
applied  
sciences

Article

Environmental and Economic Evaluation of Mechanical
Biological Treatment System for Municipal Waste Considering
the Political Framework in Ichihara City

Akihisa Ogawa , Shimpei Ono and Hiroshi Onoda *

����������
�������

Citation: Ogawa, A.; Ono, S.;

Onoda, H. Environmental and

Economic Evaluation of Mechanical

Biological Treatment System for

Municipal Waste Considering the

Political Framework in Ichihara City.

Appl. Sci. 2021, 11, 10296. https://

doi.org/10.3390/app112110296

Academic Editors: Graça Martinho

and Mónica Calero de Hoces

Received: 9 September 2021

Accepted: 29 October 2021

Published: 2 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Graduate School of Environment and Energy Engineering, Waseda University, 509, 513 Wasedatsurumakicho,
Shinjuku-ku, Tokyo 162-0041, Japan; ogajanchan0317@akane.waseda.jp (A.O.);
ono-shin9719@akane.waseda.jp (S.O.)
* Correspondence: onoda@waseda.jp; Tel.: +81-3-6457-3972

Abstract: Japan’s declining population has caused changes in the amount and characteristics of
municipal waste. In order to optimize waste incineration plants as a countermeasure to this problem,
we analyzed the performance of the integration of the plants with the Mechanical Biological Treatment
(MBT) system. In the integrated system, food waste and sewage sludge from waste incineration plants,
sewage treatment plants, and industrial facilities were mixed and fermented to produce methane
gas. In this study, we evaluated the environmental and economic performance of the integrated
system in four case scenarios. The integrated system is located in Ichihara City in Chiba Prefecture,
where the Keiyo Coastal Industrial Zone is located and where petroleum and chemical industries
are concentrated. The MBT system in which the heat generated from the incineration of waste
was transferred to the Keiyo Coastal Industrial Zone was found to be the best. This method could
reduce CO2 emissions by 1341 t-CO2/Y, and the annual cost was the lowest at 1.60 billion yen/Y.
However, the results of the sensitivity analysis of the food waste ratio and the piping distance
suggested that it may be impossible to obtain appropriate evaluation results without considering the
regional characteristics.

Keywords: municipal solid waste; waste management; mechanical biological treatment; waste-to-energy

1. Introduction

The population of Japan is declining, and the population gap between rural and
urban areas has become a social problem. The population is concentrated in big cities
such as Tokyo, Nagoya, and Osaka, and the rural population is declining [1]. Therefore,
tax revenues are expected to decrease in small cities, and reducing maintenance costs of
social infrastructure is necessary. Therefore, environmental and economic reviews are
underway at energy-intensive waste incineration plants and sewage treatment plants,
which are representative of social infrastructure. In March 2019, the Ministry of the
Environment’s “Wider area of waste treatment and integration of waste treatment facility to
ensure sustainable proper treatment”, presented six methods for widening and integrating
waste treatment facilities [2]. This notification established a waste treatment union, stating
the necessity to carry out waste treatment in a wide area and promote the integration of
waste treatment functions in cooperation with other infrastructures.

The environmental and economic efficiency of a collaboration between waste inciner-
ation plants, sewage treatment plants, and industrial facilities is under evaluation [3–7].
A study that evaluated the environmental friendliness and business profitability of a waste
incineration plant and a sewage treatment plant, located adjacent to each other and coop-
erating, showed that incinerating dry sludge at the waste incineration plant and reusing
the heat from the process to heat the water supply for the fire extinguishing tank resulted
in a 51% Greenhouse Gas (GHG) emission reduction compared to the normal method [5].
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Furthermore, a study that evaluated the feasibility of supplying steam from a sewage
treatment plant to an industry in Aichi Prefecture, Japan, showed that the strategy was cost-
effective within a 1 km distance, but profitability decreased with increasing distance [6].
These assessments were based on the concept of the life cycle assessment (LCA). LCA is
a method for quantitatively evaluating the environmental load of a product or service
over its entire life cycle or at a specific stage [8]. This method was also used in the waste
fields [9–15].

Food waste is incinerated in waste incineration plants as combustible waste in Japan.
Its high water content causes a decrease in calorific value. To solve this problem, some
studies have shown that carbon dioxide (CO2) emissions can be suppressed by separating
food waste, performing intensive methane fermentation treatment, and using it as an energy
source [16].

In sewage sludge treatment, thermochemical decomposition has been studied to
reduce the risk to the environment by converting the sludge into products with added
value [17]. Pyrolysis oils obtained with low heating rates, 5 ◦C/min and 10 ◦C/min,
presented higher heating value compared with the oils obtained at 50 ◦C/min, which
were rich in water and had energy values comparable to those of natural gas, biogas,
and gases obtained from plastic pyrolysis [17]. In their study, Okuda et al. estimated the
GHG reduction effect of using sludge fuel for industrial and waste incineration plants [4].
It was estimated that about 85% of the total amount of unused sludge could be utilized as
energy, and 679,000 t-CO2 of GHG can be reduced by using sludge fuel at paper, cement,
and coal-fired thermal power plants within a 150 km radius and co-firing sludge at sewage
treatment and waste incineration plants in the same municipality [4].

Recently, Japan has been focusing on mechanical biological treatment (MBT). MBT
has become a popular method of treating municipal solid waste (MSW) worldwide [18].
MBT is commonly used across Europe currently [19]. The installation of 50 new MBT
plants has increased the waste treatment capacity by 5,000,000 tons, especially in Spain [20].
Some studies conducted LCA when introducing the MBT system in MSW and those that
examined the applicability of MBT in the waste management system in Japan. However,
the use of the MBT system in Japan remains low as of 2021 [21,22].

A study by Fei et al. compared the environmental and economic performance of land-
fill treatment, incineration, and MBT treatment of MSW in China [21]. The results showed
that the MBT and biogas generation scenario had the best environmental performance.
However, another study suggested that MBT generates more leachate than incineration,
making it less economical [21]. Abeliotis et al. presented the results of the LCA of MBT in
Ano Liosia, Greece, revealing that the environmental benefits of MBT were greater than
those of landfill disposal [22].

Evaluating MBT plants in Japan is necessary, but since waste quality and the scale of
treatment in facilities differ regionally, it is necessary to consider Japan’s unique regional
characteristics [23–26]. Many LCA-related articles only present inventory data and evalua-
tion results without showing detailed calculation methods; however, unless the detailed
calculation process and estimation results are presented, they are not helpful for evaluation
in different model regions.

Therefore, the authors aimed to integrate the waste incineration plant in Japan and
reduce social costs. The authors attempted to evaluate CO2 emissions and the economic
impacts of introducing an MBT system in conjunction with waste incineration plants and
existing infrastructure in various model regions of Japan by providing detailed estimation
methods [27,28]. In Karatsu City, Saga Prefecture, Japan, there is an example of evaluating
greenhouse gas reduction and maintenance costs when a waste incineration plant and
a sewage treatment plant are linked [28]. In this paper, we evaluate and discuss the results
of introducing the MBT system while considering the heat supply to industrial plants.
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2. Materials and Methods
2.1. Goal and Scope Definition

This study aimed to investigate the social impact of introducing the MBT system while
the waste incineration plant and sewage treatment plant were cooperating. In this paper,
Ichihara, Chiba Prefecture, was set as the model city, and the MBT system was studied
in light of Japan’s unique regional characteristics. Therefore, a new waste incineration
plant was established around the Keiyo Coastal Industrial Zone. While performing heat
interchange, we evaluated the introduction of an MBT system that utilizes Ichihara City’s
MSW and sewage sludge. The evaluation items were CO2 emissions and maintenance costs.
The system boundary examined the point where household waste and sewage sludge are
transported to the waste incineration plant and the sewage treatment plant and where
they are disposed of as ash or discharged into the sewage. The detailed methodology is
shown below.

2.1.1. Model Area Settings

The authors conducted a questionnaire survey of local governments across Japan
in 2019, identified the issues for cooperation between waste incineration plants and sewage
treatment plants, and presented the conditions under which local governments with a high
possibility of cooperation can be achieved [29]. Japan’s waste incineration plants may be
operated by a union that brings together multiple local governments or be operated inde-
pendently by a single local government. However, in union operation, cooperation with
the sewage treatment plant cannot be considered without the agreement of all participating
local governments, which is a barrier to cooperation between the two facilities. In addition,
there are two types of sewage treatment plants: the “public sewerage system” operated by
each local government and the “watershed sewerage system” operated by the prefecture.
The watershed sewerage system is less likely to cooperate for similar reasons mentioned
above. Japan has the most waste incineration plants in the world and has numerous
subdivided organizations to manage them. This situation complicates cooperation between
facilities, though cooperation is high when they are operated independently [29]. Therefore,
to secure local governments’ cooperation, waste incineration plants and sewage treatment
plants’ jurisdiction and management methods were input to QGIS 3.20 and visualized [30].
Figure 1 shows the results of visualizing the municipalities in Chiba Prefecture that operate
both facilities independently.

Figure 1. Cities in Chiba Prefecture that operate both facilities independently.
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In Chiba Prefecture, the following four cities corresponded to this: Ichihara City,
Sodegaura City, Asahi City, and Tateyama City. The Keiyo Coastal Industrial Zone is near
Ichihara City, and the city was set as the model area, considering the possibility of reducing
the loss by using the waste energy generated industrially.

2.1.2. Evaluation Case Settings

Waste incineration plants generally generate boiler, turbine, generator (BTG) power
in Japan, and the electricity and hot water generated may be supplied to public facilities
such as pools in the vicinity. However, if there is no facility with high heat demand
around the waste incineration plant, the generated heat is surplus. This study evaluates
environmental and economic efficiency under the assumption that a new waste incineration
plant will be built around the Keiyo Coastal Industrial Zone when the waste incineration
plant reaches renewal time. Currently, Ichihara City incinerates MSW of 520 t/D totally
for the first and second factories of the Ichihara City Fukumasu Clean Center. The sewage
treatment facility, Matsugashima Terminal Treatment Plant, has a treatment capacity of
53,200 m3/D.

The cases to be evaluated in Ichihara City were divided into four. Cases 1 and 2 were di-
vided into those in which MSW was incinerated without the MBT system and where gener-
ated heat was used for power generation or industrial utilization. In Case 3 and Case 4, bio-
gas power was generated by the MBT system, and the heat generated by the incineration of
unsuitable fermentation products was used for power generation or industrial utilization.

The treatment flow in Case 1 was the most used treatment flow in Japan and was the
standard for this evaluation.

2.1.3. Establishment of Waste Quality and Sewage Sludge Components

Table 1 presents the combustible waste in Ichihara City classified into the following
four items: paper, kitchen waste, plastic, and other items; the components of each waste are
summarized. The weight composition ratio was set based on Ichihara City’s basic plan for
general waste disposal, and the other values were set based on Ogawa et al. [28,31]. Since
the three components and elemental composition of waste did not change significantly
depending on the region, only the weight composition ratio was set based on the data of
Ichihara City. The lower heating values other than kitchen waste were calculated from
Steuer’s equation, shown in Equation (1). The lower heating value (LHV) of food waste is
calculated using Equation (2) [32].

HLHV = 4.184× {8100× ((c)− 3
8 (o)) + 5700× 3

8 (o) + 34, 500×((h)− (o)
16 ) + 2500

×(s)− 600× (9× (h) + (w))},
(1)

FLHV = 4.184× (4500× (f)− 600× (w)), (2)

where

HLHV = Lower heating value [kJ/kg]
FLHV = Lower heating value for food waste [kJ/kg]
(c) = Weight percentage of carbon [%]
(o) = Weight percentage of oxygen [%]
(h) = Weight percentage of hydrogen [%]
(s) = Weight percentage of carbon [%]
(w) = Weight percentage of water [%]
(f) = Weight percentage of combustible content [%].
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Table 1. Combustible waste quality settings.

Item

Lower
Heating

Value
(MJ/kg)

Three Components (%) Elemental Composition (%) Weight Composition
Percentage (%)

Combustible
Content

Water
Content

Ash
Content C H O N S Cl Case 1 and 2 Case 3 and 4

Paper 10.7 70 20 10 44 6 49 0,20 0.02 0.40 25.9 29.4
Food waste 1.4 18 78 4 47 7 42 3.8 0.10 0.40 34.2 7.8

Plastics 27.1 74 17 9 74 11 11 0.20 0.02 3.90 13.7 15.5
Others 7.4 51 24 2 40 5 30 1.0 0 1.00 26.2 29.7

Dewatered
residue 1.0 10 81 9 49 7 37.9 5.4 0.7 0.3 - 17.7

Total
Case 1
and 2 8.7 47 44 8.4 50 6.9 35 0.8 0.04 1.2 100 -

Case 3
and 4 9.3 51 36 6.9 49 6.7 35 1.6 0.2 1.0 - 100

The sewage sludge component was set as shown in Table 2, as stated by Ogawa et al. [28].
A total of 22.2 t/D of dewatered sludge was generated from the sewage treatment plant
in Ichihara City, and the thickened sludge amount and fermentation sludge amount were
calculated based on the mass percentage in Table 2.

Table 2. Setting of sewage sludge components.

Sewage Thickened Sludge Fermentation Sludge Dewatered Sludge Incinerated

Moisture 99 33 33 2.5 0
Organic content 0.8 0.8 0.4 0.4 0

Inorganic content 0.2 0.2 0.2 0.2 0.2
Total 100 34 33.6 3.1 0.2

Table 3 shows the material balance before and after fermentation when the MBT
system was introduced. The VS decomposition rate was 77.5%, and the VS decomposition
rate of sewage sludge was 50.0% [28]. Based on the material balance in Table 3, the amount
of dewatered residue incinerated in the waste incineration plant was calculated, and the
combustible waste qualities of Cases 3 and 4 are summarized in Table 1. The lower heating
value of the dewatered sludge was calculated from Equation (1).

Table 3. Material balance before and after fermentation.

Item Moisture Content (t/D) TS(t/D) VS (t/D) Unsuitable Material (t/D)

Before fermentation
Food waste - 31.3 25.6 5.7

Sewage sludge - 7.2 5.7 1.4
Total 595.8 38.4 31.3 7.1

After fermentation
Food waste - 11.5 5.8 5.7

Sewage sludge - 4.29 2.9 1.4
Total 595.8 15.7 8.6 7.1

2.1.4. Calculation of Power Output and Steam Generation

The power output of the generator of the waste incineration plant was calculated
by using Equation (3) based on the lower heating value shown in Table 1. The power
generation efficiency of BTG power generation was assumed to be 20%.

OI = CLHV ×
1000

3600× 24
× SI × 20%, (3)
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where

OI = Output of the generator of the waste incineration plant [kW]
CLHV = Lower heating value of combustible waste [kJ/kg]
SI = Scale of incinerator treatment [t/D].

The output of biogas power generation in sewage treatment facilities was calculated
using Equations (4) and (5) based on the components of sewage sludge shown in Table 2.
The gas conversion of food waste was 0.84 Nm3/kg-digestion VS for food waste, the gas
conversion of sewage sludge was 0.55 Nm3/kg-input VS for thickened sludge, the lower
calorific value of biogas was 22,000 kJ/Nm3, and the efficiency of biogas power generation
was 37%.

For Case 1 and Case 2,
OS = BLHV ×VT ×AT × 1000

3600×24 ×
Organic content

Total × 37%,
(4)

For Case 3 and Case 4,
OS = BLHV ×

{
[VF × (AB −AA)× 1000] +

(
VT ×AT × 1000

3600×24 ×
Organic content

Total

)}
× 37%,

(5)

where

OS = Output of the generator of the sewage treatment plant [kW]
BLHV = Lower heating value of biogas = 22,000 [kJ/Nm3]
VT = Gas conversion volume of thickened sludge = 0.55 [Nm3/kg-input VS for
thickened sludge]
AT = Amount of thickened sludge [t/D]
VF = Gas conversion volume of food waste = 0.84 [Nm3/kg-digestion VS for food waste]
AB = Amount of VS for food waste before fermentation = 25.6 [t/D]
AA = Amount of VS for food waste after fermentation = 5.8 [t/D].

The amount of steam generated from the incinerator of the waste incineration plant
was calculated from Equation (6). The boiler efficiency was assumed to be 85%.

OI = CLHV ×
1000

3600× 24
× SI × 85%, (6)

2.1.5. Method for Estimating Construction Costs

The estimation formula for the construction cost of the waste incineration plant used
the same calculation formula as the evaluation in Karatsu City, and the construction cost
of the sewage treatment plant used the estimation formula published by the Ministry of
Land, Infrastructure, Transport, and Tourism [28,33,34]. Tables 4 and 5 present the formulas
for calculating the construction costs of waste incineration plants and sewage treatment
plants, respectively.

Table 4. Material balance before and after fermentation.

Item Estimated Formula
(100 Million Yen) Notes

Acceptance and supply
equipment Y = 1.4214 × A0.4344 A: Acceptance amount t/D

Pre-treatment equipment
(Wet methane fermentation) Y = 1.9481 × B0.6657 B: Pre-treatment amount t/D

Incinerator and boiler Y = 0.4643 × C0.8999 C: Incineration amount t/D
Incinerator power generation

equipment Y = 0.0438 × D0.7228 D: Power generation capacity
kW
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Table 4. Cont.

Item Estimated Formula
(100 Million Yen) Notes

Exhaust gas treatment
equipment Y = 2.9569 × C0.3299 C: Incineration amount t/D

Ash treatment equipment Y = 2.1337 × E0.5658 E: Ash treatment amount t/D
Wastewater treatment

equipment Y = 0.0767 × F0.8637 F: Wastewater amount m3/D

Table 5. Estimation formula for construction expenses of the sewage treatment plant.

Item Estimation Formula Notes

Food waste pre-treatment equipment
Machinery and equipment expenses Y = 98.6 × A0.475 [million yen]

A: Waste treatment amount t/DFood waste pre-treatment equipment
Electrical equipment expenses Y = 29.6 × A0.512 [million yen]

Food waste pre-treatment equipment
Civil engineering expenses Y = 22.4 × A0.504 [million yen]

Food waste pre-treatment equipment
Construction expenses Y = 75.9 × A0.342 [million yen]

Mixing equipment
Machinery and equipment expenses Y = 8.26 × B0.400 [million yen]

B: Mixing tank capacity m3
Mixing equipment

Electrical equipment expenses Y = 0.836 × B0.535 [million yen]

Mixing equipment
Construction expenses Y = 2.01 × B0.583 [million yen]

Fermenter
Civil engineering construction facility

expenses
Y = 44.1 × (C/500)0.6 [million yen]

C: Fermenter capacity m3

Fermenter
Machinery and equipment Y = 124 × (C/500)0.6 [million yen]

Desulfurization tower
Construction expenses Y = 0.878 × D0.761 [million yen]

D: Desulfurization tower processing
capacity m3/h

Gas holder
Construction expenses Y = 10.4 × E0.437 [million yen] E: Gas holder capacity m3

Gas engine
Construction expenses Y = 0.1104 × F0.6605 [100 million yen] F: Biogas power generation function kW

Dewatering equipment
Civil engineering construction facility

expenses
Y = 1.2413 × G0.35 [100 million yen]

G: Sludge treatment amount before
dewatering t/D

Incinerator
Machinery and equipment expenses Y = 1.361 × H.380 [100 million yen]

H: Incineration treatment scale t/D
Incinerator

Electrical equipment expenses Y = 1.888 × H0.597 [100 million yen]

2.1.6. Method of Estimating Maintenance and Management Expenses

Similarly, the conditions for setting maintenance expenses for this evaluation were the
same as those for the evaluation in Karatsu City [28]. However, costs for transportation
and the conditions when energy during waste incineration was used for heat were newly
set in Cases 2 and 4. Table 6 shows the inventory data and setting conditions for waste
incineration plants and sewage treatment plants [28,35]. Table 7 shows the setting condi-
tions required to calculate the transportation costs for food waste and sewage sludge in
Ichihara City [28]. Table 8 shows the conditions, such as piping distance for heat utilization.
The transportation distance between the newly constructed waste incineration plant and
the seasonal sewage treatment plant was set to 10 km. The distance between the waste
incineration plant newly constructed in the Industrial Zone and the heat supply destination
was set to 3 km, and the heat loss in the piping at that time was set to 20%. In addition,
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assuming that the steam pipe was installed underground, the unit price of heat sales was
calculated as 2 yen/MJ [36].

Table 6. Inventory data and setting conditions for waste incineration plant and sewage treatment plant.

Item Value

Years of depreciation (years) 20
d: Number of working days (days) 280
Repair and management expenses 1.5% of each construction expense

Personnel costs (10,000 yen/person) 650
Number of employees at waste incineration facility (people) 30
Number of employees at sewage treatment facility (people) 5

Power consumption of waste incineration during operation (kWh/t) 140
Power consumption of waste incineration during suspension (kWh/t) 5.5

Power consumption during digestion process (kWh/m3-thickened sludge) 5.3
Power consumption during dewatering process (kWh/t-wet dewatered sludge) 20
Power consumption during incineration process (kWh/t-wet dewatered sludge) 92
Kerosene consumption during incineration process (L/t-wet dewatered sludge) 25

Electricity purchase unit price (Yen/kWh Kerosene L/t) 16
Waste power generation unit price (Yen/kWh) 13
Biogas power generation unit price (Yen/kWh) 39

Unit price of heat sales (Yen/MJ) 2
Kerosene (L/t-waste) 0.66

Kerosene unit price (Yen/L) 80

Chemicals used
Slaked lime (kg/t) 11

Activated carbon (kg/t) 0.48
Ammonia (kg/t) 2.3

Clean water (m3/t) 0.69
Industrial waterdle (m3/t) 0.46

Sewage (m3/t) 0.79
Water supply unit price (Yen/m3) 380

Industrial water unit price (Yen/m3) 100
Sewage unit price (Yen/m3) 320
Kerosene unit price (Yen/L) 80

Activated carbon unit price (Yen/kg) 215
Slaked lime unit price (Yen/kg) 21.4
Ammonia unit price (Yen/kg) 32.3

Desulfurizing agent (Yen/m3-fermentation gas) 7.3
Dewatering agent (Yen/t-water) 499

Water treatment chemical unit price (Yen/t-water) 91.3
Ash treatment (Yen/t) 30,000

Table 7. Setting conditions for transportation of food waste and sewage sludge.

Item Value

Distance between facilities (km) 10
Sewage sludge transport volume (t/D) 81.1

Food waste transportation amount (t/D) 142
Number of round trips (t/D) 3
Truck load capacity (t/unit) 10

Truck price (10,000 Yen/unit) 1500
Truck fuel consumption (km/L) 4.15

Number of sewage sludge transport units (units) 4
Number of food waste transportation units (units) 6

Year of depreciation (years) 10
Number of truck drivers (people/unit) 2

Annual income (10,000 Yen/person) 450
Fuel consumption (diesel fuel) unit price (Yen/L) 120
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Table 8. Setting conditions for using heat.

Item Value

Steam transportation distance (km) 3
Steam piping unit price (100 million Yen/km) 13.95

Piping heat loss (%) 20

2.1.7. Method for Estimating CO2 Emissions

The equation for calculating the CO2 emission is shown in Equation (7).

ECO2 = E1 + E2 + E3 + E4 + E5 − S1 − S2 − S3, (7)

where

ECO2 = Total annual CO2 emissions for each case [t-CO2/Y]
E1 = Total annual CO2 emissions from waste incineration [t-CO2/Y]
E2 = Total annual CO2 emissions from electricity consumption of the waste incineration
plant during suspension periods [t-CO2/Y]
E3 = Total annual CO2 emissions from electricity consumption of biogas power generation
facilities [t-CO2/Y]
E4 = Total annual CO2 emissions generated during transportation [t-CO2/Y]
E5 = Total annual CO2 emissions from N2O generated during waste incineration [t-CO2/Y]
S1 = Total annual CO2 emissions reduced by waste power generation [t-CO2/Y]
S2 = Total annual CO2 emissions reduced by biogas power generation [t-CO2/Y]
S3 = Total annual CO2 emissions that could be reduced through in-house consumption or
heat supply to neighboring facilities. [t-CO2/Y].

Equation (8) through Equation (20) show how to calculate the values required by
Equation (7). In Equation (8), paper waste and food waste are excluded because they
are carbon-neutral, and only plastic and other waste are included in the calculation. In
addition, the annual waste disposal volume was calculated based on the waste volume
input to the waste incinerator shown in Figures 2 and 3 and the number of working days
shown in Table 6. For Case 1 and Case 2, it was 145,600 [t-waste/Y], and for Case 3 and
Case 4, it was 128,484 [t-waste/Y].

E1 = VW ×
(
γp + γo

)
× γp×γpc+γo×γoc

γp+γo
× γpc×Cp×γp+γoc×Co×γo

γpc×γp+γoc×γo
× 44

12 , (8)

where

VW = Annual waste disposal volume = 145,600 or 128,484 [t-waste/Y]
γp = Weight composition percentage of plastic = 13.7 or 15.5 [%]
γo = Weight composition percentage of other waste = 26.2 or 29.7 [%]
γpc = Percentage of combustible content of plastic = 74 [%]
γoc = Percentage of combustible content of other waste = 51 [%]
Cp = Percentage of carbon content in plastic = 74 [%]
Co = Percentage of carbon content in other waste = 40 [%].
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Figure 2. Treatment flow and material balance in Case 1 and Case 2.

Figure 3. Treatment flow and material balance in Case 3 and Case 4.

In Equation (9), the waste incineration facility’s power consumption was conditioned
to be purchased from outside only when the incinerator was suspended. Therefore, we
used 5.5 kWh/t-waste, which was the power consumption of waste incineration during
suspension periods shown in Table 6 [37].

E2 = 5.5×VW × Ee, (9)

where

Ee = Electric power emission factor = 0.512 [kg-CO2/kWh].

In Equation (10), the power consumption of biogas power generation was calculated
as the sum of the power required in mixing, digestion, dewatering, and incineration.

E3 = E3-1 + E3-2 + E3-3 + E3-4, (10)
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where

E3-1 = Total annual electricity consumption during mixing process [kWh/Y]
E3-2 = Total annual electricity consumption during digestion process [kWh/Y]
E3-3 = Total annual electricity consumption during dewatering process [kWh/Y]
E3-4 = Total annual electricity consumption during incineration process [kWh/Y].

E3-1 was defined as Equation (10) in the Ministry of Land, Infrastructure, Transport,
and Tourism’s document [38]. The mixing tank exists only in Case 3 and Case 4 and was
set to hold the mixture of thickened sludge and raw sewage for two days. Therefore, the
mixing tank capacity Q1 was 1269 m3, which was twice the value of 634.2 t/D shown
in Figure 3. The power generated in the digestion, dewatering, and incineration could
be calculated based on the coefficients shown in Table 6 and the amount of thickened or
dewatered sludge.

E3-1 = 9.45 × Q1
0.493 × 1000, (11)

where

Q1 = Mixing tank capacity = 1269 [m3].

In Equation (12), if the round-trip distance between the two facilities was set at 20 km
and 10-ton trucks make three round-trips a day, five trucks were needed to transport all
the raw garbage, and three trucks were needed to transport the sewage sludge.

E4 =
D×Nr × d×Nt

F
× Ed, (12)

where

D = round-trip distance = 20 [km/time]
Nr = Number of round trips = 3 [time/unit]
d = Number of working days = 280 [days]
Nt = Number of trucks required = 5 or 3 [units]
F = Fuel efficiency of 10-ton truck = 4.15 [km/L]
Ed = Diesel fuel emission factor = 2.619 [kg-CO2/L] [39].

In Equation (13), NOx emissions were assumed to be 0.017% of the total amount
of waste disposed, 24.41 t/Y per year in Case 1 and Case 2, and 21.54 t/Y per year in
Case 3 and Case 4, assuming that 1.54% of these emissions were N2O, the CO2 emissions
are calculated.

E5 = ENOx × RN2O × EN2O (13)

where

ENOx = Annual NOx emissions = 24.41 or 21.54 [t/Y]
RN2O = Ratio of N2O in NOx = 1.54 [%]
EN2O = N2O warming coefficient = 298 [t-CO2/t-N2O] [40].

We assumed that the power required for waste incineration was 140 kWh/t-waste.
Also, the Ministry of Land, Infrastructure, Transport, and Tourism stated that the power
consumption required by the mechanical sorter could be calculated by Equation (16) [38].

S1 = (OI × 24× d− PS1 − Pm)× Ee, (14)

where

OI = Output of the generator of the waste incineration plant [kW]
PS1 = Annual power consumption required for waste incineration [kWh/Y]
Pm = Annual power consumption required for machine sorting [kWh/Y].

PS1 = 140×VW, (15)

Pm = 94.575×Q2
0.4298 × 1000, (16)
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where

Q2 = Amount of food waste disposed = 177.8 [t/D].

In Case 1 and Case 3, the heat supply was assumed to be 60% of the power generated
by the incineration plant, and all the heat was supplied. In Case 2 and Case 4, the heat
supply was calculated based on the steam generation shown in Figures 2 and 3, as well as
the heat loss of the piping shown in Table 8. For the biogas power generation system, the
total efficiency was assumed to be 75%, and the heat supply was calculated to be 38% after
subtracting the power generation efficiency. Finally, all the heat supply was converted to
kerosene, and CO2 reduction was calculated based on the kerosene emission factor [40].

S2 = OS × 24× d× Ee, (17)

For Case 1 and Case 2,
S3 = {(OI × 24× d× 3600

1000 × 0.6) + (OS × 24× d× 3600
1000 ×

75−37
37 )−Q3}÷

Vk × Ek
1000

(18)

For Case 3 and Case 4,
S3 = {[VS × 24× d× 3600× (1− 0.2)] + (OS × 24× d× 3600

1000 ×
75−37

37 )−Q3}
÷Vk × Ek

1000

(19)

where

OI = Output of the generator of the waste incineration plant [kW]
OS = Output of the generator of the sewage treatment plant [kW]
Q3 = Heat demand (Required heating value for biogas power generation facility) [MJ/Y]
Vk = Kerosene calorific value = 36.49 [MJ/L]
Ek = Kerosene emission factor = 2.489 [kg-CO2/L] [40]
VS = Steam heating value = 44.5 or 42.0 [MJ/s].

Q3 was calculated using Equation (20).

Q3 = mc
(
T− T′

)
× (1 + A)× 1

1000
, (20)

where

m = Amount of sludge input to the fermenter [t]
c = Specific heat [kJ/kg ◦C]
T = Fermenter temperature (wet medium temperature) = 35 [◦C]
T’ = Atmospheric temperature = 15 [◦C]
A = Heat dissipation = 20 [%].

2.2. Inventory Data Analysis
2.2.1. Treatment Flow and Material Balance in Each Case

The process flow and material balance of Case 1 and Case 2 are shown in Figure 2;
those of Case 3 and Case 4 are shown in Figure 3. The machine sorting rate for food waste
in Cases 3 and 4 was set at 80%, similar to the evaluation in Karatsu City [28]. In Case 1,
calculated using Equations (3) and (4), the waste incineration plant could generate 10,400 kW
of electricity, and the sewage treatment plant side could generate 290 kW. Similarly, in
Case 3, the waste incineration plant could generate 9900 kW of electricity, and the sewage
treatment plant could generate 1800 kW. In Case 4, 42 MJ/s of steam could be obtained.

2.2.2. Energy Balance in Each Case

The energy balance of each case was calculated based on the setting conditions shown
above. The energy balance is shown in Figure 4. The amount of thermal energy stated in
Figure 4 was estimated from the data of the Ministry of the Environment [41].
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Figure 4. Energy balance.

2.3. Inventory Data Analysis

In many Asian countries, 50% or more of its waste is organic waste, but in Japan, there
are a few cities where the ratio of organic waste in MSW is 50% or greater [42]. In addition,
it has been predicted that the number of plastic emissions will increase in the future [43].
Based on these findings, it is highly likely that the food waste ratio, the plastic ratio, and
the length of piping distance will also change as the model region changes. Furthermore,
changes in these values will result in changes in the amount of biogas generated by the
MBT, the amount of heat generated by the refuse incineration plant, and the amount of
heat supplied to the industrial plant. Therefore, to analyze the results of the estimation
of the annual cost and CO2 emissions in detail, we performed sensitivity analysis when
the values of the food waste ratio, the plastic ratio, and the length of the pipe distance are
varied and present the estimation method for discussion.

2.3.1. Sensitivity Analysis Method for Food Waste Ratio and Plastic Ratio

The sensitivity analysis of the food waste ratio was conducted by calculating the CO2
emission and annual cost when the ratio of food waste to be collected was varied between
10.0%, 20.0%, 34.2%, and 50.0%. The sensitivity analysis of the plastic ratio was conducted
by calculating the CO2 emission and annual cost when the ratio of plastic to be collected
was varied between 10.0%, 13.7%, 20.0%, and 30.0%. By changing the food waste ratio and
the plastic ratio, the weight composition ratio of other waste also changes. The values were
adjusted by taking the average values of the changes in the ratios and adding them to the
weight composition ratio of each waste. Table 9 summarizes the weight composition ratio
of each waste when the food waste ratio and the plastic ratio are changed.

Table 9. Setting the weight composition percentage of waste for sensitivity analysis of food waste ratio and plastic ratio.

Item

Weight Composition Percentage (%)

Food Waste
Ratio 10.0%

Food Waste
Ratio 20.0%

Food Waste
Ratio 34.2%

Food Waste
Ratio 50.0%

Plastic Ratio
10.0%

Plastic Ratio
13.7%

Plastic Ratio
20.0%

Plastic Ratio
30.0%

Paper 34.0 30.6 25.9 20.6 27.1 25.9 23.8 20.5
Food waste 10.0 20.0 34.2 50.0 35.4 34.2 32.1 28.8

Plastics 21.8 18.4 13.7 8.4 10.0 13.7 20.0 30.0
Others 34.2 31.0 26.2 21.0 27.5 26.2 24.1 20.7
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2.3.2. Sensitivity Analysis Method for Steam Transport Piping Distance

The sensitivity analysis of the steam transport piping distance was conducted by
calculating the CO2 emissions and annual cost when the steam transport piping distance
was changed to 2 km, 3 km, 4 km, 5 km, and 6 km. In the sensitivity analysis, the piping
loss was set to 6.7%/km because it was set to 20% when the piping distance was 3 km
in Table 8.

3. Results and Discussion
3.1. Results of CO2 Emissions and Economic Evaluation

Table 10 and Figure 5 show the results of calculating CO2 emissions of each case,
Table 11 and Figure 6 show the results of calculating the economic efficiency, and Figure 7
shows the results of both cases.

Table 10. Evaluation results of CO2 emissions.

E1 t-CO2/Y E2 t-CO2/Y E3 t-CO2/Y E4 t-CO2/Y E5 t-CO2/Y S1 t-CO2/Y S2 t-CO2/Y S3 t-CO2/Y

Case 1 69,636 410 540 0 115 25,680 1020 10,418
Case 2 69,636 410 540 0 115 0 1020 58,770
Case 3 61,079 362 879 8 99 24,401 6391 11,733
Case 4 61,079 362 879 8 99 0 6391 57,376

Figure 5. Graph of evaluation results of CO2 emissions.

Table 11. Economic evaluation results.

Depre-
ciation

Expenses
Repair

Expenses
Manage-

ment
Expenses

Personnel
Costs

Waterway
Fees

Electricity
Purchase

Costs
Subsidized
Fuel Costs

Ash
Disposal

Costs

Pharma-
ceutical

Expenses

Income
from

Power
Sales

Income
from Heat

Sales
100 million/Y

Case 1 14.6 4.4 4.4 2.3 0.8 0.3 0.2 1.0 3.8 0 7.3
Case 2 14.9 4.5 4.5 2.3 0.8 3.6 0.2 1.0 3.8 0 0.8
Case 3 15.6 4.6 4.6 3.2 0.7 0.4 0.1 1.5 2.6 0.04 11.1
Case 4 16.0 4.8 4.8 3.2 0.7 3.4 0.1 1.5 2.6 0.04 2.0
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Figure 6. Graph of economic evaluation results.

Figure 7. Summary of CO2 emissions and economic evaluation results.

3.2. Sensitivity Analysis of Food Waste Ratio

We calculated the values when the food waste ratio was changed to 10.0%, 20.0%,
34.2%, and 50.0%, and summarized them in a graph. The results are shown in Figure 8.
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Figure 8. Results of sensitivity analysis of food waste ratio.

3.3. Sensitivity Analysis of Plastic Ratio

Figure 9 shows the evaluation results when the plastic ratio was changed to 10%,
13.7%, 20%, and 30%.

Figure 9. Results of sensitivity analysis of plastic ratio.

3.4. Sensitivity Analysis of Piping Distance

The results of the sensitivity analysis for the piping distance are shown in Figure 10.
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Figure 10. Results of sensitivity analysis of piping distance.

3.5. Discussion on Evaluation Results

It could be seen that CO2 emissions were superior in the descending order of Case 4,
Case 2, Case 3, Case 1, using Figure 5. This reduction was due to the heat supply to
the Keiyo Coastal Industrial Zone being as large as 58745 t-CO2/Y in Case 2 and 57376
t-CO2/Y in Case 4. In Cases 3 and 4, the reduction due to biogas power generation was
6391 t-CO2/Y, and this value resulted in a negative CO2 emission in Case 4.

It could be seen that the economic efficiency was superior in the order: Case 4 > Case 2
> Case 3 > Case 1, in Figure 6. This was because the reduction due to heat sales was as
large as 1.72 billion yen/Y in Case 2 and 1.63 billion yen/Y in Case 4, as in the case of
CO2 emissions. In addition, the reduction in biogas power generation due to electricity
sales was contributed by the fact that Case 3 was larger than Case 1 and Case 4 was larger
than Case 2. In Cases 3 and 4, the depreciation expenses were higher than in Cases 1 and 2
because the depreciation costs for utilization as heat are included. However, this result was
obtained because the reduction due to heat sales was larger than the rate of increase.

It could be said that the case was superior as the plot goes to the lower left from
Figure 7, so it could be said that it was superior in the descending order of Case 4, Case 2,
Case 3, Case 1.

Comparing Cases 1 and 2 in Figure 5, the reduction in Case 1 was 37,118 t-CO2/Y,
including incinerator power generation and heat supply, whereas Case 2 can reduce 59789
t-CO2/Y, which was approximately 1.6 times higher. Comparing Case 3 and Case 4, the
reduction in Case 3 is 42528 t-CO2/Y due to the addition of fermentation power generation,
but Case 4 was 63767 t-CO2/Y, which is approximately 1.5 times higher. Since the heat
use cases are the first and second best, it could be seen that the effect of reducing the
social cost of supplying heat to the Keiyo Coastal Industrial Zone was large. Comparing
Case 1 and Case 3, the reduction in CO2 emissions was approximately 1.1 times greater
in Case 3, indicating that even in the case of power generation, the introduction of the
MBT system results in a bigger CO2 emission reduction. This was because it not only
reduces the amount of food waste incinerated and the amount of CO2 emitted during
waste incineration but increases the amount of digestion gas generated by mixed methane
fermentation of food waste and sewage sludge and increases CO2 reduction. This was also
the case when comparing Cases 2 and 4.

It could be seen that the annual cost reductions in Cases 2 and 4 are large at
1.80 billion yen/Y and 2.11 billion yen/Y, respectively, and the income from heat sales
by using the heat was excellent, as established in CO2 emissions evaluation presented in
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Figure 6. Comparing Cases 1 and 3, Case 3 performs mixed biogas power generation of
food waste and sewage sludge and has an annual cost reduction of 1.11 billion yen/Y,
which was approximately 1.5 times greater than that of Case 1. The annual cost could be
reduced when the MBT system was introduced.

Summarizing the above results and evaluating the CO2 emissions and economic
efficiency of the introduction of the MBT system in Ichihara City, it was confirmed from
Figure 7 that Case 4, Case 2, Case 3, and Case 1 are superior in descending order.

In developing countries, MSW was often treated by landfill and incinerators, and a
study that evaluated LCA when the MBT system was introduced found that the case of
landfilling MSW produced the worst evaluation result, and the energy efficiency was high
when the MBT system was introduced; however, it could be said that the same evaluation
results were obtained in this study when the MBT system was introduced in Ichihara
City [21]. In addition, a study comparing the case of landfill disposal and the introduction
of MBT in Greece indicated the superiority of introducing the MBT system [22]. A study by
Fei et al. showed that the introduction of an MBT system required financial support in 2018,
but in Ichihara City, Cases 3 and 4 with the MBT system were superior to Case 1, a general
waste treatment case in Japan; therefore, it can be said that the introduction of the MBT
system was economically superior, differing from the results of the existing research [21].
In Japan, there were few cases of landfill disposal of MSW, and it was often incinerated
and used for power generation. The evaluation presented in this study indicated that
the observed results were better when the MBT system was introduced. Maki et al. has
evaluated the steam supply potential from the waste treatment field to the industrial world,
and the results showed the potential of Aichi Prefecture, Japan, in 2021, but this study was
an evaluation of Ichihara City, Chiba Prefecture, which was different from Aichi Prefecture,
and was considered for the construction of an industrial use model of waste energy in
Chiba prefecture [6].

3.6. Discussion on Sensitivity Analysis of Food Waste Ratio

From Figure 8, it could be seen that as the ratio of food waste increased, CO2 emissions
decreased in all patterns, but annual costs increased. The trade-off relationship between
CO2 emissions and annual expenses due to changes in the food waste ratio was evident,
and Case 4 had an advantage in most conditions. However, comparing Cases 2 and 4, it
could be seen that when the food waste ratio was close to 50%, Case 2 had an advantage in
annual expenses.

In Case 4, when the food waste ratio was 10%, the heat sales expenses amounted
to 2.28 billion yen/Y, while when the food waste ratio was 50%, the heat sales expenses
amounted to 1.18 billion yen/Y. In addition, electricity sales expenses at 10% amounted
to 197 million yen/Y, while the expenses amounted to 676 million yen/Y at 50%. As a
result, in Case 4, the annual cost when the food waste ratio was 1.07 billion yen/Y at 10%,
whereas when the food waste ratio was 50%, it was 1.94 billion yen/Y; this was the largest
increase in annual expenses. As the food waste ratio increased, the calorific value of waste
decreased, and the amount of heat obtained during waste incineration decreased. Hence
the heat sales expenses due to heat utilization decreased. As the food waste ratio increased,
the amount of biogas power generation increased, but the amount of decrease in heat
sales expenses was larger than the amount of increase in electricity sales expenses due to
methane fermentation; hence, the annual cost increased.

Case 4 used heat, and the annual cost changed significantly considering the change in
food waste ratio. This suggests that if the waste quality is unstable, the annual cost may
also be unstable. In addition, since it is necessary to supply stable steam to supply heat
to the Industrial Zone, if the waste quality is unstable, it may greatly impact the supply
chain. Accounting for changes in waste quality due to population decline is necessary
when implementing a plan like Case 4.

The results of this evaluation indicated that the annual cost tended to increase as the
food waste ratio increased. This tendency reflected the result calculated by utilizing the
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estimation formula of construction expenses considering land and personnel costs when
introduced in Japan or electricity sales and price of heat sales in Japan as shown in Tables
4 and 5; similar trends are not always seen in Asian countries. However, when heat is
mainly used for peripheral facilities such as industrial facilities, the lack of heat in waste
incineration due to the high food waste ratio can be an issue.

3.7. Sensitivity Analysis of Plastic Ratio

Figure 9 established that the annual cost decreased as the plastic ratio increased in all
cases, but the CO2 emissions increased, indicating a trade-off relationship.

Cases 2 and 4 have a larger rate of decrease in annual expenses than Cases 1 and 3.
However, this was because the heat sales expenses were increasing due to the increase in the
calorific value of waste due to the increase in plastics. In Cases 1 and 3, even if the amount
of heat generated by waste increases, it could only be used for waste incineration power
generation, which was less efficient than the case where heat was used, and electricity sales
could only be carried out at 13 yen/kWh. Therefore, annual cost reduction did not increase.

When the plastic ratio increased, CO2 emissions increased significantly because the
plastic was incinerated in all cases. Therefore, it could be seen from this sensitivity analysis
that considering methods other than thermal recycling of plastic waste for reducing CO2
emissions due to waste incineration was necessary.

3.8. Sensitivity Analysis of Piping Distance

From the results shown in Figure 10, when the piping distance reached 5.59 km, the
annual costs for Cases 3 and 4 were the same, and it was found that when the piping
distance reached 5.71 km, the annual costs of Cases 1 and 2 were the same. The CO2
emissions were superior to the case of using heat, but the annual cost may be higher, so
establishing a waste incineration plant assuming that heat will be used after introducing
the MBT system at a point more than 5.59 km away from the heat supply destination, was
difficult. Similarly, Maki et al. stated that the cost-effectiveness deteriorates when the
distance between the waste incineration plant and the industrial facility increases, and the
profitability decreases when the distance is 1 km or more while evaluating Aichi Prefecture
in 2021 [6]. Since the piping distance that maintained profitability varied depending on the
unit price of heat sales, the appropriate piping distance value varied regionally. However,
when considering heat utilization, the distance between the waste incineration plant and
the industrial facility could be a crucial factor in evaluating economic efficiency.

3.9. Discussion of Issues

To obtain this evaluation result, the construction cost was calculated based on the
estimation formulas shown in Tables 4 and 5. However, this estimation formula was an
estimation formula that was set considering land and personal costs in Japan and was not
suitable for use when considering the introduction of equipment overseas. In addition,
this evaluation was conducted assuming that Keiyo Coastal Industrial Zone will purchase
the heat obtained during waste incineration unconditionally for 24 h. However, since the
supply destination may have conditions such as pressure, temperature, and the time zone
in which it was desired to be supplied, confirming whether the heat generated during
waste incineration meets these conditions were necessary. Therefore, depending on the
conditions of the supply destination, the value of income from heat sales may fluctuate
greatly, and the values of Cases 2 and 4 may change. Conversely, it could be said that
Cases 1 and 3 that used power generation were less affected by the conditions of the Keiyo
Coastal Industrial Zone.

In addition, from the sensitivity analysis results shown above, when the waste quality
value was changed, as shown in Figures 8 and 9, the CO2 emissions and economic values
changed significantly. Therefore, when comparing with existing treatment methods, the
superiority may change in some cases unless the evaluation considered future fluctuations
in waste quality.
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When evaluating the introduction of the MBT system in various regions, it is necessary
to consider these because the waste quality and maintenance costs will change due to
differences in countries and regional characteristics. In Ichihara City and Chiba Prefecture,
facilities with high heat demand existed in the neighborhood, so this was added to the
conditions. For example, in developing countries, there were likely no facilities with
high heat demand, so it was considered less meaningful to evaluate cases centered on
heat utilization.

There were some challenges in realizing the cooperation with the existing infrastruc-
ture for the integration of the waste incineration plant. For example, for linking with
existing infrastructure, it was necessary to obtain the consensus of the organization that
operates the infrastructure. However, obtaining an agreement may be difficult due to a
lack of understanding of the residents or a lack of legislation. Furthermore, to reduce social
costs, facilities with high heat demand in the neighborhood and businesses that purchase
fermentation residues as fertilizer were necessary. Currently, decarbonization is gaining
attention worldwide, and we hope that this growing interest in environmental issues will
solve the issues mentioned above.

4. Conclusions

We evaluated CO2 emissions and the economic efficiency of introducing the MBT
system in Ichihara City, Chiba Prefecture, Japan, considering the heat accommodation in the
Keiyo Coastal Industrial Zone where petroleum and chemical industries are concentrated.
Four cases were examined, and it was found that the case of supplying heat to the Keiyo
Coastal Industrial Zone after introducing the MBT system was the most highly evaluated.
The worst evaluation result was observed in the case where power was generated at
both facilities without introducing MBT, a general processing method in Japan. The
introduction of the MBT system in Ichihara City was superior to the current processing
method considering both CO2 emissions and economic efficiency. Based on sensitivity
analysis results, the quality of waste and maintenance costs will change depending on the
differences in countries and regional characteristics when evaluating the introduction of
MBT systems in various regions.
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