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MANAGEMENT SUMMARY

Problem definition

Medisch Spectrum Twente (MST) is a hospital in Enschede, the Netherlands. As the healthcare sector faces
constant pressure to improve the level of care, MST has identified key objectives including sustainability,
care quality, education, and scientific advancements (MST, 2022). In line with these goals, our research
seeks to identify sustainable optimization options.

The Dutch government has set ambitious targets to reduce CO; emissions by 49% by 2030 compared to
1990 levels (Rijksoverheid, 2022). However, recent statistics indicate that the overall reduction in
emissions has been negligible, with Gupta Strategists (2019) reporting a reduction of approximately 0% in
2017. Within the Dutch healthcare sector, building energy consumption accounts for 38% of the total CO,
emission, according to Gupta Strategists (2019). Additionally, a study conducted by Heye et al. (2020) in a
similar hospital in Switzerland revealed that imaging equipment, such as computed tomography (CT) and
magnetic resonance imaging (MRI), contributed to 4% of the hospital's energy consumption. Furthermore,
research by Shen et al. (2018) highlights medical equipment as the second highest energy consumer in
hospitals in general, with CT scanners identified as one of the major energy-consuming devices.

Currently, MST does not integrate its CT scheduling system with data analysis, leading to a lack of insight
into potential energy consumption changes, CO, emission reduction, and opportunities for creating a
more sustainable hospital environment. Therefore, the primary objective of our research is to explore
how connecting data with the CT scheduling system at MST can lead to improved energy efficiency,
reduced CO, emissions, and a more sustainable hospital.

Approach

To address the objective, we tackled a scheduling problem concerning the two CT scanners operating at
MST's radiology department. To effectively model this scheduling system, we utilized a Monte Carlo
simulation implemented in Excel VBA. We classified the scheduling problem as an instance of the identical
parallel machine scheduling problem, known for its nondeterministic polynomial time (NP) hardness
(Pinedo, 2012). Our primary aim was to minimize the total makespan using the expected processing times.
To achieve this optimization, we employed two key heuristics: the Longest-Expected-Processing-Time-first
(LEPT) and Shortest-Expected-Processing-Time-first (SEPT) algorithms. From these results, we suggested
a new scheduling system to reduce energy consumption and subsequently CO, emission. To create
insights into energy consumption concerning scheduling, an energy measurement took place to calculate
potential energy consumption reduction and a relation between the scheduling and the consumption.

Results

The simulation generated a week of scan requests with scan types and corresponding generated
processing times, and we ran it for 25 replications for reliable results. This is a total of 125 days. We
calculated the current average total completion time to be 40.6 hours. Using the LEPT and SEPT heuristics,
the average outcome was 30.1 hours and 35.5 hours respectively with our calculated reserved scheduling
blocks. Using LEPT, this is an improvement of 26%. Using the results of the energy measurement
calculations, this translates into an annual reduction of 16473 kWh on CT1, which is 0.07% of MSTs annual
energy consumption for this single machine and equal to the average energy consumption of three three-
person households per year in The Netherlands (Nibud, 2023).



Conclusions and Scientific Implications

Our research findings demonstrate the potential of connecting data with the CT scheduling system at MST
to improve energy efficiency, reduce CO; emissions, and create a more sustainable hospital environment.
By utilizing the LEPT and SEPT heuristics, we have identified scheduling strategies that significantly
improve average completion times, resulting in potential energy consumption reduction and CO; emission
savings. LEPT outperforms SEPT by 14% and we therefore recommend a schedule to consist of the longest
expected processing times first and the shortest expected processing times last.

Moreover, our study contributes to the broader scientific understanding of scheduling in stochastic
environments, particularly within the context of healthcare facilities and the energy consumption of
medical equipment. By exploring the relationship between CT scan scheduling and sustainable energy
consumption, our research sheds light on the potential for optimized scheduling algorithms to drive
environmental sustainability in hospitals.

Through our recommendations for measuring energy consumption, gathering relevant data, and
implementing an efficient scheduling approach, we not only support MST in achieving its sustainability
objectives but also offer valuable insights for the scientific community and the healthcare industry at
large. The implications of our research extend beyond MST, providing a foundation for future studies on
sustainable healthcare practices and the optimization of scheduling algorithms.
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1 RESEARCH INTRODUCTION

This section serves as a global introduction to the research performed at the hospital Medisch Spectrum
Twente (MST) and is about sustainability with a focus on optimizing the energy consumption of computed
tomography (CT) scanners. Section 1.1 provides more information about the hospital and Section 1.2
explains the motivation for this research. Next, Sections 1.3 and 1.4 define the problem and aim of the
study. Whereafter, Section 1.5 introduces the research questions. Section 1.6 elaborates on the research
approach taken. Section 1.7 explains the research design of this thesis. In the end, Section 1.8 provides
information about the research scope.

1.1 COMPANY DESCRIPTION
MST is a top-clinical teaching hospital in the city of Enschede, which provides secondary and tertiary care.
It originated from a merger in 1990 between two smaller hospitals in the city center. With around 3500
employees, including 235 medical specialists, and a catchment area of around 263,000 inhabitants it is
also one of the largest hospitals in the area (Twente, 2022). The hospital has its main location in Enschede
with a brand-new hospital newly opened in 2016. Other smaller outpatient clinics are located in Oldenzaal
and Haaksbergen.

MST is an education center for future doctors and conducts a lot of scientific research. They have close
ties with the University of Twente regarding education, training, and research, and develop technological
innovations together. Recently, MST has signed a green deal and the hospital tries to improve itself in its
sustainability field. However, the deal only talks about goals and not about how MST achieves these goals
or what consequences there are when not achieving them.

This research falls under this broad goal and aims to provide MST insight into this sustainability area. It
also provides an example of how to break this broad goal down into solvable topics.

1.2 RESEARCH MOTIVATION
The healthcare sector is a sector where constant pressure lies on the level of care. Healthcare institutions
must maintain the key principles of innovation and development to continuously improve the service level
provided. In their yearly report, MST has set seven critical success factors to continuously improve their
overall performance. One of them is “sustainability, care, education and science” (Medisch Spectrum
Twente, 2022). They do this by embracing new technologies, re-evaluating current technologies, and
introducing long-term plans to reach their goals.

MST has set sustainability goals to reach before 2030 and 2050 in line with the Dutch government’s
requirements. The government set targets such that CO, emission must be 49% lower in 2030 than in
1990 (Rijksoverheid, 2022). Mahase (2022) has found during her research in the United Kingdom, Ireland,
and the United States that in general, the workload is already quite intense within hospitals and
employees may not be looking for more time-consuming work to find out how to incorporate
sustainability in their daily activities. Therefore, MST has appointed a sustainability coordinator recently
and is working on a hospital-wide policy plan regarding sustainability and these goals, and how to tackle
various problems. Without such a sustainability manual, the set goals will be challenging to attain, and
potential consequences can be disadvantageous.



The triple bottom line embodies the desire of MST to reach its sustainability goals and keep its top-clinical
status. “The triple bottom line (TBL) of sustainability is an important emerging conceptual framework
which considers the combined economic, environmental, and social impacts of an activity” (Vergunst, et
al., 2020, p. 48). Sustainability is becoming a greater topic within organizations and the triple bottom line
will become increasingly significant as well. Economic value and social impact are great indicators to assist
the realization of sustainability goals, hence we see the TBL as a business tactic to support their set targets.
Therefore, MST can significantly improve its current position in the sustainability field by implementing
economic value and social impact in its sustainability approach.

1.3 PROBLEM STATEMENT

Research shows that the energy consumption of buildings causes nearly 40% of the total CO; footprint in
the healthcare sector in the Netherlands (Gupta Strategists, 2019). At a certain comparable hospital in
Switzerland, where there are three CT and four magnetic resonance imaging (MRI) scanners, the energy
consumption of those appliances accounted for 4% of the hospital’s total energy use (Heye et al., 2020).
Bawaneh et al. (2019), Friendly Power (2021), and Shen et al. (2018) show that the largest energy
consumers in certain hospitals and in general are the heating, ventilation, and air conditioning (HVAC)
systems and lighting systems. Additionally, Shen et al. (2018) mention medical equipment as one of the
larger consumers. MST is already performing research on the HVAC systems and lighting systems. The
next sensible energy consumption problem to tackle lies in the medical equipment area.

Friendly Power (2021) suggests that imaging equipment is “a good candidate for improved efficiency
because it draws a lot of power when not in use and is in use only in short bursts”. For MST, there has been
no prior research concerning the energy usage of their imaging equipment. Heye et al. (2020) show that
CT and MRI scanners account for 4% of the total energy use in a similar hospital and Shen et al. (2018)
show 8% of the total energy consumption in a particular hospital is from medical equipment alone. From
this, we conclude that CT & MRI scanners should be responsible for a relatively high percentage of energy
consumption per scanner in comparison to other energy consumption per system. Where MRI scanners
always must be in the on-state and cooled to maintain the magnetic field necessary for scanning, CT
scanners can be turned off and have more room for improvement in this field. This could mean that within
the CT equipment, with relatively low effort, we could realize a relatively large amount of improvement.
A low percentage decrease can therefore be a large absolute decrease in total energy consumption. We
have found that research in this area is impactful; there is a huge opportunity for improvement that can
lead to significant energy reduction. Moreover, there is a gap regarding the knowledge of the optimization
possibilities within MST concerning their appliances, which also is encouraging to research this area.

The whole healthcare sector still has enough work to do concerning sustainability. The CO, emissions
remain at the same level in comparison with 1990 (Gupta Strategists, 2019), and time is running out. The
city of Enschede is putting great effort into becoming a more sustainable and greener city, and the MST
cannot stay behind. Hospitals are significant contributors to environmental change, specifically regarding
their direct energy consumption (McGain & Naylor, 2014). Within MST, several employees including a
biomedical technologist, a radiologist, and a maintenance engineer have noted that there is no current
knowledge of healthcare-specific energy usage. This is due to them measuring electricity on a larger scale,
namely story wide instead of per floor or operating room. When the new establishment Koningsplein was
built, MST did not see the use of extra gauges in the electricity network and since the investment was not
deemed valuable, they did not build them into the energy grid. This also means separate floors are not
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that easily measured. Only machines where we can place a simple gauge in between would be easily
measured.

MST is working towards its goal of CO; reduction, but they do not currently connect potential changes
toward more sustainable healthcare with hard statistics that could be readily available within its systems.
In the past, MST has created a detailed schedule per working week for its CT in the radiology department
(CT1) and its CT in the emergency care department (CTSEH) including a ghost planning to slip non-urgent
patients in between emergency patients (CTBLANCO). The choices made for the implementation of the
schedule have been based on throughput amongst others, but not on sustainability or energy usage. That
brings us to the research goal.

1.4 RESEARCH GOAL
There is little knowledge of what influence improvements within the department have on their
sustainability goals, negatively or positively. Figure 1 shows the cause-and-effect relationships in the
problem cluster.

IThe radiclogy department
in MST has spent litle

time on sustainability in
the past
'The radiology department

The MST has little Little time, funding and has no knowledge about MST will not reach the
MST has relatively low : - " Climate change and
funding available for an.fledge o argue ) resources available Fu N the |nﬂue_nce of CT %can L Cq, e.m\s.smn is not ) sustainability [arg.els iet | et
research on sustainability choices based on spend on sustainability scheduling on power- actively being reduced by themselves in line with Salino! B tegieed
sustainability thinktanks consumption and the Dutch government

T sustainability
MST has litle knowledge Many employees want to
regarding sustainability in work on sustainability, but

do not know how or
the current team where to initially start

Problems likely Problems unlikely

Core problem SETEETETDTEET influenced by solution influenced by solution

Figure 1: Problem cluster (own figure, information gathered from interviews)

The focus of this research lies on the two CT scanners in the radiology department, where we investigated
the scan scheduling influence on energy efficiency. We defined energy efficiency in this context as
increasing the degree of utilization per time period, resulting in less energy consumed during
nonproductive idle states and more energy spent on actual scanning (Heye et al., 2020). To perform our
research, we made use of a common problem-solving method.

Heerkens & Van Winden (2017) mention that a core problem is a gap between the norm and reality. We
expressed this problem in singular or several variables to make it quantifiable. The reality now is that MST
does not have a clear view of how much energy their scanning equipment, explicitly the CT scanners,
consumes and what influence different choices have on the energy consumption of these machines. With
the knowledge about how much the equipment consumes in various states or during various scans, a
simulation study can provide insight to reduce the energy consumption of the machines. Incorporating
the key performance indicators, we mapped and tweaked the current situation to improve efficiency and
sustainability. The norm for MST and this research is to provide insight into energy consumption and
possibilities to lower it while not lowering the quality of service for patients. The reality is that there is no
insight into energy consumption behavior concerning scan scheduling. To narrow the gap between the
norm and reality in reducing energy consumption, we proposed the use of Monte Carlo (MC) simulation
together with single or multiple heuristics within MST and the radiology department. Specifically, the MC



simulation is capable of simulating the current scheduling system which includes stochastic data such as
scan duration for instance. MC simulation is particularly useful when dealing with uncertainty and
stochasticity (Shapiro et al., 2000; Shapiro, 2001; Birge & Louveaux, 2011). A heuristic is then necessary
to optimize the scheduler, taking an alternative approach to the current system. By comparing the results
of different scenarios, we identified significant differences. It is worth noting that the inclusion of
heuristics is vital to improving the current system and facilitating optimization. Given its ability to support
scenario analysis and provide optimal outcomes, we have chosen the MC simulation as our preferred
method of simulation.

Because there is no prior knowledge about this subject within MST and the energy consumption per CT
scanner is relatively high, there is a significant opportunity to optimize the energy consumption of these
types of scanners. This research aims to lower energy use and ultimately lowering CO, emissions and
become more sustainable. To do so, we sought ways to optimize scan scheduling and machine use. We
split the research into multiple research questions to delineate the goal into manageable parts.

1.5 RESEARCH QUESTIONS

We derived a main research question based on the core problem of MST. MST does not immediately know
the impact of changes in scanning equipment in the radiology department on sustainability and energy
savings. For this research, we focused on changes concerning the scheduling of operations of CT scanners.
Simulations with either real-time data or validated data help in gaining knowledge about this question.
The research goal was to help MST be more sustainable by giving insight into the energy consumption of
CT scanners. The research also attempted to reduce the energy consumption via optimized scan
scheduling. An optimized schedule leads to less system idle time during the system on-state, which is the
state where the machine is turned on, but not performing work, resulting in less energy lost. To assist this
goal, we have used a Monte Carlo simulation and constructed research questions that we have answered
during the research. This section contains the main research question and sub-questions.

Research question: How can the department of radiology of Medisch Spectrum Twente, optimize its
machine scheduling for sustainable energy- and cost-saving opportunities for CT scanners?

We subdivided the main research question into several sub-questions to create practical research. The
guestions create a better structure for the research and provide a better view for the reader of the report.
We divided the main question into these:

1. What does the current scheduling of the CT scanning equipment look like?
1.1. How can this data be derived?
1.1.1. What assumptions have to be made for non-existing data?
1.2. Who are the stakeholders?
1.3. What is the current performance?
1.3.1. What are the key performance indicators?
1.3.2. What are the zero measurements of these indicators?
1.4. Is the scheduling influenced by people or only by regulations?
2. How can the current scheduling of CT scanning equipment be optimized to increase
energy efficiency while keeping the same service level for patients?
2.1. How can the scheduling problem be formulated?
2.2. What heuristic should be used?



3. What is the energy consumption of the CT equipment with the current scheduling

process?
3.1. What is the idle time and usage?
4, What recommendations can be made for sustainable cost-saving opportunities within the
radiology department?
4.1. How can the department improve machine use scheduling for a more sustainable
future?
4.2. What are the main findings from the simulation?

1.6 APPROACH
Keeping the main research question in mind, the first steps for solving the problem are quite clear. It is
required to define the problem and acquire missing knowledge and information. We have used the
Managerial Problem-Solving Methodology (MPSM) by Heerkens & Van Winden (2017) throughout this
research as a directive as it is a comprehensive guide for graduate researchers to arrive at solutions using
a systematic approach. The MPSM consists of seven steps:

Problem definition

Approach

Problem analysis

(Alternative) solutions formulation
Solution selection

Solution implementation

Solution evaluation
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Section 1.3 covers step 1. This subsection covers step 2. We further expanded on steps 3 to 7 in the
following subsections, namely 1.6.1 to 1.6.5, also corresponding with the chapters where we have
addressed them.

1.6.1 Chapter 2: Problem analysis
We have looked into the process and technology around the CT scanners to properly analyze the problem
and current situation. We analyzed how the scheduling process is constructed, monitored, and regulated.
We also have analyzed KPIs and corresponding data to create an overview of what is already accomplished
regarding CT within MST and to determine how performance currently is measured. Then, we made
observations and held interviews to combine all the gathered information and to process the information
in good order.

1.6.2 Chapter 3: Literature review
Next, to come to conclusions and gather the information and knowledge necessary for this research, we
performed a literature review. We have solved and answered knowledge problems such as research
guestion 2 by looking into previous research done on the subject. Making assumptions, finding KPls, and
evaluating measured or derived information from other research questions can all be argued using
information gathered by literature review. To perform the literature review, we consulted the databases
Google Scholar, Scopus, and Web of Science.



1.6.3 Chapter 4: Solution formulation and selection
Then, using a literature review, we found heuristics to solve the scheduling problem of the CT equipment,
which we modeled as a mathematical model. We have selected and reasoned tools to assist the
application of the heuristics. We applied various KPIs and tested and evaluated different scenarios.

1.6.4 Chapter 5: Solution implementation
We have implemented the chosen heuristics from the literature study. To do so, we made assumptions
and underlying simplifications. This is to create an effective and structured simulation. We have verified
the assumptions and simplifications with stakeholders from MST. Later, we determined the input for the
chosen heuristics. The variables and data we have used as input involve the information found in sub-
guestion 1.3. We have used the output of the model via the heuristic to evaluate the proposed heuristics.
Next to that, we validated and verified the heuristics to ensure the outcome is relevant.

1.6.5 Chapters 5 & 6: Solution evaluation

Ultimately, when the final heuristics and assisting mathematical model are ready, we evaluated the
capacity of the model and its outcomes to describe real-world expectations and knowledge. Then we
compared the output of the simulation with the status-quo results. We aimed that the insights derived
from our simulation could increase the energy efficiency of scanners which is useful for MST. If MST finds
the outcome of the simulation a practical one, they can implement it. If that happens, we could compare
the results of the implementation with the results from the simulation, to see if the model describes
reality. Based on the results of the research, we concluded and gave recommendations regarding future
research and improvement.

1.6.6 Deliverables
The research we conducted at MST aims to create a more sustainable work environment with more
insights into energy consumption and an improvement in the energy efficiency of the CT scanning
equipment. To accomplish this, we researched to improve the scheduling process of the CT and the energy
consumption. With the use of the intended heuristic, per the norms, values, and wishes of MST, we
recommended changes in the CT scheduling process. We delivered this together with the simulation itself
for potential future use or for it to be applied elsewhere with modifications.

1.7 RESEARCH DESIGN
During this study, we used several research methods to get a clear overview of the whole subject and
answer the research questions. This section of the report explains what type of research we conducted,
what the research population is, the gathering and handling of data, the validity and reliability, and lastly,
the limitations.

1.7.1 Research type

This thesis’ study includes three categories: descriptive, explanatory, and evaluative. The first category
contains the analysis of the problem to gain a better understanding of the current state of affairs at the
time of the research. This also involved gaining better knowledge about the manner of working in MST
and the current situation in the radiology department regarding energy consumption and sustainability.
To obtain this information, interviews, observations, and a literature review took place. We conducted
interviews with lab technicians, radiologists, and other administrative personnel working with the CT.
Observations on the workplace at the CT identified the design structure of the scheduling.



In the explanatory research, we examined the data and formulate, chose, and implemented the solution.
Explanatory research determines “how variables interact with each other and [identifies] cause and effect
relationships” (Study.com, 2022). In this part, we figured out how the department of radiology can be
more sustainable regarding our subject.

Since the research aims to find out several possible choices to make about sustainability, based on the
needs of MST, evaluation is necessary to ensure that we achieve the research goal. We accomplished this
by performing evaluative research.

1.7.2  Data collection
For the research, we have used the available data from MST and their departments. The data collection
encompasses qualitative and quantitative data. Examples of qualitative data are why and when certain
scans are performed and scheduled. An example of quantitative data is the energy consumption of a
certain scan in this case. Since this is not the first research on this general topic, we gathered much
information through previous literature to provide knowledge to assist the research as mentioned in 1.6.5.
Next, we explain the two data categories.

We collected qualitative data, such as background knowledge about the quantitative, relatively
straightforwardly. We performed interviews with CT users with the purpose to gain knowledge about the
CT equipment technology-wise and how, why, and when the CT is used. For this research, this type of data
mostly was background information to understand the quantitative data.

Concerning the quantitative data, we performed several real-life measurements of the equipment’s
energy consumption during a certain time span. The company behind the equipment provided technical
details about the equipment useful for the simulation of energy consumption. Data regarding patients’
scheduling was available in MST’s information system HiX. In addition, we monitored the arrival, scanning,
and other relevant processes for two days to gather relevant data and know whether it is reliable data.
Thereafter, we consulted HiX to combine gathered data with other available, validated data. All this data
is available for use in the simulation.

1.7.3 Data analysis
Between the different types of data is also a different type of analysis. We assessed qualitative data by
considering all gathered opinions and attitudes towards certain ideas and coming to a general conclusion.
General patterns in equipment usage that tend to be wasteful became known and we processed them
into the recommendations of the research. This pointed to some starting points for the qualitative data
analysis.

We required much quantitative data in the hospital system, which have different data types. For example,
scan types, scan occurrence, and equipment idle time. We also had to know how long certain scans take
in general and why scans can differ in duration. To analyze and combine all the data, it was clustered.
Continuously looking through raw, scattered data is more time-consuming than having clustered data in
well-ordered places. We needed to combine multiple data files with distinct characteristics containing
information about certain scans for a clearer, overarching overview. When we analyzed and clustered the
data, the next phase started where the simulation model takes shape.



1.7.4  Validity

Research needs to be evaluated to be deemed valid. We needed to evaluate the created model and its
outcome to determine whether the quality of the model is high enough and the outcome sufficient. An
article from Heale & Twycross in 2015 covers validity and reliability in quantitative studies. ‘Validity is
defined as the extent to which a concept is accurately measured in a quantitative study’ (Heale & Twycross,
2015, p. 66). This means that the scope of a research should be clearly set based on the goal and
requirements of the study. For example, in this research when looking at the energy consumption of the
scanning machinery, the research should not incorporate the energy consumption of the creation of the
machinery, since that is not of interest to MST and changes the course of the research toward its goal.

1.7.5 Reliability
Reliability is ‘the extent to which a research instrument consistently has the same results if it is used in the
same situation on repeated occasions’ (Heale & Twycross, 2015, p. 66). In other words, if other scholars
conducted the same research, we would expect the outcomes to correspond with each other. It is
important to note that reliability does not necessarily guarantee validity; it simply means that the research
instrument is consistent in producing similar results. As long as the choices made during the research are
grounded in sound reasoning, we can consider the research to be reliable.

1.7.6 Limitations
One of the main limitations of the research was the lack of real-time data. As mentioned previously, during
the construction of the new building, MST did not see the use of adding measuring gauges between
smaller levels within the hospital. This means that we could not measure the scanning equipment for a
whole week or longer for example to comp