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Preface

This thesis combines two of my passions: healthcare and sustainability. During this research, I brought these
subjects together by developing a tool that aids in improving the sustainability of healthcare. I was very for-
tunate to conduct this research in collaboration with the academic hospital in Leiden (LUMC). Being in the
operating room and around people who work there was very inspirational, and I enjoyed and valued every
minute I could spend there to conduct this research.

In Part I, the research I performed on this topic is reported in a research paper. Part II provides background
information on this research, consisting of an introduction on the topic of sustainability and healthcare, ob-
servations made in the LUMC, and expert interviews. Part III provides the reader with in-depth information
about the novel tool that is developed, for example the validation of the tool, an extensive step-by-step proto-
col, and clinical case studies performed in the LUMC. Appendix A contains information about the paper this
thesis is printed on, which is made from plant-based agricultural waste.

I would like to take this opportunity to say thanks to some people who made it possible for me to com-
plete this project. First of all, Prof. Dr. Jenny Dankelman, for thinking of me when the project came along,
giving me the freedom to explore my ideas, and providing valuable guidance when necessary. I could not
have thought of a better graduation project combining my passion for healthcare and sustainability.

Secondly, I would like to thank the LUMC, and Dr. Hans Friedericy and Prof. Dr. Frank Willem Jansen in
particular, for inviting me into the hospital and into the operating room. Without you, this project would not
exist. I asked many questions, some at 7.30 in the morning, to gain understanding of the daily processes in
and around the OR, which were always answered with much enthusiasm.

Lastly, my family, boyfriend, and friends, for your support, discussions, and sometimes much needed
distractions. Without you, completing this thesis would have been a lot less fun.

Else F. de Ridder
Delft, November 2018
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�
Design, validation, and clinical application

of the HSMEA tool to improve the
environmental sustainability of healthcare

Sustainability is becoming more important in numerous industries, including healthcare. Action to achieve
sustainability is undertaken by various means, such as the Green Deal Healthcare. Several tools exist that can
assess the environmental impact of a certain industry or company, but no tools exist that aid in actively low-
ering this environmental impact. Therefore, the HSMEA (Healthcare Sustainability Mode and Effect Analysis)
tool was developed. This is a method consisting of six steps that aids in making a healthcare process more sus-
tainable, in terms of waste production, energy use, or water use. With this tool, processes that contribute to
these factors are identified in a highly structured and systematic way, and practical solutions are created and
executed for these situations by a multidisciplinary team. This tool was validated in the academic hospital in
Leiden, the Netherlands (Leids Universitair Medisch Centrum). Next, it was applied to two clinical case stud-
ies, assessing two processes that are currently present in the operating rooms of the LUMC. The HSMEA tool
showed that with the implementation of four solutions, great improvements can be achieved in terms of waste
and CO2-equivalents production and recycling rate. These four interventions are currently being implemented
in the LUMC. This novel sustainability tool has therefore proved its usefulness and clinical applicability in a
healthcare setting. By implementing this tool throughout the hospital, it will support the hospital reaching its
sustainability goals.

Keywords: sustainability, healthcare, operating room, waste, energy, water, quantification, CO2 footprint

1.1. Introduction
The healthcare industry is a significant contributor
to climate change. In the U.S., 8% of all greenhouse
gases, such as carbon dioxide (CO2) and methane
(CH4) [1], originate from the healthcare industry [2].
In Europe, this emission is estimated to be 5% [3].
Hospitals use 2 to 3 times more energy than a sim-
ilar sized office building, and are responsible for the
generation of almost 6 million tons of waste annually,
in the U.S alone [2].

Furthermore, unsustainable practice of hospitals
is known to influence human health negatively. Re-
search has shown that about 50% of the world’s pop-
ulation is prone to health risks resulting from inade-
quate management of hospital waste [4].

When sustainable interventions are implemented
in hospitals, for example concerning energy use and

waste reduction, this has shown to be greatly cost-
effective, contrary to common beliefs [5]. Kaplan and
colleagues (2012) determined that cost savings of $15
billion can be achieved over 10 years when imple-
menting sustainable measures, when taking into ac-
count the costs to implement these measures as well
[5].

This knowledge would suggest that ample action
is undertaken to decrease the burden of the health-
care industry on our planet. In some countries, this
is indeed the case. For example, in Ireland, the
Green Healthcare programme helps hospitals to pre-
vent waste generation and to save money [6]. This
programme does not take the specific situation of
a hospital into account, but provides general guide-
lines which are applicable to most situations.

Unfortunately, such a country-wide programme

3



4 1. HSMEA Tool to Improve Sustainability of Healthcare

does not exist in the Netherlands. However, other
means are present in the Netherlands that dedicate
attention to sustainability. For example, an agree-
ment between academic hospitals and the govern-
ment regarding energy use and reduction was con-
structed [7]. Also, a certificate can be obtained when
a healthcare institution can demonstrate what ac-
tions are undertaken to improve its sustainability [8].
This certificate stimulates sustainable management
and makes it possible to compare healthcare insti-
tutions on several criteria. Lastly, the Green Deal
Healthcare was signed by 132 institutions (from the
healthcare industry, but also governmental), pledg-
ing to lower their CO2 footprint, amongst other things
[9]. The LUMC also signed this agreement [10].

Some hospitals use tools to calculate their envi-
ronmental impact, expressed as kg CO2-equivalents
[7]. An example of such a tool is the Milieubarometer
(Environmental barometer) [11]. Every greenhouse
gas can be expressed as an equal effect that the emis-
sion of only CO2 would have. For example, one kg
of methane (CH4) has the same atmospheric effect as
21 kg of CO2 [1]. Therefore, one kg emission of CH4
can be expressed as 21 kg CO2-eq. Most processes
in a hospital, such as electricity, heating, and trans-
portation, cause emission of these greenhouse gases.
For example, transportation contributes to the emis-
sion of CO2 and CH4 [12]. Thus, these processes all
have a CO2-eq footprint. By adding the footprints of
all these individual processes, the CO2-eq emission
of the hospital can be calculated.

However, these tools only monitor: they do not
actively stimulate the organization to improve their
sustainability, e.g. lower their CO2-eq footprint.
Other means to improve the sustainability, as de-
scribed above, are very generic and are not easily ap-
plied to practical situations. Some institutions, like
the LUMC, have taken the initiative themselves to im-
prove their sustainability. In the operating room (OR)
of the LUMC, a Green Team, consisting of 12 people
who all work daily in the OR, was established in 2015.
This team undertook several projects to improve the
sustainability of the OR department, which were all
received with much enthusiasm (see Chapter 3 Sur-
vey).

After performing several observations in the OR
department, it was concluded that a systematic ap-
proach to sustainability is lacking (see Chapter 4 Ob-
servations). Of course, all efforts to improve sustain-
ability should be encouraged, but in the current situ-
ation, it is not possible to track which processes can
be and have been tackled, and which are still to be
completed. Also, the CO2-eq savings that resulted
from these projects were not determined. It is not
possible to do this with the current monitoring sys-
tems, as they only look at the institution as a whole,

and cannot distinguish between the savings resulting
from different interventions.

Aim
Because of this gap, the aim of this research is to cre-
ate and validate a tool that can be used in a clinical
setting and that will aid with actively improving the
sustainability of healthcare. This novel tool will be
based on two existing methods: HFMEA (Healthcare
Failure Mode and Effect Analysis) and the Lean phi-
losophy. These two methods are currently extensively
and successfully used in healthcare [13, 14]. In this
research, sustainability will focus on three aspects:
waste, energy, and water, as these aspects are com-
mon themes when researching environmental sus-
tainability in healthcare [15].

The research question to be answered is whether
the tool fulfils the requirements that are set by liter-
ature and healthcare professionals (HCPs). Previous
research on the acceptance of novel tools and prod-
ucts in healthcare has shown that several character-
istics are important for the success of an invention
[16]. Furthermore, HCPs from the LUMC expressed
their opinion regarding several other requirements
that they deem necessary for the success of the pro-
posed tool. Therefore, it is hypothesized that the im-
plementation of these factors in the tool will enhance
its applicability in practice. These requirements from
literature and discussions with HCPs can be found in
Table 1.1. These requirements will be tested in the
verification and validation phase.

The tool will be designed to be applicable in all
departments of the hospital or other healthcare facili-
ties, but will be developed and validated with OR per-
sonnel. The OR produces about 20-30% of the waste
created in a hospital, and is a very energy-intense de-
partment, because of numerous systems that need to
be operational continuously [17]. Furthermore, the
OR has a very active Green Team, that is keen to im-
prove the sustainability of the OR department.

This novel tool will be applied to several clinical
cases. The secondary research goal will concern the
current impact of two processes in the LUMC and
the expected improvements that can be achieved af-
ter the implementation of the proposed measures.

1.2. Methods
The novel tool was developed in collaboration with
LUMC employees, who contributed to the formu-
lation of design requirements. These requirements
were verified after the tool was designed, and confor-
mance to the user needs was tested during validation.
Performing V&V (verification and validation) is stan-
dard procedure for medical devices. Even though the
proposed tool is not a medical device [18], perform-
ing V&V is still a good guideline to assess whether the
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Figure 1.1: The validation and verification process [19]

product meets its requirements. A general overview
of how V&V works can be found in Figure 1.1.

1.2.1. Development of tool
Several visits were made to the LUMC to observe the
current situation regarding sustainability (see Chap-
ter 4 Observations), and conversations were held
with several stakeholders of this process, such as
medical specialists, nurses, logistics, and procure-
ment personnel (see Chapter 5 Expert Interviews).
They all provided information regarding the current
situation, and provided insights on what such a tool
should look like and how it should be implemented
in the current situation. Inclusion of these opinions
is expected to increase the acceptance and success of
the tool.

Requirements
This resulted in the creation of eight design require-
ments, which can be found in Table 1.1. Three of
these requirements originate from literature. Per-
ceived ease of use and perceived usefulness are two
factors that are vital for the long-term success of
an innovation [16]. Furthermore, stakeholder safety
cannot be compromised by such a tool to improve
the sustainability of a process [20]. Although the goal
of the tool is to improve the sustainability of a pro-
cess, stakeholder safety should be prioritized over
sustainability. There are numerous stakeholders that
should be taken into account, for example patients,
medical specialists, nurses, logistics personnel, waste
handling personnel (depending on the application of
the tool), and many more.

As indicated by HCPs, the requirements ‘intu-
itive’, ‘systematic’, ‘independent’, and ‘avoid dupli-
cation’ were included in this list as well. The tool
should be intuitive in use, meaning that the differ-
ent consecutive steps of the tool follow each other

in a logical way. Next, the tool should provide a sys-
tematic approach, in order to increase the possibility
that all potential opportunities to improve sustain-
ability are uncovered. Also, the tool should be used
independently by hospital personnel. No help from
outside the hospital should be required to complete
the tool. Furthermore, similar unsustainable situa-
tions can exist in different departments of the hospi-
tal. When such a situation has been solved success-
fully once, it should be avoided that this situation is
tackled again. For that reason, the requirement ‘avoid
duplication’ is included.

This list of requirements from literature and HCP
input was supplemented with one requirement by
the author. It is possible that situations are identi-
fied for which a measure is already in place which
prevents the item from contributing to the unsustain-
ability of the process. Treating these items would be
a waste of energy for the people completing the tool,
and therefore it is important to check for every situ-
ation whether an effective control measure is already
in place.

During the verification phase, it will be deter-
mined whether all eight requirements are included in
the tool after it is designed. These eight requirements
can be divided in objective and subjective measures.
For the subjective requirements, it is important to
gather the opinion of potential users during the val-
idation phase. The subjective measures include 1, 2,
4, 5, and 6 (see Table 1.1).

Inspiration from existingmethods
The new proposed sustainability tool took inspira-
tion from several already existing methods. Numer-
ous methods and philosophies that aim to improve
certain processes in practice exist. Every method has
its own characteristics, but similarities between these
methods are also present. It was chosen to base the
novel tool on two methods that are already imple-
mented in the LUMC: the Lean philosophy and the
HFMEA tool, which are also used extensively in other
healthcare facilities ([13, 14]). This familiarity is ex-
pected to increase the acceptance of the tool and its
successful application in practice [21]. It is explained
below what advantages these methods offer for their
inclusion in the novel tool.

Lean
First of all, inspiration was taken from the Lean
method. This method was introduced in 1990 by
the book ‘The machine that changed the World’, and
was developed by Toyota in Japan in the preced-
ing decades [22]. The goal of the Lean method is
to eliminate non-value adding activities (i.e. waste)
by optimising processes in order to maximise cus-
tomer value [23]. This method is widely implemented
in several industries, including healthcare [13]. The
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Table 1.1: Requirements for sustainability tool

Requirement Description

1 Ease of use The tool should contain simple to use elements that are understandable for
all users

2 Usefulness The tool should improve the sustainability of the OR department
3 Stakeholder safety The tool cannot affect stakeholder safety negatively
4 Intuitive The completion of the tool should happen in a logical way
5 Systematic The tool should approach the process in a systematic way to ensure com-

pleteness
6 Independent The tool should be used by the hospital personnel without external help
7 Avoid duplication The tool should avoid tackling similar situations for which a successful solu-

tion was already implemented
8 Check for control measures The tool should avoid tackling items that are already controlled effectively

by other measures

LUMC has also implemented this philosophy in sev-
eral departments, for example the Central Sterilisa-
tion Department (CSD). This Lean thinking has sev-
eral similarities to the proposed goals of the novel
sustainability tool, as they both try to optimise pro-
cesses while using less resources. Implementation
of suitable elements from the Lean method is there-
fore considered appropriate, as users of the novel tool
might already be familiar with the Lean method, am-
plifying its success [21].

One of the key element of the Lean philosophy is
the Plan, Do, Check, Act (PDCA) cycle [24]. Follow-
ing this cycle will ensure the successful implemen-
tation of solutions and the continuous improvement
of a process [25]. This cycle starts with Plan, dur-
ing which the scope and target of the analysis are de-
fined, the process is analysed, and solutions are cre-
ated. During the Do phase, these solutions are im-
plemented in practice. What is often overlooked is
the next step, Check. It should be checked whether
the implemented solutions actually work, and if the
goal of the analysis was achieved. The Hawthorne
effect should be taken into account here as well: ex-
tensive (management) attention to a certain problem
may increase the value of a process, but this will re-
vert to the original situation when this attention de-
creases after a while [26]. Depending on the results of
this Check phase, the Act phase is entered. If the im-
plementation of the solutions did not succeed, you
can go back to the Plan phase, to investigate why the
solutions were unsuccessful and to invent new solu-
tions. When completing a successful PDCA cycle, a
new problem can be tackled. [24]

An element of the Lean method that can aid dur-
ing the Plan phase is creating a value stream map.
In this map, a certain value-creating process is dis-
played graphically, in order to analyse its current
state [23]. This map will aid in identifying areas where
improvements are necessary. By analysing the whole

stream, waste can be eliminated along the whole pro-
cess, and not just at isolated points. This value stream
map is generally created during a so called ‘brown pa-
per session’, in which the value stream map is drawn
on a large brown paper sheet [27]. This map is cre-
ated with a team of people that work with or in close
contact with the process to be mapped.

HFMEA
Another method that is frequently used in health-
care to achieve a change in a certain process is the
HFMEA (Healthcare Failure Mode and Effect Analy-
sis) method [14]. This tool assesses risks that are as-
sociated with a process prospectively. The HFMEA
uses elements from several other tools. A combina-
tion of characteristics of the FMEA (Failure Mode and
Effect Analysis), HACCP (Hazard Analysis and Critical
Control Point), and RCA (Root Cause Analysis) make
up the HFMEA tool [28]. Because the HFMEA is de-
signed specifically to be used in a clinical setting and
has proved its usefulness in the LUMC [29] and other
healthcare facilities [14], this makes the HFMEA ex-
ceptionally suitable to be adapted to identify sustain-
able opportunities in healthcare.

The FMEA was developed in 1949 by the U.S. De-
partment of Defence [30] and adapted by the U.S.
Department of Veteran Affairs to be applicable to
healthcare in 2002, named HFMEA [28]. The HFMEA
tool consists of five steps, during which (1) a topic
is chosen, (2) a team is assembled, (3) the process
is described graphically, (4) a hazard analysis is con-
ducted, and (5) actions and outcome measures are
determined [28].

Some elements from Lean can be found in the
HFMEA tool. Step 3 has similarities with the value
stream map from the Lean method, as they both aim
to describe the process graphically. This step can fur-
ther be enhanced by implementing the structure of
the Lean ‘brown paper session’ to complete this step.
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This is a very illustrative and engaging way to create
this map, and will therefore be implemented in the
novel sustainability tool.

The systematic way in which an HFMEA is con-
ducted is one of its strengths [29], and therefore the
structure of this tool formed the basis of the novel
sustainability tool. Some elements of the HFMEA tool
were adapted to be used in the novel tool, and were
supplemented with the Lean philosophy as described
above to conform to the design requirements. The
value stream mapping and PDCA cycle from the Lean
philosophy were incorporated in the HFMEA frame-
work. This resulted in a novel tool that combines
Lean elements and its philosophy and the HFMEA
structure to improve the sustainability of a process.

1.2.2. Verification
With the process called verification, it was checked
whether the design requirements were met by com-
paring the resulting tool to the objective and subjec-
tive requirements. This was done after the tool was
designed. A design freeze is implemented when the
verification process starts: the design is assessed as it
is, and will be adjusted after the verification process
is completed. This process can be iterated when the
product does not comply with the set requirements.

After the tool was developed and verified, it was
discussed with two clinicians from the LUMC and
one professor from the Delft University of Technology
(TU Delft), to determine whether the tool was appro-
priate to continue to the validation phase.

1.2.3. Validation
Validation is done to assure the tool is suitable to use
in a clinical setting, i.e. it conforms to the user needs
that were established during the conversations with
several health care professionals. During the valida-
tion phase, it is investigated whether the tool con-
forms to the subjective requirements (see require-
ment 1, 2, 4, 5, and 6 in Table 1.1). Validation is
started after successful verification. More informa-
tion about the validation sessions can be found in
Chapter 6 Validation.

Seven HCPs were invited to the two validation
sessions of 1.5 hours in the LUMC, to fill out the tool
and give their feedback and recommendations to the
author. The tool was completed by performing a case
study of waste reduction in the preparation room for
a fictional procedure. Before the first meeting, the
tool protocol and a simple example case were sent to
all participants by email to prepare them for the ses-
sions.

During the first meeting, the background of the
tool and the tool itself were explained in detail to the
whole team by means of a PowerPoint presentation.
The first half of the tool was discussed and completed

during the remainder of this first meeting. During the
second meeting, the results of the first meeting were
summarized. Furthermore, the remainder of the tool
was discussed and completed.

After the second session, the participants were
asked to fill out a survey consisting of 5 questions, to
assess whether the tool complies to the subjective re-
quirements. When answering the questions, it should
be kept in mind that the Excel tool and an extensive
protocol are made available. All questions required
an answer on a scale from 1-5, with 1 being ‘Do not
agree at all’ and 5 being ‘Agree completely’. For ev-
ery item, an average score of 3.5 was considered as
positive fulfilment of the requirement. When a par-
ticipant gave an item a score of 3 or lower, this was
discussed with this participant, to find out why this
score was awarded and how this could be improved.
The questions included in the survey can be found
below. The suggestions and feedback provided dur-
ing this phase were incorporated in the tool by the
author.

1. I think this tool to improve sustainability is easy
to use.

2. I think this tool is useful to improve sustainabil-
ity.

3. The tool is intuitive.

4. The tool is systematic.

5. The tool can be used independently (after the
two validation sessions).

1.3. Results
1.3.1. Development of tool
Because of the similarities with the HFMEA tool, the
novel tool is named HSMEA (Healthcare Sustainabil-
ity Mode and Effect Analysis). The resulting tool con-
sists of six consecutive steps. An overview of the steps
can be found in Text Box 1.1. A complete, step by step
description of the tool can be found in Subsection
1.3.4 The HSMEA tool, where the user feedback from
the validation sessions is incorporated in the tool.

The tool consists of two documents: the proto-
col and Excel workbook. The protocol contains an
elaborate description of all steps, and can be found
in Chapter 7 HSMEA Protocol. Secondly, the steps
can be filled out in an Excel workbook. This work-
book contains easy to use drop-down menus, auto-
matic colour coding, and automatic calculations for
step 4 and 5, that will make the tool easy and intuitive
to use. Therefore, it is recommended that the tool is
filled out digitally in the Excel worksheet. Templates
for an HSMEA concerning waste, energy, and water
are available.
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1.3.2. Verification
Verification is needed to assess whether the tool com-
plies with its requirements. Below, it will be explained
for every requirement how this is implemented in the
tool.

Ease of use was implemented in the tool by us-
ing drop-down menus, automatic calculations, and
automatic colour coding in the excel workbook.
For step 4, only two (three when analysing waste)
columns (of the six columns) require input to deter-
mine the impact. The fact that most values do not
have to be entered by hand but are calculated auto-
matically based on the information that is provided,
is expected to increase the ease of use.

Usefulness is incorporated in the tool by provid-
ing an overview of the current and expected situation
after the implementation of sustainable solutions. In
this way, it becomes immediately apparent how the
tool can influence the sustainability of a process.

Stakeholder safety cannot be compromised.
Therefore, a check is implemented in step 5, where it
needs to be indicated whether the proposed solution
influences stakeholder safety negatively. This has to
be discussed with a specialist regarding this topic, for
example the hospital hygiene specialist.

The tool is intuitive, because the steps follow each
other in a logical way. From every previous step, el-
ements are transferred to the next step, making the
sequence of the consecutive steps intuitive.

The tool provides a systematic way to analyse the
topic. Because a process flow chart is created in step
3, the process is assessed in a very structured way.
This will ensure that a full analysis of the topic is
made, and no items are excluded unintentionally.

Because of the provision of an extensive protocol
and comprehensible Excel tool, it is expected that the
tool can be completed independently, without the
help of external parties.

Requirement 7 and 8 are both ensured because of
the implementation of the decision tree. In the de-
cision tree, it is checked whether the item has been
solved before, and whether an effective control mea-
sure is operational. Because of the implementation
of this decision tree, the tool is expected to conform
to these requirements.

1.3.3. Validation
Five of the seven invited participants could attend
the two meetings. These five participants included:
two medical specialists of the LUMC (one being the
leader of the Green Team and the other being an ex-
pert regarding the topics of the clinical case studies),
one OR nurse of the LUMC (member of the Green
Team), one sterilization specialist of the LUMC (ex-
pert in HFMEA), and one TU Delft representative (the
author). The results were discussed afterwards with

Text Box 1.1: The 6 steps of the HSMEA

1. Topic definition
A very precise topic for the HSMEA
should be determined before the first
session.

2. Administrative data
Here, the HSMEA number, start and
(expected) end date, and team mem-
bers can be written down.

3. Flow chart and sub-steps
A process flow chart of the chosen topic
will be made, and the topic will be bro-
ken down into sub-steps.

4. Sub-step analysis
These sub-steps will be analysed by cal-
culating their environmental and cost
impact, and by using the decision tree.

5. Solution creation
Solutions that contribute to the
achievement of the topic will be
created for the sub-steps.

6. Solution execution
The solutions will be executed and the
progress will be tracked.

one (the coordinator of the waste handling depart-
ment of the LUMC) of the two people who could not
attend. The other person (the account manager of
the waste handling company) was unavailable due to
personal circumstances. During the two validation
sessions, the tool was discussed among the partici-
pants, by partly completing a clinical case study.

Survey &User feedback
Of the five participants of the validation sessions,
four filled out the survey (as one was the author). The
results were the following, per question:

1. The average score was 3.8 (lowest 3, highest 4)

2. The average score was 4 (lowest 3, highest 5)

3. The average score was 3.3 (lowest 3, highest 4)

4. The average score was 4.3 (lowest 3, highest 5)

5. The average score was 2.5 (lowest 1, highest 4)

These results and additional feedback were dis-
cussed with the participants in individual meetings.
The most important feedback focused on making the
tool more intuitive in its use. An overview of this
feedback per participant can be found in Chapter 6
Validation. This feedback was implemented in the
HSMEA tool.
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1.3.4. The HSMEA tool
The final HSMEA tool consists of six steps. Each step
is explained in detail below. In Chapter 7 HSMEA Pro-
tocol, a more extensive description of the execution
of the steps can be found. In that chapter, it is also
described how the Excel file can be adjusted.

Step 0: Brainstorm
Before a topic for the HSMEA can be chosen (step 1),
an inventory of possible subjects needs to be created.
This consists of all the processes that currently con-
tribute to the process being ‘not sustainable’, such
as waste generation, energy consumption, and wa-
ter use. It is recommended that this is limited to
one department within the hospital. This inventory
of all possible subjects can be created by perform-
ing a brainstorm session with a Green Team, sup-
plemented by accepting suggestions from other per-
sonnel via email or on a bulletin board. This inven-
tory only has to be created once, and can be supple-
mented when new ideas arise. Therefore, it is not part
of the six HSMEA steps. After the inventory is created,
every new HSMEA project that is undertaken can re-
turn to this inventory to choose a suitable subject. A
brainstorm technique that is deemed appropriate for
this setting, is creating a mind map [31].

Step 1: Topic definition
Now, a very specific topic needs to be defined. This
topic can be chosen based on the inventory made
during the brainstorm session. One of the topics,
or a cluster of topics can be chosen. It is necessary
to define a very precise topic so all team members
know which process to focus on. This topic should for
example contain what change is desired, where this
change is desired, and to which medical procedures
this is applicable (when necessary).

Step 2: Administrative data
In the second step, some administrative data needs
to be noted. Every HSMEA will have a unique num-
ber. It is up to the health care facility itself to create a
system for this, but it is recommended to do this in a
systematic way. The start date and expected end date
will be filled out here as well.

Furthermore, the names of the people complet-
ing the HSMEA need to be filled out here. Every team
should have a process mentor, who is in charge of the
project. The team should contain people that are ex-
perts regarding the chosen subject or work in close
contact with it, preferably two people per expertise.
Everyone’s function in their daily job needs to be writ-
ten down here as well. It is important that the formed
team is multidisciplinary, with people from different
professions or departments, that will provide differ-
ent viewpoints and ideas.

Step 3: Flow chart and sub-steps
A strength of FMEA that is also used in the HSMEA
tool, is the systematic process mapping of the topic
[32]. Creating a value stream map (or flow chart)
has proven to be successful in practice to improve a
process [25]. Therefore, this step is included in the
HSMEA tool as well. The team performs a brown pa-
per session that will uncover the different steps of the
topic, which are numbered consecutively.

After this is completed, the step which is most
crucial to the topic is broken down into sub-steps.
These sub-steps should be very specific actions from
practice that contribute to the chosen topic. They
should be numbered as well and their number should
start with the number of the step they belong to.

Step 4: Analysis of sub-steps
Now, the sub-steps identified in step 3 will be evalu-
ated by determining the environmental impact, cost
impact, and by using the decision tree. Every sub-
step is entered in a new row in the Excel tool. Step
4 decides in which order the items should be treated
in step 5 (based on the environmental impact) and if
the item will continue at all to step 5 (based on the
decision tree). The cost impact is included to create
a more complete overview of the situation. This step
is part of the Plan phase of the PDCA cycle, because it
is planned which items will be tackled and in which
order they will be treated. The Excel template for the
tool for step 4 and 5 concerning waste can be found
in Figure 1.2. In the Excel tool, the columns of which
the header is coloured grey will be filled out automat-
ically. Some cells contain drop-down menus contain-
ing all possible options.

Environmental impact
The environmental scoring system results in a rank-
ing of the sub-steps according to their environmen-
tal impact. First, the number of devices (or pieces of
waste) contributing to the sub-step is entered. This is
multiplied by the amount of units (in either g, kWh,
or litre) of the sub-step per device or piece, resulting
in the amount of units (in either kg, kWh, or litre) per
sub-step. This value is now multiplied with its envi-
ronmental impact (in kg CO2-eq per kg, kWh, or L, see
Table 7.1 in Chapter 7 HSMEA Protocol). When the
HSMEA concerns waste, it should also be indicated in
which waste stream the item is disposed, after which
the environmental impact per kg waste will be cho-
sen automatically.

Now, an impact in kg CO2-eq is assigned per
sub-step. The cells (column ‘kg CO2 per item’) will
be coloured automatically, based on the overall (ex-
pected) values that occur for this category (i.e. waste,
energy, or water), with red the highest impact, yellow
a medium impact, and green the lowest impact. This
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colour scale depicts the order in which the items will
be treated in step 5, starting with the red cells, and
working towards the green cells. This prioritisation is
adapted from the HFMEA method, where items are
also ranked in a comparable way [28]. Prioritising
items is also considered very important within the
Lean philosophy [33].

Cost impact
Based on the amount of the item that is entered and
the cost per unit, a cost can be assigned to each item.
These costs are calculated automatically based on
data inputted for the environmental impact. When
the analysis concerns waste, only the waste handling
costs, and not the costs associated with the procure-
ment of the item are taken into account.

Decision tree
The decision tree is implemented at this point, in or-
der to direct the energy of the team towards the right
items. The decision tree filters for items that have
been solved during a previous HSMEA (and the solu-
tion to this item is applicable in the current situation
as well) or items for which an effective control mea-
sure is already in place. When one of these two state-
ments is the case, the cell turns red in the Excel tool,
and the checkpoint is coloured red as well. This in-
dicates that no solution needs to be invented for this
item. The decision tree can be found in Figure 7.2 in
Chapter 7 HSMEA Protocol.

Step 5: Solution creation
In step 5, solutions are created for the items that pro-
ceed from step 4. This will be done in the order that is
indicated by the environmental impact that is calcu-
lated in step 4. Step 5 will start at the items with the
highest environmental impact (column ‘kg CO2 per
item’ in step 4, cells coloured red) and the team will
work towards the green items (lowest environmental
impact).

For every item, six possible solutions exist. These
options can be accessed using the drop-down menu.
The six options and their influence on the environ-
mental impact can be found in Table 1.2. When the
option ‘refrain from action’ is chosen, the cell turns
red. This means that no further information is re-
quired. For the other five options, the cell turns
green. Now, the environmental impact has to be al-
tered, resulting in a change in costs as well. The
changes that result from the chosen action can be de-
noted in step 5, where the same columns for the en-
vironmental and cost impact are present as in step 4.
By default, these are filled with the same values as in
step 4. These need to be changed by hand, accord-
ing to Table 1.2. By performing this analysis again, a
comparison can be made between the current situa-
tion and the expected situation when the solutions

Figure 1.2: Template for step 4 and 5, screenshot from Excel tool
for waste
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are implemented. A short description of the solution
can be noted here as well. This step is part of the Plan
phase of the PDCA cycle, because solutions are cre-
ated which will be executed during the next step.

When the item has already been solved before
(decision tree resulted in ‘STOP’), it needs to be in-
dicated in the second column of step 5 during which
HSMEA this took place. When it is desired to create
an overview for the expected impact of the analysed
situation, the changes in impact need to be indicated
as well under ‘Predicted environmental impact’.

The next column indicates whether the proposed
solution can be implemented within a long or short
time frame. Again, a drop-down menu is present to
indicate this. Indicating this per item is expected to
create a good overview for the Green Team on which
solutions can be implemented quickly, and which
items will take a longer time before implementation
is complete. When extensive research on the imple-
mentation of the solution is deemed necessary, the
implementation of this solution could be realised on
the long term.

Furthermore, a check measure (how the success
of a solution can be determined) needs to be writ-
ten down and a responsible person needs to be ap-
pointed. This person will be responsible for the im-
plementation of the solution. This person can be se-
lected using the drop-down menu. Now, the list of
names entered in the Excel tool under step 2 will be
displayed. The creation of a check measure is part of
the Check phase of the PDCA cycle. This check mea-
sure is defined in step 5 and used in step 6 during the
solution execution.

Now, it needs to be determined whether the pro-
posed solution will form a threat to the safety of
one of the stakeholders. This can be determined
by discussing this with several specialists regarding
this topic, for example the hospital hygienic special-
ist. It is recommended that this person is not part of
the team, but acts as a consultant after all solutions
are created. Because this is such an important item,
it needs to be explicitly noted whether the safety is
compromised or not (using the drop-down menus
in the Excel tool). The cell will colour red when
the safety is expected to be affected negatively. This
means that the solution cannot be accepted. Now,
the item can be accepted in its current state, or a dif-
ferent solution can be proposed. This should be indi-
cated in a new row in the tool.

The last column of step 5 consists of indicating
whether management agrees with the proposed so-
lution. Some items might need further investigation
to determine whether it is possible to implement this
solution, before it can be proposed to management.
As with the stakeholder safety column, this cell will
colour green when management accepts the solu-

tion, and will colour red when they do not. When
the latter is the case, the item could be accepted in
its current state, or a new solution could be proposed
in a new row.

Automatic graphing
After these five steps are completed, a graph is cre-
ated automatically in a new tab, displaying the cur-
rent situation on the left, and the expected situa-
tion with all solutions implemented on the right. In
this graph, the outcome measures as set during the
topic definition are displayed. These could for exam-
ple be the amount of units produced, kg CO2-eq im-
pact, and costs (and percentage recycling for waste).
This serves as an overview of the results that could be
achieved when the solutions are implemented.

Step 6: Solution execution
Now, the proposed solutions will be executed. This
step is similar to the Do phase of the PDCA cycle. Sep-
arate files should be created for every item, where a
detailed description of the solution and the actions
that need to be completed in order to implement the
solution should to be written down. Furthermore,
it needs to be assessed whether the check measure
(Check phase in PDCA cycle) is fulfilled. Now, the Act
phase of the PDCA cycle is entered. When the check
measure is not met, this should also be indicated in
this file. It is important to write this down, so when
a similar situation occurs, or a different department
discovers the same situation, it can be easily checked
if the solution execution was successful. In order to
invent a new solution, the team can return to step 4
and 5, and enter the PDCA cycle again until the solu-
tion for the item is satisfactory.

This file should be kept up to date by the respon-
sible person for each item. For example, a to-do list
or a list of appointments with other people are part of
this file. This file should be comprehensible for other
team members and the team leader. The team leader
can use this file to assess the progress of the solution
implementation.

1.4. Clinical case studies
Two clinical case studies, analysing practical situa-
tions from the OR department in the LUMC, were
performed using the HSMEA tool. Because waste
generation is disproportionally large in the OR de-
partment compared to other departments [17], the
decrease of waste generation in the OR department
is an important subject to improve the sustainability
of the hospital. This waste is also the most important
annoyance regarding sustainability of OR personnel
(see Chapter 3 Survey). From observations, it became
clear that a lot of this waste is created in the prepara-
tion room adjacent to the OR. This waste will never
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Table 1.2: The six possible solution in step 5 and their influence on the environmental impact

Solution Change in environmental impact

1 Refuse The amount of devices or pieces reduces to 0, resulting in an impact score of 0
2 Reduce & Recycle The amount of devices or pieces and the waste stream changes, resulting in a re-

duced impact score
3 Reduce The amount of devices or pieces reduces, resulting in a reduced impact score
4 Recycle The waste stream changes, resulting in a change in kg CO2-eq per unit
5 Reuse The amount of devices or pieces reduces, resulting in a reduced impact score
6 Refrain from action No action is undertaken for this item, leaving the impact score unchanged

come in contact with a patient, and is therefore suit-
able for recycling.

Case one consisted of the analysis of the waste
generation in the preparation room for three gynae-
cological procedures: caesarian section, total laparo-
scopic hysterectomy (TLH), and debulking. In the
preparation room, all reusables and disposables are
unpacked and placed on sterile instrument tables,
which enter the OR. The second case study analysed
the waste creation of the pre-pack for the caesarian
section during its use. This pre-pack contains all dis-
posable products that are required for the procedure.
These cases were performed by the author and dis-
cussed with the members of the validation team for
final inclusion. The results for all six steps for the two
cases can be found in Chapter 8 Clinical Case Studies.

1.4.1. Findings
During step 5 of the tool, solutions were invented
that will increase the sustainability of the investigated
processes. These solutions were combined into four
solution categories. For every solution, the expected
impact on the three outcome measures (as defined in
step 1) was determined for all processes. These re-
sults can be found in Table 1.3.

1.5. Discussion
The aim of this research was to develop a tool that
will improve the sustainability of healthcare organi-
sations. The HSMEA tool was developed in close col-
laboration with HCPs from the LUMC, and validated
with four LUMC employees. During validation, it was
investigated whether the tool fulfils the requirements
set by literature and several HCPs. Furthermore, the
use of this tool was tested during two case studies,
where the novel HSMEA tool was applied to practical
situations occurring in the LUMC.

1.5.1. The HSMEA tool
Fulfilment of requirements
During the validation sessions with HCPs from the
LUMC, an initial effort was made to investigate
whether the HSMEA tool fulfils the requirements.

This was done by means of a questionnaire. How-
ever, for some requirements, only the expectations of
the participants could be tested. For example, one
of the requirements was that the tool could be used
independently, without help from outside the LUMC.
However, this was not tested in practice, as the author
was part of the validation team and helped the team
to complete the HSMEA. For this research, this was
necessary, as this was the first time that the HSMEA
tool was used in practice. Even though the partic-
ipants of the validation sessions expected that they
could use the tool independently, this was not tested
during this research. Before it can be concluded that
the HSMEA tool fulfils this requirement, this should
be explored during future research.

This is also the case for another requirement, ease
of use. Because this research introduces a novel tool,
the tool was completed under extensive guidance of
the author. After the validation sessions, the partic-
ipants expect the tool to be easy in its use, but this
cannot be confirmed yet, as the tool was filled out by
the author. Whether the tool fulfils this requirement
should be determined during future research.

In order to test these two requirements, it is rec-
ommended that the OR Green Team runs an inde-
pendent trial with the HSMEA tool. After this trial, the
requirements can be re-evaluated, and the tool and
protocol can be adjusted, when necessary.

The participants completed a questionnaire, to
assess whether the requirements are fulfilled by the
tool. A score of 3.5 was deemed sufficient for ful-
filment of the criteria. Two requirements received
an average score below 3.5. This concerns the re-
quirements ‘intuitive’ and ‘independent’. Feedback
for this first requirement consisted of the fact that
the columns in the Excel tool for step 5 did not fol-
low each other in an intuitive way. After suggestions
made by the validation team, this was adjusted in the
Excel tool. Whether this requirement is now fulfilled,
should be re-evaluated.

The requirement ‘independent’ was not fulfilled
because an independent process leader is always re-
quired. This can be someone from inside or outside
the healthcare facility who received the appropriate
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Table 1.3: The influence of the implementation of the four proposed solutions (PMD being Plastics, Metals, and Drink cartons) on the
three outcome measures, for the three scenarios investigated in case 1 (caesarian section, total laparoscopic hysterectomy (TLH), and
debulking preparation) and the one scenario from case 2 (caesarian section pre-pack)

C-section preparation Waste production CO2-eq emission Recycling

Introduce PMD waste stream - -2% +5%
Recycle paper waste stream - -28% +26%
Introduce recycling culture - 0 0
Revise pre-pack -17% -19% -

TLH preparation

Introduce PMD waste stream - -2% +3%
Recycle paper waste stream - -12% +18%
Introduce recycling culture - -13% +26%
Revise pre-pack -4% -4% -

Debulking preparation

Introduce PMD waste stream - -1% +4%
Recycle paper waste stream - -12% +16%
Introduce recycling culture - 0 0
Revise pre-pack -2% -2% -

C-section pre-pack

Introduce PMD waste stream - -<1% +<1%
Recycle paper waste stream - -1% +1%
Introduce recycling culture - 0 0
Revise pre-pack -23% -23% -

training. When this person is an employee of the
healthcare institution, the requirement is fulfilled. As
mentioned above, it should be tested during future
studies whether this can be achieved.

Future development
During a future trial with the HSMEA tool, three more
elements of the tool could be investigated, that were
not tested during this research. Before an HSMEA is
performed, it is recommended that a mind map is
created during a brainstorm session. This mind map
contains all processes and situations that contribute
to waste generation, energy use, and water use within
a department of the healthcare institution. From this
mind map, HSMEA topics will be chosen. This brain-
storm was not performed during this study. In order
to assess its usefulness, this should be implemented
in the trial.

Secondly, the executional part of step 5 was not
performed in this research. Because this research was
performed in an accelerated and smaller setting than
would normally be the case, it was not deemed use-
ful to execute this. In order to test whether this ex-
ecutional part is appropriate, this should be tested
during the proposed trial. The Green Team can start
immediately with this phase, as the HSMEA was per-
formed and filled out up until this point.

Lastly, in this research, an adjusted version of step

6 was performed for the four proposed solutions. A
full version of this step should be tested during the
trial, to determine whether it is appropriate to use
during future HSMEA projects. Completing step 6 in
its intended way will also lead to a larger increase in
sustainability of the studied process.

The HSMEA tool was developed to be applica-
ble to three aspects of environmental sustainability:
waste, energy, and water. In this research, only an
HSMEA for waste was performed. The protocol de-
scribes the execution for all three topics, and Excel
templates are available for all three. HSMEAs for
energy and water should be performed in future re-
search, to investigate whether the Excel tool and pro-
tocol are suitable for these situations as well. It is ex-
pected that the HSMEA tool is also appropriate for
these situations, as the tool is highly similar for all
three subjects.

The proposed HSMEA tool is based on two ex-
isting methods: HFMEA and Lean. These are both
extensively used in healthcare settings [13, 14], and
have proven their success [13, 29]. Many quality
improvement systems exist for healthcare, of which
Lean and Six Sigma are the most popular and most
used methods [34]. As some elements from Lean
are already implemented in the HSMEA, the oppor-
tunity rises for Six Sigma to be also incorporated in
the HSMEA tool. Six Sigma aims to improve a pro-
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cess, by going through five phases: define, measure,
analyse, improve, and control [35]. This approach has
a strong similarity to the PDCA cycle from the Lean
method, and these two methods have been success-
fully combined in healthcare [35]. It should be inves-
tigated which elements from Six Sigma, and other im-
provement methods, would add value to the HSMEA
tool.

Implementation in organization
This novel tool has the potential to form the corner-
stone of a countrywide sustainable healthcare pro-
gramme, together with existing tools such as the Mi-
lieubarometer. This novel tool could supplement the
current monitoring tool to improve the sustainabil-
ity of healthcare, by on the one hand monitoring the
CO2-eq emissions with the Milieubarometer, and on
the other hand actively lowering these emissions with
the novel tool.

When introducing novelties to a hospital, like the
HSMEA tool, its success is partly determined by the
readiness of the organisation for this change [36].
This readiness is essential for both the organisation
and its leaders [36]. This change usually causes mul-
tiple, and often simultaneous, adjustments in the or-
ganisation, such as a change in work flow, work load,
and communication [36]. These adjustments are es-
sential, as they will result in notable benefits for the
organisation. When this readiness is not achieved be-
fore the innovation is implemented, it has a chance to
fail altogether.

This readiness was fortunately observed in the
LUMC. Environmental sustainability is incorporated
in the hospital’s policy, and personnel from differ-
ent levels in the organisation are implementing sus-
tainability in practice. This is encouraging for the
successful implementation of the HSMEA method
throughout the whole hospital in the future.

This implementation could be eased when this is
overseen by one department, and not implemented
independently by Green Teams from different de-
partments. Departments would benefit when com-
munication between the Green Teams is facilitated
by a central body, as they can discuss solutions and
their effective implementation. A department within
the LUMC that would be suitable to facilitate this,
is the Safety, Health, and Environment department
(Veiligheid, Gezondheid en Milieu, VGM). This de-
partment ensures a safe, healthy, and sustainable en-
vironment for all employees [37]. This department
also calculates the CO2-eq impact of the whole LUMC
yearly.

In this study, the HSMEA tool was used retrospec-
tively, i.e. the current situation is analysed. How-
ever, it could also be used prospectively, like the
HFMEA tool. In this way, novel products, such as the

pre-pack, are analysed with the HSMEA tool before
they are implemented in practice. By performing a
prospective HSMEA, unsustainable situations could
be avoided before they occur in practice.

Comparison to existingmethods
The proposed tool offers a systematic and analyti-
cal approach to sustainability in healthcare. Some
other programmes exist that aim to reduce the en-
vironmental impact of healthcare, such as the Irish
Green Healthcare programme [6] and the globally
used Health Care Without Harm programme [38].
These programmes are very general, and provide
non-specific guidelines on what changes can be im-
plemented to improve the sustainability of health-
care. Some suggestions given are increased recycling
rates, optimised water use, and sustainable procure-
ment [6, 38]. Because these suggestions are not tai-
lored to the specific situation of a hospital, it could
happen that the processes that contribute most to the
environmental impact are not solved. This is a major
advantage of the new HSMEA tool; by analysing the
current situation first, very specific solutions to the
current situation are invented. In this way, the items
that contribute most to the environmental impact are
identified and can be tackled. However, performing
this analysis also takes time and is labour-intensive.

The aforementioned general programmes also do
not provide the opportunity to calculate the envi-
ronmental impact improvements that result from
the implemented changes. Because the situation is
analysed before and after the suggestions are imple-
mented, the HSMEA tool creates an overview of the
improvements that can be expected. Furthermore,
the expected change per solution is easily calculated,
making it possible for a Green Team to focus on the
solutions with the greatest expected impact. Again,
this does increase the time and labour efforts that are
required to improve the sustainability of the process.

Future HSMEA topics
During the observations made in the LUMC, several
other topics to assess with the HSMEA method were
discovered (see Chapter 10 Future HSMEA Topics).
Regarding waste, it is recommended that HSMEAs are
performed on non-sterile glove use in the OR and the
use of disposable cotton products in the OR. It was
observed that the use of these gloves is based on per-
sonal insights and preferences, which led to incon-
sistent and unnecessary use. Conducting an HSMEA
study on this topic will uncover when these gloves
are used, what their current impact is, and how this
could be lowered. Furthermore, cotton production
is known to have a very high environmental impact,
and the environmental impact of disposing cotton
products might be the highest of all materials that are
disposed in the OR [39, 40].
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Performing an HSMEA on energy use is also
recommended. A prospective approach is espe-
cially suitable when investigating energy use with an
HSMEA. In this way, the energy consumption of a
novel product can be determined and compared to
the current situation (when possible), before it is in-
troduced in practice. Now, the most sustainable op-
tion in terms of energy use can be chosen. This
approach can also be useful when considering the
option of energy from renewable sources in the fu-
ture, as opposed to the energy from non-renewable
sources, such as coal, which is currently used in the
LUMC.

Lastly, water use is a recommended future
HSMEA topic. To discover where water is currently
used, what its impact is, and how this could be low-
ered, the HSMEA tool could be useful.

Limitations
In addition to the limitations discussed above, some
more refinements to the tool could be made. First
of all, the CO2-eq impacts that are calculated in this
research are based on the emissions belonging to
the waste handling process and an average emission
for material extraction, production, and transport.
Because an average is used, specific emissions that
occur for the individual product are not included.
Therefore, this calculated CO2-eq emission provides
a limited view of the actual amount of CO2-eq that is
produced during the whole life cycle of the product.

The current HSMEA tool could be supplemented
with the emission values belonging to the whole life
cycle when they become available. The whole emis-
sion of a product during its life cycle can be deter-
mined by performing a Life Cycle Analysis (LCA), a
method that quantifies the environmental impact of
the entire life cycle of a product [41]. This cradle-to-
grave approach takes all elements of the life cycle into
account, consisting of raw material extraction, man-
ufacturing, transportation, use, and disposal, among
others [41, 42]. If it is desired to calculate this impact,
this needs to be done for every individual product, as
these factors are unique for each product.

Performing a LCA could also be very useful when
considering the effectiveness of the solutions that are
invented during step 5 of the tool. Using the LCA
method to determine the impact of the current situa-
tion and the impact after the solution is implemented
could help determine whether the proposed solution
will indeed result in an improvement in sustainabil-
ity. The HSMEA tool provides a first insight on this
aspect, and performing a LCA could provide a more
complete view of the situation. This could be sup-
plemented by performing a business case as well, to
investigate whether the solution is feasible on other
aspects than sustainability.

Furthermore, it is recommended to only study
one topic per project, to keep the range of the project
manageable. A potential risk of this could be that an
incomplete view of the whole situation is obtained,
for example because larger impacts occur in other sit-
uations that are not analysed. Therefore, it is recom-
mended to perform an HSMEA on as many aspects
of a situation as possible, to create a more complete
overview.

Lastly, determining the CO2-eq impact of a pro-
cess is only one of many units in which the environ-
mental impact can be expressed [43]. The contri-
bution of a process to a circular economy, environ-
mental pollution, acidification, and eutrophication
are examples of other measures in which the environ-
mental impact of a process can be expressed [42, 43].
When considering these impacts, this could lead to
a different prioritisation in step 5 of the HSMEA tool
[44].

For this research, it was chosen to express the im-
pact in CO2-eq, as this unit is commonly used when
talking about sustainability, for example in the Green
Deal Healthcare [9]. Including the other measures as
well will lead to a more complete overview of the im-
pact per item.

1.5.2. Clinical case studies
Two clinical case studies were completed in the
LUMC. Performing these cases led to valuable in-
sights about the HSMEA tool. Practical examples of
these insights can be found in Chapter 8 Clinical Case
Studies.

During the validation sessions, the team saw great
value in the inclusion of step 3, as it creates a clear
overview of the situation for everyone. Creating this
flow chart is also a known strength of the FMEA
method [32]. Furthermore, aspects of the process
were uncovered during this step, which were proba-
bly otherwise not obtained.

By completing the analysis of the current situa-
tion in step 4, an overview is created of the impacts
of all items. This provides the Green Team with very
practical ideas on where to start when tackling sus-
tainability.

When completing step 5, it became apparent that
currently a lot of CO2-eq emissions could be cut by
increasing recycling rates. This is also encouraged by
other programmes that stimulate sustainable health-
care [45–47]. This reinforces the idea that the tool
fits within healthcare best practices. During future
HSMEA projects, more attention could be directed at
reducing the amount of waste that is created, as this
is a desired outcome as well. Reduction of waste is
especially important for waste that cannot be recy-
cled, such as regulated medical waste [47, 48]. This
research is supported by previous studies on medical
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waste management, which underline the importance
of waste recycling and reduction as well [46, 47].

Another outcome from step 5 concerns the revi-
sion of the pre-packs that are currently used during
every surgery. This could lead to significant waste
and CO2-eq emission savings in certain cases. This
measure was also suggested by Campion et al. (2015),
who performed a LCA on pre-packs for vaginal births
[40]. By revising the pre-packs they investigated,
33% savings in terms of weight, and around 77% de-
crease in CO2-eq emissions could be achieved. The
CO2-eq emission is calculated for production, use,
and disposal of the pre-pack. These savings were
largely achieved by excluding single-use cotton prod-
uct from the pre-pack. It should be investigated
whether this is also an option for the LUMC, as it can
lead to significant CO2-eq savings.

The CO2-eq footprint could be lowered even fur-
ther, by using packaging and disposable instruments
made of biodegradable plastics. Several plastics were
compared based on certain criteria in Chapter 11.
Poly Lactic Acid (PLA) with the right ratio of L- and
D-lactide was deemed the most appropriate material
to manufacture biodegradable rigid medical prod-
ucts from. For flexible products, the conclusion is
less clear. Both P3HB (Polyhydroxybutyrate) and PCL
(Polycaprolactone) offer several advantages and dis-
advantages. This initial research should be continued
to investigate whether it is indeed possible to man-
ufacture instruments and devices from these plas-
tics, and the implications this would have on envi-
ronmental sustainability.

In step 6, it became apparent that every proposed
solution has a different effect on the outcome mea-
sures as defined in the topic. In order to increase the
sustainability as much as possible, all four solutions
should be implemented in practice.

1.6. Conclusion
In this paper, it was aimed to design, validate, and
clinically apply a novel tool that will aid to increase
the sustainability of a certain process in a hospi-
tal. The tool was designed and validated in collab-
oration with several health care professionals from
the academic hospital in Leiden, the Netherlands
(LUMC). During validation, the four participants dis-
cussed whether the tool conforms to the design re-
quirements to assure the tool’s success. Suggestions
were made on how the some requirements could be
met, which were incorporated in the tool by the au-
thor.

Because of its similarities in terms of structure
with the HFMEA (Healthcare Failure Mode and Ef-
fect Analysis) tool, the new tool was named HSMEA
(Healthcare Sustainability Mode and Effect Analysis).
The tool consists of six consecutive steps: (1) Topic

definition, (2) Administrative data, (3) Flow chart and
sub-steps creation, (4) Sub-step analysis, (5) Solution
creation, and (6) Solution execution.

The newly developed HSMEA tool was applied
to two clinical case studies, aiming to reduce the
amount of waste produced by two different processes
taking place in the OR department of the LUMC. The
first case investigated three gynaecological proce-
dures and their waste generation when preparing for
these procedures in the preparation room. The sec-
ond case investigated the pre-pack containing dis-
posables for one of these procedures, and the waste
created by the use of this pre-pack. The execution
of step 3 led to insights that were otherwise prob-
ably not obtained. Step 4 provided a baseline of
the current situation of the three outcome measures:
kg waste produced, kg CO2-eq emission, and recy-
cling percentage. After the solution creation in step
5, these outcome measures were calculated again.
An improvement was observed for all three outcome
measures, with a maximum improvement of 24%
weight reduction (case 2), a reduction of 34% of CO2-
eq emission (case 1, procedure 1), and an 18 fold in-
crease in recycling (case 1, procedure 2). These ex-
pected changes are the result of four solutions, which
are currently being implemented in the LUMC.

This research showed that the HSMEA tool is suc-
cessful in a clinical setting, and systematically ad-
dresses sustainability issues currently faced by hospi-
tals. Furthermore, it enables the user to compare the
current and expected situation with certain solutions
implemented, making it possible to prioritise the so-
lution with the greatest effect on the environmen-
tal impact. Future research should focus on the fur-
ther refinement of the tool, and on successful imple-
mentation within the healthcare facility. This novel
tool will support the implementation of new policy in
practice, empowering healthcare institutes in reach-
ing their sustainability goals, as for example set by the
Green Deal Healthcare.

List of commonly used abbreviations
CO2 Carbon dioxide
CO2-eq Carbon dioxide equivalents
CSD Central Sterilisation Department
C-section Caesarian section
FMEA Failure Mode and Effect Analysis
HCP Health care professional
HFMEA Healthcare Failure Mode and Effect Analysis
HSMEA Healthcare Sustainability Mode and Effect Analysis
LUMC Leids Universitair Medisch Centrum
OR Operating room
PMD Plastic, Metal, Drink cartons
PDCA Plan Do Check Act
RMW Regulated medical waste
TLH Total laparoscopic hysterectomy
TU Delft Delft University of Technology
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�
Introduction

Without doubt, human activities contribute to climate change [49]. Because of an increase in the emission of
greenhouse gases, such as carbon dioxide (CO2) and methane (CH4) [1], the temperature of the atmosphere
rises, causing all kinds of changes in the climate all over the world [2]. Sustainable interventions are needed
at all levels - either personal or professional - in order to limit the emission of greenhouse gases.

Sustainability can be defined as "meeting the needs of the present without compromising the ability of
future generations to meet their own needs" [50]. Environmental sustainability is a very broad topic, and en-
tails numerous subjects. For example, optimizing energy and water use, and waste production and handling
are examples of sustainable practice [15].

Fortunately, sustainable practice is becoming a more and more popular strategy for businesses [51]. Com-
panies that incorporate sustainability in their policy are favoured by costumers and investors over companies
that do not include this [51]. This results in an increased market value for these companies [51]. Including
sustainability in a company’s strategy also balances their Triple Bottom Line (social, environmental, and eco-
nomic aspects, or people, planet, and profit, i.e. 3Ps), which is deemed necessary in order for a company to
be truly sustainable [52] (see Figure 2.1). When following this philosophy, social and environmental factors
are also taken into account when evaluating a company’s performance, along with economic factors [52].

Figure 2.1: The triple bottom line [53]

The 3Ps are also incorporated in the pol-
icy of hospitals in the Netherlands, for example
the LUMC (Leids Universitair Medisch Centrum),
the academic hospital in Leiden. Social (peo-
ple) and economic (profit) measures are imple-
mented through the collective labour agreements
and through personal labour agreements, respec-
tively [52]. For example, personal growth (people),
such as education, and personal income (profit)
are addressed through these means. The third P,
planet, receives attention through means like lim-
iting energy consumption and optimising waste
management [52].

Through Corporate Social Responsibility, the
LUMC pays attention to balancing the Triple Bot-
tom Line. According to the LUMC website, the
‘people’ factor is supported by including personnel
of diverse ethnicities, gender preferences, and ages
[54]. ‘Planet’ is supported by several initiatives,
such as responsible use and reuse of resources, in-
creased waste recycling efforts, and reducing an-
imal testing [7]. The ‘profit’ factor is expressed
through transparency about the business manage-

ment, by publishing an annual report concerning the policies incorporated in the hospital [55].
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Text Box 2.1: Greenhouse gases

CO2 is vital for life on Earth. This gas is one of the several gases that are called greenhouse gases
[56]. These atmospheric gases radiate the incoming energy from the sun in all directions, including
Earth [57]. This causes the surface of the Earth to heat to the average temperature of 14°C [58], making
the planet habitable for humans and other animals. This mechanism is called the greenhouse effect.

From 1880 until 2012, the atmospheric concentration of CO2 has risen from around 290 ppm to
390 ppm. The concentration of other greenhouse gases has risen as well. The increase of these gases
results in an increased greenhouse effect, causing a rise in temperature of 0.85°C of the Earth’s com-
bined ocean and land surface. [56]

The Intergovernmental Panel on Climate Change (IPCC) names anthropogenic activity due to eco-
nomic and population growth extremely likely to be the cause of this rise of greenhouse gases. Some
of these gases are stored on land or in the ocean, but about 40% remains in the atmosphere. [56]

In order to limit global warming as much as possible, greenhouse gas emissions need to be cut
drastically. When these emissions are not controlled, this will have far-reaching consequences for life
on Earth as we know it, such as an increase in heat waves and extreme precipitation. [56]

Global agreements exist that aim to limit global warming and greenhouse gas emissions. The
Paris Agreement (2015) is a binding document, urging participating countries to pursue efforts to
limit global warming by 1.5°C [59]. In response to this agreement, the Netherlands is debating a law
aiming to reduce greenhouse gas emissions with 95% by 2050, compared to 1990 [60].

The healthcare industry is a significant contributor to climate change. In the U.S., 8% of all greenhouse
gases, such as carbon dioxide (CO2) and methane (CH4) [1], originate from the healthcare industry [2]. In
Europe, this emission is estimated to be 5% [3]. Hospitals use 2 to 3 times more energy than a similar sized
office building, and are responsible for the generation of almost 6 million tons of waste annually, in the U.S
alone [2].

Furthermore, unsustainable practice of hospitals is known to influence human health negatively. Re-
search has shown that about 50% of the world’s population is prone to health risks resulting from inadequate
management of hospital waste [4].

When sustainable interventions are implemented in hospitals, for example concerning energy use and
waste reduction, this has shown to be greatly cost-effective, contrary to common beliefs [5]. Kaplan and col-
leagues (2012) determined that cost savings of $15 billion can be achieved over 10 years when implementing
sustainable measures, when taking into account the costs to implement these measures as well [5].

This knowledge would suggest that ample action is undertaken to decrease the burden of the healthcare
industry on our planet. In some countries, this is indeed the case. For example, in Ireland, the Green Health-
care programme helps hospitals to prevent waste generation and to save money [6]. This programme does
not take the specific situation of a hospital into account, but provides general guidelines which are applicable
to most situations.

Unfortunately, such a country-wide programme does not exist in the Netherlands. However, other means
are present in the Netherlands that dedicate attention to sustainability. For example, an agreement between
academic hospitals and the government regarding energy use and reduction was constructed [7]. Also, a
certificate can be obtained when a healthcare institution can demonstrate what actions are undertaken to
improve its sustainability [8]. This certificate stimulates sustainable management and makes it possible to
compare healthcare institutions on several criteria. Lastly, the Green Deal Healthcare was signed by 132 insti-
tutions (from the healthcare industry, but also governmental), pledging to lower their CO2 footprint, amongst
other things [9]. The LUMC also signed this agreement [10].

Some hospitals use tools to calculate their environmental impact, expressed as kg CO2-equivalents [7]. An
example of such a tool is the Milieubarometer (Environmental barometer) [11]. Every greenhouse gas can be
expressed as an equal effect that the emission of only CO2 would have. For example, one kg of methane (CH4)
has the same atmospheric effect as 21 kg of CO2 [1]. Therefore, one kg emission of CH4 can be expressed as
21 kg CO2-eq. Most processes in a hospital, such as electricity, heating, and transportation, cause emission of
these greenhouse gases. For example, transportation contributes to the emission of CO2 and CH4 [12]. Thus,
these processes all have a CO2-eq footprint. By adding the footprints of all these individual processes, the
CO2-eq emission of the hospital can be calculated.

However, these tools only monitor: they do not actively stimulate the organization to improve their sus-
tainability, e.g. lower their CO2-eq footprint. Other means to improve the sustainability, as described above,
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are very generic and are not easily applied to practical situations. Some institutions, like the LUMC, have
taken the initiative themselves to improve their sustainability. In the operating room (OR) of the LUMC, a
Green Team, consisting of 12 people who all work daily in the OR, was established in 2015. This team under-
took several projects to improve the sustainability of the OR department, which were all received with much
enthusiasm (see Chapter 3 Survey).

After performing several observations in the OR department, it was concluded that a systematic approach
to sustainability is lacking (see Chapter 4 Observations). Of course, all efforts to improve sustainability should
be encouraged, but in the current situation, it is not possible to track which processes can be and have been
tackled, and which are still to be completed. Also, the CO2-eq savings that resulted from these projects were
not determined. It is not possible to do this with the current monitoring systems, as they only look at the
institution as a whole, and cannot distinguish between the savings resulting from different interventions.

2.1. Thesis aim
Because of this gap, the aim of this research is to create and validate a tool that can be used in a clinical setting
and that will aid with actively improving the sustainability of healthcare. This novel tool will be based on two
existing methods: HFMEA (Healthcare Failure Mode and Effect Analysis) and the Lean philosophy. These two
methods are currently extensively and successfully used in healthcare [13, 14]. In this research, sustainability
will focus on three aspects: waste, energy, and water, as these aspects are common themes when researching
environmental sustainability in healthcare [15].

The research question to be answered is whether the tool fulfils the requirements that are set by litera-
ture and healthcare professionals (HCPs). Previous research on the acceptance of novel tools and products in
healthcare has shown that several characteristics are important for the success of an invention [16]. Further-
more, HCPs from the LUMC expressed their opinion regarding several other requirements that they deem
necessary for the success of the proposed tool. Therefore, it is hypothesized that the implementation of these
factors in the tool will enhance its applicability in practice. These requirements from literature and discus-
sions with HCPs can be found in Table 1.1. These requirements will be tested in the verification and validation
phase.

The tool will be designed to be applicable in all departments of the hospital or other healthcare facilities,
but will be developed and validated with OR personnel. The OR produces about 20-30% of the waste created
in a hospital, and is a very energy-intense department, because of numerous systems that need to be oper-
ational continuously [17]. Furthermore, the OR has a very active Green Team, that is keen to improve the
sustainability of the OR department.

This novel tool will be applied to several clinical cases. The secondary research goal will concern the
current impact of two processes in the LUMC and the expected improvements that can be achieved after the
implementation of the proposed measures.





�
Survey

3.1. Introduction
Although sustainability is a popular topic in healthcare nowadays, it has never been researched before in the
LUMC how the employees of the OR department feel about this subject. In order to assess the attitude of the
personnel towards this subject, a survey was performed in June 2018 in the OR department of the LUMC. Fifty
surveys, consisting of eight questions (7 multiple choice and one open question) and room for remarks (see
Figure 3.1), were handed out to the personnel of the OR department during the lunch break.The survey was
in Dutch, but is translated to English for the use in this thesis. The surveys that were filled out were collected
afterwards. The survey was approved by the staff before being handed out.

3.2. Results
Of these 50 surveys, 44 were filled out and returned. The remarks section was not filled out by any respondent.
The results were analysed using Microsoft Excel 2011 for Mac and are presented in Table 3.1.

The results show that sustainability is a very important aspect of the lives of the OR personnel (median
score 4 out of 5). Furthermore, the group that indicated to be a medical specialist gave the highest score of
all groups to this question (mean 4.2), together with the supporting personnel. Assistants gave the lowest
mean score (3.6) on this question. This information is very beneficial for the implementation of sustainable
measures, as medical specialists are especially suitable to provide leadership and guidance towards a more
sustainable OR [61].

Table 3.1: Results of the survey performed in the OR department of the LUMC

Question Short description Median Mean Standard Deviation

1 Importance sustainability 4 3.9 0.8
2 Opinion compostable coffee cups 5 4.8 0.4
3 Desire more sustainable initiatives 5 4.6 0.5
4 Current state of sustainability 3 3.0 0.9

Question Short description Most given answer % of respondents

5 Biggest annoyances Unnecessary use of products 56.8%
Not enough recycling 52.3%

6 Changes desired Various (discussed in text) -
7 Time willing to spend on ’green’ 6-15 minutes 46.3%

1-5 minutes 29.3%
8 Profession Assistant 39.5%

Medical specialist 23.3%
Other 18.6%
Nurse 9.3%
Supporting personnel 9.3%

23



24 3. Survey

Since a few months, all coffee cups and disposable plates and cutlery used in the break room in the OR
department are made of compostable plastic. The survey showed that the personnel is extremely happy with
this measure (median score of 5 out of 5). It was also indicated by almost every employee that there is a great
desire for more such measures to be implemented in the OR department (median score of 5 out of 5). The
respondents indicated that room for improvement regarding sustainability in the OR department exists, by
giving the current situation a median score of 3 out of 5.

The respondents indicated the unnecessary use of (single use) products to be the greatest annoyance
currently in the OR. One respondent clarified his/her answer by writing at question 6: "Sometimes products
are unpacked because the surgeon thinks he/she will use it, but will end up not using the product, and it
is thrown away unused." Furthermore, a lot of respondents were annoyed by the fact that al lot of packaging
material is thrown away without being separated and recycled. Some suggest at question 6 that the placement
of designated waste bins for plastic separation inside the OR could provide a very simple solution to this
problem.

This survey did not focus specifically on the OR itself, but on the whole OR department. Several respon-
dents listed annoyances taking place in the break room within the OR department as something they would
like to see resolved. For example, cheese, butter, etcetera is all packaged individually. Also, water is offered
in drink cartons and glass bottles. This generates a lot of waste, and the advantages of this way of packag-
ing does not outweigh the implications for sustainability for some respondents. Starting with tackling these
(relatively small) issues might let the employees get used to the idea of a sustainable OR department in a way
that affects their routines minimally, and makes them more welcoming for possible bigger changes in the OR
in the future.

Almost half of all respondents indicated that they are willing to spend 6-15 minutes daily on improving the
sustainability of the OR department. The median answer was the same for every profession (6-15 minutes),
except for the supporting personnel, which indicated to be willing to spend a median of 1-5 minutes daily on
this topic. These results should be taken into account when introducing new sustainable measures in the OR
department. It is important that interventions take as little time as possible to carry out, to ensure that they
are actually carried out consistently by the personnel [61]. Therefore, it is recommended that the proposed
interventions will not take more than about 5-10 minutes daily for the OR personnel.

3.3. Conclusion
Based on the results of the survey, it can be concluded that there is a clear need indicated by the OR personnel
for a more sustainable OR department. The most prevalent annoyances include the lack of recycling of mate-
rials, and the unnecessary use of disposable products. Furthermore, the respondents indicated to be willing
to spend some time daily on this matter to make this happen. This is very promising, and should be kept in
mind when designing interventions to improve the sustainability of the OR department of the LUMC.
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Figure 3.1: The questionnaire performed in the OR department of the LUMC





�
Observations

4.1. Introduction
During several visits to the OR department of the LUMC, observations were made regarding the current state
of sustainability in and around the OR. Furthermore, the waste streams leaving the OR department were
mapped, in order to get a deep insight into how waste is handled. These observations are discussed below.

4.2. Waste production
A special emphasis is put on observing the waste streams, as the OR is known to produce a lot of waste rel-
ative to the rest of the hospital: 20-30% of the hospital’s waste is generated in the OR department [17]. The
waste and material streams in the OR department can be observed in Figure 4.1. The input is divided in two
streams, reusable instruments and disposable products, because they originate from different places. Below,
the waste and material handling per phase of a surgery is discussed. A division is made into three phases,
consisting of the phase before the surgery (preoperative), during the surgery (perioperative), and after the
surgery (postoperative).

4.2.1. Preoperative
The reusable instruments are placed in trays, wrapped, and sterilized at the Central Sterilization Department
(CSD). From the CSD, they are brought to the OR department. There, they are stored in a designated area in
the hallway. The sterile trays specifically for that surgery and surgeon are brought to the preparation room on
the day of the planned surgery.

Reusable individually wrapped instruments also originate from the CSD. They are wrapped and sterilized
at the CSD, and transferred to the OR department. These instruments are wrapped in two packagings, to
ensure sterility and aseptic presentation of the sterile instrument to the sterile OR nurse. These instruments
have a sterility guarantee of one year. Most instruments are used within that year, but sometimes they have
to be repacked and resterilized when they expire. Sometimes, these individually packaged instruments are
required for a surgery, because not all instruments are present on the surgical tray. This is for example because
the instrument is not used in all cases or by all surgeons, or because the shape of the instrument makes it
difficult to implement it on a tray (for example when the instrument has a power cable).

All the disposables are supplied to the hospital by an external company, for which procurement is respon-
sible. These products are stored first outside the OR department, and are brought into a storage room just
outside the OR department when the stock needs to be replenished. All products are delivered inside two
cardboard boxes. The outside box is ‘dirty’ and is brought back directly to the waste storage department at
the ground floor of the hospital. The products are taken out of the inner box, which is ‘clean’ and is disposed
of inside the OR department. All products have an expiry date printed on their package. When the prod-
uct expires, it is disposed. The products are stored in storage rooms inside the OR department. Several of
these storage rooms exist, and contain products needed specifically for the surgeries that are performed in
the nearby ORs. Some smaller disposable products are stored within the OR itself. From the storage room,
the products are brought to the preparation room.

In the preparation room, the sterile trays, sterile reusable instruments, and sterile disposable products are
unpacked and placed on instrument tables covered with sterile sheets. This is all done by an OR nurse, who
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Figure 4.1: Waste and material stream within OR department
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is sterile as well. It was observed that a lot of the waste generated in the OR department originates from the
preparation room, as here most instruments and products are unwrapped. The preparation room is shared
with three other ORs, which are all immediately adjacent to this room. All the packaging is separated into
three waste streams: plastic foils, paper, and residual waste. The plastic foils and paper originate mostly
from packagings: these consist of one layer of soft clear plastic at one side, and a layer of paper or Tyvek at
the other side. Tyvek is a synthetic material that feels like paper, but cannot be torn. Tyvek is disposed in
the residual waste bin. Plastic that is not soft or clear and the wrappers that are used to package the surgi-
cal instrument trays are disposed in this bin as well. It was observed that not every nurse adheres to these
guidelines, and some dispose products in the residual waste bin when they could be separated.

4.2.2. Perioperative

When the surgery is about to commence, the sterile instrument tables are brought into the OR by an OR
nurse. On these tables, the surgical trays with the reusable surgical instruments are present. It was observed
during several surgeries, that about 30% of the instruments on the trays were used. All instruments return to
the CSD for sterilization after the surgery, irrespectively whether they were used or not.

All the material that is thrown away during the surgery is separated into four waste streams. The needle
of a syringe is disposed of in a special sharps container made of hard plastic, to protect the handler. Syringes
that are used to administer medicine to the patient, both before and during the surgery, are disposed of in a
special container for medication residue. The medicine ampoule is disposed in this container as well.

Materials that are soaked with bodily fluids are disposed of in the infectious waste container, which is
made of hard plastic and is located just outside the OR. For cotton gauzes and sponges this means they can
be disposed of in two waste streams: when the gauze or sponge is soaked in bodily fluids, it is disposed of in
the infectious waste bin. These bins are made of hard plastic in order to protect the handler from the fluids.
Suction canisters, catheter bags, and disposable single use products (like trocars, single use electrosurgical
instruments, staplers) are disposed in these bins as well. Products that contain sharp parts that cannot be
removed are disposed in this container as well.

When the gauzes or sponges are only slightly smeared with fluids, they are disposed of in the residual
waste. During one observed laparoscopic surgery, one pack containing 10 small gauzes was opened. Of
these 10 gauzes, seven were used. Furthermore, one pack containing five sponges was opened. Three of
these sponges were used. During an open surgery, a pack containing 10 small gauzes was opened, of which
six were used. Furthermore, a pack containing five large gauzes was opened as well. Two of these gauzes
were used. Of the pack consisting of five sponges, three were used. All gauzes and sponges were disposed as
residual waste.

During the preparation of the patient and the administration of the anaesthetic, the staff changes its
gloves regularly, for example when the gloves came in contact with bodily fluids of the patient. These gloves
are disposed in the residual waste bin.

Disposable products that are stored in the OR itself or in the preparation room next to the OR can be ac-
cessed during the surgery when the surgeon requests the product. As mentioned before, the reusable individ-
ually wrapped instruments and disposable products are double wrapped. When the instrument is required
by the surgeon, the nurse (not sterile) opens the outer packaging and the OR nurse (sterile) takes out the in-
ner package, which is sterile as well. Then, the OR nurse opens this second inner packaging, and takes out
the instrument. It is essential that the instrument itself is not touched by the first nurse, because he or she is
not sterile. This chance is increased by the double packaging: if the OR nurse were to accidentally touch the
inner packaging, he or she can open the second packaging as well, and the OR nurse can take out the sterile
instrument. This is especially important when handling instruments that can move unexpectedly, such as
sutures or instruments with power cables. The packaging material, consisting of soft clear plastic and Tyvek
(a paper-like synthetic material), is disposed of in the residual waste. See Table 4.1 for a full overview.

For some procedures, it was observed that a lot of waste from packagings is generated in the OR. For
example, trauma and orthopaedic procedures use numerous individually packaged screws and plates, which
are all unpacked during surgery in the OR. These packagings are all disposed in the residual waste bin. These
screws and plates used to be included in reusable containers which were sterilised after every procedure, from
which the surgeon could choose the appropriate product. Nowadays, every product is packaged separately.
One reason for this is the ability to track and trace every product, to increase patient safety.
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Table 4.1: The four current waste streams leaving the OR, with examples of products disposed in these streams

Sharps Medication Residue Infectious Waste Residual Waste

Needles Medication ampoules Catheter bag Gloves
Scalpels Syringes Suction canister Gowns

Gauzes1 Surgical sheets
Sponges1 Packagings
Disposable instruments1 Gauzes

Swabs
Disposable products
Unused products
Packagings
Other

1 when soaked with bodily fluids or containing sharp parts, otherwise residual waste

4.2.3. Postoperative
After the surgery, these four waste streams are brought to the waste storage room within the OR department
by the OR nurse. The waste bags are stored in containers, which are later picked up by logistics and brought
to the waste storage department at the ground floor of the hospital. There, the different waste streams are
merged with the other waste streams from the other departments within the hospital. The waste is com-
pressed and collected by the waste processing company. At the waste company, the streams that can be
recycled are recycled, and all other waste is incinerated.

The surgical trays and individual reusable instruments are stored on a cart, which is covered with a plastic
bag. These carts are placed in a designated area in the hallway in the OR department, where they are collected
by logistics and brought back to the CSD, for cleaning, disinfecting, packaging and sterilization. The trays
and individually wrapped instruments are labelled and stored at the CSD, until they are required at the OR
department.

4.2.4. Reusable vs. disposable
Currently, there is a trend towards the use of single use disposable products in healthcare. For (almost) every
product, a reusable equivalent exists [61]. Disposable products are procured, because the perceived costs of
these products are lower than for their reusable equivalents. However, it is often neglected during this deci-
sion that over the lifetime of these reusable instruments, they will prove to be much more cost competitive
than disposable instruments [62]. Furthermore, disposable products generate significant amounts of waste
and have a high environmental impact [62], which does not make them a suitable choice for sustainable
surgical practice.

4.3. Anaesthetic gases
Several types of anaesthetic gases can be used to sedate the patient. In the ORs in the LUMC, only sevoflurane
is used. The other gases (desflurane and isoflurane) are not used in the LUMC. Extra sevoflurane can be
administered to the patient when the blood pressure needs to be lowered and other medication that can do
this is not directly available.

Anaesthetic gases are known to be greenhouse gases [17]. These gases are only minimally metabolised by
the patient: they remain intact when exhaled by the patient [17]. Therefore, the gases will remain to act as
greenhouse gases until they are degraded in the atmosphere. The potential of the anaesthetic gases to act as
drivers of global warming, is expressed as a number of global warming potential (GWP), with CO2 having a
GWP value of 1 per kg. The GWP value indicates how much a greenhouse gas contributes to global warming
over a certain period of time, in this case 100 years [17]. The GWP of desflurane is 2540 per kg, the GWP of
isoflurane is 510 per kg, and the GWP of sevoflurane is 130 per kg [17]. Therefore, the environmental impact
of the three gases is not the same. The use of an hour of desflurane roughly compares to driving 400 miles
by car [17]. One hour of sevoflurane or isoflurane on the other hand, is equivalent to driving 9 miles by car
[17]. Currently, not every anaesthesiologist takes this fact into account when making a decision about which
gas to use. However, awareness is being increased by several organisations on this topic [63]. Sometimes,
the medical condition of the patient requires the use of one gas in stead of the other, but when no medical
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indication exists, the decision is often based on accessibility and ease of use. In the LUMC, only sevoflurane
is used as anaesthetic gas. This gas is the most sustainable of the three in terms of global warming potential.
Therefore, this is an excellent choice and should not be altered. Sometimes, sevoflurane is used to lower the
blood pressure of the patient. Other medications, such as nitroglycerin, can be used as well to lower the blood
pressure.

4.4. Energy use
During the visits at the OR department, it was observed that in every OR, about 15-20 devices were using
electricity. These devices include for example the electrosurgery unit, suction devices, surgical lamps, lami-
nar flow for ventilation, and several computers. During one surgery, an instrument working on batteries, the
LinaXcise, was used. This instrument was single use and was disposed of after the surgery. All energy used in
the LUMC originates from non-renewable sources, such as coal and oil. Green energy is currently not used in
the LUMC.

The ventilation in the ORs shuts off automatically at 8 p.m. Lamps need to be turned off by hand. However,
when it is observed that the light in the OR is still on at night, this indicates that something still needs to
happen in that OR. The light is turned off when the OR is cleaned and no longer in use.

4.5. Water use
Currently, water saving taps are installed at the washing stations just outside the OR. This is known to have a
huge impact on the water use when performing the surgical scrub, by saving a lot of water and energy [64].
After the surgical scrub, the hands were dried with paper towels and disinfected with an alcohol based hand
rub.

4.6. Current interventions
The OR Green Team has undertaken several projects in order to make the OR department more sustainable.
For example, compostable coffee cups are used in the break rooms. Furthermore, recycling is encouraged by
placing recycling waste bins at several locations. The Green Team undertakes projects that are invented by
the team itself: when someone has an idea and it is deemed feasible to complete that project, it is undertaken
by the team. Therefore, the tackling of sustainability issues does not happen in a systematic or structured
way. Furthermore, savings of the interventions are not tracked.

4.7. Conclusion
It can be concluded that the OR department of the LUMC is well on its way to conduct sustainable prac-
tice. The efforts of the Green Team have already proven to have an impact on the sustainability of the OR
department, although the extend of the impact is unknown. It is hypothesized that the Green Team would
benefit from a more systematic approach to sustainability, and to be able to report its achievements, in terms
of savings achieved.





�
Expert Interviews

Several conversations were held with numerous healthcare professionals. A short summary of these conver-
sations is reported below, in chronological order. Each conversation lasted from 30 minutes to 1 hour.

5.1. Project manager procurement & Employee instruments department,
LUMC

These two persons were contacted to find out more about the procurement processes within the LUMC, and if
sustainability is taken into account in this process.

The procurement process is very dependent on the product that is procured. Sometimes, a contract is re-
newed with a supplier, and different products are included in this contract. As a result, the user will have
to work with a (slightly) different product. A change in product, or a request for a new product, can also be
requested by the user self, for example a surgeon requesting a certain novel product.

When a new product is procured, programme requirements are composed by the instruments depart-
ment (Instrumentele Zaken), the Safety, Health, and Environment department (Veiligheid Gezondheid en
Milieu, VGM), and the users. Different companies supplying the product are investigated on their compli-
ance to the law, for example how they handle toxic products, but specific research on their sustainability is
not conducted. When the product to be procured is reusable, its possibilities for repair are investigated.

Over the last years, a trend towards disposable products can be observed. This had several reasons, one
being the tracking of instruments. The location of reusable instruments always has to be known, but for
disposables this is not the case, and are therefore preferred by the LUMC.

These disposables are all disposed after one use. Reprocessing is an option for some disposable instru-
ments. However, this is forbidden in the European Union. If the instrument were to be resterilised after it
was used once, the company performing this will be responsible for the hygiene of the instrument. However,
these companies don’t want this responsibility. It is recommended that it is investigated how this reprocessing
could be facilitated, because a lot of environmental savings could potentially be made.

5.2. First author HFMEA paper, LUMC
This person organised the planning for the sessions held for a HFMEA study within the LUMC. He was consulted
to find out how the HSMEA sessions can be planned optimally.

This person emphasized the importance of a leader for the sessions. This should be someone who is fa-
miliar with performing such a session. Furthermore, from experience, he indicated that people tend to think
in solutions, and this should be avoided when the session has not reached this stage yet. The team leader
should do his or her best to avoid this from happening, and remind the participants of the goal that is to be
reached for every step.

Furthermore, he indicated the importance of a very precisely formulated topic. This will ensure all team
members have the same expectations of the sessions.
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5.3. Coordinator waste handling department, LUMC
This person was consulted to find out how the waste is currently managed, and what the attitude is of this de-
partment regarding sustainability.

Since the beginning of 2018, a new waste handling company handles all the waste produced by the LUMC. To-
gether with the LUMC, this company set the goal to recycle 60% (by weight) of all the waste produced within
5 years. The recycling percentage at the beginning of 2018 was 32%.

In order to achieve this goal, source separation of waste is encouraged throughout the whole hospital.
Every department has its own implementation for this, resulting in different strategies to separate this waste.
The waste handling department is now implementing the same strategy in every department of the hospital,
in order to achieve this recycling percentage of 60%.

This strategy includes the implementation of the same trash containers and colour coding for these con-
tainers and waste bags throughout the whole hospital. Furthermore, stickers displaying information on what
waste should go into which container are displayed at each container.

Sustainability is therefore a very important aspect for this department. Ample efforts are put in increased
recycling efforts and lowering waste production. This also becomes evident when considering the fact that
the LUMC made the choice to introduce the PMD (Plastics, Metal, and Drink cartons) waste stream, which is
recycled. This is more expensive than incineration ("0,40 per kg for PMD (recycling) versus "0,12 per kg for
residual waste (incineration)), but is chosen because it is a more sustainable option. This is funded with the
savings that are achieved from other waste streams, such as collecting medication residue separately, and not
collecting this with regulated medical waste. This results in a decrease of "0,82 per kg medication waste.

5.4. Manager logistic services, LUMC
This person was contacted to enquire about the procurement and logistics of the pre-packs.

The pre-packs are already a big step towards sustainability, as much less packaging material is used. These
pre-packs can be adjusted regularly. This is organised by OR nurses.

When a new contract is negotiated, sustainability is taken into account as well. Currently, a sustainable
procurement tool is under development in the LUMC. However, patient safety will always be considered more
important.

5.5. Project leader sustainability & Advisor environment and occupational
hygiene, LUMC

These two people were contacted to enquire about how sustainability is incorporated in the hospital, and how
the environmental impact of the hospital is determined.

Sustainable practice is stimulated via different means in the LUMC. Both top-down and bottom-up approaches
are stimulated. For example, by signing the Green Deal Healthcare, the board stimulates the divisions to im-
prove their sustainability. The departments themselves also create visions for sustainability, which are pro-
posed to the board.

The LUMC calculates its CO2 footprint yearly, by using values that are determined by an external com-
pany. These values are used by all UMCs (University’s Medical Centres) in the Netherlands. CO2 is one pos-
sible measure to determine the environmental impact of processes in the hospital. For example, this impact
can also be determined by assessing the contribution to a circular economy of the process, or the environ-
mental pollution the process causes.

5.6. Account manager, Mölnlycke
This person was contacted to find out Mölnlycke’s attitude towards sustainability, and why some products are
included in the pre-pack.

Mölnlycke is a Swedish company, for which sustainability is very important. Therefore, they are very will-
ing to adjust the pre-packs they supply. Almost the whole content of the pre-pack can be adjusted, when
this is desired by the LUMC. Some items are obligatory, for example the inclusion of A4 sheets reporting the
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content of the pre-pack.
Two times a year, Mölnlycke and the LUMC discuss the contents of the pre-packs. When changes are

made, this takes about 8 weeks before these new pre-packs are implemented in practice. In theory, the pre-
pack can be adjusted monthly. But because of this implementation delay, for example because the old stock
needs to be finished first, it is recommended to revise the pre-pack only twice a year. Procurement has to
agree to these changes, as they will probably lead to a change in price.

5.7. Specialist sterile medical devices, LUMC
This person was contacted to obtain more information about the hygienic aspects of some of the solutions that
were invented during the HSMEA.

One solution that was invented during the HSMEA in order to reduce waste and CO2-eq production from
waste in the preparation room, was replacing the current wrapping material of surgical trays (disposable) by
reusable aluminium containers. The specialist that was consulted explained that this is a possibility from
hygiene perspective, but not from a cost perspective. This option was explored over 10 years ago, and during
that investigation it was concluded that the costs do not outweigh the possible environmental savings. These
savings should also be questioned, as 2 to 3 times more washing machines are needed at the sterilisation
department, and the autoclaves cannot be filled to their capacity, as would be the case with the disposable
wrappers.

Furthermore, some uncertainty existed about the packagings of disposable and reusable instruments.
Some instruments are wrapped in two physical packagings, and some in only one. Per law, it is obligatory to
wrap all sterile products in two wrappers. However, a packaging that is physically observed as one packaging,
is actually two packagings, as it consists of two layers which are joined invisibly. All instruments that go
to the OR are packed in two physical wrappers. The packaging of instruments in two of these wrappers is
implemented because it facilitates easy distribution of these instruments, as all products that are double
wrapped are meant for the OR department.

When implementing interventions that will lead to an increase of sustainability of a process, ethical as-
pects are very important to consider. The LUMC should aim for an increase in sustainability, but ethical
concerns regarding patients should always be above sustainability concerns.
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The HSMEA Tool
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6
Validation

Two validation sessions were held with several HCPs, to determine whether the designed HSMEA tool com-
plies to the subjective design requirements. In this chapter, more information about the organization and
execution of these sessions will be provided.

6.1. Preparation
In order to gain more insights on how these sessions should be executed, a conversation was held with an
employee of the LUMC, who is the first author of a HFMEA study that was held in 2018 in the LUMC. For
this study, several HFMEA sessions were organized by him. Therefore, it was expected that discussing this
with him would lead to valuable insights that would increase the success and effectiveness of the validation
sessions of the HSMEA.

Several insights were gained from this conversation. From experience, he indicated that people tend to
think in solutions, and this should be avoided when the session has not reached this stage yet. The team
leader should do his or her best to avoid this from happening, and remind the participants of the goal that is
to be reached for every step.

Furthermore, he indicated the importance of a very precisely formulated topic. This will ensure all team
members have the same expectations of the sessions.

6.2. Participant recruitment
For this research, it was chosen to complete the validation sessions with a smaller team than would usually
be the case for a HSMEA project. For validation, the opinion of potential users is required. Usually, two
people from each expertise would be invited to a HSMEA project. For the validation sessions, only one person
per expertise was invited. If a larger team was consulted, only more opinions would be included, but not
necessarily opinions from different viewpoints. Therefore, for the goal of the validation sessions, a team
consisting of one person per expertise was deemed sufficient.

Seven people were invited to the validation sessions. Two medical specialists, one being the leader of the
Green Team and the other being a specialist regarding the investigated procedures, attended the meetings.
Furthermore, one OR nurse, who is also a member of the Green Team, attended as well. The sterilization
specialist of the LUMC participated as well, as she has extensive experience and knowledge about HFMEA,
Lean, and medical devices. Furthermore, the coordinator of the waste department in the LUMC and the
account manager from the waste handling company were invited as well. Unfortunately, these people could
not be included due to acute personal reasons. The first person was consulted after the validation sessions
were completed with the team for final inclusion. The author acted as the team leader during both sessions.

6.3. Validation session 1
During the first session, the HSMEA tool was first explained to the other four participants by means of a
PowerPoint (PP) presentation, that lasted about 10 minutes. During this presentation, the planning of the
first session was also explained. The validation sessions were executed by completing the HSMEA tool with a
certain topic. It was expected that when the participants truly experience the tool, and it is not just discussed
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step by step, they would get a better understanding of how the tool would be executed during a real project,
and could therefore provide better feedback on the use of the tool. The topic of the HSMEA was determined
beforehand by the author, and concerned the reduction of waste generated in the preparation room for a
fictional but realistic procedure (as no information for one specific procedure was available yet).

Now, step 3 of the tool was completed. This should normally happen during a brown paper session, but
this could not be facilitated. Therefore, the flow chart was completed by writing the individual steps on post-
its and creating the flow chart on a A3 paper sheet that was placed in the middle of the table. Filling out the
sub-steps was done by the author. See Figure 6.1 for a picture of the flow chart created during this validation
session.

The sub-steps belonging to the actual waste creation step were determined by the author and the OR
nurse right after the first session, by inspecting the waste bins in a preparation room. As no surgery was
prepared for at that moment, the waste bins were inspected to investigated what is disposed in which bin.
Because these bins contain waste from multiple surgeries, an estimation was made based on the nurse’s ex-
perience of which items are disposed in the waste bins during a preparation. All waste pieced were weighted
by the author, to be included in step 4. This data was used during the second session to complete step 5.

Some confusion was present during the first validation session, as the word ‘brainstorm’ was used in the
PP presentation to explain the execution of step 3. Because the author of the HFMEA paper (see above) called
the completion of step 3 a brainstorm, this terminology was also used in the HSMEA. However, this caused

Figure 6.1: The flow chart from step 3 as created during the first validation session
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1. Four categories of
products are present
in the preparation room:
surgical trays with
reusable instruments,
pre-packs with disposable
products, surgery-specific
crates with disposables,
and individually wrapped
disposables and reusables
stored in cupboards

2. These products are
unwrapped on the
instrument tables,
starting with the
pre-packs, followed by
the three other
categories

3. The packagings
and other waste of
all four product
groups are disposed
of in different
waste streams

4.1 Plastic foils

4.2 Paper

4.3 Residual waste

5.1 Recycled

5.2 Incinerated

5.3 Incinerated

Figure 6.2: Flow diagram of waste generation in preparation room in OR department

a lot of confusion, as step 3 should be completed in a very structured way. Therefore, this terminology was
removed from step 3.

As predicted by the author of the HFMEA paper, the participants were inclined to think in solutions when
completing step 3. The team leader kept reminding the team of the goal of step 3, resulting in a satisfactory
completion of step 3.

6.4. Validation session 2
The second session was completed by the same five participants as the first session. After the first session,
the author made a digital version of the flow chart as created in Figure 6.1. This flow chart (see Figure 6.2) was
presented to the team during the second session, and was regarded to be correct.

Before the second session, the author completed step 4, by determining all the weights and the waste
streams of all the pieces that are discarded during the fictional procedure, as determined by the author and
the OR nurse. This step was completed beforehand because this step is easiest completed by one person,
and completing the step during the second session would take too much time, that could better be spend on
completing step 5.

During the second session, the completion of step 4 was demonstrated to the team, and the results (the
colour coded environmental impacts) were discussed. Next, a start was made on step 5 for the item with the
highest environmental impact. During the completion of step 5, several suggestions were made by the team
on how this step could be improved. For example, categorising the solutions as long or short term implemen-
tation could help the team to have a better overview of the solutions. Furthermore, they suggested that waste
handling costs should be implemented as well, as they were not yet implemented at that moment. Although
no choices will be made based on this cost aspect, it creates a more complete overview of the implications of
the solutions proposed in step 5.

The remainder of session 2 was spent on discussing the different elements of the tool, and by filling out the
short questionnaire, asking the participants about their opinion regarding the incorporation of the subjective
design requirements in the tool. This feedback was discussed afterwards in one on one sessions with the
author.

6.5. Extra session
After the second session, observations were made by the author for two cases taking place in the OR depart-
ment that contribute to waste creation. The tool was filled out for step one to five by the author, and sent to
the other four participants for their feedback. However, it was suggested by one participant that it would be
better to discuss this in person. Therefore, an extra meeting was scheduled, in which the author, the leader
of the Green Team, and the sterilisation specialist discussed one of these two cases in person. During this
meeting, the solutions and the implications of the solutions in practice were discussed.
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6.6. Survey
After the second session, the participants were asked to fill out a survey consisting of 5 questions, to assess
whether the tool complies to the subjective requirements. When answering the questions, it should be kept
in mind that the Excel tool and an extensive protocol are made available. All questions required an answer on
a scale from 1-5, with 1 being ‘Do not agree at all’ and 5 being ‘Agree completely’. For every item, an average
score of 3.5 was considered as positive fulfilment of the requirement. When a participant gave an item a score
of 3 or lower, this was discussed with this participant, to find out why this score was awarded and how this
could be improved. The questions included in the survey can be found below. The suggestions and feedback
provided during this phase were incorporated in the tool by the author.

1. I think this tool to improve sustainability is easy to use.

2. I think this tool is useful to improve sustainability.

3. The tool is intuitive.

4. The tool is systematic.

5. The tool can be used independently (after the two validation sessions).

The results are the following:

1. The average score was 3.8 (lowest 3, highest 4)

2. The average score was 4 (lowest 3, highest 5)

3. The average score was 3.3 (lowest 3, highest 4)

4. The average score was 4.3 (lowest 3, highest 5)

5. The average score was 2.5 (lowest 1, highest 4)

6.7. User feedback
After the second session, the four participants had individual conversations with the author to discuss the
survey and provide feedback on the presented HSMEA tool. Below, the most important feedback per person
is reported, along with how this feedback is incorporated in the final HSMEA tool.

The feedback from the OR nurse consisted mostly of the fact that the proposed method is too much fo-
cussed on making an analysis, and not on the practical implementation of the results. As she has never
participated in academic research before, and is a very hands-on person, she suggested that more emphasis
is put on the fact that the goal of the tool is to come up with ideas that will be implemented in practice, and
that the analysis method is a tool to reach this. This feedback will be incorporated in the introduction of the
tool (see Chapter 7 Protocol).

The sterilization specialist’s feedback was directed at the intuitive structure of the tool. She made some
suggestions on how step 4 and 5 could be made more intuitive, for example by changing the order of some of
the columns in step 5. Adding an extra column in step 5, where it can be indicated per solution if it can be
implemented on a short or long term, was also suggested. Furthermore, she suggested that an elaboration
on the brainstorm, and especially techniques that could be used in this setting, would increase the ease of
implementation. Lastly, she commented that a HSMEA project would always require a process leader. This
could be someone from the LUMC, or from an external company. If the second option is chosen, the tool
is not used independent. Because both options are possible, she awarded a score of 1 to question 5 of the
survey. However, she indicated that it would be preferred to educate someone from the LUMC to be a process
leader for HSMEA.

The medical specialist, who is also the leader of the Green Team, suggested that the tool could be made
more intuitive, if the same choices from the drop-down menus resulted in the same colour coding. This is
incorporated in the tool in step 4.

The second specialist emphasized the importance of the implementation of the CO2-eq emission quan-
tification. This quantification will result in an objective analysis. Furthermore, he suggested that the tool
should be tested on various clinical cases, in order to test the applicability of the novel tool in practice.
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HSMEA Protocol

7.1. Introduction
From the survey (Chapter 3 Survey) and several conversations with OR personnel, it became clear that there
is a great need to make the OR department more sustainable. It is desired that the OR personnel could come
up with these interventions and solutions themselves, without the need of external input. Therefore, this
protocol was created, that can be used by the hospital personnel itself to identify opportunities for sustainable
interventions in the OR department. This protocol acts as a stand-alone document, and provides all the
information needed to complete the Excel workbook. The tool can be applied on every aspect of sustainability
inside the OR department, but also in the rest of the hospital. The goal of performing a HSMEA is to come up
with interventions that can be implemented in practice, increasing the sustainability of a process.

The structure of this tool is based on the existing HFMEA (Health Care Failure Mode and Effect Analy-
sis) tool, which is a combination of three existing tools: FMEA (Failure Mode and Effect Analysis), HACCP
(Hazard Analysis and Critical Control Point), and RCA (Root Cause Analysis) [28]. This makes HFMEA excep-
tionally suitable to be adapted to identify sustainable opportunities in healthcare, because the tool is already
designed to serve the healthcare industry. The success of the (format of the) HFMEA tool is described by sev-
eral researchers, like Van den Haak et al. (2018) [29], and emphasizes the fact that this format is suitable for
the implementation in this novel tool. The HFMEA tool will serve as the basis for the novel tool, by making
the focus of the tool improving the sustainability of the OR department, in stead of improving patient safety.
This HFMEA structure is supplemented with elements from the Lean philosophy, a management method
that aims to reduce waste of a process. For example, the Plan Do Check Act cycle of the Lean method is in-
corporated in the novel tool. More information about the PDCA cycle and the six steps can be found below in
Section 7.3.

The HSMEA (Healthcare Sustainability Mode and Effect Analysis) tool consists of six parts. These parts
need to be completed consecutively, in order to ensure effective use of the tool. This chapter will explain all
six steps, and provide guidelines on how to work with the HSMEA tool. The steps 1-5 should be filled out in
the provided Excel tool, because it contains easy to use drop-down menus and automatic colour coding. Step
6 can be filled out in the Excel tool, or a different online program of choice.

7.2. The six HSMEA steps
Step 0: Brainstorm
Before a topic for the HSMEA can be chosen (step 1), an inventory of possible subjects needs to be created.
This consists of all the processes that currently contribute to the process being ’not sustainable’, such as waste
generation, energy consumption, and water use. It is recommended that this is limited to one department
within the hospital. This inventory of all possible subject can be created by performing a brainstorm session
with a Green Team, supplemented by accepting suggestions from the personnel via email or on a bulletin
board. When performing a brainstorm session, it is important to include people of different expertise, to
define the problem precisely, and to create a safe environment free of judgement [31]. This session should
be led by someone who is experienced in brainstorming, as this person can help the team to go through
the brainstorm process and to come up with creative ideas. This inventory only has to be created once, and
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Figure 7.1: A simple example of a mind map

can be supplemented when new ideas arise. After the inventory is created, every new HSMEA project that is
undertaken can return to this inventory to choose a suitable subject.

Brainstorming is a technique that is known to aid teams with problem solving [65]. This creative tech-
nique can help generate ideas that were otherwise not discovered, by resolving blocks that limit the creative
idea generation [65]. By following a brainstorm technique, the participant’s perspective is expected to shift,
releasing this block, and resulting in the generation of creative ideas. When performing a brainstorm, it is
commonly believed that a large quantity of ideas is more important than the quality of the ideas [66]. How-
ever, a study performed by Rowatt et al. (1997) showed that quality is deemed more important by the brain-
storm participants than quantity [66].

Numerous brainstorm techniques exist [67]. For example, when following the technique ‘free associa-
tion’, the participants write down all the words that come to mind when thinking about the topic [68]. A
strength of this technique is that it is expected to uncover ideas that were otherwise not uncovered, because
of these associations that are created [68]. This is a difficult technique, as the participants should let go of any
structure, and let all ideas flow out [68]. As healthcare professionals are usually not familiar with performing
brainstorms, this unstructured brainstorm technique might not be the most appropriate for this application.

A brainstorm technique that is deemed appropriate for this setting, is creating a mind map [31]. This tech-
nique has proven a useful brainstorm method in healthcare, as it provides structure to the participants, who
are generally not familiar with such creative techniques [31]. By creating a mind map, a structured brainstorm
can be performed, by placing the topic, sustainability, in the middle, and creating three outward branches,
containing the main components of sustainability: waste, energy, and water. These branches will form the
starting point of the brainstorm session. Every branch can now be supplemented with ideas where sustain-
ability can be incorporated. This could be a location within the department, or a more specific situation that
occurs in practice. As mentioned before, this mind map should be created with the importance of quality in
mind, and not quantity. However, this does not mean that ‘wrong’ ideas exist, and still every idea should be
written down. The ‘free association’ technique could be used to supplement this method, as this will result
in more ideas. The mind map can be created using a white board or a flip chart, as this will stimulate the
participants to engage in creating this map. Including participants from different backgrounds will stimulate
the generation of diverse ideas [31]. When new ideas arise after the completion of the mind map, these can
be included as well. When certain topics are completed, these can be crossed off the map. Figure 7.1 shows a
simple example of a mind map.

The goal of step 0 is to create a mind map during a brainstorm session, from which future HSMEA
topics can be chosen.
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Step 1: Topic Definition
The first step defines the topic and the scope of the tool. It is important to define the topic and scope very
precisely at this point, so all team members know what topic to focus on. The statement should for example
contain what change is desired, where this change is desired, and to which medical procedures this is applicable
(when necessary).

When choosing a topic for the HSMEA from this mind map, similar ideas can be clustered [31]. For exam-
ple, one of the branches can be chosen as a topic, for example energy use. Alternatively, a specific location
can be chosen where multiple sustainability issues are tackled (for example energy use and waste generation
in the preparation room). Now, the participants can vote for the idea that they deem the most reasonable to
perform a HSMEA on [31]. A selection can also be made based on the CO2-eq emission per topic, but this
is expected to cost a lot of time, which could better be directed at performing the HSMEA. This choice can
be made by the healthcare institution itself. To reach maximum sustainability in a department, it should be
aimed to treat all the topics that emerge from the mind map.

The goal of step 1 is to choose a topic for the HSMEA from the mind map that was created. This
topic should be very precise, containing what change is desired, where this change is desired, and
to which medical procedures this is applicable.

Step 2: Administrative Data
The second step focuses on some administrative data. Every HSMEA will have a unique number. It is up to
the health care facility itself to create a system for this, but it is recommended to do this in a systematic way.
The start date and expected completion date will be filled out here as well. This expected end date is the date
when filling out the HSMEA tool is expected to be complete, not when it is expected that the solutions are
implemented in practice.

Furthermore, it is recommended that a Green Team is formed, that will carry out projects in order to make
the OR more sustainable. Here, it will be specified who the team members are and what profession they
have in their daily job. It is important that the team is multidisciplinary, to ensure a variety of viewpoints are
represented. Also, a team leader needs to be specified. The size of the team depends on the size of the project.
In general, it is recommended that for every expertise, two representatives are present for every project.

The names of the team members need to be filled out in the Excel tool. When more rows need to be
added in the Excel worksheet, this should happen in between the rows that are already present (and not at
the bottom), in order to include them in the drop-down menu in step 5.

The goal of step 2 is to form a team that will perform the HSMEA. It is recommended that a Green
Team is formed, consisting of several OR employees with different professions. Furthermore, an
overview will be created of when the HSMEA will be performed.

Step 3: Flow Chart and Sub-Steps
Part three entails the creation of a flow chart that maps the processes involved in a graphical way. This map
can be created in the tool under step 3. Creating this process flow chart starts with placing the chosen topic
in the middle, and writing the steps leading to this step before the topic in the flow chart, and writing the
processes that happen after the topic after this step. This results in a chronological flow chart containing all
events leading up to the chosen topic, and all events happening after the chosen topic. All steps should be
numbered consecutively. This flow chart can be created in the Excel tool under step 3, by filling out the empty
flow chart that is present under this step. A different pre-set flow chart can also be chosen. These flow-charts
can be found by selecting Insert > SmartArt > Process in the menu bar. More steps can be added by selecting
the flow chart > SmartArt Design > Text Pane.

This flow chart will aid with the identification of the areas where sustainable interventions are required.
This method ensures a highly structured and systematic approach, and is especially important for elaborate
and complex processes, in order to make the analysis as complete as possible. When this map is not created,
the chance of missing certain aspects increases.

The step containing the chosen topic should be further divided into sub-steps. These sub-steps should
be numbered consecutively, and should start with the number of the main step they belong to. When deter-
mining the sub-steps, the question that should be kept in mind is: Which processes/situations contribute to
the chosen topic? These sub-steps should be very specific actions from practice. The identification of these
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Table 7.1: Waste, energy, and water impacts in kg CO2-eq per unit, and costs per unit, used in step 4 and 5.

Category Unit Recycling kg CO2-eq per unit Source Cost per unit Source

Waste
Plastic foils kg Yes 2.638 [69] -"0,09 [70]
Plastics and PMD kg Yes 3.363 [69] "0,40 [71]
Paper and cardboard kg Yes 0.934 [69] -"0,09 [70]
Residual kg No 4.834 [69] "0,12 [71]
Regulated medical waste kg No 5.636 [69] "1,00 [70]
Glass kg Yes 0,916 [69] "0,21 [71]
Vegetables, fruit, garden waste kg No 4.066 [69] "0,03 [71]
Medicine kg No 12,71 [69] "0,18 [72]

Energy kWh - 0.526 [69]
Water L - 0.298 [11]

sub-steps is very important, as the sub-steps will form the basis of step 4. In the Excel tool, the sub-steps can
be dragged and placed underneath the step they belong to. When many sub-steps are identified, they can
also be filled out directly in step 4.

When the HSMEA project investigates energy or water use, every sub-step is an item that uses this re-
source. For example, when 10 computers are present in an investigated area, this counts as one sub-step
‘computers’. In the first column of step 4, it can be indicated that 10 computers are present.

When the HSMEA project concerns waste, every sub-step is an item that is disposed during the studied
process. When multiple items of the same type are disposed, this counts as one item. In step 4, it can be
indicated how many pieces per item are disposed. For example, when two lamp handle covers are unpacked,
this packaging counts as one sub-step, and in step 4 it can be indicated that this item occurs twice.

The goal of step 3 is to map the process concerning the chosen topic in a structured and systematic
way. The step which is most crucial to the topic is broken down into sub-steps, which will form the
basis for step 4.

Step 4: Sub-Step Analysis
Now, the sub-steps identified in step 3 will be evaluated by determining the environmental impact, cost im-
pact, and by using the decision tree. First, all sub-steps identified in step 3 will be entered, each in a new row,
in the Excel tool under step 4. When a new row needs to be added, this should happen in between existing
rows, and not at the end of the table. In the Excel tool, the columns of which the header is coloured grey will
be filled out automatically. Some cells contain drop-down menus containing all possible options.

This step decides in which order the items will be treated in step 5 (based on environmental impact) and
if the item will be treated at all (based on decision tree) in step 5. This step is part of the Plan step of the PDCA
cycle, because it is planned which items will be treated and in which order they will be treated.

The outputs of step 4 depend on what is desired by the team performing the analysis. For example, for a
waste HSMEA, the outputs could be: kg waste and kg CO2-eq produced, waste handling costs, and percentage
recycling. These outcome measures are displayed at the bottom of the table, and on the graph worksheet.

Environmental impact
First, the environmental impact will be determined for each sub-step. In the Excel tool, only two (or three
when the project concerns waste) values need to be entered. The first value that is entered is the number of
devices the item concerns, or the amount of pieces that are disposed. Next, the amount of units (g, kWh, or L)
produced by the sub-step per device or pieces of waste is entered. Now, the total amount of units is calculated
by multiplying these two values. This value is now multiplied by the CO2-eq emissions associated with that
unit (see Table 7.1), to determine the environmental impact score. The values from this table are selected
automatically in the tool.

When the project concerns waste, it needs to be indicated, using the drop-down menu, in which waste
stream the item is disposed in. Now, the environmental and cost impact will be calculated automatically.



7.2. The six HSMEA steps 47

In the column ‘kg CO2 per item’, the values for the CO2-eq impact per item will be ranked using a colour
scale. This scale is determined by the range of values that is expected (or determined from several studies) to
occur in practice. This scale is divided in three parts: the highest 1/3rd of the values will be coloured red, the
middle 1/3rd yellow, and the bottom 1/3rd green. This colour scale depicts the order in which the items will
be treated in step 5, starting at the red cell, and working towards the green cell. It depends on the resources,
such as time and money, available, how many items per analysis can be completed. In order to improve the
sustainability of the process maximally, it is recommended that all items are treated.

The CO2-eq emission factors for the waste category are based on the United Kingdom’s government emis-
sion factors [73]. They consist of the addition of the emission for the waste handling (transport and waste
storage) and the average emission for material extraction, production, and transport [73]. The emission fac-
tor for residual waste is based on the composition of municipal residual waste, as determined by Rijkswater-
staat (Ministry of Infrastructure and Water Management) in 2016 [73]. When the waste stream is recycled, the
emissions of the recycling process are also included in the emission factor [73]. The benefits of recycling (e.g.
less virgin material needed) are not included in this factor, as these benefits are attributed to the user of the
recycled material, and not the waste producer [74]. Energy recovered during incineration of waste is also not
included in these emission factors [74].

For energy, the CO2-eq emission factor includes all emissions from well-to-wheel [75]. This means that
all emission starting at the source of the energy until the use of the energy are included. This includes the
emission for collection, pre-treatment, and transport to the power plant [73].

The water CO2-eq footprint consists of several components, which all use a certain amount of energy.
This energy is converted to CO2-eq. Factors included in the calculation of the water footprint are extraction
from source, transportation, and treatment [76].

Adjust Excel tool
When the HSMEA concerns waste, the waste stream per item needs to be indicated, using the drop-down
menu. This menu can easily be adjusted, for example when it is desired to include a new waste stream in the
drop-down menu. This menu originates from the tab ‘Emissions and costs’. In this table, a new row should
be added when it is desired to add a waste stream. To automatically include this in the drop-down menus
in step 4 and 5, this row should be added in between the rows that are already included in the drop-down
menu. When this is not possible or desired, the drop-down menu can be extended. First, the cells in which
the drop down menu (column ‘Waste stream’) appears should be selected. Now, Data > Data validation, from
the ribbon, should be selected. Now, the data source can be adjusted to include the new desired entries for
the drop-down menu.

The environmental impact values, which are automatically filled in when other information is provided,
are extracted from the tab ‘Emissions and costs’. When the impact values have to be adjusted, for example

START:
A similar item has
been solved before

An effective control
measure is currently
operational that will

prevent this item
from occurring

PROCEED

The solution to
this item can be
adjusted to be

applicable in the
current situation

STOP

False

False

True

True

False

True

Figure 7.2: Decision tree to decide for which items the analysis should proceed, and for which it should be stopped
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when updated values become available, these should be adjusted in this table. This will automatically imple-
ment these new values in the calculation in step 4 and 5.

For energy and water use, only one CO2-eq impact value is required. For waste however, multiple CO2-
eq values are necessary, as every waste stream has a different environmental impact. When values for new
waste streams become available and these should be implemented in the tool, these new values should be
included in the table on the tab ‘Emissions and costs’. Now, the formula in the cells of the column ‘kg CO2
per kg product’ should be adjusted. This formula contains several IF statements. The cell from this column
for item 1 should be adjusted, by adding the following code almost at the end of the formula, before the zero
value: IF(G6=‘Emissions and costs’![cell location containing name of waste stream];‘Emissions and costs’![cell
location containing impact of waste stream];. The cell location begins with a letter, for the column where the
value is present, and ends with a number, for the row location. Before both these two inputs, a $ should be
inserted. A ) should be added now as well at the end of the formula. This formula should be copied to the end
of the column, in order to extend the new formula to all cells. This same change should also be made in step
5 for the same column, only now for cell T6 instead of G6.

The cells from the column ‘kg CO2 per item’ will all receive a colour automatically, based on their value.
To adjust the colour or the values that are used to determine the colour, select the column. Now, select Con-
ditional Formatting (under Home in ribbon) > Manage Rules... > select rule to be edited > Edit Rule. Here, the
colour or values when this rule is applied can be adjusted.

Cost impact
Based on the amount of the item that is entered and the cost per unit, a cost can be assigned to each item.
These costs are calculated automatically when the amount of the item is entered in the tool. When the anal-
ysis concerns waste, only the waste handling costs, and not the costs associated with the procurement of the
item, are taken into account. This will result in an underestimation of the costs that are saved. These costs
can be found in Table 7.1. The costs per unit for energy and water could not be retrieved in time, but can be
requested in the LUMC.

Adjust Excel tool
Similar as for the environmental impact, it could be desired that the costs per category are adjusted, or costs
for new waste streams should be included as well. When costs change, this should be adjusted in the table
from the tab ‘Emissions and costs’. Now, the costs in step 4 and 5 will be adjusted accordingly automatically.

When costs for new waste streams should be included in step 4 and 5, the formula in the cell for the
first item in the column ‘" handling waste per kg product’ should be adjusted. At almost the end of the
formula, before the zero value, the following code should be added: IF(G6=‘Emissions and costs’![cell location
containing name of waste stream];‘Emissions and costs’![cell location containing cost of waste stream];. The
cell location begins with a letter, for the column where the value is present, and ends with a number, for the
row location. Before both these two inputs, a $ should be inserted. A ) should be added now as well at the end
of the formula. This formula should be copied to the end of the column, in order to extend the new formula
to all cells. This same change should also be made in step 5 for the same column, only now for cell T6 instead
of G6.

Decision tree
Next, the decision tree is applied to each sub-step (see Figure 7.2). This step is implemented in order to
direct the energy of the team to the right items. Here, it will be assessed whether a similar problem has been
solved before, and if there is currently an effective control measure present that will prevent this item from
occurring. If one of these two statements is applicable to the item, the analysis will be stopped for this item.
The outcomes of the decision tree can be easily denoted in step 4 of the Excel tool using the drop-down
menus, resulting in automatic colour coding. When the decision tree indicates that the analysis should not
proceed for the item (‘STOP’ in decision tree), the cell will colour red. Now, only the second column of step
5 should be filled out, indicating why the decision tree resulted in ‘STOP’. The remainder of the tool does not
have to be completed for this item.

However, when it is desired that a comparison is made between the current and expected situation, part
of step 5 should be completed. To calculate the new environmental impact, the values under ‘predicted en-
vironmental impact’ should be changed, according to the action chosen for the item. These values can be
copied from the HSMEA worksheet where they first appeared.



7.2. The six HSMEA steps 49

The goal of step 4 is to determine in what order the items should be assessed in step 5 (based on
the environmental impact) and for which items the analysis should proceed (based on the decision
tree).

Step 5: Solution Creation
In step 5, solutions will be invented for the items that proceed from step 4. The order of the items in which
this should happen is determined by the colour scale from step 4.

First, an action will be determined for each item. For this, the drop-down menu in the Excel tool offers
six options. These actions, and their influence on the environmental impact, can be found in Table 7.2. The
actions ‘reduce & recycle’, ‘recycle’, and ‘reuse’ are applicable when the HSMEA concerns waste, and are less
applicable when the HSMEA concerns energy use or water management.

It is up to the team performing the HSMEA which one of the six actions will be chosen. When the actions
‘refuse’, ‘reduce & recycle’, ‘reduce’, ‘recycle’, or ‘reuse’ are chosen, the cell colours green in the Excel tool, and
step 5 can be proceeded. A short description of the action should be noted in the next column. When the
action ‘refrain from action’ is chosen, the cell will colour red, and it is not necessary to fill out the remainder
of step 5. The only column that needs to be filled out is the second column of step 5, providing an explanation
why the item is accepted. This cell should also be filled out when the decision tree results in ‘STOP’.

Now, the predicted environmental impact, based on the action that is chosen, is calculated. The default
environmental impact in step 5 is the same as the one in step 4. Depending on the action chosen, the values
in the white columns should be adjusted.

Next, it can be indicated if the solution can be implemented within a short or long time frame. Again, a
drop-down menu is present to indicate this. Indicating this per item is expected to create a good overview
for the Green Team on which solutions can be implemented quickly, and which items will take a longer time
before implementation is complete. When it is expected that implementation will take a long(er) time, it
could be possible that more research on the topic is required before it can be implemented. For example,
every Green Team member could be assigned one short term and one long term solution. Alternatively, a
long term solution could be assigned to someone who is already familiar with the subject, and knows who to
talk to for implementation of this solution.

It should also be determined how the success of the action can be measured. This should be written down
under ‘check measure’. The responsible person for this item should make sure that this action is carried out,
and that management and the hospital hygienic specialist (when applicable) are in concurrence with the
proposed measure. The responsible person can be chosen using the drop down menu, displaying the names
of the team members as filled out in step 2. This person can also say something about it when it is observed
that the actions are not carried out.

Now, it needs to be determined whether the proposed measure will form a threat to the safety of one
of the stakeholders. This can be determined by discussing this with several specialists regarding this topic,
for example the hospital hygienic specialist. Because this is such an important item, it needs to be written
down explicitly whether the safety is compromised or not. When the specialist does not accept the proposed
solution, a different solution can be proposed, or the item can be accepted in its current state. This should be
indicated on a new row in the tool.

Lastly, approval from management is required. A drop-down menu is present in the last column to indi-
cate this. When management does not agree with the proposed measure, a new solution can be invented, by
creating a new row and completing step 5 again.

Table 7.2: The six possible solution in step 5 and their influence on the environmental impact

Solution Change in environmental impact

1 Refuse The amount of devices or pieces reduces to 0, resulting in an impact score of 0
2 Reduce & Recycle The amount of devices or pieces and the waste stream changes, resulting in a re-

duced impact score
3 Reduce The amount of devices or pieces reduces, resulting in a reduced impact score
4 Recycle The waste stream changes, resulting in a change in kg CO2-eq per unit
5 Reuse The amount of devices or pieces reduces, resulting in a reduced impact score
6 Refrain from action No action is undertaken for this item, leaving the impact score unchanged
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Adjust Excel tool
In order to compare the effects of the proposed solutions, PivotTable can be created. First, in the menu bar at
the top of the screen, select Data > Summarize with PivotTable > select the whole table including step 4 and 5
> select New Worksheet > OK. Make sure every column has a header, as this is required to create a PivotTable.
Now, input for the Rows and Values are required. Check the boxes on which the analysis will be based: if a
comparison on kg waste produced (before and after the interventions) is desired, select the boxes ‘kg total’
and ‘kg total2’. These will appear in ‘Values’. When a comparison based on CO2-eq impact is desired, these
boxes should be selected. Click the check box from ‘Descriptions of actions’, and drag this entry to ‘Rows’.
Now, the current and expected values for kg waste or CO2-eq emission are displayed per solution category.

In order to calculate the percentage change, the expected situation needs to be subtracted from the cur-
rent situation, and divided by the sum of the current situation. This needs to be calculated per solution for
which this is desired (per row). This will result in a value < 1, which indicates the difference to the current
situation, when this is equal to 1. By subtracting this value from 1, the percentage reduction from the current
situation is calculated.

This table does not update automatically. When new data is entered in step 4 and 5, the PivotTable needs
to be updated. To update it, click a cell in the table > PivotTable Analyze in ribbon > Refresh.

The goal of step 5 is to come up with solutions for the investigated items. Depending on this solu-
tion, the predicted environmental and cost impact will be adjusted. It should be assessed whether
these solutions are carried out successfully by comparing them with the check measure by the re-
sponsible person. This person should also ensure concurrence with management. Furthermore, it
will be determined whether the proposed solution compromises the safety of the stakeholders, by
consulting the hospital hygienic specialist.

Step 6: Solution Execution
Part 6 consists of the creation of separate files for each item, where the progress of the execution of the so-
lution can be tracked. When the solution to several items is similar, one file can be created, stating that this
file is valid for multiple items. The name of the file should be the same as the number of the item, preceded
by a 6. Here, the actions that need to be executed in order to achieve the solution can be written down, with
the sub-actions that are required. Who will execute these items and when they should be completed can be
written down here as well. Meetings with stakeholders or other persons can be tracked here as well. It is the
job of the responsible person for each item to keep this file up to date. The file should be comprehensible for
other members of the Green Team as well, and should indicate clearly which actions have been undertaken
and which actions still need to be performed in order to realise the solution. When a solution could not be
implemented, it is important to write that down in this file as well. This is useful when similar situations are
encountered, and the team wants to look up why a solution was not executed. These files could also be con-
sulted by different departments that perform a HSMEA, to see how a problem was tackled in the department
where the HSMEA was performed. The team leader should check these files regularly in order to assess the
progress of the HSMEA.

The goal of step 6 is to execute the solutions invented in step 5. The progress of the solutions for the
individual items will be tracked. Separate files should be kept up to date by the responsible person,
containing data on the progress of the item.

7.3. PDCA cycle and the six steps
An element from the Lean method that is incorporated in the HSMEA tool, is the PDCA cycle. This cycle
consists of four phases: Plan, Do, Check, Act. Step 4, 5, and 6 of the HSMEA tool have similarities with this
cycle. During step 4, the current situation is analysed, and during step 5, it is planned how this situation
could be improved, in terms of sustainability. This is also displayed graphically in Figure 7.3. During step
6, this solution is executed, corresponding to the Do phase of the PDCA cycle. Now, it will also be checked
whether the implementation of the solution is satisfactory by comparing it to the check measure set in step
5. When this check measure is not met, the Act phase is entered. Here, action is undertaken to solve the item
satisfactory. Now, the analysis should return to the Plan phase (especially step 5), in order to come up with a
new solution. Now, the cycle should be completed again, until the solution meets the check measure.
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PLAN
(step 4 & 5)

DO
(step 6)

CHECK
(step 6)

ACT
(step 6)

Figure 7.3: The similarities between the PDCA cycle and step 4, 5, and 6 of the HSMEA tool

7.4. Planning sessions
A suggestion for the planning of the team sessions and the content of these sessions is described below. This
can be used as a guide when starting a new HSMEA. Currently, it is not known how long it will take to perform
a full HSMEA. The time frame is dependent on many variables, such as the size of the Green Team, frequency
of meetings, extend of HSMEA, and the difficulty of the solutions that will be implemented.

Before teammeeting 1
The initiator should assemble a Green Team that will be notified of the upcoming team meeting.

Teammeeting 1
During the first team meeting, the team members should get to know one another by introducing themselves.
Furthermore, the brainstorm session to determine possible HSMEA subjects should be completed. From the
results of this brainstorm, the topic for the HSMEA project should be determined.

Teammeeting 2
This topic should be communicated clearly to all team members. The administrative data from step 2 should
be completed. Furthermore, the flow chart and sub-steps from step 3 can be created. As step 4 involves
executing measurements in practice, this should be completed by several team members between meeting
2 and 3. In this way, step 4 is completed before meeting 3, and during meeting 3, the team can commence
performing step 5.

Teammeeting 3
During meeting three, step 5 of the analysis will be completed. This can be done in groups/pairs, depending
on the number of items identified. The outcomes can be discussed with the whole team after all items are
completed.

Teammeeting 4, 5, ..., n:
Depending on the number of items identified, several meetings could be required to complete step 5 for all
items. If step 5 has been completed for several items, step 6 can commence for these items, while still working
on step 5 for the remaining items.

Teammeeting n+1
During this meeting, step 6 will be completed for all items. This step consists of making separate files for
every item that will be tackled. In these documents, the progress of each solution can be checked. This file
should be kept up to date by the responsible person for each item.
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Teammeeting n+2
During the last meeting, the progress of the individual items will be discussed. The files created in step 6 can
be used to lead this discussion. The other team members can give suggestions to the responsible person on
how to implement the solutions. A new HSMEA can be started at this point, simultaneously with the wrap-up
of the previous analysis.



8
Clinical Case Studies

8.1. Introduction
In order to explore possible applications of the novel tool, two clinical cases are completed. Both cases focus
on waste generation. Because waste generation is disproportionally large in the OR department compared to
other departments [17], the decrease of waste generation and its impact in the OR department is an impor-
tant subject to improve the sustainability of the hospital. This waste is also the most important annoyance
regarding sustainability of OR personnel (see Chapter 3 Survey). The HSMEA tool for waste is also the most
elaborate to develop and fill out, and is therefore tested extensively during these case studies. From obser-
vations, it became clear that a lot of this waste is created in the preparation room adjacent to the OR. Here,
numerous medical (sterile) products are unwrapped (see Chapter 4 Observations for a detailed description).

The first case will concern the reduction of waste produced in the preparation room. It was chosen to
create an overview of three different gynaecological procedures, because these procedures were available for
observation, a variety of procedures exist, and all team members are familiar with these procedures. It was
chosen to observe one laparoscopic procedure (Total Laparoscopic Hysterectomy, TLH, 65 procedures per
year [77]), and two open procedures, one being debulking (21 per year [77]), a very specific and long surgery,
and one being a C-section (caesarian section, 610 per year [77]), a very standardized and short procedure.
It should be noted that the preparation for these surgeries was performed by different OR nurses, and on
different days and times. Around 3000 gynaecological surgeries are performed on a yearly basis in the LUMC
[78], and more than 12000 surgeries are performed in total in the LUMC yearly [77].

The second case concerns the analysis of the pre-pack that is used during a C-section. This pre-pack
is procured for "37,80. During every surgical procedure in the LUMC, a pre-pack is used. This pre-pack is
supplied by the company Mölnlycke, a Swedish company for which sustainability is a very important aspect of
their business management [79]. Because of this, it is expected that they would be very willing to implement
changes based on the outcomes of the HSMEA analysis. Therefore, it is very interesting to evaluate the C-
section pre-pack with the tool.

This pack is sterile and contains most disposables that will be used during a surgery. Different pre-packs
exist, which are most of the time used for multiple types of surgery (e.g. one pre-pack for laparoscopic gynae-
cological procedures, which is used for a variety of surgeries). However, this specific pre-pack was chosen,
because the pre-pack for a C-section is made specifically for one procedure. The caesarian section pre-pack is
the only pre-pack within gynaecology that is used for only one procedure. Other procedures share pre-packs
among multiple procedures, and completing a full analysis of all applications of these pre-packs would not
fit within this research.

8.2. Case 1: waste in preparation room for 3 gynaecological procedures
Step 1
The topic of the first case is the reduction of waste, lowering the CO2-eq footprint, and increasing the recycling
rate for waste generated in the preparation room for three gynaecological procedures: the caesarian section,
total laparoscopic hysterectomy (TLH), and debulking. These outcome measures were chosen, because the
waste handling company aims to reduce waste and increase recycling, and the LUMC board aims to lower
CO2-eq emissions.

53
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1. Four categories of
products are present
in the preparation room:
surgical trays with
reusable instruments,
pre-packs with disposable
products, surgery-specific
crates with disposables,
and individually wrapped
disposables and reusables
stored in cupboards

2. These products are
unwrapped on the
instrument tables,
starting with the
pre-packs, followed by
the three other
categories

3. The packagings
and other waste of
all four product
groups are disposed
of in different
waste streams

4.1 Plastic foils

4.2 Paper

4.3 Residual waste

5.1 Recycled

5.2 Incinerated

5.3 Incinerated

Figure 8.1: Flow diagram of waste generation in preparation room in OR department

Step 2
This case was completed with the same team as the validation sessions: two medical specialists of the LUMC
(one being the leader of the Green Team), one OR nurse of the LUMC (member of the Green Team), one
sterilization specialist of the LUMC, and one TU Delft representative (the author). The OR nurse acted as an
expert regarding the waste generation process in the preparation room, and one of the specialists as an expert
regarding gynaecology. The author acted as the team lead during this case study. This project was started in
September 2018 and is expected to be completed in October 2018. The number of this HSMEA is 201801, as
it is the first HSMEA project that is undertaken in 2018.

Step 3
During the first validation session, the process flow chart and the sub-steps of the topic were completed. The
OR nurse acted as the specialist regarding this subject, because the preparation room is the domain of OR
nurses. The resulting flow chart can be found in Figure 8.1. Five steps were identified that contribute to the
process of waste creation in the preparation room. Step 4 and 5 were split out in three steps, to indicate the
different waste streams and the handling of these waste streams. Because the actual generation of the waste
happens in step 4, when the different products are disposed in the three waste streams, the sub-steps are
determined for all three waste streams.

The investigated process starts when the four different product streams are present in the OR. For ev-
ery surgery, one or more surgical trays with reusable instruments, pre-packs containing disposable prod-
ucts, surgery-specific crates with disposables, and individually wrapped disposable and reusable instruments
stored in the cupboards are required. These products are all brought to the preparation room daily. This is
step one of the flow chart (see Figure 8.1).

During step 2, the products that are required for the surgery are unwrapped. The pre-pack containing
disposables is the first product to be unpacked, as it contains the sterile instrument table covers. When the
tables are covered with these sheets, the other three product groups are unpacked.

Step three entails the disposal of the packagings of all product groups in three different waste streams:
plastic foils, paper, and residual waste. Therefore, step 4 is split in these three waste streams. In every prepa-
ration room, a waste collection station, consisting of four trash bags is present. Two of these bags are used for
residual waste (black bags). One bag is used for plastic foils (clear bag) and the remaining one for paper waste
(clear bag). All waste bags are collected in the waste storage room of the OR department by logistics per-
sonnel, after which they are transferred to the waste handling department on the ground floor of the LUMC.
Here, the trash bags are separated based on their colour in their respective stream again. Now, the different
waste streams are collected by the waste handling company. How every waste stream is handled by this com-
pany can be found in step 5 in the flow chart. Plastic foils are recycled, whereas the paper and residual waste
streams are incinerated.

During the completion of this step, it was discovered that the choice of which products are unpacked is
influenced to a large extend by the surgeon (for the TLH and debulking). When the surgeon requests a certain
instrument, either reusable or disposable, this is made available to him or her by the OR nurse. In some cases,
the product is not unpacked in the preparation room, but is unwrapped in the OR at the moment the surgeon
requests the product. In other cases, the product is unpacked in the preparation room and transported with



8.2. Case 1: waste in preparation room for 3 gynaecological procedures 55

Table 8.1: The results of step 3, 4, and 5 for the two case studies (RMW being regulated medical waste)

Case 1 Case 2

Procedure C-section TLH Debulking C-section
HSMEA # 201801 201801 201801 201802

St
ep

3

# of steps 5 5 5 12
# of sub-steps 21 45 35 37 (91, 202, 83)

Plastic foils 3 2 9 11

Paper 10 9 14 41

Residual waste 8 34 12 26 (41, 192, 33)
RMW - - - 6 (12, 53)

St
ep

4

Current situation:
Kg waste 0.33 0.78 1.02 2.88
Kg CO2-eq 1.37 3.68 4.70 13.90
" 0,017 0,089 0,098 0,297
% recycling 31 3 11 3

St
ep

5

# of sub-steps proceed to step 5: 21 34 18 29
Action type:

Refuse 5 2 2 5
Reduce & Recycle 4 0 0 0
Reduce 1 0 0 3
Reuse 0 0 0 0
Recycle 7 24 8 1
Refrain from action 4 8 8 20

Expected situation after actions:
Kg waste 0.27 0.74 1.00 2.19
Kg CO2-eq 0.91 2.53 3.94 10.53
" 0,008 0,034 0,076 0,214
% recycling 56 54 30 6

1 Disposal in preparation room
2 Disposal in operating room
3 Disposal elsewhere

the other products into the OR.
The flow chart is the same for every surgery performed in the LUMC, including gynaecological surgeries.

However, the sub-steps vary per surgery as different products are required during each surgery, resulting in
different items being unpacked. The number of sub-steps identified for all three surgeries can be found in
Table 8.1.

Caesarian section
A total of 21 sub-steps were identified for the caesarian section. For the creation of clear plastic waste, three
sub-steps were identified. Ten sub-steps were identified to contribute to the generation of paper waste. For
the residual waste stream, 8 sub-steps were identified.

Total Laparoscopic Hysterectomy
For the Total Laparoscopic Hysterectomy, 45 instances when waste is created in the preparation room were
identified. At two instances, soft clear plastic waste was created. Nine moments were identified for the cre-
ation of paper waste. The other 34 instances contributed to the creation of residual waste.

Debulking
35 sub-steps were identified during the preparation for a debulking. Soft clear plastic was generated at 9
instances, paper at 14 and residual waste at 12.
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Step 4
Within the Excel workbook, three worksheets were created, one for each procedure that will be analysed in
this case study. The sub-steps identified in step 3 were analysed in step 4 using the Excel worksheet. It was
determined by the author how many pieces of waste are created for each item, and the weight per piece.
This data is entered in the Excel worksheet, together with the waste stream the item is disposed in, using
the drop-down menu. When evaluating case 1 and 2, it became apparent that the CO2-eq impacts range
roughly from 0-3 kg. Therefore, all cells of the column ‘kg CO2 per item’ now receive a colour: green when the
impact is between 0-1 kg CO2-eq per item, yellow when between 1-2, and red when the impact is between
2-3. Furthermore, it is indicated whether the item has been solved before, or an effective control measure is
present, using the decision tree. This is completed for each item.

The outputs of the Excel worksheet for step 4 can be found at the bottom of the worksheet, or on the next
sheet where a graph is created automatically as well. The outcome measures that should be considered are
stated during the topic definition in step 1. The three outcome measures for this HSMEA are: kg waste, kg
CO2-eq, and % recycling. The kg CO2-eq impact can be converted to the equivalent kilometres driven by a
passenger car, by dividing it by 0.22 [11]. Although the topic of this HSMEA does not concern the reduction
of waste handling costs explicitly, its values are reported to create a more complete overview of the expected
changes. The outcomes are calculated for the current situation in step 4, and are listed below for the three
investigated procedures (see Table 8.1).

Caesarian section
For the C-section, a total of 0.33 kg waste was created. This corresponded to 1.37 kg CO2-eq and "0,017 waste
handling costs. Currently, 31% of this waste is recycled. All cells containing the environmental impact per
item coloured green, indicating all impacts were between 0-1 kg CO2-eq per item. As this is the first HSMEA
project and no control measures were observed, all items pass the decision tree, and will continue to step 5.

The item with the highest CO2-eq impact was the disposal of the packaging of the surgical instruments
tray (one piece with a weight of 103 gram, disposed as residual waste, 0.50 kg CO2-eq). The lowest CO2-eq
impact belongs to the disposal of the aluminium parts of the cap of the injectable water bottle (1 piece of one
gram, residual waste, 0.005 kg CO2-eq).

Total Laparoscopic Hysterectomy
A total of 0.78 kg waste was created when preparing for a TLH. This resulted in an CO2-eq impact of 3.68 kg
and "0,089 waste handling costs. Three percent of this waste is currently recycled. Forty-four of sub-steps
coloured green, because of their impact between 0-1 kg CO2-eq. The remaining one item coloured yellow. Of
the 45 sub-steps identified for this procedure, eleven also occurred for the caesarian section. Therefore, the
decision tree resulted in ‘STOP’ for these items. These items will not have to be analysed in step 5.

The item with the highest CO2-eq impact was the disposal of the packaging of the surgical instruments
tray (three pieces with a weight of 103 gram each, disposed as residual waste, 1.50 kg CO2-eq total). Five items
had the same lowest impact score: the disposal of the Tyvek part of the packaging of the anti fog product, the
disposal of the aluminium parts of the cap of the injectable water bottle, the plastic and paper part of the
packaging of the syringe, and the aluminium packaging of the surgical blade (all one piece of one gram, all
residual waste, each 0.005 kg CO2-eq).

Debulking
A total of 1.03 kg waste was created in the preparation room for the debulking procedure, resulting in 4.70
kg CO2-eq produced and "0,098 waste handling costs. Twelve percent of this waste is recycled. The CO2-eq
impact of all items, except 1, was between 0-1 kg CO2-eq, resulting in a green cell. The remaining one cell was
coloured red, and contained a value between 2-3 kg CO2-eq for this item. Of the 36 sub-steps, 17 were already
solved during the analysis of the C-section or the TLH. These items will not continue to step 5.

Again, the disposal of the packaging of the surgical instruments tray (six pieces with a weight of 103 gram
each, disposed as residual waste, a total of 2.99 kg CO2-eq), had the highest CO2-eq impact. The lowest CO2-
eq impact belonged to the disposal of the plastic part of the packaging of the syringe (one piece of one gram,
disposed as plastic foil, 0.003 kg CO2-eq).

Step 5
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Table 8.2: The influence of the implementation of the four proposed solutions (PMD being Plastics, Metals, and Drink cartons) on the
three outcome measures, for the three scenarios investigated in case 1 (caesarian section, total laparoscopic hysterectomy (TLH), and
debulking preparation) and the one scenario from case 2 (caesarian section pre-pack)

C-section preparation Waste production CO2-eq emission Recycling

Introduce PMD waste stream - -2% +5%
Recycle paper waste stream - -28% +26%
Introduce recycling culture - 0 0
Revise pre-pack -17% -19% -

TLH preparation

Introduce PMD waste stream - -2% +3%
Recycle paper waste stream - -12% +18%
Introduce recycling culture - -13% +26%
Revise pre-pack -4% -4% -

Debulking preparation

Introduce PMD waste stream - -1% +4%
Recycle paper waste stream - -12% +16%
Introduce recycling culture - 0 0
Revise pre-pack -2% -2% -

C-section pre-pack

Introduce PMD waste stream - -<1% +<1%
Recycle paper waste stream - -1% +1%
Introduce recycling culture - 0 0
Revise pre-pack -23% -23% -

Solution creation & Impacts
A summary of the results of the solution creation and predicted impacts of step 5 can be found in Table 8.1.
A total of 73 items were addressed. Of these items, 9 were refused, 4 were reduced and recycled, one was
reduced, zero were reused, 39 were recycled, and 20 were refrained from action.

When action is undertaken against the item, these solutions can roughly be grouped in four categories: (1)
increasing the recycling rate by adding a new waste stream, in which a combination of plastics (except plas-
tic foils), metals, and drink cartons (PMD) can be disposed of, (2) recycling a waste stream which is already
separated in the preparation room but is currently not recycled (paper), (3) introducing a culture in which
recycling is the new normal, to increase the recycling efforts of OR nurses, and (4) revising the pre-packs by
including some items, and removing other items from the pre-pack (most items for which the action ’refuse’
was chosen). Solution 1, 2, and 3 will all help to increase the recycling rate, and thereby lowering the CO2-eq
impact. Solution 4 will contribute to a decrease in waste and CO2-eq production, and a decrease in costs.
These solutions are all communicated and discussed with the responsible person within or outside the hos-
pital. Summaries of these conversations can be found in Chapter 5 Expert Interviews. The new material
and waste streams, after the implementation of these four solutions, can be found in Chapter 9 Flow Chart
Expected Situation.

In the sections below, an overview is given per investigated procedure which actions are undertaken.
These results can also be found in Table 8.1. Furthermore, it is reported per solution category (as listed above)
how this affects the three outcome measures. This effect is the result of only implementing this solution, as
compared to the current situation. These results are summarised in Table 8.2.

Caesarian section
All 21 items were assessed in step 5. Of these items, 5 are refused, 4 are reduced and recycled, one is reduced,
7 are recycled, and for the remain four, no action is undertaken. This will result in a waste generation of 0.27
kg (reduction of 20%), a generation of 0.91 kg CO2-eq (reduction of 34%), a waste handling cost of "0,008
(51% reduction) and a 56% recycling rate (83% increase). No action was undertaken against the item with the
highest impact score, the packaging of the surgical instruments tray (refrain from action).

When extrapolating these values to all 610 caesarian sections performed per year, a total of 38.9 kg waste,
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285.8 kg CO2-eq, and "5,33 will be saved. This CO2-eq impact can be converted to an equivalent of kilometres
driven in a passenger car. In this case, almost 1300 km is saved, equal to driving from the LUMC to Bologna,
Italy.

This increase in recycling rate is a combined effort of two of the solution categories, by adding a new waste
stream (increase of recycling by 5%) and by recycling the paper waste stream (26% increase). The influence
of these factors on the production of CO2-eq can be found in Table 8.2. Revising the pre-pack has an effect
on the total amount of waste and CO2-eq produced (17% reduction of waste and 19% reduction of CO2-eq).
Introducing a recycling culture will not result in any changes for this procedure.

Total Laparoscopic Hysterectomy
The remaining 34 items were assessed in step 5. The action for most items (24 items) was recycling. Two of
the remaining items were refused, and the other eight were refrained from action. Now, 0.74 kg waste will be
created when preparing for a TLH (reduction of 5%), 2.53 kg CO2-eq will be produced (31% reduction), and
54% of the waste will be recycled (18 fold increase). The waste handling costs will be "0,036 (reduction of
63%). No action was undertaken against the item with the highest impact score, the packaging of the surgical
instruments tray (refrain from action).

65 TLHs are performed yearly in the LUMC, resulting in a yearly saving of 2.6 kg waste, 74.9 kg CO2-eq,
and "3,63 when implementing the solutions. The CO2-eq emissions are equal to driving from the LUMC to
Luxembourg in a passenger car.

The increased recycling rate is again due to the introduction of a new waste stream (increase of 3%) and
the recycling of the current paper waste stream (18% increase). The influence of these factors on the emis-
sion of CO2-eq can be found in Table 8.2. Also, introducing a recycling culture will have a very large effect on
the recycling rate for this specific case (26% increase). The OR nurse preparing for the TLH indicated during
the observations that she does not find separating waste important. Creating a culture in which this is the
standard will educate the nurse on the importance of recycling, and could therefore lead to a large poten-
tial increase of the recycling rate. This new culture will also lead to a decrease in CO2-eq emission of 13%.
Revising the pre-pack will, in this case, also lead to a reduction of waste and CO2-eq production (both 4%).

Debulking
The remaining 18 items were assessed in step 5. Eight of these items will be recycled, two will be refused and
for eight items, no action will be undertaken. When these measures are implemented, 1.00 kg waste will be
created when preparing a debulking surgery (3% decrease), 3.94 kg CO2-eq will be created (decrease of 16%),
and the recycling rate will be 30% (159% increase). The waste handling costs will be "0,076 (reduction of
23%). No action was undertaken against the item with the highest impact score, the packaging of the surgical
instruments tray (refrain from action).

This procedure is performed 21 times yearly in the LUMC. The implementation of the proposed measures
will result in a cumulative saving of 0.58 kg waste, 15.7 kg CO2-eq, and "0,47. This emission is also expected
when driving from the LUMC to Volendam.

Recycling is again increased by recycling the paper waste stream (increase of 16%) and by adding the new
waste stream (4% increase). The influence of these factors on the production of CO2-eq can be found in Table
8.2. By including some items in the pre-pack, the amount of waste and CO2-eq produced will go down only
a very small amount (2%). Introducing a recycling culture is not expected to have an effect on the outcome
measures for this specific case.

Executional data
The practical executional data was not filled out in the tool for this case. Because the case was completed in
an accelerated and smaller setting than normally would be the case, it was chosen to focus on the analysis
part, and not complete the executional part (i.e. the last five columns of step 5). Completing this information
would at this point be useless, as it is unknown who, for example, will participate in executing the solutions.
However, if the Green Team wishes to continue with executing the solutions proposed in this HSMEA, they
can resume the project easily and start where this report stopped.

Furthermore, stakeholder safety and management concurrence were not investigated in this study. The
proposed solutions are not expected to influence stakeholder safety. However, before they are implemented
in practice, the hospital hygiene specialist should be consulted. Management concurrence was also not in-
vestigated. However, informal talks with several managers already revealed that they are open to discuss the
proposed changes. These conversations should be continued by the Green Team.
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Step 6
Because this paper reports an accelerated and smaller setting than normally would be the case, step 6 does
not treat all items separately, but focusses on the four proposed solutions in step 5.

Solution 1
By adding a new waste stream, where plastic (except plastic foils), metal waste, and drink cartons (PMD) can
be disposed in, an increase in recycling and a reduction of CO2-eq emissions and waste handling costs can
be achieved (see Table 8.2). When looking at the flow chart in Figure 8.1, this will result in the addition of
step 4.4 Plastics and Metal, and 5.4 Recycled. This solution was approved by the waste handling manager of
the LUMC. A one week pilot will be held in one of the preparation rooms of the OR department. One of the
two current residual waste bags in the waste bag station that is present within every preparation room will
be replaced by an orange bag, for this waste specifically. This orange bag is also present within other depart-
ments of the hospital and is separated from the other waste bags at the waste handling department within
the hospital. Therefore, no difference in work flow is expected when this new waste stream is introduced.

In order to educate the OR nurses about what waste should go into this new waste stream, stickers, that
are present throughout the whole hospital, will be placed on the waste bag station, indicating what should go
into every waste stream. Furthermore, examples of the waste going into the new waste stream will be put on
display in the break rooms within the OR department.

After this one week pilot, it will be assessed by the waste handling department of the LUMC whether the
pilot was successful. This will be determined by the level of contamination of other waste that should not be
present in the new waste stream. Five percent contamination is allowed by the waste handling company for
the recycling to take place. When more than 5% contamination is present, it will be investigated why this is
the case, and how this can be decreased. This pilot is being organised at the moment by the waste handling
manager and the leader of the Green Team.

Solution 2
The paper waste stream leaving the preparation room could be recycled in the future. As is evident from
Table 8.2, this measure will result in the largest increase in recycling and decrease in CO2-eq emissions for
two procedures (caesarian section and debulking). This will result in a change of step 5.2 in Figure 8.1 from
‘Incinerated’ to ‘Recycled’. Currently, paper waste is separated from other waste in the preparation room.
However, this was not recycled, as it was unknown to the waste handling manager of the LUMC that this
clean paper waste was produced in the preparation rooms. This waste is currently collected in clear trash
bags. These will be replaced by blue bags, to indicate that they contain paper waste for recycling. This is
also the case in the rest of the hospital. These waste bags will be separated from the other waste bags at the
waste handling station in the LUMC. Therefore, no difference in waste handling or waste collection in the
preparation rooms is expected. This solution is currently being implemented by the waste handling manager
and the leader of the Green Team.

Solution 3
As became evident in step 5 for the three different procedures, introducing a recycling culture could either
have a large effect on the recycling rate and CO2-eq emission, or none at all. When recycling is encouraged
through cultural changes, by making recycling the new standard and not subject to personal preferences, the
recycling percentage could increase significantly. This culture should be introduced by stimulating positive
behaviour [80]. More information about how this can be achieved can be found in the book Positive Orga-
nizational Behavior by Nelson and Cooper (2007) [80]. This solution will not affect the flow chart created in
step 3.

During the observations made in the preparation rooms, it became evident that every OR nurse has his
or her own ideas about recycling. Some OR nurses feel very passionately about recycling, and therefore try
their best to maximise their recycling efforts. However, not every OR nurse shares this mindset. Participation
of employees is known to influence sustainability positively [81]. Therefore, it is important to educate these
nurses on the importance of recycling. This can for example be achieved by indicating clearly, using stickers
that are present throughout the whole hospital, what waste belongs in which waste stream. The implementa-
tion of these stickers is currently executed by the waste handling manager and the leader of the Green Team.
Furthermore, this new culture should facilitate nurses to approach other nurses and say something about
their recycling behaviour, in a safe and respected way.
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A fun way to make the employees familiar with this new kind or working, is by hosting a competition
between different department, aimed at lowering waste or CO2-eq emission. Hosting such a competition has
showed to lead to substantial savings in British hospitals [82].

This culture focused on recycling should not only be introduced inside the hospital, but also at the man-
ufacturer. For example, they could indicate on the packagings in which waste stream it belongs, making it
easier for the user to recycle the packaging. By stimulating a recycling culture at different stakeholders, a
maximal positive effect on the recycling rate could be achieved.

Solution 4
Although the impact of the revision of the content of the pre-packs is only small for some procedures, it is still
important that this is executed. This solution will not affect the flow chart created in step 3 (see Figure 8.1). As
is evident from Table 8.2, this is the only solution of the proposed four solutions that helps reduce the amount
of waste produced. The pre-pack can be adjusted monthly, and most of the content can be changed when this
is indicated by the LUMC. Some content is included because of laws and other regulations, and can therefore
not be changed. Initial contact was made with the company supplying the pre-packs, Mölnlycke, by the
author. The representative indicated that he would look into the fact to print the information sheets included
in every pre-pack double sided. He also indicated that other suggested changes would be possible. A LUMC
representative should continue these conversation to adjust the content of the pre-packs. However, extensive
research on the pre-pack is necessary first to determine the optimal content. It is recommended that this
project is undertaken by the Green Team, for example by performing observations at different surgeries, or
by sending out a questionnaire to OR nurses.

8.3. Case 2: waste of caesarian section pre-pack
Step 1
For the second case, the topic is the reduction of waste generated by the content of the caesarian section pre-
pack and the pre-pack itself, reducing its CO2-eq footprint, and increasing the recycling rate during the use
of the pre-pack. These outcome measures were chosen, because the waste handling company aims to reduce
waste and increase recycling, and the LUMC board aims to lower CO2-eq emissions.

Step 2
This case was completed with the same team as the validation sessions and the first case, but without the
OR nurse: two medical specialists of the LUMC (one being the leader of the Green Team), one sterilization
specialist of the LUMC, and one TU Delft representative (the author). Because the OR nurse was unavailable
for the second case, other OR nurses were consulted in an informal way about the use of the pre-pack. The
author acted as the team lead during this case study. This project was started in September 2018 and is
expected to be completed in October 2018. The number of this HSMEA is 201802, as it is the second HSMEA
project that is undertaken in 2018.

Step 3
The third step was completed by the author after the validation sessions and the first case, and discussed with
the remaining members of the team during a follow-up session. The resulting flow diagram can be found in
Figure 8.2.

This flow chart for the use of the pre-pack is the same for every pre-pack used in the LUMC. The flow chart
starts when the pre-pack is brought into the preparation room and stored there until use. The second step
consists of opening and unpacking the pre-pack on the instrument table. Now, some of the content is either
disposed (like protection caps, bags containing products), or is placed on the instrument table to be used
in the OR. The disposal in the preparation room (step 3) again happens in three waste streams: plastic foils
(step 4.1), paper (step 4.2), and residual waste (step 4.3), with the first stream recycled (step 5.1) and the latter
two incinerated (step 5.2 and 5.3). In every preparation room, a waste collection station, consisting of four
trash bags is present. Two of these bags are used for residual waste (black bags). One bag is used for plastic
foils (clear bag) and the remaining one for paper waste (clear bag). These trash bags are brought to the waste
storage room in the OR department by logistics personnel.

The remaining products enter the OR and are used here (step 6). After the surgery, all products (used and
unused) are disposed in the residual waste stream (black bags, step 8.1), which will be incinerated (step 9.1).
Items that are soaked with blood or contain sharp parts are disposed in regulated medical waste (step 8.2),
which is also incinerated (step 9.2). The trash bags from the OR are brought to the waste storage room in the
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Figure 8.2: Flow diagram of waste generation for the caesarian section pre-pack

OR department by the OR nurse, after which they are transferred to the waste handling department at the
ground floor of the LUMC by logistics personnel. Here, the trash bags are disposed in containers correspond-
ing to their waste stream, and collected by the waste handling company to be either recycled or incinerated.

Some items leave the OR and are disposed elsewhere. These items include the placenta tray, catheter bag
(when catheter is not removed after surgery), and the baby’s beanie. These items are either disposed in the
residual or regulated medical waste (step 11.1 and 11.2), and are both incinerated (step 12.1 and 12.2).

For the pre-pack flow chart, steps 4.1, 4.2, 4.3, 8.1, 8.2, 11.1, and 11.2 are the steps where the actual waste is
created. Per step, it was determined how many items are disposed in this stream. Every disposed item counts
as a sub-step. In total, 37 sub-steps were discovered. Of these sub-steps, nine took place in the preparation
room, twenty took place in the OR, and the remaining eight took place in different locations.

For the disposal of plastic foils in the preparation room (step 4.1), one sub-step was discovered. Four sub-
steps were discovered to contribute to the generation of paper waste in the preparation room (step 4.2), and
four sub-steps contributed to the generation of residual waste (step 4.3).

In the operating room, the content of the caesarian section pre-pack generated 19 residual waste items
(step 8.1). Furthermore, one item was disposed as regulated medical waste (RMW) (step 8.2).

The remaining 8 sub-steps took place at various locations outside the OR department. Three of these
sub-steps generated residual waste (step 11.1), and the remaining 5 RMW (step 11.2).

Step 4
These 37 sub-steps were analysed using the Excel workbook in step 4. Per sub-step, the number of pieces and
the weight per piece disposed were determined by the author. For some items, it was not possible to weigh
the actual item, because it needed to stay sterile, and it was not possible to weigh it after its use (for example
surgical drapes), because it was contaminated. For these items, an estimation was made, based on the weight
of a similar product and the size of the product (as stated on the information sheet included in the pre-pack).

Furthermore, it was entered in which waste stream the item is disposed in. Now, the items are automat-
ically ranked using a colour scale based on their environmental impact in kg CO2-eq emission. Of the 37
sub-steps, two items had an environmental impact between 2-3 kg CO2-eq emission, resulting in a red cell.
One item was coloured yellow (impact 1-2 kg CO2-eq), and the remaining cells were coloured green. Now, it
is required to fill out the decision tree. Here, it is stated whether a similar item has been solved before, and if
an effective control measure is currently in place. This data is entered for each item. Eight items were solved
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before, and should therefore not be analysed in step 5.
The outputs of the Excel worksheet can be found at the bottom of the worksheet, or on the next sheet,

where a table and graph are present summarising the data. The three outcome measures can be found here:
kg waste, kg CO2-eq, and % recycling. Although the topic of this HSMEA does not concern the reduction
of waste handling costs explicitly, its values are listed to create a more complete overview of the expected
changes. The values for the current situation are calculated in step 4.

The caesarian section pre-pack generates 2.87 kg waste (equal to the weight of the pre-pack, as everything
will be disposed). This corresponds to a generation of 13.89 kg CO2-eq emission and waste handling costs of
"0,297. Currently, 3% of the waste generated by this pre-pack is recycled. Eight of the sub-steps were already
solved during HSMEA 201801. Therefore, 29 items will proceed to step 5. These values can also be found in
Table 8.1.

The item with the highest CO2-eq impact was the disposal of four surgical gowns (116 gram each, disposed
as residual waste, resulting in a total of 2.24 kg CO2-eq produced). The lowest CO2-eq emissions belongs to
the disposal of two items: one umbilical chord clip in the residual waste in the OR and the disposal of the
paper wrapper around the gauzes in the preparation room. Both weigh 0.002 gram, are disposed as residual
waste, and have an impact of 0.01 kg CO2-eq.

Step 5
Solution creation & Impacts
A summary of the actions undertaken against the sub-steps and the predicted impact can be found in Table
8.1. Of the 29 items, 5 were refused, 3 will be reduced, one will be recycled, and the remaining 20 are not
treated (refrain from action). The item with the highest environmental impact, the disposal of the four surgi-
cal gowns in the OR, will be reduced, by including three surgical gowns in the pre-pack in the future, as the
fourth one was often discarded without being used. The environmental impact of this item is now reduced,
resulting in a yellow colour of the cell (kg CO2-eq between 1 and 2). The impact for the other red and yellow
cell remained unchanged.

The same four solutions that were invented for case 1 are applicable in this case. The influence of each
solution on the four outcome measures can be found in Table 8.2.

In this case, the introduction of the two recycling waste streams does not have a very large influence on
the production on CO2-eq, because most waste is disposed as residual waste in the OR, where recycling is not
possible for hygienic reasons. However, these two measures do ensure a doubling in recycling rate. On the
other hand, the revision of the pre-pack will have a large effect on the amount of CO2-eq and waste produced
(both a decrease of 23%). The introduction of a recycling culture is not expected to have an effect in this case.

After these solutions are implemented, it is expected that the pre-pack will weigh 2.19 kg, corresponding
to a 24% reduction compared to the current situation. Also, 10.53 kg CO2-eq will be emitted (24% reduction),
and recycling will double to 6%. The waste handling costs will be "0,214 (reduction of 28%).

When extrapolating these values to all 610 caesarian sections performed per year, a total of 415.5 kg waste,
2054.3 kg CO2-eq, and "50,35 will be saved. This CO2-eq impact can be converted to an equivalent of kilome-
tres driven in a passenger car. In this case, more than 9000 km is saved, equal to driving from the LUMC to
Tibet, China.

Executional data
As for the first case, the practical executional data was not filled out in the tool for this case. Because the case
was completed in an accelerated and smaller setting than normally would be the case, it was chosen to focus
on the analysis part, and not complete the executional part (i.e. the last five columns of step 5). However, if
the Green Team wishes to continue with executing the solutions proposed in this HSMEA, they can resume
the project easily and start where this report stopped.

Step 6
Solution 1 & 2
For the introduction of the two new recycling waste streams, see step 6 from Section 8.2 from case 1.

Solution 3
The introduction of a recycling culture was not applicable in this case.
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Solution 4
The solution with the most influence on the production of waste and CO2-eq, is the revision of the caesarian
section pre-pack. Sessions with the users (i.e. surgeons) of the pre-packs should be held to determine which
products can be eliminated from the pre-packs. It was discussed with the supplier of the pre-pack, Mölnly-
cke, how this pre-pack can be revised. More information about this topic can be found in Chapter 5 Expert
Interviews. The author started a conversation with the supplier about the content of the pre-pack, and these
conversations should be continued by a LUMC representative.

8.4. Discussion
The completion of these two case studies led to valuable insights about the steps. These insights are reported
below per step.

Step 3
While completing step 3, valuable insights were obtained that were otherwise not uncovered. During case 1
and 2, the team created the flow chart of the current situation. Because the waste handling manager could
not attend the session, this flow chart was presented to him by the author after the session. He commented
that the paper waste stream is currently not recycled, but the team thought that this was the case. When
this flow chart was not created, it was possible that this ‘mistake’ was not corrected. This also underlines the
importance of a multidisciplinary team.

During the validation sessions, the team complimented the inclusion of this step, as it creates a clear
overview of the situation for everyone. This step is also a known strength of the FMEA method [32].

Step 4
The validation participants were very enthusiastic about the insights obtained during step 4. Currently, it is
very difficult for the Green Team to determine what processes to focus on when improving the sustainability
of the OR department, as it is not known how the impacts of the different processes relate to each other. By
completing step 4, an overview is obtained of the impacts of all items. This provides the Green Team with
very practical ideas on where to start when tackling sustainability.

Step 5
During case study 1, it became apparent that currently a lot of CO2-eq emissions could be cut by increasing
recycling rates. Waste production could only be lowered by revising the pre-packs. This waste production
could be lowered by other means as well, for example decreasing the size of packagings when possible, but
this was only applicable to one or two items, and therefore not included in the analysis. For future HSMEAs,
more emphasis could be put on reducing waste in stead of recycling.

Recycling is increased by introducing the PMD waste stream. For this analysis, it was assumed that the
paper-like material Tyvek (high-density polyethylene) can be included in the PMD waste stream for recycling.
At the moment of writing, the waste handling department of the LUMC was still looking in to the possibilities
of recycling Tyvek. Because it is indicated by various sources that this is possible [17, 83, 84], it was included
in the analysis.

One solution was proposed during the sessions that could reduce the waste produced during case 1 (for all
three procedures) by 31-60%. This reduction can be achieved by replacing the disposable ONE-STEP [85], in
which every surgical instruments tray is currently wrapped, by reusable sterilisation containers. This solution
was discussed with the specialist sterile medical devices from the LUMC. This option was explored 10 years
ago, but implementation was not possible in the LUMC from a cost perspective. Furthermore, the current
capacity of the sterilisation department is not sufficient to facilitate this, as 2-3 times more washing capacity
is needed. When the sterilisation department will be renewed in the coming years, the implementation of
this option should be kept in mind. But first, a Life Cycle Analysis and business case should be performed to
determine the feasibility of this solution.

ONE-STEP is currently not recycled, and the waste handling department is currently exploring the options
to recycle it. When this solution would be implemented, the recycling percentage would go up to almost
100%. A recycling percentage of 100% is not possible to reach, as some items will remain that cannot be
included in the recycling waste stream (even though they could be recycled). These include items of which
the waste handing person can suspect that it is contaminated, for example gloves or syringes. Therefore,
these items will always have to be disposed in the residual waste, and cannot be recycled.
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During case 2, the item with the highest CO2-eq impact was the disposal of four surgical gowns (0.56 kg
CO2-eq per gown). The proposed solution was the inclusion of only three of these gowns in the pre-pack in
the future, as the fourth gown is used by the intern. In the future, when an intern is present, he or she will
need an individually packaged gown. The footprint of this gown and its packaging, assuming this packaging
is recycled, is 0.58 kg CO2-eq. This means that this solution will lead to CO2-eq reductions, if an intern is
present in less than 97% of the procedures. From conversations with OR nurses, it was estimated that interns
are present at about 50% of the caesarian sections that are performed. However, this should be investigated
formally during a follow-up study.

In order to increase the recycling rate even further, hard plastics can also be collected separately and
recycled. However, this will only lead to an increase of around 2%. Because the waste bin station currently
consists of four trash bags of which 3 are in use, only one space is available. Introducing the PMD waste
stream will have a larger effect on the recycling rate, and therefore this space will be dedicated to this new
waste stream, and not to hard plastics collection. It is recommended that this waste bin station is expanded
in the future, to include this waste stream as well.

In order to decrease the footprint even further, packagings and disposable instruments could be made
of biodegradable plastics. After comparing several biodegradable plastics to conventionally used plastics,
Poly Lactic Acid (PLA) with the right ratio of L- and D-lactide was deemed the most appropriate material to
manufacture biodegradable rigid medical products. For flexible products, the conclusion is less clear. Both
P3HB (Polyhydroxybutyrate) and PCL (Polycaprolactone) offer several advantages and disadvantages. This
initial research should be continued to investigate whether it is indeed possible to manufacture instruments
and devices from these plastics, and the implications of this on sustainability (see Chapter 11 Biodegradable
Plastics for Medical Applications).

Step 6
As can be observed in Table 1.3, every proposed solution has a different effect on the three outcome mea-
sures. In order to increase the sustainability as much as possible, all four solutions should be implemented
in practice. Although the solution to revise the pre-pack may only lower the waste and CO2-eq produced in
case 1 minimally, in case 2 this solution has a very large effect. Conversely, the recycling of the paper waste
stream and the introduction of the PMD waste stream have a large effect in case 1, but only a small effect in
case 2. The simultaneous introduction of all four solutions is therefore expected to have a positive effect on
the sustainability in multiple areas.

8.5. Conclusion
After performing these case studies, it can be concluded that the implementation of the HSMEA tool in prac-
tice could lead to valuable insights about the sustainability of the situation, and how this could be improved.
Practical solutions were invented of which the impact on the process was determined. It is recommended
that all four solution categories are implemented, as this will lead to the greatest improvements in terms of
waste and CO2-eq produced, waste handling costs, and recycling percentage.



�
Flow Chart Expected Situation

In Chapter 4 Observations, a flow chart was presented, which depicts the material and waste streams for
reusable instruments and disposable products in the OR department. In Chapter 8 Clinical case studies, four
solutions were suggested to increase the sustainability of the OR department. In the figure below, the same
flow chart as in Chapter 4 is depicted, but now for the new situation when these four solutions would be
implemented.

9.1. New situation
It can be observed that one new waste stream is added (Plastics, Metals, and Drink cartons), which leaves the
preparation room, and is brought to the waste storage room. This is the same route as for the other waste
streams. In terms of work flow, it is expected that this solution can be implemented easily. The remaining
three solutions do not influence the material and waste streams at all.
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CS
D

Ex
te

rn
al

 
co

m
pa

ny

CS
D

W
as

te
 

pr
oc

es
-

sin
g 

co
m

pa
ny

Pr
ep

ar
a-

tio
n

ro
om

W
as

te
 

st
or

ag
e 

ro
om

Ha
llw

ay
 

st
or

ag
e

Ho
sp

ita
l 

st
or

ag
e

OR

W
as

te
 

st
or

ag
e 

de
pa

rt
-

m
en

t

Reusable 
instruments

Disposable
products

Re
sid

ua
l w

as
te

Sh
ar

ps

In
fe

ct
io

us
 w

as
te

In
sid

e 
ho

sp
ita

l

Ou
ts

id
e 

ho
sp

ita
l

OR
 d

ep
ar

tm
en

t

M
at

er
ia

l s
tr

ea
m

W
as

te
 st

re
am

Em
pl

oy
ee

PE
RI

OP
ER

AT
IV

E
TI

M
E

PO
ST

OP
ER

AT
IV

E
PR

EO
PE

RA
TI

VE

Ex
te

rn
al

Ha
llw

ay
 

st
or

ag
e

OR nu
rs

e

OR
 

st
or

ag
e

Re
cy

cl
in

g

In
ci

ne
ra

tio
n

Lo
gi

st
ics

Lo
gi

st
ics

M
ed

ic
at

io
n 

re
sid

ue

Ca
rd

bo
ar

d 
(o

ut
er

 b
ox

)

Lo
gi

st
ics

Lo
gi

st
ics

Ex
te

rn
al

OR
 

st
or

ag
e

Lo
gi

st
ics

Ca
rd

bo
ar

d 
(in

ne
r b

ox
)Nu

rs
e

Lo
gi

st
ics

So
ft 

cl
ea

r p
la

st
ic

Pa
pe

r
Re

sid
ua

l w
as

te
Pl

as
tic

s, 
M

et
al

s, 
an

d 
Dr

in
k 

ca
rt

on
s

Nu
rs

e

Nu
rs

e

Nu
rs

e

Figure 9.1: Waste and material stream within OR department, with the four proposed solutions implemented (resulting in the addition
of a new waste stream leaving the preparation room (Plastics, Metals, and Drink cartons))



��
Future HSMEA Topics

During this research, two HSMEA cases were completed for waste generation. In this chapter, suggestions are
made for future HSMEA studies.

10.1. Waste generation
10.1.1. Use of non-sterile gloves in OR
It was observed that no policy exists (or it is not followed) about when to wear non-sterile gloves in the OR
when touching the patient or the surroundings, and when these gloves should be changed. This lack of knowl-
edge about the use of non-sterile gloves was also observed by other researchers [86]. In the LUMC, this was
mostly observed before the surgery, when the anaesthesia is administered. Now, it seems that the glove use is
mostly dictated by personal preferences and insights, which leads to inconsistent use and disposal of gloves.
Yearly, 800.000 non-sterile gloves are used in the OR department, which are all disposed as residual waste,
because they are possibly infected by the patient. However, it was observed that these gloves are often used
to touch other surfaces as well, such as keyboards or infusion pumps. When the gloves are disposed, several
employees were observed to touch these surfaces again with their bare hands. This defeats the purpose of the
glove use in the first place, and generates unnecessary waste.

Analysing this topic using the HSMEA method could provide useful insights on when the gloves are used
(by creating a flow chart in step 3), the impact of the current situation (step 4), how glove disposal and impact
could be lowered (step 5), and how these measures could be implemented in practice (step 6).

10.1.2. Cotton products
Although cotton products, like gauzes and swabs, only contribute to a small percentage of weight of all the
waste created in the OR [39], their environmental impact might be the highest of all materials that are dis-
posed [39, 40]. This is because the production of cotton is very energy and water intensive [40]. It was ob-
served that many cotton products, such as gauzes and sponges, are disposed unused, because a certain num-
ber of products is included in a pre-pack, but not all items are used. Therefore, it is recommended that the
possibilities to reduce (the use of) cotton products are explored. For example, disposable cotton towels can
be laundered, which significantly decreases the environmental impact of cotton products [40]. This option
should also be explored for cotton gauzes and other cotton products.

The HSMEA method could be useful to determine when cotton products are used, their current impact,
and how this could be lowered. For this, the CO2-eq that is emitted during the production of cotton could
also be taken into account. Per kg cotton produced, 4.64 kg CO2-eq is emitted to the atmosphere [87].

10.1.3. Break room
Several employees indicated on the survey (see Chapter 3 Survey) that they are annoyed by the large amount
of waste that is produced in the break room. This waste is mostly created by the individual packagings in
which sandwich toppings and spreads, such as butter, cheese, ham, and chocolate sprinkles are served. Fur-
thermore, water is served in disposable drink cartons and glass bottles. With the HSMEA method, it could
be investigated if these individual packagings are necessary, and what the impact would be when these are
replaced with bigger packagings that are shared among employees.
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Even though the individual packagings create a lot of waste, they also reduce food waste. This is espe-
cially true for food with a high environmental impact, like cheese. In this way, it is possible that the overall
environmental impact is lowered by using these small packagings, because food waste is reduced [88]. This
trade-off should be investigated with the HSMEA or by performing a Life Cycle Analysis.

10.2. Energy use
From observations, it became clear that numerous electronic devices are used in the OR. Furthermore, ven-
tilation and lights are on throughout the day, and are switched off at night. The power that is currently used
by the LUMC originates from non-renewable sources, like coal. The LUMC is currently exploring the pos-
sibilities to implement solar energy. By performing a HSMEA focused on energy, it can be determined how
the CO2-eq impact will change when switching from a non-renewable to a renewable energy source. It is
expected that the CO2-eq emission of the hospital can be lowered significantly when switching to this power
source [89], as 50% of the LUMC’s carbon footprint consists of energy use [7].

10.3. Water use
Water is used in the LUMC at various instances, for example when washing hands or during cleaning. In the
OR department, it was observed that water-saving taps are present at the washing stations. This is known
to save a lot of water and energy [64]. By performing a HSMEA concerning water, it can be investigated how
more of these water-saving interventions can be implemented.



��
Biodegradable Plastics for Medical

Applications

The HSMEA tool can help reduce the use of resources, like plastic, that generate waste in the healthcare in-
dustry. However, because of the trend towards single use products and the need for packagings, the use of
plastics can never be completely eliminated in the current healthcare system. Therefore, it is proposed to
make these products out of biodegradable plastics. No waste will be generated because these products will
be degraded completely by naturally occurring microorganisms [90], and they are not dependent on fossil fu-
els. In the current chapter, this concept will be explored. It will be determined what adjustments (if any at all)
are needed for different stakeholders in order to make current single use products out of compostable plas-
tics, and what challenges will be faced when trying to achieve this. This chapter will focus on creating rigid
and flexible medical instruments and products from biodegradable plastics, but not on creating packaging
material from biodegradable plastics.

11.1. Biodegradable Plastics
Compostable, or biodegradable, polymers are plastics that are made from renewable sources, such as plants,
animals or microbes [91]. Because they are build up of molecules that occur naturally, they can be degraded
by various processes into these molecules, leaving no trace behind [91]. Biodegradable plastics can be de-
graded aerobically or anaerobically (with or without oxygen present, respectively) [90]. They are broken down
into water, naturally occurring gases like CO2 (carbon dioxide) and CH4 (methane), and biomass [92]. This
happens under the right conditions, which depend on for example the appropriate temperature and duration
of degradation [93].

It might sound very uncommon or unsafe even to create biomedical devices of this type of plastic, but this
is something that was already done in the 1960s, when the first biodegradable sutures made of polyglycolic
acid (PGA) were approved [94]. Sometimes, like it is the case for sutures, the surgeon desires that the prod-
ucts disappears from the patient’s body, without having to perform surgery. For these type of applications,
biodegradable (also called resorbable) plastics may prove to be useful. After this first invention, the interest
of using PGA and other biodegradable plastics increased rapidly, for example in dental, orthopaedics, and
drug delivery [94]. In orthopaedics, biodegradable polymers are used for bone implants and fixation screws,
but also for drug delivery systems that prevent the infection of bone after surgery [95].

11.2. Case: current single use products vs. biodegradable single use prod-
ucts

In the current system, reusable and disposable products are used simultaneously. In the LUMC, more and
more reusable instruments are being replaced by disposable equivalents, of either plastic or steel. The reusable
products are sterilized inside the hospital, whereas the single use products are disposed after their use. The
current situation of instrument use, both reusables and disposables, is described in Figure 4.1 in Chapter 4.
When the disposable products are supplemented by biodegradable single use products, this has certain con-
sequences for some actors who are in contact with these instruments. The prospective changes are described
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below.

Surgeon
Because the instruments made of this biodegradable plastic will have exactly the same shape and functional-
ities as conventional instruments, it is not expected that there will be a difference for the surgeon when using
these instruments.

OR nurse
Because the instruments are made of biodegradable plastic, they should be collected separately from the
other waste. It is recommended that a new waste bin is introduced in the OR or close to the OR, where the
instruments can be collected after surgery. This will be very similar to the current collection of the hospital
specific waste, which is done in a container made of hard plastic located just outside the operating room. The
instruments that currently have to be disposed in this container (instruments containing sharp objects, like
scalpels) are collected separately in the OR and are disposed in this container after surgery. The same should
happen for the new biodegradable instruments. Because of the similarities between the two processes, it is
expected that this will not lead to any difficulties with the implementation of this measure.

Logistics
Now, this container should be transported to a facility where the instruments will be cleaned, before they
are composted. This could be either at the Central Sterilisation Department (CSD) inside the hospital, or
at the waste handling company, depending on the capacity of both locations. When the instruments are
cleaned at the CSD inside the hospital, they should be transported to the waste handling company afterwards.
This entails the transportation within the hospital from the CSD to the waste storage department, where all
waste from the hospital is collected to be transported to the waste handling company. The difficulty with
this option will be that the instruments have to be kept separate from other waste inside the hospital. When
the instruments will be cleaned at the waste handling company (or a different company: however, this is not
advised as it will require extra energy for transportation), they also have to be kept separate from other waste
when transported from the OR department to the waste storage department. It should be discussed with the
logistics department of the hospital and the waste handling company what the most successful way will be to
implement this.

Waste handling company
The implementation of biodegradable instruments means that another waste stream is introduced for the
waste handling company. This waste stream should be kept separate from the other waste streams. When the
instruments are cleaned at the waste handling company, this introduces an extra step at their side. Further-
more, the waste handling company should have the appropriate facilities in order to clean the instruments
properly. A composter should also be present, where the instruments will be composted under the right con-
ditions. The compost should be sifted to remove parts that are not composted, such as metal parts. These
parts can then be added to the residual waste, to be incinerated.

Manufacturer
Currently, a lot of different plastics are used in medical devices [90]. There are several commodity thermo-
plastics that are used as over 75% of the plastics currently used in medical devices [90]. It is desired that the
biodegradable plastic products can be manufactured by the same methods as the currently used plastics. The
commodity plastics are manufactured by processes like extrusion, injection, and thermoforming [96]. In this
way, existing machines at manufacturers could be used, or the current machines could be adjusted.

11.3. Material selection
When designing medical instruments made of biodegradable plastic, the plastic with the right properties
regarding several requirements needs to be chosen. The focus is to make products and instruments of solid
or flexible plastic that are currently made of commodity plastics out of biodegradable plastics. This chapter
will not focus on biodegradable packaging materials. Multiple biodegradable plastics exist, which will be
compared on the following list criteria. These criteria are partly based on the criteria set by Vinni Sastri in his
book Plastics in Medical Devices (2014) [90].
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11.3.1. Requirements
The following criteria are taken into account:

• Biocompatible: the biodegradable material should not cause an adverse reaction upon contact with
the human body

• Biodegradable: the material should biodegrade over time, either aerobically or anaerobically

• FDA approval: the material should be approved by the FDA for use in medical devices

• Sterilisation resistance: the material should be able to be sterilized by conventional techniques

• Mechanical properties: the material should have mechanical properties comparable to the properties
of materials currently used

• Chemical resistance: the material should withstand the same chemicals as materials currently used

• Cost: ideally, the cost of the biodegradable material should be comparable to the cost of the commodity
plastics

• Manufacturability: it is desired that the biodegradable product is manufactured by the same process as
the plastics currently used

• Degradation rate: it is desired that the material has a short degradation rate, but the product should
not degrade while on the shelf

• CO2-eq impact of material production: it is desired that the CO2 impact when producing biodegradable
plastics is lower than for the production of commodity plastics

The mechanical properties that will be evaluated are the flexural modulus (similar to Young’s or tensile
modulus for most polymers [97]), elongation at break, tensile strength, melting temperature, and glass tran-
sition temperature. These properties of biodegradable plastics will be compared to the properties of com-
modity thermoplastics that are currently used in medical devices.

The flexural modulus provides information about the stiffness of the material. Elongation at break is
expressed as a percentage elongation at which the material will break, when compared to the initial length.
Tensile strength is a measure of how well the material can withstand tension, i.e. being pulled apart. The
melting temperature is the temperature at which the material transitions from solid to liquid phase. The glass
transition temperature is always below the melting point, and indicates at which point the material changes
from a glassy or brittle state into a rubbery or viscous state. These temperatures are important properties
when looking at for example the sterilization and manufacturing process.

11.3.2. Included materials
Because PVC is the most commonly used plastic in medical devices, this commodity plastic is included as a
reference in this comparison, along with two other commodity plastics, LDPE and i-PP (see Table 11.1 for full
names). These commodity plastics are made from non-renewable resources, like petroleum and natural gas
[92].

Various forms of PE exist. Based on the applications of the different forms listed in Chapter 9 of the book
Plastics in Medical Devices (2014) by Vinni Sastri [90], LDPE was chosen to include in the analysis, because it
is desired that products that are currently made of LDPE are made of biodegradable plastics in the future.

Three forms of PP exist: atactic-PP, syndiotactic-PP, and isotactic-PP (i-PP). Because i-PP is the form of PP
that is most commercially available [90], it was chosen to include this form of PP in this analysis. The same
line of reasoning holds for the choice to include P3HB, and not the other form of PHB, which is P4HB [90].

PLA, PLLA, PGA, PLGA, and PCL (see Table 11.1 for full names) are all biodegradable plastics that are
commonly used in practice [90]. Therefore, their properties are investigated to determine whether they are
suitable to manufacture medical instruments from.
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11.3.3. Trade-off
It is not directly apparent which biodegradable material fulfils the requirements best. Therefore, the require-
ments and the pros and cons for every material will be discussed. All data originates from the book Plastics in
Medical Devices (2014) by Vinni Sastri [90], unless indicated otherwise. Because PLA, PLLA, and PGA show the
most promising characteristics, an extra emphasis is put on discussing these materials. Table 11.1 provides
an overview of the requirements and how these are fulfilled by the selected materials.

All investigated materials are FDA approved, biocompatible and biodegradable. Therefore, a selection
based on these criteria is not possible, and therefore these factors are not coloured in the table. A selec-
tion based on the sterilization method is also not possible. It is evident when looking at the commodity
thermoplastics that the common sterilization method is EO. For all biodegradable plastics, this method is a
possibility as well.

The mechanical properties show a variety on which the selection can be partly based. Starting with the
flexural modulus, it is observed that the modulus for PCL is on the low side. A low modulus means the
material is brittle and subject to breaking, which is not desired. The other materials show moduli comparable
to the commodity plastics.

Elongation at break is an important factor, which tells something about the ability of the material to
absorb energy and deform plastically without breaking. A low elongation at break means the material is very
brittle and will break easily. This is of course not desired, and poses a problem for PLA, PLLA, P3HB, and
PLGA.

The poor toughness (elongation at break) of PLA is a known problem, and current innovations are working
on tackling this problem, to expand the application possibilities of PLA [101]. For PLA, it is known that varying
the ratios between different forms of PLA (L- and D-lactic acid) can lead to a substantial increase in elongation
at break (from 5.7% to 18.2%) [101]. Tensile strength increased as well (from 51.7 to 84.1 MPa) [101], however
it is not known how this affected other mechanical properties. A combination of PLA and PCL also showed
a significant increase in elongation at break, with elongations of 50-350%, but this was accompanied by a
decrease in tensile strength when compared to the individual materials [102]. However, these developments
are promising, and show that research is being performed on improving this property.

The elongation at break properties of P3HB could be improved by blending this polymer with the ap-
propriate ratio of poly(L-lactide-caprolactone) (PLCL). A 4-6 fold increase was observed, but this was also
accompanied by a decrease in tensile strength to 1 MPa [103]. Future research regarding this topic could
lead to a new type of PHB with improved elongation at break properties, without compromising on other
characteristics.

The tensile strength of all investigated polymers, except PCL, are comparable to the tensile strengths of
the commodity plastics. The tensile strength of PCL is on the low side, but when considering the higher region
of the possible tensile strength (29 MPa), it is more comparable to the commodity plastics.

The melting temperature is important for the manufacturing process of products that will be made of
these materials. The material needs to be heated above the melting temperature in order for it to be able to
be moulded into the desired shape. When this temperature is high, like for PGA, it costs a lot of energy to
make the material liquid. Furthermore, PGA is known to degrade at its melting temperature, making it very
difficult to process [90]. When the melting temperature is very low, like for PLGA or PCL, it is possible that
the material will melt when in use, for example when in contact with a heat source during surgery, or during
washing after surgery before the product is composted. This will provide difficulties during use, and therefore
it is not advised to use materials with such a low melting temperature.

The glass transition temperature indicates when the material changes from a brittle to a rubbery state
[104]. When this temperature is below room temperature, the material is flexible at room temperature, and
can be used in applications where flexibility is desired (for example tubes). When the glass transition temper-
ature is above room temperature, the material is solid at room temperature, and can be used for applications
where this is desired (for example forceps).Therefore, this requirement provides information about possible
applications in practice of the material. It is recommended that PLA, PLLA, PGA, and PLGA are considered
for solid products, and P3HB and PCL for flexible products.

The data regarding chemical resistance originates from the book Plastics in Medical Devices by Vinni Sas-
tri (2014) [90]. When the author classified the material to have a good resistance (as opposed to fair or poor)
to the chemical, it was included in the current table. The chemical resistance for the considered materials is
quite equal, except that PGA is resistant to betadine as well. Two of the three commodity plastics are resistant
to betadine as well, and therefore the question rises whether this is an important characteristic of materi-
als, since PVC is not resistant to betadine (classified as poor resistance by Sastri (2014) [90]). It should be
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investigated further whether this is an important factor when selecting a material for medical products.

Cost data should be taken into account because this could provide an obstacle for manufacturers or the
hospital board to switch to a new material. Cost data could not be retrieved for all biodegradable plastics.
All data that was retrieved for these plastics was higher than for the commodity plastics. Because this data is
incomplete, it was not used to base the material selection on.

Because the shelf life of the product should be at least one year, the degradation rate should preferably
be higher than 24 months. Because all biodegradable polymers are degraded by a process called hydrolysis
[105], the products will degrade when in contact with water or water vapour. However, a short degradation
rate is also desired, because that will ensure a fast breakdown of the compostable products. Because of these
considerations, PLA, PLLA, and PCL are deemed the most appropriate regarding this aspect.

From the manufacturers perspective, it is desired that the biodegradable plastic products are manufac-
tured by the same processes as the commodity plastics. In that way, the chance increases that the same
machines can be used, which is advantageous for the manufacturer. Again, data could not be retrieved for all
biodegradable plastics. Therefore, the material selection is not based on this criteria.

The last requirement is the CO2-eq impact of the production process of the material. Again, the impact
could not be retrieved for all plastics and is therefore not considered during the selection. However, it is
known that, in general, the CO2-eq impact is lower for plastics made from renewable sources, than for plas-
tics made from non-renewable sources [92]. This is the case for two reasons. Firstly, CO2 is insulated from
the atmosphere when the organisms, from which bioplastics are manufactured, build their biomass [100].
Because this happens on the same time-scale as the use and degradation of the biodegradable plastic, this
is taken into account for these plastics. This means that the impact starts at a negative value, and emissions
that arise from other processes, such as transportation and energy use, are added to this value [100]. An il-
lustration of this build-up of the emissions of PLLA can be found in Figure 11.1. Fossil fuels also consists of
organisms which sequestered CO2 from the atmosphere. However, this does not happen within the life time
of the plastic product, and is therefore not taken into account [100]. This means that the CO2-eq build-up
starts at 0, and is therefore higher in the end than for biodegradable plastics.

Secondly, less energy is required when manufacturing plastics from renewable resources than when man-
ufacturing plastics from non-renewable resources [100]. Energy can be converted to CO2-eq emission, and
therefore contributes to the total CO2-eq emission during the production of the plastic. This lower energy
demand is for example due to the fact that solar energy causes the fixation of CO2 in a plant, and this energy
has no environmental impact [100].

However, the question arises whether this measure is appropriate when considering the environmental
impact of biodegradable plastics. Because land is used to cultivate the building blocks of biodegradable plas-
tics, such as corn or sugar cane, the production of these plastics leads to eutrophication and acidification,
more than for fossil-based plastics [92]. Furthermore, biodegradable plastics compete with food production,
whereas fossil-based plastics do not [92].

Figure 11.1: The build-up of the environmental impact of PLLA [100]
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11.3.4. Conclusion
Considering all requirements discussed above, PLA with the right ratio of L- and D-lactide is deemed the
most appropriate material to manufacture biodegradable rigid medical products. For flexible products, the
conclusion is less clear. Both P3HB and PCL offer several advantages and disadvantages, and further research
is needed to determine which properties are the most important, and which properties could be modified to
improve the material characteristics.

11.4. Application to products
There are numerous disposable instruments and products which could be made of biodegradable plastics.
During every procedure, a pre-pack is used which contains almost all disposable products which are needed
during a surgery. Some of these products could be manufactured from biodegradable plastics. For example,
several bowls and trays made of plastic are present in the pre-pack. These are used to store fluids so these flu-
ids are easily accessed during surgery. It should be investigated whether the preferred biodegradable plastic
is compatible with these fluids before manufacturing these bowls and trays of a new material.

Furthermore, several rigid instruments could be made of biodegradable plastics. For example, a dispos-
able forceps is used to hold a cotton sponge to decontaminate the skin of the patient before surgery. Again,
it should be investigated whether the plastic and aseptic agent are compatible. Also, disposable trocars are
commonly used during laparoscopic procedures. Some disposable laparoscopic instruments consist of sev-
eral parts, for example a metal instrument and plastic handle. This handle could also be made of a biodegrad-
able plastic, as long as the handle can be separated from the rest of the instruments, as this should be dis-
posed in regulated medical waste (as it contains sharp parts). Examples of these kind of instruments are the
LigaSure [106] and the Endo GIA [107].

Flexible products which should be considered to make out of biodegradable plastics are several tubes,
such as intravenous (IV) fluid tubes, catheters, suction tubes, and other products, for example catheter bags
or suction bags.

11.4.1. 3D printing of instruments in low-resource settings
Currently, research is being performed at the Delft University of Technology on 3D printing of disposable in-
struments for low and middle income countries. These are often printed from PLA, as this is a widely available
printing material. During future research on this topic, sustainable end-of-life options, such as biodegrada-
tion, should be taken into account. Furthermore, the production of PLA in these countries from agricultural
waste could also be an interesting research topic, as this would make these countries self-sustaining (apart
from the 3D printer procurement) in creating 3D printable, single-use, degradable, medical instruments.

11.5. Implications for HSMEA
When this type of instruments is introduced in the hospital, this has some implications for the HSMEA tool.
When the tool concerns waste, an extra waste stream needs to be added. For this waste stream, the CO2-
eq impact for waste handling needs to be determined, as well as the average production and transportation
impact, as these impacts are currently included in the impacts for the present waste streams. Furthermore,
the waste handling costs of this new waste stream need to be incorporated.

11.6. Future research
This chapter provided the first idea on the creation of biodegradable medical instruments and other products.
The material trade-off showed great potential for several biodegradable plastics. However, more research is
needed to investigate whether these plastics are appropriate to be used for medical instruments and other
products. Manufacturers of current disposable instruments should be closely involved in this process. First,
it should be tested whether the mechanical properties are sufficient for use in medical instruments. For ex-
ample, a trocar should withstand a certain amount of force. Specifications on the design of medical devices
are determined in the ISO standards [108]. In this document, it is for example included what force a trocar
should withstand. This document should be consulted when performing tests with biodegradable instru-
ments.

These tests could be either performed by creating a Finite Element Analysis (FEA) of the instrument with
the expected forces. This could also be tested in an experimental setting, in which the instrument is manufac-
tured and tested during an experiment. Secondly, as mentioned before, the compatibility of a more extensive
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range of fluids and these plastics should be tested.
Packaging material made of biodegradable plastics should also be investigated in the future. From obser-

vations in the preparation room, it became apparent that a large part of the waste is created by the disposal of
plastic foils. Because these foils need to have very specific properties to be appropriate for sterilisation, these
were not included in this research. Biodegradable foils should ensure a sterile barrier, should be compatible
with the sealant, and should have the potential to be laminated, amongst others [109]. Large environmental
savings could be achieved when these packaging materials were biodegradable, and therefore these require-
ments should be researched extensively.



A
Printing Paper

This thesis is printed on 80 g/m2 paper made of plant-based agricultural waste, consisting of leaves and
stalks, and is called PaperWise [110]. At least 55% of the paper is produced from this waste, and the remaining
45% originates from certified forestries [111]. Agricultural waste that cannot be used for paper production is
fermented, which is used to create green energy [111]. This energy is used to produce the paper, making this
process CO2-neutral [111]. After its use, this paper can be recycled up to seven times [110].

To compare the environmental impact of certified paper, recycled paper, and PaperWise, a Life Cycle
Analysis (LCA) was performed by IVAM University of Amsterdam [110]. This LCA concerns the complete
life cycle of the three products, including material extraction, production, and transport [110]. During this
analysis, 17 different environmental indicators, such as toxicity, smog formation, and acidification, are taken
into account when determining the impact. Compared to certified FSC EU paper, the impact of PaperWise
is 47% lower (see Figure A.1). This is for example because less trees need to be cut, and producing paper
from agricultural waste uses less energy than producing paper from trees. When comparing PaperWise to
recycled paper, the impact of PaperWise is 28% lower. This can be achieved because PaperWise uses 100%
green energy, and agricultural waste that is not used for paper production is used to generate this energy.

Figure A.1: Life Cycle Analysis comparing certified paper, recycled paper, and PaperWise [110]
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