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Carbon flow through continental-scale
ground logistics transportation

Haotian Cui,1,2,3,11 Yonglong Lu,1,2,11,12,* Yunqiao Zhou,4 Guizhen He,2,3 Shuai Song,2,3 Shengjie Yang,2,5

Rui Wang,2,3 Siyu Wang,3,6 Guoxiang Han,2,3 Xiaojie Yi,2,3 Di Du,2,3 Nils Chr. Stenseth,7,9 Dag O. Hessen,8

Deliang Chen,10 and Yinyi Cheng3,11

SUMMARY

The flourishing logistics in both developed and emerging economies leads to huge
greenhouse gas (GHG) emissions; however, the emission fluxes are poorly con-
strained. Here, we constructed a spatial network of logistic GHG emissions based
on multisource big data at continental scale. GHG emissions related to logistics
transportation reached 112.14Mt CO2-equivalents (CO2e), with sevenmajor urban
agglomerations contributing 63% of the total emissions. Regions with short trans-
port distances and well-developed road infrastructure had relatively high emission
efficiency. Underlying value flow of the commodities is accompanied by logistics
carbon flow along the supply chain. The main driving factors affecting GHG emis-
sions are driving speed and gross domestic product. ItmaymitigateGHGemissions
by 27.50–1162.75 Mt CO2e in 15 years if a variety of energy combinations or the
appropriate driving speed (65–70 km/h) is adopted. The estimations are of great
significance tomake integratedmanagement policies for theglobal logistics sector.

INTRODUCTION

Decarbonization of the transport sector is challenging but the key to climate mitigation plans.1 Globally, the

transport sector accounted for approximately 16%–24% of the total CO2 emissions from fossil fuels.2 The In-

ternational Energy Agency (IEA) predicted that global transportation energy use and CO2 emissions will in-

crease by approximately 80% by 2050.3 Conventional logistics modes include road, air, rail, and marine trans-

port, but road transport plays an important role in global GHG emissions in over half of the world’s countries

(Figure S1), accounting for more than 60% of total carbon emissions from the transport sector (see Data S1).

Therefore, road transport is identified as the second-largest contributor to long-term climate forcing.4

Logistics (freight transport), which relies heavily on road transport, is an important part of the transport

sector, accounting for 13% of global anthropogenic carbon emissions.5,6 Demand for logistics services con-

tinues to grow in both developed and emerging economies. Freight shipments in the United States have

more than doubled over the past three decades, and ground logistics now accounts for about 25% of total

transportation energy consumption.7 Previous studies have shown that trucks are the second-largest

source of GHG emissions from road transport in the European Union (EU), accounting for about 20%–

30% of road transport emissions.8,9 China’s total carbon emissions from ground transportation ranked

the second in the world in 2019, but its domestic emissions accounted for only about 8% (see Data S1),

the lowest compared with other major economies and developed countries (Figures S2 and S3). With rapid

development of digital technology, e-commerce has driven increasing ground logistic transport in China.

Online sales in China have grown by 250% over the past decade,10 and the business volume of express de-

liveries accounts for about 60% of the global total,11 which is more than that of the United States and the

United Kingdom combined. The rapid increase in express delivery volume and e-commerce sales has made

the highway freight turnover nearly triple since 2007 (Figures S4 and S5), and GHG emissions from ground

logistics will most likely grow in the future, posing a serious challenge to China’s ambitious carbon

neutrality targets (see Data S1).12 The carbon flow of ground logistic transport deserves further study.

The international community is increasingly concerned about logistics emission. The European Commis-

sion aimed to reduce GHG emissions from transport by 20% from 2008 levels by 2030.8,9 Then, the CO2

emission standard was introduced for truck manufacturers in 2018, aiming at reducing emissions.13 The
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national low-carbon strategy in France declared that direct emissions from the transport of goods should

fall by 97% over the next 30 years.14 However, this strategy did not accurately describe how it would be

achieved. Studies and estimates on freight emission reduction have been underway for more than a

decade, but progress has been slow. Extensive evidence from G20 and Southeast Asian countries showed

that economic growth and urbanization were important factors influencing logistics carbon emissions.15,16

Therefore, relying on vehicle technology upgrades alone is not enough to achieve targeted emission

reduction. Currently, it is generally agreed that switching modes of transportation and making trucks

more efficient are the most effective and sustainable ways to reduce emissions.17,18 Evidence from the

US suggested that network design and vehicle routing optimization could also influence GHG emissions

by affecting travel speed and transport efficiency.19 Nevertheless, an integrated policy mechanism for

addressing the ground logistics GHG is lacking at present.20,21

The feature of logistics is the integration with supply chains, which leads to the transfer of GHG along the sup-

ply chain of regional trade. Some studies have adopted top-down accounting methods to calculate transport

emissions based on transport practices reported by thousands of samples, which were small in sample size

without considering the complete supply chain.22–24 The separation between emission and final consumption

could undermine local mitigation efforts.25 This dilemma can be solved by improving the accuracy of emission

estimation, establishing a fine link between emission and regional trade, and clarifying the specific driving fac-

tors behind the behavior of logistics fleets and emissions. Together, this would promote a long-term effective

decarbonization of the transport sector. Owing to the difficulty in obtaining trade information, there are no

studies about spatial patterns of logistics emissions from regional trade. Failure to track emission drivers along

the supply chain could further hamper climate mitigation efforts. Many accounting energy consumption and

GHG emission models for the logistics sector have been developed previously (Table S1), while the main

limitation was the inability to obtain real-world data, where vehicle kilometers traveled and fuel economy

data were based on the hypothesis of small samples, resulting in huge uncertainty. With the advent of big

data era, a ‘‘TrackATruck’’ model based on vehicle-mounted navigation systems has improved accuracy

and resolution, but these assessments could not consider the transfer of regional carbon emissions through

ground logistics.26 Only a few studies attempted to calculate GHG emission flow of the express delivery in

China through bottom-up assessment.11 However, express delivery is only a branch of the logistics industry,

and the data volume is small, which cannot reflect the whole logistics trade situation.

Accounting logistics transport carbon flow at a finer spatial scale to reduce the uncertainty of logistics GHG

emissions is crucial to identify the regional characteristics and determinants of GHG emissions and to

achieve low-carbon transition, especially at the city scale.27,28 To solve the problem, this study aims to

examine the new role of logistics in carbon transfer from inter-regional carbon emission flows, by providing

a new perspective on the low-carbon transformation of the international logistics industry.

Based on field investigations and multi-source big data mining of logistics, a bottom-up model was

constructed, and all data are processed using a parallel computing framework. The advantage of big data

method is that basic information on trajectory and fuel consumption is recorded completely and accurately,

which improves the accuracy of emission estimation of logistics transportation at different scales. It tracks

GHG emission flow along the supply chain and enhances the dynamic interaction between logistics emissions

and environmental and socio-economic factors. Taking 2019 as the target year, we studied the precise quan-

tification of GHG (including CO2, CH4, and N2O) emissions of logistics transportation for 334 prefectural cities

in China systematically. We accurately quantified the inter-city logistics GHG emission flow network through

origin-direction analysis at continental (ground logistics transport) scale, and the emission efficiency between

cities and regions was quantified, as well as the emission carrying capacity of different freight types. In addi-

tion, the main drivers of emissions were identified, and effective mitigation policies were proposed. In the

future, if more time series big data can be combined with GHG emission model, it can be used to accurately

measure global logistics emission performance and strengthen the comprehensive management of logistics

emission reduction. Clearly, reductions of China’s emissions will have a major impact per se, but we also

believe that insights from our study can be applied to the logistics sector globally.

RESULTS

Spatial and temporal variation of ground logistics GHG emissions

In 2019, we estimated that 112.14Mt of CO2-equivalents (CO2e) were emitted by the ground logistics trans-

portation sector in China based on our dataset, being substantially higher than the estimates in a previous
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study focusing on the express delivery (13.7 Mt CO2e).
11 CO2, CH4, and N2O emissions contributed about

98.29%, 0.56%, and 1.15% of the equivalent CO2 emissions from the logistics transport, respectively. Total

GHG emissions varied significantly between regions in China, ranging from 0.10 to 2,875.18 kt CO2e, and

the per capita emission varied from 22.1 to 133.8 t CO2e (Figure 1), with the majority originating from

economically developed and densely populated regions.

Overall, emissions associated with the four key urban agglomerations and high-population centers ranked

first, such as the Yangtze River Delta (YRD), Beijing-Tianjin-Hebei (BTH), Pearl River Delta (PRD), and

Chengdu-Chongqing (CC) (accounting for 30% of the national population), which accounted for 34% of na-

tional emissions (Figure 1A). Local Moran’s index (I) showed that GHG emissions had significant spatial

Figure 1. GHG emission characteristics of logistics transport in China

(A) Spatial emission characteristics at an urban scale. The emissions in the eastern regions were significantly higher than those in the western regions. YRD,

BTH, PRD, and CC have 30% of the national population and account for 16%, 8%, 7%, and 3%, respectively, of the total emissions in mainland China.

(B) Spatial autocorrelation analysis. Moran’s I shows that the Yangtze River Delta (YRD), Beijing-Tianjin-Hebei (BTH), Pearl River Delta (PRD), and Chengdu-

Chongqing (CC) were typical high-emission clusters. The northeastern and northwestern regions were typical low-emission clusters.

(C) Monthly allocation proxy in mainland China.
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autocorrelation Figure 1B). Specifically, the logistics transportation GHG emissions in Guangzhou in South

China; Shanghai, Hangzhou, and Suzhou in East China; Beijing, Tianjin, and Linyi in North China; and

Chongqing and Chengdu in Southwest China all exceeded 1,200 kt CO2e, which accounted for approxi-

mately 16.1% of the national GHG emissions. In comparison, the total GHG emissions in western regions

(Xinjiang, Tibet, Ningxia, and Yunnan) were only 4,457 kt CO2e.

The higher GHG emissions at a regional scale occurred in well-developed provinces, such as Shandong and

Jiangsu, and in provinces that depend on mineral resources, such as Xinjiang and Inner Mongolia. In

contrast, the provinces with lower regional GHG emissions were mainly the least developed provinces in

western China, such as Qinghai, Ningxia, and Gansu. Guangzhou, Chongqing, Shanghai, and Hangzhou

were the top four cities in terms of emission, accounting for 7.6% of the national emissions. It is worth noting

that the emissions from the top 10 cities accounted for 16.1% of the total emissions; these cities are at the

forefront of economic development in China.

Among these cities, the gap in the economic level between Linyi and other cities was obvious, but Linyi is

known as the logistics capital of China, which is located at the junction point of the YRD and Beijing-Tianjin-

Tangshan economic circle, with an average daily freight volume of 407.87 million tons and freight turnover

of 143.89 billion tons kilometers in 2019.29 Most areas in northeastern China are classified as emission cold

spots, but Harbin and Changchun are emission hotspots compared to surrounding cities. Furthermore, the

western and northeastern cities in China are mostly low-emission areas (Figure 1A). Considering the impor-

tance of time variation in carbon emission studies,30 the temporal distribution proxies for different

provinces in China were calculated (Figure 1C). The monthly variation in the GHG emissions across the

country was significant, ranging from 8.67 to 11.53Mt CO2e. The fourth quarter had the greatest total travel

distance and the highest GHG emissions, and the first quarter had the lowest total emissions. Owing to the

sharp decline in logistics during the Chinese Lunar New Year festival, emissions in February were nearly

50% lower than those in other months. For each quarter, GHG emissions in the first month were relatively

low, except for the first quarter, which is related to the scheduling of the freight orders.

Inter-regional GHG flows through ground logistics transportation

The GHG emission flows of ground logistics transportation in China exhibited significant regional charac-

teristics. After more than 40 years of reform and opening-up, China has gradually formed a logistic network

with seven urban agglomerations as the core: BTH region, the PRD, the YRD, CC, theMiddle Yangtze River,

Central China, and the Guan Zhong Plain (Table S2). The GHG emission outflows from these regions were

28.90 Mt CO2e in 2019, accounting for more than 63% of the total domestic logistics-related emissions. The

logistics routes between the YRD and other regions are the most prosperous, accounting for 30% of GHG

emissions in the seven areas (Figure 2). In addition, the eastern coastal provinces are not only the richest

regions in China but also the busiest regions for logistics and freight transportation in China. The eastern

and southern coastal areas were responsible for about 40% of all logistics GHG emissions.

The GHG emission network axis was formed from seven key cities. The total emission network was charac-

terized by a ‘‘double triangle’’ framework, which stretched across the southeast coast and southwestern

China with a cross-strip shape (Figure S6). There was a significant difference in the development of the

network between the east and west, especially in the process of refining and expanding branch lines

outside the main emission framework, and the eastern region exhibited strong dispersion effects. Guangz-

hou, Shenzhen, Shanghai, Beijing, and Tianjin were the key hubs in the eastern region, while Chengdu,

Chongqing, and Kunming played a leading role in the southwestern region.

The major contribution sources of GHG emissions in different regions varied greatly, with inter-regional

logistics activities as the main source (Table S3). The logistic flow from the YRD mainly went to Jiangsu

(15.9%), Zhejiang (14.6%), and Guangdong (13.6%), that from the PRD mainly went to Guangdong

(28.9%) and Jiangsu (8.8%), and that from BTH mainly went to Hebei (14.8%), Guangdong (12.4%), and

Shandong (9.2%). CC mainly served southwestern China (34.9%) and coastal areas (36.9%), while the

Guan Zhong Plain mainly served northwestern China (42.0%) (Figure S7).

GHG flow efficiency is an important indicator of the sustainable development of regional logistics. There is

spatial consistency between the total GHG emissions and their efficiency. The geographic center of the

high emission efficiency of the logistics routes was situated to the middle and lower reaches of the Yangtze

ll
OPEN ACCESS

4 iScience 26, 105792, January 20, 2023

iScience
Article



River. The specific gravity center position and movement trajectory showed that the efficiency decreased

from east to west. The regions with the highest emission efficiency mainly included ‘‘YRD-BTH’’, ‘‘BTH-

Shandong Peninsula’’, ‘‘PRD-YRD’’, ‘‘CC-PRD’’, and ‘‘CC-Yunnan’’, as well as the intracity logistics in the

three provinces (Heilongjiang, Jilin, and Liaoning) in northeastern China (Figure 3). These regions had emis-

sion efficiencies as high as 0.13–51.50/t CO2e per vehicle. Among them, the line with the highest emission

efficiency was Qujing-Nanjing. Logistics in these areas is mainly through intracity transportation and

regional short-distance connections, while these routes achieved full expressways coverage with less traffic

congestion, resulting in more efficient engine combustion and fewer GHG emissions per truck.

The lowest emission efficiency was concentrated in the regions with long-haul transportation. Several lines

ran across the whole of the east and west of China or the whole of the north and south of China, with an

average travel mileage of 107.43 million km. The ‘‘Kashi-Wuxi’’ line had the lowest efficiency; the annual

GHG emission of each vehicle was 49.95 kt CO2e. Moreover, the logistics and highway infrastructure in

some western regions was not optimized; each truck had high GHG emissions, and thus the emission ef-

ficiency was lower than that of other areas.

GHG emissions from supply chain

In 2019, about 26.1% of GHGs from logistics transport in China were emitted from commodities that end up

for deep processing or direct consumption in different provinces in China or abroad. Through the logistics

supply chain analysis, most of the GHG emissions associated with commodities consumed in the eastern

coastal provinces were imported from poorer provinces in western China. As one of the least developed

regions in China, northwestern China supports the economic development of the developed provinces

by providing carbon-intensive but low-value-added products. A large proportion of GHG emissions in

the Northwest were caused by the supply of goods and services consumed in the developed regions of

China.31

China was divided into seven geographical regions to analyze the freight types. The regional freight types

varied greatly in different regions (Figure S8). The proportion of total freight types is as follows: Northwest,

North, and Southwest China were dominated by commodities with 57.1%, 80.8%, and 26.1%, respectively.

Figure 2. GHG emission flow patterns within China

(A) The top 20% GHG emission flows. Each line represents the total GHG emissions of logistics transport between two cities in 2019 (from origin to

destination). The largest GHG transfer through domestic logistics is Shanghai-Chengdu (round trip), with 263.88 kt CO2 in 2019. This route is one of the most

important logistics transportation route in China, with the largest annual total volume of freight cars, the most trips, and relatively high average fuel

consumption.

(B) Flows of GHG emissions from the inter-regional logistics transportation in China. The direction of logistics from the origin (sender) region to the

destination (receiver) region is shown together.
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Figure 3. GHG emission flow efficiency within China in 2019

(A–E) show the line density of single route emission efficiency.

(F) Gravity movements and the SD ellipses (SDEs) of the GHG emission flow efficiency.
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In Northeast China, the main freight types were commodities (35.5%) and food and beverages (20.9%),

compared with mechanical equipment (14.2%) in Central China. The main freight types in Eastern and

Southern China were relatively dispersed, where delivery and food and beverages ranked first (29.4%)

(see Data S1 for the freight supply).

The routes with high domestic GHG emission flows were mainly distributed in the poor western regions,

while routes with high domestic net emission flows were mainly distributed in wealthier eastern China (Fig-

ure S9). In terms of product type, western provinces mainly exported high-carbon-intensive products and

imported low-carbon-intensive products. In western China (Shaanxi, Gansu, Ningxia, Qinghai, and Xin-

jiang), more than 60% of GHGs (80%, 90%, and 92% in Qinghai, Xinjiang, and Inner Mongolia, respectively)

were emitted during the transportation of commodities, which are eventually consumed in other regions.

Xinjiang was the net emission center in western China because it is one of the main suppliers of energy,

agricultural, and sideline products in China. The total emissions in Guizhou and Tibet were relatively

low, mostly consisting of the transport of building materials (43% and 74%, respectively). In contrast,

eastern provinces normally imported high-carbon-intensive products while producing and exporting

low-carbon-intensive products. Guangdong, Jiangsu, and Zhejiang had the highest domestic net emis-

sions, mainly from the external transport of machinery equipment and digital products (40%, 30%, and

35%, respectively).

There were also some cases in eastern provinces, such as Shandong, the grain and vegetable base of North

China and home to the country’s largest fluorine chemical industry park, so the commodities (mainly agri-

cultural and chemical products) transport contributed 48% of GHG emissions. As the largest express trans-

portation distribution center in southern China, Fujian has promoted the development of the express de-

livery industry,32 and thus GHG emissions were mainly contributed by express transportation (42%).

Guangxi accounted for 41% of emissions from construction materials, which was a pillar industry, contrib-

uting about 8.6% of gross regional product.33 Compared with other regions, the GHG emissions attributed

to different freights in Beijing, Tianjin, and Shanghai were relatively balanced, but the freight demand was

driven by the service and high-tech industries. Unlike the above three cities, Chongqing mainly discharged

less-than-carload lots (Table S4).

Owing to the low proportion of energy and carbon-intensive products in the overall logistics chain, the

emission intensity (consumption-based GHG emissions per unit of gross domestic product [GDP]) was

generally lower in the technology-based and economically developed provinces than in western provinces

(Figure S10). For example, in Beijing and Jiangsu, the logistics GHG emission intensity was 0.36 and 0.5 g/

RMB Yuan, respectively, while Tianjin and Shandong had the highest GHG emission intensity, which was

about 2.4 times and 2.2 times that of Beijing, respectively, in 2019. The proportion of output value of the

three major industries in different regions of China provided evidence for this result from another perspec-

tive (Figure S11).

The GHG emission efficiency of logistics transportation (the carbon emission of transporting single goods)

was also significantly different (0.37–1961.84 t CO2e). The results of spatial autocorrelation analysis showed

that the four emission hotspots, namely, BTH, YRD, PRD, and CC, had high emission efficiency (Figure 4).

This was because these regions had developed economies, highly aligned logistics and transportation

infrastructure, and well-connected highway networks. Although the annual waybills in these regions ranked

at the top in China, their freight turnover efficiency was high, storage and transportation were highly intel-

ligent, highway network connectivity was high, traffic congestion incidence was low, and the waiting time

for freight connections was short. As a result, the additional fuel consumption of single freight was reduced.

Northern Xinjiang (Urumqi, Shihezi, Changji, and Hami), southern Tibet (Shigatse and Naqu), and most cit-

ies in Liaoning Province also had high emission efficiency, although these areas are still developing and

have a backward logistical infrastructure. In comparison, Hainan is an island, and its logistics transportation

is mainly circular within the island. As the terrain is mainly mountainous, road transportation is inconvenient

and the logistics connection capacity is poor with low emission efficiency. Jiangxi, Guangxi, and Shaanxi

are also affected by the Lushan Mountain range, Shiwan Mountain, and Taihang Mountain range, respec-

tively, so their energy consumption related to road transportation was much higher than that of other plain

areas. However, the Hexi Corridor in the Ningxia and Gansu mountainous region led to an increase in road

transport mileage and a poor transport capacity; the highway freight turnover in this region accounted for
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32.8% of the whole country, and the railway double-track rate in this region is only 33.8%.34 The single lo-

gistics transportation structure leads to low carbon emission efficiency of highway logistics.

Driving mechanism for GHG emissions and scenario-based mitigation measures

Taking inter-city logistics transport as an example, we studied the correlation between GHG emissions dur-

ing transport and various socio-economic factors. According to our field survey with logistics suppliers and

G7 internet of things (iot) Company, the main driving factors affecting logistics transportation are social

economy, industrial structure, transportation structure, and fuel consumption.9,11,23 The specific parameter

values for each factor were detailed in Table S5. There was a significant positive correlation between total

logistics GHG emissions and GDP, express volume, freight turnover, and fuel consumption. Because GHG

emissions had strong relationship with population, we also paid attention to the impact of per capita data.

Per capita GHG emissions were significantly positively correlated with urbanization rate, household

consumption level, per capita express delivery volume, and freight turnover, and the impact of population

on emissions is mainly reflected through urbanization, which may be due to more efficient logistics and

transport systems in wealthier and more urbanized areas (Figure S12). Overall, several important driving

factors were identified that affected the logistics GHG emissions, including the volume of express delivery

business, urbanization rate, and freight turnover.

Figure 4. Regional logistics GHG emission efficiency and its spatial autocorrelation

Note: (1) Owing to the lack of freight transportation data in the databases of some cities, their GHG emission efficiencies

are zero. (2) The unit of transportation efficiency in this figure is t per goods. (3) The color of the polygons represents the

result of Moran’s index, representing the spatial aggregation situation. The dot represents the emission efficiency.
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For the mobile source GHG emissions, the factors affecting emissions were mainly fuel consumption and

the emission factor. The emission factor of diesel vehicles has a relatively narrow range, so the key factor is

fuel consumption. According to previous studies, vehicle fuel consumption is related to the average driving

speed and may be higher in the case of parking and idling. With million-level big data mining, the function

between vehicle speed and fuel consumption was constructed by machine learning, which revealed a

quadratic functional relationship (Figure S13). Therefore, on the premise of timeliness, a reasonable driving

speed (65–70 km/h) and route should be chosen to avoid traffic congestion, which can effectively reduce

carbon emissions in the transportation process.

Different scenarios were set up to simulate future emissions of logistics transport GHG emissions in the

background of truck growth. Based on the motor vehicle growth model, the total number of freight heavy

trucks will increase to about 19.05 million by 2035 under the business as usual (BAU) scenario. As a result,

GHG emissions from logistics transportation will continue to grow steadily from 2020 to 2035, with emis-

sions expected to reach 231 Mt CO2e by 2035, which is equal to the total emissions from fuel combustion

in emerging economies like Thailand in 2018.35

In addition to the BAU scenario, based on the logistics driving factors described above, a series of strate-

gies were also proposed to reduce GHG emissions from the logistics industry through other scenarios,

which are in accord with the future direction of green transportation in most countries worldwide

(Table S6). These scenarios specifically include the following: selecting the suitable travel speed to ensure

the reduction of fuel consumption (scenario1); using electric trucks in short trip distance lines with dense

freight, the GHG emissions intensity during transportation can be reduced (scenario2); according to the

single freight distance and vehicle range, a variety of energy combination is adopted in medium- and

short-distance transportation to improve fuel economy (scenario3); and replacing energy of all freight

trucks with liquefied natural gas to reduce total GHG emissions (scenario4). According to the simulation

results, scenario1 and scenario3 can achieve moderate emission reductions compared with the BAU,

reducing emissions by 167.95Mt and 103.55Mt CO2e between 2020 and 2035, respectively, while scenario2

can achieve 27.50Mt CO2e emission reductions slightly. Among all of the scenario strategies, scenario4 can

achieve greater emission reductions, about 1,162 Mt CO2e in next 15 years, which, nevertheless, depends

more on advanced technology to ensure complete replacement of fuel in heavy trucks (Figure 5).

DISCUSSION

Logistics carbon flow analysis can help present inter-regional trade and emissions transfer with supply

chains. Big data-based emission network maps are more operational than proportional emission maps

with small samples, allowing collaborative mitigation efforts for emission hotspots. But there is a lack of

a system that collects data on the position of vehicles per second based on big databases, even if this is

the most suitable data source for emissions simulation.36–38 A comparison with the existing literature

and results related to logistics carbon emissions in China was analyzed in detail (Table S7). Through

comparative analysis, we found that previous studies investigated into key themes and challenges in

several aspects, including logistics carbon strategy, carbon risk assessment, carbon target setting, emis-

sion reduction initiatives, carbon performance, and influencing factors. The results showed that although

an increase in carbon management practices in logistics and transportation can be observed, the account-

ing methods and comprehensive measures of carbon reduction are not well studied. Therefore, based on

multisource big data, this study constructs the logistics GHG emission flow map at continental scale, esti-

mates the different transportation structures and the emission efficiency in different regions, and identifies

the key driving factors affecting emissions. Results in this study can guide the government to take more

targeted measures to achieve low carbon goal of logistics.

Overall, China’s GHG emissions from logistics transportation accounted for about 15.3% of global emis-

sions in 2019.39 The emission hotspots mainly appear in large urban agglomerations such as the YRD

and PRD, while the western provinces and northeast regions become the emission cold points. Logistics

GHG emission is usually accompanied by underlying value flow of the commodities.

The large differences in economic and trade structure between cities are attributable to the imbalance of GHG

emissions embodied in urban logistics. In general, the goods and services consumed by the highly developed

eastern regions produce a major share of GHG emissions. Wealthy eastern coastal regions mainly import low-

value-added and high-carbon-intensive products from the less developed western regions, while exporting
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high-value-added and low-carbon-intensive products.31 In other words, household consumption and interna-

tional exports from the richer east are supported by emissions of primary products in less developed regions

of China.40 In fact,more than 50%of the emissions of industrial rawmaterials and commodities in the cities with

good economic development such as Beijing, Shanghai, and Tianjin, as well as in provinces such as Guang-

dong and Zhejiang, are outsourced to less technologically efficient underdeveloped regions. In the future,

the logistics volume from the east to the west may increase further.41 To some extent this also reflects the

role of China for the global market, as only 8% of emissions is related to the domestic market.

The next decade will be critical for the carbon peak in China, and the logistics industry will also grow

rapidly.12 The online retail transaction volume in China ranked first in the global e-commerce industry, ac-

counting for more than half (52.1%) of all e-commerce globally in 2020.42 In 2021, the Chinese government

established China Logistics Group Limited to achieve an 8% average annual increase in the logistics added

value.43 Not only China, but also major economies around the world are increasingly concerned about the

impact of freight on climate change.44 For example, in 2018, many European freight companies committed

to reducing 290 Mt carbon emissions over the next decade.45 Therefore, it is necessary to formulate sup-

porting policies around green logistics. Green logistics focuses on improving the efficiency of logistics ser-

vices, reducing corresponding costs and reducing externalities while achieving a sustainable balance be-

tween economic, environmental, and social objectives. The multi-objective (e.g., distance, time, and

speed) optimization may play a key role in green transport.

At present, the globalization and centralization in logistics are obvious, and the environmental benefits

brought by the advancement of vehicle technology are being sacrificed.46 The key to achieving green lo-

gistics is the reduction of externalities per kilometer of travel. Therefore, comprehensive policies should be

proposed including route optimization, infrastructure planning, and operational measures.

First and foremost, the regions with developed economies and sound logistics infrastructure have higher

emission efficiency. Therefore, less developed regions should strengthen the construction of integrated

logistics system. The dominant freight type in less developed regions is bulk commodity, so it is possible

to use multimodal transport, which is a systematic movement of goods in one unit state from the consignor

to the consignee. Large-scale transfer through railways and waterways can cut the total road transport trips,

shorten transport time, and reduce driving mileage and carbon emissions. Economic measures (subsidies

and taxes) can give full play to economic leverage and strengthen the regulation of logistics trucks. The

local governments can provide fiscal incentives for multimodal transportation of bulk commodities. For

Figure 5. GHG emissions from logistics transportation under various scenarios in China
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example, Jiangsu Province subsidized about 200 yuan per standard container or 500 yuan per carload for

freights that use intermodal combinations such as rail and water or truck and rail,47 which helps carriers

choose multimodal transportation. China has a cap of 49,500 yuan per vehicle for heavy electric trucks after

2020, but these subsidies are minimal.48 Therefore, the use of incentive and penalty mechanisms can help

ensure the financial sustainability of long-term subsidy programs while curbing the demand for fuel vehi-

cles and reducing GHG emissions.

In the EU, for example, road tolls for zero-emission heavy trucks are reduced by up to 75%, and conven-

tional gas-powered semi-tractors are charged a carbon fee of up to 0.16 Euros per kilometer.49 Lower tolls

for zero-emission heavy-duty trucks would yield greater profit margins, strengthening the electrification of

trucks. In 2020, the carbon tax was 43 yuan per ton CO2e in China, while the Europe’s tax was 26.87 euros

(�210 yuan) per ton CO2e.
50 If the tax rate was increased three to five times, zero-emission trucks would

benefit immediately. From a strict economic point of view, the best strategy for reducing emissions is to

make marginal emission reduction costs equal. The United States will allocate $5 billion to build a nation-

wide charging network.51 So logistic carbon reduction policies should be applied to address regional

differences within China. The higher emission reduction targets were suggested to be set in major logistics

hubs such as the YRD and PRD, while the emission reduction targets of the northeastern, central, north-

western, and southwestern provinces should be more moderate. Therefore, we suggested that the

charging facilities should continue to be developed vigorously in the eastern region. While the road density

in the central and western regions is only about 1/10 of that in the eastern region, the construction of roads,

storage, and other logistics infrastructure and the introduction of advanced technologies should be

achieved in central and western provinces to achieve the corresponding reduction targets. Emissions

trading can help achieve the lowest cost reductions in the western region through technology transfer

and capital investment from the coastal to interior.52 Therefore, accounting based on logistics emission

networks and freight-carrying capacity can provide a detailed assessment of effective and fair policies,

facilitating collaborative decision-making on localized mitigation strategies.

Secondly, choosing the new energy trucks from the available fleet is promising to reduce GHG emis-

sions.9,14 As mentioned in our scenario analysis, switching energy from heavy trucks is a key initiative to

mitigate GHG emissions. However, the electrification of heavy trucks is difficult, and the battery range is

short, so the conditions for replacing all of them with natural gas fuel are extremely rigorous. Therefore,

considering the costs and benefits, we suggest choosing an energy-alternative approach in combination

with the vehicle’s single-pass mileage in the future. This requires logistics enterprises to upgrade manage-

ment systems, improve the efficient coordination of departure and destination, and rationally arrange

trucks according to the driving distance of each transportation to maximize comprehensive benefits. For

those regions with a developed express transportation industry, the government should pay more atten-

tion to improving the transport capacity of the railway freight and the new energy trucks, avoiding excessive

dependence on heavy diesel trucks.

Thirdly, an efficient and convenient comprehensive transportation system should be established, as Germany

connected electric trucks to overhead power lines on so-called electric highways which is themost energy-effi-

cient route to zero-emission road freight.53 Furthermore, driving routes and distribution times should be ratio-

nally planed, for example, dispatching in cities at the night when traffic is relatively smooth. Only in this way we

can ensure that the driver chooses the most reasonable driving speed and improves fuel efficiency. Our sce-

nario simulations show that reasonable speed choice is as effective as energy substitution.

Finally, the conventional hub-satellite distribution model is overconcentrated, resulting in more transport

mileages on indirect routes through hubs than direct inter-warehouse trunks. Therefore, we suggest a com-

bination of centralized and decentralized freight modes, with a ‘‘cooperative freight system’’ to reduce

unnecessary mileage and fuel consumption (Figure S14). According to our field survey on underlying de-

mand patterns and supply strategies of carriers, we suggested that manufacturers and the distributors

can share the warehouse resources of the logistics enterprise, reducing the distribution link between the

manufacturer and the distributor, reducing the frequency and distance of freight transportation, thereby

reducing GHG emissions. In addition, it can also be a purposeful and intensive distribution mode carried

out by carriers to meet the needs in a certain area of the city through joint distribution (shared user ser-

vices). Unified gathering and distribution of freights by the same logistics service provider can significantly

reduce redundant routes, alleviate traffic congestion, and take low-carbon pathway.
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A multisource big data model proposed here is significantly improved than the previous surveys on the

spatial heterogeneity of logistics carbon emissions, which provide a key contribution to the measurement

of GHG emissions in logistics transportation. Spatial hotspots and environmental impacts for international

transport can also be identified with the samemethod, providing a new perspective on the low-carbon path

for logistics.

Limitations of the study

This study focuses mainly on the heavy truck transportation phase, while emissions from private cars, inter-

national delivery, packaging, last-mile services, and consumer behavior can undoubtedly affect GHG emis-

sions, which need to be included in future studies. In addition, the truck age distribution, maintenance con-

ditions, and engine combustion efficiency will also have impact on GHG emission, resulting in the

uncertainty of total emissions. Themethodology is applicable to countries with advanced information tech-

nology and vehicle-monitoring systems. If companies are more socially responsible, logistics-related big

data will be continuously available. More dynamic emissions information can be obtained by combining

these data with GHG emission models, which can be used to measure the precise performance of global

logistics carbon emissions.
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METHOD DETAILS

Data sources, collection, and analysis

Multiple data sources were used to analyze logistics volumes, logistics transportation features, and GHG

emission factors. The data were mainly collected from the three dimensions of vehicles, routes,

and freights, including the whole process of ground logistics such as the vehicle locations, driving routes,

entry and exit areas, fuel consumption, and freight types. The data collection process in this study was

random and did not involve human intervention. We randomly collected data from approximately 1.8

million trucks and 0.4 million electronic waybills showing freight types, logistics origins, and destinations

to confirm the shares and delivery volumes. The truck load in this study was more than 12000 kg during

normal service, which was well maintained on a daily basis, and all vehicles were equipped with GPS signal

receivers. Generally, it was forced to take GPS switch on when the truck drivers start driving, otherwise, the

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

CO2 emissions from road transportation OECD, Transportation and

Emissions from Transportation

https://knoema.com/ITF_INDICATORS/

transportation-and-emissions-

from-transportation

Carbon emission in ground transport sector Carbon Emission Accounts & Datasets https://www.ceads.net/

Carbon emission in transportation, storage,

post and telecommunication services in China

Carbon Emission Accounts & Datasets https://www.ceads.net/

E-commerce sales and express volume in China E-commerce sales and express

volume in China

http://data.stats.gov.cn/index.htm

Highway freight turnover and proportion in

China

National Bureau of Statistics of China http://data.stats.gov.cn/index.htm

Data generated by this paper (GHG emission f

low and GHG emissions by different

freight types)

This paper Tables S3 and S4

Software and algorithms

ArcGIS ESRI https://www.arcgis.com/index.html

MATLAB 2018a Mathworks https://www.mathworks.com/

products/matlab.html

Origin 2022b OriginLab https://www.originlab.com/

OriginProLearning.aspx

SPSS 22.0 IBM SPSS https://www.ibm.com/cn-zh/spss
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vehicle will alert the drivers. However, there was still GPS damage, causing little data shortage, which was

one of the results uncertainties. These data were validated by field surveys on freight types and the number

of items at multiple distribution centers in different cities.

We used GPS for real-time positioning, determined the driving distance of the vehicle according to the

actual road network information, and obtained real-time fuel consumption data through engine manage-

ment system (EMS) sensors. The frequency of the signal collection was 10 s. In addition, socio-economic

data were sourced from the China Statistical Yearbook and the China City Statistical Yearbook.

The GPS data, raster data, and text data used in this experiment were stored in the database after the pre-

processing to improve the computing performance of the data in the parallelization model. The data with

10 s was too redundant, and road freight traffic in China usually shows clear changes on a quarterly basis, so

we set up the temporal resolution on a monthly basis. In terms of spatial resolution, the total length of road

in China is 5.198 million kilometers, and the road density is 54.15 km per 100 square kilometers, and the

road classification system is too complex.54 The main objective of this study is to quantify the logistic

GHG emission flow along supply chain, therefore, we chose the prefecture-level city as the spatial resolu-

tion for this study. The data cleaning module helped to eliminate redundant information from the raw data.

In order to achieve big data modeling, the processed data was fed into the Spark 2.4 parallel framework.

Supported by the Map-Reduce model, the data block obtained secondary product data such as local GHG

emission and truck fuel consumption efficiently by simultaneously calculating streams. Spatial analysis was

performed using ArcMap 10.6, SPSS 22.0 was used for correlation and regression analysis, and MATLAB

2018a was used for uncertainty analysis. The framework of this study is shown in Figure S15.

Logistics transportation GHG emissions

The IPCC Guidelines for National GHG Inventories were used to quantify GHG emissions, including CO2,

CH4, and N2O, in this study.55 More details on determination methods and data sources are available in the

supplemental information.

Specifically, we used the following formula to calculate the GHG emissions: First, the database was called

to select the daily trajectory, distance traveled and fuel consumption data of each truck. The timescale in

this study was onemonth, so it was necessary to filter and clean the big data and integrate the track and fuel

consumption data for each day to obtain information on the driving distance, several trucks, and the fuel

consumption of each line in each month. The equations are as follows:

DðtÞ =

Z
f ðDÞdt (Equation 1)

MðtÞ =

Z
f ðMÞdt (Equation 2)

where D is the distance traveled between the origin and destination; M is the quantity of freight vehicles;

and t is the statistical time.

Second, GHG emissions from a single driving route in a one-month period can be calculated using the

following equations:

Gm = Gb;m +
X
c

Gc;m; (Equation 3)

whereGm is the total GHG emission (kt CO2e); Gb;m represents the total CO2 emission (kt);Gc;m represents

the total CH4 and N2O emission (kt CO2e).

Gb;m =
X

r3 FCm 3MmðtÞ3DmðtÞ3EFb 3NCV 3 10� 14 (Equation 4)

whereGb;m represents the total CO2 emission (kt); r is the fuel density (g/mL). Here, the fuel used for all the

freight trucks was diesel, so, r is equal to 0.835 g/mL; FCm is the fuel consumption (L/100.km); EFb is an

emission factor, which is equal to the carbon content of the fuel multiplied by 44/12. It is worth noticing

that, in this study, the default CO2 emission factor (74,100 kg/TJ) was used to calculate carbon emissions.

According to IPCC guidelines, road transport default CO2 emission factor has an uncertainty of 2–5%, due

to uncertainty in the fuel composition. The default emission factors in the IPCC guidelines are based on
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statistical analysis of available fuel features data. Monte Carlo simulation (5000 iterations) was used to

calculate uncertainty range. In this analysis, lognormal distribution, the lower and upper limits of the

95% confidence intervals were applied for the probability distribution functions. For gasoline and diesel,

the default probability distribution functions of the default final effective CO2 emission factors were shown

in Figure S16; NCV is the net calorific value of diesel (43 TJ/Gg); b indicates the CO2; m indicates the fixed

route; and t is the time period (month).

Gc;m = EFc 3MmðtÞ3DmðtÞ3CFc 3 10� 12 (Equation 5)

where,Gc;m represents the total CH4 and N2O emission (kt CO2e); EFc are emission factors of CH4 (175 mg/

km), and N2O (30 mg/km), respectively; CFc are conversion factors from CH4 (25), N2O (298) to CO2.

Third, considering the fragmentation and hierarchy of each city, we assumed that the urban form was

composed of several satellite patches. The intra-city and inter-city logistics distance consists of three parts

(Figure S17). The big data were demarcated in a specific data fence, and filters of a certain resolution for

segmentation were used to screen out all types of data such as fuel consumption. Assuming that a single

urban patch can be regarded as a circle, GHG emissions from a certain city can be calculated as follows:

Gk = Gb;k +
X
c

Gc;k (Equation 6)

Gb;k =
XM
j = 1

 Xn
i = 1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðXi +Dt � XiÞ2 + ðYi +Dt � YiÞ2

q !
3 EFc 3 CFc 3 10� 14 (Equation 7)

Gc;k =
XM
j = 1

 Xn
i = 1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðXi +Dt � XiÞ2 + ðYi +Dt � YiÞ2

q !
3 EFc 3 CFc 3 10� 14 (Equation 8)

where Gk is the total GHG emissions in a city (kt CO2e); Gb;k represents the total CO2 emissions (kt); Gc;k

represents the total CH4 and N2O emissions (kt CO2e); (Xi ;Yi) is the coordinate points of a truck at a specific

moment t; M indicates the quantity of trucks; and n is the trucks coming from different cities.

Finally, to present policy suggestions for the low-carbon development of the logistics industry, it is neces-

sary to calculate the GHG emission efficiency of a single line and the emission efficiency of a single piece of

goods in a region, find the low-efficiency carbon emission areas of logistics transportation systems, and

analyze the problems in regional development. The specific formula of the emission efficiency are as

follows:

Em;t =
Gm;t

MmðtÞ (Equation 9)

Ei;t =
Gi;t

Fi;t
(Equation 10)

where Em;t is the GHG emission efficiency per vehicle on a single route; Ei;t is the GHG emission efficiency

per freight in a fixed city; and Fi;t is the total volume of freights in a fixed city.

The methodology about spatial analysis of the logistics GHG emissions are described in the supplemental

information (Table S8).

Uncertainty analysis

Multi-source big data were used to construct a high-resolution inventory of annual logistics GHG emissions

for China that differed remarkably from other emission estimates. The data source of the logistics system

was the national logistics big data platform at the G7 Company in China. All data with sensors in the plat-

form were collected from 1st January 2019 to 31st December 2019. The overall uncertainties include, first,

the uncertainties in emission factors due to fuel composition, fleet age distribution, truck maintenance

patterns, combustion conditions, and driving practices. Secondly, the sampling uncertainty. The vehicles

registered on the big data platform are all heavy trucks, and data on light and medium trucks is missing.

Furthermore, nearly 1.8 million logistics trucks are connected to the platform, covering 25% of the large/

medium trucks in the Chinese freight market. In calculating GHG emissions, we backtracked emissions
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from all freight vehicles in the country at a 25% rate. However, some trucks are not registered due to policy

control or the retirement of older trucks. Therefore, scaling up may lead to a partial overestimation of total

emissions. Only a very small number of trucks on the platform lack GPS information (less than 0.001%) to

determine their route, and tracks associated with these trucks were excluded from the calculation. Thirdly,

the incompleteness of fuel consumption data. Vehicle fuel consumption data comes from the engine man-

agement system (EMS), and about 1/9 trucks are equipped with EMS sensors. Although the calculation re-

quirements are met statistically, missing data may also lead to uncertainty in the results. Finally, the uncer-

tainty of GPS positioning. All trucks are equipped with GPS system, but a few GPS positioning deviation or

equipment damage, or a few GPS systems not turning on during driving, may result in data shortage and

inaccuracy. Since a huge amount of data is collected, the overall impact is slight.

Monte Carlo simulations and Bootstrap sampling analysis were performed to identify the uncertainties and

probability distributions associated with these parameters such as fuel consumption and distance traveled

(Figures S18–S20).
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