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In response to climate change and energy transition, natural gas has been rapidly
developed as a relatively low-carbon energy source by many countries. However,
there remain environmental risks at different stages in the entire process from
exploitation to utilization. Firstly, this article identifies various environmental risks and
benefits of natural gas along the entire industry chain from upstream exploitation and
midstream transportation to downstream utilization. It is found that, during upstream
exploitation, hydraulic fracturing has the worst environmental impact. During the
midstream storage and transportation stage, methane leakage is the biggest
environmental risk. In the downstream combustion and utilization stage, the risk to
environment is less than other energy sources, although there are some greenhouse
gas effects and water pollution issues. Thus, this article puts forward some policy
recommendations for different stages from exploitation to utilization. In the upstream
stage, especially hydraulic fracturing activity, we suggest strengthening environmental
assessment management, improving policy standards, creating a water quality monitoring
plan, and promoting the innovation of key technologies. In terms of the midstream, besides
pipeline laying and site selection, we focus on monitoring the system, including leak
detection, quality management of engineering materials, and risk identification and
management. When it comes to the downstream, we encourage the application of
advanced technologies to improve thermal efficiency and reduce emissions, such as
gas-fired related technologies, natural gas recycling technologies, distributed energy
technologies, and green and low-carbon service technologies.

Keywords: life cycle assessment, environmental risks, different stages, control measures, natural gas

1 INTRODUCTION

As a result of actual or predicted effects of climate change and the ongoing energy transition, natural
gas has become a favored energy source, due to its relatively clean combustion, during the transition
from fossil fuels to fully renewable energy by the governments of various countries. As a result,
natural gas, rich in reserves, is the cleanest and fastest growing fossil fuel and accounts for nearly one-
third of global energy demand growth and nearly one-quarter of power generation (World Energy
Agency, 2020). Data from the Organization of Petroleum Exporting Countries (OPEC) show that the
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world’s proven natural gas reserves were 188 trillion cubic meters
(OPEC, 2019). According to BP’s World Energy Statistics Review
2020 (BP, 2020), the global average annual growth rate in natural
gas consumption was 2.6% over the past ten years. In 2019, global
natural gas consumption increased by 78 billion cubic meters, a
year-on-year increase of 2%. Its growth rate is faster than that of
oil (0.3% per year) and coal (average −0.1% per year). It is
estimated that, by 2040, natural gas usage will surpass coal
and approach oil (when converted to tons of oil equivalent)
and will be the only fossil fuel energy source competing against
renewable energy. Natural gas is significantly cleaner and has less
greenhouse effect than coal and oil energy sources, based on
carbon dioxide emission in the combustion and utilization stages.
According to the United States Energy Information
Administration (EIA) estimates, the carbon dioxide emissions
of one million Btu of calorific value produced by natural gas
combustion are 53.97 kg, whereas the combustion of various
types of coal emits 95.35 kg of carbon dioxide on average,
gasoline emits 71.30 kg, and petroleum coke emits 102.1 kg
(EIA United States Energy Information Administration, 2018).
Although the carbon dioxide emissions of natural gas in the
combustion and utilization stage are much lower than other fossil
energy sources, natural gas still has certain environmental risks in
other stages of the industrial chain from exploration and
production to utilization (Kondash et al., 2017). Therefore, it
is necessary to conduct a comprehensive assessment of these
environmental risks, given the expanding consumption of
natural gas.

Natural gas is a fossil fuel mainly composed of methane, which
is usually divided into conventional and unconventional natural
gas. Conventional natural gas is found either as just a gas phase or
as a gas cap over an oil reservoir. Unconventional gas reservoirs
are mainly shale, tight sandstone, coal, and hydrate. Different
reservoir types need different technologies for recovery of gas,
and different technologies bring different environment risks.
Depending on the transportation mechanism, natural gas can
be divided into pipeline, compressed, and liquefied natural gas.

Many studies have focused on the environmental risks along the
natural gas industrial chain. Published research mainly focuses on
water resources and greenhouse gases. For example, a number of
studies have conducted extensive research on water pollution caused
by hydraulic fracturing activities during natural gas development.
Gagnon et al. (2016) reviewed the literature on the impacts of
hydraulic fracturing on water quality and focused on regulatory
frameworks. Rodriguez et al. (2020) evaluated the impact of hydraulic
fracturing on groundwater quality in the Permian Basin, West Texas.
Yazdan et al. (2020) conducted a review of the impacts of wastewater
disposal in the hydraulic fracturing industry in the United States.
Some studies conducted research on the amount of greenhouse gas
emissions in natural gas development. For example, Crow et al.
(2019) assessed the potential impact of greenhouse gas emissions
from natural gas production by combining the estimates of CO2 and
methane emissions with a dynamic, technoeconomic model of gas
supply. MacKinnon et al. (2018) studied natural gas emission in the
context of greenhouse gasmitigation and air quality improvement. In
addition, other studies have specifically studied the leakage risk and
response technology of methane in one point of the industry chain.

For example,Moortgat et al. (2018) focused on gas leakage into the air
causing pollution in the upstream stage; McCabe et al. (2015)
observed the leakage to the greenhouse effect in the middle stage;
Xu and Lin (2019) focused on the relationship between natural gas
consumption and CO2 emission in the downstream stage. However,
there is very little research on other types of environmental impacts,
such as that on soil ecology or wildlife, in the development and
utilization of natural gas.

Secondly, the published research has beenmostly aimed at a given
stage of the chain. Studies have focused on the environmental risks
from upstream exploitation and production of natural gas. For
example, Kondash et al. (2017), Gallegos et al. (2015), and
Thacker et al. (2015) studied water treatment issues related to
unconventional oil, gas exploration, and hydraulic fracturing
activities in the upstream stage. Wang et al. (2020) focused on
short-term mechanism coupling shear stress and hydraulic
fracturing in an experimental simulation triggered by hydraulic
fracturing and found that short-term hydraulic fracturing was less
likely to cause rock mass instability or earthquake, but the long-term
fluid injection could increase the pore pressure and change the in situ
stress field in a large area to induce an earthquake. Mohan et al.
(2013) and Brittingham et al. (2014) studied the ecological risks of
natural gas development to wildlife, aquatic resources, and their
habitats. Some studies have also conducted studies on other aspects of
the natural gas industry. For example, Ou and Yuan (2019)
conducted a life cycle analysis of greenhouse gas emissions on
liquefied natural gas (LNG) and compressed natural gas (CNG) in
heavy-duty trucks. Yuan et al. (2019) estimated the venting and
fugitive leaks from natural gas supply chains and found that
promoting natural gas vehicles is effective at helping to reduce
greenhouse gas emissions from road transportation. However,
there is still a lack of integrated analysis of the potential risks of
natural gas utilization over the entire industry chain.

The purpose of this article is therefore to systematically
analyze various environmental risks at different stages of the
entire natural gas industry chain and recommend regulatory
policies to deal with these environmental risks. The novel
aspects of this article are mainly twofold: one is to cover the
most environmental risks related to natural gas all around the
world, not just the water pollution and greenhouse gas emissions
that current scholars are mostly concerned about in one country;
the other is to cover the entire natural gas industry chain, rather
than just focusing on the environmental risks at a specific stage.

2 RESEARCH FRAMEWORKS

This article presents a systematic review of the environmental
risks from exploitation of natural gas resources along the industry
chain. Generally, the entire industry chain of natural gas can be
divided into three major stages: upstream, midstream, and
downstream. The upstream industry is mainly engaged in the
exploration for and development of different types of gas
resources, such as conventional natural gas, coalbed methane,
shale gas, and other tight gas. The midstream industry mainly
provides natural gas transportation, storage, vaporization, and
liquefaction services, including pipeline network transportation,
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gas storage facilities, gasification, and tank truck transportation.
Downstream industries mainly involve the delivery of natural gas
to the end user for different purposes, including domestic gas,
industrial fuel, natural gas power generation, natural gas chemical
industry, and different types of transportation. Since different
technologies, equipment, and processes are used in different
stages, the potential environmental risks are also different;
then, we recognize the main points of environmental risks in
the following (see Figure 1).

3 POTENTIAL ENVIRONMENTAL RISKS IN
THE UPSTREAM PRODUCTION STAGE

In the upstream extraction stage of natural gas, the main types of
activities carried out include seismic exploration, drilling,
workover, gas field gathering and on-site transportation, and

natural gas purification (Dong et al., 2003). Conventional natural
gas mostly exists in highly porous and permeable reservoirs, and
standard vertical wells are easy to produce (see Figure 2).
However, unconventional natural gas is mostly found in low-
permeability rocks, and it is relatively difficult to produce. It is
often necessary to develop and adopt novel technologies, such as
horizontal drilling and formation stimulation. Hydraulic
fracturing is currently the commonly used formation
stimulation technology for gas in rocks with low porosity and
permeability. In hydraulic fracturing operations, the fracturing
fluid is pumped carefully under controlled high pressure, and the
sand mixed with the fracturing fluid flows in to support the
fractures generated. Afterward, sealing wells is necessary to
prevent natural gas, fracturing fluids, chemicals, and produced
water from leaking into the groundwater supply (Union of
Concerned Scientists, 2020). Therefore, the entire upstream
process may cause air, water, light, and noise pollution; affect

FIGURE 1 | Environmental risks from natural gas utilization throughout the industry chain.

FIGURE 2 | Schematic geology of natural resources.
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land use, wildlife activities, and water use; and even induce
earthquakes (source: adopted from United States Geological
Survey Factsheet 0113–01 (public domain)).

3.1 Air Pollution
The air pollutants produced during natural gas extraction mainly
include construction dust, fuel exhaust gas, blast burning exhaust
gas, leakage of methane, and pipeline cleaning exhaust gas (Yuan
and Yang, 2019). Many studies show that the concentration of
these harmful air pollutants increase in some areas during the
drilling and production process (CEPAARB, 2012). Adverse
health conditions can arise in some people when exposed to
high levels of air pollutants, including respiratory symptoms,
cardiovascular disease, and cancer (EPA Environmental
Protection Agency, 2013b). Furthermore, the extent of the
pollution and its impact on the environment are related to the
distance from the development zone. It has been found that
residents who lived within half a mile radius from gas wells were
affected more severely than those who lived further away
(McKenzie et al., 2012).

The main component of natural gas is methane (CH4), whose
content is generally greater than 60% (in most cases it is more than
99%), and highly variable amounts of C2H6, C3H8, C4H10, CO2, N2,
H2S, and trace inert gases (Milkov et al., 2005). Therefore, methane
emission caused by natural gas leakage is usually the most abundant
pollutant. According to estimates by the United States
Environmental Protection Agency in 2017, natural gas, other
petroleum systems, and abandoned gas wells accounted for
approximately 32% of total United States methane emissions and
approximately 4% of total United States greenhouse gas emissions
(EPA, 2017). Greenhouse gas refers to any gas that absorbs and
releases infrared radiation and exists in the atmosphere and mainly
includes CO2, CH4, N2O, HFCS, PFCS, and SF6 (Breidenich et al.,
1998). Untreated emitted methane will have some impact on global
warming. It is known that the greenhouse effect of every cubic meter
of methane leakage is nine times greater than the products of
methane combustion (IPCC Intergovernmental Panel on Climate
Change, 2007). However, there is still some controversy about the
rate of methane leakage. Allen et al. (2013) systematically collected
information on methane leakage from shale gas production in the
United States, and they found that, under good conditions, methane
emissions accounted for about 0.5% of the natural gas extracted.
McCabe et al. (2015) believed that the leakage reported from the
entire natural gas system ignored the emissions generated during
well completion and production. The quantification of methane
leakage is still an ongoing issue (Brandt et al., 2014). Although the
impact of methane leakage is large, some technological
improvements can greatly help reduce methane leakage. For
example, green completion technology can reduce methane
emissions by 90% during drilling activities and the total wellhead
emissions by 81% (Mackay and Stone, 2013). Taking this a step
further, the installation of leak-proof components in a well can help
the natural gas sector reduce methane emissions by 31–44 MtCO2e

every year in China (Brink et al., 2013).
Besides methane, there is still a small volume of other

emissions from natural gas production. VOC, PM, and SO2

emissions in production are less than 1% of that in industrial

emissions, and NOx emissions account for 2.9–4.8% of that in
industrial emissions (Litovitz et al., 2013), but even this small-
scale pollution discharge will have an impact on local or regional
air quality. The concentration of harmful air pollutants increases
in some areas during the drilling process, and although this
impact may be short-term, it can still cause harmful effects on
health and environment (Witherspoon, 2012).

In summary, in this stage, natural gas emissions are relatively
small, but, limited by the current technology, there is a certain risk
of leakage. The main outcome from natural gas leakage
(methane) is to increase greenhouse gas emission, which will
contribute to global warming, while a small volume of other gases
is harmful to human health. Therefore, the key to the problem is
to improve technology to reduce the risk of gas leakage.

3.2 Land Use and Wildlife
The environmental impacts caused by the large-scale production
of natural gas mainly include occupation of land resources,
destruction of surface landforms and vegetation, change in
surface runoff, and increase in soil erosion. It may also affect
wildlife habitat, biodiversity, and local ecosystem balance in
general (Yuan and Yang, 2019). During the drilling process,
construction and land disturbance can change land use,
damage or destroy local ecosystems, cause erosion, and
destroy wildlife habitats and migration patterns. The hydraulic
fracturing process will directly occupy the land, destroy animal
habitats, and cause the fragmentation of the ecosystem. Well sites
and dirt roads will also increase soil erosion and affect the flow
and properties of rivers (Granoff et al., 2015). Taking coal-bed
methane (CBM) as an example, a single CBM well covers an area
of about 1,000–3,500 m2 during the construction period and a
permanent area of about 600–25,002 during the mining period
(Huang et al., 2018). Chen et al. (2017) studied the potential
impact of flowback water from hydraulic fracturing on
agricultural soil quality and found that soil enzyme activities
were sensitive to the composition of flowback water. Mohan et al.
(2013) compared the microbial ecology of prefracture water
(fracturing raw water and fracturing fluid) and produced water
at multiple time points in a natural gas well in southwestern
Pennsylvania and found that the biodiversity is gradually
declining.

In summary, the construction process will cause serious
ecological damage to land, vegetation, and streams, which will
affect the ecological environment of animals and plants, and
affect the development of biodiversity. Especially for hydraulic
fracturing activities, the fracturing fluid will directly affect the
structure of the microbial community and break the original
ecological balance. Thus, it is very necessary to reduce the
frequency of human activities in the production process.

3.3 Water Pollution
Water consumption for unconventional natural gas development
is relatively larger than that of conventional natural gas (EPA
Environmental Protection Agency, 2013a). The growth of
hydraulic fracturing and its use of large amounts of water per
well may strain local ground and surface water supplies, especially
in water-scarce areas. Water consumption for hydraulic
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fracturing may vary depending on the local geology, as well as
construction and hydraulic fracturing processes (Gagnon et al.,
2016). Unlike other energy-related water extraction methods,
where water usually returns to rivers and lakes, most of the water
used for unconventional natural gas development is not
recyclable. When a well continues to operate or is additionally
fractured later in its life cycle to maintain well pressure and
natural gas production, an additional large volume of water is
required (Breitling Oil and Gas, 2012). At the same time, gas
gathering stations, living areas, and site greening also require
water resources. The more complex the reservoir conditions are
and the greater the burial depth is, the more difficult it is to
increase production and the greater the volume of water resources
used becomes (Yuan and Yang, 2019).

Water pollution is mainly caused by gas pollutants including
methane and volatile organic compounds, drilling fluid,
fracturing fluid pollutants, equipment leakage, and improper
handling during development (Shonkoff et al., 2014). The
drilling fluid and hydraulic fracturing fluid contains a lot of
chemical components, including acids (especially hydrochloric
acid), fungicides, scale removers, and friction reducers (Wang
et al., 2014). If the drilling and other activities are not handled
properly and under inadequate supervision, it may cause
fracturing fluid leakage in the vertical well section (Mordick,
2014). In other laterals, fracturing fluid can also enter
groundwater along abandoned wells, improperly sealed and
improperly constructed wells, and induced cracks or cesspits,
and this can affect local water quality (Vidic et al., 2013). Many
companies in the United States, China, and other places use
wastewater recharge in the shale gas industry (wastewater
recharge rate is close to 100%), and this wastewater recharge
method will disrupt the water recycling and cause aquifer
pollution (Freyman, 2014).

Pollution of drinking water sources will affect biological health
and bring about a series of ecological and environmental impacts
(Rahm and Riha, 2014). Depending on the geological structure of
the rock formation, the fracturing fluid contains 20%–80% of the
flowback wastewater within a few weeks after fracturing
(Zammerilli et al., 2014). The harmful substances in
wastewater can be in high enough concentrations to not only
kill microorganisms but also induce negative effects on human
health if consumed (Colborn et al., 2011).

In summary, in the process of natural gas extraction, the
activities need consume large water and cause water pollution to
some extent. Due to the fracturing activities’ need of adding some
extra chemical substance, the improper dealing of technology and
management would bring great water pollution. If drinking water
is corroded, it will also affect microorganisms and human health.
Thus, improving the technology of gas extraction, especially that
of fracturing activities, is the key point to protect water resources.

3.4 Earthquakes, Light Pollution, and Noise
Pollution
The recharge of wastewater during hydraulic fracturing will put
pressure on geological faults and may induce earthquakes. High-
pressure injection to dispose hydraulic fracturing wastewater can

cause major earthquakes in the United States (National Research
Council, 2013). Van der Elst et al. (2013) found that at least half of
the 4.5 or larger earthquakes on the Richter scale that hit the
United States mainland in the past decade occurred in areas with
potential injection-induced seismic activity. Amini and Eberhardt
(2019) investigated the influence of the tectonic stress regime on
the magnitude of induced seismicity related to hydraulic
fracturing practices through a series of numerical simulations
and found that thrust faulting stress regimes are more susceptible
to larger induced seismicity than strike-slip stress regimes. The
latest research showed that short-term hydraulic fracturing was
less likely to cause rock mass instability or earthquakes, but the
long-term fluid injection could increase the pore pressure and
change the in situ stress field in a large area, thereby inducing an
earthquake (Wang et al., 2020). Furthermore, Villa and Singh
(2020) reached the same conclusion through a detailed analysis of
17 major hydraulic fracturing sites in the United States. They
found that the incidence of earthquakes depends on the amount
of water injected from horizontal injection wells; disposal
injection wells; and the geological, hydrological, and
geophysical environment near the drilling site. Burton and
Nadelhoffer (2013) also showed that the effects of hydraulic
fracturing could increase erosion and subsidence. If free
methane and other gases reach a sufficient volume, they may
cause an explosion and bring about a minor earth tremor (Airgas,
2013). According to Stark et al. (2014), frequent construction
activities and bright lights at night bring intensive noise and light
pollution, which directly affect the local environment and its
ecosystem and affect the daily lives of local residents (Brittingham
et al., 2014). Li et al. (2019) analyzed the effects of different gas
wells exploitation on the concentrations of heavy metals in the
soil and found that although the exploitation of shale gas mining
had no obvious influence on the concentrations of heavy metals
in the soil around the well field, the wells pose potential heavy
metal pollution because of the high content of Cd in the soil
before exploitation.

In summary, these frequent human activities directly affect the
local environment, and the hydraulic fracturing activity even has
deep, albeit mostly minor, geological impact.

3.5 Summary for This Section
Through this literature review, we found that in the upstream
phase, the impact on land use, wildlife activities, and water use
can be great due to the frequent human construction activity.
Natural gas emissions are relatively small in the production
process, but there is a certain risk of leakage. Gas leakage will
increase the greenhouse effect. Work on quantification of
methane leakage is still ongoing, and there is no consensus
at present. However, there is no doubt that improvements in
technology to reduce the risk of gas leakage will be of benefit. In
terms of specific activities, many environmental risks are
caused by hydraulic fracturing activities, such as minor
earthquakes and water pollution. As for water consumption
and pollution, the hydraulic fracturing process consumes the
most water (see Figure 3) and the combination of hydraulic
fracturing and horizontal drilling produces a large amount of
wastewater (called “produced water”) (Clark et al., 2013).
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Fortunately, improvements in technology, such as membrane
technology (membrane distillation, forward osmosis,
membrane bioreactor, and pervaporation) and advanced
oxidation processes (ozone oxidation, Fenton, and
photocatalysis) can help to a degree with treatment of such
water (Silva, 2017).

4 POTENTIAL ENVIRONMENTAL RISKS IN
THE MIDSTREAM STORAGE AND
TRANSPORTATION STAGE
Natural gas is normally presented in one of three states: gaseous
natural gas (PNG), compressed natural gas (CNG), and liquid
natural gas (LNG). Transportation is generally carried out by
pipelines. Trains and ships are used as an effective supplementary

method to transport CNG and LNG by land or sea (Zhao et al.,
2015).

The natural gas pipeline system is mainly composed of gas
gathering pipelines, dry gas transmission pipelines, domestic gas
distribution pipelines, and related gas transmission
(compression) fields and stations. The equipment and devices
used start at the wellhead of the gas field, collect the gas, purify
and transport it through the main pipeline, and then distribute it
to the users through the gas distribution network (Figure 4) (Li,
2014).

4.1 Soil Ecological Risk
Most pipelines are buried underground, traverse a wide area and
complex terrain. Xu et al. (2014) and others believe that the soil
and vegetation damage caused by the excavation of pipe trenches
during the construction process is more serious than the pollution

FIGURE 3 |Water consumption for conventional and shale gas production by life cycle stage, accounting for use of recycled flowback water in hydraulic fracturing.
Min and max scenarios show the extent of variability in water consumption by key processes (Silva et al., 2017).

FIGURE 4 | The overall process of the natural gas gathering and transportation pipeline system (Li, 2014).
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impact produced after the pipeline is put into operation. During
the pipeline construction process, the rolling of machinery and
vehicles will disturb the soil; destroy the natural vegetation near
the pipeline; discharge more waste water, waste gas, and waste
residue; and produce more waste soil and rock. The layout of
infrastructure such as pipelines and roads under construction
destroys 2.9–3.6 ha of habitat and may even block rivers and
cause ecosystem fragmentation (Brittingham et al., 2014). Tens of
thousands of gallons of chemical additives per well are
transported by trucks to well pads for storage. If not managed
properly, these chemicals may leak or overflow from
inappropriate storage containers or during transportation.
Drilling mud, diesel, and other liquids can also spill on the
surface (Wiseman, 2013). Yazdan et al. (2020) pointed out
that in the process of wastewater transportation, land
resources may be polluted due to pipeline breaks.

4.2 Atmospheric Environment
Luo et al. (2008) found that process units such as stations, pipe
sections, and shut-off valve chambers in natural gas pipeline
facilities can lead to environmental risks. When the critical mass
of natural gas production sites is greater than 1t, it is a major
hazard to install actions (Zhong et al., 2017). Due to the nature of
some of the components in the gas transported, such as hydrogen
sulfide, condensate oil and gas field water, the potential danger to
the environment is substantial. For sulfur-containing natural gas
pipelines, hazardous substances include hydrogen sulfide and
sulfur dioxide. For the purification of natural gas pipelines, the
main hazard is methane. For natural gas pipelines, the risks for
accidents are leakage, explosion, and fire (Zhong et al., 2017). It is
generally believed that leakage has little effect on water and soil
because natural gas has low toxicity and is a gas at room
temperature (He, 2009). However, Zhong et al. (2017) noted
that it is difficult to conduct daily inspections of pipelines, and the
pipelines are vulnerable to corrosion and breaks leading to leaks.
Once the integrity of the pipeline is compromised, gas will leak
and spread quickly in large quantities in a short period of time,
which is likely to cause major accidents such as explosions and
poisoning, causing heavy losses of lives and damage to property
and even resulting in serious environmental pollution. Yuan et al.
(2019) concluded that methane leakage during transportation
accounts for 42–86% of the total methane leakage in the total
supply chain and is the single largest cause of leakage.

4.3 Greenhouse Effect
CH4 and CO2 are both greenhouse gases and are usually present in
natural gas albeit in widely varying concentrations. Therefore, the
leakage of natural gas during transportation can release a large
amount of CH4 and CO2 into the atmosphere, further enhancing
the greenhouse effect. Studies have shown that there is serious
leakage in natural gas transportation. Bylin et al. (2009) found that
methane emissions from natural gas distribution pipelines account
for 32% of the industry’s total CH4 emissions in the United States.
5.3–10.8% of the natural gas that flows through the
United Kingdom’s natural gas pipelines leaks each year
(McKenzie, 2010). The impact on the greenhouse effect depends
on the amount of gas leakage. McKenzie (2010) used data from the

United Nations Intergovernmental Panel on Climate Change to
study the problem of natural gas leakage. It was found that when
the natural gas leakage rate reaches 2.8%, the greenhouse effect it
brings will offset the advantages from not using fossil fuels such as
oil and coal. Other studies suggest substantial gas leakage. The
United States Environmental Protection Agency (EPA) estimated
that methane leakage from natural gas systems doubled during
2011. The EPA’s estimate of methane content shows that natural
gas network leaks and emissions between production wells and the
local distribution network comprised approximately 570 billion
cubic feet in 2009, equivalent to 2.4% of the total United States
natural gas production. Recent studies in the United States have
shown that the leakage and combustion emissions of natural gas
processing and distribution systems are serious (ICF International,
2014). Other studies have shown that solving the problem of
natural gas leakage can effectively slow down the greenhouse
effect. Alvarez et al. (2012) found that if the “well-to-wheel”
leakage is reduced to an effective natural gas leakage rate of
1.6%, CNG fuel vehicles will immediately lead to climate
benefits over time. Cooper and Balcombe (2019) adopted IPCC
AR5 LCIAmethodology to calculate the impacts on climate change
using global warming potential (GWP) CO2 equivalences and
found that LNG exhibits a lower GWP (17–21%) than diesel,
and thus using natural gas as an alternative energy source can
reduce the greenhouse effect.

4.4 Summary for This Section
On the whole, gas collection, laying of pipelines and final delivery
of gas to user departments and gas storage can bring about
environmental risks to the soil ecology and the atmosphere due
to the greenhouse effect. The construction of pipelines and roads
can cause soil, vegetation damage and habitat loss. In the
transportation process of chemical additives, the leakage of the
chemicals can cause soil pollution. In general, gas leakage is a risk
and can be difficult to manage, leading to air pollution, potential
explosion, and increase of the greenhouse effect. Although it is
difficult to conduct daily inspections of pipelines, this study has
concluded that the leakage in natural gas transportation is a serious
issue. If we want to use natural gas as an alternative energy source
to reduce the greenhouse effect, the leakage must be minimized.
Thus, at this stage, the key point is to control gas leakage.

5 POTENTIAL ENVIRONMENTAL RISKS IN
THE DOWNSTREAM STAGE

The use of natural gas downstream can be roughly divided into
two categories: chemical raw material and fuel. As for chemical
raw materials, it is mainly used to make synthetic ammonia and
urea, and the pollutants from the production process are mainly
CO2, waste liquid, etc., which is relatively an ideal and economical
production method (Wang et al., 1995). In terms of global natural
gas utilization, industrial fuel accounts for 40%, power generation
accounts for 37%, domestic gas accounts for 21%, and
transportation stations account for 2%. The development of
natural gas usage in a typical country is typically driven
initially by industrial and domestic gas consumption and
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subsequently by power generation. At this stage, the main
environmental impact is increased air pollution, greenhouse
effect, and water consumption. Considering the different
technology in power plant, carbon dioxide emissions produced
by burning natural gas in existing power plants in the
United States are equivalent to 42–63% of those from coal
(Lattanzio, 2015) for an equivalent amount of energy
produced. Mackay and Stone (2013) found that, for natural
gas to have lower life cycle emissions than new coal plants
over short time frames of 20 years or less, methane losses
must be kept below 3.2 percent, and low emissions depend on
using new technology.

5.1 Air Pollution
The use of natural gas will produce NOx, CO2, CH4, etc., but it
causes little air pollution. The burning of natural gas does produce
NOx, but the content is lower than that of combustion products
from gasoline and diesel for automobiles. Using natural gas can
improve air quality. Analysis by the United States Department of
Energy suggests that every 10,000 United States households that
use natural gas instead of coal can avoid emitting 1,900 tons of
NOx, 3,900 tons of SO2, and 5,200 tons of particulate matter per
year (National Renewable Energy Laboratory, 1999). The reduction
of these air pollutants can alleviate health conditions such as
asthma, bronchitis, lung cancer, and heart disease for thousands
of Americans (Witherspoon, 2012). Che et al. (2017) found that
CO2 emissions from gas-fired power generation and heating are
close to 1/2 of that of coal-fired power generation and heating. CH4

emissions are less than 1/3 of coal-fired emissions, and N2O
emissions are less than 1/10 of coal-fired emissions. In the
transportation and residential areas, the use of natural gas has
greatly reduced CO2, CH4, and N2O emissions. Sathaye et al.
(2011) and others also found that, compared with coal power
generation, natural gas power generation can significantly reduce
the emission of air pollutants. Compared to other fossil fuels, the
amount of sulfur, mercury, and particulates produced by natural
gas combustion is also negligible (Table 1).

5.2 Greenhouse Effect
Research studies have not yet resulted in a clear and consistent view
on themagnitude of the greenhouse effect brought about by the use
of natural gas. Some studies believe that replacing traditional
energy sources with natural gas can significantly reduce
greenhouse gas emissions. Fulton et al. (2011) used the latest
emission factor from the EPA’s 2011 upward revisions, through
top-down life-cycle analysis, and found that the greenhouse gas
emissions from natural gas power generation are 47% lower than
those of coal-fired power generation. Afsah and Salcito (2012),
according to the environmental assessment method, used short-
term price elasticity changes and the substitution relationship
between natural gas and other energy sources and found that
the replacement of coal by shale gas in the United States power
sector has reduced carbon dioxide emissions by 35–50% in recent
years. From 2008 to 2012, fossil fuel in the United States power
sector fell by 13% based on the supply model of cost-optimal mix
technologies (Logan et al., 2013). Expanding natural gas power
generation capacity is the cheapest way to advance the use of low-

carbon energy technologies in the next ten years (Lee et al., 2012).
Yuan and Yang (2019) also found that the CH4 emissions from
CBM are relatively small andwill not significantly increase the total
emissions of greenhouse gas and that replacing coal with CBM can
also offset some greenhouse gas emissions. In the field of
transportation, natural gas buses have low greenhouse gas
emissions, which can make the greenhouse gas emission
reduction potential reach 13.31% (Wang, 2015).

However, other studies have shown that the large supply of
natural gas could cause an increase in overall energy consumption
in the absence of strict policy implementation, which may increase
greenhouse gas emissions that offset the reduction in net
greenhouse gas emissions by switching from coal to gas
(McJeon et al., 2014). Perhaps the actual situation is more
complicated. Ravindra et al. (2006) evaluated various standard
air pollutants (SPM, PM10, CO, SO2, and NOx), benzene, toluene,
xylene (BTX) and the concentration of polycyclic aromatic
hydrocarbons (PAHs) before and after the implementation of
CNG in Delhi, India, and found that the concentration of
PAHs, SO2, and CO showed a downward trend, while the level
of NOx was higher than before CNG was implemented, and the
concentrations of SPM, PM10, and BTX did not change
significantly after CNG was implemented. That is to say, the
greenhouse effect brought about by CNG applications is uncertain.

5.3 Water Consumption
Research by Jenner and Lamadrid (2013) found that coal and
natural gas demand roughly the same water consumption during
the production and processing stages, but water consumption
during the combustion and power generation stages is
significantly lower than that of coal. Meldrum et al. (2013)
found that in the process of power generation, natural gas life
cycle water consumption is 220–1,000 L per thousand kilowatt-
hours of electricity, while coal consumption is 1,500–2,500 L. Clark
et al. (2013) found that when natural gas is used as a transportation
fuel, its water consumption is significantly lower than other
transportation fuels. Compared with the operation of a power
plant, the water consumption of fuel has little impact. Natural gas
needs to be compressed first when used as a car fuel tank, and
electricity consumption during the compression process consumes
an additional 0.6–0.8 L of water.Macknick et al. (2011) pointed out
that among all power plants that use circulating cooling, natural gas
power plants consume the least water, which is a little more than
half of the most water-efficient coal-fired power plants. When the
same cooling technology is used, it is less than 1/3 of the water
consumption of nuclear power plants. In summary, during the use
of natural gas, a small amount of water is consumed, and the
amount of water consumed depends on the type of usage.

5.4 Summary for This Section
In summary, the burning of natural gas downstream generates less
emission of pollutants and causes little pollution compared with coal
and gasoline. Thus, it can improve the air quality if it replaces coal or
gasoline consumption. However, the greenhouse effect accompanied
by the usage of gas is hard to establish. The varying degrees of impact
depends on different usages and the different technologies adopted.
Generally speaking, natural gas can reduce greenhouse gas effects in
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the power generation sector. However, there is no doubt that
reducing greenhouse gases requires speeding up adoption of new
technology. For water consumption, natural gas requires less water in
power generation stages and as a transportation fuel than coal. We
expect that the more advanced the production technology, the less
water will be consumed in the gas consumption process.

In terms of the entire life cycle of natural gas from
extraction to using, some environmental risks exist at every
stage. In the upstream phase, some toxic gas in the air may
influence the health of both wildlife and human beings who
live nearby; in the middle stage, the leakage of gas may cause
explosion; in the downstream stage, the burning of gas will
generate some pollution, but that will have less impact than
that of coal and gasoline, and the pollution will vary
depending on the type of usage. At every stage, regular
human activities, such as drilling, hydraulic fracturing, and
pipe laying, will cause some impact to land use, soil, wildlife,
and the ecosystem as a whole. With regard to water
consumption and pollution, there is a huge negative impact
in the upstream phase and a more positive influence in other
stages. The extent of the impact depends on the specific
utilization, working activities, and the adoption of
technology, especially for hydraulic fracturing. However,
the biggest controversy is whether natural gas can reduce
the greenhouse effect compared to other source of energy. The
biggest uncertainty in this regard is the scale of gas leakage.
Thus, making efforts to control and reduce the level of leakage
of natural gas will enhance the environmental quality.

6 KEY MEASURES AND POLICY
RECOMMENDATIONS FOR
ENVIRONMENTAL RISK MANAGEMENT
AND CONTROL

6.1 Focus on the Upstream Hydraulic
Fracturing Activity
Firstly, strengthen environmental assessment management. Establish
environmental assessment procedures for pre-, mid-, and
posthydraulic fracturing; fracturing operations; and wastewater
treatment. The environmental impact assessment of natural gas
exploitation can prevent environmental pollution and ecological
damage (Wu et al., 2018). The advancement of monitoring
technologies and data-analysis technologies in the digital era make
this task more practical and efficient. The comprehensive policies,
regulations, and standards of the United States have played a guiding
role in the environmental assessment work by other countries.
During project preparation, design, and approval, monitor the
integrity comprehensively, monitor environmental indicators in
real time, and conduct environmental risk emergency
management in advance.

Secondly, improve policy standards. Formulate strict
environmental supervision policies, especially clarify the
treatment standards for wastewater reinjection, wastewater
treatment, and fracturing fluid composition for hydraulic
fracturing. It is necessary to learn from the mature regulatory

systems of the United States and Canada to improve the well
spacing and casing integrity standards during the oil well
construction process (Gagnon et al., 2016). Develop sensible
well spacing, and limit the distance to houses, buildings, etc.
Enact strict casing integrity regulations to prevent oil, gas, and
water from migrating from one formation to another, thereby
ensuring the safety of the surrounding ground and surface water.

Thirdly, make a water quality monitoring plan specifically for
hydraulic fracturing. The United States Environmental Protection
Agency (2015) pointed out that the lack of data and related
chemical information collected before and during hydraulic
fracturing operations will reduce the ability to identify hydraulic
fracturing contaminated areas. It is vital to make a plan for water
quality monitoring. Determine water quality monitoring
standards, including monitoring time, location, and the number
of detections. Identify potential pollutants, determine the priority
of pollutant hazards test chemical composition, and make a list of
water quality analytes. Based on the water quality monitoring data,
formulate a regional water quality supervision plan.

Fourthly, promote the innovation of key technologies. Further
improve green drilling and completion technologies, efficient
drilling technologies, and recycling technologies to reduce
environmental pollution from drilling activities. Promote
technological breakthroughs in the direction of waterless
fracturing technology, key oil production engineering
technologies, and intelligent gas production technologies.
Government subsidies and financial support will quickly promote
the development and application of technology substitution.

6.2 Improve Natural Gas Storage and
Transportation Monitoring System in the
Midstream Stage
Firstly, in the process of natural gas storage and transportation,
pipeline laying and storage site selection should be as far away as
possible from environmentally sensitive areas and residential areas,
and an environmental assessment should be prepared with in-depth
demonstrations of specific construction and environmental risks.

Secondly, strengthen the leak detection of methane and volatile
organic compounds, and then take effective measures to prevent
and manage risks. Continuously improve monitoring technology
of methane emissions. There are already some technologies that
can help us monitor the leakage of natural gas pipelines, such as
infrared imaging technology, olfactory sensor leak detection
technology, schlieren imaging technology, gas detection method,
and distributed optical fiber acoustic sensor detection method.

Thirdly, strengthen the quality control of engineering materials.
Pipeline gas engineering is usually constructed based on its expected
service life. The quality of engineering pipes and equipment has a
direct impact on the service life of the project. The main reason for
leakage of natural gas is defects in the pipe equipment (Peng et al.,
2013). Therefore, the entire process of manufacturing pipe
equipment, from design, model selection, bidding, quality
inspection, procurement, and transportation to construction,
requires a sound quality assurance system.

In addition, urban gas has the closest connection to the
residents. In order to reduce the hazardous consequences,
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frequency and impact of accidental gas fires and explosions
caused by the rupture of urban gas pipelines, the risk
identification and management of urban gas pipelines should
be strengthened. This should include design, construction, daily
maintenance, and strict control of the aging and connection of
pipes. Strengthen safety training and guidance, and prepare
accident emergency plans in advance.

6.3 Promote More Environmentally Friendly
Downstream Natural Gas Utilization
Technologies
It is shown that gas utilization is more efficient than coal-fired
equipment. Gas-fired power plants have a thermal efficiency of
more than 10%, and cogeneration and distributed energy have a
thermal efficiency of more than 20% (He, 2016). Compared with
ordinary coal-fired units and "ultra-low emission" units, gas-fired
power plants have obvious advantages in terms of reduced
emissions. Among them, smoke and dust can be reduced by
14–80%, SO2 can be reduced by 100%, and CO2 can be reduced
by 45–62% (Shen et al., 2016). Therefore, it is recommended to
promote the application of advanced technology. One is to promote
the technologies, such as gas-fired cogeneration, the combination of
refrigeration, heating and power generation, and gas-fired air-
conditioning technologies, actively to stimulate urban gas
consumption and gradually replace traditional energy sources. The
second is to vigorously develop technologies to reduce consumption
and improve energy efficiency in the use of natural gas, and give
priority to supporting natural gas recycling, distributed energy
technologies, and green and low-carbon service technologies.

7 CONCLUSION

After systematically reviewing the studies on the whole life cycle
of the upper, middle, and lower stages of the natural gas industry
chain, we focused on identifying environmental risks such as air
pollution, land use, water use, ecological impact, and greenhouse

effect at various stages. There are some conclusions that can help
us carry out more targeted work.

Firstly, although there are environmental risks in the natural gas
production and supply process, they can be reduced through
technologies and measures. Secondly, the usage of natural gas is
accompanied by the release of greenhouse gases. However, compared
with traditional energy sources such as coal, environmental
pollution, the greenhouse effect, and the ecological impact of
natural gas are much smaller. Thirdly, through this literature
review and identification of various environment risks, we
identify the key activities at different stages. During upstream
exploitation, hydraulic fracturing has the worst environmental
impact. In the midstream storage and transportation stage,
methane leakage is the biggest environmental risk. In the
downstream combustion and utilization stage, different
application technologies will produce different resource
consumption and emissions.

Therefore, this article puts forward some policy
recommendations for different stages. In the upstream stage,
for hydraulic fracturing activities in particular, we suggest
strengthening environmental assessment management,
improving policy standards, making a water quality
monitoring plan, and promoting the innovation of key
technologies. In terms of the midstream, besides pipeline
laying and site selection, we focus on monitoring the system,
including leak detection, quality management of engineering
materials, and risk identification and management. When it
comes to downstream, we encourage the application of
advanced technologies to improve thermal efficiency and
reduce emissions, such as gas-fired related technologies,
natural gas recycling technologies, distributed energy
technologies, and green and low-carbon service technologies.
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