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Abstract

Objectives: Mitigating carbon footprint of products used in
resource-intensive areas such as surgical operating rooms
will be important in achieving net zero carbon healthcare.
The aim of this study was to evaluate the carbon footprint of
products used within five common operations, and to identify
the biggest contributors (hotspots).

Design: A predominantly process-based carbon footprint
analysis was conducted for products used in the five highest
volume surgical operations performed in the National
Health System in England.

Setting: The carbon footprint inventory was based on direct
observation of 6—10 operations/type, conducted across three
sites within one NHS Foundation Trust in England.
Participants: Patients undergoing primary elective carpal
tunnel decompression, inguinal hernia repair, knee arthro-
plasty, laparoscopic cholecystectomy, tonsillectomy (March
2019 — January 2020).

Main outcome measures: We determined the carbon
footprint of the products used in each of the five opera-
tions, alongside greatest contributors through analysis of
individual products and of underpinning processes.
Results: The mean average carbon footprint of products
used for carpal tunnel decompression was 12.0kg CO,e
(carbon dioxide equivalents); 11.7kg CO,e for inguinal
hernia repair; 85.5 kg CO,e for knee arthroplasty; 20.3 kg
COse for laparoscopic cholecystectomy; and 7.5 kg CO,e
for tonsillectomy. Across the five operations, 23% of prod-
uct types were responsible for >80% of the operation
carbon footprint. Products with greatest carbon contribu-
tion for each operation type were the single-use hand drape
(carpal tunnel decompression), single-use surgical gown
(inguinal hernia repair), bone cement mix (knee arthro-
plasty), single-use clip applier (laparoscopic cholecystecto-
my) and single-use table drape (tonsillectomy). Mean
average contribution from production of single-use items
was 54%, decontamination of reusables 20%, waste disposal
of single-use items 8%, production of packaging for single-
use items 6% and linen laundering 6%.

Conclusions: Change in practice and policy should be tar-
geted towards those products making greatest contribu-
tion, and should include reducing single-use items and

switching to reusables, alongside optimising processes for
decontamination and waste disposal, modelled to reduce
carbon footprint of these operations by 23%—42%.
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Introduction

The healthcare sector is responsible for an estimated
4.4% of global greenhouse gas emissions. Medical
equipment accounts for 10% of the National Health
Service (NHS) carbon footprint in England,” and
mitigating this, particularly for products used in
resource-intensive areas, such as surgical operating
rooms, will be an important step in meeting environ-
mental sustainability goals, such as commitments by
18 countries to reach net zero carbon healthcare.’
Two systematic reviews of the carbon footprint of
surgical operations found the three major contribu-
tors to be: energy consumption; anaesthesia; and
single-use products (with smaller contributions from
reusable products, water usage and capital goods).*>
The majority (90%-99%) of operating room energy
consumption relates to heating, ventilation and air
conditioning (HVAC), reduceable through operating
room design (including installation of occupancy sen-
sors or set-back systems after hours, reduced air flow
turnover and newer buildings with improved energy
efficiency) and use of renewable energy sources.® The
environmental impact of general anaesthesia can be
reduced through use of inhalational agents with low
global warming potential, gas scavenging systems
and preferencing regional or total intravenous anaes-
thesia.” Reducing single-use equipment in the
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operating room is also an important strategy.® but to
date has received little analysis.

A ‘carbon footprint’ is an estimate of direct and indi-
rect greenhouse gases associated with a given product or
process, with non-carbon greenhouse gases equated to
carbon dioxide equivalents (CO-e) based on their global
warming potential, allowing summation. Studies have
previously estimated the carbon footprint of products
used in surgery relative to other components of whole
operations (summarised in systematic reviews),*> associ-
ating products with up to three-quarters of the carbon
footprint of a cataract operation.” Few previous stud-
ies” '! have reported the carbon footprint of individ-
ual surgical products, although a carbon footprint of a
hysterectomy operation identified production of
cotton (used for laparotomy pads and operating
towels), spun bound polypropylene (gowns, drapes
and instrument tray wrap), and paper and cardboard
(packaging) as large contributors.'" Studies focusing
on individual surgical products include those evaluat-
ing surgical textiles,'? surgical scissors'® and sharps
containers,'* finding lower carbon footprint for reus-
able compared with single-use equivalents. Strategy
towards reducing greenhouse gas emissions associated
with the operating room includes reduction, reuse,
repair and recycling of products.'

Choice of products for an operation is largely
determined by surgeons, and many seem willing to
mitigate carbon footprint.'® Ours is the first study to
systematically evaluate the carbon footprint of prod-
ucts used in common operations, and to identify the
biggest contributors (hotspots) to target for change
in practice and policy.

Methods

A carbon footprint was conducted in accordance with
the Greenhouse Gas Accounting Sector Guidance for
Pharmaceutical Products and Medical Devices,'’
which builds upon the Greenhouse Gas Protocol
Product Life Cycle Accounting and Reporting
Standard.'® A process-based approach using activity
data was used for the majority of products, but where
unfeasible (due to lack of relevant emission factors),
an environmentally extended input-output (EEIO)
model was used based on financial data.'®

Scope and boundary setting

We selected for analysis the five highest volume sur-
gical procedures performed in the NHS in England
using the 2017-2018 Hospital Episode Statistics data-
base,'” and included only operations typically per-
formed by surgical specialties recognised by the
Royal College of Surgeons of England,*® and excluded

diagnostic procedures, or those commonly performed
outside the operating room. These were total knee
arthroplasty (80,627 performed in 2017-2018 in
England), cholecystectomy (73,069), inguinal hernia
repair (64,650), carpal tunnel decompression (47,023)
and tonsillectomy (46,131)."” The functional unit was
defined as one of each of these operations.

The system boundary was set to include produc-
tion of materials for products used within the oper-
ating room, and their associated primary packaging
(excluding bulk packaging), and encompassed ‘cradle
to factory gate’ activity, including raw material
extraction, transportation to primary processing
site, primary processing and manufacture of materi-
als (Supplementary Figure 1). Emission factors avail-
able for a small number of materials (indicated in
Supplementary Table 1) included transportation
from the factory gate to point of use (equating to
the manufacturing site for multi-component items).
Where an EEIO model was used, this encompassed
all activities from raw material extraction to the point
of sale. Due to study scale and lack of available data,
we excluded processes in the manufacture of multi-
component items (beyond production of constituent
materials) and onward distribution to site of use.
We included waste disposal, steam sterilisation of
reusable instruments and laundering of textiles.
Sterilisation of single-use items was excluded as con-
tribution to total carbon footprint of such items has
previously been estimated at <1%.%' We also exclud-
ed operating room capital goods (as these were
unlikely to reach the significance threshold),'® anaes-
thetic components (aside from those administered by
the surgeon) and operating room electricity (includ-
ing HVAC) and water consumption.

Inventory analysis

The carbon footprint inventory was based on direct
observation of operating rooms across three sites of
University Hospital Sussex NHS Foundation Trust
between March 2019 and January 2020. We observed
10 of each type of operation, except for laparoscopic
cholecystectomy and inguinal hernia repair, where only
six of each were observed (onset of the COVID-19
pandemic curtailed data collection). Emergency and
revision cases were excluded. We found that there
was little variation between operations, and this was
reliably captured by observing at least six operations.
The material composition of items was determined
through packaging and manufacturer information
where available, or through expert assessment by
author RL. We weighed individual material compo-
nents using Fisherbrand FPRS4202 Precision bal-
ance scales (Fisher Scientific, Loughborough, UK).
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Where it was not possible to deconstruct
multi-component items, weight was allocated based
on probable ratio. For reusable products, the number
of product lifetime uses was estimated through a
combination of product manufacturer correspon-
dence, a one-year retrospective audit of decontami-
nation of instruments at the Royal Sussex County
Hospital (providing data on individual instrument
sets’ number of uses per year) and expert assessment
of instrument age and likely lifespan (for example,
based on instrument markings, design and manufac-
turer stamps). Some ‘single-use’ items were used
across multiple operations in a day, and typical
number of uses was determined through discussion
with operating room staff. The choice of waste
streams used for disposal of single-use products was
directly observed for individual operations (non-
specified recycling was processed as domestic waste
at the study site and was classified as domestic
waste). For reusable products, waste streams used at
the end of product life were determined through dis-
cussion with the on-site sterile services department and
the hospitals’ linen supplier.

Impact assessment

The carbon footprint of each product used within
operations was determined through applying best
available emission factors from a variety of sources
(Supplementary Table 1). The Inventory of Carbon
and Energy (ICE) database (version 3)** was the pri-
mary source of emission factors for materials, as this
uses average data for materials supplied to the UK.
Where materials were not included in the ICE data-
base, we used the UK Government Greenhouse Gas
Conversion Factors for Company Reporting data-
base,”> and where not included there either, we
used the Ecoinvent v3.6 database embedded within
SimaPro v9.10,%* which includes global average pro-
cesses. Process-based emission factors were unavail-
able for the majority of pharmaceuticals and cleaning
chemicals (aside from some anaesthetic agents
sourced from relevant literature),”> and so financial
spend emission factors were used from the Small
World Consulting Carbon Factors Dataset v5.3,?
which was also used for stainless-steel process-based
emission factors. Our previous studies (conducted at
the same study site) were used to provide emission
factors for healthcare waste’’ and decontamina-
tion.”® There were no available emission factor data
specific to healthcare linen laundering, and so we
used activity data from previous studies”*° along-
side transportation data specific to the study site
(Supplementary Methods 1).

Hotspot analysis

We determined the mean average carbon footprint of
each operation type. To ascertain products or pro-
cesses to potentially prioritise when mitigating a
carbon footprint, we categorised the carbon footprint
for products (single-use and reusable) in each opera-
tion type on three measures:

1. By product category. We determined the total
carbon footprint associated with the use of per-
sonal protective equipment, surgical equipment
and devices; patient and/or instrument table
drapes; cleaning products; and pharmaceuticals
(each categorised as single-use or reusable as
appropriate).

2. By individual product. We ordered products by
individual carbon footprint, and determined
those that cumulatively contributed >80% to the
total (considered to be the 'majority’, in line with
the Pareto Principle). *!

3. By process. We determined the total carbon foot-
print associated with the production of products,
production of packaging, decontamination, linen
laundering and waste disposal.

For the purposes of hotspot analysis, the carbon
footprint of decontamination was allocated across
instruments within a set according to weight, while
the carbon footprint of washing instrument set con-
tainers was assigned to the containers themself.
Where the carbon footprint of material production
was determined using the EEIO method, the majority
(90%) was allocated to the product, with 10% to
packaging (aligning with the proportional split
observed across the dataset). When reporting mean
averages across the whole dataset, these were weight-
ed equally for each of the five operation types.

Results

Carbon footprint of products used in operations

The mean number of reusable instrument sets, single-
use instrument packs, individually wrapped reusable
instruments, pharmaceuticals and other items used in
each operation type are summarised in Table 1.
Supplementary Tables 2-11 show the carbon foot-
print of reusable and single-use products used
across each operation type, Supplementary Tables
12-16 show the number of each product type used
and Supplementary Tables 17-21 combine these data
to calculate overall carbon footprint of each product.

The mean carbon footprint of products used for
carpal tunnel decompression was 12.0kg CO,e
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Number of products used in each type of operation.

Table I.

Mean number of products (range)

Pharmaceutical

Other single-use

products

Other reusable
products
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Single-use

Reusable

Operation type (number of
operations observed)

reusable instruments

instrument pack

I (1-1)

instrument set
I (1-1)

3.7 (3-5)

46.9 (40-52)

6.4 (5-8)

Carpal tunnel decompression (10)

4.6 (2-8)

58.2 (47-74)

9.7 (8-11)

0.3 (0-1)

I (1=1)

6.2 (5-8)

Inguinal hernia repair (6)

9.5 (8-11)

1134 (89-143)

5.8 (5-7)

42 (2-5)

I (1-1)

Knee arthroplasty (10)

63.8 (61-71) 6.7 (6-8)

[1.5 (10-13)

1.3 (1-2)

3 (3-3)

Laparoscopic cholecystectomy (6)

32 (2-4)

30.4 (21-35)

9.2 (7-12)

I (1-1)

Tonsillectomy (10)

Note: Reusable instrument sets and single-use instrument packs contain multiple items. Individual product details are specified in Supplementary Tables 2—1I.

(range 11.3-12.9 kg COye); for inguinal hernia repair
11.7kg CO»e (range 10.1-15.0); for knee arthroplasty
85.5kg COye (range 72.3-94.9); for laparoscopic cho-
lecystectomy 20.3kg CO,e (range 18.8-22.0); and
7.5kg COye for tonsillectomy (range 6.3-8.2).

Hotspot analysis of products and underlying
processes

Table 2 shows the mean average contribution of
product categories to total carbon footprint of prod-
ucts used in five operation types (individual opera-
tion results are provided in Supplementary Table 22).
Across the dataset, around two-thirds of carbon foot-
print related to single-use products, and one-third
to reusable products (Supplementary Figure 2). The
greatest contributions were from single-use equipment
and medical devices (mean average 24%), and by reus-
able instrument sets and individually wrapped reus-
able instruments (24%). This was followed by single-
use patient or instrument table drapes (14%), pharma-
ceuticals (13%), single-use personal protective equip-
ment (PPE) (11%), single-use items associated with
cleaning and waste (6%), reusable PPE (4%), reusable
patient and instrument table drapes (3%) and non-set
reusable equipment (0.1%).

The carbon footprint of individual products used
across operations is ranked in Supplementary Tables
23-27. Across the dataset, a small proportion of
product types were responsible for >80% of carbon
footprint of an operation (Figure 1 and Table 3): 21
out of 77 product types (27%) for carpal tunnel
decompression; 35/148 (24%) for inguinal hernia
repair; 47/463 (10%) for knee arthroplasty; 40/141
(28%) for laparoscopic cholecystectomy; and 28/104
(27%) for tonsillectomy. The mean average across
operations was 23% of product types responsible for
>80% carbon footprint.

The three highest contributing products for carpal
tunnel decompression were single-use fenestrated
hand drape (mean average 23%), single-use surgical
gowns (17%) and single-use instrument table drape
(9%); for inguinal hernia repair: single-use surgical
gowns (10%), reusable high fluid drape (6%) and
single-use monopolar diathermy with smoke evacua-
tion 6%); for knee arthroplasty: bone cement mix
either with tobramycin or gentamicin (22% and
6%, respectively — the latter used for fewer opera-
tions) and single-use pulsed lavage system (4%); for
laparoscopic cholecystectomy: single-use endoscopic
clip applier (8%), reusable high fluid drape (5%) and
single-use 12mm port (5%); for tonsillectomy:
single-use instrument table drape (11%), single-use
suction tubing (7%) and reusable tonsillectomy set
container (7%).
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Figure 1. Proportion of products responsible for cumulative carbon footprint for each operation. Cumulative carbon footprint

contribution and proportion of product types based on mean across all operations for each operation type. Each data point
relates to a single-product type (e.g. suction receptacle). Arrows mark the point at which 80% of carbon footprint reached.
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Table 4 shows the mean average contribution of
processes to carbon footprint of the five operation
types (individual operation results are provided in
Supplementary Table 28), with highest contributions
from the production of single-use products (54%),
sterilisation (20%) and waste disposal of single-use
products (8%), followed by production of packaging
for single-use products (6%) and linen laundering
(6%). There were small contributions from the pro-
duction of single-use packaging for reusables (3%),
production of reusables (2%) and waste disposal of
reusables (1%).

Discussion

This is the first study to evaluate the carbon footprint
of products used in common surgical operations. The
mean average carbon footprint of products used for
tonsillectomy was 7.5kg COse, 11.7kg CO»e for
inguinal hernia repair, 12.0kg CO,e for carpal
tunnel decompression, 20.3 kg CO,e for laparoscopic
cholecystectomy and 85.5kg CO,e for knee arthro-
plasty. Previous systematic reviews*> of studies eval-
uating carbon footprint of single surgical operations
found that this ranged from 6kg CO,e (cataract

surgery in India)’ to 814kg CO»e (robotic hysterec-
tomy, USA)”; however, the extent to which findings
of studies can be compared is limited due to differ-
ences in methodological approaches, system bound-
aries, sources of emission factors, assumptions and
allocation methods. We are aware of only one prior
study evaluating an operation included in our analy-
sis, which estimated carbon footprint of carpal tunnel
decompression at 83kg CO»e.*> However, that esti-
mate included theatre energy consumption, decon-
tamination and waste (and excluded product
production), and the majority of carbon footprint
related to decontamination (mean 61 kg CO,e/oper-
ation,* compared with our own finding of 1.5kg
COse/operation). Here, one sterilisation cycle was
estimated to use 864kW for 1.2h (1037kWh),*
without a clear reason for the large discrepancy
with our published data indicating a washer/disinfec-
tor uses 12.03 kWh/cycle and a steam steriliser uses
50.55kWh/cycle.?®

The choice of products used to perform a surgical
operation is largely influenced by surgeons, and this
study found, across observed operations, 54% of the
total carbon footprint of products related to the pro-
duction of single-use products. This was found to be



Bipolar lead (268; 2%)
Sponge holder forceps (222;2%)
Weitlaner retractor (181; 2%)

‘General basic set B container (429;
4%)

Kidney dish (131; 1%)
Rampley sponge holder forceps (85;
1%)

Schnidt artery forceps (78; 1%)
Towel clips (70; 1%)

Spencer Wells curved artery forceps
(69; 1%)

Basic major ortho set container (644; 1%)
Femoral and tibial preparation set size 3-6
container (644; 1%)

Miscellaneous knee system set container (644;
1%)

Orthopedic surgical drill container (644; 1%)
Cruciate retaining femoral and tibial trialing set
(size 3-6) container (579; 1%)

Patella preparation and trialing set container (451;
1%)

Heath mallet (283; 0.3%)

Table 3. Product types responsible for the majority (>80%) of the carbon footprint of each operation.

General basic set container (643;
3%)

Laparoscopic set container base
(399; 2%)

Laparoscopic set wire cage (322;
2%)

Laparoscopic set container lid
(247; 1%)

Laparoscope light lead (533; 3%)
Hopkins laparoscope (239; 1%)
Kelly crocodile grasping forceps
(229; 1%)

Kidney dish (196; 1%)
Langenbeck retractor small (172;
1%)

Raptor toothed grasping forceps
(152; 1%)

Diathermy lead (143; 1%)

Quiver (137; 1%)

Rampley sponge holder forceps
(127: 1%)

Tonsillectomy set A container (514;
7%)
Tonsillectomy set B container (129;

2%)

Long Draffin bipod stand (161; 2%)
Short Draffin bipod stand (139; 2%)
Bipolar diathermy lead (78; 1%)
Boyle Davis gag (73; 1%)

St Clair Thompson Adenoid curette
(69; 1%)

Scrubs (265; 2%)

Outer tray wrap (244; 2%)
Inner tray wrap (123; 1%)

Scrubs (290; 2%)
Surgical gown (269; 2%)

Scrubs (433; 1%)

Scrubs (368; 2%)
Surgical gown 1/pack (337; 2%)
Surgical gown 2/pack (270; 1%)

High fluid drape (732; 6%)
Low fluid drape (248; 2%)

Serubs (232; 3%)
Surgical gown (474; 6%)

High fluid drape (1,088; 5%)

Outer tray wrap (209; 2%)
Inner tray wrap (205; 2%)

Inner tray wrap (444; 2%)
Outer tray wrap (228; 2%)

Surgical gown (2,063; 17%)

Sterile gloves (298; 2%)

Instrument table drape (1,050;
9%)

Fenestrated hand drape (2,740;
23%)

Surgical gown (1,138; 10%)

Sterile gloves 1 pair/pack (215; 2%)
Sterile gloves 2 pairs/pack (179; 2%)
Non-sterile gloves (135; 1%)

Latex free sterile gloves (76; 1%)

Instrument table drape (646; 6%)

Surgical gown (1,826; 2%)

Surgical gown from knee pack (1,089; 1%)
Sterile gloves 1 pait/ pack (670; 1%)
Sterile gloves 2 pairs/ pack (501 1%)

Instrument table drape 160x240 cm (3,009; 4%)
Instrument table drape 140x90 cm (1,406; 2%)
Instrument table drape 140x190 cm (1,038; 2%)
Patient extremity drape (1,636; 2%)

Patient drape fluid collection (1,287; 2%)
Patient drape 240x150 cm (1,163; 2%)

Mayo patient drape (842; 1%)

Impervious split patient drape (644: 1%)
Stockinette impervious patient drape (584; 1%)

Gauze (224; 2%)
Gauze from hand pack (188; 2%)

Needle counter (237; 2%

Crepe bandage (309; 3%
20 ml syri 104; 1%

Lidocaine with adrenaline (211;
2%)

Lidocaine (151; 1%)

Bupivacaine hydrochloride (125;
1%)

Orange waste bag (307; 3%)

Gauze 10x7.5 cm (380; 3%)
Gauze 10x10 cm (142; 1%)
Gauze 30x30 cm (119; 1%)
Needle counter (254; 2%

Levobupivacaine (602; 5%)

Orange waste bag, large (205; 2%)
Orange waste bag, small (91; 1%)

Mop head (194; 2%)
Disinfectant wipe (140; 1%)

Surgical gown (270; 2%)

Sterile gloves 2 pairs/ pack (289;
1%)

Sterile gloves 1 pair/ pack (190;
1%)

Non-sterile gloves (124; 1%

Instrument table drape (740; 4%)

ENT split head drape (94; 1%)

Sterile gloves (298; 4%)

Instrument table drape (840; 11%)

Fenestrated ENT drape (220; 3%)

Pulsed lavage system (3,727; 4%)
Suction tubing (437; 1%)

Crepe bandage (550; 1%)
inge (301; 0.4%

Ropivacaine (623; 1%)

Sodium chloride for irrigation (918; 1%)

Topical skin adhesive (392; 0.5%)
Chlorhexidine gluconate in denatured
ethanol with red stain solution (393: 0.5%

Orange waste bag (615; 1%)

Mop head (253; 0.3%)
Disinfectant wipe (486; 1%)

Gauze (256; 1%)

Needle counter (254; 1%)
Suction irrigation (743; 4%)

Levobupivacaine (756; 4%)

Sodium chloride for irrigation
(148; 1%)

Orange waste bag (154; 1%)

Mop head (186; 1%)
Disinfectant wipe (149; 1%)

Tonsil swab pack (96; 1%)

Suction receptacle (433; 6%)
Yankauer sucker (90; 1%

Chirocaine (126; 2%)
Bupivacaine with adrenaline (74;
1%)

Sodium chloride infusion bag (146;
2%)
Sodium chloride (114; 2%}

Yellow waste bag (123; 2%)

Black waste bag (84; 1%)

Clear waste bag- swab count
(8151%)

Clear waste bag- recycling (79; 1%)
Mop head (160; 2%)

Disinfectant wipe (75; 1%)

Products listed are those responsible cumulatively for mean average >80% carbon footprint of each operation type. Mean average contribution of each
product type across operations is specified in parenthesis (carbon footprint; percentage contribution), and will depend on the carbon footprint of the
item, number of items used and number of operations in which item was used. Individual products contributing >10% carbon footprint are indicated in
dark red, 5-10% in red, 3-5% orange, < 1% green. ltems are clustered in yellow or blue (alternating) where items are used across multiple operation
types, and are ordered by magnitude of carbon footprint within clusters.
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major carbon hotspot in previous studies evaluating
the carbon footprint of operations, including cataract
surgery in France®® and New Zealand** (production
including manufacture and distribution of single-use
products responsible for 73% and 77% of the total
for operation, respectively), cardiac surgery in
France (86%)* coronary artery bypass graft in
the United States (80%)>® and hysterectomy in the
United States (60%),'" although the absolute propor-
tions cited should be considered with caution, as dif-
ferent studies included different components of the
operating theatre within their system boundary.

Across the five operations assessed, we found that
relatively few products (mean average 23%) were
associated with >80% of the carbon footprint of
products used, aligning with the Pareto Principle
(whereby 80% of an effect is associated with 20%
inputs).*! We also found that production and dispos-
al of single-use items, and associated packaging, were
responsible for over two-thirds (Table 4, mean
summed average 69%) of carbon footprint of prod-
ucts used across operations. Strategies to mitigate
carbon footprint of common operations should
include eliminating or finding low carbon alternatives
for products with biggest contribution.

Strategies to eliminate products include avoiding
non-sterile gloves, where they could be replaced with
hand-washing, not opening gauze swab packs unless
required, and asking suppliers to remove rarely used
items from single-use pre-prepared packs. Different
surgical approaches can also confer reductions, for
example five of the tonsillectomies in this study
were performed using steel dissection with diathermy
and/or ties for haemostasis, and five used a single-use
coblation™ wand, associated with 0.93kg CO,e/
wand, opened in addition to the standard tonsillec-
tomy set. We appreciate that there may be clinical
reasons to prefer one technique over another, but
are not aware of reasons why a coblation™ wand
cannot be manufactured for multiple use.

A review of 28 carbon footprint studies of prod-
ucts used in the operating theatre found this was
lower for all reusable products when compared to
single-use equivalents® (aside from a study compar-
ing a large number of reusable instruments used for
spinal fusion to a heavily consolidated single-use set®’
or a study from Australia where coal-based energy
sources were modelled).?’ Another review of health-
care products demonstrated that switching from
single-use to reusable equivalents was associated
with 61% mean average reductions in carbon foot-
print for protective equipment, 53% for invasive
equipment and 36% for non-invasive equipment.*®
A number of single-use high carbon products have
reusable alternatives. For example, single-use gowns,

patient drapes and instrument table drapes were high
carbon contributors in this study; yet, a review found
that reusable surgical textiles held significant reduc-
tions (200-300%) in carbon footprint,'? and there is
no evidence that reusable textiles are clinically inferi-
or.® Single-use laparoscopic clip appliers, scissors and
ports were responsible for 19% of the carbon foot-
print of laparoscopic cholecystectomy, but use of
hybrid (predominantly reusable) equivalents could
reduce their carbon footprint fourfold.* There are
also opportunities to switch many products in single-
use pre-prepared packs for reusable equivalents. For
example, we observed that the single-use hand-set
(used for carpal tunnel decompression) contained a
single-use kidney dish, bowl, light cover, patient
drape and table drape, all of which could potentially
be reusable, and the set also contained a sponge that
was not used by any of the surgeons locally.

Such strategies should be supported by optimising
approaches related to all stages of the life cycle of
products. This includes manufacture: for example,
titanium femoral knee implants manufactured using
electron beam melting were found to have a fourfold
lower carbon footprint compared with conventional
manufacturing using milling.*® In the current study,
decontamination of reusable instruments was respon-
sible for 21% of carbon footprint, and we previously
reported that this could be optimised through proc-
essing instruments in sets rather than individually,
maximal loading of decontamination machines,
using low-carbon energy sources and recycling sterile
barrier systems.”® Once a reusable item reaches the
end of its apparent lifespan, there may be further
opportunities for repair, which have been modelled
to reduce the carbon footprint of reusable scissors by
20%.*" Waste constituted 8% of carbon, and in our
setting, we found infectious waste (569 kg CO»e gen-
erated per tonne disposed) or clinical waste (1,074 kg
CO¢/tonne)”’ streams were predominantly used,
even though non-infectious offensive waste streams
would have been appropriate,** and could halve or
quarter carbon footprint of waste (240kg COye/
tonne).”” Further strategies to reduce the carbon
footprint of surgical waste may include ensuring
appropriate bins are available in theatres, improving
waste segregation (industry may facilitate this
through labelling and reducing the number of differ-
ent materials), including supporting recycling and
recyclability through manufacturer and supplier
labelling and prudent wuse of materials.*?
Approaches to optimise the carbon footprint of
healthcare laundering (responsible for 6%) have not
previously been evaluated, and is an important area
for future research.
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Table 5 models the impact of combining some of
these strategies for the operations observed in this
study, identifying and modelling areas for reduction
of products used, opting for reusable equivalent
products (where these are already available in the
market), and optimising decontamination and
waste. We estimate that these strategies combined
could lead to a theoretical 32% carbon reductions
across the five operations (38% carpal tunnel decom-
pression, 28% inguinal hernia repair, 23% knee
arthroplasty, 31% laparoscopic cholecystectomy,
42% tonsillectomy), which, if realised across
England,' would save over 2600 tonnes CO,e per
year. We are aware that this may be difficult to
achieve in practice, because for example 100% recy-
cling or optimal loading of decontamination
machines cannot always be achieved, but exemplifies
the scale of change that may be possible. We are also
cognisant that innovation may allow this figure to be
surpassed, for example through more reusable prod-
ucts becoming available. It is likely that such strate-
gies will also be associated with financial savings. For
example, switching from single-use to reusable lar-
yngoscopes was found to save 59%—87% cost for
blades and 77%-95% for handles,** and switching
from single-use laparoscopic equipment to hybrid
was associated with halving of costs.*® Furthermore,
some recycling do not charge for waste collection,
reducing disposal costs.*’

A hybrid approach was used in this study, using a
process-based approach wherever possible, and an
EEIO model applied where there was a lack of avail-
able emission factors (for a small number of pharma-
ceuticals and chemicals). Combining such methods
resulted in the system boundaries differing between
included products (Supplementary Figure 1), limiting
the extent to which products derived through different
approaches can be compared. The impact on results
will be small for most operations evaluated, as the
components modelled using an EEIO approach had
a small mean average contribution (2% of total
carbon footprint results for carpal tunnel decompres-
sion, 8% inguinal hernia repair, 4% laparoscopic cho-
lecystectomy, 4% tonsillectomy). However, for knee
arthroplasty, 31% of the carbon footprint of all prod-
ucts was determined through the EEIO method, of
which bone cement was responsible for 91% of this,
estimated at 13 kg CO,e per packet of bone cement, of
which one or two packets were used per operation
(in two and eight cases, respectively). Given this
large contribution, we decided to model this using a
process-based approach based on component materi-
als with available emission factors (Supplementary
Table 29, but factors were not available for the com-
ponents N,n-dimethyl-para- toluidine, hydroquinone,

gentamicin sulphate, dibenzoyl peroxide and tobramycin
sulphate). This reduced the carbon footprint of bone
cement with gentamicin and tobramycin by 93%-95%
to 683 g CO,e-947 g CO,e per packet respectively. The
large discrepancy in results derived through EEIO
and process-based approaches for bone cement high-
lights the need for the academic community to devel-
op emission factors for pharmaceutical products.

Limitations

This study is limited by the validity of emission fac-
tors in databases reporting national or global average
emissions of materials and inputs, and differences in
system boundaries between these sources. The impact
of this was limited through using a consistent data-
base within a given study, and only using alternative
sources where a given material or process was not
available in the primary database. Use of such data-
bases was a pragmatic decision as it was not feasible
to obtain primary data upstream of the hospital
study site. Use of an EEIO model to determine
carbon footprint of certain pharmaceuticals and
chemicals is a further limitation, with impact dis-
cussed. A previous review of national health system
carbon footprints highlighted the challenge posed by
lack of available data relating to healthcare products,
alongside a lack of relevant emission factors in par-
ticular for pharmaceutical products.*® Our findings
should be used with caution to compare individual
products, and instead dedicated full life cycle assess-
ments should be conducted of specific products,
including detailed primary data across the product
life cycle and evaluating a range of environmental
impacts.

Our findings may not be generalisable to other con-
texts, for example to UK surgeons practising alterna-
tive approaches or techniques in surgery, and to other
countries such as the USA where single-use products
are widely used in surgery, or to low-income countries
where reuse of products is the norm. In common with
other carbon footprinting studies, the number of oper-
ations observed was relatively small and undertaken at
a single site, and the carbon footprint of operations
will vary by setting, patient variables and surgical or
anaesthetic technique.

We recognise that to instigate change towards
reduced and reuse of equipment in the operating
room will require leadership and behaviour change
from surgical teams and their representative bodies,
alongside changes in infrastructure and funding to
ensure that reusable equipment is the financially
and logistically preferable option. It will also need a
more refined approach to estimating risk of infection
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from reuse of equipment which in many cases is
based upon hypothetical rather than real-world risk.®

Conclusion

We found that production of single-use items, decon-
tamination of reusable instruments and waste dispos-
al were the largest contributors to the carbon
footprint of products used across five common oper-
ations. Relatively few products (23%) were responsi-
ble for >80% of the carbon footprint, and so efforts
should be targeted in particular towards these prod-
ucts, through eliminating single-use items or switch-
ing to reusables where feasible, alongside optimising
associated decontamination processes and waste seg-
regation and recycling, which could reduce the
carbon footprint by one-third.
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