
Zhou et al. Carbon Neutrality             (2023) 2:3  
https://doi.org/10.1007/s43979-023-00045-9

ORIGINAL ARTICLE

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

Open Access

Carbon Neutrality

Personal GHG emissions accounting 
and the driving forces decomposition 
in the past 10 years
Yuxiao Zhou1, Jiyang Li2, Jicui Cui1, Hui Wang1, Chuan Wang3, Ruina Zhang3, Ying Zhu4, Nanwen Zhu1 and 
Ziyang Lou1,2,5,6*    

Abstract 

Personal greenhouse gas (PGHG) emissions were crucial for achieving carbon peak and neutrality targets. The account-
ing methodology and driving forces identification of PGHG emissions were helpful for the quantification and the 
reduction of the PGHG emissions. In this study, the methodology of PGHG emissions was developed from resource 
obtaining to waste disposal, and the variations of Shanghainese PGHG emissions from 2010 to 2020 were evaluated, 
with the driving forces analysis based on Logarithmic Mean Divisia Index (LMDI) model. It showed that the emissions 
decreased from 3796.05 (2010) to 3046.87 kg carbon dioxides (CO2) (2014) and then increased to 3411.35 kg CO2 
(2018). The emissions from consumptions accounted for around 62.1% of the total emissions, and that from waste 
disposal were around 3.1%, which were neglected in most previous studies. The PGHG emissions decreased by around 
0.53 kg CO2 (2019) and 405.86 kg CO2 (2020) compared to 2018 and 2019, respectively, which were mainly affected 
by the waste forced source separation policy and the COVID-19 pandemic. The income level and consumption GHG 
intensity were two key factors influencing the contractively of GHG emissions from consumption, with the contribut-
ing rate of 169.3% and − 188.1%, respectively. Energy consumption was the main factor contributing to the growth 
of the direct GHG emissions (296.4%), and the energy GHG emission factor was the main factor in suppressing it 
(− 92.2%). Green consumption, low carbon lifestyles, green levy programs, and energy structure optimization were 
suggested to reduce the PGHG emissions.

Highlights 

● The boundary of PGHG emissions developed from resource obtaining to waste disposal.

● Shanghainese PGHG emissions varied from 3004.64 to 3796.05 kgCO2 in 2010-2020.

● Around 405.86 kg CO2 decreased with the reduced consumption by COVID-19 lockdown.

● Energy consumption was the main contributor to DPGHG emissions (296.4%) increase.

● The GHG intensity was the main contributor to IPGHG emissions reduction (− 188.1%).
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1  Introduction
The extreme weather resulting from greenhouse gas 
(GHG) emissions has been confirmed to be a severe 
problem to the nature and social system [25]. GHG emis-
sions from personal behaviors contributed significantly 
to the total amounts through the direct energy use and 
the embodied parts in the daily consumptions [20]. It was 
estimated that more than 70% of the total GHG emissions 
were attributed to personal behaviors in developed coun-
tries [3]. To reach the target of achieving the carbon peak 
and neutrality target and limiting the global warming 
to 1.5 °C above preindustrial levels, the efforts from the 
public were crucial [34], where a premise of that was the 
well-established methodology that guiding the concise 
accounting of the personal GHG (PGHG) emissions, and a 
case study could reflect the variation trends and identify 
the critical emission source and the driving forces.

Recent studies have shown increased attention to 
GHG emissions at the personal and household level [9, 
42]. The quantifications of the personal and household 
GHG emissions have been studied in India [1], China [10, 
19, 27], USA [5], Japan [22] and Europe [7, 18] from the 
regional to national scales. It was commonly acknowl-
edged that personal behavior played a fundamental role 
in implementing of GHG reduction policies in these 
studies. However, when considering the boundary of the 
PGHG emissions, the scopes varied largely. Some studies 
focused on the indirect emissions from household con-
sumptions, including the process of producing, process-
ing and obtaining of goods and services [37, 39]. Some 
studied the personal energy consumption and corre-
sponding direct GHG emissions when products using [1, 
24]. And some other studies considered both emissions 
[11, 38]. While few studies have put forward the com-
plete methodologies, which extended from the resource 
obtaining to waste disposal for PGHG emissions.

China, as the largest developing country in the world, 
contributed to the highest GHG emissions, with the 
amounts of 11.9 billion tons in 2021, accounting for 
around 33% of the total emissions [14]. To achieve the 
sustainable development goals (SDGs) on climate change 
(Target 13) [33], China has committed a series of reduc-
tion targets, including reaching peak GHG emissions by 
2030 and becoming carbon neutral by 2060. To reduce 
the GHG emissions, the carbon trading system has 
been implemented for the energy and industry sectors 
in China that the businesses needed to pay for the parts 
above the limitations [17]. While the PGHG emissions, 
as the important source, have not been regulated effec-
tively. Many cities in China, such as Guangdong, Shan-
dong, Zhejiang, Shanghai, are exploring carbon inclusion 
mechanism to reduce personal GHG emissions. It should 
be noted that the accurate accounting of PGHG emissions 

should be the basis for implementing the carbon inclu-
sion campaign [43]. While the complete and reliable 
methodology has not been put forward.

As the above illustrated, the accurate accounting of 
PGHG emissions, which extended from resource obtain-
ing to waste disposal was crucial for realizing the carbon 
peak and neutrality targets. Besides, the socio-economic 
factors that influenced the PGHG emissions were urgent to 
be recognized, which would help policy making to reduce 
the GHG emissions from the public perspective. The 
Shanghainese average PGHG emissions were estimated as 
a case study, where was one of the most developed cities 
in China and could be a reference for the other develop-
ing countries and cities. Moreover, Shanghai have under-
gone the deep transformation of waste forced source 
separation policy and COVID-19 pandemic, which could 
have large influences on the PGHG emissions. Identifying 
that could help us understand the impact of major poli-
cies or emergencies on PGHG emissions.

The main objectives of this study included: (1) The 
boundary of PGHG emissions and accounting methodol-
ogy were proposed; (2) The variations and distributions 
of the PGHG emissions from the direct energy use and 
indirect consumption and final waste disposal were quan-
tified; (3) The influences of the forced source separation 
policy and COVID-19 pandemic on living behaviors and 
the corresponding PGHG emissions were identified; (4) 
The driving forces of the PGHG emissions were analyzed.

The remainder of this article was organized as fol-
lows. Section  2 presented the analytical methods and 
data sources. Section 3 firstly presented the variations of 
Shanghainese PGHG emissions in the steady development 
period from 2010 to 2018, and then studied the influence 
of forced source separation policy and COVID-19 pan-
demic on that in 2019 and 2020. In Section 4, the driv-
ing forces of the PGHG emissions were analyzed, and the 
policy implications related to PGHG emissions were pro-
posed. Section 5 proposed the conclusions.

2 � Materials and methods
2.1 � PGHG emissions accounting methodology
PGHG emissions came both from the direct emissions 
from energy use (i.e., direct emissions) and the embodied 
emissions from their expenditure on goods and services 
as well as the final waste disposal during the entire life 
cycle (i.e., indirect emissions) [35]. The boundary and the 
detailed scope of the PGHG emissions is shown in Fig. 1. 
The PGHG emissions in year t (PGHG

t) could be obtained 
by the following equation:

Where DPGHG
t and IPGHG

t are direct and indirect per-
sonal GHG emissions in year t, respectively.

(1)PGHG
t
= DPGHG

t
+ IPGHG

t
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2.2 � Estimation of DPGHG emissions
The DPGHG emissions were mainly generated from resi-
dential energy use, such as lighting, appliances, cook-
ing, space heating, water heating, and private travel. 
Seven types of energy consumed were considered, 
including coal, natural gas, liquefied petroleum gas 
(LPG), electricity, coal gas, gasoline and diesel, accord-
ing to Shanghai Statistical Yearbook [28]. The study 
applied the emissions coefficient method (ECM) fol-
lowed by the Intergovernmental Panel on Climate 
Change (IPCC) guideline [15] to calculate the DPGHG

t:

where DPGHG
t represented the GHG emissions from fos-

sil fuel in year t, with unit of kg carbon dioxides (CO2); Ej
t 

is the energy type j consumption in year t, with units of 
kg (various gases are measured by m3); EFj is the emission 
factor of fuel type j, with units of kg CO2/kg (or kg CO2/
m3). The emission factor for the electricity was based on 
the energy mix in China with the dynamic changes [30] 
since the emission factor was decreasing with more pro-
portion of the clean energy. The detailed emission factors 
can be seen in the supplementary information (SI).

(2)DPGHG
t
=

∑

j
Et
j × EFj

2.3 � Estimation of IPGHG emissions
2.3.1 � Consumptions
The indirect emissions that occurred in the production of 
daily consumptions were assessed by the consumer life-
style approach (CLA), which was put forward by Bin and 
Dowlatabadi [5] and often used in the evaluation of resi-
dential indirect GHG emissions [8, 37, 38]. The Shang-
hainese average consumption expenditure values were 
taken to calculate indirect energy use by personal behav-
iors. The consumer expenditures include food, clothing, 
residence, household facilities and services, education 
cultural, and recreation services, medicines and health 
care, communication services and residence. The full list 
of consumer behavior to cause indirect GHG emissions is 
shown in Table 1. The indirect personal GHG emissions 
from consumptions (IPGHG-C emissions) could be calcu-
lated as follows:

Where IPGHG-C
t was the indirect GHG emissions from 

personal consumption in year t, with unit of kg CO2; CIi
t 

refereed to the consumption GHG intensity of the sec-
tor i in year t, with unit of kg CO2/ CNY (Chinese Yuan) 

(3)IPGHG−C
t
=

i
CIti × Xt

i

Fig. 1  System boundary and the detailed scope of the PGHG emissions
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(CIi
t = Ci

t/ Gi
t, Ci

t referred to the sum of CO2 emission of 
the sector i in year t, while Gi

t referred to the sum of the 
added value of the sector i in year t); Xi

t refers to the per 
capita expenditure of the sector i in year t, with unit of 
CNY.

It was assumed that the GHG emissions could be 
linked to the energy efficiency in industries and mone-
tary flows. The domestic energy efficiency and the related 
GHG intensity was applied, while it should be noted that 
a part of the consumption expenditure was the foreign 
imported products, and the GHG intensity differed due 
to the difference in the energy structure and technical 
level [12]. As the top five imported countries for China 
were the United States, Japan, Korea, Germany, and Aus-
tria in 2021, all of which had higher energy efficiencies 
than China, and it was assumed that the GHG intensity 
could be the upper limit [11].

2.3.2 � Waste generated features
Residents did not need to pay for waste disposal in China, 
and the GHG emissions generated in the waste disposal 
were not included in the CLA analysis. However, from 
the perspective of the whole life cycle, the GHG emis-
sions of waste disposal should be included in the PGHG 
emissions, which were often ignored in many studies [35, 
37]. The indirect personal GHG emissions from waste 
disposal (IPGHG-W) could be calculated as follows:

Where IPGHG-W
t was the indirect personal GHG emis-

sions of waste disposal in year t, with unit of kg CO2; 
WTj

t referred to the amount of the waste j in year t (such 
as mixed waste, wet waste, recyclables), with unit of 
ton; DPi

t referred to the percentage of the technology i 
in year t (such as incineration, landfilling, composting, 
and anaerobic digestion); EFi referred to the emission 

(4)IPGHG−W
t
=

∑

j

[

WTt
j ×

∑

i

(

DPt
i × EFi

)

]

factor of the technology i, with unit of kg CO2/ton. The 
emission factors were assigned according to our previ-
ous works and the literature results [6, 21, 23, 40, 41, 44], 
which is shown in SI.

2.4 � Driving forces analysis and logarithmic mean Divisia 
index (LMDI) model

The LMDI model was a useful technique that could 
decompose the various indexes and quantify the contri-
butions of different factors to the growth of burdened 
issues and rationally allocate reduction targets. Numer-
ous studies had applied the LMDI model in GHG emis-
sions analysis [36]. According to the estimation results, 
the DPGHG emissions and IPGHG emissions could be 
decomposed as eqs. (5) and (6), respectively.

Where DPGHG
t
j was the personal direct GHG emis-

sion emissions in the year t (kg CO2, j = 1 ~ 7, which 
represented coal, natural gas, LPG, electricity, coal gas, 
gasoline, and diesel). Et

j represented the consumption 
amount of energy j per capita in year t (kg of standard 
coal equivalent, kg ce). EXt represented the total energy 
usage amount in year t. Wt represented the consump-
tion expenditure on energy j per capita (CNY). Then 
four driving forces can be defined as follows. CEt

j was 
the amount of GHG emission per unit of energy con-
sumption, which could reflect the GHG emission factor 
effect; GI,

t
j represented the proportion of different energy 

types in total energy consumption, which could represent 
the energy structure effect. TSt

j represented the energy 
amount per unit expenditure, which could reflect the 
energy price effect. Wt

j represented energy consumption 
amount, and was defined as energy consumption effect.

(5)
DPGHG

t
=

7
∑

j=1

DPGHG
t
j

Ej,t
×

Et
j

EXt ×
EXt

W t ×Wt

=
∑7

j=1 CE
t
j × GIt j × TSt ×Wt

Table 1  Sectors related to household consumer behaviors

Consumer expenditure Related sectors

Food Processing of food from agricultural products; Manufacture of foods; Manufacture of liquor, beverages and 
refined tea; Manufacture of tobacco.

Clothing Manufacture of textile; Manufacture of textile, wearing apparel and accessories; Manufacture of leather, fur, 
feather and related products and footwear.

Household facilities and services Processing of timber, manufacture of wood, bamboo, rattan; Manufacture of furniture.

Education, cultural and recreation services Manufacture of paper and paper products; Printing and reproduction of recording media; Manufacture of 
articles for culture, education, arts and crafts.

Medicine and medical services Medical and pharmaceutical products.

Communication services Electronic and telecommunications equipment.

Residence Production and supply of gas and heat; Production and supply of water.
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Where IPGHG
t
i was the personal indirect GHG emis-

sion emissions in the year t (kg CO2). Wt
i, represented 

the consumption expenditure of sector i per capita in 
year t (CNY). EWt represented the total consumption 
expenditure per capita in year t. Gt represented the GDP 
per capita in year t (CNY). Then four driving forces can 
be defined as following. EDt

i, was the amount of GHG 
emission per unit of consumption expenditure of sector 
i, which could reflect the emission intensity effect; NUt

i, 
was the proportion of different sectors of total consump-
tion expenditure, which could present the consump-
tion structure effect. WTt

i was the ratio of consumption 
to income, which could reflect the consumption willing 
effect. GTt

i, was defined as the income level effect.
The accumulative effects of the driving forces of DPGHG 

and IPGHG could be calculated by Eqs. (7)-(16).

(6)
IPGHG

t
=

7
∑

i=1

IPGHG
t
i

W t
i

×
Wt

i

EW t ×
EWt

Gt × Gt

=
∑7

i=1 ED
t
i × NUt

i ×WTt
i × GTt

i

(7)ΔDPGHG = ΔDPGHG

t
− ΔDPGHG

t−1
= ΔCE + ΔGI + ΔTS + ΔW

(8)ΔCE =

∑7

j=1

DPGHG
t
j − DPGHG

t−1
j

lnDPGHG
t
j − lnDPGHG

t−1
j

× ln

CEt
j

CEt−1
j

(9)ΔGI =
∑7

j=1

DPGHG
t
j − DPGHG

t−1
j

lnDPGHG
t
j − lnDPGHG

t−1
j

× ln

GIt j

GIt−1 j

(10)ΔTS =

∑7

j=1

DPGHG
t
j − DPGHG

t−1
j

lnDPGHG
t
j − lnDPGHG

t−1
j

× ln
TSt

TSt−1

(11)ΔW =

∑7

j=1

DPGHG
t
j − DPGHG

t−1
j

lnDPGHG
t
j − lnDPGHG

t−1
j

× ln
Wt

Wt−1

(12)
ΔIPGHG = ΔIPGHG

t
− ΔIPGHG

t−1
= ΔED + ΔNU + ΔWT + ΔGT

(13)ΔED =

∑7

i=1

IPGHG

t

i
− IPGHG

t−1

i

ln IPGHG

t

i
− ln IPGHG

t−1

i

× ln
EDt

i

EDt−1
i

(14)ΔNU =

∑7

i=1

IPGHG

t

i
− IPGHG

t−1

i

ln IPGHG

t

i
− ln IPGHG

t−1

i

× ln
NUt

i

NUt−1
i

(15)

ΔWT =

∑7

i=1

IPGHG

t

i
− IPGHG

t−1

i

ln IPGHG

t

i
− ln IPGHG

t−1

i

× ln
WTt

i

WTt−1
i

2.5 � Data source
The household energy consumption per capita was taken 
from Shanghai Statistical Yearbook [28]. The consump-
tion expenditure of Shanghai’s residents was taken from 
Shanghai Statistical Yearbook [28]. The gross outputs of 
different sectors were taken from China Industrial Statis-
tical Yearbook [30] and China Statistical Yearbook [31]. 
The energy consumptions of different sectors were taken 
from China Energy Statistical Yearbook [32]. The data of 
the MSW generation and disposal amounts in Shanghai 
were retrieved from the statistical yearbook published by 
Shanghai Landscaping and City Appearance Administra-
tive Bureau [29]. The global warming potential (GWP) of 
CH4 and N2O were 28 and 273 times of CO2 separately 
according to IPCC AR6.

3 � Results
3.1 � The variation and distribution of Shanghainese 

average PGHG emissions in the steady development 
period from 2010 to 2018

The variations of Shanghainese average PGHG emis-
sions from 2010 to 2020 can be seen in Fig. 2. Focusing 
on the steady development period from 2010 to 2018. It 
decreased from 3796.05 kg CO2 per capita to 3046.87 kg 
CO2 per capita from 2010 to 2014 and then increased 
to 3411.35 kg CO2 per capita in 2018. Specifically, the 
DPGHG emissions took around 34.8%, and the IPGHG 
emissions took around 65.2% of the total emissions in 
average.

3.1.1 � Direct GHG emissions from energy use
The Shanghainese average energy consumption and 
the corresponding DPGHG emissions from 2010 to 2018 
are presented in Fig.  3, which generally showed a ris-
ing trend, increasing from 1030.01 to 1187.49 kg CO2, 
with the growth of around 15.29%. The emissions from 
electricity, natural gas and gasoline were the top three 
emissions sources. It could be seen that the variations 
of DPGHG emissions were generally related to the energy 
use, while not completely consistent. It may be explained 
by the lower GHG emissions intensity of energy con-
sumption, which turned from 2.31 to 2.29 kg CO2/ kg ce 
contributed by the changes in energy structure and elec-
tricity mix.

It was noticed that there was a sharp rise of energy 
consumption in 2013 and then decreased rapidly in 
2014, which was mainly attributed to the abnormal 

(16)ΔGT =

∑7

i=1

IPGHG

t

i
− IPGHG

t−1

i

ln IPGHG

t

i
− ln IPGHG

t−1

i

× ln
GTt

i

GTt−1
i
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climate. There were 47 high-temperature days in the 
summer of 2013 in Shanghai, much higher than that 
in 2012 (24 days) and 2014 (8 days), and the electric-
ity demand for air conditioners rose sharply, which 
also reflected the significant impact of global climate 
changes on our lives [13]. It could also be found that 
the GHG emissions that related with the personal 

transportation in Shanghai have changed significantly. 
The consumption of gasoline increased from 41.8 kg in 
2010 to 116.8 kg per capita in 2017, which was mainly 
attributed to the acceleration of urbanization. While 
affected by Shanghai’s road restriction policy and the 
promotion of new energy vehicles, the demand in gaso-
line reduced to 89.00 kg per capita in 2018.

Fig. 2  The variations of Shanghainese average PGHG emissions from 2010 to 2020

Fig. 3  a The Shanghainese average energy consumption and the proportion of different categories (2010-2018); b The variation of Shanghainese 
average DPGHG emissions (2010-2018)
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3.1.2 � Indirect GHG emissions from consumption and waste 
disposal

The variations of Shanghainese IPGHG are shown in Fig. 4 
(a), which presented as a “U-shaped” trend from 2010 
to 2018. The maximum emission was observed in 2010, 
with the value of 2766.05 kg CO2 per capita. The emis-
sions kept decreasing from 2010 to 2014, reaching the 
minimum value in 2014 (1942.59 kg CO2). And then, it 
turned to increase until 2018, with the value of around 
2223.85 kg CO2.

The GHG intensity of the consumptions and the waste 
disposal are shown in Fig. 4 (b). It could be found that the 
consumption GHG intensity showed a falling trend, and 
the falling rate was relatively fast before 2014, and then it 
slowed down. The falling trend was mainly attributed to 
the improved energy efficiency by the technological inno-
vation [37]. It was also observed that the GHG intensity 

of the waste disposal decreased from 0.43 to 0.25 t CO2/t 
waste, which was mainly attributed to the increased pro-
portion of incineration instead of landfilling in the waste 
disposal structure in Shanghai. With the stable develop-
ment of the Chinese economy, the Shanghainese con-
sumption expenditure and the waste amount also kept 
increasing from 2010 to 2018.

The results showed that the expenditures for food, edu-
cation, cultural, and recreation services contributed to 
the most GHG emissions of the IPGHG in Shanghai from 
2010 to 2018, while their driving factors differed. Com-
bining the GHG intensity and consumption expenditure, 
it could be found that GHG emissions from food were 
mainly driven by the highest expenditure, and the educa-
tion, cultural and recreation services were driven by the 
higher GHG intensity. Besides, it could be found that the 
main reason for the reduction of IPGHG-C from 2010 to 

Fig. 4  a The variations of Shanghainese average IPGHG emissions (2010-2018); b: The GHG intensity of different sectors (2010-2018); c The 
consumption expenditure and waste amount per capita in Shanghai (2010-2018)
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2014 was the decrease in GHG intensity. For example, the 
GHG intensity of education, cultural and recreation ser-
vices decreased by 53.1%, and food decreased by 38.2%. 
Although the personal expenditure increased, the IPGHG 
showed a relatively large decline. From 2014 to 2018, the 
decrease rate of GHG intensity was slowed down, while 
the consumption expenditure increased by around 24.8%, 
which overly contributed around 14.7% to the increase of 
IPGHG.

3.2 � The variation of Shanghainese average PGHG emissions 
in 2019 and 2020 when affected by forced source 
separation policy and COVID‑19 pandemic

The Shanghainese average PGHG emissions, which con-
tinued to increase from 2014 to 2018, seemed to show 
inflection points in 2019 and 2020 in Fig. 2, which was 
mainly affected by the waste forced source separation 
policy and the COVID-19 pandemic. The PGHG emis-
sions decreased by around 0.53 kg CO2 from 2018 to 
2019, which was mainly due to the negative GHG emis-
sions of waste source recycling. The PGHG emissions 
decreased by 405.86 kg CO2 from 2019 to 2020, which 
was mainly attributed to the decreased IPGHG emissions 
by less consumption willingness.

3.2.1 � The influence of forced source separation policy
Affected by the forced source separation policy, the 
Shanghainese average GHG emissions from waste dis-
posal decreased from 100.27 kg CO2 (2018) to 77.02 kg 
CO2 (2019) and finally reached 11.15 kg CO2 (2020).

It could be seen in Fig. 5 that the GHG emissions were 
not consistent with the waste generation amount, which 
was mainly attributed to the changing waste disposal 
structure. The proportion of landfilling, which had the 
largest GHG intensity, has decreased from 39.4% (2018) 
to 31.2% (2019), and finally reached 6.5% (2020). Mean-
while, the separated food waste increased by around 
33.2% in 2019 due to the more proportion of the food 
waste disposal technologies, such as anaerobic digestion 
and composting, which had lower GHG intensity. While 
with the influence of the control measures for COVID-
19 pandemic, the proportion of food waste disposal was 
reduced in 2020. Another notable influence was the 
change in the recyclables, which increased by around 
113.7% and 107.5% in 2019 and 2020, respectively. Recy-
cling could reduce GHG emissions by substituting the 
production of upstream substances, making recycling a 
GHG savings behavior. The GHG emissions of recycling 
decreased from − 8.38 kg CO2 (2018) to − 36.18 kg CO2 
(2020), and it could be forecasted that with the deep 

Fig. 5  a The variations of Shanghainese average GHG emissions from waste disposal before and after forced source separation; b The waste 
disposal structure before and after forced source separation
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promotion of source separation, waste disposal could 
even become a reduction sector of PGHG emissions.

3.2.2 � The influence of COVID‑19 pandemic on PGHG emissions
During the COVID-19 lockdown, many human activi-
ties stopped as a result of curfew, and hence contribut-
ing to the change in the GHG emissions, especially on 
the IPGHG emissions. The decline of around 405.86 kg 
CO2 was found in 2020 compared to 2019. The detailed 
changes of PGHG emissions were shown in Fig. 6.

For IPGHG emissions, the results showed that the emis-
sions from education, cultural and recreation services 
decreased by around 37.3%, which was the largest con-
tributor to the decline in IPGHG emissions. The change 
was mainly attributed to the strict safety measures on the 
education and entertainment venues. The second largest 
decline of around 19.4% was on the clothing, which was 
mainly attributed to the reduced demand for the cloth-
ing due to the lockdown measures. For DPGHG emissions, 
the demand for gasoline reduced by around 6.0%, this is 
mainly because non-essential travel was not allowed dur-
ing the COVID-19 lockdown.

4 � Discussion
4.1 � Driving factors analysis of PGHG emissions
The driving forces and their contribution to the varia-
tions of the Shanghainese PGHG emissions from 2010 
to 2020 were studied based on the LMDI model, which 
was shown in Section  2.4. The detailed results can be 
seen in Fig.  7. For DPGHG emissions, it could be found 
that energy consumption was the main factor contribut-
ing to the growth of the GHG emissions (296.4%), and 
the GHG emission factor effect, energy price effect and 
energy structure effect were the factors to suppress GHG 
emission growth, which accounted for around − 92.2%, 
− 89.6% and − 14.6%, respectively. 2013 and 2016 were 
the 2 years with the largest increase, and 2014 was the 

year with the largest decrease in DPGHG emissions during 
the observation period, which was mainly attributed to 
more energy consumption driven by the unusual weather 
as shown in Fig.  7. It could also be found that with the 
improvement of the living level, the more expenditure 
was spent on the energy, which correspondingly cre-
ated more GHG emissions. While the adjustment of the 
energy structure that phasing out the traditional high-
emission fuels (such as coal, gas and LPG), and using 
more clean energy could reduce GHG emissions.

The IPGHG emissions decreased from 2010 to 2020 gen-
erally. The GHG intensity effect was the largest contribu-
tor to the reduction, with the value of around − 188.1%, 
followed by the consumption willingness (− 69.2%) and 
consumption structure (− 12.0%). The income level was 
the primary factor in inducing GHG emissions growth 
(169.3%). The decrease in the GHG intensity of consump-
tion sectors was the main factor for the decrease in IPGHG 
emissions from 2011 to 2013. The increase of the income 
level was the driving force for the quick increase of IPGHG 
emissions from 2014 to 2018. It could also be found that 
the decline in the consumption willingness due to the 
COVID-19 lockdown measures was the main reason for 
the decline in IPGHG emissions in 2020.

4.2 � The impacts of the methodology on the results
The previous studies on personal or household GHG 
emissions are shown in the SI. It could be found that 
the PGHG emissions were divided into direct emissions 
and indirect emissions, while the boundary was from 
the resource obtaining to the product using in most 
previous studies. As was shown in Fig.  1, the genera-
tion and disposal of waste were involved in the study. 
And the boundary was extended from resource obtain-
ing to the waste disposal. The results indicated that 
the emissions from the waste disposal accounted for 
around 3.1% of the total PGHG emissions from 2010 to 

Fig. 6  The comparison of Shanghainese average PGHG emissions before and after COVID-19 Pandemic. (HAS: Household facilities, articles and 
services; CS: Communication services; ECRS: Education, cultural and recreation services; MES: Medicine and medical services)
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2018, which were neglected in most studies. Affected 
by the forced source separation policy, the emissions 
decreased sharply and only accounted for around 0.4% 
of the total emissions in 2020. It was also foreseeable 
that waste disposal could even be a negative carbon 
source for residents with the improvement of the 
waste source separation and recycling habits. The 
waste generation and disposal seemed to be a poten-
tial source to reduce PGHG emissions and could not be 
neglected [2].

4.3 � The comparison of Shanghainese PGHG emissions 
with others

The PGHG emissions from different sectors were com-
pared with the previous studies in different areas and the 
results are shown in Fig. 8. It was found that the Ameri-
can had the highest PGHG emissions, followed by the 
Europeans [4, 16], and the Chinese PGHG emissions were 
similar with the Indian. Shanghai, China’s most economi-
cally developed city, the average PGHG emissions were 
around 3 to 4 times of the national average value in 2010. 

Fig. 7  Driving forces of Shanghainese personal GHG emissions during 2011–2020. a Direct personal GHG emissions; b Indirect personal GHG 
emissions. (CE reflected the GHG emission factor effect, GI represented the energy structure effect, TS reflected the energy price effect, W 
represented the energy consumption effect; ED reflected the GHG emission intensity effect; NU was the consumption structure effect. WT reflected 
the consumption willing effect. GT represented the income level effect

Fig. 8  Summary of PGHG emissions in different areas
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However, the American average PGHG emissions were 
around 6.6 times of the Shanghainese PGHG emissions.

Comparing the DPGHG emissions in Shanghai with 
Delhi, the second largest city in India, although the 
energy consumption was higher in Shanghai than in 
Delhi, the DPGHG emissions were similar [1], which 
may be attributed to the lower energy emission factor 
in China (India had a higher share of traditional bio-
mass and kerosene and lower access to electricity than 
China) [26]. For indirect GHG emissions from personal 
consumption, food was the largest expenditure and kept 
increasing in recent years, which also contributed to the 
largest GHG emissions in Shanghai. The results were 
consistent with the report by [11]. However, it should be 
noted that the emissions from education, cultural and 
recreation services occupied the second largest source of 
the IPGHG emissions, and even exceeded that from food 
in some years in Shanghai from 2010 to 2020, which was 
much higher than the previous studies [11, 39]. It could 
also reflect that the residents in Shanghai, where as one 
of the most developed cities in China, paid more atten-
tion on education and entertainment.

4.4 � The policy implications for PGHG emissions reductions
It could be found that the reduction of PGHG emissions 
was not only realized by relying on personal low-carbon 
behaviors. Considering the DPGHG emissions, except for 
reducing the daily energy consumption, the GHG emis-
sion factor and the energy structure were crucial points 
for reducing emissions. While it should be noted that 
the energy consumption was hard to reduce in order to 
maintain our life quality. Under this circumstance, the 
revolution of the energy system to reduce the energy 
GHG emission factors was a feasible method, and one of 
the key methods was to change the use of fossil fuels into 
clean energy.

As for IPGHG emissions, it could be found that the 
reduction of GHG intensity of consumptions was the 
most important contributor to IPGHG emission reduc-
tions, and we could also conclude that the purchase of 
low GHG intensity products could help realize low PGHG 
emissions lifestyles without lowering our living stand-
ards. The enterprises should increase the proportion of 
clean energy and improve the energy efficiency in pro-
duction to promote low-carbon economy, which was 
conducive to the reduction of our PGHG emission.

When making policies, China has faced the dilemma 
that it was necessary to encourage personal consump-
tions to ensure domestic economic growth, while also 
need to mitigate the rapid increase of GHG emissions to 
respond to the international pressure of decreasing GHG 
emissions. Multi-dimension measures should be taken 
to reduce PGHG emissions. For the Chinese government, 

some low carbon policies such as the carbon labelling and 
green levy programs should be announced in which the 
higher GHG intensity commodities should be charged 
with the higher levies, which could encourage the indus-
tries to develop low carbon technologies and equipment. 
Meanwhile, the energy structure should be optimized, 
of which the clean energy could take more proportion, 
reducing the emission factors of the electricity. For indi-
viduals, the low carbon lifestyle should be developed. The 
low GHG intensity products and services were encour-
aged to be consumed, which would also force the compa-
nies to make low-carbon products. Besides, the resource 
and materials should be saved and reused, the waste 
source separation and recycling should be encouraged.

Finally, limitations also existed in our study. The study 
was based on the previous year books, while single 
data points without standard deviations were available, 
and that is why there were no error bars in the figures. 
Besides, limited by the available data, a premise of the 
CLA method was that all products within an industry 
had the same GHG intensity, which may emerge some 
errors for individuals when applying the model account-
ing the personal GHG emissions. More detailed product 
categories and the corresponding GHG intensity could 
be provided in the subsequent studies.

5 � Conclusions
This study put forward the boundary and methodol-
ogy for the quantifying of GHG emissions at the per-
sonal level, which extended from resource obtaining to 
waste disposal. The Shanghainese average PGHG emis-
sions from 2010 to 2020 were assessed as a case study. 
The results showed that the PGHG emissions decreased 
from 3796.05 kg CO2 (2010) to 3046.87 kg CO2 (2014) 
and then increased to 3411.35 kgCO2 (2018), with a rise 
after a decline changing trend in the stable development 
period. The IPGHG emissions took the most, with the 
proportion of around 65.2% of the total emissions. The 
PGHG emissions decreased by around 0.53 kg CO2 (0.02%) 
and 405.86 kg CO2 (12.9%) in 2019 and 2020, which was 
mainly affected by the waste forced source separation 
policy and the COVID-19 pandemic. The PGHG emissions 
from waste disposal were found to be around 3.1% of 
the total emissions, which was neglected in most previ-
ous studies. The LMDI model was developed to decom-
pose the driving forces of the PGHG emissions, and it 
was found that energy consumption effect was the main 
factor contributing to the growth of the DPGHG emis-
sions, and the GHG emission factor effect, energy price 
effect and energy structure effect were the factors to 
suppress DPGHG emissions. The income level was the 
primary factor in inducing GHG emissions growth, and 
the consumption GHG intensity effect was the largest 
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contributor to the reduction, followed by the consump-
tion willingness and consumption structure. Finally, the 
Shanghainese PGHG emissions were compared with other 
areas, and the policy implications such as carbon label-
ling, green levy programs, energy structure optimization 
and low carbon lifestyles of individuals were encouraged 
to reduce the PGHG emissions.
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