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Greenhouse gas emissions from human activities have become the leading cause of
climate problems. Reducing greenhouse gas emissions from human economic
activities and realizing carbon neutralization are the main means of sustainable
economic development. Among them, carbon emission reduction of large-scale
activities including auctions bears the brunt. Through the emission factor method,
this paper estimates the carbon footprint of a typical artwork auction and divides the
auction market into different sizes, according to the average round-trip distance of
the number of participants. The results show that a typical 3-day medium-sized
artwork auction with 500 people’s carbon footprint is about 270 tons of carbon
dioxide. The traffic carbon emission of participants accounts for a large proportion of
the total carbon footprint, particularly composed of the traffic carbon emissions of a
small proportion of long-distance participants. Therefore, the transition from offline
to virtual artwork auctions can significantly reduce the carbon footprint by 90%—
95%. We put forward suggestions on improving the auction carbon footprint
accounting process and industry carbon neutralization system, and promoting
the development of relevant technologies for the virtual artwork auction market.

KEYWORDS

carbon footprint, artwork auction market, network virtualization, emission factor method,
IPCC

1 Introduction

In November 2021, the World Meteorological Organization released a report on the “global
climate situation in 2021” at the 26th United Nations Climate Change Conference. The report
data show that the global greenhouse gas concentration reached a new high in 2020, and this
growth continued in 2021. Moreover, the global average temperature in 2021 (from January to
September) was about 1.09°C, higher than that from 1850 to 1900. At present, it is listed by the
World Meteorological Organization as the sixth or seventh warmest year. There will be several
climate changes that human beings cannot adapt to (Dillender, 2019). Energy activities are
usually the main source of carbon emissions (Levine and Aden, 2008; Kang and Kang, 2022).
About 90% of carbon emissions come from energy production and consumption activities in
developed countries in 2021 (IPCC, 2021). Sports events (Huang et al, 2012), cultural
exchanges (Yates et al, 2022), and other activities are significant sources of energy
consumption terminals (Borggren et al, 2013). A lot of energy is consumed from
preparation to the holding of large-scale activities. The energy conservation and emission
reduction of these large-scale activities are gradually receiving attention.

Since 2006, major events and activities worldwide have taken measures to achieve carbon
neutrality. In 2006, the football World Cup in Germany launched an environmental protection
plan called “green goal.” The plan was advocated using renewable energy and materials, taking
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pollution-free public transport, and investing in the treatment of
unavoidable pollution. The World Cup finally became the first
green international sports event (Dolles and Soderman, 2010). The
2006 Turin Winter Olympics was the first Olympic event that achieved
“carbon neutrality.” Carbon dioxide during the Olympics was offset by
forestry, energy conservation, and emission reduction and renewable
energy plans (Auruskeviciene et al.,, 2010). By building 5,000 mu of
carbon sink forest, the 2010 UN Climate Change Tianjin Conference
can achieve “carbon neutralization” because all 12,000 tons of carbon
dioxide emitted by the conference can be absorbed by the carbon sink
forest in the next 10 years. Since then, the 2014 APEC meeting in
China (Tong et al,, 2020) and the 2016 G20 summit in Hangzhou,
China (Colin, 2016), have achieved “carbon neutrality” through
afforestation. In 2022, the Winter Olympic Games held in Beijing
minimized carbon emissions through low-carbon venues, low-carbon
energy, low-carbon transportation, low-carbon office, and other
measures. At the same time, a carbon offset will be realized by
utilizing the forestry carbon sink and enterprise donation to ensure
the realization of the carbon neutralization goal (Zhao et al., 2021).
The estimation of carbon dioxide emissions and the comparison
between online and offline forms are helpful in understanding the
potential of carbon reduction. We further put forward suggestions on
improving the auction carbon footprint accounting process and
industry carbon neutralization system, and promoting the
development of relevant technologies for the virtual artwork
auction market.

Calculating carbon dioxide emissions during major events and
conferences is relatively mature, and there are many ways to achieve
carbon neutralization. However, in artistic activities, carbon neutralization
has not been paid attention to. There is limited research on measuring the
carbon footprint of artwork auctions, and few auctions have achieved net-
zero emission. China’s art auction market ranks first in the world,
according to the China Association of Auctioneers, and by 2020,
China had 8,565 artwork auction enterprises and 99,981 auction
transactions, with a year-on-year increase of 11.1%. The total business
volume of the artwork auction market was 838.705 billion yuan with a
year-on-year increase of 15.39%, exceeding the growth rate of the GDP.
With the rapid expansion of the auction industry, its accompanying
environmental problems should be paid attention to. The general artwork
auction needs four stages, namely, auction commission, display, auction,
and settlement and delivery, and the duration is longer than that of the
general meeting. Like other large-scale activities (Hischier and Hilty, 2002;
Dolf and Teehan, 2015; Ewijk and Hoekman, 2021), there will be a lot of
energy consumption and carbon dioxide emissions during the artwork
auction. The auction has a great potential for emission reduction. The
realization of zero net carbon dioxide emissions will significantly promote
carbon neutralization. The accounting of the carbon footprint of the
artwork auction is helpful in understanding the environmental pressure
brought by the auction market and the significance of transforming offline
auctions into online carbon neutralization and boosting the realization of
carbon neutralization. The research objectives of this paper are as follows.
First, identify the carbon emission link of the auction and calculate the
carbon emission of the auction. Furthermore, predict the carbon emission
trend of the auction in the future based on the accounting results and put
forward suggestions on emission reduction measures of the auction
industry. This paper expounds the accounting method, scope, and
process.

The remainder of the article is organized as follows: in Section 2, a
literature review on carbon footprint accounting is presented; in
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Section 3, the methodology and the empirical result utilized in this
study are explained; in Section 4, the future trend is forecasted; and in
Section 5, the conclusions and related policy implications are
provided.

2 Literature review
2.1 Measurement methodology

A carbon footprint refers to the amount of greenhouse gases
produced by a specific activity or entity (Druckman and Jackson,
2009). There are three common carbon footprint measurement
methodologies, namely, the input-output method, carbon emission
factor, and life cycle methods. The input-output method is mainly
based on the input-output table. The direct and indirect carbon
dioxide emissions can be estimated according to the direct
consumption coefficient and complete consumption coefficient of
products (Li et al, 2021). The input-output method takes the
whole economic system as the boundary and is suitable for the
carbon emission accounting of a macrosystem (Zhu et al, 2012).
The IPCC Guidelines described the carbon emission factor method in
detail. The overall calculation is that greenhouse gas emissions are
equal to the level of activity data multiplied by the carbon emission
factor (Sproles, 2009). Determining carbon emission factors is the key
to accounting carbon emissions. At present, many scholars calculated
the carbon emission factors of different emission subjects, such as
energy (Fott, 1999; Spalding-Fecher, 2011), products (Shen et al,
2016), and industry (Huo et al., 2013). There are also many standards
and documents that provide reference values of carbon emission
factors in various dimensions. The life cycle method refers to
analyzing the environmental impacts caused by a product in
various stages of production, use, waste, recycling, and reuse (Zobel
et al., 2002). The process analysis method which finally quantifies the
carbon emission of each process in the life cycle is the carbon footprint
calculation method based on a life cycle theory.

The existing carbon footprint research includes macro research
and micro research (Table 1). Macro research mainly considers the
impact of the international trade and industrial structure (Wang
and Zhang, 2021). From a micro perspective, there are many
relatively complete carbon emission accounting standards and
guidelines in the world and are mainly divided into two
categories. One is to calculate the carbon emissions consumed
by enterprises or projects, and the other is to calculate the
carbon emissions based on the whole life cycle of products or
services (Ma etal., 2013). GHG protocol is an enterprise greenhouse
gas accounting standard formulated by the World Resources
Institute (WRI) and the World Business Council for Sustainable
Development (WBCSD), which reduces the repeated calculation of
enterprises and projects and reduces the accounting cost (Garcia
and Freire, 2014). The Intergovernmental Panel on Climate Change
provides the IPCC guidelines on climate change to guide economic
sectors in accounting for carbon emissions (Wigley and Raper,
1992). At present, most of the greenhouse gas accounting systems
are globally based on IPCC guidelines that have wide applicability.
The ISO series standards formulate the specific calculation method
of a carbon footprint, oriented to the greenhouse gas emissions and
emission reductions in the whole life cycle of goods or services
(Garcia and Freire, 2014).
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TABLE 1 Relevant guidelines and standards of carbon footprint accounting.

Formulating organization

Sphere of

10.3389/fenrg.2023.1029939

Characteristic

application

World Resources Institute/World Business Council
for Sustainable Development

GHG protocol

Enterprises and
projects

GHG protocol stipulates the accounting issues related to the
measurement and reporting of greenhouse gas emissions, which reflects
the inventory of greenhouse gases

ISO series standards International Organization for Standardization

Enterprises and
projects

It aims to improve the reliability and consistency of greenhouse gas
quantification and reporting through a neutral standard to improve the
comparability of reporting results

IPCC guidelines Intergovernmental Panel on Climate Change

Enterprises and
projects

Greenhouse gas emissions are fully considered in the calculation process.
It is a method to calculate carbon emissions through the consumption of
energy and fossil fuels

GB/T 24,040 national
standard

National Standardization Management Committee

Enterprises and
projects

It provides basis for LCA practitioners in China and specifies the
requirements for developing LCA.

PAS 2050 British Standards Institute

Products and services

It is a carbon footprint assessment method based on a product level,
which provides a basic process for calculating GHG emissions in the
whole life cycle of products

TABLE 2 Carbon content, carbon oxidation rate, and carbon dioxide emission of different fossil fuels.

Fuel variety Carbon content per unit calorific value (tC/GJ)  Carbon oxidation rate (%) Carbon dioxide emissions (ton)
Anthracite 27.49 x 107 85 4.18
General bituminous coal 26.18 x 107 85 3.98
Fuel oil 21.10 x 107 98 3.70
Gasoline 18.90 x 107 98 3.31
Diesel oil 20.20 x 107 98 3.54
Kerosene 19.60 x 107 98 343
Other oil products 20.00 x 107 98 3.50
Liquefied petroleum gas 17.20 x 107 98 3.01
Natural gas 1530 x 107 99 2.71

TABLE 3 Traffic carbon emissions from artwork auctions of different sizes.
Size

Small-sized auction

Average round-trip distance

About 2000 km

Traffic carbon emissions

About 80 tons

Medium-sized auction

About 5,500 km

About 250 tons

Large-size auction

2.2 Activity of carbon footprint accounting

Many scholars use different methods to calculate the carbon
footprint of human economic activities. The macro research
mainly includes countries, regions, and industries. Hertwish
and Peters (2009) analyzed the carbon footprint of countries in
the context of globalization and international trade. Herrmann
and Hauschild (2009) used the input-output analysis to examine
the carbon footprint of trade in developed countries.
(Stepchenkova, 2013) used the life cycle assessment method to
assess the Norwegian system’s carbon emissions of power
transmission. Uvarova et al. (2014) used the IPCC method to
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About 8,000 km

About 400 tons

analyze the activities related to the oil industry in Russia from
1990 to 2009 and found that the amount of carbon dioxide
increased sharply with the increase in energy consumption.
Micro research mainly includes products, enterprises, families,
and services. The difficulty of research lies in the definition of the
scope of carbon footprint accounting. The household carbon
footprint is a mature content in carbon footprint research.
Lenzen (2001) used the multi-region input-output hybrid LAC
approach to construct the German household carbon footprint
calculator, accounting for the impact of incomes and scales. Zen
et al. (2021) calculated the carbon emissions of Malaysian
households in their daily life through investigation and
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statistics. The results showed that the carbon emissions of
households reached 11.76 tons, which was different between
urban and rural areas.

For large-scale activities and events, there is also much
research dedicated to accurately determining the responsibility
subject and accounting scope and accurately calculating the
carbon dioxide generated in the process. Hischier and Hilty
(2002) calculated the carbon footprint of transportation,
15th

seminar held in

conference supplies, and other processes in the

international environmental information
Zurich in 2001 but not considering the energy consumption of
accommodation, catering, and conference room. Dolf and Teehan
(2015) calculated the carbon footprint of a basketball game at
Columbia University in 2011 and systematically considered five
categories of items, namely, transportation, accommodation,
catering, solid waste, and on-site power consumption into the
accounting system. Neugenauer et al. (2020) applied the carbon
footprint accounting method of sports events to academic
The

procurement, power consumption of the conference working

conferences. accounting scope included conference
group, and other items according to the characteristics of the
conference. Achten et al. (2013), Desiere (2015), and Collins and
Cooper (2017) all emphasized the carbon footprint accounting of
conference activities and transportation. The purpose of carbon
footprint accounting is to assess the environment of the activity
itself and implement emission reduction measures in the process
of an activity and offset the emission of the parts that cannot be
reduced. Jckle (2021) compared the carbon footprint of the joint
European political research conference held by online meetings
and traditional offline meetings and concluded that the carbon
footprint of online meetings was reduced by 90% compared with
conventional offline meetings and put forward many suggestions
on energy conservation and emission reduction in future
meetings. Tugcu et al. (2012) assessed the environmental
problems of the 2014 FIFA World Cup in Brazil and the
2016 Summer Olympic Games in Rio de Janeiro and believed
that the sports institutions and the Brazilian government paid too
much attention to the infrastructure of events while ignoring
economic, social, and environmental problems. Diederichs and
Robers (2016) analyzed the carbon emissions of the 2010 South
Africa World Cup and the 17th United Nations Climate Change
Conference and discussed how to offset the carbon footprint
generated by the two events, as well as the impact of carbon
offset methods and carbon neutralization plan on the economy of
Durban, South Africa.

Most of the research subjects of the relevant literature are large-
scale sports events or academic conferences, and there is hardly any
literature studying the carbon emission of artwork auctions. The
artwork auction is an important trading channel for artwork. The
auction company is entrusted by the client to auction related items and
collect parts of the commission. The auctions are a way for auction
companies to sell art. Similar to other large-scale events, the
preparation and implementation of the auction need to consume a
lot of energy and consumables. We analyze the whole process of a
typical auction, calculate each segment’s carbon emissions, and
understand the carbon emissions of the artwork auction industry.
Based on the digital trend of the artwork auction industry, we
predicted the changes in the carbon footprint of the artwork
auction market in the future.
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3 Carbon footprint measurements for
auction

3.1 Calculation model

This paper uses the carbon emission factor method to calculate the
carbon footprint of the auction, which is a method to calculate the
carbon emission through the consumption of energy and fossil fuels.
Greenhouse gas emission is the product of activity data and emission
factors, as shown in Formula 1

EGHG = AD x EF. (1)

Egrg refers to greenhouse gas emissions whose unit is tons of
carbon dioxide. AD refers to the greenhouse gas activity data. EF is the
carbon emission factor.

The carbon emission factors related to the auction process in this
paper come from various standard documents. The low calorific value
of natural gas comes from the China Energy Statistics Yearbook 2011;
the low calorific value of other fossil fuels comes from the research on
the Chinese greenhouse gas inventory. The carbon content per unit
calorific value and carbon oxidation rate comes from the provincial
greenhouse gas inventory guidelines (pilot). The power grid emission
factor adopts the average national power grid emission factor of
583.9 kg CO,/MWh in the guidelines for accounting methods and
reporting of greenhouse gas emissions of enterprises (revised version in
2021) issued by the general office of the Ministry of Ecological
The
accommodation, catering, and other related activities refer to
2012 Guidelines to Defra/DECC’s GHG Conversion Factors for
Company Reporting: Methodology Paper for Emission Factors issued

Environment. emission  factors of transportation,

by the UK Department of environment, food, and rural affairs. The
emissions factor of waste disposal refers to the provincial greenhouse
gas inventory guidelines (pilot).

3.2 Calculation process

Through the company’s official website, the auction held by
Beijing Poly International Auction Co., Ltd. was studied. We found
that the auctions generally require a 3-day preview and 1-day
auction and that there are about 500 people in the auction
(including participants and organizers). So, this paper takes a
typical 4-day three-night artwork auction with 500 people as the
accounting object.

The implementation guidelines for carbon neutralization of large-
scale activities (for Trial Implementation) issued by the Ministry of
Ecology and Environment of the people’s Republic of China have strict
carbon emission accounting boundaries for the whole process of
various large-scale activities. Therefore, based on the document, the
emission activities of the artworks auction are divided into fossil fuel
combustion, purchased power emission, traffic emission, and waste
disposal, as shown in Figure 1. The specific calculation formula is as
follows:

Eguc = ADg; x EFg; + ADg x EFg + ADTJ X EFT] + Ey. (2)

Egrg refers to greenhouse gas emissions whose unit is ton. ADg; is
the activity data on the ith fossil fuel combustion whose unit is GJ. EFg; is
the carbon emission factor of ith fossil fuel whose unit is ton/GJ. ADg
refers to the activity data on purchased electricity whose unit is Kwh. EFg
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FIGURE 1
Decomposition of emission activities of auctions.
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FIGURE 2
Carbon dioxide emissions of different vehicles driving 1,000 km (unit: kg).
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FIGURE 3
Proportion of carbon dioxide emissions of different round-trip distances in a medium-sized artwork auction.

refers to the average power emission factor whose unit is ton/Kwh. ADy;  default value of the emission coefficient of the jth vehicle, and the unit is
is the activity data on the jth vehicle, which is equal to the average round-  ton/km. ADy, is the activity data on the nth waste treatment method
trip distance of a person multiplied by the number of people. EFr; is the ~ whose unit is kg. Eyy refers to greenhouse gas emissions of waste disposed.
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FIGURE 4

Carbon dioxide emissions from different departments of a medium-sized artwork auction (unit: ton).
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Fossil fuel combustion emission refers to the emission of facilities
for fossil fuel burning in large-scale event venues and staff offices. A
typical 3-day conference will consume 178800 MJ of energy (Hischier
and Hilty, 2002). According to China’s greenhouse gas research
inventory, the amount of carbon dioxide emitted by using different
types of energy will be different (Table 2). The carbon emission factor
equals to the carbon content per unit calorific value multiplied by
carbon oxidation and 44/12. The carbon content per unit calorific
value of anthracite is 27.49 x 107tC/GJ, and the carbon oxidation rate
of fuel is 85%. If anthracite is used throughout the meeting, the energy
consumption of an artwork auction will produce 4.18 tons of carbon
dioxide. If other fossil fuels are used, the total amount of carbon
dioxide emitted is as shown in the following paragraphs. Under the
condition of providing the same energy, the carbon dioxide emission
of anthracite is the highest, and the use of natural gas emits the least
carbon dioxide.

For the accounting of carbon dioxide generated by net power
consumption purchased at the artwork auction, it is necessary to
understand the accommodation of power consumption and power
emission factors caused by auctions. The power consumption of
accommodation is 18.1 Kwh for one person per night (Filimonau
et al,, 2011). The power consumption of accommodation of a 500-
person artwork auction will be 9,050 kW h per day and 27,150 Kwh in
the whole process. According to the guidelines for accounting methods
and reporting greenhouse gas emissions of enterprises’ power generation
facilities (revised in 2021), the national average power emission factor
was adjusted from 0.6101 tCO,/MWh in 2015 to the latest
0.5839 tCO,/MWh with a decrease of about 4.3%. According to
the latest average
consumption of electricity purchased at the artwork auction will

emission factor of electricity, the net
produce 15.85 tons of carbon dioxide.

Traffic emissions refer to the emission of traffic activities generated
by the meeting organizers, participants, and other appropriate
personnel who participated in the meeting, such as aircraft, high-
speed rail, subway, taxi, and private car. According to the
2012 Guidelines to Defra/DECC’s GHG Conversion Factors for
Company Reporting: Methodology Paper for Emission Factors, the
default data on CO, emission parameters of vehicles are as follows.
Under the condition of the same distance, the carbon dioxide emitted
by a bus travel is the least (Figure 2).

Ewijk and Hoekman (2021) examined several international
conferences and found that the average round-trip distance of
participants ranged from 1980 km to 9,564 km. Suppose that the
average round-trip distance is about 2000 km for a small artwork
auction and that 60% of the participants travel by train with an average
round-trip distance of 1,000 km and 40% of the participants travel by
short-haul air, with an average round-trip distance of 4,000 km. Under
the aforementioned assumptions, the traffic emissions of a small
artwork auction will reach 80 tons. The average round-trip distance
of a medium-sized artwork auction is about 5500 km. Participants
mainly take long-distance, short-distance air, and train transportation
to the meeting. Moreover, 20%, 50%, and 30% of participants travel by
train, short-distance air, and long-distance air with average round-trip
distances of 1,200 km, 5,000 km, and 10,000 km, respectively. The
carbon dioxide emission generated by transportation is 254.38 tons.
For an international large-sized artwork auction with an average
round-trip distance of more than 7,000 km, the traffic carbon
emission is expected to be 300-450 tons. Notably, the carbon
emissions caused by the round-trip transportation of participants
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accounts for more than 80% of the total carbon emissions of the
artwork auction. Also, with the increase in the average round-trip
distance of participants, the average carbon emissions per kilometer
are also increasing (T'able 3).

Through the hypothesis of the medium-sized artwork auction, it is
found that 30% of long-distance participants account for more than
half of the total traffic emissions, while 30% of short-distance
participants account for only about 5% (Figure 3). A small number
of long-distance participants account for a large part of the total traffic
emissions. Therefore, the traffic carbon emission of long-distance
participants is the key to emission reduction. The online artwork
auction can enable these long-distance participants to join an auction
at home, while short-distance participants’” on-site participation can
improve the auction atmosphere, and the artwork auction organizers
can offset emissions of short-distance participants at a lower cost.

The output of waste is highly related to the number of people.
According to the data on domestic waste in major cities in China’s
statistical yearbook, the weight of waste treated by landfill is 0.15 kg for
one person per day, and the weight of waste treated by incineration is
0.28 kg for one person per day. In the 1-day artwork auction, about
75 kg and 140 kg of domestic waste will be produced and treated by
landfill and incineration, respectively. The 4-day three-night artwork
auction will have about 645 kg of total wastes, including domestic
waste and other types of waste, such as documents and display boards.
The weight of waste treated in the landfill, where the greenhouse gas is
mainly methane, is about 0.7 tons. The weight of waste treated by
incineration is about 1.3 tons, of which the greenhouse gas is primarily
carbon dioxide.

Ey = (MSWL X Lo) X (1 —OX) x GWP
+IW x CCW x FCF x EF x 44/12. 3)

MSW |, refers to the amount of waste disposed of by a landfill
whose unit is a ton. L refers to the methane generation potential of the
landfill site, whose value is about 0.1, and the unit is a ton of methane/
ton of waste. OX refers to the oxidation factor whose value is 0.1. GWP
is the global warming potential of methane, whose value is 25. IW
refers to the amount of waste disposed by incineration. CCW refers to
the proportion of carbon content in waste, which experts judge to be
20%. FCF refers to the proportion of mineral carbon in the total
carbon of waste, with an average value of 39%. EF refers to the
combustion efficiency, whose value is 95%. 44/12 refers to the
conversion coefficient from carbon to carbon dioxide.

The carbon emission factor of landfill treatment is 2.25 and that of
incineration treatment is 0.2717. The huge difference is that methane
has a high global warming potential. The emission of landfill treatment
is about 1.6 tons of carbon dioxide equivalents, and the emission of
incineration treatment is about 0.36 tons of carbon dioxide
equivalents. In a typical artwork auction lasting 4 days and three
nights, the emission from waste treatment is about 2 tons of carbon
dioxide equivalents. If the proportion of landfill treatment is reduced
and incineration treatment is increased, the carbon dioxide emission
will be lower.

To sum up, a typical artwork auction will range from 70 tons to
520 tons. The emission of fossil fuel combustion will range from
2.7 tons to 4.4 tons due to fuels used, of which the emission caused by
natural gas is the least and that caused by anthracite is the highest
(Figure 4). The emission of net electricity consumption by artwork
auction is about 15.85 tons of carbon dioxide equivalents, and the
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specific emissions are affected by local electricity emission factors. The
carbon dioxide emissions caused by the traffic of participants are the
central part of the carbon footprint of the artwork auction. The range
of participants attracted varies due to the size of the artwork auction.
The carbon dioxide emissions vary significantly, ranging from 50 tons
to 500 tons. The disposal method affects the carbon dioxide emission
from waste treatment, and the emission is about 2 tons. The lowest
carbon emission department is waste treatment, and the highest
department is the transportation of participants.

4 Discussion

Technology is seen as a sustainable way to achieve a low-carbon or
carbon-free environment (Sun et al., 2019). Combining virtual reality
technology and artwork auction is a new form of application, which is
the performance of technological development applied in the market
economy. Science and technology enables the auction to break
through the limitations to space and time and display the three-
dimensional effect of the traditional physical exhibition through
virtual and accurate technologies. It emphasizes the novelty and
impact of the theme, pays attention to the combination of pictures
and substance, and fully stimulates the audience’s visual, auditory, and
other sensory organs. It has the characteristics of multi-sensibility,
interactivity, independent selectivity, and on-the-spot feeling, which
enhances the user experience and promotes the digital transformation
of auctions. Then, works can be displayed more comprehensively,
vividly, and realistically, which effectively improves the display effect
of the works. Christie’s, a famous artwork auction house, launched a
new version of its application that uses virtual reality technology to
allow participants to view private art collections remotely.

According to the statistical annual report of 2020 China’s cultural
relics and artworks auction market, 94% of the auctions were held
online in 2020 under the background of the epidemic, and it was
2.5 times higher than that in 2019, with a turnover of 1.353 billion
yuan. The scale of the pure online auction has been further improved,
and online bidding is enthusiastic. The flow of participants caused a
large part of the total carbon footprint of the artwork auction. In
addition, the carbon dioxide emitted by the long-distance
transportation of participants, whose proportion is low, accounts
for the main part of the total traffic emissions of the artwork

auction (Neugebauer et al, 2020). Allowing long-distance
participants to switch from face-to-face participation to online
video and even completely virtual artwork auctions can

significantly reduce carbon emissions (Neugebauer et al, 2020;
Ewijk and Hoekman, 2021; Jckle, 2021).

In order to explore the emission reduction potential of the virtual
auction, this paper supposes a medium-sized artwork auction where
20%, 50%, and 30% of the participants travel by train, short-haul air,
and long-distance air with the average round-trip distance of
1,200 km, 5,000 km, and 10,000 km, respectively. The whole
process of the auction emits about 400 tons of carbon dioxide
equivalents. The degree of virtualization is expressed by the
proportion of online participants in the total number. This paper
assumes that the degree of virtualization of the artworks auction will
gradually increase until it is completely virtualized to calculate the
emission reduction of the auction (long-distance participants will be
given priority to virtualization). As shown in the Figure 5, the marginal
amount of emission reduction decreases with the improvement of
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virtualization. When the degree of virtualization of the auction is 30%,
the carbon dioxide emission of transportation is reduced by 55%. As
long as the degree of virtualization of the artworks auction is 80%, the
carbon dioxide emissions from transportation can almost be ignored.
When all auction participants participate online, the carbon dioxide
emission will only be 5%-10% of the offline artwork auction.

Since 2020, the time and space constraints and high costs caused by
COVID-19 have had a significant impact on the artwork auction market,
which forced the auction industry to accelerate the pace of digitalization.
By creating a digital space for artwork auction to achieve interaction
between products, services, and humans, the physical and time
constraints of the auction industry have been broken. Christie’s
annual artworks auction revenue online increased by 262%, and
Phillips’, increased by 134%. However, the crown of digital
transformation belongs to Sotheby’s, whose online artwork auction
revenue has increased by 25% in 2019 and 440% in 2020. More than
70% of Sotheby’s artwork auctions were held online in 2020, only 30% in
2019, and new online bidders increased by more than 40%. Based on the
carbon emissions in 2019, the cancellation of offline auctions and the
online holding of artwork auctions in 2020 made the expectation of
carbon emissions in 2020 to be only half of that in 2019. After the
normalization of the epidemic, carbon emissions are expected to rebound,
but it is still the mainstream trend of the auction industry that digital
transformation causes emission reduction (Figure 6). Before 2025, with
the rapid transformation of artwork auctions, carbon emissions will
decline rapidly. However, after 2025, due to the urgent need to break
through critical technologies to achieve further digital transformation, the
speed of emission reduction will slow down. By 2030, the artwork
auction’s carbon emissions are expected to only be 10% of those in 2019.

5 Conclusion and policy implications

Since the outbreak of the COVID-19 epidemic in 2020, most artwork
auctions have been transferred online. Virtual auctions and hybrid-virtual
auctions are more environmentally friendly alternatives to offline
auctions. We estimated the carbon footprint and found that the traffic
emission of participants, particularly composed of the traffic emission of a
few long-distance participants, accounts for a large proportion of the total
emission and that the transition from a face-to-face artwork auction to
virtual auction can significantly reduce the carbon footprint by 90%-95%.
Based on the aforementioned analysis results, we put forward the
following suggestions. In a typical auction, the emission of fossil fuel
combustion varies from 2.7 tons to 4.4 tons due to different fuels used.
The consumption of electricity purchased in the auction will produce
about 15.85 tons of carbon dioxide, and the specific emission is affected by
the local power emission factors. Based on the different average round-
trip distance, the carbon dioxide emissions vary significantly, ranging
from 50 tons to 500 tons. The carbon dioxide emission from waste
treatment is affected by the treatment method, and the emission is about
2 tons. Finally, it further predicts the carbon emissions of the auction in
the rapid development of a virtual reality technology. We find that, by
2030, the artwork auction’s carbon emissions are expected to be only 10%
of those in 2019. The institutional quality matters in carbon emission
reduction (Sun, et al., 2022). Therefore, we proposed the following policy
recommendations based on the research results.

First, the relevant departments should improve the accounting
methodology of artwork auction carbon footprint, simplify the
accounting process of the auction’s carbon emission, and build a
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carbon footprint calculator for the artwork auction market. A clear
understanding of the carbon emissions in the auction’s organization
process can help organizers evaluate the emission reduction potential
of different links. The regulatory authorities should propose a plan to
reduce the greenhouse gas emission of the activity to the greatest
extent and require that all behaviors in each link, including the start-
up stage, preparation stage, development stage, and ending stage, meet
the emission control policy.

Second, the relevant departments build a carbon neutralization
system for the artwork auction industry improving the transparency
and the regulatory process of emissions. The organizers should invite
third-party institutions to monitor on-site emissions and collect data.
Different quantities of carbon quotas will be allocated to auctions of
various sizes. The government should allocate different amounts of
carbon quotas to artwork auctions of different sizes and require
auctions to take the initiative to implement actions to regulate
greenhouse gas emissions voluntarily and need the organizers to
neutralize the actual greenhouse gas emissions through carbon offsets.

Finally, the development of the “meta-universe” and other virtual
technologies should be promoted. The efficiency and experience of the
auction process should be improved. Also, carbon neutralization of the
artwork auction industry should be realized. So, the digital
transformation should be encouraged to avoid the transportation
and accommodation of participants and reduce the carbon dioxide
emission of high-emission links.

Data availability statement
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