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Abstract: Food waste (FW) increases with urbanization and population growth, which puts pressure
on the treatment system, causing a variety of harmful impacts on the environment. Proper FW
treatment is imperative for ecological integrity and public health. Even though FW treatment is an
extensively studied topic, the sustainable FW treatment considering holistic-lifecycle-based environ-
mental impacts has rarely been evaluated. This study addresses this gap through a comprehensive
analysis of various FW treatment methods, including co-treatment with sewage, anaerobic digestion,
incineration, and aerobic composting. The impacts of greenhouse gas (GHG) emission and energy use
efficiency are assessed by analyzing diverse FW treatment methods in Shenzhen, China. The study
indicates that FW addition to sewage does not adversely affect the current sewage treatment plant,
but benefits GHG avoidance and energy recovery. Compared with the other FW treatment methods,
FW anaerobic digestion avoids the most GHG emissions with −71.3 kg CO2 eq/FU and recovers the
most energy with −223 kWh/FU, followed by FW co-treated with sewage. The energy conversion
efficiency of the combined heat and power (CHP) unit greatly affects FW incineration, while energy
consumption in incineration and anaerobic digestion (AD) process is relatively minor. Perturbation
analysis pinpoints key parameters influencing outcomes, including CHP efficiency, GHG emission
factor of local electricity, and chemical oxygen demand (COD) in FW with ratios of −13~−0.942,
−0.518~0.22, and −13~1.01, respectively, that should be given special attention. This study sheds
light on sustainable FW management strategies, not only in China but also transferrable to regions
confronting similar challenges. Advocating ecologically balanced and resource-efficient approaches,
the study aligns with broader aims of fostering sustainable development.

Keywords: food waste; greenhouse gas emissions; energy efficiency; lifecycle assessment;
sustainable infrastructure

1. Introduction

The surge in urbanization and population expansion has propelled a concomitant
rise in food waste (FW) generation, engendering intricate challenges within the domain
of municipal waste management and imposing formidable environmental stresses. Quan-
titative assessments underscore an annual production of a staggering 931 million tons
of FW worldwide, with residential, food service, and retail sectors accounting for 61%,
26%, and 13%, respectively [1]. In China, FW production increased by 118% from 2001 to
2018 and is expected to reach approximately 2.2 million tons by 2040 [2]. Consequently,
growing concerns revolve around the ecological implications inherent to FW disposal,
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with a discernible focus on its discernible contributions to global greenhouse gas (GHG)
emissions and energy consumption [3]. Globally, FW emerges as a conspicuous contributor,
constituting a substantial 8–10% proportion of the cumulative GHG emissions, approxi-
mating a voluminous 3.3 billion tons of carbon dioxide [4]. Consequently, the appropriate
management and recycling of FW present pivotal imperatives for the advancement of
sustainable municipal solid waste management practices.

FW is a valuable source of organic matter, highly biodegradable and suitable for
biological treatment to recover resources. In Shenzhen, anaerobic digestion (AD), aerobic
composting, and incineration are commonly used FW treatment methods. Using aerobic or
anaerobic composting [5], FW can be degraded into organic compost, offering a sustainable
alternative to mineral fertilizers, reducing energy consumption and associated GHG and
energy consumption [6]. However, the quality of the organic compost is a problem, with
lower efficiency compared to mineral fertilizers [7]. AD is another alternative for FW
biological treatment [8], wherein microorganisms decompose organic matter in an oxygen-
free environment, generating biogas primarily composed of methane and carbon dioxide [8].
With a high calorific value, methane can be harnessed for heating and electricity generation
via combined heat and power generation systems (CHPs). However, AD’s operational
complexity surpasses that of FW aerobic composting [9,10]. In addition, incineration is
also a commonly used method for solid waste disposal [11]. However, FW has a high
water content and is not conducive to direct combusting, necessitating supplementary
fossil fuels to facilitate the process [12]. In China, low chemical oxygen demand (COD)
and biochemical oxygen demand (BOD) concentrations in sewage make it difficult to
achieve efficient biological treatment [13]. Conversely, FW is rich in COD, making it viable
for co-treatment with sewage [14]. This integrated approach can address the low COD
concern in sewage while concurrently managing FW [15]. However, the surge in sludge
production poses subsequent challenges in sludge treatment [16]. Overall, the adequate
treatment of FW in Shenzhen presents policymakers with intricate challenges, necessitating
comprehensive evaluation for sustainable management strategies.

Recently, there have been some studies focusing on the sustainable treatment of FW.
Like, Yeo et al. [17] conducted a comprehensive assessment of the environmental perfor-
mance of onsite FW fermentation in Hong Kong. Their study explored four fermentation
technics and found their environmental superiority over the usual cases in Hong Kong.
Similarly, You et al. [18] compared the treatment technic of co-gasification and incineration
for sewage sludge and FW, identifying the former technic to be more economically attrac-
tive. Another study evaluated lifecycle based environmental evaluations of different FW
disposal approaches, using landfill, incineration and AD [11]. It indicates landfill is the least
environmentally friendly approach. In contrast, AD and incineration approaches performed
better in different environmental impacts, illustrating the optimal choices depending on
the specific situations. Two full-scale FW treatment plants with different AD processes are
compared with GHG, energy consumption, and acidification potential impacts [19]. This
investigation unveiled the intricate interrelation of environmental impacts to FW composi-
tions, treatment methodologies, and environmental implications, providing constructive
suggestions to access the optimal resources recovery. Moreover, FW disposers have been
implemented in the United States (US) for more than half a century [5], in this approach
the crushed FW is disposed into sewers and co-treated with sewage. Recent research has
highlighted the feasibility of co-treating FW with sewage in Hong Kong, and it increases
~30% of the COD loading in influent wastewater without disturbing the established normal
sewage operation [16]. Iqbal et al. [15] further evaluated the methane generation, energy
consumption and GHG generation for FW co-treated with sewage, firmly establishing its
merit within the domain of co-treatment strategies.

Contemporary research on food waste (FW) predominantly concentrates on a limited
spectrum of treatment methods, neglecting a comprehensive assessment of prevailing
FW management techniques. This study addresses this gap by extensively evaluating
potential FW management strategies, including anaerobic digestion, landfilling, aerobic
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composting, incineration, and the innovative co-treatment with wastewater. Notably, co-
treatment with sewage is seldom considered in the current literature, because of lacking
necessary information and data [5]. FW co-treatment with sewage can not only solve
the issue of lower COD in some plants but can also increase the biodegradability of the
consequent sludge. However, is FW co-treatment with sewage a sustainable approach? Or
do other approaches have superiority? This study seeks to unravel the sustainability of
FW management, offering comprehensive insights into diverse scenarios and bridging the
knowledge gap to advance resource-efficient waste management practices.

This study comprehensively evaluates four FW treatment approaches in Shenzhen,
China, including AD, incineration, composting and co-treatment with sewage. Notably,
FW disposal in landfill has been excluded because of local regulations. The environmental
evaluation is conducted by using The Intergovernmental Panel on Climate Change (IPCC)
suggestions for GHG and energy analysis [20], with the data mostly accessed from local sites
or the relevant literature. This study aims to discern an optimal solution for sustainable FW
management, accounting for both GHG emissions and energy criteria. While focusing on
Shenzhen, this research holds broader significance, offering insights with global relevance
for regions grappling with FW management complexities.

2. Results and Discussion
2.1. Performances of FW Co-Treatment with Wastewater
2.1.1. GHG Emissions from FW Co-Treated with Sewage

The total GHG emissions, both with and without FW addition, are presented in
Figure 1. The most substantial GHG emissions emanate from the electricity consumption in
WWTP. As electricity production from fossil-fuels generates GHG emissions, it contributes
approximately 40–50% of the cumulative GHG in the WWTP. This finding is in consis-
tent with others’ conclusion that electricity consumption is the main contributor for the
overall GHG generation [15]. N2O stems from nitrification and denitrification processes
employed for nitrogen removal from wastewater. Notably, N2O possesses a staggering
GWP 273 times greater than that of CO2 [20]. Thereby, N2O is accountable for 37–39% of
the total GHG emissions, as depicted in Figure 1. This corroborates with findings from
a comprehensive review, citing N2O emissions as contribution 30–80% of the total GHG
emissions [21]. The variation in N2O emissions’ contribution can be attributed to nuanced
factors encompassing system boundaries, C/N ratio (affecting N2O production), temper-
ature, pH, etc. [22]. Effective control of N2O generation during sewage treatment poses
a challenge to achieving carbon-neutral sewage treatment. It indicates GHG emissions
from FW transportation and crushing are insignificant in this study. However, a converse
perspective is evident in regions relying on conventional vehicles fueled by fossil fuels,
signifying the pertinence of local context and region-specific data [23]. This underscores
the vital role of localized considerations in shaping the broader narrative of sustainable
waste management strategies.

The sludge treatment process accounts for 30–40% of GHG emissions from inside
the sewage plant, this contribution varied a lot depending on the technics applied for
treatment [24]. FW addition slightly yields a marginal increase in energy consumption, but
the increase is negligible (<1%). FW addition also increases the sludge settleability, as 98.9%
of the sludge is water. Electricity consumed for dewatering includes gravity thickening,
belt pressure and drying. The dewatered sludge is then transported to the incineration
plant. According to the reports [7], waste can potentially undergo self-ignition when water
content descends below the threshold of 40%. Moreover, energy is also required for stirring
waste for air mixing consuming around 20% of the recovered energy. The recovered energy
avoids 80–90% of GHG emissions. The extent of energy recovery mainly hinges on the
waste’s organic matter content and the conversion efficiency of the CHP unit [25], which
can vary across studies [26]. Overall, the net GHG emissions for co-treatment with FW are
lower than without FW case, as greater GHG is avoided by greater energy recovery.
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Figure 1. GHG analysis for FW co-treatment with sewage scenario for both with and without
FW addition.

2.1.2. Energy Analysis for FW Co-Treated with Sewage

The energy balance for sewage with and without FW is depicted in Figure 2. Evi-
dently, the predominant contributor to overall energy consumption is the aeration process,
accounting for 80–84% of the total. It is also reflected in the GHG emission results that most
GHG emissions are generated from electricity consumption in aeration tanks in Figure 1.
This aligns with the conclusions drawn by Iqbal et al. [15], who reported that more than
60% of energy is consumed in aeration tanks.
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The introduction of FW brings about a noticeable increase in energy consumption
during the transportation and crushing phases; however, but it is with insignificant con-
tribution, aligning with similar findings in the literature where FW addition will not
significantly increase additional energy at this stage [15]. However, it significantly increases
in aeration tanks with around 2-fold energy consumption than before. The COD in influ-
ent with FW is 604 mg/L, which is 0.9-fold greater than raw sewage without FW. This
is because FW settleability is increased in the crushing process, causing most of the TS
and COD in FW to settle as sludge in the primary settling tank [16]. The increased COD
consumes more energy than before, as indicated by Zan et al. [16]. However, various COD
concentrations in sewage and FW result in different energy consumption [16]. Moreover,
FW addition also results in additional energy consumption for sludge dewatering com-
pared to the case without FW. Sludge generation is almost double with the addition of FW,
resulting in 1.8-fold energy consumption that also depends on the sludge amounts and
characteristics in it [3]. Within the sewage plant, sludge treatment encompasses gravity
thickening, belt pressure and drying to achieve a reduction in water content from 98.9%
to 40% [7]. It accounts for around 17% of the energy consumed, showcasing a divergence
from the observations in Liu et al.’s study, where this contribution was closer to 30% due to
the utilization of different dewatering equipment [27].

The dried sludge (DS) is subsequently transported to the incineration plant, located
15 km away from the sewage treatment plant. Energy is used to facilitate waste agitation
inside the incinerator, a factor that makes a negligible contribution to the overall energy
consumption [28]. Because FW contains organic carbon, it increases the calorific value of
the consequent sludge. The energy recovered from sludge with FW is 3.7 × 105 kWh/d,
which is 1.3 times greater than without FW. The net energy recovery with and without FW
is higher than in Zan et al.’s study, reporting a 2-fold energy recovery [16]. This variance
can be ascribed to divergent influent characteristics, COD content in FW, variations in
treatment technics, and disparities in energy recovery efficiencies.

2.2. Alternatives for FW Management
2.2.1. GHGs Impacts

The comparative analysis of GHG emissions across the four scenarios is indicated
in Figure 3. In FW co-treated with sewage scenario (S1), GHG emissions are effectively
circumvented through energy recovery during the sludge incineration process. Notably,
the majority of GHG emissions are generated indirectly from energy consumption within
aeration tanks. The generated GHG emissions are fully covered by the avoided GHG
emissions, resulting in the negative result of −56.9 kg CO2 eq/FU. In FW-AD scenario
(S2), −232 kg CO2 eq/FU is avoided by energy recovery from methane produced. The
amount of GHG avoided depends on the COD in FW and CHP conversion efficiency, which
also results in variation in different studies [15]. Methane leakage from AD tanks and
landfill significantly contributes to the overall GHG emissions, aligning with insights from
Yu et al.’s research, which identified these sources as primary GHG emission contributors
within the FW-AD scenario [19]. On the contrary, GHG emissions attributed to thermal
pretreatment constitute a relatively minor 7% of the aggregate, notably lower than the
contribution from methane leakage. This is also much lower than Evangelisti et al.’s study
reporting 13% from pretreatment [29]. Therefore, the variation in thermal pretreatment
may affect the final results, the impact of energy used for thermal pretreatment is further
studied and described in Section 3.3.

In S3 (FW incineration scenario), the main GHG emissions stem from electricity con-
sumption for heating (488 kg CO2 eq/FU). This usage aligns with the significant energy
requirement to elevate temperatures and facilitate moisture evaporation [30]. Around
528 kg CO2 eq/FU of GHG emissions are avoided via energy recovery. The efficacy of
energy recovery hinges prominently upon the waste’s calorific value and the efficiencies
of CHP systems [7]. Given the same CHP efficiency of 80%, the calorific value in FW is
higher than in sewage sludge (Figure 3a), resulting in greater energy recovery and GHG
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avoidance for FW incineration. In S4 (FW composting scenario), GHG emissions are chiefly
attributed to methane and N2O leakage within the compost, followed by electricity con-
sumption associated with composting equipment Heating FW is necessary to accelerate
aerobic composting reaction [31]. Moreover, stirring helps FW to be mixed with air. Using
organic compost to replace mineral fertilizer avoids GHG emissions from the manufactur-
ing process, but the avoided fraction is insignificant in the overall GHG results. This aligns
with observations from the existing literature [24,27].
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Among the proposed scenarios, FW co-treated with sewage benefited the most from
GHG avoidance, with −56.9 kg CO2 eq/FU. Directly followed by the FW AD scenario, it is
boasting a reduction of −50.8 kg CO2 eq/FU. The most beneficial feature of these two cases
is the energy recovery by the CHP system making higher use of the contained exergy in the
FW [32]. While energy recovery from FW incineration outperforms both FW co-treated with
sewage and FW AD, the substantial energy consumption for dewatering FW to facilitate
self-ignition significantly detracts from its net GHG emission profile within the system
boundary [7]. Consequently, FW incineration exhibits less attractive net GHG emissions
within system boundary compared to the former two scenarios. Notably, FW composting
predominantly contributes to GHG generation, even though the utilization of organic
compost as a substitute for mineral fertilizer results in a negligible fraction of emissions
avoided. The comparative GHG performances among these four scenarios indicate that
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the most optimal scenario is FW co-treatment with sewage, but its energy performance is
another indicator that should be considered and is described in the next section.

2.2.2. Energy Impacts

The energy analysis of each scenario and their subprocesses is shown in Figure 4. In
S1, FW co-treated with sewage scenario consumes the most energy in the sewage treatment
process. The energy consumption for sludge treatment is lower compared to other studies
reporting around 30% of the total energy used by sludge treatment inside the plant [24]. It is
because the results for S1 represent only the total results excluded from raw sewage sludge
treatment. The addition of FW did not significantly increase the mixed sludge treatment
burdens, which results in lower energy consumption for solo FW treatment. In S2 (FW-AD)
scenario, a significant amount of energy is recovered by the CHP system, resulting in a
negative energy balance. Energy recovery in S3 (FW incineration scenario) is 2.4~3.0-fold
higher than the former two scenarios, but due to high energy consumption especially for
waste drying, the net energy balance is positive. In S4 (FW composting), energy is mostly
used for heating. The avoidance of mineral fertilizer indirectly replaces energy, but its
contribution is negligible. This finding is consistent with Liu et al.’s study [27].
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Among the proposed scenarios, S1 and S2 can achieve energy neutrality, i.e., recovering
more energy than consumed. S2 slightly outperforms S1 due to higher energy consumption
during sewage treatment. Considering the energy demand by other sub-processes, it was
figured out that S3 and S4 fail to attain energy neutrality. Analyzing GHG and energy
aspects reveals their close correlation but distinct performances across scenarios. FW co-
treated with sewage is the most optimal in terms of GHG, but S2 FW AD stands out for
energy recovery. Importantly, energy neutrality does not equate to GHG neutrality, and the
latter stems not only from energy consumption but also from onsite emissions of methane
and N2O [33,34]. Generally, carbon neutrality is more intricate than energy neutrality [35],
given its multifaceted origins. Beyond GHG and energy aspects, green scenarios have
wide applications such as green manufacturing [36] and green materials [37] which are also
considerable for the integrated sustainability of FW management [38], but are beyond the
scope of this study and will be considered in the future work.

2.3. Scenario Analysis from CHP Efficiency, and Energy Consumption in AD and Incineration Process

Figure 5 portrays the influence of CHP efficiency, incineration energy consumption,
and energy usage during the AD process on GHG emissions. CHP efficiency directly
impacts energy recovery during incineration and the AD process, which influences the
GHG results for S1, S2 and S3. It can be found that CHP has a pronounced effect on S3,
which is using incineration for FW treatment. As delineated in Figure 3, the dominant
contribution to the overall negative GHG emissions stems from GHG avoidance through
energy recovery via the CHP system. Enhancing CHP efficiency by 10% enables S3 to
achieve GHG neutrality. Figure 5b,c indicate the GHG variation from energy consumption
in the incineration and AD processes. Increasing energy consumption in incineration
adversely affects GHG results for S1 and S3. A 20% increase in energy consumption in
incineration puts S1 at a disadvantage. Energy consumption in the incineration plant
mainly includes heating for water drying and stirring waste for air mixing [7]. Utilizing
equipment with highly efficiency underpins sustainable FW management [39]. Conversely,
energy consumption in the AD process adversely impacts S2. In this study, the energy used
for thermal pretreatment is taken at 60 kWh/t-waste [40], which is much less compared to
other studies [26]; this could be attributed to equipment differences.

The energy analysis for CHP efficiency, energy consumption in incineration, and
energy usage during AD is indicated in Figure 6. CHP efficiency significantly affects the en-
ergy analysis of S3, as depicted in Figure 6a. A 10% increase in CHP efficiency could propel
S3 towards energy neutrality. In this study, CHP efficiency is taken 80% from Hao et al. [7],
but another 10% increase in efficiency (88%) is hard to achieve. The CHP efficiency used
in this study is higher than in other studies [41], implying that incineration might lose
appeal at lower CHP efficiencies. Energy outcomes for S1 are slightly influenced because
energy recovery contributes less in S1 than S3, as evidenced in Figure 2. Impacts of energy
consumption in incineration and the AD process slightly affect energy results in the incin-
eration and AD-related scenarios. However, the impact is too little to change the ranking of
scenarios. The energy consumption in this scenario represents the fraction for heating and
stirring wastes, which is less than the energy recovered from combusting wastes [41]. AD’s
energy consumption is primarily allocated to thermal pretreatment, contributing less than
10% in this study. Variations in heating methods for thermal pretreatment can influence the
net t results [19,42], yet the impact remains negligible.



Recycling 2023, 8, 66 9 of 18

Recycling 2023, 8, 66 9 of 19 
 

results for S1, S2 and S3. It can be found that CHP has a pronounced effect on S3, which is 
using incineration for FW treatment. As delineated in Figure 3, the dominant contribution 
to the overall negative GHG emissions stems from GHG avoidance through energy recov-
ery via the CHP system. Enhancing CHP efficiency by 10% enables S3 to achieve GHG 
neutrality. Figure 5b,c indicate the GHG variation from energy consumption in the incin-
eration and AD processes. Increasing energy consumption in incineration adversely af-
fects GHG results for S1 and S3. A 20% increase in energy consumption in incineration puts 
S1 at a disadvantage. Energy consumption in the incineration plant mainly includes heat-
ing for water drying and stirring waste for air mixing [7]. Utilizing equipment with highly 
efficiency underpins sustainable FW management [39]. Conversely, energy consumption 
in the AD process adversely impacts S2. In this study, the energy used for thermal pre-
treatment is taken at 60 kWh/t-waste [40], which is much less compared to other studies 
[26]; this could be  attributed to equipment differences. 

 
Figure 5. GHG emissions affected by (a) CHP efficiency, (b) energy consumption in incineration, 
and (c) in the AD process. 

The energy analysis for CHP efficiency, energy consumption in incineration, and en-
ergy usage during AD is indicated in Figure 6. CHP efficiency significantly affects the en-
ergy analysis of S3, as depicted in Figure 6a. A 10% increase in CHP efficiency could propel 
S3 towards energy neutrality. In this study, CHP efficiency is taken 80% from Hao et al. 
[7], but another 10% increase in efficiency (88%) is hard to achieve. The CHP efficiency 
used in this study is higher than in other studies [41], implying that incineration might 
lose appeal at lower CHP efficiencies. Energy outcomes for S1 are slightly influenced be-
cause energy recovery contributes less in S1 than S3, as evidenced in Figure 2. Impacts of 
energy consumption in incineration and the AD process slightly affect energy results in 
the incineration and AD-related scenarios. However, the impact is too little to change the 
ranking of scenarios. The energy consumption in this scenario represents the fraction for 
heating and stirring wastes, which is less than the energy recovered from combusting 
wastes [41]. AD’s energy consumption is primarily allocated to thermal pretreatment, con-
tributing less than 10% in this study. Variations in heating methods for thermal pretreat-
ment can influence the net t results [19,42], yet the impact remains negligible. 

Figure 5. GHG emissions affected by (a) CHP efficiency, (b) energy consumption in incineration, and
(c) in the AD process.

Recycling 2023, 8, 66 10 of 19 
 

 
Figure 6. Energy balance affected by (a) CHP efficiency, (b) energy consumption in incineration, 
and (c) in the AD process. 

2.4. Perturbation Sensitivity Analysis 
Perturbation sensitivity analysis was conducted on key parameters, with GHG anal-

ysis as an illustrative example. Figure 7 presents the sensitivity ratio (SR) resulting from a 
10% variation in each parameter on net GHG emissions. Parameters with higher absolute 
SR values are more sensitive and have a greater impact on net results. Positive or negative 
SR values indicate the direction of impact a parameter has and whether this is a direct or 
inverse impact. 

 

Figure 6. Energy balance affected by (a) CHP efficiency, (b) energy consumption in incineration, and
(c) in the AD process.



Recycling 2023, 8, 66 10 of 18

2.4. Perturbation Sensitivity Analysis

Perturbation sensitivity analysis was conducted on key parameters, with GHG analysis
as an illustrative example. Figure 7 presents the sensitivity ratio (SR) resulting from a 10%
variation in each parameter on net GHG emissions. Parameters with higher absolute SR
values are more sensitive and have a greater impact on net results. Positive or negative
SR values indicate the direction of impact a parameter has and whether this is a direct or
inverse impact.
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This reflects the variation of sensitive parameters across different scenarios. In scenario
S1 (FW co-treated with sewage), COD in sludge is the most sensitive parameter with a
1.01 SR value. It is followed by CHP efficiency with −0.942 SR results, indicating the
importance of enhancing CHP efficiency or using green energy [43]. Both these parameters
hold a direct connection to energy recovery, where a higher CHP system efficiency leads to
increased energy recovery, subsequently mitigating GHG emissions [30]. Moreover, the
GHG emission factor of consumed electricity also significantly influences overall GHG
results, with a −0.518 SR value [44]. The N2O emission factor in sewage treatment and
incineration, and heating in incinerators have SRs of 0.198, 0.161, and 0.148, respectively. SR
results may vary across studies [24,27], due to differences in system boundaries, parameters
selection, and technique implemented.

In the FW AD scenario, CHP efficiency, GHG factor in electricity and degradable COD
in FW are the three most influential parameters, with −2.6, −2.2, and −1.2 SR results,
respectively. Enhancing these three parameters boosts energy recovery and avoids further
GHG emissions [15,45]. Moreover, methane leakage indicates a 0.97 SR result, indicating
the need for improving collection efficiency. Thermal pretreatment achieves an SR of 0.45.
As indicated by Yoshida et al. [46], pretreatment consumes around 10–15% of recovered
energy, using an efficient thermal pretreatment method will reduce GHG emissions but not
to the extent as other sensitive parameters with greater SR indicated in Figure 7b. In FW
incineration scenario, CHP efficiency and COD in FW are pivotal factors, each with an SR
of 13.0. Waste pretreatment for self-ignition follows with an SR of 12.0. Other parameters
hold minor roles. In FW composting, methane and N2O factors in the composting process
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are the most sensitive parameters, followed by the GHG emission factor of electricity and
onsite electricity consumption.

In the perturbation analysis, parameters with higher SR results influence the overall
results. Thus, utilizing accurate values from these parameters is imperative to ensure result
reliability. Conversely, parameters with lower SRs insignificantly impact the results. If
case-specific data are not available for these parameters, default or literature data can be
used to save time and workload during data collection [47].

3. Methods
3.1. Study Purpose, Scope and Functional Unit

This study aims to identify an effective method of FW disposal in terms of energy
saving and carbon neutrality. To ensure comparability between different FW disposal
methods, a functional unit (FU) is essential for the lifecycle-based analysis within the
system boundary. Treatment of 1 ton of FW is defined as FU following suggestions from
other scholars [47]. Four scenarios are defined in this study as depicted in Figure 8, where
the system boundary covers the energy and GHG emissions involved in the whole system,
including transportation. The GHG calculation involves direct and indirect emissions and
avoided GHGs. The indirect GHGs mainly are emissions generated from the production
and use of energy and chemicals. The direct GHGs mainly include non-biogenic CO2, CH4,
and N2O generated from FW degradation. The study focuses on the operation phases only,
as the construction phase has insignificant role in the whole system [28,48].
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3.2. Food Waste Generation and Collection in Futian District, Shenzhen

As of 2023, around 1.55 million people live in Futian District, Shenzhen [49]. According
to statistics, the per capita FW output in Shenzhen is estimated at 0.26 kg FW/d [50],
whereas the total FW output of Futian District is about 400 t FW/d having a density of
0.5 t/m3. The FW in Shenzhen mainly consists of cereal products (31%), followed by
fruits (23%), vegetables (16%), animal waste (15%), and packaging waste (15%) [51]. The
sewage generation rate is around 400,000 m3/d in Futian District. The average influent
characteristics for raw sewage are COD 309.7 mg/L, BOD 151.3 mg/L, TN 31.3 mg/L,
NH3-N 22.3 mg/L, NO3-N 0.49 mg/L, TP 3.5 mg/L, and SS 212.7 mg/L. As accessed from
a local study [52], the influent characteristics are estimated to change as COD 604.0 mg/L,
BOD 266.3 mg/L, TN 38.5 mg/L, NH3-N 23.1 mg/L, NO3-N 0.49 mg/L, TP 5.2 mg/L and
SS 342.3 mg/L after FW addition.
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3.3. Description of Scenarios

This study evaluates and compares the impacts of energy consumption and net GHG
emissions of FW treatment by four scenarios: (1) co-treatment with wastewater, (2) anaer-
obic digestion (AD), (3) incineration, and (4) composting, as illustrated in Figure 1. The
energy analysis includes any directly and indirectly consumed and recovered energy. The
GHG calculation also involves direct and indirect emissions and avoided GHGs. Following
the IPCC’s 100-year global warming potential (GWP) of GHGs, the GWP factors used in this
study are 1:27:273 for CO2, CH4, and N2O, respectively [20,24]. Biogenic carbon dioxide is
considered to be neutral (no warming potential) and is excluded from the calculation of
GHG emissions, as suggested by IPCC [20,27].

3.3.1. Co-Treatment of FW with Sewage
Simulation of FW Co-Treated with Sewage in BioWin

This scenario focuses on FW co-treated with sewage in a sewage treatment plant
located in Futian District, Shenzhen. The sewage plant has a treatment capacity of
400,000 m3/d, serving the whole Futian District. The plant has four multi-stage A2/O
tanks for enhanced denitrification and phosphorus removal—an amount of 400 t/d FW is
added for co-treatment. To analyze the sewage treatment with and without FW addition,
BioWin 6.0 is used to simulate the treatment process and identify the influent quality and
effluent standards [53]. BioWin is a wastewater treatment process simulator that ties to-
gether biological, chemical and physical processes, it is used worldwide to design, upgrade
and optimize wastewater treatment plants [54]. In BioWin, multiple editors are available
to adjust parameters to align with the actual operation of the wastewater treatment plant,
including influent parameters, dynamic parameters, and stoichiometric parameters. After
establishing the initial steady-state model based on the existing reactor parameters, sensi-
tivity analysis is conducted to identify the potential influences from them. Parameters, such
as the maximum growth rate of ammonia-oxidizing bacteria, nitrite-oxidizing bacteria,
and phosphorus-accumulating bacteria, as well as the decay rate and yield coefficient of
common heterotrophic bacteria, and the COD composition of influent wastewater, signif-
icantly impact the ecological balance within the reaction tank. Thereby, adjustments for
significant parameters are necessary to improve the accuracy of the simulation by resetting
the values for the parameters. The discrepancy between simulated and measured effluent
data is defined within 20% to ensure the simulation accuracy.

Energy and GHG Emission Calculation

The distance for FW collection and transportation to the sewage plant is taken as
14 km, which is the average distance from the nearest and furthest collection sites to the
sewage treatment plant in Futian District. Electric vehicles are used for transportation, with
an average energy rating of 0.06 kWh/km per ton [48]. The FW is crushed at the sewage
treatment plant to a particle size of 2–3 mm for 1 h by an electric crusher having a power
rating of 100 kWh/10 tons of FW.

The crushed FW is co-treated with sewage in a biological activated sludge process.
The electricity consumption by sewage treatment is estimated by BioWin, considering 60%
oxygen transfer and utilization efficiency [55]. The sludge is collected from primary and
secondary sedimentation tanks, with 98.9% water content. Gravity thickening is used first
to reduce the water content to 98.5%, and then the belt press conveyer further reduces it
to 65%. To enhance the dewatering efficiency, polyacrylamide (PAM) is added at a rate of
5 kg/t, the energy expenditure associated with chemicals production is referenced from
Ecoinvent [56]. Within the Futian sewage treatment plant, the sludge is further dewatered
by using a low-temperature belt drying to moisture content of 40%, which consumes
electricity at 40 kWh/t for dehydration and another 300 kWh/t for drying [57], respectively.

The water content is decreased to 40% for self-ignition, which consumes energy
consumption of 607 kWh/t FW [58]. Another energy input of 63.5 kWh/t FW is used
in the incinerator to stir waste. Based on the carbon content in FW, the calorific value of
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FW is estimated to be 15 GJ/t [7], of which 20% energy loss is considered as per the CHP
unit efficiency.

The dewatered sludge is transported to the sludge incineration plant located 15 km
away, using electric trucks. It consumes 63.5 kWh/t FW for stirring waste in the incinerator.
Energy recovery from combustion depends on the calorific value of the sludge and is
estimated to be 11.54 GJ/t [7], the CHP system efficiency is considered 80%. To absorb
hazardous flue gases (HCl, SO2, NOx, and dioxins), NaOH, NH3, Ca(OH)2, and activated
carbon are used for flue gas treatment [45].

Indirect GHG emissions are related to electricity, chemicals, and fuel consumption
within the system boundary. The local electricity emission factor is taken as 0.8042 kg
CO2/kWh [59]. The GHG emission factors for chemicals and fuel are taken from the
Ecoinvent database representing the country-specific data [56]. Meanwhile, GHG emissions
are avoided by the recovery of electricity via incineration and cement production from
incineration ashes.

3.3.2. FW Treated by Anaerobic Digestion

In this scenario, the FW is transported for 14 km to AD sites. During the AD process,
organic contents are biodegraded and digested to methane and biogenic carbon dioxide.
The combined heat and power (CHP) system uses methane as a fuel for energy recov-
ery. The residual sludge/digestate is later disposed of in the landfill. Due to the high
biodegradability of FW, no additional adjustment measures are considered for pretreat-
ment, only thermal treatment is used to operate at mesophilic temperature (~35 ◦C) for
methanogens growth.

Energy and GHG Emission Calculation

The energy consumption in this scenario includes energy used for FW transportation,
thermal treatment for AD temperature maintenance, sludge dewatering, transportation
of dewatered sludge to the landfill, and leachate treatment at the landfill site [27]. At the
AD sites, a power of 60 kWh/t is used for thermal pretreatment [40]. For the AD process,
a steady-state kinetic model from Sotemann et al. [60] is used to simulate hydrolysis,
fermentation acidification, and methane generation. A leakage of 5% is considered for
methane gas during the collection and combustion process [20]. The remaining 95% of
methane is burned for heating and power generation. The energy conversion efficiency
of 80% is considered for the CHP system. The calorific value of methane is taken as
39.82 MJ/m3 or 4.8 kWh/kg methane.

From Sotemann et al.’s model [60], around 35% of organic matter exists in the residues
after the digestion process. The digested residue still has a high water content. Gravity thick-
ening, chemical conditioning and belt-pressured dewatering are implemented for sludge
dewatering. After the water content is reduced to around 60%, dried sludge (DS) is then
transported to the landfill. A dosage of PAM at rate of 0.004 kg/kg-dry matter for sludge
thickening and 0.0045 kg/kg-DS for sludge conditioning is taken following Xu et al. [61].
The electricity is used to add PAM for sludge conditioning with 0.975 kWh/kg-PAM [6].
After conditioning, the water content in sludge is 97%, which is further reduced to 75%
for landfilling by using 0.064 kWh/kg-DS electricity, respectively [6]. In the managed
landfill, digestate from AD is further biodegraded to generate methane [27]. The IPCC
landfill model [20] is used to calculate the methane and biogenic carbon dioxide generation,
and methane leakage is changed yearly as suggested by the IPCC report [20]. Methane is
collected and combusted, and energy is further recovered in the CHP system, with the same
conversion efficiency and calorific values as in the AD process. The detailed calculation
steps of GHG and energy analysis can be found in Supplementary Materials (SM).

The main sources of GHG emissions in this scenario are methane leakage from methane
collection systems in AD and landfill. In the CHP system, the collected methane is burned
into carbon dioxide which is considered as biogenic carbon, as suggested by IPCC [20].
Moreover, the carbon dioxide from the AD and landfill is also considered biogenic carbon
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and is excluded from the system boundary [62]. Indirect GHG from transportation and
chemicals are estimated based on the factors from the Ecoinvent database [20].

3.3.3. FW Treated by Direct Incineration

In this scenario, FW is priorly dewatered to achieve self-ignition. The energy consump-
tion for thermal drying includes raising the temperature and evaporating the moisture.
The water content is decreased to 40% for self-ignition, taking energy consumption of 607
kWh/t FW [58]. Another energy of 63.5 kWh/t FW is consumed in the incinerator for stir-
ring wastes. According to the carbon content in FW, the calorific value of FW is estimated
to be 15 GJ/t [7], which is converted to energy based on the 80% efficiency of the CHP unit.
The amount and type of chemicals for flue gas treatment are taken from Liu et al. [11], with
their respective indirect energy consumption rate taken from Ecoinvent [56].

The main sources of GHGs are indirectly generated from FW transportation, dehy-
dration, electricity consumption during incineration, and chemical usage for toxic gas
treatment. The GHG emission factors for chemical production are obtained from Ecoin-
vent [56]. During combustion, all organic carbon is assumed to be fully oxidized to CO2,
and considered as biogenic carbon as recommended from IPCC reports [20]. The ashes are
recycled for cement production [63], substituting the use of sand.

3.3.4. FW Treated by Aerobic Composting

In this scenario, FW is transported to the composting sites, where organic matter is
decomposed for several weeks. It is converted into organic compost in the presence of the
air, replacing the use of mineral fertilizer. Energy is mainly attributed to the transportation
of FW and the use of composting equipment. Transportation distance is considered as
14 km, while the energy consumption rate of thermal composting equipment is taken as
60 kWh/t FW from the local survey.

The GHGs include the direct release of CH4 and N2O during the composting process
and indirect emissions associated with the energy consumption mentioned above. Follow-
ing the IPCC guidelines, CH4 leakage during the process is estimated to be 4 kg/t-FW,
while N2O leakage is estimated at 0.24 kg/t-FW [20]. GHG estimation from transporta-
tion uses the same method as described before. The use of organic compost reduces the
consumption of mineral fertilizer, avoiding related energy consumption and GHG emis-
sions. The nitrogen content in FW is used to estimate the amount of fertilizer that could be
avoided. The following equation is used to calculate the replacement of urea [64].

Wu = WoθCN(Murea/Mc)ρ (1)

where Wu is the urea replaced by using food waste as fertilizer, Wo is the amount of food
waste, θ is composting production efficiency using 5% in this study, CN is nitrogen content
in FW using 3.51% in Shenzhen, Murea and Mc are molecular weights for urea and carbon,
respectively, and ρ is the utilization rate as fertilizer (70%). Based on this calculation, 1 t of
FW can replace 6.15 kg of urea.

4. Conclusions and Perspectives

The study evaluated the GHG emissions and energy analysis of four different alterna-
tives for treating food waste, i.e., FW co-treated with sewage, FW-AD, FW incineration, and
FW composting. The results indicated that FW co-treated with sewage generates the least
GHG emissions, and the FW-AD scenario performs best in terms of energy analysis. Both
options are viable for sustainable management, but policymakers must consider trade-offs.
FW incineration and composting are less favorable in both GHG and energy performances
due to excessive heating energy consumption in the former and minimal energy recov-
ery in the latter scenarios. The energy conversion efficiency of the CHP system mostly
affects incineration-related scenarios, while energy consumption in incineration and AD
process has a minor impact on FW co-treated with sewage, FW-AD, and FW incineration.
Perturbation analysis highlights key parameters for environmental assessment and technol-
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ogy implementation: CHP efficiency, GHG emission factor of electricity, COD in FW, and
degradable COD. These parameters are crucial considerations, applicable not only in China
but universally relevant to countries grabbling with similar FW management challenges.
AD process is mature and widely used. FW-AD approaches will benefit the adopters in less
GHG emissions and greater energy recovery. Sustainable FW management is essential for
holistic social benefits and advancing progress towards global sustainability objectives.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/recycling8050066/s1, Table S1: Literatures with the detailed explanations [65–75].
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