
 
 

Delft University of Technology

Circular material flow in the intensive care unit—environmental effects and identification of
hotspots

Hunfeld, Nicole; Diehl, Jan Carel; Timmermann, Maarten; van Exter, Pieter; Bouwens, Joris; Browne-
Wilkinson, Savanna; de Planque, Nine; Gommers, Diederik
DOI
10.1007/s00134-022-06940-6
Publication date
2022
Document Version
Final published version
Published in
Intensive Care Medicine

Citation (APA)
Hunfeld, N., Diehl, J. C., Timmermann, M., van Exter, P., Bouwens, J., Browne-Wilkinson, S., de Planque,
N., & Gommers, D. (2022). Circular material flow in the intensive care unit—environmental effects and
identification of hotspots. Intensive Care Medicine, 49(1), 65-74. https://doi.org/10.1007/s00134-022-06940-
6
Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1007/s00134-022-06940-6
https://doi.org/10.1007/s00134-022-06940-6
https://doi.org/10.1007/s00134-022-06940-6


Intensive Care Med (2023) 49:65–74
https://doi.org/10.1007/s00134-022-06940-6

ORIGINAL

Circular material flow in the intensive care 
unit—environmental effects and identification 
of hotspots
Nicole Hunfeld1,2* , Jan Carel Diehl3 , Maarten Timmermann4, Pieter van Exter5, Joris Bouwens5, 
Savanna Browne‑Wilkinson5, Nine de Planque6  and Diederik Gommers1 

© 2022 The Author(s)

Abstract 

Purpose: The healthcare sector is responsible for 6–7% of  CO2 emissions. The intensive care unit (ICU) contributes 
to these  CO2 emissions and a shift from a linear system to a circular system is needed. The aim of our research was to 
perform a material flow analysis (MFA) in an academic ICU. Secondary aims were to obtain information and numbers 
on mass, carbon footprint, agricultural land occupation and water usage and to determine so‑called “environmental 
hotspots” in the ICU.

Methods: A material flow analysis was performed over the year 2019, followed by an environmental footprint analy‑
sis of materials and environmental hotspot identification.

Results: 2839 patients were admitted to our ICU in 2019. The average length of stay was 4.6 days. Our MFA showed a 
material mass inflow of 247,000 kg in 2019 for intensive care, of which 50,000 kg is incinerated as (hazardous) hospital 
waste. The environmental impact per patient resulted in 17 kg of mass, 12 kg  CO2 eq, 300 L of water usage and 4  m2 
of agricultural land occupation per day. Five hotspots were identified: non‑sterile gloves, isolation gowns, bed liners, 
surgical masks and syringes (including packaging).

Conclusion: This is the first material flow analysis that identified environmental risks and its magnitude in the inten‑
sive care unit.

Keywords: Circular economy, Intensive care unit, Sustainability, Material flow analysis, Environmental hotspots

Introduction

Climate change is adversely affecting human health and 
health systems [1–3]. Recently, more than 200 health 
journals have called on governments to take emergency 

action to tackle the “catastrophic harm to health” from 
climate change [4].

Also, the latest Intergovernmental Panel on Climate 
Change (IPCC) report [5] shows the urgency for sustain-
ability throughout the whole world. Looking in more 
detail at the healthcare sector, reports from the United 
Kingdom (UK) show that the sector is responsible for 
6% of  CO2 emissions [6]. In the Netherlands, healthcare 
is responsible for 7% of  CO2 emissions [7]. These data 
mainly focus on the use of electric energy, drugs and 
mobility of personnel and make no distinction between 
the different healthcare sectors, hospital departments or 
specific flows of products or materials.
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Given the current climate crisis, we must start working 
towards more holistic approaches to reduce the impact 
of the healthcare sector and shift towards a circular 
economy [8]. In a circular economy there are three core 
principles: (1) design out waste and pollution (2) keep 
products and materials in use, and (3) regenerate natu-
ral systems [9]. While simple in theory, there are many 
complexities and trade-offs when shifting towards cir-
cular practices. The 7 Pillars (of the Circular Economy 
framework (materials, energy, water, biodiversity, human 
society and culture, health and well-being and gener-
ating value)) can be used as a holistic lens to map or to 
describe sustainability issues and to identify environmen-
tal hotspots [10]. Based on these environmental issues 
and hotspots, the 10 R strategies can be used as a starting 
point for circular interventions by healthcare staff [11]. 
The 10 Rs represent refuse, rethink, reduce, reuse, repair, 
refurbish, remanufacture, repurpose, recycle and recover. 
Refuse is the strategy with the highest impact in the hier-
archy of circular interventions, while recover represents 
the strategy with the lowest impact.

The intensive care unit (ICU) has had an intense 
period due to the coronavirus disease 2019 (COVID-
19) pandemic. We have noticed how many products are 
needed to care for critically ill patients and the substan-
tial amount of waste those products have caused. We 
realize that these products have a significant impact on 
the environment due to their use of resources, produc-
tion and disposal. Action is needed. Unfortunately, there 
are no data on what materials are being consumed at the 
ICU and the so-called environmental hotspots. As stated 
by Bein et al. “Time is pressing and critical care medicine 
must participate in the race to zero-emission healthcare 
systems” [12].

The impact on the environment can be studied by a 
so-called Life Cycle Assessment (LCA). In more detail, 
LCAs involve the analysis of the environmental impact 
of natural resource extraction, manufacturing, packag-
ing, transport, use/reuse, and recycling/waste disposal of 
certain products or processes [13]. LCAs related to inten-
sive care medicine have been performed for reusable 
central venous catheter insertion kits [13]and septic ICU 
patients in the United States and Australia [14]. Regard-
ing the septic ICU patients, the average daily greenhouse 
gas emissions in the US-ICU was 178 kg carbon dioxide 
equivalent  (CO2-e) emissions, while for the Aus-ICU the 
carbon footprint was 88  kg  CO2-e [13]. Another LCA 
showed 138 kg  CO2-e per bed day for ICU patients [15]. 
An LCA of all the activities occurring within the entire 
ICU would be a considerable undertaking, though it is 
possible.

A different approach for investigating the impact on 
the environment and to invest in options for circularity 

in the ICU is to perform a Material Flow Analysis (MFA). 
An MFA provides a quantitative understanding of all 
the goods and waste flows that enter and leave the sys-
tem. It can be used to manage resources and waste flows 
[16]. Allesch and Brunner found that MFAs are a par-
ticularly useful tool for decisions in waste management 
and therefore also potentially a promising tool to apply 
in the ICU [17]. At the start of this research, no scien-
tific publications on applying MFA and identification of 
“environmental hotspots” in the hospital context at the 
department level were known to the researchers.

Our research aimed to perform an MFA in an ICU. 
Secondary aims were to obtain information and numbers 
on mass, carbon footprint, agricultural land occupation 
and water usage and to determine “environmental hot-
spots” in the ICU.

Methods
For this single-center study, we conducted an MFA. An 
MFA is defined by Brunner and Rechberger [16] as “(..) a 
systematic assessment of the flows and stocks of materials 
within a system defined in space and time.”

Our research consisted of three stages/phases:

A. Material Flow Analysis
B. Environmental footprint analysis of materials
C. Environmental hotspots identification

Material flow analysis
An MFA was used to map the materials of major product 
groups entering and leaving the Erasmus University Med-
ical Center (Erasmus MC) ICU in 2019. The MFA was 
conducted by combining data analysis, measurements, 
and desk research and was complemented by interviews 
with staff members (nurses, intensivists and pharmacists) 
at Erasmus MC. The collected data were used to compare 
the number of individual materials used in the ICU per 
day per patient to their aggregated weights.

Scope
This study focused on the material consumption of the 
ICU. Water and energy consumption by the department 
are left out of scope. Erasmus MC is a modern academic 

Take‑home message 

This material flow analysis provides the necessary information for 
the intensive care in its transition from a linear to a circular system, 
with focus on mass, carbon footprint, agricultural land occupation 
and water usage.
Five environmental hotspots are identified: non‑sterile gloves, isola‑
tion gowns, bed liners, surgical masks and syringes (including their 
packaging).



67

hospital, opened in 2018. The data collection covered all 
materials entering and leaving the ICU of the Erasmus 
MC in 2019. With entering the ICU, the moment of pur-
chase is meant. The impacts of active ingredients in the 
medicines procured in the ICU were excluded from the 
environmental impact assessment.

The ICU consists of 56 beds in a mixed surgical and 
non-surgical setting. Common patient categories are 
transplantation (liver, kidney, heart and lungs), neuro-
trauma, cardiology (including out-of-hospital cardiac 
arrest and surgery), sepsis and respiratory insufficiency. 
Multiple organ replacement therapies are used (domi-
nated by extracorporeal mebrane oxygenation (ECMO), 
left ventricular assist device and continuous renal 
replacement therapy (CRRT)). Patients on ventilation, 
and/or receiving ECMO and/or CRRT were studied as 
categories of special interest, regarding the use of materi-
als (e.g. plastics) required for these therapies.

Unit of measurement
The material flows are presented in three different ways:

1. The in- and outflows of the ICU over the entire year 
in kilogram (kg).

2. The average number of products used (inflows) per 
patient in numbers per day.

3. The average mass of materials used (inflows) per 
patient per day in kg.

Inflows and stock
The data from products were derived from different 
management reports including cleaning, disposables, 
medicines, and textiles purchased for the ICU. The data 
included supplier name, name of the product, product 
category, packaging configuration (amount per pack-
age), number of packages ordered, and number of units 
ordered. All products were assigned to product groups 
with a coverage of 92.7%, based on the amount. If weights 
and the material compositions were missing from the 
reports, then this information was gathered twofold: 
through desk research including suppliers’ websites and 
product brochures, and through actual measurement of 
the weights of products for which no information was 
available.

The following weights were recorded:

  • Net weight (product excluding the packaging).
  • Primary packaging (the packaging in direct contact 

with the product e.g., a glass vial).

The following material categories were distinguished, 
adapted from [16]:

  • Glass
  • Synthetic plastic and rubbers
  • Synthetic fabrics
  • Biobased materials (including fibers, paper and 

board)
  • Chemicals (cleaning detergents)
  • Metals

The mass inflows of goods were calculated by multiply-
ing the percentage of material by weight and amount.

Outflows
The use of products and disposables results in waste. We 
did not measure the specific amounts of waste gener-
ated by the ICU. We estimated the outflows based on the 
inflows, with the use of the mass balancing principle. Any 
additional weight from human biological fluids is consid-
ered out of scope.

Environmental footprint assessment
An environmental footprint assessment was conducted 
to analyze the embodied impacts associated with the 
materials of the product groups by mass. Each prod-
uct or packaging unit was modelled based on simple 
assumptions for the material compositions, found via 
desk research and through weighing the products and 
their components. Using these assumptions, composi-
tions for each product or packaging group were defined 
using the material and manufacturing process entries 
from the Ecoinvent LCA inventory database 3.6 database 
(Ecoinvent, Switzerland). These compositions created a 
weighted average of the impact intensities for each prod-
uct group. Next, the ReCiPe impact assessment method-
ology [18] was used to calculate specific environmental 
impact categories. The following impact categories were 
used for environmental impact: global warming poten-
tial (GWP100) (kg  CO2-eq/kg material), agricultural land 
occupation  (m2/kg material) and water usage  (m3/kg 
material) [16].

Environmental hotspot identification
An environmental hotspot can be defined as a problem 
area causing significant environmental impacts. These 
hotspots highlight where urgent efforts are required, and 
where lie opportunities for circular innovation.

Hotspots were identified as products having (1) the 
highest mass and (2) the highest environmental footprint 
assessment.

Results
In 2019 2839 patients were admitted to the ICU, cover-
ing 13,059 patient days. Supplementary Table 1 shows the 
patient characteristics of the ICU in 2019, together with 
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the impact of 3 therapies: ventilation, CRRT and ECMO. 
The tubing, water and filters used for ventilation have a 
mass of 7005 kg. This is 2.8% of the total inflow and 3.2% 
of the total use of plastics. CRRT filter sets have a mass of 
965 kg (0.4% of total inflow and 3.0% of total use of plas-
tics). ECMO sets show a mass of 269 kg (0.11% of total 
inflow and 0.84% of total use of plastics).

Material flow analysis
We have identified a total of 247,000 kg of materials used 
by the Erasmus MC ICU in 2019 (period: from 1/1/2019 
to 31/12/2019). Figure 1 visualizes the MFA results, and 
reveals the distribution of material types across the most 
commonly used product groups in the ICU, presented on 
the far left-hand side. The masses of the material types 
and the subdivision of materials are shown in Supple-
mentary Table 2. Regarding materials, most of the mass 
is caused by sterile water (61%), predominantly used in 
liquid medicines (infusion and dialysis fluids).

The data about the distribution of materials are 
shown in Fig.  2. The weights of the different materials 
are: medicines 184,190  kg, synthetic plastics and rub-
bers 32,167 kg, synthetic fabrics 9930 kg, glass 9710 kg, 
biobased materials 8,148 kg, chemicals 2158 kg and met-
als 770 kg.

With regard to the specific product groups, personal 
protective equipment (PPE) (14,100  kg), syringes with 
packaging (15,898 kg), sterile water (6200 kg) and bedlin-
ers (6140  kg) are responsible for 20% of the ICU’s total 
annual material use.

Figure 3 shows the weight distribution of the product 
groups with their packaging. The packaging of tissues 
and compresses has a relative high weight, in relation to 
the weight of the product itself.

The average number of individual units used per 
patient per day (inflows) is shown in Fig. 4. A high use of 
gloves (108), compresses (57), liquid medicine (infusion 
bags, 34), syringes (24) and tubes and connectors (23) 
were used.

The average mass of materials used (inflows) per 
patient per day in kg: 11.9 kg of liquids, such as intrave-
nous fluids, are used per patient per day (Supplementary 
Fig. 1). This is followed by 0.6 kg of disposable clothing 
and 0.43 kg bed liners and 0.43 kg sterile water (used dur-
ing ventilation) per patient per day.

Total mass outflows
Supplementary table  3 shows the total mass outflows 
of waste and treatments. In the Netherlands, all waste 
is incinerated, in part as hazardous hospital waste (in 

Fig. 1 Material flow analysis of the intensive care; material groups are shown on the left. The flow continues towards products and leaves the ICU 
with the outflow on the right side. SZA = hospital waste
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Fig. 2 Weight distribution of different material types in percentages. Medicines are excluded from the figure because of their large impact (65% of 
total mass)

Fig. 3 Ratio packing per product group in percentage weight of products and their packaging
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Fig. 4 Individual products per patient per day
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special hazardous waste bins). Of the materials that are 
not consumed directly by the patients, such as medicines 
and intravenous fluids, around 50,000 kg of waste materi-
als are incinerated as (hazardous) hospital waste. Recy-
cling is limited to glass (1120 kg).

Impact assessment
Figure  5 shows the estimated contribution of the most 
important product groups to the different environmental 
impacts, expressed as weight, carbon footprint, agricul-
tural land occupation and water usage. Regarding weight, 
disposable medical clothing has the highest impact, fol-
lowed by glass ampoules, sterile water and bed liners. The 
highest carbon footprint is caused by disposable gloves, 
syringes and disposable medical clothing. Bed liners 
have the highest impact on agricultural land occupation. 
Water usage is most outspoken for the production of dis-
posable gloves. Calculation of the environmental impact 
per patient per day results in 17 kg of mass, 12 kg  CO2 

eq, 300  L of water usage and 4   m2 of agricultural land 
occupation.

Hotspot identification
Based on the significant embodied impact and frequency 
of use on the ICU as shown in Figs. 4, 5, five single-use 
products were identified as key environmental hotspots 
for circular interventions: non-sterile gloves, isolation 
gowns, bed liners, surgical masks, and syringes (includ-
ing their packaging).

Discussion
Based on this MFA, the environmental impact per ICU 
patient resulted in 17  kg of mass, 12  kg  CO2 eq, 300  L 
of water usage and 4   m2 of agricultural land occupation 
per day. Five hotspots were identified: non-sterile gloves, 
isolation gowns, bed liners, surgical masks and syringes 
(including packaging).

Fig. 5 Estimated contribution of products or product groups with the highest mass and highest environmental impact. The mass of the medicines 
itself is excluded. Sterile water shown in this figure is used as a nebulizer (1 L bags) in the mechanical ventilation circuit. Its  CO2 emission is relatively 
small: 0.000438766  CO2‑eq/kg
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MFAs are widely used in non-healthcare sectors. Exam-
ples are used personal computers [19] and engineered 
nanomaterials in European waste treatment systems [20]. 
Our results show that it was possible to perform an MFA 
in an ICU. It gains inside in both the in- and outflow of 
products used, and the materials that are used and it 
results in easy-to-interpret outcomes.

The strengths of our study are the thorough investiga-
tion of the products, their environmental impact and the 
environmental impact per patient. The outcome resulted 
in 5 well-defined hotspots. Since we are the first aca-
demic intensive care showing these results, data from 
other types of intensive cares are needed. With these 
data, other intensive cares (academic and non-academic) 
can determine their environmental impact as a whole 
and per patient. It supports the change towards a circular 
economy.

MFAs in healthcare settings are lacking. So, no com-
parison with other data from intensive cares or medical 
wards is possible. In contrast to an LCA that focuses on 
one product or a specific patient pathway [13, 14], an 
MFA provides broad information about, in our case, all 
materials that enter and leave intensive care. The data 
create awareness in ICU personnel and the designation of 
the environmental hotspots is quickly adapted. It opens 
the discussion among ICU personnel and results in the 
teamwork that is needed for the change in behavior in 
moving from a linear to a circular system.

The limitation of our investigation is that it involved 
only one academic intensive care in the Netherlands. 
This raises the question of whether our data can be 
used by other intensive care. Given the five hotspots 
with products that are widely used, we believe that our 
outcome is also relevant and useful for other inten-
sive care. Others showed in two LCA studies that the 
 CO2 emissions were 88–178  CO2eq for septic and ICU 
patients, respectively [13, 14]. These LCA’s took elec-
tricity into account. This might explain the 5 to tenfold 
higher  CO2 emissions of their data compared to our 
data and it underlines the impact of electricity use in 
the ICU. Besides electricity, we did not investigate the 
impact of equipment, use of water and mobility on the 
environment. Since these data may differ a lot between 
hospitals and countries, they can be added to the data 
of the MFA by each intensive care separately.

Another limitation is that we were not able to inves-
tigate the environmental impact of all medicines used 
in the ICU. This information is not available in the 
Eco Invent database and it was not feasible to inves-
tigate more than 100 drugs that are used in the ICU 
separately. We know from other data that medicines 
are responsible for about 18% of the  CO2 footprint in 
healthcare [7, 21]. This might even be higher in the 

ICU, because of the extensive use of medication in crit-
ically ill. However, we focused on the identification of 
hotspots of materials to formulate practical interven-
tions. In future studies, the environmental impact of 
medicines should be taken into account, as is shown in 
an LCA that studied the environmental impact of mor-
phine [22].

Unfortunately, we could not measure the mass of out-
flows from the ICU. The mass was estimated based on 
the total hospital mass and number of patients in the 
ICU. Specific audits and recycling programs for ICU 
waste are available elsewhere [23]. All (infectious and 
non-infectious) solid hospital waste is incinerated in the 
Netherlands. The  CO2 emissions of hazardous waste are 
higher than those of nonhazardous waste [24]. The chal-
lenge will be to implement strict hazardous waste proto-
cols to keep the hazardous waste mass as low as possible, 
together with the use of waste bins that consist of recy-
cled plastic [25]. We also stress the influence of ICU phy-
sicians in this perspective.

The consequences of our data plea for the individual 
ICUs to create “green teams”, as one of the ways to tackle 
the environmental problems [26]. These green teams can 
start the change towards a circular economy, starting 
with the hotspots. The ICU cannot be considered as an 
isolated entity. We need others to help with this transi-
tion, like societies, faculties, industry and healthcare pol-
icymakers [8].

We showed that most environmental impact is 
caused in our ICU by the use of daily materials rather 
than material use for specific therapies (ventilation, 
CRRT and ECMO). It would be interesting to investi-
gate specific therapies in more depth (with LCA’s) in 
future studies.

Conclusion
Our MFA showed a material mass inflow of 247,000 kg in 
2019 for 2839 intensive care patients. The environmental 
impact per patient resulted in 17 kg of mass, 12 kg  CO2 
eq, 300  L of water usage and 4   m2 of agricultural land 
occupation per day. 50,000 kg of this mass is incinerated 
as (hazardous) hospital waste. Five hotspots were identi-
fied: non-sterile gloves, isolation gowns, bed liners, surgi-
cal masks, and syringes (including packaging). Our data 
provide the necessary information for intensive care in its 
transition from a linear to a circular system.
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