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Abstract: To cope with the increasing energy demand of people and solve the problem of a “Garbage
Siege”, most cities have begun to adopt waste power generation (WTE). Compared to other WTE
technologies, incineration has proven to be the most efficient technology for municipal solid waste
(MSW) treatment. Therefore, to further explore the economic feasibility of MSW incineration plant
construction, this study established a multi-factor prediction of MSW generation based on the GRA-
BiLSTM model. By fully considering the relationship between the change in feed-in tariff (FIT) and the
building of an incineration plant in Beijing, the economic feasibility of building an incineration plant
is discussed based on the three scenarios set. The experimental results showed that (1) the combined
model based on the GRA-BiLSTM showed good applicability for predicting MSW generation in
Beijing, with MAE, MAPE, RMSE, and R2 values of 12.47, 5.97%, 18.5580, and 0.8950, respectively.
(2) Based on the three scenarios set, the incineration power generation of Beijing MSW will show
varying degrees of growth in 2022–2035. In order to meet future development, Beijing needs to build
seven new incinerators, and the incineration rate should reach 100%. (3) According to setting different
feed-in tariffs, based on the economic feasibility analysis, it is found that the feed-in tariff of MSW
incineration for power generation in Beijing should be no less than $0.522/kWh. The government
should encourage the construction of incineration plants and give policy support to enterprises that
build incineration plants.

Keywords: municipal solid waste; GRA-BiLSTM model; feed-in tariff; waste-to-energy; cost

1. Introduction

With rapid economic development and urban population growth, the amount of
municipal solid waste (MSW) in China has been rising [1], which has led to rising envi-
ronmental pollution and a shortage of land resources [2]. Currently, the amount of MSW
generated in China has reached 249 million tons, and two-thirds of the country’s cities are
suffering from the plight of a “Garbage Siege” [3]. As a result of economic development and
continuous growth in population density, China is the world’s largest MSW producer [4].
In recent years, Beijing, the capital of China, has been at the forefront of MSW generation
in the country. For example, MSW generation in Beijing reached 7,842,200 tons in 2021,
and the rising trend of MSW generation in recent years has put great pressure on the city’s
environmental quality and sustainable development. Therefore, it is necessary to address
the increasing MSW generation in Beijing and mitigate its impacts on the environment
and resources.

Landfill, incineration, and composting are the three main MSW treatment methods in
China today [5]. Landfills are the main form of MSW disposal in China due to their low
economic costs and ease of operation, accounting for about 80% [6]. However, landfills
produce about 3–4% of global anthropogenic greenhouse gas (GHG) emissions [7], which
is a great threat to the environment. In contrast, the burning of MSW not only contributes
directly to GHG emission reduction and economic growth [8], but the process of incineration
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can reduce the volume of MSW by 80–90% [9,10]. Therefore, since 2007, the Chinese
government has started a policy of subsidizing MSW incineration and power generation
technology to encourage the adoption of waste incineration technology for MSW treatment
in various regions [11]. Figure 1 shows the completed MSW treatment plants by provinces
in China in 2021. Overall, there are more MSW treatment plants in the eastern coastal
regions of China than in the central and western regions. Provinces have started to build
many new waste incineration plants based on national policy subsidies, but the number
of existing waste incineration plants is still relatively small. In addition, few studies have
considered whether it is profitable for companies to build incineration plants in terms
of economic efficiency. Therefore, this study proposes a GRA-BiLSTM model to achieve
accurate prediction of MSW generation by combining the advantages of grey correlation
analysis and deep neural networks to deal with nonlinear data. The grey correlation
analysis (GRA), as a multi-factor analysis method, can measure the degree of association
between factors based on the similarity of development trends among them. And the deep
neural network has good nonlinear mapping, self-learning and self-adaptive associative
memory, and parallel information processing capabilities, which shows good applicability
in dealing with time series data in different scenarios. In dealing with nonlinear time
series prediction problems, deep neural networks effectively extract data features through
multilayer nonlinear transformations to achieve accurate prediction of output variables [12].
Based on the GRA-BiLSTM model proposed above, this study measured the economic
benefits generated by incineration treatment under different feed-in tariffs (FITs) through
scenario setting, to suggest the FIT to be declared by enterprises.
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The contributions of this study contain three main aspects: (1) Deep learning tech-
niques are applied to MSW generation forecasting, and a multi-factor MSW generation
forecasting model based on GRA-BiLSTM is established. (2) The future growth of each
indicator is fully considered, and MSW generation in Beijing from 2021 to 2035 is predicted
based on the baseline growth rate and, through the GRA-BiLSTM model, and it is pointed
out whether the existing treatment capacity in Beijing can meet the treatment demands
of MSW in the future, and the implications are suggested for the future construction of
incineration plants in Beijing. (3) Based on the economic benefits generated by the MSW
treatment situation under three different scenarios, suggestions are made, including the
reasonable planning of future MSW incineration plant construction based on the predicted
future MSW generation; given the future development trends in Beijing, enterprises should
declare the FIT at no less than $0.522/kWh.

The structure of the paper is as follows: the second section addresses a literature
review of indicators and methods for predicting municipal solid waste generation, and the
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economic benefits of municipal waste treatment. The third section introduces the research
methodology and data sources of this study. The fourth section presents the results of
predicting the amount of municipal solid waste generated in Beijing, and the study of the
economic benefits of municipal solid waste incineration for power generation. The fifth
part reviews the findings of the article and suggestions for future research.

2. Literature Review

The MSW generation prediction model has become an important tool for MSW man-
agement [13]. Many authors have used various models to predict MSW generation at
different research scales [14]. The prediction models that have been developed have ranged
from traditional methods such as regression analysis, which predicts future MSW by deter-
mining the correlation equation between MSW generation and certain variables [15]. The
more sophisticated machine learning methods, including models such as support vector
machines (SVMs) and neural networks, can handle very complex datasets [16]. Due to the
complexity of MSW generation rules, nonlinear regression models show better accuracy
than linear regression models, while predictions can be made by identifying patterns in the
observed data without explicit programming [17]. Therefore, most of the current studies
on MSW prediction use nonlinear regression models [18]. Among them, the deep learning
models have a more comprehensive understanding of the trend of time series data [19],
such as LSTM [20], bi-directional LSTM (Bi-LSTM) [18], etc. Compared with traditional
statistical methods and general machine learning methods, the deep learning method
solves the difficulty of dealing with nonlinear data in traditional statistics and makes up
for the defect that machine learning can only achieve local optimization, which is widely
used in many fields such as MSW and air quality [21]. Meanwhile, the BiLSTM model
can effectively reduce the errors caused by data redundancy and random noise through
the input function of the model being combined with a network structure consisting of
multiple hidden layers to extract the hierarchical features of the data and improving the
robustness of the model [22]. Therefore, the BiLSTM model was selected to predict the
generation of MSW in this study.

The prediction results of MSW generation are generally influenced by the influencing
factors chosen in the study [23]. Currently, scholars mainly consider the influence of three
dimensions: demographic, economic, and social in their studies on predicting MSW [24].
Among them, the demographic dimension mostly uses influencing factors such as gen-
der ratio, resident population [25], inbound tourism [26], and education level [27] The
economic dimension includes influencing factors such as GDP, per capita consumption
expenditure, per capita disposable income [28], and total retail sales of consumer goods [29].
The social dimension includes urban road area, citywide centralized heating area, urban
green coverage [30], and other influencing factors. In addition, Zhang et al. considered
demographic and educational factors as social dimensions and explored MSW generation
in both social and economic dimensions using five machine tilting algorithms (LR, PR,
SVM, RF, and XGBoost) and found that the key to MSW increase is mainly the increase in
MSW per capita due to GDP [31]. The impact of the size of the population, the number of
formally employed persons, unemployment rate, and family units on MSW generation in
Johannesburg was analyzed by Ayeleru et al. using two predictive models, ANN and SVM,
and the study found very strong correlations between population, number of households,
and unemployment rate and with MSW generation [32]. Due to the variability of factors
affecting MSW generation in different regions, Izquierdo-Horna et al. suggested that the
screening of variables affecting MSW generation can be carried out dimensionally, depend-
ing on the actual case [33]. Therefore, the influencing factors regarding MSW generation
used in this study were determined by the existing research results of scholars. Meanwhile,
to reduce the errors caused by numerous factors in predicting MSW generation, GRA will
be used to screen the factors influencing MSW generation to effectively reduce the impact
of time series interference on prediction accuracy [34].
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In addition, a large number of papers have explored MSW treatment technologies
that are more suitable for future societies from the environmental, economic, and energy
perspectives [35]. This includes Liu et al. comparing two Chinese cities with different levels
of development (Leizhou and Shenzhen) through MSW gasification for power generation
(MGPG) and MSW incineration for power generation (MIPG) technologies and finding
that MSW incineration technology shows greater stability in resisting policy risks [10].
Rodrigues et al. analyzed the impact of both MSW gasification and incineration treatment
in Brazilian cities from an economic and energy perspective and found that incineration is
the option with the greatest power generation potential in MSW treatment [9]. Meanwhile,
Zhou and Zhang analyzed the energy potential of MSW in the Greater Bay Area of China
through MSW generation models with the IPCC default approach, and incineration was
found to be more suitable for future development from both energy recovery and climate
perspectives [4]. Based on current studies, MSW incineration has been extensively evaluated
as more suitable for future society [36]. However, few studies have analyzed the impact
of FITs on the construction of incineration plants. Therefore, this paper will analyze the
impact of FITs on the economic benefits generated by MSW incineration.

3. Materials and Methods

The GRA-BiLSTM model is an intelligent network model that combines the advantages
of GRA and BiLSTM for multi-factor prediction. The factors selected in this study that
affect the generation of MSW in Beijing are screened by GRA and are later entered into the
BiLSTM model for learning. The autonomous learning and fault tolerance capability of the
neural network is fully utilized to improve the accuracy of prediction and the efficiency
of deep learning. And, by setting the average growth scenario of the input indicators,
the prediction of Beijing MSW generation from 2022 to 2035 is achieved to verify whether
existing incineration plants can meet the demand of Beijing’s MSW treatment trends by
2035. Second, based on the current FITs, the economic benefits generated under different
scenarios are evaluated and, based on the forecast results, recommendations are made for
the construction of future MSW incineration plants in Beijing.

3.1. Data Collection and Study Area
3.1.1. Study Area

In this study, Beijing is selected as the object of study. Beijing, the capital of China, is
located in the east of the country and is an important political, economic, and cultural center
of China. By the end of 2021, the resident population numbered 21,886,000 people. This
means that a large quantity of MSW will be generated and will cause a serious dilemma for
Beijing’s limited land resources. As a result, Beijing has implemented a series of measures
around energy conservation and emission reduction as well as MSW incineration and
power generation. Currently, Beijing has built 43 waste treatment plants with a daily design
capacity of 33,861 tons per day. Among them, the domestic waste incineration plant No. 12,
has a design capacity of 17,650 tons/day.

As shown in Figure 2, the per capita annual MSW generation in Beijing has been much
higher than the per capita annual MSW generation level in China. In particular, in 2021,
the per capita MSW generation in China was 0.18 tons, while the per capita annual MSW
generation in Beijing reached 0.36 tons. This means that Beijing MSW treatment will face a
bigger crisis. Therefore, this study focuses on the case study of MSW in Beijing and also
provides references for other provinces.
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3.1.2. Impact Factor Selection

According to many scholars’ studies on MSW generation forecasting, this paper
collected and integrated data on 15 selected forecasting indicators in Beijing from 1979
to 2021 from the Beijing Statistical Yearbook for the period from 1979 to 2022 (https://tjj.
beijing.gov.cn/ (accessed on 6 July 2022)). Among them, the 15 influencing factors are
per capita consumption expenditure, GDP, per capita disposable income, total retail sales
of consumer goods, tertiary industry income, resident population, number of registered
households, resident population density, number of inbound tourists, registered population,
road cleaning and sanitation area, public transportation operating vehicles, centralized
heating area in the city, public green space per capita, and urban road area.

To fully consider the Beijing government’s planning and future social development,
this paper will study and forecast the future MSW generation in Beijing based on existing
studies. By extrapolating the existing data for the past 5 years (2016–2020) and combining
the different development characteristics of each stage in Beijing’s future development
trends, MSW generation in Beijing for the next 15 years (2021–2035) is forecasted. Different
growth scenarios are proposed for each of the selected influencing factors. The average
growth rate of the annual data is used to represent the change in each input indicator in the
scenario setting.

According to Beijing’s national economic and social development plan, Beijing’s per
capita disposable income and per capita consumption expenditure will gradually tend
to grow steadily in the future. Therefore, the distribution of the baseline scenario for
Beijing’s per capita disposable income and per capita consumption expenditure are set
at 7% and 6%. Due to the combined effects of the domestic and international COVID-19
economic conditions, and domestic economic growth trends, Beijing residents’ willingness
to consume has decreased, and the baseline scenario for Beijing’s total retail sales of
consumer goods is set at 5%, taking into account the study of Beijing’s future development
trends and the historical data for the past five years. Taking into account Beijing’s energy
development plan and historical data for the past five years, the baseline scenario for
Beijing’s centralized heating area is set at 0.5%. With the continued “land constraint” in
Beijing, the baseline scenarios for Beijing’s urban road area and road cleaning area are set
at 1% and 2%, respectively, and the baseline scenarios for the number of households and
household population in Beijing are set at 0.5% and 1%. Influenced by COVID-19 at home
and abroad, Beijing’s inbound tourism market fell precipitously from the Spring Festival of
2020. The current orderly liberalization policy in China and the historical data of Beijing
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over the past 5 years are taken into account. The baseline scenario is set at 110% for the
number of inbound tourists in Beijing in 2021–2023 and 2.5% for the number of inbound
tourists in Beijing in 2024–2035.

3.2. Establishing the GRA-BILSTM Model
3.2.1. Grey Relation Analysis

The GRA was invented by Deng and has been successfully applied in many fields [37].
In this study, the GRA will be used to evaluate the relationship between MSW generation
and the selected influences to identify predictors for the training model. The GRA, as a
multi-factor analysis method, can measure the degree of association between factors based
on the similarity of trends between them. If the trend consistency of changes among factors
is stronger, the greater the grey correlation between them. Conversely, the smaller it is.

Set the reference set as χ0 = {χ0(1), χ0(2), · · · , χ0(n)}, where n is the number of
input data. Set the comparison set as χi = {χi(1), χi(2), · · · , χi(n)(i = 0, 1, 2, · · · , m − 1)},
where m is the number of all indicators, each indicator is a reference set and the rest is the
comparison set.

The m groups of indicators are normalized to eliminate the effect of dimensionality, as
in Equation (1):

yi(t) =
χi(t)

1
n ∑n

m=1 χi(m)
(1)

Calculate the grey correlation coefficient of yi(t) and y0(t) at time t as Equation (2):

ξi(t) =
minimint|y0(t)− yi(t)|+ ρmaximaxt|y0(t)− yi(t)|

|y0(t)− yi(t)|+ ρmaximaxt|y0(t)− yi(t)|
(2)

In Equation (2), ξi(t) is the grey correlation coefficient, while the adjustment parameter
ρ ∈ (0, 1) with ρ can be used to enhance each coefficient, and the correlation coefficients
between the two groups are as in Equation (3):

y(y0, yi) =
1
n ∑n

t=1 ξi(t) (3)

Each indicator is used as a reference set for the correlation coefficient matrix of all
indicators calculated by Equation (3). As Equation (4):

y =


y11 y12 · · · y1n
y21 y22 · · · y2n
· · · · · · · · · · · ·
yn1 yn2 · · · ynn

n × n (4)

The weights corresponding to each indicator are obtained by calculating the average
of the correlation coefficients. In summary, the absolute value of the correlation coefficient
corresponds to the strength of the correlation coefficient. The larger the value, the stronger
the correlation, and vice versa [38].

3.2.2. Bidirectional Long Short-Term Memory

The BiLSTM model is a deformation structure of the LSTM model [39], and compared
with the LSTM model that always passes training from front to back during training,
the BiLSTM model adds back-to-forth passing training on this basis, which can fully
consider contextual information and overcome the deficiency of data in the LSTM through
a bidirectional recurrent neural network. As shown in Figure 3, the BiLSTM model can
simultaneously perform bidirectional transfer when processing data with an independent
presence in both directions and can capture past and future information in a specific time
interval [40].
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In addition, the two layers of the BiLSTM model need to save two values, h f and hb,
and these two values need to be computed forward and backward, respectively. The final
output value Ot, obtained by combining the outputs of the forward and backward layers,
can be obtained as Equations (5) and (6):

h f t = f (w f 1xt + w f 2xt−1) (5)

hbt = f (wb1xt + wb2xt+1) (6)

where, h f is the forward-layer LSTM network output and the backward-layer LSTM
network output. The final output of the hidden layer is shown in Equation (7).

ot = g
(

wo1 ⊗ h f + wo2 ⊗ hb

)
(7)

where, wi is the corresponding matrix of weight coefficients, which is applied iteratively in
each time step.

3.3. Economic Benefits of MSW Incineration for Power Generation
3.3.1. Municipal Waste Incineration Potential

In this section, the power generation potential of MSW incineration is calculated by
Equation (8) [41].

EPi =
MSWi × LCVmsw × η

3.6 ∗ 109 (8)

In Equation (8), EPi is the generation potential (GWh) in the year i. MSWi is the MSW
(tons/yr) generated in year i; LCVmsw is the low heating value (MJ/kg) of MSW; η is the
conversion efficiency, which is set to 30% in this study. 3.6 ∗ 109 is the unit conversion factor(
1 GWH = 3.6 ∗ 109 KJ

)
. In addition, the range of measured data for the low calorific value

(LCV) of MSW incineration in Beijing is 5958–7021 MJ/kg. The middle value 6490 MJ/kg
is taken in this study, so the low calorific value of MSW incineration in Beijing in this study
is 6490 MJ/kg.

3.3.2. Economic Benefits of Incineration Power Stations

The total cost of an incineration facility includes capital cost and operating costs.
Based on industry practice, it is assumed that the initial investment cost of building an
incineration plant with a capacity of up to 3000 tons/day is USD4.7 million and the
operating cost is USD40USD/ton of MSW/year [42]. In this case, the construction period
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of the incineration plant is 2 years and the profitability starts in the third year. The average
life of an incineration plant is considered to be 30 years, and the plant and machinery will
reach their full potential at the end of the concession period. Therefore, the residual value
is negligible and set at zero.

The incineration plant receives additional revenue from the sale of electricity, which is
calculated as follows [11]:

FIT = e × pi (9)

where e is the amount of electricity sold (kWh) and Pi is the price per kWh sold. However,
under China’s “competitive allocation” rules, companies may voluntarily lower the FIT
declaration in a more competitive situation, and the FIT will be lower than the $0.65/kWh
standard.

3.3.3. Scenario Design

Based on national policies and future development trends in Beijing, three scenarios
were set up in this study (all based on data from the base year), with the base year set at
2021: the business-as-usual (BAU) scenario and two comparison scenarios.

Scenario 1 (BAU). In this scenario, it is assumed that Beijing’s future incineration
market share remains constant, i.e., a 62.3% annual incineration treatment market share.
Three more incineration plants will be built according to future demand.

Scenario 2. In this scenario, it is assumed that Beijing’s market share for MSW incin-
eration treatment needs to reach 80% by 2035 based on national policy recommendations.
The incineration share varies at an average growth rate between 2021 and 2035, i.e., the
annual growth rate of the incineration share is 2.82%. Therefore, five more incineration
plants need to be built to meet future demand.

Scenario 3. In this scenario, based on national policy recommendations and future
development in Beijing, the incineration share of MSWs in Beijing is assumed to reach
100% in 2035, and the incineration share varies at an average growth rate between 2021 and
2035, i.e., the annual growth rate of the incineration share is 5.4%. Therefore, seven more
incineration plants need to be built to meet future demand.

3.4. Accuracy Evaluation for the Model

To evaluate the performance of the GRA-BiLSTM model, this study uses mean absolute
percentage error (MAPE), root mean square error (RMSE), and mean absolute error (MAE)
to measure the difference between the simulated and actual data. Among them, the range
of values is [0,+∞), and the value is larger when the error between the predicted and
true values is greater. The predicted value is equal to 0 when it exactly matches the true
value [43].

The MAPE is calculated by Equation (10).

MAE =
1
n

n

∑
i=1

|ŷi − yi| (10)

The RMSE is calculated by Equation (11).

RMSE =

√
1
m

m

∑
i=1

(yi − ŷi)
2 (11)

The MAE is calculated in Equation (12).

MAPE =
100%

n

n

∑
i=1

∣∣∣∣ ŷi − yi
yi

∣∣∣∣ (12)
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The R-Square is calculated in Equation (13).

R2 = 1 − ∑n
i=1 (yi − ŷi)

2

∑n
i=1 (yi − yi)

2 (13)

where, ŷ = {ŷ1 , ŷ2, · · · , ŷn} is the predicted value, y = {y1 , y2, · · · , yn} is the true value,
and n is the number of indicator variables.

4. Results and Discussion
4.1. Accuracy Analysis of Prediction Model
4.1.1. Index Correlation Analysis

In this study, the factors influencing MSW generation in Beijing were analyzed by
GRA. Based on the correlation results of the MSW generation data in Beijing with its
15 influencing factors, the three indicators with the highest correlation were selected from
the social, economic, and demographic dimensions as the input indicators for the prediction
model. Table 1 shows the correlation results obtained through GRA screening. For the
relevance indicator of the impact factor, a range of 0.8–1 is considered a strong correlation,
a range of 0.6–0.8 is considered a stronger correlation, and less than 0.6 can be considered a
fair correlation. Among them, the fluctuation trends of nine influencing factors, namely
per capita disposable income, per capita consumption expenditure, total retail sales of
consumer goods, road cleaning area, urban centralized heating area, urban road area,
number of households, household population, and inbound tourists, are more closely
related to the amount of MSW generated in Beijing. Further experimental results show that
selecting these nine influencing factors as input indicators for the model to predict MSW
generation in Beijing can yield more accurate experimental results, ensuring the reliability
of MSW generation data as a means of estimating the range of FITs in Beijing.

Table 1. Index correlation degree ranking.

Economic Indicators Social Indicators Population Indicators
Indicator
Name Relevance Sort Indicator

Name Relevance Sort Indicator
Name Relevance Sort

Per capita
consumption
expenditure

0.8165 1 Street sweeping area 0.8001 1 Household
population 0.8677 1

Total retail sales of
social consumer
goods

0.7843 2 Citywide centralized
heating area 0.7929 2

Number of
household
registration

0.8136 2

Per capita
disposable
Income

0.777 3 Urban road area 0.7852 3 Number of inbound
tourists 0.8064 3

GDP 0.777 4 Green space per
capita 0.7686 4 Resident population 0.7961 4

Tertiary industry 0.7464 5
Public
transportation
operating vehicles

0.7685 5 Resident population
density 0.7929 5

After screening the influencing factors through GRA, the influencing factor data
screened through GRA are input into the BiLSTM model for prediction. In the training
process of the BiLSTM model, the optimization of the model structure is first carried out.
The optimal prediction model is found by setting one parameter differently and keeping
other parameters the same. The optimization of the structural parameters of the BiLSTM
model is mainly divided into two steps. We implemented the construction and testing
of the predictive model using a Linux system and python 3.9 under GPU-accelerated
computer hardware. The first step is to determine the number of model layers. Using the
established parameters in the model, the number of model layers can be categorized into
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1, 2, 3, and 4 layers. The optimal number of layers is derived by comparison. The second
step is to determine the number of BiLSTM units. According to the determined BiLSTM
model structure, 32, 64, and 128 BiLSTM units were set up in this study. According to the
successive experiments, the parameters of the BiLSTM model structure in this study are an
lr of 0.001, the number of BiLSTM layers being 2, and the number of BiLSTM units being 32.

4.1.2. Performances of MSW Prediction Models

To objectively reflect that the GRA-BiLSTM prediction model constructed in this study
has the lowest error possible, we chose seven commonly used MSW prediction models for
comparison. Namely, support vector regression (SVR), logistic regression (REG), combined
grey correlation analysis with a support vector regression model (GRA-SVR), combined
grey correlation analysis with a logistic regression model (GRA-REG), as well as the current
widely used deep learning methods: LSTM, BiLSTM, and the GRA-LSTM combined model.
The learning performance of each model is tested by the same proportion of the training
set, and the predictive performance of the eight groups of models is compared with the
results of MAE, MAPE, RMSE, and R2.

The experimental results are shown in Table 2 and all eight groups of prediction
models can realize reasonable prediction. Among them, the traditional REG model has
the highest prediction error with a MAPE value of 95.03%, and the GRA-REG model has
the second highest prediction error after the traditional REG model with a MAPE value of
47.53%. Compared with the other seven models, the MAE, MAPE, and RMSE values of
the GRA-BiLSTM model are 12.47, 18.56, and 5.97%, respectively, which are more accurate.
In response to published papers on municipal solid waste (MSW) prediction, a growing
number of studies have focused specifically on the predictive performance of models.
Municipal solid waste prediction studies using prediction models such as ANN, SVM, and
LSTM have model accuracies of MAPE = 16% [44], R2 = 0.71 [45], and MAPE = 14.36% [46].
In our study using the GRA-BiLSTM model, the prediction accuracy had a MAPE of 5.97%
and an R2 of 0.895, and the prediction model possessed better prediction accuracy when
compared to the results of existing studies.

Table 2. Performance comparison of eight prediction models.

Model MAE RMSE MAPE (%) R2

SVR 89.46 110.45 23.41 0.6808
REG 266.77 332.92 95.03 0.4102
LSTM 77.37 83.46 21.24 0.6971
BiLSTM 32.58 57.38 14.36 0.8015
GRA-SVR 31.08 60.69 14.23 0.8101
GRA-REG 92.24 121.54 47.53 0.6054
GRA-LSTM 27.4 35.11 10.2 0.8668
GRA-BiLSTM 12.47 18.558 5.97 0.8950

In this study, the prediction of MSW generation by the GRA-BiLSTM model will show
good applicability with a more precise result. Further analysis of the experimental results
reveals that GRA screening of the influencing factors has a significant role in improving
the accuracy of the prediction results. The error results of the combined model with GRA
analysis were much smaller when compared to the model without GRA analysis, and the
GRA analysis method improved the prediction accuracy of the experimental model. In
subsequent MSW generation prediction studies, the addition of the GRA method can be
considered to reduce the large errors generated in the prediction.

4.2. Forecasting of the Municipal Solid Waste Generation

Based on the GRA-BiLSTM model, this section will predict MSW generation in Beijing
over the next fifteen years and analyze it. The growth of the input indicators is based on
the historical average growth rate of each indicator, with reference to the control of the
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urban development plan of Beijing, which is 3% per year for economic indicators, 2% per
year for social indicators, and 2% per year for population indicators. The growth trend
of each influencing factor set in Section 3.1.2 was used as the input data for the GRA-
BiLSTM model, and model learning was used to obtain the annual MSW generation data
for Beijing from 2021 to 2035. The results of the projections are shown in Figure 4. In 2021,
the MSW generation in Beijing was 7,842,200 tons and, in 2035, the MSW generation in
Beijing will increase to 15,723,600 tons, which is almost twice as much as in 2021. Beijing’s
MSW growth over the next fifteen years can be divided into two phases, the first from
2023 to 2028 and the second from 2029 to 2035. The first significant increase will be in 2023
to 11,313,200 tons, followed by relatively small upward and downward fluctuations over
the next five years. There will be a second significant increase in 2029 to 13,890,300 tons,
followed by steady, slow growth over the next six years. Based on the future growth
trends of MSW in Beijing, the municipal government needs to improve the capacity of
source-separated waste collection and develop a targeted plan for source-separated waste
reduction in MSW in Beijing, to reduce MSW at the source.

Sustainability 2024, 16, 3579 11 of 17 
 

Table 2. Performance comparison of eight prediction models. 

Model MAE RMSE MAPE (%) R2 
SVR 89.46 110.45 23.41 0.6808 
REG 266.77 332.92 95.03 0.4102 
LSTM 77.37 83.46 21.24 0.6971 
BiLSTM 32.58 57.38 14.36 0.8015 
GRA-SVR 31.08 60.69 14.23 0.8101 
GRA-REG 92.24 121.54 47.53 0.6054 
GRA-LSTM 27.4 35.11 10.2 0.8668 
GRA-BiLSTM 12.47 18.558 5.97 0.8950 

4.2. Forecasting of the Municipal Solid Waste Generation 
Based on the GRA-BiLSTM model, this section will predict MSW generation in Bei-

jing over the next fifteen years and analyze it. The growth of the input indicators is based 
on the historical average growth rate of each indicator, with reference to the control of the 
urban development plan of Beijing, which is 3% per year for economic indicators, 2% per 
year for social indicators, and 2% per year for population indicators. The growth trend of 
each influencing factor set in Section 3.1.2 was used as the input data for the GRA-BiLSTM 
model, and model learning was used to obtain the annual MSW generation data for Bei-
jing from 2021 to 2035. The results of the projections are shown in Figure 4. In 2021, the 
MSW generation in Beijing was 7,842,200 tons and, in 2035, the MSW generation in Beijing 
will increase to 15,723,600 tons, which is almost twice as much as in 2021. Beijing’s MSW 
growth over the next fifteen years can be divided into two phases, the first from 2023 to 
2028 and the second from 2029 to 2035. The first significant increase will be in 2023 to 
11,313,200 tons, followed by relatively small upward and downward fluctuations over the 
next five years. There will be a second significant increase in 2029 to 13,890,300 tons, fol-
lowed by steady, slow growth over the next six years. Based on the future growth trends 
of MSW in Beijing, the municipal government needs to improve the capacity of source-
separated waste collection and develop a targeted plan for source-separated waste reduc-
tion in MSW in Beijing, to reduce MSW at the source. 

 
Figure 4. Generation of Municipal Solid Waste in Beijing (2021–2035). Figure 4. Generation of Municipal Solid Waste in Beijing (2021–2035).

According to the Urban and Rural Construction Statistical Yearbook (2021) of the Ministry
of Housing and Urban-Rural Development of the People’s Republic of China (MOHURD),
by 2021, Beijing’s annual MSW treatment capacity will reach 12,359,300 tons/year, and
the incineration treatment capacity will reach 6,000,000 tons/year. However, according
to the forecast results, MSW generation in Beijing will achieve 15,723,600 tons in 2035,
and the existing treatment capacity cannot meet the expectation of incineration to reach
more than 80% by 2035. Therefore, under the current economic environment and policy
context, Beijing needs to build new MSW incineration plants to meet future MSW treatment
demand and should be encouraged to overbuild incineration and treatment plants that
meet the trend of MSW generation.

4.3. Results of Simulations for Each Scenario

Based on the three scenarios set up in Section 3.3.3, and in conjunction with the
results of the forecast of MSW generation in Beijing for the next fifteen years, this section
analyzes MSW incineration treatment in Beijing from the perspective of profitability of
MSW incineration for power generation. A comparison of the three scenarios based
on the simulation results of Beijing’s power generation potential is shown in Table 3.
The power generation potential of MSW in Beijing is significantly related to both MSW
generation and incineration ratio, and the power generation from MSW incineration in
Beijing grows significantly as the incineration ratio increases. By 2035, Beijing’s MSW
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power generation will range from 5108.20 GWh/year to 7927.02 GWh/year, and Beijing’s
future MSW incineration power generation potential is significant.

Table 3. Electricity generation potential (GWh/year) in Beijing from 2022 to 2035.

Scenario 1 Scenario 2 Scenario 3

Year
Waste
Incinerated
(Million tons)

Electricity
Generation
(GWh/year)

Waste
Incinerated
(Million tons)

Electricity
Generation
(GWh/year)

Waste
Incinerated
(Million tons)

Electricity
Generation
(GWh/year)

2022 488.57 2642.34 488.57 2642.34 488.57 2642.34
2023 496.44 2684.91 505.39 2733.30 513.51 2777.22
2024 704.81 3811.86 730.44 3950.48 754.11 4078.47
2025 626.39 3387.71 660.86 3574.17 693.24 3749.27
2026 687.72 3719.43 738.65 3994.86 787.29 4257.91
2027 712.21 3851.87 778.73 4211.66 843.35 4561.12
2028 579.54 3134.35 645.09 3488.88 709.85 3839.09
2029 685.17 3705.63 776.41 4199.10 868.08 4694.86
2030 865.37 4680.19 998.27 5399.00 1134.07 6133.44
2031 869.10 4700.37 1020.65 5520.00 1178.12 6371.67
2032 907.54 4908.26 1084.99 5868.00 1272.52 6882.22
2033 966.72 5228.34 1176.57 6363.31 1402.11 7583.07
2034 961.83 5201.90 1191.72 6445.22 1442.98 7804.10
2035 944.51 5108.20 1191.34 6443.18 1465.70 7927.02

According to Section 4.2, it can be seen that the existing MSW incineration plants in
Beijing will not be able to meet future development needs. To meet the future treatment
demand for MSW generation in Beijing, this section assumes that three new incineration
plants will be built in Beijing in Scenario 1, based on the results of the Beijing MSW
generation projections in Section 4.2. This includes two new plants in 2027 and one new
plant in 2029. In Scenario 2, Beijing will build five new incineration plants, including
one in 2021, two in 2027, and two in 2030. In Scenario 3, Beijing would build seven new
incineration plants, including two in 2022, four in 2027, and one in 2030. The economic
feasibility of the selling price of electricity generated from MSW incineration was evaluated
for all three scenarios.

The economic feasibility assessment based on the simulation results of MSW power
generation in Beijing is shown in Table 3. By 2035, the revenues of the three scenarios will be
$294.5 million, $158.6 million, and $198.6 million, respectively, and all three scenarios will
be profitable. Therefore, all three scenarios are feasible in terms of economic viability. In
Scenario 1, the profit gained in the short term is the largest due to the planning of the lowest
number of new incineration plants. However, in the long-term, with the development of
the trend of Scenario 1, the future incineration rate of MSW in Beijing will not be able to
meet national demand and the reality of garbage surrounding the city will not be solved,
and Scenario 1 is not suitable for the future development trend of Beijing. Scenario 2 has
future development trends that meet China’s requirements for MSW incineration by 2035;
however, it makes the least profit from powered generated from incineration of the three
scenarios. In Scenario 3, due to more new incineration plants, the profit gained in the short
term is less than that in Scenario 1. However, in the long-term perspective, according to
the development trend of Scenario 3, the MSW treatment in Beijing is not only in line with
future development but also can gain more profit. Therefore, Scenario 3 is more feasible
than the other two options. By 2035, seven new incineration plants should be built in
Beijing to achieve the MSW incineration rate of 100 percent.

The results in Figure 5 show that the construction of waste-to-energy facilities with
power generation capacity contributes to economic development and is a worthwhile
investment, and that the Beijing government should encourage the construction of new
incineration plants on a moderate scale. On the one hand, it relieves the land pressure
and environmental pollution caused by MSW generation in Beijing. On the other hand, it
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utilizes the resources of MSW. Meanwhile, the government should explore more efficient
facilities to increase energy conversion efficiency and generate more value.
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4.4. The Feed-In Tariff and Policy Suggestions

The FIT is a key determinant of whether an incineration plant is profitable or not. The
impact of the electricity sales price (FIT) on the profitability of the incineration plant is
shown in Figure 6. When the electricity sales price increases from $0.5/kWh to $0.65/kWh,
the profitability of the incineration plant increases linearly for all three scenarios. When
the electricity price is at $0.5/kWh, the incineration plant will operate at an economic loss
under all three scenarios.
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In Scenario 1, when the FIT is less than $0.511/kWh, the incineration plant is in a
state of economic loss from 2021 cumulatively to 2035, and in a state of profitability when
the FIT is not less than $0.511/kWh. In Scenario 2, when the FIT is less than $0.518/kW,
the incineration plant is in a loss-making mode from 2021 cumulatively to 2035, and in a
profitable state when the FIT is not less than $0.518/kW. In Scenario 3, when the FIT is less
than $0.522/kW, the incineration plant is loss-making economically from 2021 cumulatively
to 2035, and is in a profitable state when the FIT is not less than $0.511/kW. Based on the
analysis of economic benefits of waste incineration power plants under the three scenarios,
the construction of waste incineration power plants in the future will still bring significant
economic benefits, worthy of investment. Meanwhile, considering the economic feasibility
and the future development trends of MSW incineration in Beijing, the FIT in Beijing over
the next fifteen years should be no less than $0.522/kWh.

5. Conclusions

Increasingly, MSW has become one of the obstacles to urbanization in China. As an
inevitable choice for MSW management in China, MSW can not only solve the “garbage
siege”, but can also help reduce greenhouse gas emissions. Accurate prediction of MSW
generation, reasonable estimation of the number of future incineration plants and FITs for
MSW incineration in the future can contribute to the economic viability of environmental
health management departments and enterprises. In this study, the collected influencing
factors were screened by GRA and later input as input variables into the GRA-BiLSTM
model for predicting MSW generation in Beijing. Based on the development of Beijing, the
current industry situation, and the calculation formula, future MSW incineration generation
and the cost of new incineration plants in Beijing were estimated, and the FIT range of
future MSW incineration in Beijing was estimated. The following conclusions were drawn
from the experiments:

(1) In this study, a GRA-BiLSTM multi-factor prediction model for MSW generation
is proposed, and the GRA-BiLSTM shows good adaptability for MSW generation
prediction in Beijing compared with simple machine learning and linear programming
models. The MAE, MAPE, and RMSE of this combined prediction model are 12.47,
18.56, and 5.97%.

(2) The projected generation of MSW in Beijing in 2035 is 15,723,570 tons, and the incin-
eration plants in Beijing will be profitable in all three scenarios from 2022 to 2035.
However, based on future development and national requirements, the best future
development target for Beijing is 100% incineration share, according to the require-
ment of the construction of seven new incineration plants. At the same time, the
FIT for MSW incineration in Beijing should be no less than $0.522/kWh by the year
3035 and, at the same time, the government should reduce its intervention in the
declaration of FITs by enterprises and gradually reduce its subsidy policy for MSW
power generation.

(3) Based on the future growth trends of MSW in Beijing, the municipal government
needs to improve waste separation and collection capacity at the source and establish
a targeted plan for mandatory MSW source separation and reduction in Beijing to
fundamentally reduce MSW. At the same time, the government should explore more
efficient facilities to improve energy conversion efficiency and generate greater value.
The municipal government should encourage the construction of incineration plants
that match the growth of MSW generation appropriately and provide policy incentives
to companies that build MSW incineration plants.

This study has completed the prediction of power generation from household waste
incineration in Beijing, but there are still some limitations. This study analyzed the economic
benefits of MSW incineration for power generation up to 2030, but did not comprehensively
analyze other economic indicators such as cost, and also lacked the environmental benefit
evaluation of the grid connections for power generation. In addition, due to the lack of
more precise dimensions of data, it is not possible to accurately capture the potential for
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power generation and grid connection. Therefore, in future research, we will continue to
focus on the economic and environmental impacts of urban household waste and improve
the performance of the model.
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