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In recent years, in addition to establishing a decarbonized society worldwide, a depopulation has become a
serious problem especially in smaller municipalities in Japan. Wastewater and municipal solid waste (MSW)
treatment are responsibilities of municipalities; both are separately treated in Japan. Wastewater treatment
plants (WWTPs) and MSW incinerators (MSWIs) must become more cost-efficient and environmentally
responsible. This study focuses on the collaboration between a WWTP and a MSWI in smaller municipalities in
Japan. A mass and elemental balance, operating costs and greenhouse gas (GHG) emissions calculation model
was developed to evaluate MSW collection and transportation, the WWTP, and the MSWI in model cities with
populations of 50,000 (small) and 100,000 (medium). Various treatment scenarios for MSW and sewage sludge
were evaluated, including collection of 45 % of all kitchen waste by disposers to the WWTP (Case 1); co-
combustion of MSW and dewatered sludge in the MSWI (Case 2); co-digestion of thickened sludge, all kitchen
waste, and 60 % of all paper waste in MSW (Case 3); and no cooperation (Case 0, the base case), in terms of
operating costs and GHG emissions to identify the most effective plan. The combination of Case 1 and 2
optimally reduced operating costs by 14 % compared to Case 0 in both cities. From the perspective of GHG
emissions, the combination of Case 2 and 3 provided the lowest emissions from both small and medium cities:
the reductions were 29 % and 33.2 %. Disposers and co-digestion minimized operating costs and GHG
emissions, in addition to co-combustion which also contributed to both operating costs and GHG emissions.

1. Introduction

The Japanese population is aging, and its numbers are declining. The population and the proportion aged over
65y were 126 M and 28.4 % in 2019; these values will be 106 M and 36.8 % in 2045 (Japan Cabinet Office,
2020). Depopulation and aging are especially severe in small (less than 50,000 people) and medium (less than
100,000) municipalities, which constituted 69 % and 83 % of all municipalities in 2015 (e-Stat, 2019). Over 40 %
of such inhabitants will be 65 y of age in 2045 (IPSS, 2018); this figure is higher than the current total number
of Japanese residents. Aging is associated with labour shortages and financial difficulties, inevitably
compromising municipal solid waste (MSW) and wastewater treatments; these treatments must become more
efficient.

In recent years, sewage sludge production has stabilized at approximately 2.3 Mt (dry base) annually (Japan
MLIT, 2021) and the amount of MSW has been decreasing (Japan MOE, 2020). Existing municipal solid waste
incinerators (MSWIs) may have excess capacity; new MSWIs will be underworked because of the decline in
MSW and depopulation. These excess capacities can be used to incinerate sewage sludge with MSW. Takaoka
et al. (2014) calculated the mass and heat balances of MSWIs and wastewater treatment plants (WWTPS) in
megacities when these facilities operated separately or together. Co-combustion of MSW and sewage sludge,
and co-digestion of kitchen waste and sludge greatly reduced life cycle costs, energy consumption, and
greenhouse gas (GHG) emissions, in comparison with independent operation of the plants. Nakakubo et al.
(2017) evaluated the effects of various collaborations between MSWIs and WWTPs in cities with populations of
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over 1 M. Co-combustion of dried sludge and MSW, co-digestion of sludge and kitchen waste, and sludge
carbonisation decreased GHG emissions, compared with independent treatments. Chen et al. (2019) also
compared co-incineration of sewage sludge and MSW with each mono-incineration of them in China, in terms
of environmental, energy, and economic aspects. This paper focused on the city with populations of about 10
M and MSWIs in the co-incineration scenario were able to incinerate a total of 1,500 t/d of MSW and SS. The
integrated treatment emitted less GHG mainly because of electricity and heat generation, and provided more
advantages of costs. Effects on climate change, human health, ecosystem quality and resources were also
analysed in this paper. In addition to co-combustion and co-digestion, composting green and food waste was
revealed to profit, and emit lower GHG emissions than landfilling them by 90% (Kamyab et al., 2015). It was
shown from these works that treating different kinds of waste at the same time generated synergy.

Although these studies focused principally on only large cities, few works have explored MSWI and WWTP
cooperation in smaller municipalities. Expansion of MSWI and WWTP treatment areas reduces costs, but not
all small and medium facilities can expand their operations (for geographic and political reasons). It is
increasingly important for such MSWIs and WWTPs to cooperate. The effect of collaboration in smaller
municipalities could be different from that in larger municipalities.

In this study, the cooperation of MSWI and WWTP including diversion of kitchen waste into wastewater through
disposers; co-digestion of thickened sewage sludge, kitchen waste, and paper waste (via methane
fermentation); and co-combustion of MSW and dewatered sewage sludge were evaluated in terms of operation
costs and GHG emissions. A model city was set up to express the pure effects of each cooperation. Three
models of MSW collection and transportation, as well as an WWTP and a MSWI were used to simulate the
mass balances of MSW and wastewater. Comparative assessment was done between separate MSWI and
WWTP operation (the base case), and scenarios featuring single and multiple cooperation, in terms of operating
costs and GHG emissions.

2. Methods
2.1 Model cities

This study focused on Japanese cities with populations of 50,000 and 100,000 people. Both municipalities were
assumed to be gridded squares with no hills featuring even structures and population distributions with a MSWI
and a WWTP in the centres and at edges.

Table 1 shows the sewage influent to the WWTP (JSWA, 2016); these averaged 19,475 and 41,389 m%/d for
cities of 45,000 to 55,000 and 90,000 to 110,000 people. Elemental composition of influent consisted of total
organic carbon (TOC), total nitrogen (TN), total hydrogen (TH), total oxygen (TO), total sulfur (T-S) and total
phosphorus (TP). After the calculation of these elements, total solid (TS), suspended solid (SS), dissolved solid
(DS), volatile suspended solid (VSS), volatile dissolved solid (VDS), fixed suspended solid (FSS) and fixed
dissolved solid (FDS) were also calculated for the WWTP system operating at a steady state. The concentration
of TN and TP in influent were described by JSWA (2016); and the T-S value was described by Ishikawa et al.
(1998); the other values were described by Shomura et al. (2009).

Of all MSW, 80 % was collected and incinerated in the MSWI as combustible waste in Japan. 36.4 t/d and 72.8
t/d of the combustible waste was treated in each city based on the reported MSW-generation rate between
population of 50,000 and 100,000 by Japan MOE (2020): 0.91 kg/d/capita. Table 2 shows MSW compositions
and characteristics. Weight percentage, water, combustible and ash contents and elemental compositions were
guoted from many references including raw data from small and medium sized municipalities (e.g., Matsuto and
Ishi, 2011).

Table 1: Influent quality to the WWTP

ltems Unit Value ltems Unit Value Items Unit Value Items Unit Value
TS mg/L 600 TOC mg/L 100 TH mg/L 24 T-S mg/L  26.8
SS mg/L  150.1 POC mg/L 50 PH mg/L 12 PS mg/L 2.7
DS mg/L  449.9 DOC mg/lL 50 SH mg/L 12 S-S mg/lL 241
VSS mg/L 126.1 IC mg/L 100 TO mg/L  65.2 TP mg/lL 5
VDS mg/L 229.9 TN mg/L 40 PO mg/L  48.1 PP mg/L 2.5
FSS mg/lL 24 PN mg/L 13.3 SO mg/L 17.1 SP mg/L 2.5
FDS mg/L 220 SN mg/L  26.7

POC, particulate organic carbon; DOC, dissolved organic carbon; IC, inorganic carbon; PN, particulate nitrogen;
SN, soluble nitrogen, PH, particulate hydrogen; SH, soluble hydrogen; PO, particulate oxygen; PS, particulate
sulfur; S-S, soluble sulfur; PP, particulate phosphorus; SP, soluble phosphorus.
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Composition Weight Weight Water Combustible Ash C(% H(@ O(% N (% S (% Cl (%
percentage percentage content content content D.B.) D.B.) D.B.) D.B.) D.B.) D.B.)
(Wt%)2 (Wt%)P (%W.B.)(%W.B)  (%W.B.)
Paper waste 28.57 32.70 28.90 66.94 416 49.82 7.24 4198 0.36 0.24 0.36
Kitchen waste45.21 30.30 82.09 15.61 2.31 56.30 7.87 30.46 3.75 0.50 1.12
Fiber 4.34 5.01 22.10 76.78 1.12 54.66 6.98 34.59 2.44 0.44 0.89
Wood 4.92 13.54 53.00 34.39 12.61 51.99 6.64 39.49 144 0.22 0.22
Plastic 14.29 16.03 25.10 69.83 5.07 74.65 10.48 10.94 1.15 0.35 2.42
Rubber 1.79 1.21 7.18 84.79 8.03 67.34 9.38 14.47 6.65 1.85 0.31
Glass 0.23 0.15 300 O 97.00 0 0 0 0 0 0
Metal 0.44 0.73 10.00 O 90.00 O 0 0 0 0 0
Ceramics 0.21 0.34 300 O 97.00 0 0 0 0 0 0

W.B., wet base; D.B., dry base; C, carbon; H, hydrogen; O, oxygen; N, nitrogen; S, sulfur; Cl, chorine.

aWeight percentage of MSW in the small municipality.
bWeight percentage of MSW in the medium municipality.

2.2 System boundaries and scenarios

The MSW collection and transportation systems studied, as well as MSWI and WWTP, are shown in Figure 1.
The costs of facility construction and garbage trucks (set-up costs) were not considered in this study.

The scenarios of Table 3 were evaluated. In Case O (the base case), the MSWI and WWTP operate separately.
For Case 1, 45 % of kitchen waste was transported to the WWTP with influent using disposers (Japan MLIT,
2005). In addition to integration of MSW and wastewater treatments, disposers aid MSW collection in an aging
society, reducing the amount of household waste and the frequency of disposal. In Case 2, dewatered sludge
generated in the WWTP was co-combusted with MSW in the MSWI. In Case 3, thickened sludge, kitchen waste,
and paper waste were co-digested. All kitchen waste and 60 % of all paper waste in MSW were isolated (via
mechanical separation) after collection and transportation (Kubota Co., Ltd, 2019), then anaerobically digested
with thickened sludge (methane fermentation). Case combinations 1 +2,2 + 3,1+ 3 and 1 + 2 + 3 were also

evaluated.
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Figure 1: Flow diagram and system boundary of MSW and wastewater treatment in this study

Table 3: Scenarios considered in this study

Case 0 1 2 3 1+2 1+3 2+31+2+3
Disposer - O - - (0] (0] - (0]
Co-combustion of MSW and sludge - - @] - (0] - (@) (0]
Co-digestion of sludge, kitchen waste and paper waste - - - (0] - (0] @) (0]

2.3 Models and indicators

A combined MSW and WW treatment mass balance model integrated by elemental balance was developed in
this study, in accordance with the methods of MSW collection and transportation described by Ishikawa (1996),
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the WWTP described by Shomura (2009), and the MSWI described by Kuribayashi (2004). Operating costs and
GHG emissions were calculated in each scenario using results of the MSW and WW mass balance calculation.
Each elemental balance of wastewater in a process was calculated by equation (1), and its results were used
for calculation of total solids (TS, SS, DS, VSS, VDS, FSS and FDS) of wastewater, and sludge and effluent for
each process in the WWTP under steady-state conditions. Concentration of each element is represented by e,
f is flow rate for each process, i represents each element like C, N, H, O, S and P, j represents each process,
a, B, and y are proportion of transition to solid, liquid, and gas. The left-hand and right-hand sides represent
input and output.

ej fi=a-e; i+ e fi+y-e;f @)

The amount of MSW collected by garbage trucks was calculated because this varied according to disposers
use/non-use. Based on the chemical equation for stoichiometric combustion and equivalence ratio, ash, waste
flue gas, and combustion air generated from incineration were also calculated in the MSWI. In the WWTP,
biogas produced by anaerobic digestion of sludge, kitchen waste, and paper waste was used to generate electric
power and heat by the gas engine. The MSWI medium city generated electric power by steam produced by
waste heat, while the MSWI of small city did not. This was because small scale MSWIs were not expected to
generate electricity efficiently. Chemical reagents were used to treat sludge and waste flue gas. Fuel was
employed to combust dewatered sludge in the WWTP and by the garbage trucks.

On June 7, 2021, the exchange rate was 110 JPY/USD and used for costs calculation. Consumption of the
electric power, fuel and chemical reagents, and amount of landfill were calculated from the results of mass
balance calculation and each intensity. Labour, maintenance, and repair costs were considered to calculate the
operating costs, in addition to the electric power, fuel, and chemical reagents costs, which were calculated using
by each unit cost. The electric power consumed by the MSWI and WWTP was priced at 0.1363 USD/kWh. The
unit price of electric power generated from biomass and non-biomass in an MSWI and biogas in a WWTP are
set by the Feed-in Tariff regime in Japan at 0.1545, 0.0727, and 0.3545 USD/kWh.

GHG emissions (direct and indirect CO2, CH4, and N20) were considered based on the results of mass balance
calculation, as was the recovery from generated electricity. CHs and N2O emissions were converted to CO2
equivalents using the global warming potential (100 y): biomass-derived CO2 was excluded as carbon neutral.
Direct emissions included GHG emissions generated when MSW and sludge were incinerated, as well as when
fuel was consumed. Emissions associated with electricity consumption and the use of chemical reagents were
regarded as indirect emissions.

Electric power was produced by waste heat in the MSWI and biogas in the WWTP; such power was considered
to recover some costs and GHG emissions. Material flows, operating costs, and GHG emissions were calculated
for the scenarios of Table 3.

3. Results and discussion
3.1 Operating costs

Figure 2a (Case A) and Figure 2b (Case B) show the operating costs for each scenario in small and medium
cities. The total costs showed quite similar trend in both cities. Compared with Case A-0, 6.4 % of the total costs
were decreased in the entire system in Case A-1 (disposer) because kitchen waste collection via disposers led
to reduction of MSW collection and transportation costs in the small city. Furthermore, the MSWI inflow
decreased by 20.3 %, reducing operational costs of the MSWI by 14.4 %. When Case B-0 and B-1 were
compared, the cost reduction was similar to the reduction between Case A-0 and A-1. When Case B-0 and B-2
were compared, the MSWI inflow increased by 25 % in Case B-2 because of dewatered sludge. Sludge mono-
incineration was not required in the WWTP due to co-combustion. Case B-2 (co-combustion) reduced the total
costs of the entire system by 7.4 %. The total costs of the entire systems in Case B-3 (co-digestion) were 5.6 %
greater than that in Case B-0. The MSWI costs decreased by 30 % considering the reduced MSWI inflow, while
biogas recovery in the WWTP rose 2.4-fold, the cost increased for sludge mono-incineration and digestion in
the WWTP increased more. Operating costs of Case B-2+3 was lower than that of Case B-0 by 5.8 %. Takaoka
et al. (2014) concluded that co-combustion of MSW and dewatered sludge, and co-digestion of sludge, kitchen
waste and paper waste decreased life cycle costs that included the operating and construction costs by 3.6 %,
compared to independent treatment. The values were roughly the same, although the impact may have been
smaller because construction costs were taken into account. Kitchen waste collection by disposers and co-
combustion of MSW and dewatered sludge (Case A-1+2 and B-1+2) minimized the total costs of the entire
systems: approximately 14 % reduction, compared with Case A-0 and B-0.
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Figure 2: Operating costs of each scenario: (a) small city and (b) medium city

3.2 GHG emissions

Figure 3 shows the GHG emissions for each scenario. The GHG emissions of Case A-1 and B-1 (disposer)
were very similar to the emissions of Case A-0 and B-0. Disposers markedly reduced the GHG emissions of
MSW collection and transportation. These emissions were always less than 3 % of all emissions. The total GHG
emissions of Case A-2 and B-2 (co-combustion) decreased by 9.8 % and 16.8 % for both cities, compared with
the total GHG emissions of Case A-0 and B-0, because N20 emissions from sludge mono-incineration and CO2
emissions from the auxiliary fuel for the sludge mono-incineration disappeared in both WWTPs and the electricity
generated by the MSWI of the medium city was slightly increased. For Case A-3 and B-3 (co-digestion), the
total emissions of the entire systems reduced by 12.4 % and 7.5 % for small and medium cities. Reduction of
GHG emissions by means of biogas power generation was almost three-fold greater than the reduction of GHG
emissions in Case A-0 and B-0. The differences between Case A-3 and B-3 values reflect power generation by
the MSWI. The electricity generated using paper waste biogas was lower than the electricity generated using
paper waste heat in this setting condition. In terms of GHG emissions, the optimized scenarios were Case A-
2+3 and B-2+3 (co-combustion and co-digestion) in both cities: 29.0 % and 33.2 % reduction, compared with
Case A-0 and B-0. According to Nakakubo et al. (2017), the combination of co-incineration of dried sludge with
MSW and co-digestion of sludge and kitchen waste was able to reduce 26 % of GHG emissions, though energy
recovery from digestion was not considered. This indicated that the results of Case A-2+3 and B-2+3 was
reasonable, although there was slightly difference because of different setting condition. In only MSWiIs, the
GHG emissions of Case A-2+3 and B-2+3 were almost the same as the emissions of Case A-O and B-0; there
was little difference in the MSWI inflow. The decrease of GHG emissions from sludge mono-incineration
exceeded the increase of the digestion, and reduction by biogas recovery was almost three-fold greater than
that of Case A-0 and B-0. The most desirable scenario didn't change by population scale, same as operating
costs.
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Figure 3: GHG emissions in each scenario: (a) small municipality and (b) medium municipality

4. Conclusions

In this study, a mass balance calculation model was developed to evaluate MSW collection and transportation,
the WWTP, the MSWI and their collaboration in model small and medium cities. Various scenarios of
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cooperation were evaluated in terms of operating costs and GHG emissions to identify the most effective plan.
In terms of operating costs, combination of kitchen waste collection by disposers and co-combustion of MSW
and dewatered sludge (Case A-1+2 and B-1+2) minimized the total costs of the entire systems: about 14 %
reduction in both cities, compared with Case A-0 and B-0. Case A-2+3 and B-2+3 afforded the lowest GHG
emissions by both cities. Co-combustion was important from the viewpoint of both operating costs and GHG
emissions. In addition to co-combustion, disposers and co-digestion would be the best choice for costs and
GHG emissions. It was indicated that collaboration between the WWTP and MSWI could be as effective in
smaller municipalities as in larger municipalities.

The sensitivity analyses are going to be conducted by changing percentages of kitchen waste collected by
disposers, and co-digested paper waste. Analysing its effects on operating costs and GHG emissions will show
whether kitchen waste should be collected by disposers, and paper waste should be co-digested or not.
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