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Abstract

Food waste not only causes waste treatment loading but also leads to loss of resources. Food waste co-digestion with sewage
sludge is regarded as one of the optimal technologies to treat food waste and for the recovery of bio-energy and phosphorus.
Besides, focus on the recovery rate and efficiency, environmental impacts and other benefits should also be considered when
a new technology or policy is evaluated. In this study, the economic and recycling benefits of such treatment technology were
assessed in five different cities in Asia. The comprehensive economic assessment was based on life cycle assessment and
three kinds of economic benefits, i.e., energy production, P recovery, and greenhouse gas emissions. Hence, the aim of this
study is to show the differences in economic benefits from various treatment processes in five cities in Asia. The benefits of
food waste co-digestion with sewage sludge were evident from the results of this study. The results indicated that new energy
production always dominates the economic values while the economic value from P recovery was relatively low since the P
fertilizers are not expensive in Asia. However, differences in economic values were considered for the different Asia cities.

Keywords Food waste - Wastewater - Phosphorus recovery - Environmental assessmentanalysis - Co-digestion treatment

process - Life cycle assessment

Introduction

Food waste has emerged as a serious environmental concern
in recent years [1-3]. Food waste not only adds to waste
treatment loading but also results in the resource loss. Food
waste co-digestion with sewage sludge is regarded as one
of the optimal technologies to treat food waste and recover
bio-energy and phosphorus [4].

Since the industrial revolution, large quantities of phos-
phorus have been mined from phosphorus rocks, resulting in
their quick depletion [5], while the mobilization of the ele-
ment phosphorus by the global economy has nearly tripled
[6], there are no alternative resources to replace the present
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demand for phosphate rock. Several studies in the past have
focused on phosphorus depletion at various spatial scales
[7-11]. These studies have indicated that the urban waste
treatment system has significant potential for recovery and
recycling of P.

Additionally, conversion of food waste to useful energy
provides an excellent solution for the treatment of food
wastes under the framework of modern food waste manage-
ment [12]. Anaerobic digestion is not only a feasible food
waste treatment pathway but can also convert food waste into
energy. Moreover, it is advantageous in terms of low costs
and production of small amounts of residual waste [4, 13].
The biogas generated from the treatment of food wastes can
be converted to other energy forms, such as, electricity and
heat as well as city gas and biogas fuel for use by vehicles
[14]. Such research approaches have also been conducted in
the field of wastewater management [15—17]. The general
methods for treating urban organic waste in the world were
summarized in Table 1. The results showed that the technol-
ogy for combined treatment of two kinds of waste, i.e., food
and waste water sewage has special advantages.

During the evaluation of a new technology or policy, the
recovery rate, efficiency, environmental impacts, as well as
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other benefits should be considered. Life cycle assessment
(LCA) is a scientific and analytical technique for compar-
ing two or more alternative options within the context of
potential environmental impacts [12, 18, 19].

The economic and recycling benefits of such a treatment
technology should be assessed and compared in different cit-
ies, because local suitable technology should be investigated
because of the difference in society, environment and resi-
dents’ behavior. In this study, the comprehensive economic
assessment is based on LCA and three kinds of economic
benefits including energy production, phosphorus recov-
ery, and greenhouse gas (GHG) emission were considered.
Therefore, the aim of this study is to determine the different
economic benefits from various treatment processes in five
cities in Asia.

Materials and methods
System scale, study area and data collection

This study aims to analyze economic benefits of the dif-
ferent processing technologies in urban governance; hence
the urban samples in this study should have some similar
characteristics. This study tried to select the cities in Asia
that have similar geographical features and are also highly
economically developed cities. After referring to the related
literature [20, 21], Taipei, Bangkok, Shanghai, Osaka, and
Singapore are the major cities located in Asia and all of
these cities are close to the airport and port, so the interna-
tional business activities are very prosperous in these cities.
They also have high population density and heavy business
activities. However, the residents’ behavior and lifestyle, and
urban metabolism and governance are different in these five
cities. Hence, it is interesting to compare the economic ben-
efits of food waste co-digestion with sewage sludge in these
five Asian cities. These are a few of the main cities in Asia
and are representative of the current potential for P recov-
ery rate, energy production, energy consumption, and GHG
emissions in Asia. The database for these cities is shown in
Table 1. In addition to the city government websites, data

were also collected from reports, research studies, and pro-
jects [22-28]. Additionally, apart from different levels of
development, as shown in Table 2, the cities also presented
huge differences in terms of population, wastewater type,
etc. The city with the largest population was Shanghai; how-
ever, the per-capita wastewater emission in Shanghai was
the least among the five cities. On the other hand, although
Osaka does not emit the most amount of wastewater; how-
ever, the P percentage in wastewater was the largest among
the five cities. Therefore, a comprehensive assessment is
necessary, especially before the technology is promoted to
the application level through policymaking.

Waste treatment technology

Anaerobic sludge digestion is an existing popular technol-
ogy in Europe [15, 16, 18]. This technology usually has the
potential to produce large amounts of digestion gas along
with high levels of P recovery.

Thus, anaerobic digestion treatment was used to target
both wastewater sludge and food waste. Table 3 indicates the
different food waste and wastewater co-digesting treatment
technology scenarios while Fig. 1 shows the main process
of co-digesting treatment technology used for food waste
and wastewater in this study. This research integrated the
co-digesting treatment technology process for food waste
and wastewater from different studies [15, 16, 29, 30]. After
integrating the P recovery as well as wastewater and food
waste treatment processes from these studies, the wastewater
sludge and food waste were treated by an anaerobic digestion
system. Additionally, the filter was used for the recovery P.
In this study, six different kinds waste treatment methods
were generated after recovery of P: (1) compost; (2) cement
feedstock; (3) low-temperature carbonization; (4) dry granu-
lation; (5) pyrolysis gasification; and (6) high-temperature
incineration. The technology not only recovered P but also
produced energy. Moreover, this study also highlighted the
uncertainty associated with food waste and wastewater co-
digesting treatment technology. Such information could also
assist policy formulation. This technology is already used for
waste treatment at a plant in Japan [30, 31].

Table2 Summary of the
essential information of five

cities in Asia

Item Osaka Taipei Shanghai Singapore Bangkok
Population (million) 2.87% 2.30° 18.80° 5.54¢ 8.30°
Wastewater (L/capita) 102,675° 95,192° 12,734 M 54,7508 13,1931
Food waste (ton/capita) 0.09° 0.02° 0.01% 0.121 0.071

P in wastewater (g/capita) 1.300° 1.082f 0.082" 0.270! 0.003}

P in food waste (g/capita) 0.250° 0.378" 1.699 % 0.607 ™ 0.055

References: *[45], °[46], °[24], 9471, °[17], fInvestigated and analyzed by this study, #[48], h126], 1491,

i[22], 12}, '127], (28]
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Table 3 Different scenarios of food waste and wastewater co-digesting treatment technology in this study

Scenario Sludge conversion Phosphorus recovery Point in process for P recovery
€8 Compost MAP method® Filtrate water
2) Cement feedstock MAP method Filtrate water
A3) Low-temperature carbonization MAP method Filtrate water
“) Dry granulation MAP method Filtrate water
5) Pyrolysis gasification MAP method and alkaline extraction Filtrate water and ash
6) High-temperature incineration MAP method and partial-reduction melting Filtrate water and ash
0)? High-temperature incineration without None None
phosphorus recovery
#Scenario 0 means current treatment process
®Magnesium ammonium phosphate (MAP) method
Fig. 1 The main treatment
process of food waste and Energy
wastewater co-digesting treat- > production
ment technology in this study system
Thickened
sludge from Anaerobic Sludge
sewage digestion > Dewatering > conversion ——> Product
treatment system system
N
‘[ Filtrate
water
Food waste .| Precovery s roduct
system

Due to the limitation of five Asian cities data comple-
ment state, the assessment situation ignores the energy-use
site, the energy consumption of collection waste and energy
consumption in delivery, etc. The functional unit was set as
the processing capacity to provide waste treatment services
for 100,000 people. Most of the method coefficients used
in the LCA calculations but the objective of this paper is to
determine the trend that can be used for case studies in the
other areas. Additionally, this study assumed that the waste
comprised household wastewater and food waste.

Results

After collecting data for wastewater and food waste for the
five cities, P recovery rates, energy consumption and produc-
tion were estimated for each city (presented below). Addi-
tionally, the GHG emissions and economic benefit were also
investigated. Due to data and methodology limitations, some
uncertainty ranges were associated with P recovery rate and

energy production. Consequently, the net energy production
and economic assessment are also likely to show uncertainty.

Energy benefits

Heat and CH, were produced during anaerobic digestion
of wastewater and food waste. Figure 2 presents energy
consumption versus percent phosphorus recovery from six
sewage sludge-processing technologies in the five cities.
Although the amount of energy produced is different for
each city, the energy produce trend in each treatment method
is almost the same in every city. This is because the amount
of food waste and wastewater produced varied across differ-
ent cities, therefore, resulting in different amounts of energy
produced.

It is essential to consider both energy consumption and
the production in this study. The energy production as well
as consumption should be balanced while considering
energy benefits. Figure 3 presents the net energy produc-
tion versus percent phosphorus recovery from six sewage

@ Springer
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Fig.2 Energy consumption amount versus percent phosphorus recovery from six sewage sludge-processing technologies in five Asian cities. (1)
Scenario 0 means current treatment process. (2) These data were calculated in terms of treatment capacity of 100,000 persons per year

sludge-processing technologies in the five cities. Amongst
the six technologies considered for obtaining energy bal-
ance, scenarios 1 and 2 showed maximum energy produc-
tion. Scenario 5 indicated maximum energy costs not only
among the six scenarios but also for the five Asian cities.
Scenarios 1 and 6 showed higher P recovery rates in com-
parison to the other scenarios.

Considerations of energy benefits are important for imple-
mentation and execution of the waste treatment technology.

@ Springer

Several resource recovery scenarios as well as waste treat-
ment technologies exist; however, most of these scenarios
are not widely implemented either due to high energy con-
sumption or the need for additional resources. However, a
scenario that not only needs less energy but also produces
energy, could be used and implemented as part of policy.
Figure 4 shows the net energy produced per 1% P recovery
from six sewage sludge-processing technologies in the five
Asian cities.
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Fig.3 Net energy product amount versus percent phosphorus recov-
ery from six sewage sludge-processing technologies in five Asian cit-
ies (million MJ on left vertical axis). (1) Scenario 0 means current

The results indicate that scenarios 1 and 2 that combine
wastewater and food waste treatment process can potentially
result in positive energy benefit. This implies that after the
recovery of P from waste filter, the residual waste could be
used as compost. Additionally, its use as cement feedstock
could create energy-related and monetary benefits. While
scenario 2 can produce maximum energy as well as high
recovery rate of P, it is not the most optimal due to the asso-
ciated uncertainty as the policy maker still could accord the
risk from the uncertainty to choose the recovery and treat-
ment method.

This study not only considered treatment processes
with respect to production and consumption of energy but
also the materials used for each treatment process. The
results indicate similar energy production values across
the different treatment processes. However, a large differ-
ence in energy consumption was observed. These results
are likely to assist policy formulation for treatment of
food waste and wastewater.

treatment process. (2) These data were calculated in terms of treat-
ment capacity of 100,000 persons per year

The GHG emission

GHG are produced during the wastewater and food waste
treatment process. Lower GHG emissions are likely to
have less detrimental environment impacts. High-temper-
ature incineration is one of the most commonly used treat-
ment pathways for wastewater sewage and food waste.
Due to data limitations, the uncertainty range could not
be presented for GHG emissions. However, the likely val-
ues are presented in Fig. 5, which presents the amount of
GHG emissions versus percent phosphorus recovery from
six sewage sludge-processing technologies in the five cit-
ies. The results indicate that scenario 1 was the best when
the P recovery rate is considered; however, scenario 4
produced the least GHG emissions. On the other hand,
the results show that GHG emissions under the current
treatment were more than those for the other scenarios
considered in this study.

@ Springer
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Fig.4 Net energy produce amount per recovery 1% phosphorus from six sewage sludge-processing technologies in five Asian cities (million
M1J). (1) Scenario 0 means current treatment process. (2) These data were calculated in terms of treatment capacity of 100,000 persons per year

Economic benefits

Three kinds of economic benefits including energy pro-
duction, P recovery, and GHG emissions were consid-
ered. Table 4 shows the electronic fee, carbon emission
tax, and the P price in the five Asian cities. The electronic

@ Springer

fee for each city was obtained from the government data-
set, and the household usage price is chosen in this study.
Since carbon tax fee is still not implemented in all cit-
ies, therefore, those for Taipei, Bangkok, and Singapore
were considered to be the same as those for Shanghai [32].
The price of P is calculated as that of the diammonium
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Fig.5 GHG emission amount versus percent phosphorus recovery from six sewage sludge-processing technologies in five Asian cities. (1) Sce-
nario 0 means current treatment process. (2) These data were calculated in terms of treatment capacity of 100,000 persons per year

phosphate fertilizer at about 1965 United States (US) dol-
lars per ton [33]. The total benefit resulting from these
scenarios is presented below.

The results indicate huge differences between the six
sewage sludge-processing technologies with regards to

conversion of energy to economic benefits. Table 5 shows
the net energy production conversion to electronic fee for
the five cities. According to the electronic fee, the energy
benefit could be close to 300 US dollars per year in Osaka.
The economic benefit in terms of net energy was not huge

@ Springer
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Table 4 Summary of the economic information of five cities in Asia

g
(US dollars) E
o— O n O N N >
. . gl = — v n S n x©
Item Osaka Taipei Shanghai Singapore Bangkok g [ I —l‘ (.
Electronic fee 820 272 222 6.61 342
(MW/h)* ~ | E
Carbon tax (ton)® 2 5 5 5 5 % E
S|E|lEEEYRS
Phosphate (ton)° 1965 1965 1965 1965 1965 2 |s T
References: *[50], °[32], °[19]
£
Elaoono — o <+ o
S =5 v un
o— — = <t N 0 < O
for the other cities. However, the continuation of current = N B
treatment processes will cost more than 51-1519 US dollars
every year and no recovery of P. 5 é
The potential costs due to carbon emissions were con- E‘) z3 § % ® g 3 @
sidered in this study. Table 5 shows the carbon emission B = T T
tax conversion to electronic fee for the five cities. The con-
version of carbon emission to economic benefits indicated g g
large differences between the six sewage sludge-processing é coz-sgm o ;
technologies across the five cities. In addition to the cur- S R A S A =
. . . . . =
rent state, high-temperature incineration without P recovery 2
process and the cement feedstock scenarios would lead to 5| E &
. . . . =)
the highest GHG emissions and result in highest taxes in Eo E - S
. . S = = [ e 9
comparison to the other scenarios. The value of tax used Ui:'; S| 7 VY79 §
in this study is low. The tax could be higher in cities such 3
as Tokyo and Beijing and, therefore, the carbon emissions £ ‘?
would be much higher in these cities. é 0 ®BS DRy %
As shown in Table 6, dry granulation and compost are § RN SN 2
two scenarios that would cost lower carbon emission fee. é
The results also indicate that the carbon emission fee could £ j‘z
be only about 64 US dollars per year. However, under the | E k)
. . sl 2]l © x n o »
current treatment scenario, a cost of more than 8 million 2| 5|5 = T I =% g
. . =] Qo
US dollars would be incurred every year with no recovery %‘ == b =
of P. Therefore, these results suggest that the recovery of > . 3
P is not only an environmental problem but also an eco- % 2 Elzcazarnc o =
. = > R=! S ® N A T v o— 3}
nomic one. 5| ElfgeargcSh E
Although fertilizers are currently not expensive, if the g5 = L g
@ [
price converse to pure P, the P price still could affect the i S i
. . . = -
total economic benefit. P recovery is essential not only from & |8 é - o o o 3
. . . . Q —
an economic perspective since its natural resources are con- E S |2 AR S22 35 ;:’j
. .. . . Q 22 S — —
sistently declining, but also from an environmental point of s8I ST &=
. . - . - o 7]
view since improper disposal of P can pollute soil and water & 8
and result in environmental issues such as eutrophication. & g s s2| &
. O = e ] -
Table 7 shows the benefits of P recovery for the five Asian 5 8 8 88| g
cities under six scenarios. Higher P recovery brings greater g § - % % = §
economic benefits. Thus, in light of the uncertainty, scenario E N S S E E g g
. . . . = s L QP =
1 is considered most optimal and provides benefits close to g g §e g 3 = 8
9} 2 3 573 8 89 =
105,000 US dollars per year. Moreover, although the P ores < 3 g = g3 gg]| 3
.. . -2 & &3 g- g* bl I
are not expensive in comparison to other metals, the total P g 2 -5 5385 532| 8§
. . & =% % B
economic benefits from P recovery processes are still huge. § g1 S 5 fo-g g
. . . P ©C O O M e
Especially in this case, the recovery of P is important not Hle COJI8LEE z
. . . . wn =1 =
only with regard to environmental impacts but also in the 2 g g
economic sector. e |3 SESEOESEDECRS) @
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T.able 6 Carbon tax fee fr(?m Scenario Carbon tax fee (US dollars)

six sewage sludge-processing

technologies in five Asian cities Osaka Taipei Shanghai  Singapore = Bangkok
(1)  Compost 7875 18,253 2475 10,522 2533
(2)  Cement feedstock 848,084 1965,699 262,959 1130,585 272,435
3) Low-temperature carbonization 10,998 25,491 3410 14,662 3533
(4)  Dry granulation 199 462 62 266 64
) Pyrolysis gasification 13,031 30,203 4040 17,372 4187
(6) High-temperature incineration 24,598 57,013 7627 32,791 7902
0) High-temperature incineration 2889,098 6696,380 895,796 3851,449 928,066

without phosphorus recovery

Scenario 0 means current treatment process. These data were calculated in terms of treatment capacity of

100,000 persons per year

Finally, the total benefits are summed in Table 8 which
presents the net benefit for the different scenarios. The
results suggest scenario 1 as the best program for all cities
considered in this research except for Bangkok. The waste-
water P percentage was much lower in Bangkok, thus, the
economic benefits from P recovery were much lower than in
the other cities. But the second treatment method chosen was
different between these cities. For example, scenario 4 ben-
efitted Taipei in terms of P recovery and low cost of waste
treatment, but for Shanghai city, scenario 6 was optimal.
Overall, benefits from P recovery and carbon tax fee were
found to be the main factors affecting the result. However,
the government should consider the problem and choose
the appropriate technology. Regardless of the technology
chosen, the environmental impacts and economic benefits
for each of the scenarios were better than those for the cur-
rent state.

Conclusions

The benefits of food waste co-digestion with sewage sludge
not only have obviously environmental impact but also pro-
vide economic benefits. Three kinds of economic benefit,
including energy production, P recovery, and GHG emis-
sions were considered in this study. New energy produc-
tion is always known to have higher economic values than
other benefits. However, due to the likely implementation
of carbon tax fee or carbon exchange price in the future, the
quality of carbon emissions would play a significant role in
determining these costs. The price of fertilizer is known to
consistently increase. The benefits from the recovery nutri-
ents, such as, P are not obvious while the economic value
from P recovery is relatively low since P fertilizers are not
expensive in Asia. However, this research indicates that
high-quality P recovered from the treatment processes could
be reused as a fertilizer to create high economic benefits.

This study also assessed the differences in economic values
in different Asian cities.

Therefore, such assessment is needed to highlight the
impact of new technologies on the environment as well as
the economic sector and to subsequently assist policy formu-
lation. This study examined five main cities in Asia to assess
the effects of technology implementation. Furthermore, P
recovery percentage and uncertainty in energy production
range were determined in this research. This study provided
uncertainty range in assessment result, it also could bring
policy risk assessment in more deeply.

The final results indicate that the same treatment technol-
ogy will bring different benefits to different cities. Addi-
tionally, benefits from P recovery and carbon tax fee were
found to be the two main factors affecting the total economic
benefits. Scenario 1 recovered the highest P and had sec-
ond lowest carbon emissions. Additionally, it could produce
energy, thus, this scenario is considered optimal for all Asian
cities. The total economic benefits in scenario 5 and sce-
nario 6 were quite similar because the carbon emissions in
scenario 6 were higher while the energy benefit in scenario
5 was higher. The P recovery rates for both these scenarios
were almost the same, which indicates that the target pro-
duce would be the key factor in the choice of technology.
Carbon tax fee or carbon exchange price would also be key
factors influencing policy formulation. Moreover, energy
consumption could also be the key factor in cities experi-
encing energy shortages.

According to this study, anaerobic digestion technology
for treatment of wastewater sludge and food waste could
improve the economic value to result not only in energy
benefits but also in reduction of carbon emissions and recov-
ery of P. The environmental impact also could be decreased
through implementation of policies encouraging P recovery.
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