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Abstract

Global climate change poses a significant threat to human health. While healthcare
services can offer protection, they also contribute to this threat through indirect
environmental impacts. Projections indicate that greenhouse gas emissions from medical
services will continue to rise in the foreseeable future. Within the healthcare sector,
anesthesia represents a substantial contributor to the overall carbon footprint. Given the
persistent increase in the volume of anesthesia cases, anesthesiologists have a pivotal
role in promoting sustainable anesthesia and enhancing environmental sustainability in
healthcare. Life Cycle Assessment (LCA) serves as an analytical tool that quantifies
the environmental impact of products, processes, and activities throughout their life
cycles. Its application is gradually gaining acceptance in the medical field and
can assist physicians in comparing the environmental impacts of various diagnostic
and treatment approaches in clinical practice. The primary objective of applying
LCA to anesthesiology is to assess the carbon footprint and environmental impact
of different anesthesia modalities under the guidance of anesthesia providers. This
review highlights the advantages of reducing high-Global Warming Potential (GWP)
inhalational anesthetics and minimizing drug waste, implementing low-flow anesthesia,
carefully evaluating the benefits and drawbacks of reusable versus disposable materials,
and optimizing energy consumption to mitigate the carbon footprint associated with
anesthesia. Furthermore, this review examines potential sources of carbon footprint in
anesthesia practices and discusses strategies to achieve net-zero emissions in anesthesia,
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offering a valuable reference to foster sustainable anesthesia practices.
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1. Introduction

The health implications of climate change are becoming in-
creasingly severe. In The Lancet’s 200 Years publication,
climate change and health were identified as one of the five
major issues to be addressed [1]. Scientific evidence demon-
strates that global temperatures are rising, and if they surpass
1.5 °C above pre-industrial levels, the consequences for life
on earth will be catastrophic [2]. Furthermore, the surge in
extreme weather events resulting from climate change will
exacerbate existing crises such as the spread of infectious
diseases, habitat destruction, increased economic losses, and
negative impacts on mental health. This will further strain
healthcare systems worldwide [3]. It is important to note that
healthcare services themselves contribute to greenhouse gas
emissions, either directly or indirectly [4]. As a result, all
healthcare professionals should aim to minimize the carbon
footprint of their clinical practice. Globally, the healthcare
sector contributes about 4.6% to greenhouse gas emissions [5].
In China, it accounts for 2.7%, making it the largest contributor

among all sectors [6].

The operating room represents the most resource-intensive
environment within a hospital, necessitating significant energy
consumption, extensive medical equipment, a variety of con-
sumables, pharmaceuticals, and generating substantial exhaust
emissions and medical waste. Additionally, it requires mul-
tidisciplinary collaboration among various healthcare teams,
making it an optimal starting point for the medical industry’s
efforts to achieve net-zero carbon emissions [5]. The National
Institute for Health and Care Research Global Health Research
Unit on Global Surgery has established strategies aimed at
mitigating the environmental impact of surgical practices on
a global scale. The three primary priorities identified include
(1) the implementation of reusable devices, (2) a reduction in
the use of consumables, and (3) a decrease in the reliance on
general anesthesia in favor of local or regional anesthesia [6].
Current research has examined the carbon emissions associated
with various surgical procedures, including cardiac surgery
[7, 8], gastrointestinal endoscopy [9], and hysterectomy [10].
However, the carbon emissions attributed to anesthesia should
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not be overlooked. MacNeill ef al. [11] found that anesthesia
may generate more carbon emissions than surgical procedures
themselves, primarily due to the emissions produced by anes-
thetic gases such as desflurane [11]. Furthermore, the carbon
emissions associated with disposable consumables, the wash-
ing and sterilization of reusable items, anesthesia drugs, and
medical waste also contribute to the overall carbon footprint
of the operating room, with emission levels varying depending
on the anesthesia method used [12].

There are over 200 million anesthesia procedures conducted
globally each year. Given this substantial potential source of
carbon emissions, anesthesia providers must consider strate-
gies to mitigate their carbon footprint and promote sustainable
healthcare practice within their professional domains [13]. In
this context, the present review elucidates the relationship be-
tween healthcare and climate change, summarizes the potential
sources of carbon emissions associated with anesthesia activi-
ties, and compares these with other medical interventions, such
as surgery and radiotherapy. Furthermore, it discusses feasible
measures to minimize the carbon footprint of anesthesia and of-
fers a reference for fostering a positive feedback loop between
health and climate change.

2. Literature review

2.1 Carbon footprint

It is essential to acknowledge that every product or service
utilized in our daily life carries a carbon footprint. In recent
years, medical professionals have increasingly recognized the
environmental impact of various medical activities (Table 1,
Ref. [12, 14-20]), including those associated with operating
rooms [7—10, 14—16], modes of delivery [ 17], radiation therapy
[21], pathology testing [18], COVID-19 [19], clinical trials
[22], conferences [23], and telemedicine [20, 24]. One of
the most pressing concerns relates to the carbon footprint
generated by these activities. The term “carbon footprint”
refers to the total amount of greenhouse gases (GHGs) emitted
by an individual, organization, event, or product, typically
measured in kilograms of carbon dioxide equivalent produced
over a specified time frame. This measurement is generally
obtained through life cycle assessment (LCA), which serve
as a means to evaluate the impact of human activities on the
environment and climate change. Life cycle assessment is an
environmental management tool that analyzes the environmen-
tal impact of a product, process, or activity across various life
cycle stages, including the extraction of raw materials, pro-
duction, transportation, sale, use, recycling, maintenance, and
final disposal. For instance, LCA can be employed to assess
the environmental impact associated with the production and
subsequent disposal of anesthetic drug trays [25]. According
to International Organization for Standardization (ISO) and its
ISO-14040 series of standards, LCA encompasses goal and
scope definition, inventory analysis, impact assessment, and
interpretation of results (Fig. 1) [26]. A detailed explanation
of each stage of the LCA process is provided in Table 2.

2.2 Inhalation anesthetics

2.2.1 The nature and current status of
inhalation anesthetics

Inhalation anesthesia administers volatile agents with oxy-
gen through a ventilator, allowing gradual inhalation. This
method effectively suppresses cerebral activity, leading to a
gradual onset of unconsciousness. As the concentration of
inhaled anesthetics increases, the patient progressively loses
consciousness, ceases spontaneous respiration, experiences
analgesia, and achieves muscular relaxation, thus attaining
an appropriate state for surgical intervention. Currently, the
inhalation anesthetics employed in clinical settings can be
broadly categorized into two groups: nitrous oxide (N2O)
and halogenated compounds, including sevoflurane, desflu-
rane, isoflurane, and methoxyflurane. Inhaled anesthetics offer
several advantageous characteristics, such as ease of titration,
real-time monitoring of alveolar concentrations, broad phar-
macological effects, and minimal metabolic processing within
the body. In addition, the potential for topical application is
emerging [27]. However, the limited metabolic transformation
of inhaled anesthetics within the body raises significant con-
cerns from an environmental perspective. This phenomenon
occurs because inhaled anesthetics are predominantly elimi-
nated via respiration in their unchanged state [28], leading to
their direct release into the atmosphere without any post-use
treatment. The inhaled anesthetic gases currently employed in
clinical practice are recognized as greenhouse gases [29, 30],
with estimates of their contribution to climate change ranging
from 0.01% to 0.1% of total global greenhouse gas emissions
[31-33]. Furthermore, direct emissions from these anesthetics
account for approximately 3% of the healthcare-related climate
footprint in high-income countries, as well as over half of the
emissions associated with perioperative services [34-37]. To
illustrate the environmental impact, this is analogous to the
carbon dioxide emissions produced by driving between 235 to
470 miles for desflurane, 18 miles for sevoflurane, or 20 to 40
miles for isoflurane per hour, respectively, based on average
carbon dioxide emissions per mile in the United States [38].

2.2.2 Environmental and occupational impact
of inhaled anesthetics

Nitrous oxide (N2O) and chloro-halogenated compounds,
specifically isoflurane and methoxyflurane, are classified
as ozone-depleting substances [31]. The Ozone Depleting
Potential (ODP) serves as a metric used to quantify the extent
of ozone destruction attributable to these substances, relative to
chlorofluorocarbon-11 (CFC-11) [39]. N5O possesses an ODP
value of 0.015, while isoflurane and methoxyflurane exhibit
ODP values 0f 0.03 and 0.001, respectively [28]. Among these
compounds, NoO emerges as the primary contributor to ozone
layer depletion [40], accounting for approximately 6% of
anthropogenic global warming. Furthermore, studies indicate
that N2 O emissions are poised to increase in the future across
all conceivable emission scenarios [39, 41]. Non-chlorinated
halogenated anesthetics, namely sevoflurane and desflurane,
also significantly contribute to climate change despite their
negligible potential for ozone layer depletion. This is largely
due to their robust infrared absorption bands, which coincide
with the outgoing radiation within the atmospheric window,



Authors (yr)

Thiel et al.

[14] (2015)

Wang et al

[15](2022)

Rizan et al.
[16](2023)

McGain et al.
[12](2021)

Study type

Single center
Real-world data
Prospective

Single center
Real-world data
Retrospective

Multi-center
Mixed methods
(real-world data
combined with

models)

Prospective

Single center
Real-world data
Prospective

TABLE 1. Comparison of carbon emissions from different medical activities.

Study focus

Hysterectomy
(a) Vaginal
(b) Abdominal
(c) Laparoscopic
(d) Robotic

Transforaminal
Lumbar Interbody
Fusions
(a) Spinal anesthesia
(b) General anesthesia

Surgical operations
(a) Carpal tunnel
Decompression

(b) Inguinal hernia Repair
(c) Knee arthroplasty

(d) Laparoscopic
Cholecystectomy

(e) Tonsillectomy

Knee Replacements
(a) Spinal anesthesia
(b) General anesthesia

Functional unit

One hysterectomy
Patient enters the
OR to leaves

Nil*

One operation
“Cradle to factory
gate” activity

All anesthesia for
a total knee
Replacement

Conclusions
(1) Abdominal and vaginal

hysterectomies emit significantly

less greenhouse gases than
laparoscopic and robotic
hysterectomies without
anesthetics;
(2) The major sources of
environmental emissions:

(a) The production of disposable
materials and single-use surgical

devices;
(b) Energy used for HVAC;
(¢) Anesthetic gases
(1) The dramatic carbon
footprint reduction associated
with using spinal anesthesia
compared with general
anesthesia;

(2) The desflurane use in
general anesthesia patients
resulted in a sizeable
increase in COge

The production of single-use
items, decontamination of
reusable instruments,
and waste disposal were the
largest contributors to the
carbon footprint

(1) All anesthetic approaches had

similar carbon footprints;

(2) Several choices determine the

final carbon footprint:
(a) Low-flow anesthesia
(b) Total intravenous anesthesia
(c) Reducing single-use plastics
(d) Reducing oxygen flows

(e) Collaborating with engineers

(f) Renewable electricity

Limitations

Do not account for the
length of stay and
postsurgical resource use,
which may result in
different emissions profiles.

(1) The carbon footprint
calculations only consider
the anesthetic agents that are
used in the surgery.

(2) The GWP100 of
anesthetic agents downplays
the worse near-term
environmental impact.

The result was affected by
differences in emission
factors and system
boundaries in the database
and may not be generalizable
to other contexts.

Comparisons between
the anesthetic groups and
between countries are uncertain
because it is a small,
single-center, prospective,
nonrandomized, observational,
unblinded study.

Practical guidance

Effective management of
HAVC systems can
effectively reduce energy
consumption and thus
reduce carbon footprint.

The environmental
friendliness and potential
cost-benefit of spinal
anesthesia in lumbar
surgery may be
underestimated.

Identifying the largest
sources of carbon
footprint and eliminating
or replacing them with
low-carbon products is
the most feasible strategy.

The choice of anesthesia
has little impact on the
carbon footprint, and
choices (a—f) determine the
final carbon footprint.



Authors (yr)

McAlister et al.
[18](2020)

Morooka et al.
[19] (2022)

Sillcox et al.
[20] (2023)

Spil NA et al.
[17] (2024)

Study type

Multi-center
Real-world data
Prospective

Single center
Real-world data
Retrospective

Single center
Real-world data
Retrospective

Multi-center
Real-world data
Retrospective

Study focus
Pathology testing
(a) Full blood
Examination
(b) Coagulation profile
(c) UKE
(d) CRP
(e) ABG

Influence of COVID-19
on the 10-year carbon
footprint

The Bariatric Surgery
Telemedicine Use

Different modes of birth
(a) Planned caesarean birth
(b) Uncomplicated
vaginal birth in hospital
(¢) Uncomplicated
vaginal birth at home

*The authors did not define or mention.
GWP: Global Warming Potential; U&E: Urea and electrolytes; CRP: C-reactive protein; ABG: Arterial blood gases; COVID-19: Coronavirus disease 2019; HVAC: heating, ventilation,

and air conditioning systems, COse: Carbon dioxide equivalent; NoO: Nitrous oxide.

TABLE 1. Continued.

Functional unit

One pathology
testing
Collection to
analysis

Direct and
indirect carbon
emission sources

One bariatric
Surgery
Initial clinic visit
to the operation
date

The birth of a
live baby

Conclusions

Full blood examination
produced the highest COqe

emissions and some unnecessary

testing should be reduced

(1) The overall carbon footprint
increases and it decreased
slightly during the COVID-19
epidemic;

(2) Carbon footprint per
person per admission has
increased.

Implementation of telemedicine
for bariatric preoperative

evaluations reduced patient travel,

and carbon emissions, and
improved the attrition rate

(1) The carbon footprint of
cesarean section is higher than
that of vaginal delivery without
regard for anesthesia/analgesia,

the main contributors
to carbon footprint come
from disposables, energy,
and instruments.

(2) The use of NoO/O, for
analgesia increased the carbon
footprint of vaginal delivery by

25 times, more than that of a
cesarean section.

Limitations

Primary data for the
manufacture of phlebotomy
equipment and reagents were
unavailable and conservative
estimates were made.

This study did not include the
carbon footprint generated by
the education, outpatient
clinics, and scientific research
institutes.

(1) The study is limited to
preoperative clinic visits.
(2) Only one standard mode of
transportation modality
(gasoline-burning car) was
considered.

(3) The actual starting point of
the patient was not confirmed.
(1) This study only considers
the ideal pregnancy with low
risk, ignoring the complexity
of the actual situation, such as
the change of delivery mode
or delivery place.

(2) The duration of labor and
the use of analgesia were
basically averaged, ignoring
the differences among
clinical individuals.
Individualized observation
and analysis should be
strengthened in the future.

Practical guidance

Reducing and avoiding
unnecessary pathogen
testing is even more
important to reduce the
carbon footprint.

It is relatively easy to
conduct an overall
longitudinal carbon
footprint study of health
care institutions and can
help address the climate
CTiSiS.

For patients who need
repeated outpatient
evaluation over a long
period of time,
telemedicine may
increase patient
compliance and bring
environmental benefits.

Relieving maternal pain
or capturing N2O to
catalytic lysis would

significantly reduce the

carbon footprint of
childbirth.



Goal and scope
definition

Inventory analysis

Impact assessment

Results

interpretation

FIGURE 1. Life cycle assessment framework. The four stages of the life cycle assessment, where the arrows represent the
underlying information flow, and each arrow is required to interpret the results.

thereby diminishing the emission of infrared heat energy [28].
Additionally, the prolonged atmospheric persistence of these
agents further exacerbates their environmental impact on the
climate system.

As articulated by the Intergovernmental Panel on Climate
Change (IPCC), the Global Warming Potential (GWP) quanti-
fies the cumulative radiative forcing produced by the instan-
taneous release of a gas per unit mass. This metric serves
as a critical tool for assessing the potential impact of green-
house gases on climate change, with carbon dioxide (CO,)
designated as the reference gas [38]. The GWP of a specific
gas is primarily influenced by its infrared absorption spectrum
and atmospheric lifetime [42, 43]. Furthermore, the infrared
absorption spectra of anesthetic gases can be measured with
high precision in laboratory settings [40]. Anesthetic gases
exhibit significant infrared absorption characteristics, partic-
ularly within the atmospheric window, a spectral region where
infrared radiation typically escapes into space. Halogenated
anesthetic agents—such as isoflurane, desflurane, sevoflu-
rane, and methoxyflurane demonstrate pronounced absorption
in this region. In contrast, nitrous oxide (N2O) is situated
outside this region, thereby impeding the efficient escape of
infrared radiation to higher altitudes. This phenomenon has
implications for the radiation balance of the Earth, contribut-
ing to its warming [31, 39]. Anesthetic gases remain in the
atmosphere based on how quickly they break down. These
compounds are predominantly removed from the atmosphere
through reactions involving hydroxyl (OH) radicals, with NoO
also susceptible to direct photolysis in the stratosphere. The
atmospheric lifetimes of these anesthetic gases vary, reflecting
the strength of their chemical bonds [28]. Among the com-
monly utilized anesthetic gases, their atmospheric lifetimes,
ranked from shortest to longest, are as follows: methoxyflu-
rane (0.15 years), sevoflurane (1-2 years), isoflurane (3.5
years), desflurane (14 years), and N5 O (109 years) [44, 45].

In general, the difference in the GWP of anesthetic
gases mainly comes from the difference in atmospheric
lifetime rather than the infrared absorption band [46]. The
GWP100 values, from lowest to highest, are methoxyflurane
(4), sevoflurane (195), NoO (273), isoflurane (539), and
desflurane (2590), which is roughly the same as the order of
atmospheric lifetime [45]. Notably, desflurane accounts for
approximately 80% of the greenhouse effect associated with
volatile anesthetic gases [47]. This significant contribution
may be linked to desflurane’s GWP, which is, on average,
ten times greater than that of the other anesthetic gases,
coupled with its higher Minimum Alveolar Concentration
(MAC) compared to sevoflurane and isoflurane. We provide
a summary of the atmospheric parameters and minimum
effective concentrations of clinically utilized volatile
anesthetics in Table 3 (Ref. [45, 48]). This information
may contribute to minimizing clinical waste and prioritizing
volatile anesthetics with a reduced potential for carbon
emissions.

Another significant yet often overlooked environmental im-
pact of anesthetic gases is aquatic ecotoxicity [49]. Volatile
anesthetic gases and their degradation products, which contain
at least one fully fluorinated methyl or methylene carbon atom,
are classified as per- and polyfluoroalkyl substances (PFAS).
Upon their release into the atmosphere, these compounds do
not simply “dissipate”; rather, they are eventually deposited
through precipitation or directly enter surface water bodies,
leading to gradual accumulation and persistent water pollution.
In comparison to Total Intravenous Anesthesia (TIVA), PFAS,
commonly referred to as “forever chemicals”, pose greater
ecological risks due to their extreme environmental persistence
and toxicity. Given their potential hazards, there is an urgent
need for comprehensive ecological impact assessments and
effective regulatory oversight to manage their environmental
footprint.



TABLE 2. Life cycle assessment (LCA) stages and application of LCA to a general anesthesia example.

LCA stage

Goal and

scope definition

Functional unit

System
boundaries

Life cycle
inventory

Impact
assessment

Interpretation

Anesthetic

Nitrous oxide NoO

Isoflurane CF3CHCIOCHF,
Desflurane CFsCHFOCHF,
Sevoflurane (CF3);CHOCHF
Methoxyflurane CHCl,CF5OCHj3
Data were derived from IPCC Report 31 [15] (ARG-chapter-7) and Aranake et al.

Concentration.

Interpretation
LCA aims to compare the environmental
impact of multiple products or activities (e.g.,
endoscopy, traditional laparotomy, robotic
surgery, or different inhalation anesthetics).
Research objectives, research objects, functional
units, system boundaries, and related
constraints determine the scope.

An object or process of particular interest is
known as a functional unit. Such as the
functional unit of the refrigerator is “kg-MJ”,
and the functional unit of health care is
“one treatment or one operation”.

System boundaries define the scope of the study,
i.e., which inputs, outputs, and life cycle phases
to include, with a focus on high-emitting sources.

Life cycle inventory is the data collection stage,
including the input energy, output products or
processes, and emissions to the atmosphere,
water, and soil, which is the basis for the next
impact assessment.

Impact assessment involves quantifying the
environmental load impact identified in inventory
analysis through impact classification,
characterization, and quantitative assessment.
This stage involves analyzing, interpreting, and
discussing research results to identify
high-emission aspects of products or processes,
and providing recommendations for ecological
optimization.

General anesthesia example

Environmental impact assessment of general
anesthesia in the operating room for the following
surgical procedures: general surgery, obstetrics
and gynecology surgery, eye surgery, cardiac
surgery, joint replacement, neurosurgery.

The functional unit is a general anesthetic for
one patient.

Time: The system boundaries encompass the
entire process from the moment the patient enters
the operating room to the completion of general
anesthesia and the final exit from the operating room.
The boundaries include the use of anesthetic drugs
and gases, disposable or reusable items, energy
utilized in operating room-related equipment (capital
equipment, computers, lighting, heating, ventilation,
and air conditioning systems), and the production and
disposal of these resources for all patients undergoing
general anesthesia during this period.

Record and specify consumption, service life, and
material composition of items used.

Energy usage can be determined either by taking
measurements or by performing calculations.
Carbon emissions from the production and
disposal of supplies should also be recorded.
Convert data to environmental impact units
according to certain rules for easy comparison,
(e.g., kgCOse/kg or kgCOqe/L or kgCO4ye/h).
COqe = carbon dioxide equivalents
Identify the high carbon emission links of general
anesthesia, discuss the influence of relevant
restrictions on the results, and put forward
suggestions on the realization of ecological
sustainability of general anesthesia.

TABLE 3. Atmospheric parameters and MAC of anesthetic gases.

Atmospheric Atmospheric infrared The 100-year Minimum alveolar
Lifetime (yr) radiation spectral Global warming concentration
wavelength (8—14 pm) potential
109.00 Nonoverlapping 273 105.00
3.50 Overlapping 539 1.15
14.10 Overlapping 2590 6.00
1.00-2.00 Overlapping 195 1.71
0.15 Overlapping 4 0.16

[48].  MAC: Minimum Alveolar
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The effects of anesthetic gases extend beyond environmental
degradation, such as the greenhouse effect and ozone deple-
tion; they may also pose significant health risks to individuals
with chronic occupational exposure, particularly in settings
with inadequate exhaust ventilation [50]. Early investigations
have indicated that medical personnel working in environ-
ments with insufficient clearance of inhaled anesthetics may
encounter health complications such as liver disease, kidney
disease, neurological disorders, cancer, spontaneous abortion,
reduced fertility, and congenital anomalies [51-54]. There-
fore, many countries have proposed legislation to establish
occupational exposure limits for anesthetic gas emissions in
order to reduce the associated health risks [55-58]. How-
ever, clinical observations [59, 60] have demonstrated that,
in certain instances, occupational exposure to anesthetic gas
emissions exceeds the established legislative thresholds. With
the implementation of gas extraction systems (scavenging sys-
tems) and appropriate ventilation in operating rooms, the ma-
jority of anesthesia exhaust can be effectively removed, thus
maintaining levels within the recommended exposure limits.
As a result, health risks related to immunosuppression, mu-
tagenicity, and oxidative stress from anesthetic gas emissions
can be substantially mitigated [61]. A systematic review
conducted in 2023 revealed that existing evidence linking
occupational exposure to anesthesia gases with spontaneous
abortion or teratogenicity remains limited, due to method-
ological variability and heterogeneity across studies [62]. In-
deed, adherence to guidelines for occupational exposure to
inhaled anesthetics, along with controlling exposure duration
and the volume of anesthetic exhaust, and utilizing appropriate
scavenging and ventilation systems to maintain environmental
anesthetic gas levels below recommended thresholds, have not
resulted in significant adverse effects [59, 61-63]. Nonethe-
less, it is important to acknowledge that some reports suggest
that occupational exposure to anesthetic exhaust gases may
induce genotoxicity, mutagenicity, and oxidative stress-related
injuries, particularly in low-resource or developing countries
where clearance and ventilation systems are inadequate, access
to low-flow anesthesia technology is limited, and older, more
toxic anesthetic agents are still in use [64, 65]. Therefore, rou-
tine monitoring of anesthetic gas concentrations in operating
rooms, advocacy for governmental regulation and legislation
concerning occupational exposure limits, and improvements to
scavenging and ventilation infrastructure are essential strate-
gies for reducing the risk of chronic exposure to anesthetic gas
emissions in healthcare settings.

2.3 Measures and new technologies

Anesthetic exhaust gases are discharged directly into the exter-
nal environment, undergo minimal metabolic processing, and
are not subjected to treatment. This situation contributes to
environmental degradation and poses a risk of occupational ex-
posure risk to residual anesthetic gases. Nitrous oxide (N5O),
classified as both an ozone-depleting substance (ODP 0.015)
and a potent greenhouse gas (GWP 100253), should be mini-
mized whenever possible. Nevertheless, in obstetrics, NoO is
frequently utilized as one of the primary analgesics, resulting in
significant carbon emission [66], thereby increasing the carbon

footprint of vaginal delivery by 25 times, much higher than
cesarean section [17]. Catalytic lysis involves employing a
catalyst within a purification system to decompose the exhaled
N>O from patients into nitrogen (N3) and oxygen (O2). The
efficacy of this process is contingent upon the volume of the
patient’s exhaled breath that is expelled through the face mask
or endotracheal tube, directed to the scavenging system and
subsequently routed to the catalytic device [67, 68]. This
innovative technology minimizes both environmental impact
and occupational exposure in medical settings where N3O is
indispensable and is already in routine use [68]. Additionally,
research is actively being conducted on technologies that adapt
the catalyst type or concentration based on the composition of
anesthesia exhaust gases to enhance the efficiency of emissions
capture.

Desflurane exhibits a significantly greater GWP compared
to other commonly utilized anesthetic agents, attributable to its
prolonged atmospheric lifespan and elevated alveolar effective
concentration. Furthermore, desflurane contributes the high-
est carbon emissions associated with non-anesthetic exhaust
factors when evaluating the upstream environmental impact,
which encompasses manufacturing, transportation, packag-
ing, and drug delivery throughout the lifecycle of inhaled
anesthetics [38]. Consequently, it is advisable to avoid the
routine use of desflurane when clinically appropriate, in order
to mitigate the environmental harm associated with inhalation
anesthesia without compromising patient outcomes [69]. In
13 January 2023, the impending complete ban on desflurane
in the United Kingdom, scheduled for 2024 [70], along with a
proposal within the European Union [71] to prohibit or at least
impose stringent restrictions on the use of desflurane by 2026,
underscore the compelling arguments against its utilization in
clinical practice.

Notably, the prohibition and substantial restriction of des-
flurane could result in a reduction of approximately 80% in
the carbon footprint associated with volatile anesthetic gas.
However, this should not diminish the importance of consider-
ing other effective interventions [72], such as minimization of
fresh gas flow (FGF) anesthesia. This approach is among the
most recent strategies recommended by the American Society
of Anesthesiologists and other experts for reducing anesthetic
emissions [73, 74]. Implementing reduced FGF can lead to
decreased drug consumption, waste, and environmental impact
in a straightforward, safe, and effective manner. Ryan ef al.
[38] suggested utilizing sevoflurane with an FGF reduction
of 2 L/min, while recommending desflurane and isoflurane
with a reduction to FGF levels of 0.5 to 1 L/min, which
may represent an optimal approximation of the ideal FGF.
Through the utilization of a closed respiratory system and a
quantitative anesthesia delivery system based on a modern
anesthesia workstation, Feldman et al. [75] demonstrated that
employing balanced anesthesia with low or minimal fresh gas
flow (<1 L/min) during irrigation, and a metabolic fresh gas
flow (0.35 L/min) during steady-state maintenance, resulted
in a reduction of CO- emissions and costs by approximately
50%. Among the various methods for controlling the end-tidal
concentration of anesthetic gases at the end of expiration [76],
the electronic control mode (including automatic control, tidal
end control, and automatic gas control) has shown significant



potential in reducing inhalation anesthetic consumption and
greenhouse gas emissions compared to traditional fresh gas
flow techniques.

The strategies outlined above not only reduces the risk
of occupational exposure and adverse environmental impacts
but also respond to societal demands for immediate climate
action. Furthermore, the development of novel technologies
that prevent the release of anesthetics into the atmosphere and
facilitate gas capture for reuse represents the most perspective
means of achieving sustainable anesthesia and mitigating the
carbon footprint.

Numerous capturing technologies have been patented:

(1) Charcoal particles or molecular sieve adsorption [77].
Activated carbon, which possesses favorable adsorption
properties, can be utilized to capture volatile anesthetics and
is commonly employed in intensive care settings where liquid
volatile agents are directly introduced into the respiratory
circuit. However, the advantages of this system are short lived,
as volatile anesthetics are quickly desorbed and released into
the atmosphere during the disposal of carbon-based devices.
Currently, various technologies, such as SageTech medical
(http://www.sagetechmedical.com/), Bluezone anesthetic
collection service (https://www.blue-zone.com/), and CONTR
Afluran [78] (https://www.baxter.be/en/node/3766), have been
developed to capture volatile anesthetics and subsequently
enable their potential reuse through a purification process.
Silicate (zeolite) materials, which offer precise pore size
control, can serve as an alternative to activated carbon for
capturing volatile anesthetics. Doyle ef al. [79] reported the
effective removal of 1% isoflurane from exhaled air within
eight hours using a silica-zeolite hydrophobic molecular sieve
adsorbent. Additionally, volatile silicates can desorb and
condense, allowing for purification or destruction to prevent
the release of volatile anesthetics into the atmosphere, followed
by the recovery of anesthetics through the purification process
to achieve potentially sustainable inhalation anesthesia [74].

(2) Gas-phase photochemistry. This refers to the chemical
reactions that occur in the gas phase as a result of light expo-
sure. A photochemical waste gas destruction system, based on
this principle, represents a novel method for eliminating anes-
thetic waste gas. This system offers high removal efficiency,
cost-effectiveness, and eliminates the need for secondary treat-
ment. The gas-phase photochemical reactor currently under
development can be tailored to the chemical properties and
concentration of anesthetics, thereby enhancing removal effi-
ciency and effectively limiting the release of anesthetic waste
gas into the atmosphere [80].

(3) Polymerized membrane technology. This filters COs,
O5, and Ns to the surface of the removal membrane while
retaining anesthetic vapor, thus reducing the fresh gas flow and
preventing volatile anesthetic gas from escaping into the ex-
haust air stream, thereby minimizing anesthetic waste gas. It is
important to note that the efficiency of these techniques dimin-
ishes with an increase in the fresh gas flow (FGF); therefore,
utilizing low-flow anesthesia can maximize the environmental
benefits of these technologies while considering the ecological
and environmental impacts inherent to the techniques them-
selves. This warrants further research and development [81].
The recycling of anesthetics that are not officially approved for
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clinical reuse also poses a challenge, as improper storage may
exacerbate emissions. Overall, however, these technologies
hold considerable promise and have the potential to reduce
greenhouse gas emissions significantly.

Two life cycle assessment studies of volatile anesthetic gas
capture and recycling technologies illustrate that CO2 equiv-
alent emissions can be diminished by over 85% through the
processes of gas capture, recycling, and reuse [82]. Never-
theless, it is important to acknowledge that any volatile anes-
thetics (VA) capture or destruction technology is inherently
constrained by the fact that half of the volatile anesthetic
administrated in the operating room may not be effectively
captured, due to patient uptake, exhalation, and leaks within
the circuit. The recycling of anesthetics that have not re-
ceived official approval for clinical reuse presents a signifi-
cant challenge, as inadequate storage practices may exacerbate
emissions. Consequently, only a limited number of countries
have sanctioned their reuse to date. Existing data indicate
that capture efficiency within a clinical environment ranges
from 25% to 70% [77], which is substantially lower than
the efficiencies observed in computer simulations or labo-
ratory settings. Furthermore, the actual effectiveness, cost-
effectiveness, and standards for implementation reuse require
further evaluation. Nonetheless, these technologies demon-
strate considerable promise and possess the potential to mit-
igate greenhouse gas emissions significantly [83].

In addition to leveraging technology to address emissions-
related challenges, it can also be employed to tackle issues
associated with generated waste anesthetic gases. The ad-
vancement of novel climate-friendly anesthetics represents a
promising avenue of research. Xenon is the sole inert gas
with anesthetic properties that exists in the atmosphere under
standard pressure [84]. Notably, the xenon released during
medical procedures is returned to the atmosphere in its original
form, thereby avoiding environmental pollution but increasing
medical costs. With the increasing adoption of low-flow
inhalation anesthesia techniques and the emergence of innova-
tive equipment and technologies, xenon inhalation anesthesia
may offer new perspectives for developing environmentally
sustainable anesthetic practices.

While inhalation anesthesia has a significant atmospheric
impact, there are numerous strategies available to mitigate
its effects. The straightforward approach is to identify and
reduce the use of high-carbon-emission anesthetic gases and
implement low FGF anesthesia. Beyond these immediate
measures, the development and application of various gas-
capture technologies offer promising solutions. Additionally,
ongoing research and development efforts are focused on creat-
ing environmentally friendly anesthetic gases that have a lower
carbon footprint and reduced atmospheric impact.

2.4 Intravenous anesthetics

Intravenous anesthesia refers to the administration of non-
volatile general anesthetics via intravenous injection, facil-
itating their entry into the central nervous system through
the systemic circulation. This method does not contribute
to the greenhouse effect or pose occupational exposure risks
associated with inhalation anesthetics, and it is considered an
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effective approach to minimizing the consumption of volatile
anesthetics [85]. In a study aimed at reducing greenhouse gas
emissions from laparoscopic surgery, Thiel ef al. [86] found
that substituting inhaled anesthetics with propofol resulted in
a significant reduction in greenhouse gas emissions (28%),
while maintaining clinical safety and also showed advantages
in transcatheter aortic valve replacement (TAVR) [87] and
weight loss surgery [88]. TIVA also reduces greenhouse gas
emissions by more than 20 times compared to mixed anesthesia
[89]. A simulation study in pediatric anesthesia also indi-
cated that intravenous anesthesia presents a climatic advantage
over inhaled anesthetics [90]; however, real-world data are
necessary for validation. Sherman ef al. [91] employed life
cycle assessment (LCA) to evaluate the environmental impact
of anesthetic drugs on climate change and discovered that
the greenhouse gas emissions associated with propofol were
four orders of magnitude lower than those of desflurane or
nitrous oxide, primarily due to the minimal energy required
to operate the syringe pumps. During intravenous anesthesia,
the most substantial contributions to the carbon footprint were
related to anesthesia-associated electricity usage (20%), dis-
posable plastic syringes (19%), and bottle handling (4%) [12].
Nonetheless, intravenous anesthetics also exhibit adverse envi-
ronmental effects [92]. Research indicates that more than 45%
of intraoperative propofol is either unused or discarded, with
direct environmental release posing toxicity risks to aquatic
organisms and detectable levels in drinking water and fish,
thus necessitating incineration for safe disposal [93]. It is
noteworthy that not all medical institutions have implemented
formal incineration protocols for excess propofol, and the
disposal process may generate varying amounts of greenhouse
gases. Improper disposal practices could further exacerbate the
environmental impact of intravenous anesthesia [94].

To mitigate carbon dioxide emissions, the adoption of in-
travenous anesthesia as a substitute for inhalational anesthesia
must carefully weigh the environmental benefits and draw-
backs of both modalities. Intravenous anesthesia represents a
viable strategy towards achieving net-zero carbon anesthesia
[66], and addressing the challenge of managing intravenous
anesthesia waste may serve as a significant solution for pro-
moting sustainable and cost-effective anesthesia practice [95].

2.5 Regional anesthetics

Regional anesthesia involves the localized injection of anes-
thetic agents, which can temporarily inhibit nerve conduc-
tion within specific regions of the body. The procedures
associated with regional anesthesia generally have a lower
carbon footprint compared to general anesthesia (including
intravenous and inhalation methods), due to the simplicity of
the drugs utilized and the absence of routine airway man-
agement equipment. In the context of transforaminal lumbar
interbody fusion, spinal anesthesia offers several advantages
over general anesthesia, including reduced surgical duration
and postoperative pain [96], as well as a significant decrease
in the carbon footprint associated with its use [ 5], consistent
with findings from Olmos ef al. [97]. The carbon footprint
of regional anesthesia primarily arises from activities such
as instrument washing, disinfection, oxygen inhalation, and

plastic packaging, rather than from the anesthetic agents them-
selves. This carbon footprint is also evident in other anesthesia
techniques. Consequently, the use of regional anesthesia,
either as a primary method or in place of general anesthesia,
is increasingly recommended to mitigate emissions of volatile
substances and reduce the consumption of intravenous anes-
thetics [98]. However, a recent study assessing the carbon
footprint of various anesthesia techniques used in total knee
replacements revealed that the carbon footprint associated with
spinal anesthesia was not significantly reduced when consid-
ering the entire lifecycle of the anesthesia process. This may
be attributable to the additional requirements for instrument
washing and disinfecting instruments, puncture packaging,
plastic usage, and oxygen flow, which may offset the envi-
ronmental advantages of spinal anesthesia, particularly as the
use of desflurane and nitrous oxide was avoided in general
anesthesia. A recent editorial in “Anesthesiology” further em-
phasized that the carbon footprint associated with anesthetics
is not solely linked to the anesthetic agents themselves; rather,
the replacement or adoption of multiple anesthesia techniques
aimed at reducing the consumption of respective drugs does
not necessarily result in lower overall carbon emissions [99].
Thus, multiple strategies are required to effectively reduce
carbon emissions.

Current research on the carbon footprint of regional anesthe-
sia predominantly focuses on spinal anesthesia, with limited
consideration given to the environmental impact of other local
or regional anesthesia techniques, such as nerve blocks or
peripheral nerve blocks. This focus may stem from the broader
clinical application of spinal anesthesia, indicating a need for
further exploration in future studies.

Table 4 presents a summary and comparison of the primary
carbon emission associated with the three clinical anesthesia
methods: inhalational, intravenous and regional anesthesia.
Additionally, we propose potential targeted measures for re-
duction of these emissions. However, it is essential that the
principal criterion guiding the selection of anesthesia methods
is patient-centered, with environmental considerations being a
secondary factor. Consequently, we provide a summary and
comparative analysis of the advantages and disadvantages of
the three modalities of anesthesia concerning clinical appli-
cation and environmental impact, thereby offering a valuable
reference for practitioners in the field (see Table 5).

2.6 Single-use and reusable equipment in
anesthesia practice

Most anesthesia equipment utilized during surgical procedures
is disposable, including items such as laryngoscopes, monitor-
ing electrodes, finger pulse oximeters, masks, tracheal tubes,
breathing circuits, syringes, and various types of puncture kits.
The trend towards replacing reusable anesthesia equipment
with disposable alternatives [100], may be attributed to the
prevailing belief that disposable items are more hygienic and
better at preventing infections [101]. However, contrary to
theoretical assumptions, studies have shown that disposable
laryngoscope handles do not demonstrate a significant ad-
vantage in minimizing infection risk [102], while the use of
reusable sheets can actually help minimizes the spread of
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TABLE 4. Comparison of the carbon footprints for the different anesthesia modalities.

The possible sources of the car-
bon footprint

Inhalation anesthesia

Intravenous anesthesia

Regional anesthesia*

Anesthesia exhaust gas N2V X X
Oxygen v Vv Vv
Wastage of anesthesia drugs v Vv v
Disposable devices v VvV v
Reusable devices v v/ vV
Energy

(a) HVAC

(b) anesthesia machine Y . S

(c) electricity for washing,
disinfecting, sterilizing
(d) patient air warmer

No high GWP inhalation

Targeted measures

anesthetics and develop new
technologies to recover and

dispose of anesthetic waste gas

Reduce drug waste and
PVC product use

Lower flow rates

(1) Promote energy optimization
(2) Minimize fresh gas flow (FGF) anesthesia
(3) Weigh the economic and environmental benefit ratio between disposables and reusables
(4) Strengthen education and publicity
(5) Multi-disciplinary cooperation

Common measures

“J " represents the carbon footprint source component, “x” represents that there is no or little about the carbon footprint
source component, “\/+/” indicates that this carbon footprint source component is more prominent under anesthesia. *Take

spinal anesthesia as an example.

GWP: Global Warming Potential; PVC: polyvinyl chloride; HVAC: heating, ventilation, and air conditioning systems.

TABLE 5. Pros/cons of each modality (inhalation, intravenous and regional) in terms of clinical and environmental

Pros and cons Inhalation anesthesia

(1) Fast onset, easy to adjust the
depth of anesthesia
(2) Less negative impact on the
cardiovascular system
(3) Some muscle relaxation effect
(4) Less metabolic activity in
the body

Clinical
advantages

(1) Special equipment and
personnel such as volatile
vaporizers and anesthesia
machines
(2) May cause postoperative
nausea and vomiting
(3) Airway irritation

Clinical
drawbacks

effects.

Intravenous anesthesia

(1) The implementation is
relatively simple and does not
require complex equipment
(2) Fast onset, strong efficacy
(3) Multiple drugs can be reasonably
selected according to the need
(4) Specific antagonist that can
reverse the anesthetic effect
(1) Most intravenous anesthetics
depend on liver and kidney
function of the patient
(2) Injection pain
(3) Difficult to implement for obese
or poor vascular conditions
(4) Drug concentrations cannot be
monitored in real-time

Regional anesthesia

(1) The patient is conscious, and
the airway safety is high
(2) Little effect on physiological
function and patients recover
quickly after operation
(3) Easy to operate, no need for
complex equipment

(1) Potential risk of local anesthetic
allergy or poisoning

(2) The range of blockage is limited

and not suitable for large areas or
complex surgery
(3) The patient is conscious and
may be overly anxious or
uncomfortable
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TABLE 5. Continued.

Pros and cons Inhalation anesthesia Intravenous anesthesia Regional anesthesia
. 1) No aerosols or volatile
(1) Less drug waste occurs which (1) ) . .
. . anesthetic gases will be produced (1) No aerosols or volatile
Environmental can effectively control the . . ) .
(2) Reduce the risk of operating anesthetic gases will be produced
advantages waste of drugs . .
room contamination and explosion
. 1) The phenomenon of dru, 1) The phenomenon of drug waste
(1) Large carbon emission (1) e P : (. ) v c
. . . waste is obvious and needs to be is obvious and needs to be treated
potential and obvious impact . . . . .
. . treated by incineration and other by incineration and other special
on the atmospheric environment .
. . special treatments treatment
Environmental (2) Ozone layer destruction (2) Direct discharge may lead to (2) The use of disposable items
drawbacks (3) Accumulation and deposition in £ Y p ’

aquatic ecological pollution such as puncture bags and syringes,

the atmosphere may also cause
aquatic ecological pollution

particulate matter [103]. Therefore, it is not reasonable to
use disposable devices for all patients as a means of mit-
igating any potential infection risks. In Germany, the va-
lidity period for reusing anesthetic breathing circuits is one
week, while in the United States, it is limited to a single use
[74]. Evidence has indicated that the reuse of respiratory
circuits may be safe [104], thus, further research is neces-
sary to determine whether disposable anesthesia devices are
superior to reusable options in controlling infection rates. A
comparative analysis of cost-effectiveness and environmental
benefits between reusable and disposable equipment reveals
a degree of complexity, influenced by various environmen-
tal factors [105]. A study by McGain ef al. [106] found
that converting anesthesia equipment in Australian operating
rooms from single-use items (such as masks, laryngoscopes,
and respiratory circuits) to reusable alternatives resulted in an
average annual savings of $30,000; however, this change also
led to a 10% increase in carbon dioxide emissions. In con-
trast, using the British/European energy mix could potentially
reduce carbon emissions by 84%, considering that the energy
required for cleaning, disinfection, and sterilization of reusable
equipment is sourced from renewable resources. Rizan C
et al. [16] who analyzed the carbon footprint of products
used in five common surgical operations in the UK health
system, found that eliminating single-use items or switching
to reusable ones when feasible could significantly reduce the
carbon footprint. Eckelman et al. [101] assessed the carbon
footprint of disposable and reusable laryngeal masks using life
cycle assessment methods and found that the carbon dioxide
emissions associated with reusable masks (primarily stemming
from gas production and combustion for washing and steril-
ization) were approximately half those of disposable masks
(where emissions primarily resulted from polyvinyl chloride
(PVC) plastic production, packaging, and waste disposal).
Improvements in sterilization technologies, enhancements in
energy-efficient autoclaves, strategic procurement, and reduc-
tions in the use of PVC products represent viable avenues
for decreasing carbon dioxide emissions throughout the entire
life cycle of medical equipment. Reusable blood pressure
cuffs exhibit superior cost-effectiveness and environmental
benefits compared to disposable cuffs [107], making them
one of the current strategies for carbon reduction routinely

(3) Disposable syringes, infusion
bags and so on are used more

has increased
(3) Oxygen flow increased

adopted by anesthesia providers. McGain et al. [12] quantified
the carbon footprint associated with each component in knee
replacement procedures, revealing that the carbon footprint for
general anesthesia disposable equipment compared to 5% for
reusable equipment. In the case of spinal anesthesia, how-
ever, reusable equipment had a higher carbon footprint (30%)
compared to disposable equipment (22%). These findings
suggest that the choice of anesthesia technique may influence
the selection of related equipment (disposable versus reusable)
and consequently result in different carbon footprints. In
practice, hospitals can optimize environmental benefits from
equipment usage by fostering collaboration between finance,
procurement, logistics, and suppliers. Overall, the compari-
son between reusables and disposables indicates that reusable
equipment is generally more advantageous in terms of cost
control and environmental impact, depending on the number of
reuses, sterilization methods, and the energy sources employed
(coal, gas, or renewable energy) [13]. When renewable en-
ergy constitutes the majority of electricity generation, reusable
equipment can be utilized more frequently when clinically
appropriate. Conversely, when electricity is derived from
high carbon footprint sources such as coal, there is potential
to explore improvements in energy composition and enhance
the efficiency of equipment transportation and manufacturing
[108]. Furthermore, waste generated from the use of either
disposable or reusable equipment should adhere to the 3R prin-
ciple (reduce, recycle, reuse): plastics, paper, medical PVC—
including intravenous bags and oxygen masks/tubings—and
metals (such as blades and surgical utensils) should be recycled
to minimize solid medical waste treatment and subsequently
reduce the overall carbon footprint [109].

Reusable equipment in anesthesia practice generally outper-
forms single-use items in terms of cost control and environ-
mental impact. However, their superiority must be evaluated
comprehensively, considering clinical conditions, sterilization
techniques, and the local energy mix. Adhering to the 3R prin-
ciple in clinical practice can significantly minimize the carbon
footprint associated with device use. Moreover, collaborative
efforts among healthcare providers, administrators, suppliers,
and policymakers can further maximize the environmental
benefits derived from equipment usage.



2.7 Drug wastage

Drug wastage is a widespread issue in anesthesia practice
[95]. For instance, propofol commonly used in total intra-
venous anesthesia, is often discarded after partial use and
a significant portion of nitrous oxide supplied in inhalation
anesthesia is also lost due to leaks in cylinders and pipelines
or underutilization [41]. Additionally, considerable waste is
associated with muscle relaxants, sedatives, vasoactive agents,
and even normal saline [110]. These unused drugs are typi-
cally discarded as medical waste, significantly contributing to
environmental pollution [111]. Additionally, the disposal of
syringes utilized for diluting these wasted drugs exacerbates
economic costs and undermines environmental sustainability.
Barbariol et al. [95] estimated that drug wastage during general
anesthesia could result in an increase in medical waste by 4986
kg annually, a finding corroborated by a survey conducted by
Peker et al. [110]. Addressing drug wastage during anesthesia
and implementing better management practices could mitigate
anesthesia-related environmental issues. Strategies such as
transitioning to prefilled sterile syringes to reduce costs [112],
and avoiding the over-preparation of drugs “just in case” are
potential approaches for achieving net-zero carbon anesthesia
[66]. However, it is noteworthy that there is currently no
reported data on the wastage of local anesthetics. This absence
of data does not imply that such wastage does not occur; for
example, the volume of local anesthetic solutions or iodine
used for disinfection often exceeds actual demand. While the
recycling of anesthetic drugs may appear beneficial, it raises
concerns regarding the increased risk of nosocomial infections
and the challenges associated with improper drug storage.

Drug waste is a pressing issue that cannot be overlooked.
Once discarded as medical waste, it has a particularly signifi-
cant impact on the environment. Since there are limited feasi-
ble measures for treatment after disposal, reducing waste at the
source is essential. Strategies such as optimizing procurement
and management processes, preparing drug dosages more rea-
sonably, and using environmentally friendly alternatives can
all effectively alleviate the environmental pressure caused by
drug waste.

2.8 Energy

The operating room represents the most resource-intensive
area within a hospital, with the energy consumption throughout
the entire perioperative period being the highest. This con-
tributes significantly to the overall carbon footprint of hospital
operations. A survey assessing the carbon footprint of operat-
ing rooms across three healthcare systems revealed that energy
requirements associated with operating rooms (including heat-
ing, air conditioning, and ventilation) ranked second only to
those of anesthesia, with the HVAC (heating, air conditioning,
and ventilation) system accounting for approximately 90%
of the energy consumption within the operating room [11].
Thiel et al. [14] further identified that over 70% of the
energy consumption in operating rooms is attributed to heat-
ing, ventilation, and air conditioning, indicating that effective
management of the HVAC system may serve as a critical target
for reducing overall energy consumption.

Occupancy-based ventilation strategies for instance, can
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help reduce or mitigate unnecessary air convection, thereby
lowering energy use [113]. In addition to HVAC systems,
substantial energy is consumed by operating room lighting,
anesthesia machines, maintenance infusion pumps, monitors,
and computers. McGain et al. [12] reported that during
the administration of anesthesia, energy consumption related
to anesthesia (including the anesthesia machine and patient
air warmer) accounted for approximately 20% of the total
carbon dioxide emissions. Additionally, the energy expended
on cleaning, disinfecting, and sterilizing reusable equipment
within the operating room constitutes another important source
of carbon footprint [109]. Addressing this issue necessitates
optimizing the energy mix, which includes reducing energy
wastage, enhancing energy efficiency, and transitioning to
renewable energy sources. Such advancements will require
ongoing collaboration among engineers and developers [80].
Anesthesia providers can significantly contribute to reduc-
ing energy consumption and minimizing the carbon footprint
throughout the lifecycle of anesthesia [13]. Actions that can be
undertaken include: (1) minimizing standby time, balancing
the use of disposable versus reusable equipment, and fostering
institutional coordination to diminish energy consumption and
environmental emissions; and (2) collaborating with profes-
sionals in industry, construction, and environmental fields to
facilitate the achievement of net-zero carbon anesthesia and
promote sustainable anesthesia practices.

In summary, the carbon footprint of energy consumption,
second only to anesthesia, mainly arises from HVAC system,
anesthetic devices, lighting, monitors, computers, and infu-
sion pumps. The sterilization of reusable instruments also
adds substantially to emissions. Reducing energy waste and
consumption represents a practical and impactful strategy for
environmental improvement in healthcare.

3. Limitations

This review utilizes the 100-year GWP value to compare the
atmospheric effects of different anesthetic gases. However,
the validity of GWP100 has recently been questioned. Some
atmospheric scientists argue that GWP100 can be misleading
when applied to gases with short atmospheric lifetimes, such
as those examined in this study. Simply converting them into
COg4 equivalent emission overlooks the complexities of the
climate system [ 14] and may result in an underestimation of
their short-term climatic environmental impacts. Neverthe-
less, current greenhouse gas accounting frameworks as recom-
mended by the United States and United Nations continue to
endorse the use of GWP100 for consistency and comparability
in emissions reporting [115].

4. Conclusions

A reciprocal relationship exists between climate change and
healthcare. A comprehensive examination of the carbon foot-
print and environmental impact associated with medical prac-
tices has revealed that the ecological consequences of anes-
thesia cannot be overlooked. This issue is gaining increasing
recognition within the medical and broader scientific com-
munity. Over the past decade, healthcare professionals have



16

begun using carbon footprint assessment tools to evaluate
anesthesia-related products and activities, as evidenced by rel-
evant literature on life cycle assessment (LCA). Furthermore,
various strategies [60, 74] and consensus guidelines [13] have
been developed to achieve net-zero carbon anesthesia. The fea-
sible but influential measures taken by individuals are shown
in Fig. 2. Specific measures can be implemented, including
(Table 4), including (1) reducing or eliminating the use of
anesthetic gases with significant global warming potential,
such as nitrous oxide and desflurane; (2) using the low fresh
gas flow anesthesia while ensuring clinical safety [38, 116];
(3) mastering intravenous anesthesia and regional anesthe-
sia techniques to reduce reliance on volatile agents [85]; (4)
minimizing waste associated with intravenous anesthesia; (5)
incorporating the principles of environmental sustainability
into anesthesia education to enhance awareness among indi-
viduals, institutions and governments [117]; (6) promoting
energy optimization; (7) developing quantitative software for
the calculation and real-time monitoring of personal carbon
footprints, akin to radiation metering cards [|18]. It is impor-
tant to emphasize that these measures are not intended to create
a dichotomy between healthcare provision and environmental
responsibility. Instead, they aim to achieve net-zero carbon
anesthesia while prioritizing clinical safety and supporting
the broader goal of environmental sustainability. Looking
ahead, multidisciplinary collaboration and the establishment
of sustainable healthcare teams will be essential in mitigat-
ing the contribution of medical activities to climate change.
Additionally, attention must be paid to other environmental
impacts of healthcare such as ozone layer depletion or aquatic
biotoxicity, as we strive toward truly green and sustainable

healthcare systems.

C.

Single-use
and reusable

inimizing
FGF

a.
consciousness

FIGURE 2. The most feasible but most impactful
measures for anesthesia providers. (a) Reduce waste and
cultivate awareness of emission reduction. (b) Minimizing
fresh gas flow (FGF) anesthesia. (c) Weigh Single-use and
Reusable Equipment. (d) No high global warming potential
(GWP) inhalation anesthetics and preferred total intravenous
anesthesia or regional anesthesia.
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