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Abstract—Computerized tomography (CT) scanners and 

magnetic resonance imaging (MRI) systems are known as the 

highly demanding radiology systems in hospitals and 

radiography clinics. Most of such appliances need to be operated 

during working hours and some of them should be available for 

emergency operations if needed. Optimal operation and 

maintenance of these expensive devices are very important. 

Energy consumption of these appliances is very high due to their 

radio imaging progress, while it can be managed by optimal 

scheduling during the operation. This paper presents a 

scheduling model benefiting from the mixed-integer linear 

programming (MILP) approach to minimize the electricity 

consumption of these devices. The scheduling problem is 

handled for a given day with a 15-minute time resolution to show 

the capability of the model in handling the process at a specific 

radiology clinic.   

Keywords—Optimal patient scheduling, Magnetic Resonance 

Imaging, Computerized Tomography, Energy Management. 

I. INTRODUCTION 

In the last few years, the use of medical imaging devices 
such as computed tomography (CT) scanners and magnetic 
resonance imaging (MRI) systems has dramatically increased 
in clinics and hospitals worldwide. These devices provide vital 
diagnostic information to clinicians and help in improving 
patient outcomes. However, they also consume a significant 
amount of electricity, making them one of the largest energy 
consumers in healthcare facilities. The energy consumption of 
medical imaging devices not only leads to increased electricity 
bills but also contributes to the carbon footprint of healthcare 
facilities, which is a significant concern for sustainability. In 
recent years, various studies have focused on reducing the 
electricity consumption of medical imaging devices, 
particularly CT scanners and MRI systems. These studies 
have demonstrated that the implementation of energy 
management strategies in healthcare facilities can 
significantly reduce electricity costs while maintaining the 
same level of patient care. In general, hospitals and healthcare 
facilities are benefiting from electricity and natural gas for 
supplying their electrical, heating, and cooling loads. In this 
case, optimal energy management strategies could reduce the 
overall costs of energy consumptions [1]–[4] 

There are some potentials for the radiology communities 
that have been suggested in [5] that play a significant role in 
reducing healthcare's carbon footprint by curbing greenhouse 
gas emissions and lowering energy consumption. Radiology 
is thought to be a significant contributor to the nearly 10% of 
greenhouse gas emissions produced by the US healthcare 
system [6]. Accordingly, based on the energy consumption 
measured by CT scanners and MRI systems, the annual energy 
consumed by a CT scanner is equivalent to the energy usage 
of 5 houses with four occupants. An MRI system consumes 
nearly as much as 26 households with four occupants, which 
is considerably higher than CT scanners [7].  

Climate change impacts on healthcare, particularly on 
radiology have been studied in [8]. This research paper argues 
that climate change will have significant implications for 
radiology. These include increased demand for imaging 
services due to climate-related health conditions, increased 
equipment failure due to extreme weather conditions, and 
increased energy consumption associated with imaging 
equipment. The potential for cost minimization of medical 
imaging devices is significant. According to a study 
conducted in Canada, the energy consumption of medical 
imaging devices can account for up to 80% of a healthcare 
facility's electricity bill [9]. This high energy consumption is 
due to several factors such as the continuous operation of 
devices, high power requirements, and the need for cooling 
systems. The implementation of energy-efficient technologies 
and practices can help reduce the energy consumption of 
medical imaging devices. For instance, the use of power 
management software, smart scheduling, and occupancy 
sensors can reduce electricity consumption by turning off 
equipment during non-operational hours, reducing standby 
power, and adjusting cooling levels according to usage. 
Büttner et al. explored the potential to reduce the 
environmental impact of radiological departments. The 
authors provided a cost estimate for the implementation of 
several eco-friendly practices, such as reducing the standby 
time of equipment, optimizing the usage of contrast agents, 
and using energy-efficient lighting. The study found that 
implementing these changes could result in significant 
reductions in energy consumption and greenhouse gas 
emissions, as well as cost savings for the department [10]. The 
Authors in [11] investigated the energy consumption of a 
healthcare facility in Italy and proposed strategies for reducing 
energy consumption and greenhouse gas emissions. The 
authors reconstructed the energy demand of the facility using 
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data from energy bills and on-site measurements. They then 
conducted a comprehensive analysis of the energy demand, 
including identifying areas of high energy consumption and 
potential energy savings. 

Several studies have focused on developing energy 
management strategies for medical imaging devices, 
particularly CT scanners and MRI systems. For instance, a 
study by Brown et al. developed an energy-efficient CT 
scanning protocol that reduced the electricity consumption of 
CT scanners [12]. By switching the computer to the ‘ON’ 
mode while keeping the gantry off overnight, the total daily 
energy consumption on weekdays and Saturdays decreased by 
24-30%, and almost 50% on Sundays. This strategy has the 
potential to save around 14 MWh over a year with a 95% 
confidence interval. It is concluded that for a healthcare 
system with 25 CT scanners, the energy saving for one year is 
approximately 354.5 MWh which is almost equal to the 
energy needed for 32 households. Energy consumption 
monitoring demonstrated that approximately two third of the 
CT scanner's energy consumption during the non-productive 
idle system state, and one-third of the MRI system's energy 
consumption during the system-off state due to the 
requirement for continuous cooling would be wasted [13]. The 
researchers highlighted the importance of implementing 
energy-efficient technologies, such as LED lighting [14] and 
HVAC systems [15], and using power management software 
to reduce electricity consumption [16].  

All in all, MRI and CT scanners are typically operating in 
various modes such as scanning, idle, and off. Surprisingly, 
the energy consumption in the idle and off states is substantial 
due to the requirement for cooling. Hence, such imaging 
systems have more potential for energy and cost saving rather 
than other diagnostic technologies. The demand for energy-
efficient medical devices has been increasing in recent years 
and the development of an energy management system for 
high energy-demanding CT scanners and MRI units is a 
crucial step towards achieving sustainable healthcare. Such a 
system would not only reduce the energy consumption of 
these devices but also contribute to cost savings and promote 
environmental benefits. The implementation of energy 
management strategies in healthcare facilities can 
significantly decrease the electricity consumption of medical 
imaging devices, leading to substantial cost savings and 
improved sustainability. Several studies have demonstrated 
that optimizing scanning protocols using power management 
software and implementing smart scheduling algorithms can 
mitigate energy consumption by up to 50%. Therefore, 
healthcare facilities need to adopt energy-efficient practices 
and technologies to reduce their carbon footprint while 
maintaining high-quality patient care. Hence, this paper 
proposes a scheduling framework based on the mixed-integer 
linear programming (MILP) framework aimed at minimizing 
the electricity consumption of these devices. 

The main concept of energy management strategy for 
CEMS is extracted from [17]–[24] . 

The paper is organized as follows: Section II presents the 
key principles of energy management systems for radiology 
clinics and imaging departments in hospitals. The proposed 
energy management system is formulated as a standard MILP 
problem and the typical constraints relevant to the energy 
management are addressed in this section. Section 4 provides 
the case studied in this paper for a typical day and the 
concluding remarks are addressed in the last section of the 
paper.  

II. CLINIC ENERGY MANAGEMENT SYSTEM 

Clinic energy management systems (CEMSs) are a crucial 
component for the healthcare sector in managing their energy 
consumption and reducing costs. By implementing an 
effective CEMS, healthcare systems can not only save money 
on their energy bills but also alleviate their carbon footprint, 
contributing to a more sustainable environment. A CEMS can 
help clinics to monitor their energy usage in real-time, identify 
areas of high consumption, and adjust their energy usage 
accordingly. Moreover, a CEMS can also provide automated 
alerts and notifications for equipment failures or malfunctions, 
allowing maintenance teams to quickly address any issues and 
prevent costly downtime.  

 

Fig. 1. Energy-intensive medical imaging systems. 

In addition, the CEMS can provide valuable data analytics 
and reporting to help hospitals and clinics make informed 
decisions about their energy usage, including identifying 
opportunities for energy efficiency improvements and setting 
achievable sustainability goals. Overall, implementing an 
energy management system can bring significant benefits to 
healthcare systems in terms of cost savings, environmental 
sustainability, and improved operational efficiency. 
Therefore, such energy consumers should consider investing 
in a robust and comprehensive CEMS to help them manage 
their energy usage effectively. Fig. 1 illustrates the high-
energy demanding imaging systems in medical diagnosis. By 
implementing energy management systems in medical 
centers, the healthcare systems can not only contribute to a 
more sustainable future but also improve patient care by 
reducing energy-related interruptions and ensuring a reliable 
energy supply. Furthermore, with the rising costs of 
healthcare, investing in a comprehensive CEMS can help 
them allocate their resources more effectively and improve 
their bottom line. Hence, the energy management system is a 
critical investment for clinics and hospitals to mitigate their 
energy consumption and costs, improve their operational 
efficiency, and contribute to a sustainable future. Clinics and 
hospitals need to prioritize sustainable energy practices and 
invest in technologies like CEMSs that can help them achieve 
their energy efficiency and sustainability goals while also 
improving patient care and reducing costs. By implementing 
the CEMS, hospitals and clinics can set an example for other 
industrial and commercial sectors to follow and contribute 
towards a greener future for generations to come.  

All in all, hospitals and clinics have a critical role to play 
in promoting sustainable energy practices and reducing their 
carbon footprint. By adopting energy management systems 
and other sustainable technologies, they can lead the way 



toward a more environmentally conscious healthcare industry 
that prioritizes patient care, operational efficiency, and 
environmental sustainability. Investing in a CEMS is not only 
a responsible choice for hospitals but also a necessary one to 
meet the increasing needs of electricity demand by such 
industries. To avoid interference and distortion of images, it is 
essential to protect the radio frequency (RF) signal produced 
by an MRI scanner. However, RF interference can be caused 
by alternating current (AC) power. As a result, MRI room 
lighting fixtures are designed to use direct current (DC) 
power. 

III. PROBLEM FORMULATION FOR EMS 

Energy management systems for radiology departments 
for both clinics and hospitals are provided in this section. This 
model is called a radiology energy management system 
(REMS) aimed at minimizing the electricity cost. The 
objective function of the REMS is as follows: 
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The model investigates cost minimization including the 
energy consumption cost and the cost associated with the start-
up and shutdown of the CT scanners and MRI systems and the 
idle operating cost, respectively. It is supposed that for 
emergency cases, other machines are available, and the 
problem formulation is only applied to the other machines. It 
means that the optimal scheduling of radiography for non-
emergency patients is adopted in this model. 

The energy needed for each examination includes the 
preparation of the patient, examination duration, and 
reconstruction of the machine for generating the images. It is 
supposed that the energy meters are counting the electricity 
consumption based on the 15-min window. Therefore, the 
power fluctuations for each examination do not affect the 
energy cost assessment. It should be noted that the peak power 
of the CT scanners is considerably high. However, the 
electrical network can support it.  

The power consumption for each machine is modeled 
addressing three different stages including examination, idle, 
and off states of the given unit.  
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In this constraint, Bi,j,t, Ci,t, and Di,t are binary decision 
variables. Bi,j,t represents the assigning of patient j to machine 
i, while  Ci,t and Di,t are corresponding to the idle and 
shutdown of the imaging units.  These binary variables cannot 
be active at the same time. Therefore, constraint (3) is 
considered to avoid simultaneously activating these binary 
variables. 
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Power consumption of the machines during the idle 
operation and shutdown service are also considered in (2). In 
this case, even for the period that the imaging system is not 
active, there are some power consumptions. For instance, the 
power consumption by the cooling system and gantry can be 
considered for the idle and shutdown periods, respectively. 

It is supposed that for each time slot, there is an associated 
binary decision variable corresponding to each machine. 
Whenever the machine is working for a specific examination, 
the corresponding energy consumption will be applied. It 
should be noted that when an examination starts, it should 
continue to be finished. There is no interruption allowed for 
the imaging examinations.  

In addition, for each imaging system, including CT 
scanners and MRI units, there is an assignment table for every 
patient. It means that for each examination, the operator 
knows the utilization of the CT scanner or the MRI unit. The 
problem is to determine the best schedule for each patient, j, 
to be examined by the proper machine.  
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The consumed energy for each machine for a given period, 
NT, can be calculated by (4). It should be noted that during the 
off period, the gantry is still connected to the grid and 
therefore it is consuming energy. 

For each specific examination, there is a minimum time 
limit for imaging procedures and collecting images by the 
system and operator. The duration for each exam is a 
probabilistic parameter. However, in this study, the mean 
values reported in [7] are chosen to represent the exam period. 
For instance, the binary decision variable selected to address 
the operation time can be used to model the examination 

period for the associated patient, 𝑇𝑗
𝐸𝑥𝑎𝑚. 
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Another constraint that should be expressed in the 
mathematical problem formulation is the occupation of the 
machines during the examination. It is evident that at a 
specific time, it is not possible to perform several 
examinations for different patients by a specific machine. It 
means that at each time slot, only one patient can be 
monitored, and it should be done by only one machine. These 
constraints are addressed in (6) and (7), respectively. 
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In addition, the units at the radiology imaging system 
(RIS) are working during the daytime and they are no longer 
available during the night. Therefore, the operation window 
for the machines can be defined by the operator and it can be 
applied for working days, Saturdays, and Sundays, if 
applicable. Hence, the timetable should be determined for 
each imaging day as provided in (8). 
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The transition between examination, idle and out-of-
service states can be represented by an associate transition 
between binary decision variables. Equation (9) deals with the 
transition between these stages. Based on the non-operative 
periods of the radiography machines, the optimal decision 
should be selected for idle operation or shutdown actions.  
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It should be noted that all decision variables in this 
equation are binary variables. The problem formulation for the 
RIS scheduling follows a standard MILP formulation and it 
can be solved by the available commercial or open-source 
packages. In this study, the CPLEX solver in the GAMS 
platform is adopted.  

IV. SIMULATION RESULTS 

In this section, the simulation results for the clinical 

imaging system are provided. In this case study, three CT 

scanners with the same specifications are available. 

Regarding the MRI system, there are two MRI-1.5T and one 

MRI-3.0T available in the clinic. The imaging system will 

start at 7:00 and all examinations should be done before 

19:00. Hence, the optimal scheduling of the system should be 

organized in a way that all examinations should be carried out 

before the closing hour of the clinic. Table I provides more 

details regarding the imaging system’s specifications. Fig. 2 

illustrates the clinical imaging system configuration studied 

in this paper. Table II and III provide the details of CT scan 

and MRI orders to be scheduled for the specific day. For each 

exam, the energy consumption and the examination time are 

provided. According to the time required for the examination 

preparation, the required time slots needed for concluding the 

examinations are provided, accordingly. The last column 

gives the number of patients to be admitted for the specific 

day. The abbreviation for each examination is also provided 

for a better understanding of the content of the corresponding 

tables. 

TABLE I.  CT SCAN AND MRI SPECIFICATIONS 

Unit 
STSD  

($) 

IDLE  

($) 

POff 

(kW) 

PIdle 

(kW) 

CT01-03 12 0 0.75 1.0 

MRI-1.5T-01-02  90 20 8.0 6.0 

MRI-3.0T-03 100 25 10.0 8.0 

TABLE II.  SPECIFICATIONS OF CT SCAN ORDERS 

Exam* 
Energy 

(kWh) 

Period 

 (min) 

Time Slot 

(15-min)** 

Number of 

Patients 

He-Ne 0.44 7 1 10 

He-Sp 0.48 7 1 10 

He-Ch 0.60 7 1 6 

He 0.68 11 2 8 

Ch 0.77 9 1 6 

Pe 0.92 11 2 4 

Sp 0.97 12 1 3 

Ne 0.91 12 1 4 

Ab-Pe 1.28 14 2 5 

Ex 1.23 16 2 6 

Ch-Ab-Pe 1.14 12 2 9 

Ca 1.39 17 2 5 

Ru 1.41 19 2 4 

Ne-Ch-Ab-Pe 1.44 16 2 4 

Tr 2.05 29 3 2 

In 3.45 51 4 1 

* He: Head, Ne: Neck, Sp: Spine, Ch: Chest, Pe: Pelvis, Ab: Abdomen, Ex: 

Extremities, Ca: Cardic, Ru: Runoff, Tr: Trauma, In: Intervention  

** Including preparation for the examination 

 

Fig. 2. Clinical Imaging System Configuration. 

Fig. 3 illustrates the optimal scheduling of all machines 

for the given day. According to the hourly electricity tariff 

provided in this figure, the admission of the patient is 

organized in a way to minimize the electricity cost. 

TABLE III.  SPECIFICATIONS OF MRI ORDERS 

Exam* 
Energy 

(kWh) 

Period 

 (min) 

Time Slot 

(15-min)** 

Number of 

Patients 

1.5 T 

Ab 15.5 52 4 1 

Ab-Pe 14.1 48 4 1 

Br 15.8 42 4 3 

Ca 17.4 61 5 1 

Ch 16.8 53 4 1 

Ex 17.6 51 4 1 

He 15.9 49 4 2 

He-Ne 21.4 59 5 1 

Hi 14.1 39 3 1 

Ne 15 41 4 3 

Pe 17.1 57 5 1 

Ru 11.9 43 4 1 

Sh 17.4 43 4 2 

Sp 16.6 50 4 1 

Va 19.0 58 5 1 

W-B 26.7 73 6 1 

3.0 T 

Ab 14.7 37 3 2 

Ch 34.2 77 6 1 

Ex 23.8 47 4 1 

Hi 21.1 42 4 1 

Ne 30.4 65 5 1 

Pe 21.4 48 4 1 

Ru 17.5 45 4 1 

Sh 23.5 47 4 1 

Sp 22.7 47 4 1 

Va 19.0 58 5 1 

* He: Head, Ne: Neck, Sp: Spine, Ch: Chest, Pe: Pelvis, Ab: Abdomen, Ex: 

Extremities, Ca: Cardic, Ru: Runoff, Tr: Trauma, In: Intervention, Hi: Hip, 

Sh: Shoulder, Va: Vascular, W-B: Whole Body, B: Breast  

** Including preparation for the examination 

 

 

 

     
  

  

          

                                                



 

Fig. 3. Daily scheduling of the imaging systems in line with the hourly electricity tariff. 

The optimal scheduling of RIS is provided in Fig. 3 in 

which the optimal patient admissions are handled by the 

CEMS model. As it is stated before, the working hours of the 

imaging clinic are from 7:00 to 19:00. Therefore, all 

examinations should be carried out during the mentioned 

period. The overall energy required for the CT scan is 83.03 

kWh and by considering the standby energy consumption, the 

overall energy consumption is equal to 110.971 kWh. The 

overall cost of energy consumed by CT scanners is $88.839 

for the given day. For the MRI system including 1.5T and 

3.0T units, the total costs of electricity are $441.107 and 

$230.795, respectively. The amounts of energy consumed by 

1.5T and 3.0T MRI units are 515.7 kWh and 280.6 kWh, 

respectively. As can be observed from Fig. 3, during the peak 

hours, the total energy consumed by the RIS is considerably 

lower than the other hours. The CEMS effectively manages 

the optimal scheduling of the imaging systems.  Table IV 

provides the energy and cost for the base case and after 

applying the proposed CEMS in this paper. 

TABLE IV.  COST AND ENERGY REDUCTION BY CEMS 

Imaging 

System 

Before Applying CEMS After Applying CEMS 

Energy 

(kWh) 

Cost 

 ($) 

Energy 

(kWh) 

Cost 

 ($) 

CT-Scan 120.284 109.342 110.971 88.84 

MRI-1.5T 565.20 512.289 515.70 441.107 

MRI-3.0T 368.00 345.455 280.60 230.795 

 

V. CONCLUSION 

This paper presented a scheduling model based on the 

MILP approach to minimize the electricity consumption of 

CT scanners and MRI systems. The model was designed to 

handle the scheduling problem for a given day with a 15-

minute time resolution to show its capability in managing the 

operation of radiology clinics. The simulation results showed 

that the proposed model could effectively manage the optimal 

scheduling of imaging systems and reduce energy 

consumption during peak hours. The overall costs of energy 

consumed by CT scanners and MRI systems were presented, 

which can help hospital and radiography clinic administrators 

to optimize their energy management strategies. The 

presented model can be further extended to consider other 

operational constraints and improve the energy efficiency of 

radiology clinics. 

ACKNOWLEDGMENT  

This paper is partly supported by (1) Academy of Finland 

via: (a) FIREMAN consortium n.326270 as part of CHIST-

ERA grant CHIST-ERA-17-BDSI-003, (b) EnergyNet 

Fellowship n.321265/n.328869/n.352654, and (c) X-SDEN 

project n.349965; and (2) Baltic-Nordic Energy Research 

programme via Next-uGrid project n.117766. 

REFERENCES 

[1] A. E. Nezhad, A. Ahmadi, M. S. Javadi, and M. 

Janghorbani, “Multi-objective decision-making 

framework for an electricity retailer in energy 

markets using lexicographic optimization and 

augmented epsilon-constraint,” International 

Transactions on Electrical Energy Systems, vol. 25, 

no. 12, 2015, doi: 10.1002/etep.2059. 
[2] M. S. Javadi, M. Gough, A. E. Nezhad, S. F. Santos, 

M. Shafie-khah, and J. P. S. Catalão, “Pool trading 

model within a local energy community considering 

flexible loads, photovoltaic generation and energy 

storage systems,” Sustain Cities Soc, vol. 79, p. 

103747, Apr. 2022, doi: 

10.1016/J.SCS.2022.103747. 

[3] M. S. Javadi, A. Esmaeel Nezhad, and S. Sabramooz, 

“Economic heat and power dispatch in modern power 

system harmony search algorithm versus analytical 

solution,” Scientia Iranica, vol. 19, no. 6, 2012, doi: 

10.1016/j.scient.2012.10.033. 

[4] M. J. Estahbanati, “Hybrid probabilistic-harmony 

search algorithm methodology in generation 

scheduling problem,” Journal of Experimental and 

Theoretical Artificial Intelligence, vol. 26, no. 2, pp. 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0

5

10

15

20

25

30

35

40

45

50

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

E
n

er
g

y
 T

ar
if

f 
($

/k
W

h
)

P
o

w
er

 (
k

W
)

Time (h)

RTP CT-01 CT-02 CT-03 MRI-01 MRI-02 MRI-03 Total



283–296, Apr. 2014, doi: 

10.1080/0952813X.2013.861876. 

[5] S. McAlister et al., “The carbon footprint of hospital 

diagnostic imaging in Australia,” Lancet Reg Health 

West Pac, vol. 24, Jul. 2022, doi: 

10.1016/J.LANWPC.2022.100459. 

[6] S. A. Woolen et al., “Radiology Environmental 

Impact: What Is Known and How Can We 

Improve?,” Acad Radiol, Nov. 2022, doi: 

10.1016/J.ACRA.2022.10.021. 

[7] T. Heye et al., “The Energy Consumption of 

Radiology: Energy- and Cost-saving Opportunities 

for CT and MRI Operation,” Radiology, vol. 295, no. 

3, pp. 593–605, Jun. 2020, doi: 

10.1148/RADIOL.2020192084. 

[8] J. Schoen, G. B. McGinty, and C. Quirk, “Radiology 

in Our Changing Climate: A Call to Action,” Journal 

of the American College of Radiology, vol. 18, no. 7, 

pp. 1041–1043, Jul. 2021, doi: 

10.1016/J.JACR.2021.02.009. 

[9] A. Easty, L. Varangu, J. J. Knott, S. Shi, and K. 

Waddington, “Energy consumption profiles of 

common types of medical imaging equipment in 

clinical settings,” IFMBE Proc, vol. 68, no. 3, pp. 

253–256, 2019, doi: 10.1007/978-981-10-9023-

3_45/COVER. 

[10] L. Büttner et al., “Switching off for future—Cost 

estimate and a simple approach to improving the 

ecological footprint of radiological departments,” 

Eur J Radiol Open, vol. 8, p. 100320, Jan. 2021, doi: 

10.1016/j.ejro.2020.100320. 

[11] A. Bianchini, C. Carcasci, G. Manfrida, and M. Zini, 

“Reconstruction and Analysis of the Energy Demand 

of a Healthcare Facility in Italy,” E3S Web of 

Conferences, vol. 197, p. 02009, Oct. 2020, doi: 

10.1051/E3SCONF/202019702009. 

[12] M. Brown, E. Snelling, M. De Alba, G. Ebrahimi, and 

B. B. Forster, “Quantitative Assessment of 

Computed Tomography Energy Use and Cost 

Savings Through Overnight and Weekend Power 

Down in a Radiology Department,” Canadian 

Association of Radiologists Journal, Nov. 2022, doi: 

10.1177/08465371221133074/ASSET/IMAGES/LA

RGE/10.1177_08465371221133074-FIG2.JPEG. 

[13] S. A. Woolen et al., “Radiology Environmental 

Impact: What Is Known and How Can We 

Improve?,” Acad Radiol, 2022, doi: 

10.1016/J.ACRA.2022.10.021. 

[14] M. U. Knopp, K. Binzel, C. L. Wright, J. P. Zhang, 

and M. V. Knopp, “Enhancing Patient Experience 

With Internet Protocol Addressable Digital Light-

Emitting Diode Lighting in Imaging Environments: 

A Phase I Study,” J Med Internet Res, vol. 22, no. 6, 

Jun. 2020, doi: 10.2196/11839. 

[15] B. S. Alotaibi, S. Lo, E. Southwood, and D. Coley, 

“Evaluating the suitability of standard thermal 

comfort approaches for hospital patients in air-

conditioned environments in hot climates,” Build 

Environ, vol. 169, p. 106561, Feb. 2020, doi: 

10.1016/J.BUILDENV.2019.106561. 

[16] Y. Pan and D. Zou, “Application of electric energy 

management system in green hospital,” AIP Conf 

Proc, vol. 2036, no. 1, p. 030056, Nov. 2018, doi: 

10.1063/1.5075709. 

[17] M. Javadi et al., “Optimal Operation of Home Energy 

Management Systems in the Presence of the Inverter-

based Heating, Ventilation and Air Conditioning 

System,” in 2020 IEEE International Conference on 

Environment and Electrical Engineering and 2020 

IEEE Industrial and Commercial Power Systems 

Europe (EEEIC / I&CPS Europe), 2020, pp. 1–6. doi: 

10.1109/EEEIC/ICPSEurope49358.2020.9160629. 

[18] M. Javadi et al., “Optimal Operation of Home Energy 

Management Systems in the Presence of the Inverter-

based Heating, Ventilation and Air Conditioning 

System,” Proceedings - 2020 IEEE International 

Conference on Environment and Electrical 

Engineering and 2020 IEEE Industrial and 

Commercial Power Systems Europe, EEEIC / I and 

CPS Europe 2020, Jun. 2020, doi: 

10.1109/EEEIC/ICPSEUROPE49358.2020.916062

9. 

[19] M. S. Javadi et al., “Conditional Value-at-Risk 

Model for Smart Home Energy Management 

Systems,” e-Prime, p. 100006, Oct. 2021, doi: 

10.1016/J.PRIME.2021.100006. 

[20] M. S. Javadi, M. Gough, M. Lotfi, A. Esmaeel 

Nezhad, S. F. Santos, and J. P. S. Catalão, “Optimal 

self-scheduling of home energy management system 

in the presence of photovoltaic power generation and 

batteries,” Energy, vol. 210, p. 118568, Nov. 2020, 

doi: 10.1016/j.energy.2020.118568. 

[21] T. Almeida, M. Lotfi, M. Javadi, G. J. Osório, and J. 

P. S. Catalão, Economic Analysis of Coordinating 

Electric Vehicle Parking Lots and Home Energy 

Management Systems. 2020. 

[22] M. S. Javadi, M. Lotfi, A. Ashraf, A. E. Nezhad, M. 

Gough, and J. P. S. Catalao, “A Multi-Objective 

Model for Home Energy Management System Self-

Scheduling using the Epsilon-Constraint Method,” in 

2020 IEEE 14th International Conference on 

Compatibility, Power Electronics and Power 

Engineering (CPE-POWERENG), Setubal, Portugal, 

2020. 

[23] M. Javadi et al., “A Multi-Objective Model for Home 

Energy Management System Self-Scheduling using 

the Epsilon-Constraint Method,” in 2020 IEEE 14th 

International Conference on Compatibility, Power 

Electronics and Power Engineering (CPE-

POWERENG), 2020, pp. 175–180. doi: 

10.1109/CPE-POWERENG48600.2020.9161526. 

[24] M. S. Javadi et al., “Self-scheduling model for home 

energy management systems considering the end-

users discomfort index within price-based demand 

response programs,” Sustain Cities Soc, vol. 68, p. 

102792, May 2021, doi: 10.1016/j.scs.2021.102792. 
 

 


