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Abstract
Purpose  Environmental sustainability is a growing concern to healthcare providers, given the health impacts of climate 
change and air pollution, and the sizable footprint of healthcare delivery itself. Though many studies have focused on environ-
mental footprints of operating rooms, few have quantified emissions from inpatient stays. This study quantifies solid waste and 
greenhouse gas emissions (GHGs) per bed-day in a regular inpatient (low intensity) and intensive care unit (high intensity).
Methods  This study uses hybrid environmental life cycle assessment (LCA) to quantify average emissions associated with 
resource use in an acute inpatient unit with 49 beds and 14,427 hospitalization days and an intensive care unit (ICU) with 
12 beds and 2536 hospitalization days. The units are located in a single tertiary, private hospital in Brooklyn, NY, USA.
Results and discussion  An acute care unit generates 5.5 kg of solid waste and 45 kg CO2-e per hospitalization day. The ICU 
generates 7.1 kg of solid waste and 138 kg CO2-e per bed day. Most emissions originate from purchase of consumable goods, 
building energy consumption, purchase of capital equipment, food services, and staff travel.
Conclusions  The ICU generates more solid waste and GHGs per bed day than the acute care unit. With resource use and 
emission data, sustainability strategies can be effectively targeted and tested. Medical device and supply manufacturers 
should also aim to minimize direct solid waste generation.

Keywords  Healthcare · Inpatient · Internal medicine · Waste · Life cycle assessment · Sustainability · Greenhouse gas 
emissions (GHGs)
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The cost of healthcare in the United States (US) is the highest 
in the world, while the US ranks lower than other developed 
countries for health outcomes (CMS 2017). Improving the 
value of US healthcare requires us to reflect on the resources 
we consume in delivering care (Thiel and Horwitz 2019). 
In addition to the financial costs, healthcare’s resource use  
degrades the environment and, with it, public health (Eckelman  
and Sherman 2018; Salas et al. 2020; Costello wt al. 2013; 
Berrang-Ford et al. 2021). The healthcare industry is respon-
sible for 8.5% of domestic US greenhouse gas emissions  
(GHGs), the highest value per capita for any country (Eckelman  
et al. 2020), which directly impacts the health of patients. 
Despite an increased desire to improve sustainability in 
healthcare, the sector has been slow to adopt sustainable 
practices and policies, in part due to lack of research identi-
fying appropriate interventions (Sherman et al. 2020, 2019).

An increasing number of life cycle assessment (LCA) and 
carbon footprinting studies are being conducted in the health-
care sector, given its sizable impact on emissions (Karliner et al. 
2019; Cimprich et al. 2019). Prior healthcare LCA studies have 
focused on comparing reusable and disposable medical equip-
ment such as laryngoscopes, laryngeal mask airways, and den-
tal burs, often showing that reusable medical equipment has 
lower environmental impacts (Sherman and Eckelman 2018; 
Unger and Landis 2014; Eckelman et al. 2012). Researchers 
have also conducted LCAs for specific medical procedures such 
as childbirth (Campion et al. 2012), hysterectomy (Thiel et al. 
2018, 2014; Power et al. 2012), eye surgeries (Thiel et al. 2017; 
Tauber et al. 2019), plastic and other surgeries (Berner et al. 
2017; MacNeill et al. 2017), dialysis (Piccoli and Mery 2017; 
Barraclough et al. 2017; Chen et al. 2016; Lim et al. 2013; 
Connor et al. 2011), radiology (Martin et al. 2018; Chua et al. 
2021), and pathology (Gordon et al. 2021). Studies at this level 
often report the largest share of emissions coming from single 
use and disposable supply production as well as energy use, 
though LCAs in low-resource setting often show more efficient  
resource utilization and variance in sources of emissions  
(Goel et al. 2021; Steyn et al. 2020). Emissions for other aspects  
of healthcare have also been studied, including anesthesia 
(Sherman et al. 2012; Andersen et al. 2012), telemedicine  
(Holmner et al. 2014), pharmaceuticals, and asthma treat-
ment (Janson et al. 2020; Belkhir and Elmeligi 2019). Many  
healthcare-based studies indicate that material use and emis-
sions within the healthcare sector can be reduced without sac-
rificing safety or efficacy (Sherman et al. 2020). Despite this 
growth in understanding the sources of emissions in the health-
care sector, few studies have analyzed the footprint of inpatient 
units in the US (McGain et al. 2018).

As of 2014, there were approximately 36 million 
inpatient stays in the US, with an average length of a 
patient stay of 5.5 days (Development 2019; McDermott 
et al. 2017). More resource-intensive stays in intensive care 

units (ICUs) account for about 5.7 million inpatients annu-
ally, where the average length of stay is 3.3 days (Hunter 
et al. 2014). For this study, we have chosen the broader 
boundaries of “all activities required to provide care in 
a high- and low-resource intensity inpatient unit” rather 
than specifying treatment of a specific condition, such as 
an earlier study of ICU treatment for septic shock (McGain 
et al. 2018). We are following inpatient LCA guidelines 
established in the United Kingdom (UK), in order to com-
pare differences between these two contexts. Given the 
magnitude of this form of medical care, we believe there 
are many scalable opportunities to optimize inpatient care 
areas, maximize the efficient use of resources, and reduce 
the environmental and public health footprint of care (Kim 
et al. 2006). This study quantifies the resource-use, solid 
waste generation, and life cycle GHGs of inpatient stays 
in regular inpatient units/acute care (“low intensity”) units 
and intensive care units (ICU or “high intensity”) in a hos-
pital in the northeastern US.

1 � Methods

This study follows the UK NHS’ (National Health Ser-
vices) life cycle assessment (LCA)-based guideline to 
quantify solid waste generation and GHGs of a high and 
low intensity inpatient unit (Penny et al. 2015). LCA is 
a tool used to quantify the environmental emissions of a 
product or process throughout its life cycle — from raw 
material extraction, through production, use, and disposal. 
The International Organization for Standardization (ISO 
14040) (International Organization for Standardization 
2006) specifies 4 steps for LCA: (1) goal and scope defi-
nition, (2) life cycle inventory analysis (LCI), (3) life cycle 
impact assessment, and (4) interpretation analyses. LCA 
can be conducted in relation to physical flows, a “pro-
cess LCA” approach. Where physical relationships are 
unknown, monetary flows and economic expenditures 
between economic sectors are used to estimate emissions 
(economic input output LCA or EIOLCA). A “hybrid 
LCA” combines both approaches, using EIOLCA mod-
els to estimate emissions based on the cost of a mate-
rial (emissions per $) and process-based LCI databases 
to estimate emissions of specific quantities of materials 
(emissions per kilogram). This study uses an augmented 
process-based hybrid LCA approach to estimate GHGs 
from a regular medical inpatient unit and a medical inten-
sive care unit at a US hospital (Bilec 2007; Thiel et al. 
2014; Guggemos 2003). It should be noted that LCA stud-
ies will produce different results depending on the mod-
eling approach; as such, we limit detailed comparisons to 
the UK, due to similar methodology.
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This study seeks to inform resource conservation and 
environmentally-friendly strategies for hospital policy-
makers, administrators, and clinicians. An average esti-
mate of solid waste and GHGs per bed day gives a baseline 
from which more detailed studies by treatment pathway 
can be conducted, and it identifies opportunities that can 
lead, broadly, to optimized resource use regardless of spe-
cific therapies employed in a unit.

1.1 � Case location

NYU Langone Hospital–Brooklyn is a 543,659 ft2, 450 
bed private hospital (Hospital). This location was chosen 
because it represents a typical US hospital, and hospi-
tal staff and administrators were willing to share data on 
energy use, patient throughput, and resource use. The low 
intensity, acute inpatient unit serves adults with medical, 
surgical, and cardiac diagnoses, including patients that 
require telemetry monitoring, post cutaneous interven-
tions, or patients needing to be weaned from a ventilator. 
This acute unit has 23 double occupancy rooms and 3 
single rooms and occupies 9106 sf. The intensive care 
unit (ICU) serves adults with complex medical conditions 
requiring specialized critical care, including respiratory 
failure, pneumonia, ARDS, and heart, renal, and liver 
failure. This ICU has 12 single occupancy rooms and 
occupies 1862 sf. See Table 1 for more information on 
each unit.

This study was deemed non-human subjects research and 
did not require ethics board approval.

1.2 � Study scope and boundaries

This study assesses resource use, solid waste generation, 
and GHGs of an acute unit and ICU. The functional unit for 
the life cycle GHG calculations is 1 year of inpatient care in 
both a high- and low-intensity unit. We also utilize the unit 
of “bed day”, a measure of occupancy based on number of 
beds and days they were in use.

The boundaries of this study (Fig. 1) include produc-
tion and disposal of all physical resources (disposable and 

reusable supplies, medical gases, pharmaceuticals, capital 
equipment) and the consumption of energy (for lighting; 
plug loads and equipment usage; heating, ventilation, and 
air conditioning (HVAC); and water pumping) used in each 
unit over a 1-year period (Table 2). Emissions from staff 
commuting and an estimate of food service activities for 
inpatients (not staff) are also included.

This study does not include the building infrastructure 
(e.g., construction or maintenance of water delivery, HVAC, 
and lighting systems), transportation of patients to and from 
the hospital, or supporting activities such as administra-
tive or financial services. It does not include the impact of 
laboratory tests ordered from the inpatient units (though it 
would include any materials used for sampling that were 
billed to the units or disposed of within the units). It also 
does not include production of cleaning chemicals or sup-
plies as these are purchased through a hospital-wide depart-
ment rather than these particular units, though this study 
does account for the solid waste treatment from any cleaning 
products disposed of within the units.

1.3 � Data collection

Primary methods of data collection used in this study were 
as follows: site observations, hospital records, and manual 
waste audits. Data from hospital records was collected ret-
rospectively, using Calendar Year 2017 (CY17) for total 
hospital solid waste and medical gas data and fiscal year 
(FY17, from September 2016 through August 2017) for all 
other data.

1.3.1 � Observations

Three members of the research team spent 3 months in the 
inpatient units, examining unit layout, capital equipment 
(computer screens/monitors, EEG machines, etc.), stock-
ing practices, flow of materials, room turnover protocols, 
and solid waste disposal. Interviews were conducted with 
the staff to more clearly understand how solid waste was 
generated and how the space was being utilized. The face-
to-face interactions helped create mutual understanding and 

Table 1   Demographic 
information for the units 
selected at the case location

Acute unit (low intensity) ICU (high intensity)

Number of beds 49 12
Number of patient rooms 26 (23 double occupancy 

and 3 single)
12 (single occupancy rooms)

Total area (square feet) 9106 1862
Average length of stay (days) 4.55 4.64
Total bed days per year 14,427 2536
Full time employees 96.2 35.8
Worked nursing hours per year 177,082 56,787
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enthusiasm for the goals and objectives of the study. They 
also helped with identifying what should and should not be 
included in the scope of the study and introduced our project 
to the unit staff.

1.3.2 � Utility data, energy, and medical gas data

Utility records were collected from the hospital’s Facility 
Management team, and included the use of electricity, natu-
ral gas, water, and fuel oil for the hospital over the fiscal 
year. These datasets are not specific to any particular depart-
ment within the hospital (utilities are not sub-metered), and 
thus, these data had to be allocated to our study units, as 
described in the “2”. Medical gases (oxygen and nitrous 
oxide, for which there are wall-ports and canisters in each 
unit) were also similarly allocated to each unit.

1.3.3 � Capital equipment, disposable supply, 
pharmaceutical, and linen data

Capital equipment, such as computers, monitors, printers, 
defibrillators, medication dispensers, warming units, patient 
beds, nursing stations, and portable ultrasound machines, are 
occasionally purchased by a hospital and used over a period 
of years. To account for the production of these items, this 
study assumes that the quantity of items purchased in FY17 
is a standard (or average) yearly cost for replacing or main-
taining current capital goods. One modification was made 
specifically to the purchase of defibrillators in the acute unit, 
as there was a mass replacement of defibrillators during the 
study period. We, therefore, allocated the purchase price of 
these defibrillators over an estimated lifespan of 8 years. 
Of note, this approach does not account for the production 

Fig. 1   Study boundaries for both an acute care (low intensity) and an intensive care (ICU or high intensity) inpatient unit in the USA

Table 2   Study scope and boundaries, * for 1-year period, September 2016 through August 2017, ** any materials used for sampling that were 
billed to the unit or disposed of within the unit would be included in the study

Study includes Study does not include

Physical resources for each unit (disposable and reusable supplies and equipment, 
medical gases, pharmaceuticals, solid waste treatment)*

Building infrastructure (construction or maintenance of water 
delivery, HVAC, and lighting systems)

Energy for each unit (lighting; equipment usage; heating, ventilation, and air 
conditioning (HVAC))*

Transportation of patients to and from the hospital

Emissions from staff commuting Supporting activities such as administrative or financial services
Estimate of food service activities for inpatients Impact of laboratory tests ordered from inpatient units**
Water provision and wastewater treatment Production of cleaning chemicals and supplies
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of capital goods purchased prior to this year, but instead 
assumes the “maintenance costs” of purchasing new equip-
ment is similar from year to year.

An itemized list of disposable supplies and their costs 
from FY17 was obtained from the hospital’s Finance 
Department. The number and cost of pharmaceuticals dis-
tributed within each unit were collected from the hospital’s 
Pharmacy.

Reusable linens are rented from a third-party vendor who 
is also responsible for laundering. The hospital’s Linens 
Department provided data on the quantity of linens deliv-
ered to the acute care unit and ICU and the total cost of linen 
rental, which includes laundering and delivery to and from 
the units, 7 days a week.

1.3.4 � Food services

The Food Services Department was unable to provide a 
detailed record of meals served to the units over a calendar 
year. Therefore, we assumed each patient was issued a solid 
meal tray three times daily and based GHG estimates on the 
cost of the meal service. Obviously, some patients will be 
unable to consume solid foods; however, this assumption 
allows us to assess the relative potential impact of food ser-
vices in each unit, which can be further analyzed in future 
studies (Collins 2020; Thiel et al. 2021).

1.3.5 � Staff commuting data and assumptions

Commuting estimates have become more common in LCAs 
and GHG reporting of healthcare activities, as studies have 
shown large portions of a procedure’s emissions are the 
result of commuting by patients and staff to those proce-
dures, and a large share of commuting is due to healthcare 
activities (Duane et al. 2019; Wootton et al. 2010; Morris 
et al. 2013; Wang et al. 2021). Given the recent surge in 
telemedicine, there is further incentive to assess the impact 
of commuting and transportation, to better understand the 
potential impact of new remote-access technologies (Mann 
et al. 2020). For this case location, we estimated commuting 
of staff using staffing levels (number of employees) in both 
units, collected from the Human Resources Department. 
Average working days for each employee were estimated 
at 240 days per year. Commuting distances and modes of 
transit were based on data from the most recent New York 
City-sponsored Peripheral Travel Study (Planning 2010).

1.3.6 � Waste audits

The hospital’s Sustainability Manager and Building Services 
Department, which manages the hospital’s waste removal, 
provided data on the total amount of solid waste the hospital 

produces annually. However, there were no unit-specific 
waste generation data. We conducted manual audits of the 
solid waste streams, as done in previous healthcare studies 
(Thiel et al. 2014; Tieszen and Gruenberg 1992; Namburar 
et al. 2018; McGain et al. 2009; Furukawa et al. 2016; Hames 
2013; Kubicki et al. 2015).

We audited five types of solid waste from each unit: (1) 
regulated medical waste (RMW), also colloquially known 
as red bag waste or hazardous medical waste, (2) recycling 
waste, which is largely cardboard packaging, (3) white bag/
conventional municipal solid waste, (4) non-RCRA (Resource 
Conservation and Recovery Act) hazardous pharmaceutical 
waste including carcinogenic or endocrine-disrupting drugs, 
and (5) sharps waste. The waste from both units was audited 
for a period of 5 days, Monday through Friday from 8 A.M. 
to 8 P.M., the active period of waste removal. Waste was 
intercepted during removal from each unit, and each bag 
was weighed using an Edlund ERS-60 scale (30 ± 0.005 kg). 
Trash bags were not opened nor sorted into sub-categories. 
The waste was allocated per bed day for the two units, based 
on the number of bed days during the audit period.

1.4 � Life cycle assessment

1.4.1 � Process LCA data: utility consumption, medical gases, 
waste treatment, and staff travel

The GHGs from each unit’s electricity were estimated 
using New York emission factors from the US Environ-
mental Protection Agency’s (EPA) Emissions and Genera-
tion Resource Integrated Database (eGRID2016 v8.0) (US 
EPA 2018a). GHGs from natural gas, fuel oil, and water 
consumption; the manufacturing and delivery of medical 
gases; solid waste disposal via landfilling; and staff com-
muting were calculated using Ecoinvent 3.4 unit process 
database (Weidema et al. 2013; Moreno et al. 2011) through 
the software Simapro 8.5.2.0 (PRé Consultants 2018). A 
list of specific unit processes can be found in Supplemental 
Information Table 1.

1.4.2 � EIOLCA data: supply production, food and laundry 
services

Emissions from the production of disposable supplies, allo-
cated capital equipment production, food production, and 
linen production and laundering were estimated using the 
2013 US Environmentally Extended Input Output (EEIO) 
LCA model v1.1 in OpenLCA v1.10.3 (Yang et al. 2017; 
Hildenbrand and Ciroth 2019). A list of specific economic 
sectors used can be found in Supplemental Information 
Table 1. Using a nationwide average factor of 0.78, the dol-
lar value of these items was deflated from 2017 to 2002 US 
dollars (Group 2018).
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1.5 � Impact assessment method

All greenhouse gas emissions were estimated using the 
IPCC Fifth Assessment Report, AR5 (IPCC GWP 100a) 
in Simapro 8.5.2.0 (PRé Consultants 2018; Intergovern-
mental Panel on Climate Change 2016). This estimates the 
100-year time horizon global warming potentials of vari-
ous substances relative to CO2, thus results are presented in 
kilograms of carbon dioxide equivalents, or kg CO2-e.

1.5.1 � Sensitivity analyses: utility and medical gas 
allocations

We allocated utility use (electricity, water, etc.) and medical 
gases by both floor area and staffing levels. The floor area 
approach is standard within the building industry but may 
fail to capture the relative intensity of energy use in spe-
cific hospital spaces like labs, operating rooms, and ICUs 
(for example surgical ORs can consume up to 4.5 × more 
per square foot than other spaces in the hospital (MacNeill 
et al. 2017)). Here, we have removed non-clinical spaces 
(such as hallways and elevators) from the total hospital floor 
area and each unit’s floor area and allocated without any 
additional intensity factors, as per the UK guidance (Penny 
et al. 2015). Of the 343,659 total sf, of the hospital, 274,426 
sf were designated for clinical activities. The acute care 
unit occupies 4% of this hospital’s clinical spaces, while the 
ICU occupies 0.68%. The UK-based study allocated hospi-
tal energy consumption calculations by staffing levels, as 
staffing intensity is likely to mirror energy intensity (Penny 
et al. 2015). Of the hospital’s 3507 fulltime employees, 96.2 
(2.7%) work in the acute care unit and 35.8 (1.02%) work in 
the ICU. Results for this study are reported for both alloca-
tion methods.

2 � Results

2.1 � Waste audit

The acute care unit generated between 84 and 111 kg of 
solid waste daily. This results in about 6 kg of solid waste 
per bed day, or 79,685 kg of solid waste annually. This is 
about 5% of the hospital’s total annual solid waste genera-
tion (Tables 3 and 4). The ICU generated between 25 and 
81 kg of solid waste daily. This results in about 7 kg of 
solid waste per bed day, for an annual total of 18,098 kg 
of solid waste, or about 1% of the hospital’s total waste. 
The acute care unit produced the largest portion of the hos-
pital’s Non-RCRA Hazardous Pharmaceutical Wastes (at 
743 kg or 15% of the annual total) while the ICU generated 
533 kg (or 11% of the hospital’s annual total). The acute 
care unit also produced over 4650 kg of sharps waste per 

year (16% of the hospital’s total), while the ICU produced 
1240 kg (or 4.4%).

2.2 � Resource consumption

2.2.1 � Energy and water use

The whole hospital consumes nearly 21 million kWh of 
electricity per year, 63 million MJ of natural gas, and over 
454,000 L of fuel oil. The hospital also uses over 177,000 m3 
of water each year. The acute care unit is estimated to con-
sume 4.0% of the hospital total over the course of the year 
when allocated by floor area and 2.7% of the hospital total 
when allocated by relative staffing intensity of the space. 
By the staffing allocation, this results in approximately 40 
kWh electricity, 122 MJ natural gas, 0.9 L of fuel oil, and 0.3 
m3 of water per bed day (Table 4). The ICU is estimated to 
consume 0.7% of the annual hospital total when allocated by 
floor area and 1.0% of the hospital total by relative staffing 
intensity. By the staffing allocation, this results in approxi-
mately 84 kWh electricity, 258 MJ natural gas, 1.9 L of fuel 
oil, and 0.7 m3 of water per bed day.

2.2.2 � Supplies and equipment

Over the course of the year, the acute care unit spent approx-
imately $57/bed day on consumable supplies and equipment. 
A majority of spending on consumables came from medical 
supplies ($31/bed day) including ECG leads, pulse oxime-
ters, patient gowns, catheters, suction equipment, and gloves. 
About $20/bed day was spent on capital equipment, includ-
ing beds and defibrillators. In the ICU, yearly spending on 
supplies and equipment totaled approximately $263/bed day. 
Capital equipment purchases and rentals made up about $90/
bed day of that total, a majority for beds and patient position-
ing equipment. Consumable supply purchases were largely 
made up of medical supplies ($121/bed day) including pulse 
oximeters, catheterization kits, central line supplies, suction 
systems, needle guides, and ECG leads.

2.2.3 � Life cycle greenhouse gas emissions

The acute care unit generates an estimated 45 kg CO2-e per 
bed day based on staff allocation (Table 4). A majority of 
the acute care unit’s GHGs (48–56% depending on allocation 
method) come from overall energy usage including electricity, 
natural gas, and fuel oil; food services (25–30%), and consum-
ables such as disposable medical supply production (22–26%). 
Note that these relative impacts were similar for both alloca-
tion methods. However, the floor area allocation results in a 
larger quantity of GHGs than the staff allocation method, for 
an estimated total of 55 kg CO2-e emitted per bed day.
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The ICU generates an estimated 138 kg CO2-e per bed 
day (staff allocation). The highest contributions to the ICU’s 
GHGs come from procurement of consumables (32–37%), 
procurement of equipment (28–32%), and energy usage 
(25–33% depending on allocation method). In the case of 
the ICU, floor area allocation decreases the GHG emission 
estimates for energy, water, and medical gases, resulting in 
a total GHG emission estimate of 121 kg CO2-e per bed day.

For both units, the medical consumables with highest 
expenditures (and, therefore, highest proportion of GHGs 
from their production) include catheterization kits, pulse 
oximeters, electrocardiogram kits, gloves, syringes, suction 
canisters, and gowns. Of note, the structure of EIOLCA 
models limits our ability to compare items within the same 
economic sector, as the carbon emissions are estimated from 
the average spend across the whole sector. To identify which 

specific consumables contribute more to carbon emissions, 
future studies should use actual physical flows (process 
LCA).

3 � Discussion

Over 1 year, this site generates an estimated 656,000 kg of 
CO2-e and 80,000 kg of solid waste from acute care, and an 
estimated 349,000 kg of CO2-e and 18,100 kg of solid waste 
each year from intensive care. This is equivalent to the GHG 
emissions from 139 passenger vehicles and 74 passenger 
vehicles driven for 1 year, respectively (US EPA 2018b).

Literature on waste generation in inpatient units is sparse; 
however, two studies from medical ICUs in Australia meas-
ured 505 and 540 kg of solid waste production over a 1 week 

Table 3   Waste generation. * Includes only the hospital waste types that are generated in studied inpatient units, ** has 12 beds (1 bed per room), 
*** has 49 beds (23 rooms with 2 beds each and 3 single rooms)

Whole hospital* (kg) Acute care unit, estimated 
annual, kg (% of hospital 
total)

ICU, estimated annual, 
kg (% of hospital total)

ICU** 
(kg/bed 
day)

Acute care 
unit*** (kg/per 
day)

Red bag waste (kg) 167,883.6 7029.3 (4.19%) 246.4 (0.15%) 0.1 0.5
Recycling (kg) 316,906.8 0.0 (0.00%) 322.4 (0.10%) 0.1 0.0
White bag waste (kg) 1,221,978 67,260.1 (5.50%) 15,755.4 (1.29%) 6.2 4.7
Non-RCRA hazardous 

pharmaceutical waste 
(kg)

4940.53 743.1 (15.04%) 533.0 (10.79%) 0.2 0.1

Sharps (kg) 28,367.67 4652.3 (16.40%) 1240.8 (4.37%) 0.5 0.3
Total 1,740,076.6 79,684.7 (4.58%) 18,097.98 (1.04%) 7.1 5.5

Table 4   Greenhouse gas (GHG) emissions from low intensity or regular inpatient unit (Acute Care Unit) and high intensity unit (ICU); *denotes 
those data inputs that were allocated using either a floor area allocation or a staff intensity allocation

GHG emissions per bed day (kg 
CO2-e)

Acute care unit (floor 
area allocation)

Acute care unit 
(staff allocation)

ICU (floor area allocation) ICU (staff allocation)

Energy* 30.8 21.6 30.5 45.8
Water* 0.3 0.2 0.3 0.4
Waste 3.4 3.4 4.3 4.3
Consumables 12.0 12.0 44.4 44.4
Medical gases* 2.4 1.7 2.4 3.6
Equipment 6.5 6.5 38.9 38.9
Food 13.8 13.8 13.8 13.8
Staff travel 4.9 4.9 10.4 10.4
Total CO2-e 55.4 45.5 120.8 137.5
Resource use per bed day Acute care unit (floor 

area allocation)
Acute care unit 

(staff allocation)
ICU (floor area allocation) ICU (staff allocation)

Water direct total, m3* 0.5 0.3 0.5 0.7
Waste total, kg 5.5 5.5 7.1 7.1
Hazardous waste, kg 0.9 0.9 0.8 0.8
Non-hazardous waste, kg 4.7 4.7 6.3 6.3
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period for 10 and 11 beds, respectively, (Kubicki et al. 2015; 
McGain et al. 2009) compared to the 200 kg generated over 
a 5-day period in our 12-bed ICU. One study stated that this 
was about 5% of the hospital’s total solid waste generation 
(McGain et al. 2009). Both studies found substantial oppor-
tunities for recycling, estimating that 28–57% of total waste 
was potentially recyclable. Waste education and increased 
signage helped decreased sharps waste in a Melbourne, 
Australia-based ICU (Hames 2013). A study of an ICU in 
Sao Paulo, Brazil tested solid waste reduction interventions 
such as redesigning pharmaceutical doses and packaging, 
installing waste containers for non-recyclables and chemi-
cal wastes, and educating staff. These interventions reduced 
their solid waste generation from 13.7 kg/patient/day to 
8.4 kg/patient/day (Furukawa et al. 2016). A recent study in 
a US-based pediatric ICU measured 76 kg of unused items 
over a 3-week period, largely endotracheal tubes, diapers, 
underpads, and flexible suction catheters (Ghersin et al. 
2020). The UK-based study reported solid waste generation 
of 3.3 kg/bed day in the low intensity, acute care unit (about 
60% of the US’s waste generation) and 13.2 kg of solid waste 
in the high intensity ICU (180% of the US’s generation) 
(Penny et al. 2015). There are no standardized reporting 
methods for medical waste audits, so it is difficult to com-
pare the occupancy or resource-intensity of these previous 
studies with our current study; however, it is clear that there 

are many opportunities to reduce resource consumption in 
inpatient units.

For GHG emissions, the results of our study are com-
parable to the previous UK-based study of low- and high-
intensity inpatient stays (Fig. 2). For low intensity, acute care 
inpatient stays, the UK’s GHG emissions are 25% less than 
the US (staff allocation). The UK’s GHGs for high intensity 
ICU stays were 39% less than the US. For both types of 
inpatient stay, the US location generates considerably more 
GHGs than the UK in the categories of equipment (4 to 10 
times more). Equipment purchases in our study included a 
few beds, scales, reusable cushions, and patient lifts. Dif-
ferences could signify larger spending on capital goods in 
the US or larger-than-normal spending on equipment during 
the study period, though the UK also has been actively de-
carbonizing their electric grid which could decrease their 
emission intensity. Emissions from solid waste treatment are 
also higher 2 to 6 times more) in the US.

The results for the ICU are also comparable to a previ-
ous study of GHGs from treating septic shock patients in an 
intensive care in the US and Australia. For US locations in 
the septic shock study, the total carbon footprint was about 
178 kg CO2-e per day (McGain et al. 2018), which is 1.3 
times more than the 138 kg CO2-e found in this study with 
staff allocation. US septic shock patients were estimated to 
generate 3.4 kg of single-use materials daily, versus the total 

Fig. 2   Greenhouse gas emissions from an acute care (low intensity) and an intensive care (ICU or high intensity) inpatient unit in the USA and 
UK; note: the original UK study combined food and consumables; “staff” and “floor area “ denote allocation techniques
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solid waste measured here at 7.1 kg. Differences between 
studies may be due to focus on a single patient diagnosis 
and variation in medical practice. Septic shock commonly 
requires medical treatments such as mechanical ventilation 
and renal support that often have higher energy demand 
(McGain et al. 2018), and though some patients in our stud-
ied units would be receiving this type of care, our patients 
represent a mix of medical needs. Though both studies use 
similar hybrid approaches, the septic shock study includes 
pathology costs (in an EIO model), used a process-LCA 
approach for consumables, directly audited plug loads, 
and modeled HVAC energy demand (rather than using an 
energy allocation approach). This difference in boundaries 
and approaches will impact results. For example, in their 
inpatient ICU, the septic shock study estimates electricity 
use at 124 kWh/patient/day (1.5 times more than our study) 
and natural gas at 0.53 GJ/patient/day (2 times more).

3.1 � Decarbonizing care and reducing waste

First and foremost, reducing the number of patients in inpa-
tient care, and especially ICU care, would have the largest 
potential to reduce emissions, with co-benefits of better 
health and reduced spending for the general population. 
Investment in public health, environmental protections, and 
primary care have the potential to reduce inpatient admis-
sions at a population level by addressing health and safety 
needs of patients before they become acute. Unnecessary 
admissions can be avoided through a variety of approaches 
depending on the location from which a patient is being 
transferred and admitted to a hospital (Ouslander et al. 
2016; Freund et al. 2013). Movements such as ‘Choos-
ing Wisely’ campaign and ‘Getting It Right First Time’ 
highlight the importance of correct procedures, on the cor-
rect patients, at the correct time. They seek to reduce both 
unnecessary testing and procedures, and complications or 
errors that result in additional hospitalizations or medical 
interventions (Levinson et al. 2018, 2015; Malhotra et al. 
2016; Wolfson et al. 2014; Cassel and Guest 2012).

Inpatient care will still be necessary, and the results of 
this study point to possible target areas for GHG reduction in 
inpatient care areas. For both acute care and ICUs, a major-
ity of emissions originate in energy use and the purchase of 
capital equipment and supplies. Therefore, we focus our dis-
cussion on these topics, generically, and the ways in which 
the industry is addressing these issues.

For reducing emissions from energy, medical facilities 
should focus on de-carbonizing their energy sources, intro-
ducing energy reduction processes, and conducting energy 
efficiency upgrades to lighting, ventilation, and equipment. 
When renovating or building new inpatient spaces, energy 
efficiency, HVAC occupancy setbacks, and renewable energy 

sources should be prioritized (Teke and Timur 2014; Johnson 
2010; Campion et al. 2016). Where possible, hospitals should 
procure energy-efficient capital equipment and supplies from 
manufacturers. Some products may have environmental prod-
uct declarations (EPDs) to help guide more environmentally 
minded purchases.

Given GHGs from the production of consumables in 
both units, hospital administrators and clinicians should 
focus efforts on optimizing supply use. Reducing unnec-
essary items could reduce spending and improve footprint 
(Zygourakis et al. 2016; Thiel et al. 2018). During the study 
period, we observed many unopened, unused items thrown 
away during room turnovers. Cleaning and setup protocols 
should aim to minimize the amount of unnecessary waste 
in the inpatient space. Any pre-packaged disposable supply 
kits should be regularly reformulated to remove unneces-
sary items (Campion et al. 2015). Location of supply stor-
age areas and waste receptacles can reduce accidental waste 
from employee’s personal supply stashes leftover in pockets 
when shifts end. Additional savings could be gained through 
automated stocking systems (Moons et al. 2019). Prioritizing 
sustainable procurement practices (such as environmentally 
preferred purchasing) could reduce emissions associated 
with medical supplies and equipment (Chiarini et al. 2017; 
Rico and Oruezabala 2012).

Medical supply and device manufacturers should strive 
to create and market better, greener products (Sherman et al. 
2019). Likewise, medical facilities and group purchasing 
organizations should ask for environmental performance 
data on products they regularly purchase and discard, or seek 
to utilize reusable supplies where possible (Thiel et al. 2020; 
Steyn et al. 2020; Thiel and Vukelich 2020). Medical facili-
ties could also contract for commercial single use device 
(SUD) reprocessing to reduce GHGs from solid waste dis-
posal (Unger and Landis 2016; DiConsiglio 2008). SUD 
reprocessing is an FDA-approved process where SUDs are 
sent to a third-party facility, cleaned, sterilized, and sold 
back to hospitals for less than the original purchase price. 
Our case study location currently uses SUD reprocessing 
on pulse oximeters and other devices, though this was not 
modeled in our study.

Specific interventions for emission reductions will depend 
on the circumstances within each individual inpatient unit. 
For example, in our study location, we modified standard 
room stocking protocols to reduce unnecessary waste of sup-
plies. Specifically, suction containers will only be placed in 
a room where a patient condition is likely to need the use of 
suction, in-room storage is delineated between patient zones 
(from which all items need to be disposed) and non-patient 
zones, and in-room storage closets will be stocked in ways 
that prevent accidental dropping (and resulting disposal) of 
supplies.
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3.2 � Future research

An exclusively process-LCA approach would enable a more 
detailed assessment of GHGs from each unit, particularly 
for consumable supplies and food; however, this requires 
more intensive data collection that may be more appropri-
ate when studying specific therapies in inpatient spaces. 
The omission of certain elements of inpatient care, such 
as the production of cleaning chemicals and supply, will 
likely lead to an underestimate of the emissions of inpa-
tient care in this study. Though their addition is expected to 
make only a small contribution to GHG emissions, cleaning 
chemicals may have greater influence in other impact cat-
egories and should be considered in future studies. In addi-
tion, our allocation assumptions could be tested and refined 
through sub-metering of clinical spaces, direct measure-
ment of plug loads, or estimating plug loads of equipment 
through manufacturer power ratings. This approach would 
also enable better comparisons with the septic shock study 
and help differentiate the effect of LCA model design from 
actual clinical practice on emission estimates. This study 
was limited to a single hospital; replicating it with differ-
ent hospitals and inpatient units could quantify variability 
in resource-use and identify best practices. Specific to this 
study, multiple waste audits conducted over the course of 
the year could help identify periodic fluctuations and other 
factors affecting solid waste generation. Qualitative studies 
could further identify sources of unnecessary supply waste 
and possible solutions. Furthermore, LCA results could be 
expanded beyond the GHGs reported here.

4 � Conclusion

Understanding the source of emissions in a specific care 
pathway can help to put limited financial and human 
resources to effective use in reducing those emissions. This 
study presents a high-level analysis of the environmental 
footprint of inpatient stays in a large US hospital. With more 
cities and individuals pushing for carbon-free economies, 
more action needs to be taken by the healthcare sector to 
strategically reduce the overconsumption of resources and 
minimize the public health effects of healthcare services.
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