � Levelized cost of energy (LCOE)

LCOE depicts the lowest cost at which the power generated should be sold to achieve 
break-even over the project life cycle (Berrada & Loudiyi, 2019). LCOE is regarded as 
a cost indicator that compares energy storage systems with different characteristics on a 
comparable basis. The LCOE of the hybrid waste-to-energy systems in this study was esti-
mated as:

(40)OMC(INC∕LFGTE) = INC(O&M) + LFGTE(O&M)

(41)NPV(InT) =

P
∑

n=0

Hn

(1 + r)P
= IN(InT) +

H1

(1 + r)1
+

H2

(1 + r)2
+ ∙ ∙ ∙ ∙

HP

(1 + r)p

(42)r =

[

1 + α

1 + N(rate)

]

− 1

(43)Hn = Rev(InT) − OMC(InT) − IN(InT) − T(InT)

(44)Rev(InT) = E(InT) ∗ FIT

(45)T(InT) = PF(InT) ∗ T(rate)

(46)PF(InT) = Rev(InT) − OMC(InT)

(47)LCOE(InT) =
TLCC(InT)

E(InT)

∗ χ(InT)
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where TLCC(InT) and χ(InT) are the total life cycle cost and the capital recovery factor (CRF) 
of the integrated waste-to-energy systems.

4.3.5 � Investment payback period (IPP)

The investment payback period is when the investment in the project begins to yield 
returns. This is also an essential economic indicator that can ascertain the viability of 
waste-to-energy projects. The discounted investment payback period of the integrated 
waste-to-energy projects was calculated as:

4.3.6 � Amortization system

Amortization refers to the process of paying off a debt over a period in equal installments. 
The loan payment goes to different areas (principal and interest). An amortization sys-
tem through the credit lines was simulated for a robust integrated waste-to-energy project 
investment analysis. Using the excel sheet, an amortization table was scheduled. The table 
lists each monthly loan payment and how much goes into interest and principal.

4.4 � Environmental benefits of the integrated waste‑to‑energy technologies

4.4.1 � Amount of coal consumption saved

Electricity generation from the various municipal solid waste components using integrated 
waste-to-energy technologies could significantly save a considerable amount of coal con-
sumption. The amount of coal saved due to power generation from integrated waste-to-
energy technologies can be evaluated as:

where � is the density of coal and is given as 1100–1800 kg/m3 (The Engineering ToolBox, 
2021), �(ef) is the efficiency of the coal power plant in China and is taken as 38.4% (NS 
Energy, 2019), and LHV(coal) is the lower heating value of coal and is taken as 25.86 MJ/kg 
(Claverton-energy, 2011).

(48)TLCC(InT) = IN(InT) +

p
∑

n=1

OMC(InT)

(1 + α)n

(49)χ(InT) =
α(1 + α)p

(1 + α)p − 1

(50)IPP(InT) =
TLCC(InT)(US$)

PF(InT)(US$∕y)

(51)CS(InT) =
E(InT)

� ∗ �(ef) ∗
LHV(coal)

�
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4.4.2 � The amount of greenhouse gas (GHG) emissions saved

In this study, only CO2, CH4, and N2O emissions were considered. This is because of the 
significant contributions of these GHGs to global warming. Therefore, the emission of 
GHG emissions avoided due to electricity generation from integrated waste-to-energy tech-
nologies are estimated as:

where EF(pol) is the emission factor of coal for the GHGs considered in this study, which 
is given as 1.88 kg for CO2 (Ministry for the Environment, 2015), 0.258 kg for CH4, and 
0.0387 kg for N2O (IPCC, 2006), pol is the pollutant of calculation (CO2, CH4 or N2O), and 
CS(InT) is the amount of coal saved by each of the integrated waste-to-energy technologies.

5 � Results and discussion

5.1 � The amount of MSW utilized and the electricity generation potential of IWtE

The analysis of the quantity of municipal solid waste allocation to the integrated waste-
to-energy technologies is presented in Fig. 3. The figure shows that the highest amount of 
waste (271.83 Mt) was utilized in the AD/LFGTE. Following the AD/LFGTE was INC/
LFGTE with 214.34 Mt, while the lowest 187.35 Mt was utilized in the AD/INC. The 
highest amount of waste for the AD/LFGTE could be attributed to the increased food waste 
composition in the region’s waste stream. Besides, the composition of all wastes except 
recyclables, inert materials, and food waste were disposed of in the landfills for AD/
LFGTE. This was the same scenario for INC/LFGTE (all wastes except recyclables, inert 

(52)GE(pol) = CS(InT) ∗ EF(pol)

Fig. 3   The quantity of municipal solid (Mt/year) utilized in the integrated waste-to-energy technologies 
from 2004 to 2018
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materials, and combustibles). A careful observation of Fig.  3 shows that the amount of 
waste allocated to the integrated waste-to-energy technologies for power generation annu-
ally experienced fluctuations during the project period. For instance, compared to 2004, 
the amount of waste utilized in the IWtE decreased from 2005 to 2006. Also, relative to 
2009, the amount of MSW decreased from 2010 to 2013. The reduction in the amount of 
waste in those years could be attributed to the region’s poor economic performance during 
those years. This is consistent with Ayodele et al. (2017) findings that the poor economic 
development in some locations in Nigeria contributed to generating less MSW. Besides, 
a decrease in the region’s waste collection rate during those years significantly impacted 
the decline of the amount of MSW allocated to the IWtE. This agrees with Cudjoe et al. 
(2020), who found that an increase in waste collection rate contributed massively to the 
amount of MSW utilized in anaerobic digestion and landfill gas to energy technologies for 
electricity generation in China’s provinces.

Table 2 lists the findings of the electricity generation potential of the integrated waste-
to-energy technologies in the Beijing-Tianjin-Hebei region. It can be seen from Table  2 
that AD/LFGTE had the highest total electricity generation potential in the region dur-
ing the period. The AD/LFGTE demonstrated the highest electricity production poten-
tial because of the AD technology’s high bio-methane yield from highly degradable 
food waste. Besides, the quantity of the mixed waste utilized in the LFGTE technology 
had a high food waste composition, which yielded a high volume of landfill gas (meth-
ane) after decomposition for power generation. Compared to the AD/LFGTE, the AD/
INC had less power generation potential. This is because the composition of combusti-
ble waste in China’s waste stream is less, resulting in lower waste in the INC technology 
for power generation. This finding is inconsistent with Ayodele et al. (2017) study, which 

Table 2   The electricity generation potential and the contributions of IWtE to the Beijing-Tianjin-Hebei 
region’s electricity needs from 2004 to 2018

Year Electricity generated (GWh/year) Electric-
ity needs 
(GWh/year)

Contribution to electricity needs (%)

AD/LFGTE AD/INC INC/
LFGTE

AD/LFGTE AD/INC INC/LFGTE

2004 8,312.12 8,177.05 149.59 17,159.84 48.44 47.65 0.87
2005 7,673.21 7,402.14 284.21 20,844.72 36.81 35.51 1.36
2006 8,314.37 7,928.39 400.06 24,509.44 33.92 32.35 1.63
2007 8,907.05 8,402.59 519.38 29,980.72 29.71 28.03 1.73
2008 9,265.12 8,639.69 640.77 32,987.52 28.09 26.19 1.94
2009 9,546.43 8,801.62 760.45 37,046.52 25.77 23.76 2.05
2010 8,992.81 8,130.79 876.46 40,042.65 22.46 20.31 2.19
2011 9,109.13 8,148.15 975.46 44,370.70 20.53 18.36 2.20
2012 9,215.31 8,159.71 1,070.10 49,542.00 18.60 16.47 2.16
2013 9,571.35 8,425.72 1,160.59 56,238.00 17.02 14.98 2.06
2014 10,280.04 9,044.49 1,251.61 58,138.78 17.68 15.56 2.15
2015 10,971.86 9,640.14 1,348.84 61,509.36 17.84 15.67 2.19
2016 12,229.92 10,796.72 1,452.38 68,462.55 17.86 15.77 2.12
2017 12,535.14 11,172.61 1,382.37 73,561.92 17.04 15.19 1.88
2018 13,011.22 11,716.20 1,315.82 81,369.40 15.99 14.40 1.62
Total/Aver-

age
147,935.08 134,586.01 13,588.09 695,764.12 24.52 22.68 1.88
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found that the hybrid of anaerobic digestion and incineration (AD/INC) had the highest 
electricity generation potential in Nigeria. Similarly, our finding disagrees with Abdallah 
and Elfeky (2021), whose life cycle assessment discovered integrating anaerobic digestion 
and incineration (AD/INC) is the highest electricity generator. The finding also conflicts 
with Tan et al. (2015) finding that AD and INC are the two potential technologies in terms 
of power generation in Malaysia. The differences in this study’s findings and existing lit-
erature could be attributed to the composition of municipal solid waste discarded in land-
fills. The high proportion of nondegradable waste such as plastic in landfills only occupies 
space in the landfill and hinders methane generation. As an agricultural country, China 
produces a lot of food waste, and the larger portion is discarded in landfills. Therefore, this 
study assumed that the same amount of food waste utilized in the AD technology could be 
used in LFGTE technology. The high amount of food waste in the LFGTE contributed to 
high landfill gas. The landfill gas primarily has the same chemical reaction as anaerobic 
digestion and uses the same conversion technology (internal conversion engine), resulting 
in high power generation. The total electricity generation potential of AD/LFGTE during 
the period was 147,935.08 GWh, and that of AD/INC and INC/LFGTE was 134,586.01 
GWh and 13,588.09 GWh, respectively. The findings further show that according to the 
region’s total electricity needs (695,764.12 GWh) from 2004 to 2018, AD/LFGTE could 
contribute 24.52% on average, while AD/INC and INC/LFGTE could contribute 22.68% 
and 1.88%, respectively. This indicates that the AD/LFGTE can highly contribute to the 
region’s energy needs than AD/INC and INC/LFGTE. The lesson learned here is that when 
the organic composition of municipal solid waste in the region is high, the hybrid of AD/
LFGTE technology could be used. However, if there is high nondegradable or combustible 
waste, such as plastics and paper with a considerable amount of degradable content, the 
hybrid of AD/INC could be utilized.

5.2 � Economic feasibility and investment analysis

The findings of the economic analysis of the integrated waste-to-energy projects are pre-
sented in Table 3. It could be seen from Table 3 that all the IWtE projects in the region 
have positive net present value. This indicates that all the integrated projects are feasible 
during the period. According to the National Renewable Energy Laboratory (2011), a 
project is considered economically viable when its net present value is positive. The 
AD/LFGTE project proved more economically feasible in the region. This is because 
compared to the AD/INC and INC/LFGTE, the AD/LFGTE has a higher net present 
value, a lower initial investment cost, a less levelized cost of energy, a payback period, 
and higher profit on the investment. Compared to the other IWtE projects considered 
in this study, INC/LFGTE is less economical. Even though it has the lowest investment 
and operations & maintenance cost, its net present value and profit on the investment are 
very low. Besides, the INC/LFGTE project presents the highest levelized cost of energy 
and investment payback period. The lower levelized cost of energy, shorter investment 
payback period, and the high profit on investment displayed by the AD/LFGTE could 
be attributed to the high electricity generation potential of the project in the region. 
The low profit on an investment and the high levelized cost of energy and investment 
payback period recorded by the INC/LFGTE and AD/INC are because of the lower elec-
tricity generation potential of INC in the region and the capital-intensive nature of the 
INC project. This is in line with the study by Ogunjuyigbe et al. (2017), which found 
that compared to anaerobic digestion (AD) and landfill gas to energy projects (LFGTE), 
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incineration (INC) was more capital intensive, and that made it not economical for elec-
tricity generation in Nigeria. This also confirms the findings of Cui et al. (2020), which 
stated that factors such as high initial investment costs have made it difficult for local 
governments in developing countries to solely invest, construct, and operate incinera-
tion projects.

The payment function was used to compute the monthly payment on a loan with an 
annual interest rate of 4.35% (World Bank Group, 2019). The projects have 180 periods 
(i.e., 15 years). The amount borrowed for the AD/LFGTE project was US$477,310,000, 
that for the AD/INC project was US$647,720,000, and US$194,510,000 for the INC/
LFGTE project. The results of the amortization schedule for the IWtE projects in the 
Beijing-Tianjin-Hebei are listed in Table 4 (AD/LFGTE project), Table 5(AD/INC pro-
ject), and Table 6 (INC/LFGTE project). The findings indicate that the AD/INC project 
requires a high loan amount, and a lot of interest is paid on loan compared to the AD/
LFGTE and INC/LFGTE projects. This is because the AD/INC project is more capital 
intensive and requires a high amount for the initial investment. Table  4 shows that a 
total amount of US$173,372,856 was paid as interest on the amount borrowed for the 
AD/LFGTE project in the region. It could be seen from Table  5 that the amount of 
interest paid on loan for the AD/INC project during the period was US$235,270,718. 

Table 3   Findings of the economic analysis of the integrated waste-to-energy projects in the Beijing-Tianjin-
Hebei region from 2004 to 2018

Economic metrics AD/LFGTE AD/INC INC/LFGTE

Cost
Initial investment cost (Million US$) 477.31 647.72 194.51
Operations & maintenance cost (Million US$) 267.87 283.97 17.94
Benefits
Net present value (Million US$) 667.21 519.66 165.62
Levelized cost of energy (US$/kWh) 0.0915 0.3450 0.4265
Investment payback period (Years) 9.1 10.0 13.2
Profit (Million US$) 1,331.19 1,213.59 600.53

Table 4   An amortization schedule for the AD/LFGTE project

Months Beginning (US$) Payment (US$) Interest (US$) Principal (US$) Ending balance (US$)

1 477,310,000 3,614,905 1,730,249 1,884,656 475,425,344
2 475,425,344 3,614,905 1,723,417 1,891,488 473,533,856
3 473,533,856 3,614,905 1,716,560 1,898,345 471,635,512
4 471,635,512 3,614,905 1,709,679 1,905,226 469,730,286
5 469,730,286 3,614,905 1,702,772 1,912,132 467,818,153
… … … … … …
177 14,329,523 3,614,905 51,945 3,562,960 10,766,563
178 10,766,563 3,614,905 39,029 3,575,876 7,190,687
179 7,190,687 3,614,905 26,066 3,588,839 3,601,848
180 3,601,848 3,614,905 13,057 3,601,848 0.00
Total – – 173,372,856 477,310,000 –
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Besides, it can be realized from Table 6 that the total interest paid on the amount bor-
rowed for the INC/LFGTE project was US$70,651,682.

5.3 � Environmental benefits of the integrated waste‑to‑energy technologies

This section of the study presents and discusses the amount of coal saved due to electric-
ity generation from municipal solid waste via integrated waste-to-energy technologies. 
The section also presents and discusses the amount of greenhouse gas emissions avoided 
due to electricity generation from integrated waste-to-energy technologies. The amount of 
coal consumption saved is depicted in Table 7. The Table shows that electricity genera-
tion from municipal solid waste using AD/LFGTE technology avoided the region’s highest 
total coal consumption (8,699.37 Mt). Following the AD/LFGTE was the AD/INC, with a 
total of 7,914.40 Mt coal consumption saved, while the lowest amount of coal consumption 
(799.02 Mt) was saved by the INC/LFGTE technology. The highest coal consumption sav-
ing capability of the AD/LFGTE technology was because much electricity was generated 
from the technology. This reduced the combustion of a huge amount of coal for electricity 

Table 5   An amortization schedule for the AD/INC project

Months Beginning (US$) Payment (US$) Interest (US$) Principal (US$) Ending Balance (US$)

1 647,720,000 4,905,504 2,347,985 2,557,519 645,162,481
2 645,162,481 4,905,504 2,338,714 2,566,790 642,595,691
3 642,595,691 4,905,504 2,329,409 2,576,095 640,019,596
4 640,019,596 4,905,504 2,320,071 2,585,433 637,434,163
5 637,434,163 4,905,504 2,310,699 2,594,805 634,839,358
… … … … … …
177 19,445,473 4,905,504 70,490 4,835,014 14,610,458
178 14,610,458 4,905,504 52,963 4,852,541 9,757,917
179 9,757,917 4,905,504 35,372 4,870,132 4,887,786
180 4,887,786 4,905,504 17,718 4,887,786 0.00
Total – – 235,270,718 647,720,000 –

Table 6   An amortization schedule for the INC/LFGTE project

Months Beginning (US$) Payment (US$) Interest (US$) Principal (US$) Ending balance (US$)

1 194,510,000 1,473,120 705,099 768,022 193,741,978
2 193,741,978 1,473,120 702,315 770,806 192,971,173
3 192,971,173 1,473,120 699,521 773,600 192,197,573
4 192,197,573 1,473,120 696,716 776,404 191,421,168
5 191,421,168 1,473,120 693,902 779,219 190,641,950
… … … … … …
177 5,839,466 1,473,120 21,168 1,451,952 4,387,514
178 4,387,514 1,473,120 15,905 1,457,216 2,930,298
179 2,930,298 1,473,120 10,622 1,462,498 1,467,800
180 1,467,800 1,473,120 5,321 1,467,800 0.00
Total – – 70,651,682 194,510,000 –
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generation in the region during the project period. The annual coal consumption savings 
by the AD/LFGTE technology range from 451.23 to 765.13 Mt/year, while that of the AD/
INC and INC/LFGTE technologies range from 435.29 to 688.98 Mt/year and 8.80 to 85.40 
Mt/year. A critical observation of Table 7 shows that the annual coal consumption saving 
by the IWtE technologies experienced some level of variation during the project period. 
The decline in the amount of coal consumption saved during certain periods was because 
of the drop in electricity generation potential by the IWtE technologies resulting from 
lower amounts of municipal solid waste allocation.

The amount of some essential greenhouse gas (GHG) emissions avoided due to elec-
tricity generation using the integrated waste-to-energy projects in the region were evalu-
ated. The GHGs considered are carbon dioxide (CO2), methane (CH4), and nitrous oxide 
(N2O). The results are presented in Fig. 4 (for CO2), Fig. 5(for CH4), and Fig. 6 (for N2O). 
Figure  4 shows that the total CO2 emissions avoided by the AD/LFGTE, AD/INC, and 
INC/LFGTE during the project period were 16,354.81 Mt, 14,879.07 Mt, and 1,502.16 Mt, 
respectively. From Fig. 5, it could be seen that the total annual CH4 emissions avoided by 
the AD/LFGTE from 2004 to 2018 were 2,244.44 Mt, while that of AD/INC and INC/
LFGTE were 2,041.92 Mt and 206.15 Mt. In Fig.  6, it can be observed that the INC/
LFGTE avoided the lowest N2O emission (30.92 million kg), while the highest (336.67 
million kg) was avoided by the AD/LFGTE. Following the AD/LFGTE is the AD/INC, 
which avoided N2O emissions of 306.29 million kg. It can be realized that the AD/LFGTE 
and AD/INC avoided the highest GHG emissions. This is due to the contribution of the 
anaerobic digestion technology (AD), a known contributor to reducing GHG emissions. 
This is consistent with Ayodele et al. (2018) study, which found that compared to landfill 
gas to energy technology (LFGTE), AD was the best technology in terms of GHG emission 
reduction in Nigeria. This also confirms the findings of Cudjoe et al. (2020) that AD per-
formed better in reducing global warming in provinces of China than landfill gas to energy. 
Compared to AD/INC, the AD/LFGTE avoided a higher amount of GHGs emissions. This 

Table 7   Coal consumption saved 
(Mt/year) due to electricity 
generation by the IWtE

Year Amount of coal consumption saved (Mt/year)

AD/LFGTE AD/INC INC/LFGTE

2004 488.80 480.86 8.80
2005 451.23 435.29 16.71
2006 488.93 466.23 23.52
2007 523.78 494.12 30.54
2008 544.84 508.06 37.68
2009 561.38 517.58 44.72
2010 528.83 478.14 51.54
2011 535.66 479.16 57.36
2012 541.91 479.84 62.92
2013 562.85 495.48 68.25
2014 604.52 531.87 73.60
2015 645.20 566.89 79.32
2016 719.18 634.91 85.40
2017 737.13 657.01 81.29
2018 765.13 688.98 77.37
Total 8,699.37 7,914.40 799.02
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is because the amount of waste disposed of in the landfills had a high composition of the 
degradable waste (food waste), resulting in a high amount of landfill gas for power genera-
tion. This increased the GHGs emission avoidance strength of the LFGTE. This finding is 

Fig. 4   The amount of carbon dioxide (CO2) emissions avoided due to electricity generation from IWtE

Fig. 5   The amount of methane (CH4) emissions avoided due to electricity generation from IWtE
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inconsistent with Ayodele et al. (2017) study, which found the hybrid of anaerobic diges-
tion and incineration (AD/INC) as potentially viable in terms of global warming reduction 
than other integrated systems.

6 � Conclusions and policy recommendations

6.1 � Conclusions

The present study assessed the electricity generation potential of municipal solid waste 
generated in China’s Beijing-Tianjin-Hebei region from 2004 to 2018 using integrated 
waste-to-energy technologies. The results show that the total amount of municipal solid 
waste utilized in the AD/LFGTE during the project period was 271.83 Mt, while that of 
INC/LFGTE was 214.34 Mt and AD/INC was 187.35 Mt. Compared to the other integrated 
waste-to-energy systems in this study, AD/LFGTE had the highest electricity generation 
potential from the region’s municipal solid waste. From 2004 to 2018, it was realized that 
the electricity needs of the Beijing-Tianjin-Hebei region was 695,764.12 GWh. The AD/
LFGTE had the highest contribution of 24.52% to the region’s electricity needs, while AD/
INC and INC/LFGTE contributed 22.68% and 1.88%, respectively.

The economic analysis showed that all the integrated waste-to-energy projects are fea-
sible in the region. This is because they all presented a positive net present value during 
the period. The AD/LFGTE was more economical than AD/INC and INC/LFGTE. This 
is because AD/LFGTE project had the highest net present value, lowest levelized cost of 

Fig. 6   The amount of nitrous oxide (N2O) emissions avoided due to electricity generation from IWtE
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energy (US$0.0915/kWh), a shorter investment payback period (9.1 years), and a higher 
profit (US$1,331.19 million) on investment. Compared to AD/LFGTE and INC/LFGTE 
projects, the amortization schedule showed that AD/INC was more capital intensive. This 
is because it required a higher loan amount and higher interest payment on the amount 
borrowed. It was evident from the environmental analysis that a considerable amount of 
coal consumption and greenhouse gas (CO2, CH4, and N2O) emissions could be avoided by 
using integrated waste-to-energy technologies for electricity generation in the region.

6.2 � Policy recommendations

It is evident from the findings that using integrated waste-to-energy technologies, espe-
cially AD/LFGTE and AD/INC for power generation, can contribute to solid waste man-
agement, clean energy, and climate change mitigation in the region. The environmental 
benefits and economic advantages of the AD/LFGTE hybrid technology over the others 
are proportional to its electricity generation capacity. Therefore, it is recommended that 
the waste collection rates be improved in all the cities across the region through adequate 
and appropriate waste collection facilities. All the provinces and cities in the region should 
establish a sound institutional framework to ensure that the wastes generated are collected 
and disposed of as expected. Private waste collectors should be encouraged by empowering 
public financial institutions to support them through flexible loans. This should be accom-
panied by constant monitoring and evaluation to ensure professionalism and efficiency.

It was found from the study that integrated waste-to-energy technologies demand a spe-
cific type of wastes to be able to generate electricity efficiently. This means that improper 
waste sorting behavior in the region may minimize their electricity generation efficiency. 
It is recommended that policymakers at both the provincial and city level in the region 
adequately promote the residents’ awareness of waste sorting benefits to ensure that waste 
sorting has become a widely accepted behavior among residents. The appropriate waste 
sorting facilities should be provided by authorities to enable easy waste sorting among resi-
dents. Policymakers should consider the generation gaps in the region, which could be an 
obstacle to waste sorting. The elderly must be able to participate in waste sorting with little 
or no difficulties. The provincial and city government in the region should implement strin-
gent punishment policies for residents who violate waste sorting laws.

It was realized from the study that the integrated waste-to-energy project may con-
front some economic obstacles such as high investment and/or operations & mainte-
nance costs. More political intent and financial assistance will ensure the projects 
grow before realizing vital technological breakthroughs and cost reductions. Given the 
region’s current social and economic situation, a solid investment framework is pro-
posed to be established. The region’s provincial and city governments should establish 
a high-level strategy roadmap for developing integrated waste-to-energy projects, par-
ticularly according to their geographical, economic, and commercial advantages. This 
should fit with the overall decarbonization strategy and tie China’s National Determined 
Contributions (NDCs) in line with climate actions. Investment in the projects should 
be encouraged at the provincial and city level through incentives such as subsidies, tax 
holidays, and carbon credits.
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Table 8   The amount of waste 
collected for disposal in the 
Beijing-Tianjin-Hebei region 
from 2004 to 2018 (NBS, 2018)

Year Amount of municipal solid 
waste collected (10,000 t/
year)

2004 1,414
2005 1,280
2006 1,371
2007 1,453
2008 1,494
2009 1,522
2010 1,406
2011 1,409
2012 1,411
2013 1,457
2014 1,564
2015 1,667
2016 1,867
2017 1,932
2018 2,026

Table 9   Ultimate analysis of MSW generated in China (Zhou et al., 2015)

Type of 
waste

Hydrogen 
(%)

Oxygen (%) Nitrogen 
(%)

Carbon (%) Sulfur (%) Ash (%) Moisture (%)

Food 7.04 41.15 3.86 47.22 0.49 20.98 69.85
Paper 6.01 47.78 0.34 45.62 0.22 12.20 13.15
Wood 6.39 40.50 1.59 51.35 0.18 6.84 42.95
Plastic 

(Chlorine 
free)

12.97 0.73 0.08 86.22 0.05 0.48 0.13

Textiles 5.84 38.09 1.70 54.08 0.22 3.56 13.75
Rubber 8.62 4.31 0.86 84.52 1.56 15.64 0.89
PVC 5.00 0.59 0.08 40.59 0.20 4.18 0.21

Appendix

See Tables 8, 9 and 10. 
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