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Abstract: Existing studies have established reliable methods for estimating carbon emissions from food
consumption, yet there remains a lack of quantitative analysis on the decarbonization effects of energy
transition and resource recycling. This study integrates life cycle analysis and scenario analysis, based on data
from 2006 to 2020, to conduct an empirical investigation of four provincial capital cities (Zhengzhou, Xi'an,
Jinan, and Taiyuan) in the lower and middle reaches of the Yellow River. The study explores the potential for
carbon reduction in food consumption and examines the driving effects of energy transition and resource
recycling. The results indicate that: (1) Per capita carbon emissions from food consumption decreased after
2016.; (2) Incineration power generation has a significantly higher carbon reduction effect than landfilling. The
proportion of carbon emissions from food waste disposal decreases from 20% to around 6%, with the
decarbonization potential of recycling transformation being 8.8%, 8.3%, 11.5%, and 14.4%, respectively. The
findings suggest that promoting the widespread adoption of new energy vehicles, increasing the share of
renewable energy in power generation, optimizing food recycling technologies, and reducing food waste are
crucial for achieving future carbon reductions in urban food consumption.

Keywords: Food consumption; Urban residents; Carbon emission; Life cycle assessment; scenario
analysis

1. Introduction

Energy transition and resource recycling are key measures in the United Nations' Sustainable
Development Agenda to combat climate change. Two-thirds of greenhouse gases originate from
carbon emissions due to energy use [1,2]. By transitioning to cleaner, renewable energy, we can
reduce dependence on fossil fuels and lower the risks of climate change [3]. According to the
International Energy Agency, thanks to the rapid advancement of technologies such as solar, wind,
nuclear energy transitions, and electric vehicles, the increase in global energy-related carbon dioxide
emissions in 2023 was lower than in 2022 [4]. Resource recycling is also crucial for reducing
greenhouse gas emissions [5]. It is estimated that global waste generation will double by 2050 and
triple by 2100 [6,7]. Enhancing recycling capabilities and improving waste management systems can
reduce global carbon dioxide emissions by up to 15% [7].

Food consumption is a major contributor to global greenhouse gas emissions. Research indicates
that emissions associated with food consumption account for more than 25% of global human-related
greenhouse gas emissions [8]. The constant demand for food exacerbates the challenges of climate
governance due to the carbon emissions linked to production, transportation, and consumption
[9,10]. The rapid pace of urbanization has further intensified this issue, with urban CO2 emissions
now representing over 80% of total emissions. Studies across multiple countries have shown that
food consumption encompasses a wide range of sectors, offering substantial potential for emission
reductions [11-13].
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A key example of energy transition within the food consumption sector is the electrification of
vehicles. The ongoing shift towards new energy sources in vehicle fleets can significantly contribute
to low-carbon development in the food transportation sector [14,15]. As the scale of renewable energy
generation increases, the average carbon emission factor of the grid gradually decreases, which
further reduces carbon emissions from food transportation and storage [16-18]. Additionally,
improving the recycling and reuse of kitchen waste can enhance the overall recycling rate of food
consumption and help lower associated carbon emissions [19]. Current methods for treating kitchen
waste include landfilling, incineration for power generation, anaerobic digestion, and composting
[20,21]. Compared to traditional landfilling, incineration for power generation and anaerobic
digestion not only convert waste materials into usable energy but also offer stronger recycling
capabilities, contributing positively to reducing carbon emissions from kitchen waste disposal [22,23].

2. Literature Review

Life cycle assessment (LCA) is a systematic and comprehensive tool widely used for accounting
carbon emissions in food production, consumption, and the broader food industry. Research on the
life cycle carbon emissions of food consumption typically focuses on three key stages: transportation,
storage and reprocessing, and recycling.

The first aspect focuses on carbon emissions during the food transportation stage. Research
indicates that emissions from food transportation represent a relatively small portion of total food
consumption emissions, around 1% [24]. However, as urbanization increases and living standards
rise, this share is expected to grow [25-27]. The type of food and consumption patterns have a
significant influence on transportation-related carbon emissions [28]. For example, emissions from
transporting nut products by truck account for as much as 19% of their total emissions, which is
notably higher than for other food categories [28]. Similarly, for frozen retail products like dumplings,
the transportation phase contributes the largest share of emissions [29]. The mode of transportation
also plays a crucial role in determining the carbon footprint [30-32], and optimizing food distribution
methods can significantly reduce transport-related emissions [33-35]. However, few studies have
explored the impact of transportation electrification on carbon emissions. Research on electric
vehicles (EVs) indicates that they can significantly reduce carbon emissions, with emissions from EVs
amounting to only 37.05% of those from conventional fuel vehicles [36-38]. The carbon emissions of
EVs depend largely on the energy mix of the power sector. To achieve substantial low-carbon
benefits, it is essential to minimize fossil fuel consumption in electricity generation [39,40]. Therefore,
calculating the carbon emissions of electrically powered food transport vehicles over time requires
accounting for the energy structure of the power sector during each period and selecting appropriate
emission factors [41,42].

The second aspect focuses on carbon emissions during the food storage and processing stages.
Research consistently shows that these stages account for a significant portion of total carbon
emissions, making it crucial to optimize energy consumption and find ways to reduce emissions from
storage and processing [43-45]. Studies have highlighted that production, processing, and household
activities such as refrigeration and cooking contribute the largest share of total energy use within the
food system [46—48]. Recent research has further examined the specific characteristics of food storage
and processing. Carbon emissions from cooking are heavily influenced by the energy mix. For
instance, household cooking energy has transitioned from traditional sources like wood and coal to
cleaner alternatives such as electricity and natural gas [49,50]. Additionally, dietary patterns impact
cooking-related carbon emissions, with vegetarian diets shown to potentially reduce greenhouse gas
emissions [51]. Household size also significantly influences indirect carbon emissions from food
storage and processing. Economic development and shifting lifestyle trends, such as adult children
living independently, have led to increased use of carbon-emitting appliances like refrigerators
[52,53].

The third aspect examines carbon emissions in the food recycling and utilization stage. Food
waste management —through methods such as incineration and landfill disposal of kitchen waste —
functions as both a carbon source and a carbon sink [54-56]. Existing research primarily focuses on
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three key areas. First, studies compare carbon emissions across different disposal methods. Anaerobic
digestion offers the highest recycling rate and carbon reduction potential, though it requires high
facility stability. In contrast, waste incineration, while less efficient in terms of recycling, can achieve
greater carbon reduction when combined with cogeneration [20,57,58]. The second area of focus is
the variation in emissions from kitchen waste disposal across different cities. Methods such as
incineration, fermentation, and composting have effectively reduced the environmental impact of
food-related emissions in cities like Xiamen [59]. In Hefei, incineration has proven more effective than
composting, reducing greenhouse gas emissions by 38.93% by avoiding landfills [60]. In Beijing,
anaerobic digestion of kitchen waste has delivered significant economic and environmental benefits
[52]. Given the differing conditions across countries and regions, it is essential to tailor waste
management strategies to specific types of kitchen waste and the development status of each area to
effectively reduce greenhouse gas emissions [61,62]. Finally, research has explored the role of waste
sorting. Properly sorting kitchen waste and improving the recycling efficiency of recoverable
materials can significantly reduce carbon emissions during waste treatment [63,64]. However, few
studies have integrated the carbon emissions from kitchen waste disposal into a comprehensive life
cycle assessment of food consumption. Most existing research remains isolated in standalone studies.

This study makes three key academic contributions. First, it investigates the impact of energy
transition on carbon emissions from food consumption. Existing literature on food transportation
emissions predominantly relies on traditional transportation modes, such as those fueled by diesel
and gasoline, which may lead to an overestimation of transportation-related emissions. Given the
rapid electrification of food transportation, it is necessary to update carbon emission estimates by
incorporating the growing use of new energy vehicles. Second, the study examines the role of
resource recycling in reducing carbon emissions from food consumption. Effective and
environmentally friendly disposal of food waste is a critical development goal for cities. The carbon
emissions associated with different recycling methods can vary significantly, and the potential for
low-carbon management of food waste remains substantial in reducing overall emissions from food
consumption. Third, this study focuses on analyzing food consumption carbon emissions at the urban
level. Unlike studies conducted at the provincial or regional level, urban-level research offers higher
resolution, enabling a more detailed understanding of how variations in resource endowments and
emission reduction policies across cities influence carbon emissions from food consumption.
Additionally, the study conducts an empirical analysis of the Yellow River Basin, an area with diverse
energy transition characteristics and resource recycling practices. This contributes to the
development of a research framework for assessing the impact of energy transition and resource
recycling on food consumption carbon emissions and lays the groundwork for comparative studies
between the Yellow River Basin and more developed regions in eastern China.

This study first defines the scope of carbon emissions accounting for the life cycle of food
consumption and then establishes a carbon emission inventory for residential food consumption in
four provincial capital cities located in the middle and lower reaches of the Yellow River from 2006
to 2020. Based on this inventory, scenario simulations are conducted to assess the potential impacts
of energy structure transformation and resource recycling on carbon emissions. These simulations
analyze the development prospects and carbon reduction potential of food consumption in the four
cities. The goal is to examine how energy transition and resource recycling influence various stages
of the food consumption life cycle—namely transportation, storage, processing, and waste disposal —
and to propose targeted pathways and strategies for emission reduction.

3. Methods and Data

3.1. Definition of the Scope of the Food Consumption Life Cycle

The research focuses on carbon emissions from food consumption by residents in the provincial
capitals along the middle and lower reaches of the Yellow River. The spatial scope includes urban
residents within the municipal districts of Xi'an, Taiyuan, Zhengzhou, and Jinan.
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Life cycle assessment (LCA), a bottom-up analytical method that begins with individual
processes, is commonly used to evaluate the environmental impacts of products throughout their life
cycles and is a key tool for carbon footprint analysis. When calculating carbon emissions, it is crucial
to first define the system boundaries, which determine the specific process units to be included in the
study. The full life cycle of food should encompass all stages, including primary production,
processing, packaging, transportation, storage, cooking, and final waste disposal. However, in the
context of food consumption, the life cycle analysis typically excludes the production and packaging
of raw materials, focusing instead on transportation and subsequent stages. Ideally, the upstream
industrial chain for each phase could be traced indefinitely. In practice, however, it is necessary to
limit the scope of the model to avoid excessive complexity and uncertainty in the evaluation results,
as including distant upstream and downstream activities can complicate the analysis [65,66]. In this
study, residential food consumption is divided into four stages: transportation, storage, reprocessing,
and final waste disposal (Figure 1). It is important to note that each stage excludes its upstream
activities, such as the manufacturing of trucks, refrigerators, kitchen utensils, and the processing and
transportation of fossil fuels.
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Figure 1. Four stages of food consumption.
3.2. Carbon Emission Inventory of Food Consumption

3.2.1. Carbon Emission Estimation of Food Transportation Considering Energy Transition

Carbon emissions from food transportation primarily refer to the emissions generated by energy
consumption during the movement of food from its place of origin to the destination market. By
consulting relevant statistical data, the main supply sources for various types of food can be identified,
with road transportation being the dominant mode within cities. For intercity transportation, rail and
road are the primary modes of transport. According to statistical yearbooks for each city, air and
waterway transport contribute a relatively small proportion to food transportation and can be
disregarded in this study. Thus, food transportation is assumed to exclude shipping and water
transport. Rail transport consumes approximately 25L of diesel per 10,000 ton-kilometers (tkm), while
road transport trucks consume about 4.72L of diesel per 100 tkm. Fully loaded electric logistics
vehicles consume around 40 kWh per 100 km, or approximately 10 kWh per 100 tkm.

With strong national support and promotion of clean energy, electric vehicles, particularly those
powered by electricity, have gained significant attention and are increasingly being adopted in the
transportation industry. In cities actively promoting new energy, such as Xi'an, Taiyuan, Zhengzhou,
and Jinan, the use of new energy freight vehicles has been growing steadily year by year. According
to the "New Energy Commercial Vehicle White Paper" and reports from Electric Vehicle Industry
Research, urban distribution of new energy logistics vehicles is primarily composed of microvans,
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micro trucks, and light trucks. The distribution of energy types used in logistics vehicles across
different cities can be derived from research data published in the "Southeast, Northwest, and Central
Regional Market Registration Observation" by Truck Home. By combining the carbon emission
factors of the energy consumed with the food transportation conditions specific to each city, the
carbon emissions during the transportation phase can be calculated.

The calculation formula for carbon emissions during the food transportation stage is:

Di=Yi=1 Mj; X Nj; X H; X C; O

where: Dyjrepresents the carbon emissions from food transportation in region j; M;i represents the
transportation mileage of food by mode i in region j; Njirepresents the tonnage of food transported
by mode i in region j; Hirepresents the fuel/electricity consumption per 10,000 ton-kilometers for
transportation mode i; Ci represents the carbon emission factor of the energy consumed by
transportation mode i, as shown in Table 1.

Table 1. Carbon emission factors for various energy sources.

E Diesel oil Gasoline Natural gas Electricity Coal
ner

5y (kgCO/L)  (kgCOJL)  (kgCOZm?)  (kgCOZ/kWh)  (kgCOxkg)
Emission factor 2.63 2.30 2.16 0.80 3.30

3.2.2. Carbon Emission Estimation of Food Storage Stage

The carbon emissions from food storage primarily refer to those generated during the
refrigeration process as a result of energy consumption. The calculation formula for carbon emissions
during the food storage stage is:

Nj

Dsj=405.88%P;x Toox; ()

where: Where: Dsj represents the carbon emissions from food storage in region j; according to the
relevant regulations in the "Refrigerator Energy Consumption Limits and Energy Efficiency Grades",
the annual power consumption of each refrigerator is approximately 507.36 kW-h. Based on a carbon
emission factor of 0.80, this corresponds to 405.88 kgCOs. Pjrepresents the urban population in region
J; Nirepresents the number of refrigerators per hundred households in region j; and njrepresents the
average household size in region j.

3.2.3. Carbon Emission Estimation of Food Processing Stage

The carbon emissions from food reprocessing primarily refer to those generated during the
cooking process when residents prepare food. According to relevant statistical yearbooks, most
households in the four cities consist of three members. Therefore, this study calculates reprocessing
emissions based on the standard of a typical three-person household. Data on the carbon emissions
per unit of food during cooking can be obtained from relevant online food publications and statistical
yearbooks, as summarized in Table 2.

Table 2. Energy consumption and carbon emissions per unit mass of food reprocessed.

Aquatic
It Grai Vegetabl E Meat Poult
em rains egetables ggs ea oultry products
Energy consumption
per unit mass 1050 26.27 333.3 533.3 133.3 133.3
(m3/t or kWh/t)
Carbon emissions
0.8925 0.05574 0.6966 1.114 0.2786 0.2786

per unit mass
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(tCO2/t)

Note: Since natural gas is the gas used for cooking in most Chinese households, natural gas is used here for ease

of calculation. According to the statistical yearbook and relevant online food books, meat should be cooked in
40 minutes for 500g per serving, vegetables and beans in 2 minutes for 500g per serving, eggs in 10 minutes for
200g per serving, poultry in 20 minutes for 1000g per serving, and aquatic products in 20 minutes for 1000g per
serving. For grains, use a 900w rice cooker and cook 500g at a time in 35 minutes.

The calculation formula for carbon emissions during the food reprocessing stage is:
Dej= Xk=1Sjk X Qx 3)

where: Dijrepresents the carbon emissions from the food reprocessing stage in region j; Sirepresents
the consumption of food type k in region j; and Qrrepresents the carbon emissions produced per unit
of food type k during cooking.

3.2.4. Carbon Emission Estimation of Food Waste Disposal Stage

The carbon emissions from food waste management consist of two main components. The first
component arises from the transportation of organic waste, which generates emissions due to energy
consumption. Based on the proportions of food waste from residential areas, commercial areas, and
farmers' markets—60%, 20%, and 20%, respectively [67,68] —the average distance from municipal
transfer stations to waste treatment facilities can be calculated using a weighted approach. By
correlating this average distance with the fuel consumption per ton per kilometer, the fuel required
to transport one ton of organic waste can be determined. This value is then multiplied by the carbon
emission coefficients of the relevant energy sources and the weight of the organic waste to calculate
the total carbon emissions from the transportation process. The second component involves carbon
emissions from various disposal methods, such as incineration and landfilling. These emissions result
from the consumption of energy sources and reagents during the treatment process, as well as
potential leaks due to differences in equipment or treatment methods. To derive the net carbon
emissions from waste disposal, emissions savings from energy generation (e.g., power or heat
recovery) or the reuse of raw materials in the process are subtracted from the total emissions [69-71].

The calculation formula for carbon emissions during the food waste disposal stage is:

Dhi:ijerj"'Z?:l]sj + Ksj - sz (4)

where: Dy is the carbon emissions generated during the food waste disposal stage in region j; Ej is the
fuel consumption for transporting one ton of kitchen waste in region j; r is the carbon emission factor
of the energy; R;is the mass of kitchen waste in region j; Jsjis the carbon emissions generated from the
consumption of related energy reagents in disposal method s in region j; Ksjis the carbon emissions
generated from leaks due to different equipment or treatment methods in disposal method s in region
j; Lsjis the carbon emissions saved by generating electricity or producing raw materials from the final
products in disposal method s in region j.

3.2.5. Total Carbon Emissions from Food Consumption
Carbon emissions from food consumption are aggregated over the four stages:
Dj=D¢j+Dsj+Dcj+Dp (5)

where: Dy represents the carbon emissions from food transportation in region j; Dsj represents the
carbon emissions from food storage in region j; D represents the carbon emissions from food
reprocessing in region j; Dij represents the carbon emissions from food waste disposal in region j.

3.3. Scenario Analysis

The life cycle of food consumption typically includes four key stages: transportation, storage,
reprocessing, and waste disposal. This study develops scenarios for each stage, drawing on relevant
policies related to energy transformation and resource recycling in various cities.
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The transportation stage defines four scenarios: the baseline scenario (BS), energy structure
optimization scenario (ESO), energy efficiency improvement scenario (EEI), and integrated scenario
(IS), as outlined in Table 3.

The baseline scenario assumes no intervention, with each city progressing according to its
current policy framework and technological pathways.

The energy structure optimization scenario takes into account the increased adoption of new
energy trucks and the reduction of carbon emission factors for electricity. In 2021, the State Council
issued the "14th Five-Year Plan for the Development of a Modern Comprehensive Transportation
System," which explicitly promotes the sustainable development of green transportation. The plan
sets a target for 2025, aiming for 100% of urban distribution to be powered by clean and new energy,
with green travel accounting for 75% of total transportation. By 2030, it is expected that the use of
new and clean energy will significantly increase, with new energy in urban freight transport
exceeding 80%. Additionally, in 2023, the Ministry of Ecology and Environment's Environmental
Planning Institute published the "Research on Carbon Emission Factors of Regional Power Grids in
China (2023)," which forecasts that future power generation will increasingly rely on clean energy.
The share of non-fossil energy sources, particularly wind and solar power, is expected to grow
substantially in the new energy system, leading to a marked reduction in the carbon emission factors
of electricity across cities by 2030.

The energy efficiency improvement scenario focuses on enhancing transportation energy
efficiency. The International Energy Agency's "2023 Energy Efficiency Report" emphasizes that
sustained, widespread improvements in energy efficiency are essential for achieving global emissions
reductions, particularly in light of the expected increase in global electricity demand. To meet these
goals, the average annual improvement in energy efficiency must accelerate from 2% in 2022 to over
4% per year between now and 2030.

The integrated scenario combines both energy structure optimization and energy efficiency
improvements, evaluating their combined potential for reducing emissions.

Table 3. Scenario setting for the transport stage.

Scenario Scenario Description Parameter Settings

Baseline It is assumed that no energy-saving or By 2030, the share of new energy in

Scenario emissions reduction measures have highway freight transport in Xi'an is
(BS) been implemented by the government projected to reach 55%, while in the

or relevant departments to intervene in
the development of the food
transportation industry. Instead, the
scenario relies on trend extrapolation
based on existing regional reduction

measures and policy frameworks.

other three cities, it is expected to be
45%. The carbon emission coefficient
for electricity and energy efficiency

are assumed to remain unchanged.

Energy Structure

The government actively promotes the

By 2030, the share of new energy in

Optimization adoption of new energy trucks, driving  highway  freight transport is
Scenario significant advancements in green projected to reach 85% in Xi'an and
(ESO) transportation. =~ The  widespread 80% in the other three cities. The

adoption of new energy freight
vehicles is expected to reach a high
proportion. As the share of coal power
decreases, clean energy generation will
gradually increase, leading to a
significant reduction in the carbon

emission coefficient for electricity.

carbon emission coefficients for
electricity in 2030 are expected to be
0.55 kg CO2/kWh for Xi'an, 0.68 kg
CO2/kWh for Taiyuan, and 0.48 kg
CO2/kWh for both Jinan and
Zhengzhou. Energy efficiency is

assumed to remain constant.
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Energy Efficiency Continuous technological innovation Energy consumption per unit of
Improvement and advancements in fuel economy turnover for highway freight is
Scenario will drive ongoing optimization, projected to decrease by an average of
(EEI) leading to a substantial reductioninthe 2% per year, while for railway freight,
average energy consumption of vehicle it is expected to decrease by an
transport. average of 1.5% per year. The energy

structure remains unchanged.
Integrated This scenario integrates the energy Both the energy structure
Scenario structure optimization and energy optimization and energy efficiency

1s)

efficiency improvement scenarios,
evaluating their combined potential for
emissions reduction. It represents an

idealized policy scenario.

improvement scenarios are

considered, with the intensity
maintained consistently in line with

each individual scenario.

d0i:10.20944/preprints202412.0040.v1

The waste disposal stage defines four scenarios: the baseline scenario (BS), food waste reduction
scenario (FWR), disposal method upgrade scenario (DMU), and integrated scenario (IS), based on
resource recycling policies, as outlined in Table 4.

The baseline scenario represents a no-intervention approach, where each city progresses
according to its current policy framework and technological pathways.

The food waste reduction scenario takes into account the increased awareness of food
conservation among urban residents. The State Council's "Food Conservation Action Plan"
emphasizes the need to strengthen efforts to promote savings and combat food waste. By 2030, a
comprehensive framework for food conservation and loss reduction, including a standardized
system and monitoring mechanisms, is expected to be largely established. A long-term governance
structure will be in place, the "Clean Plate Campaign" will be widely implemented, and food waste
will be effectively reduced, fostering a social environment that promotes food saving and discourages
waste.

The disposal method upgrade scenario considers improvements in incineration power
generation efficiency and the promotion of anaerobic digestion. The "14th Five-Year Plan for the
Development of Urban Household Waste Classification and Treatment Facilities" emphasizes
enhancing the end-of-life treatment system for household waste, accelerating the construction of
incineration power plants, and achieving zero landfill for household waste. Additionally,
Greenpeace's latest report, "Overview of Low-Carbon Management for Food Waste Throughout its
Lifecycle," assesses the environmental impact of food waste (or municipal solid waste) using LCA.
The report finds that greenhouse gas emissions from anaerobic digestion are lower than those from
incineration and landfill. The treatment hierarchy for food waste should prioritize "anaerobic
digestion > aerobic composting > incineration > landfill," highlighting the need to promote the more
environmentally friendly anaerobic digestion treatment model.

The integrated scenario combines both food waste reduction and the upgrading of disposal
methods, evaluating their combined potential for emissions reduction.

Table 4. Scenario setting for the waste disposal stage.

Scenario Scenario Description Parameter Settings

Baseline Assumes no energy-saving or emissions By 2030, the share of mixed incineration

Scenario reduction measures are implemented by  power generation for municipal solid
(BS) the government or relevant departments, ~ waste in each city will reach 100%. The

relying on trend extrapolation based on carbon  emission  coefficient  for

existing regional reduction measures and  incineration power generation remains
policy frameworks. unchanged. The growth rate of food

waste remains constant.
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Food Waste Reduction ~ The government enacts laws and policies By 2030, the share of mixed incineration
Scenario to regulate the food industry and power generation for municipal solid
(FWR) consumer behavior, encouraging or waste in each city will reach 100%. The
mandating food waste reduction and carbon emission coefficient  for
actively promoting the "Clean Plate incineration power generation remains
Campaign.” unchanged. The growth rate of food

waste will decrease by 0.5% annually.
Disposal Method This scenario accounts for improvements By 2025, the share of mixed incineration
Upgrade Scenario in combustion efficiency and the power generation for municipal solid
(DMU) application of advanced emission control ~ waste in each city will reach 100%, with
technologies, enhancing the carbon sink the carbon emission coefficient for
capacity =~ of  incineration  power incineration decreasing by 1.5%
generation. It also encourages the annually. From 2026, anaerobic
promotion of more environmentally digestion will be promoted, with a
friendly anaerobic digestion methods. carbon  emission  coefficient  of
approximately -209 kg CO2/t. By 2030,
the share of anaerobic digestion for
food waste will exceed 30%. The growth

rate of food waste remains constant.

Integrated This scenario combines the food waste Both the food waste reduction scenario
Scenario reduction scenario and the disposal and the disposal method upgrade
(IS) method upgrade scenario, evaluating scenario are considered, with the

their combined potential for emissions intensity set to be consistent with each

reduction. It represents an idealized individual scenario.

policy scenario.

The storage stage includes two scenarios: the baseline scenario (BS) and the energy structure
optimization scenario (ESO). The primary energy consumed during this stage is electricity, with the
carbon emission factor for electricity remaining unchanged in the baseline scenario. The energy
structure optimization scenario takes into account a reduction in the carbon emission coefficient for
electricity. This scenario not only reduces carbon emissions from refrigerators during the storage
stage but also has a positive impact on emissions reduction from new energy freight transport during
the transportation stage.

The reprocessing stage is represented by a single baseline scenario (BS). The consumption of
various food types is projected based on current trends. The primary energy used in cooking is
natural gas. Since natural gas is considered a clean energy source and further reductions in carbon
emissions through process improvements are relatively challenging, no additional scenarios are
established for this stage.

In summary, this study defines eight scenarios for food consumption to predict future carbon
emission trends, based on the scenario settings for each stage, as outlined in Table 5.

Table 5. Scenario setting for food consumption process.

Transportation Stage Storage Stage Reprocessi Food Waste Tisposal
Scenari P 8 8 8 ng Stage Stage
o ES FW DM
BS o EEI IS BS ESO BS BS R U 1S
st v v v
s2 v v v v

S3 v v \ \
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s4 Y v v v

S5 v v \ v

s6 v v v

s7 N Y y v

s8 Y v v v

3.4. Data Sources

This study categorizes food consumption by urban residents into 11 main types: grains,
vegetables, eggs, fresh fruits, beef and mutton, pork, poultry, dairy products, vegetable oil, aquatic
products, and alcohol. The data used to calculate the carbon emissions from food consumption
primarily come from the statistical yearbooks of various cities, covering the period from 2006 to 2020.
Specific data and indicators are provided in Table 6.

Table 6. Data sources for indicators.

Data index Data source
Food production and consumption Statistical Yearbook of Municipalities 2006-2020
Mode of transportation of goods Statistical Yearbook of Municipalities 2006-2020
Place and quantity of

food available Municipal food bureaus, food business networks, etc.

Carbon emission factors for various Guidelines for the preparation of provincial
energy sources greenhouse gas inventories
Annual electricity consumption per Electricity Consumption Limit Values and Energy
refrigerator Efficiency Classes for Refrigerators

Number of resident urban population Statistical Yearbook of Municipalities 2006-2020

Average household size Statistical Yearbook of Municipalities 2006-2020

Refrigerators per 100 households Statistical Yearbook of Municipalities 2006-2020

Quality of food waste Statistical Yearbook of Municipalities 2006-2020

4. Results

4.1. Analysis of Food Consumption Carbon Emissions at Different Stages in Each City

4.1.1. Analysis of Total and Per Capita Food Consumption Carbon Emissions

Based on the calculation of total carbon emissions from food consumption, the total and per
capita carbon emissions of food consumption in four cities were determined, as shown in Figure 2.
From 2006 to 2020, total carbon emissions in the three cities, excluding Xi'an, generally exhibited an
upward trend. In Xi'an, total carbon emissions increased year by year until 2018, after which they
began to decline. Overall, the total carbon emissions followed the order: Xi'an > Zhengzhou > Jinan >
Taiyuan.
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Regarding per capita carbon emissions, from 2006 to 2016, Xi'an experienced rapid growth, with
an average annual growth rate of 2.14%. The other three cities showed minor fluctuations, with
annual growth rates of 0.67% for Zhengzhou, -0.33% for Jinan, and 0.31% for Taiyuan. In 2016, per
capita carbon emissions were highest in Xi'an (389.00 kg), followed by Taiyuan (361.84 kg),
Zhengzhou (349.17 kg), and Jinan (341.81 kg). From 2017 to 2020, per capita carbon emissions in all
four cities generally declined. Xi'an exhibited the largest fluctuation, with an average annual decline
rate of about 5.82%, followed by Zhengzhou (2.24%), Taiyuan (1.97%), and Jinan (1.75%). By 2020,
per capita carbon emissions were lowest in Xi'an (310.15 kg), followed by Zhengzhou (319.50 kg),
Jinan (318.86 kg), and Taiyuan (334.69 kg).
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Figure 2. Trends in total and per capita carbon emissions from food consumption, 2006-2020.

4.1.2. Analysis of Total and Per Capita Carbon Emissions at Different Stages

Based on the calculation method for carbon emissions at each stage, the total and per

carbon emissions at each stage in the four cities were calculated, as shown in Figure 3.
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Total carbon emissions during the transportation stage initially increased before gradually
leveling off. Zhengzhou had the highest total carbon emissions, while Taiyuan had the lowest (Figure
3a). In terms of per capita carbon emissions, Zhengzhou and Jinan had higher values, followed by
Xi'an and Taiyuan. This trend was primarily due to differences in transportation mileage. Zhengzhou
and Jinan had longer transportation distances for goods, leading to higher emissions, while Xi'an and
Taiyuan, with shorter transportation distances, experienced relatively lower emissions for similar
food consumption volumes. Per capita carbon emissions in Xi'an began to increase after 2013,
primarily due to the reliance on intercity transportation for beef and mutton from Hengshan and
Ningxia starting in 2014, which generated additional emissions from railway transportation. Before
2016, although Taiyuan's food consumption was lower than Xi'an's, its per capita carbon emissions
were higher due to the transportation of fresh fruits from Datong, resulting in additional emissions.
In 2016, Xi'an saw a significant surge in per capita carbon emissions, mainly due to the expansion of
urban areas, which increased transportation distances and pushed emissions above those of Taiyuan.
Similarly, Zhengzhou experienced a sharp increase in per capita carbon emissions in 2016, following
the expansion of its built-up urban area. From 2017 onward, per capita carbon emissions in all four
cities began to level off. Despite annual increases in food consumption, transportation distances
stabilized, and in some cases, even decreased, due to the impact of the pandemic in 2019-2020.
Furthermore, the gradual adoption of new energy trucks helped mitigate some emissions, leading to
no significant increase in per capita carbon emissions overall.

Total carbon emissions during the storage stage showed an annual upward trend, generally
following the order: Xi'an > Zhengzhou > Jinan > Taiyuan, which closely correlates with the
population sizes of the four cities (Figure 3b). Therefore, the primary focus is on per capita storage
carbon emissions. From 2006 to 2012, Taiyuan had the highest per capita carbon emissions, primarily
due to having the highest number of refrigerators per hundred households during this period. The
per capita carbon emissions in the other three cities did not differ significantly and increased at a
similar rate. From 2013 to 2020, Jinan experienced the highest per capita carbon emissions, driven by
a rapid increase in the number of refrigerators per hundred households, which led to higher energy
consumption and, consequently, greater carbon emissions. In contrast, Taiyuan saw fluctuations in
the number of refrigerators per hundred households starting in 2013, resulting in a decrease followed
by an increase in its per capita carbon emissions. After 2013, the average number of residents and
refrigerators per household in Xi'an gradually stabilized, leading to relatively stable per capita carbon
emissions. Conversely, per capita carbon emissions in Zhengzhou showed an overall downward
trend. This decline is likely attributable to the gradual relaxation of China's family planning policy in
2014-2015 and the eventual end of the policy, which led to a yearly increase in the average number
of residents per household. However, the number of refrigerators per hundred households remained
stable, which contributed to a reduction in per capita carbon emissions.

Total carbon emissions during the reprocessing stage showed an annual upward trend, with the
order of emissions being Xi'an > Zhengzhou > Jinan > Taiyuan from 2006 to 2012 (Figure 3c).
However, from 2013 to 2020, Zhengzhou surpassed Xi'an, and the order shifted to Zhengzhou > Xi'an
> Jinan > Taiyuan. The main reason for this change is that, although Xi'an has a larger urban
population, Zhengzhou has higher per capita food consumption, resulting in greater total carbon
emissions. Before 2018, Jinan had the highest per capita carbon emissions, primarily due to the higher
consumption of high-cooking carbon-emission foods, such as pork, beef, mutton, and eggs. From
2006 to 2020, per capita carbon emissions in the four cities generally increased, although the rate of
increase slowed after 2013. This shift was largely due to the continued improvement in living
standards, which led to adjustments toward a more balanced diet. Grain consumption peaked around
2013, while the consumption of lower-emission foods, such as fresh fruits and dairy products,
continued to rise. Xi'an's dietary structure transitioned relatively smoothly, so the overall change in
per capita carbon emissions was not very significant. Taiyuan, with the lowest per capita carbon
emissions in the earlier years due to lower per capita food consumption, has seen an increase in
emissions in recent years as food consumption has continued to rise.
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Total carbon emissions during the waste disposal stage initially increased before decreasing,
with the overall order being Xi'an > Zhengzhou > Taiyuan > Jinan (Figure 3d). The focus here is on
per capita waste disposal carbon emissions. From 2006 to 2009, Taiyuan had the highest per capita
carbon emissions, primarily due to the high proportion of kitchen waste and the greater distance
between its waste treatment stations and the city center, resulting in higher transportation emissions.
From 2010 to 2019, the order generally shifted to Xi'an > Taiyuan > Zhengzhou > Jinan. Jinan's per
capita carbon emissions peaked in 2009 and then steadily declined each year. This was largely
because, from 2010 to 2015, the growth of kitchen waste in Jinan slowed, and the city began
implementing waste-to-energy incineration technology in 2011, which helped reduce carbon
emissions. After 2016, while kitchen waste in Jinan began to grow rapidly, the city's waste-to-energy
incineration technology had already matured, leading to a continued decrease in overall carbon
emissions. In contrast, Xi'an's kitchen waste increased rapidly, reaching the highest volume, and its
waste-to-energy incineration began later. As a result, per capita carbon emissions increased year by
year until 2017. However, after adopting more advanced combined heat and power incineration
technology in 2017, Xi'an saw a significant reduction in emissions, with a steeper decline compared

to the other cities. Taiyuan, which began experimenting with waste-to-energy incineration in 2008,
was one of the first cities to use this technology. However, due to outdated early technology and a
high proportion of kitchen waste, per capita carbon emissions continued to rise until 2017. After
improvements in power generation technology, emissions began to decline. Zhengzhou, which

started waste-to-energy incineration later and lacked robust technical support, saw its per capita
carbon emissions surpass those of the other cities by 2020.

4.2. Analysis of the Carbon Emission Structure of Food Consumption in Each City

Based on the ratio of each stage to the total carbon emissions, the structural proportion of carbon
emissions from food consumption is obtained for each city, as shown in Figure 4.
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Figure 4. Structure of Carbon Emissions from Food Consumption by City.

In Zhengzhou, transportation carbon emissions accounted for the smallest share of total food
consumption emissions, ranging from 1% to 3%. While this share gradually increased over time, the
growth rate slowed after 2019 (Figure 4a). The largest contributions to carbon emissions came from
the storage and reprocessing stages, with each accounting for approximately 40% from 2006 to 2013.
After 2013, the share of emissions from storage initially declined, then stabilized, reaching about 37%

d0i:10.20944/preprints202412.0040.v1
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by 2020. In contrast, emissions from the reprocessing stage showed a clear upward trend, increasing
to 47% by 2020. The proportion of emissions from waste disposal fluctuated between 10% and 20%,
following a trapezoidal pattern: first increasing, then gradually leveling off, and finally decreasing.

In Xi'an, transportation carbon emissions accounted for the smallest share of total food
consumption emissions, ranging from 1% to 2% (Figure 4b). The largest contributions came from
storage and reprocessing. The proportion of carbon emissions from storage was 44% in 2006, then
gradually decreased to around 35% by 2016. However, it increased again from 2017, reaching 46% in
2020, exhibiting a U-shaped pattern with a decline followed by an increase. The share of carbon
emissions from reprocessing remained relatively stable at about 35% until 2017, after which it began
to rise, reaching 45% in 2020, reflecting a trend of stability followed by an increase. The proportion of
emissions from waste disposal was 16% in 2006, steadily rising to 28% by 2017. From 2018 onward,
however, it sharply declined, dropping to 6% in 2020, forming an inverted U-shaped curve with an
initial increase followed by a steep decrease.

In Jinan, transportation carbon emissions accounted for the smallest share of total food
consumption emissions, ranging from 1% to 3% (Figure 4c). The majority of carbon emissions
originated from the storage and reprocessing stages. The proportion of carbon emissions from storage
remained relatively stable at around 37% until 2013, after which it began to rise gradually, reaching
45% by 2020, reflecting a pattern of stability followed by increase. In contrast, emissions from the
reprocessing stage increased consistently from 2006, peaking at approximately 44% in 2013, before
stabilizing in subsequent years, showing a pattern of rising followed by stabilization. The proportion
of carbon emissions from waste disposal remained stable at about 22% between 2006 and 2011, then
declined steadily after 2011, dropping to 6% by 2020, following an overall trend of stabilization
followed by decline.

In Taiyuan, transportation carbon emissions accounted for the smallest share of total food
consumption emissions, ranging from 0.5% to 1.8% (Figure 4d). The most significant contributors to
consumption-related carbon emissions were storage and reprocessing. Storage carbon emissions
remained relatively stable at around 42% from 2006 to 2012, before dropping sharply in 2013 and
subsequently rebounding. This pattern reflects an overall structure of stability, followed by a decline,
and then an increase. Carbon emissions from the reprocessing category were also stable until 2012,
at approximately 33%, then rose to 38% in 2013 before stabilizing again until 2019, when they began
to increase once more. This resulted in a structure of stability followed by growth, then stabilization,
and renewed growth. The proportion of carbon emissions from waste disposal remained relatively
constant at about 24% from 2006 to 2016, but began to decline steadily after 2017, dropping to 6% by
2020, following an overall trend of stability followed by decline.

Carbon emissions from food consumption in the four cities were primarily driven by the storage
and processing stages. In all cities except Zhengzhou, where the proportion of emissions from storage
has been decreasing, the share of emissions from both storage and processing has been increasing.
The proportion of carbon emissions from the transportation stage also rose in all four cities, but
remained relatively low, under 5%. With the gradual adoption of new energy trucks, this growth
trend is expected to slow further. The waste disposal stage exhibited the most pronounced
fluctuations among the four stages, with carbon emissions from waste disposal in all cities showing
an initial increase followed by a decrease. Notably, Xi'an and Taiyuan, which developed larger-scale
and more advanced incineration systems, experienced a more significant decline in the carbon
emissions from waste disposal, with their share dropping from around 25% to 6%.

4.3. Scenario Analysis of Food Consumption Carbon Emissions

4.3.1. Forecast of Food Consumption Carbon Emissions in Each City

This paper employs scenario analysis to predict urban food consumption carbon emissions for
four provincial capital cities in the middle and lower reaches of the Yellow River from 2021 to 2030,
as illustrated in Figure 5. Under the baseline scenario, food consumption carbon emissions in the
cities remain relatively stable, peaking around 2025-2026 before slightly decreasing. By 2030, it is
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expected that emissions will largely mirror the current levels. Jinan experiences a prolonged increase
in carbon emissions, primarily due to the faster growth in the consumption of reprocessed foods. S3
addresses energy efficiency in the transport sector, which has a relatively small impact on overall
food consumption carbon emissions, with limited potential for reduction. S2 focuses on optimizing
the energy mix, including the adoption of new energy trucks and improvements in food storage,
resulting in significant emissions reductions. In particular, Zhengzhou benefits from relatively clean
electricity, and by 2030, food consumption carbon emissions in the city are expected to decrease by
22.6% compared to the current levels, yielding a reduction potential of 22.2% relative to the baseline
scenario. Conversely, Taiyuan, with a higher carbon emission factor for electricity, experiences a
smaller reduction, with food consumption carbon emissions falling by only 10%, representing an 8.8%
reduction potential. 54 combines energy transition measures, with carbon reduction potentials of
22.2%, 17.8%, 20.7%, and 8.9% in Zhengzhou, Xi'an, Jinan, and Taiyuan, respectively. S5 introduces a
reduction in food waste through the "Clean Plate" campaign, which is particularly effective in
Taiyuan, where carbon emissions from food consumption are reduced by 12% by 2030. 56 addresses
the upgrading of food waste disposal methods. Initially, carbon emissions decrease until 2025, then
rise after that period. This trend occurs because incineration for power generation has a significant
emission reduction effect compared to landfilling, while the transition from incineration to anaerobic
digestion offers limited further reductions. In the period from 2021 to 2025, S6 is more effective than
S5, whereas S becomes more effective from 2026 to 2030. S7 is a comprehensive recycling
transformation scenario, with carbon reduction potentials of 8.8%, 8.3%, 11.5%, and 14.4% for
Zhengzhou, Xi'an, Jinan, and Taiyuan, respectively. For Zhengzhou, Xi'an, and Jinan, energy
transition has a more significant carbon reduction effect than recycling, whereas the opposite is true
for Taiyuan, mainly due to its higher share of food waste and greater potential for emissions
reductions from resource recycling. Finally, S8 combines both energy transition and recycling,
yielding substantial emissions reductions. Under this scenario, the carbon reduction potentials for
Zhengzhou, Xi'an, Jinan, and Taiyuan are 30.8%, 26.8%, 27.8%, and 23.0%, respectively.

-+S51 -=52 S3 =%-54 -m=55 -e=56 =37 S8
a.Zhengzhou b.Xi'an

3404 3404

320 %W:

€
3204

3004

280
260+ a\\w

2404

2801

260

240

2204 2204

Total carbon emissions / ten thousand tons.
Total carbon emissions / ten thousand tons.

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

c.Jinan d.Taiyuan

2404 160+
2304

2204 o3 /W
200 e

190 \
180

1704

1504

140

130

1204

1604
1104

Total carbon emissions / ten thousand tons
Total carbon emissions / ten thousand tons

1504

140 T T T T T T T T T d 100

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2021 I 2022 : 2023 ' 2024 ) 2025 I 2026 I 2027 I 2028 I 2029 ' 2030 '
Figure 5. Prediction of carbon emissions from food consumption by city.

4.3.2. Forecast of the Carbon Emission Structure of Food Consumption

Figure 6 illustrates the carbon emission structure of urban food consumption in four provincial
capital cities along the middle and lower reaches of the Yellow River, comparing the baseline scenario
(51) with the comprehensive scenario (S8) from 2021 to 2030.
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Under the baseline scenario, carbon emissions from the storage and reprocessing stages grow at
a faster rate, reaching 5.23 Mt in the storage stage and 5.76 Mt in the reprocessing stage by 2030, which
account for 51.1% and 56.2% of the total carbon emissions from food consumption, respectively.
Carbon emissions from transportation remain relatively stable, with an estimated 306,000t by 2030,
representing 3.0% of total food consumption emissions. The waste disposal stage, influenced by the
increased use of incineration, shows a more noticeable decline in carbon emissions, even achieving
negative emissions. By 2030, carbon emissions from waste disposal are projected to decrease to -1,05
Mt, accounting for approximately -10.2% of the total.

In the comprehensive scenario, which integrates energy transition and recycling efforts, the
adoption of new energy trucks and reductions in electricity emission factors lead to nearly a 50%
reduction in carbon emissions from transportation compared to the baseline scenario. By 2030,
transportation carbon emissions will be reduced to 161,000t, or 2.2% of the total food consumption
emissions. The reduction in the carbon intensity of electricity also significantly impacts the storage
stage. Given the substantial carbon emissions from storage, this stage shows a higher potential for
emission reductions than transportation. By 2030, carbon emissions from storage will decrease to 3.41
million tonnes (Mt), representing 47.0% of the total. Meanwhile, the reprocessing stage, benefiting
from reductions in other areas, will account for 79.5% of total emissions by 2030. In the waste disposal
stage, improvements in disposal methods and reductions in food waste contribute to a significant
decrease in environmental impact, with carbon emissions dropping to -2.08 Mt, or -28.7% of the total
by 2030.

W transport stage W storage stage | reprocessing stage M waste disposal stage

-200 0 200 400 600 800 1000 1200

Total carbon emissions/ten thousand tons

Figure 6. Prediction of carbon emission structure in four provincial capital cities.
5. Discussion
5.1. The Decarbonization Effect of Energy Transition and Resource Recycling on Food Consumption Carbon

Emissions is Confirmed

From the perspective of total lifecycle emissions, per capita food consumption carbon emissions
in Jinan have been declining since 2013. In contrast, carbon emissions in the other three cities peaked
around 2016 and have shown a downward trend since 2017. This finding contrasts with the majority
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of previous studies, which suggest that, with economic development, both total carbon emissions
from food consumption and per capita carbon emissions in urban areas continue to rise [72,73]. The
primary reason for this discrepancy is that this study expands the boundaries of lifecycle analysis to
include the recycling stage. As the carbon sink capacity of waste-to-energy incineration has improved
over time, carbon emissions from urban waste disposal have been decreasing, contributing to the
overall decline in food consumption emissions. Jinan, which began implementing waste-to-energy
incineration earlier, experienced a decline in carbon emissions first. Meanwhile, Xi'an, which has the
most advanced incineration technology, shows the most pronounced downward trend in its food
consumption carbon emissions.

The impact of energy transition on food transportation emissions is evident in the results.
Carbon emissions from the food transportation stage account for a relatively small share —less than
5% —and the growth trend in emissions has been effectively controlled. This finding contrasts with
previous studies, which have argued that food transportation is a stage in the lifecycle characterized
by a rapid increase in carbon emissions, with some cities even witnessing a shift in emissions from
storage and processing to transportation [74,75]. The primary reason for this discrepancy is that the
current study incorporates the use of new energy vehicles (NEVs) in food transportation. While the
volume of freight transport continues to rise, the gradual adoption of NEVs has significantly
mitigated the associated increase in carbon emissions. Carbon emissions from the transportation
stage are primarily influenced by freight volume, transportation distance, and mode. A shift from
fuel-powered vehicles to electric vehicles is expected to be a key factor in emission reductions. For
instance, under the same freight volume, new energy trucks can reduce carbon emissions by
approximately 36% per 100 tonne-kilometers compared to diesel trucks. Among the four cities
analyzed, Xi'an was the first to adopt new energy trucks, effectively controlling the growth of
transportation-related carbon emissions. While the other three cities have lagged behind in this
regard, they have made significant progress in recent years. Transportation distance is largely
influenced by the need for intercity transport and the size of the urban area [76,77]. Cities with higher
dependence on external food sources generally experience higher transportation-related carbon
emissions. For example, Beijing, which produces relatively little food and relies heavily on imports,
faces higher transportation emissions. Additionally, the size of urban areas also affects transportation
distances. Taiyuan, with the smallest urban area among the four cities, has the shortest intra-city food
transportation distances. In contrast, Xi'an and Zhengzhou experienced significant increases in
transportation distances corresponding to urban expansion in certain years.

The impact of resource recycling is most evident during the food waste disposal stage, where
carbon emissions fluctuate significantly, primarily due to continuous updates in waste disposal
methods. Key factors influencing emissions in this stage include the proportion of food waste,
transportation distance to waste treatment facilities, and the waste disposal method employed. In
Taiyuan, the proportion of food waste is relatively high at 50%, while the other three cities average
around 45%. The transportation distance refers to the intra-city route from the city center to the waste
treatment facility, which typically does not exceed 100 km, resulting in a relatively minor impact on
carbon emissions. In contrast, changes in waste disposal methods have a substantial effect on
reducing carbon emissions. The predominant method has gradually shifted from landfill to waste
incineration for power generation [78,79]. Traditional sanitary landfill disposal has a carbon emission
factor of 612.64 kg CO2e/t, whereas waste incineration for power generation can result in negative
emissions, with factors ranging from -100 to -150 kg CO2e/t. This shift significantly mitigates
greenhouse gas emissions. For example, Xi'an's Lantian incineration power generation project and
Taiyuan's Kangheng and Huanjin waste-to-energy plants each process over 2,000t of waste daily,
generating up to 400 million kWh of electricity annually. Although Jinan and Zhengzhou are lagging
in terms of technology, individual projects in these cities still produce around 250 million kWh
annually, with a series of additional projects currently under rapid development. As waste disposal
methods continue to optimize and improve, carbon emissions in these four cities are steadily
decreasing in this stage.

5.2. Future Impacts of Enerqy Transition and Resource Recycling
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This study predicts the carbon emissions from urban food consumption in four provincial
capitals along the middle and lower reaches of the Yellow River, considering relevant policies and
plans for energy transition and recycling. Scenario analysis is employed to assess the potential future
impacts.

In terms of energy transition, optimizing the energy structure is identified as the most effective
strategy for carbon reduction. By 2030, the potential for emissions reduction in Zhengzhou, Xi'an,
Jinan, and Taiyuan under this scenario is estimated to be 21.9%, 17.4%, 20.3%, and 8.4%, respectively.
Reducing the carbon emission factor of electricity proves to be more effective for carbon mitigation
than promoting new energy trucks. This is because, while new energy trucks significantly reduce
emissions in the transportation stage, they have a limited effect on other stages of food consumption,
constraining their overall emission reduction potential. In contrast, electricity is involved in both
transportation and food storage, offering greater overall potential for carbon reduction. Zhengzhou
and Jinan, with cleaner electricity sources than Taiyuan, demonstrate more pronounced emission
reduction effects.

Regarding resource recycling, upgrading food waste disposal methods is expected to yield a
reduction potential of 2.6%, 2.6%, 3.9%, and 4.4% by 2030 for the four cities, respectively. The
reduction potential from food waste reduction is projected to be 6.8%, 6.3%, 8.5%, and 11.0%,
respectively. In the short term, upgrading food waste disposal methods, particularly the transition
from landfill to waste incineration for power generation, provides significant carbon reduction. This
transition can reduce carbon emissions by 741.2-762.8 kg per ton of waste, representing a substantial
mitigation potential. However, in the long term, the shift from incineration to anaerobic digestion
offers limited carbon reduction benefits, with reductions of only 46.5-69.7 kg per ton of waste,
suggesting diminishing returns. Conversely, reducing food waste offers greater long-term carbon
reduction benefits. Less food waste leads to fewer emissions from unnecessary transportation,
storage, and reprocessing. Therefore, minimizing food waste should be a long-term strategy for
achieving substantial and sustained reductions in carbon emissions from food consumption.

6. Conclusions

This study employs LCA to estimate the carbon emissions associated with food consumption in
four provincial capital cities along the middle and lower reaches of the Yellow River (Xi'an,
Zhengzhou, Jinan, and Taiyuan) from 2006 to 2020. The research identifies and examines the key
factors influencing carbon emissions at different stages of the food consumption process, quantifying
their relative impacts. Additionally, scenario simulations are conducted to evaluate the potential
effects of energy structure transformation and resource recycling on future food consumption carbon
emissions in these cities. The key findings are as follows:

Following the energy transition and recycling initiatives, carbon emissions from food
consumption began to decline after 2016, primarily driven by an increased share of resource recovery
in waste incineration. Xi'an, with its more advanced waste-to-energy technology, achieved a 77.5%
reduction in carbon emissions from waste disposal between 2016 and 2020. Conversely, Zhengzhou,
with relatively less developed recycling infrastructure, saw a smaller reduction of only 30.4%.

The growing adoption of new energy vehicles in the food transportation sector has contributed
to a reduction in transportation-related carbon emissions. While urban expansion and increased food
consumption initially led to higher emissions in all four cities, the gradual transition to electric freight
vehicles since 2018 has helped curb the growth in transportation emissions. By 2030, food
transportation emissions in Zhengzhou, Xi'an, Jinan, and Taiyuan are projected to decrease by 39.4%,
34.5%, 39.4%, and 24.0%, respectively. Moreover, the shift towards cleaner electricity sources is
expected to further reduce carbon emissions in the food storage stage. In regions such as Taiyuan and
Xi'an, where coal is the dominant energy source, higher carbon emission factors for electricity
contribute to elevated food storage emissions. In contrast, Jinan and Zhengzhou, which are
transitioning to renewable energy, are projected to experience lower food storage emissions. By 2030,
food storage emissions in these cities are expected to decline by 42.5%, 31.3%, 42.5%, and 15%,
respectively.
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Waste incineration for power generation offers a significant advantage over traditional
landfilling in reducing carbon emissions from food waste disposal. Between 2021 and 2025, it is
anticipated that all four cities will achieve zero landfill for municipal solid waste, with 100% of waste
processed through waste-to-energy technologies. From 2026 to 2030, some waste will be diverted to
cleaner anaerobic digestion methods. By 2030, food waste disposal in Zhengzhou, Xi'an, Jinan, and
Taiyuan is expected to reduce carbon emissions by 33.5%, 27.7%, 31.7%, and 31.7%, respectively.
Furthermore, reducing food waste will lower carbon emissions across the entire food consumption
process, including transportation, storage, and waste disposal. By 2030, the reduction in food waste
is expected to lead to a decrease in carbon emissions from food consumption by 6.8%, 6.3%, 8.5%,
and 11.0% in Zhengzhou, Xi'an, Jinan, and Taiyuan, respectively.
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