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Abstract  Öz 

Healthcare facilities are one of the main buildings that have great 
energy consumption. This situation reveals the need for good energy 
planning and management based on the principles of energy efficiency 
as well as cost-effectiveness for these facilities. In this context, a 
literature review, between 2006 and 2018, on energy applications 
realized for healthcare facilities, such as energy planning, energy 
management, energy efficiency, selection of alternative energy 
technologies, using of different energy sources, energy 
renovation/refurbishment activities have been executed. A Systematic 
Literature Review (SLR) method was used, where research questions 
and searching stages were defined. This review study has been 
conducted on energy and healthcare relevant keywords in the Scopus 
database. After a thorough analysis of the papers retrieved from the 
Scopus database, a total of 176 primary articles has been categorized 
according to their relations with energy efficiency, energy planning, and 
energy management. In each category, major research issues, findings, 
and important aspects have been analyzed and reported. With this 
analyzing, developments in the existing literature have been put forth 
and potential areas for future research have been suggested. Findings 
pointed out that energy-related studies for healthcare facilities are 
between trending topics. For ensuring minimum cost and maximum 
utility for energy, the articles using the solution methods of operations 
research and engineering economics regarding alternative energy 
applications are especially popular. As a solution method for energy 
problems, Mixed Integer Linear Programming (MILP) is widely used in 
20 studies. On the other hand, cogeneration and trigeneration 
applications, which minimize energy costs and waste energy and are 
very suitable for large buildings, are the most frequently studied 
alternative energy applications with 83 articles. 

 Sağlık tesisleri, büyük bir enerji tüketimine sahip ana binalardan 
biridir. Bu durum, enerji verimliliği ilkelerine ve bu tesisler için maliyet 
etkinliğine dayalı iyi bir enerji planlaması ve yönetimine duyulan 
ihtiyacı ortaya koymaktadır. Bu bağlamda, 2006 ve 2018 yılları 
arasında enerji planlaması, enerji yönetimi, enerji verimliliği, alternatif 
enerji teknolojilerinin seçimi, farklı enerji kaynaklarının kullanılması, 
enerji yenileme/yenileme çalışmaları gibi sağlık kurumları için 
gerçekleştirilen enerji çalışmalarına ilişkin literatür taraması 
gerçekleştirilmiştir. Araştırma sorularının ve arama aşamalarının 
tanımlandığı bir sistematik literatür taraması methodu kullanılmıştır.  
Bu literatür çalışması, Scopus veritabanında enerji ve sağlık ile ilgili 
anahtar kelimeler üzerine yapılmıştır. Scopus veritabanından elde 
edilen verilerin analizinden sonra, toplam 176 öncellikli çalışma enerji 
verimliliği, enerji planlaması ve enerji yönetimi ile ilişkilerine göre 
sınıflandırılmıştır. Her kategoride, önemli araştırma konuları, bulgular 
ve mühim görülen yönler analiz edilmiş ve raporlanmıştır. Bu analiz ile 
mevcut literatürdeki gelişmeler ortaya konmuş ve gelecekteki 
araştırmalar için potansiyel alanlar önerilmiştir. Elde edilen sonuçlar, 
sağlık tesisleri için enerji ile ilgili çalışmaların trend konular arasında 
olduğunu göstermektedir. Enerji için minimum maliyet ve maksimum 
fayda sağlamak amacıyla, alternatif enerji uygulamalarına yönelik 
olarak yöneylem araştırması ve mühendislik ekonomisinin çözüm 
yöntemlerini kullanan makalelerin özellikle ön planda olduğu 
belirlenmiştir. Enerji problemleri için çözüm yöntemi olarak, Karma 
Tamsayılı Doğrusal Programlamanın 20 makale ile en çok kullanılan 
yöntem olduğu görülmektedir. Öte yandan, enerji maliyetlerini ve atık 
enerjiyi mimimize eden ve büyük binalar için oldukça uygun olan 
kojenerasyon ve trijenerasyon uygulamalarının 83 makale ile üzerinde 
en çok çalışılan alternatif enerji uygulamaları olduğu görülmektedir. 

Keywords: Energy, Energy management, Healthcare, Hospital.  Anahtar kelimeler: Enerji, Enerji yönetimi, Sağlık hizmeti, Hastane. 

1 Introduction 

The energy issue is very important and an indispensable 
element of today. The factors such as limited resources, 
excessive and growing consumption, high costs make it 
mandatory to have an energy management perspective and 
using energy efficiently. In this context, efficient and planned 
energy management is widely accepted as an emerging factor 
for the future life of humanity, which requires not only technical 
innovation and alternative energy resources but also the 
awareness of all consumers about the depletion of resources 
and efficient use of energy. 

                                                           
*Corresponding author/Yazışılan Yazar 

Energy use intensity and energy diversity are important 
indicators for the level of development of societies in today's 
world. Furthermore, energy is one of the primary components 
in economical development and there is a certain relation 
between the intensity of using and availability of energy and the 
growth of a nation. On the other hand, the development of the 
healthcare sector is another important indicator for societies 
from the point of showing their place in the developed world. 
Technology usage in the healthcare sector is becoming 
indispensable, so the dependence on energy is more vital today. 
For instance, the technological developments and usage status 
are intensive in medical devices, which are used in the critical 
units such as operating rooms, x-ray and imaging units, 
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intensive care units that have a direct impact on the lives of 
patients. Especially these units in running hospitals require an 
uninterrupted supply of energy every day because medical 
technology that consumes immense amounts of energy is at 
work around the clock. Another technological development for 
healthcare facilities is building-relevant technologies and 
systems which are HVAC systems, combined energy units, 
motors, lighting systems, video surveillance, intrusion and fire 
detection systems, alarm and evacuation. They secure comfort, 
hygiene and the safety of patients and staff while allowing for 
streamlined operation and making life easier. 

Especially, as great energy consumers, hospitals, hotels, large 
sports centers, and other buildings are responsible for 40% of 
energy consumption and 36% of CO2 emissions in the EU [1]. 
Healthcare facilities, in particular, large hospitals, have an 
important place in the building types in terms of energy 
consumption. Hospitals have great energy consumption 
because of long work durations and intensive people 
circulation who are employees, patients, and visitors. These 
buildings are 24hour/7day open to operation and they are 
occupied by sophisticated HVAC systems that led the 
temperatures and airflow. Besides that, many energy-required 
units and activities are actualized in these buildings: such as 
washeteria, medicinal and lab equipment use, imaging unit, 
sterilization, computer and other office equipment use, food 
service, and refrigeration. For example, a typical 200,000-
square-foot (ft2), 50-bed hospital in the U.S. annually spends 
$680,000—or roughly $13,611 per bed—on electricity and 
natural gas [2]. Healthcare professionals are looking for new 
and cost-effective energy solutions and safe ways for energy-
providing to balance great costs caused by growing 
consumption and rising energy prices. Because of all these 
reasons, the main topics such as energy planning, energy 
management, energy efficiency, the implementation of 
alternative energy technologies and energy sources, energy 
audit programs, energy renovation, and refurbishment 
activities in healthcare facilities require further analyzing.  

When energy-relevant studies of healthcare facilities are 
examined, it seems clear that the use of alternative energy 
technologies and sources were the most studied subject. 
Cogeneration applications producing heat and electric power 
using generally natural gas are in the first rank in this subject. 
Cogeneration is one of the preferred alternative energy 
production methods for hospitals. A combined heat and power 
(CHP) system could produce both electricity and heat 
simultaneously [3]. Combined heat and power systems are 
generally accepted as one of the most effective solutions to 
accomplish the increasing requirements in primary energy 
consumption reduction and greenhouse emissions reduction 
[4]. The implementation of the cogeneration system 
incorporates lots of parameters such as energy demand under 
uncertainty, the return on investment, define optimum 
operation strategy, appropriate equipment selection, amount 
and type of energy generation which reveals the necessity of an 
optimal viewpoint. 

Similarly, the other alternative technology is trigeneration 
which is obtained by adding an absorption chiller or cooling 
unit to the cogeneration plant. With the connection of the 
absorption chiller and cogeneration system, the system starts 
to have the ability to generate three energy formation 
(electricity, cooling, and heating) from a single source 
simultaneously. Healthcare facilities have buildings that are 
consuming a great amount of energy with long operating hours, 

thus they are appropriate to set up a CHP or CHCP plant. Some 
facilities, besides electricity usage for office requirements and 
cooling equipment, a thermal energy source is used for general 
heating or medical services, such as sterilization, laundry, and 
kitchen heating [5]. The main problems in these applications 
are determining capacity and designing parameters since high 
investment costs and correspondingly increasing of a break-
even point are directly related [5]-[8]. For example,  In their 
study, Guo L. et al. [6], proposed a two-stage optimal planning 
and design method whose optimum objective is to both 
minimize the total net present cost and carbon dioxide 
emission in life circle using multi-objective genetic algorithm 
while designing trigeneration plant for the hospital. Another 
issue is the use of CHP or CHCP systems is determining 
optimum operation strategy for increase system performance 
by taking into consideration important indicators such as 
hourly hospital energy demands, peak load, tariffs [5],[9],[10]. 
In the healthcare facilities, trigeneration and cogeneration 
systems are sometimes operated based on renewable energy 
resources such as photovoltaic solar panels, biogas, solar oxide 
fuel cell which is modeled and optimized for the trigeneration 
hybrid system fed by biogas produced from hospital waste [11].  

To reduce energy consumption, healthcare facilities sometimes 
look for ways to improve the current situation of buildings 
instead of using alternative energy technologies and sources. 
Renovation/Refurbishment activities, which are building 
envelope and insulation, insulation of pipes, window shading, 
insulated roof, insulation of hot water tanks and boilers, 
thermostatic radiator valves, boiler replacement, replace old 
electromagnetic ballasts with electronic ones, etc. [12], often 
are applied to save energy in healthcare facilities. These 
activities mean a reduction in future energy bills and a better 
indoor climate and greater comfort. Sometimes these activities 
are applied within the framework of an energy audit program 
or energy maintenance contract, and sometimes these are 
applied independently. It was signed a contract with an Energy 
Service Company (ESCO) partnership for energy efficiency in 
Ottawa Hospital (TOH) within the framework of began its 
energy reduction program [13]. The Advanced Energy Design 
Guide for Small Hospitals and Healthcare Facilities (AEDG-SHC) 
provides user-friendly support and advice for building design, 
construction, and owner communities to achieve energy 
savings [14]. 

However, in some studies [15],[16], it was carried out energy 
data analysis regarding the hospital's existing situation to 
ensure a database or framework for future energy efficiency 
activities. Martini et al. [15], tackled the energy behavior of 
health facilities, with a knowledge base of the Energy-
Productive Building Module which provides evaluating the 
interactions among various physical spaces, building envelope, 
infrastructure, and equipment related to energy consumption. 
Similarly, Congradac et al. [16], studied on practice and 
approval of the energy consumption tool. 

In this paper, a systematic literature review has been carried 
out to define and critically survey the literature on the 
healthcare facilities energy subjects from 2006 to 2018 from 
the point of energy planning, energy management, energy 
efficiency, alternative energy sources, energy renovation and 
refurbishment activities for healthcare facilities.  

Energy efficiency surveys in health care have become an 
important research aspect after 2005 with the increasing use of 
renewable energies. The studies between 2006-2018 are an 
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important period in terms of shedding light on past and future 
studies. However, the tendency of such studies should be 
investigated on a sectoral basis at certain intervals. 

As shown in Table 1, the study was organized based on 
specified stages.  

Table 1. Figure list. 

Hierarchical Stages in The Study 

Stages Main Issues 

Stage 1 
Reviewing All Articles Between 2006-2018 Based on 

Defined Search Criteria 

Stage 2 Retrieving Related Articles 

Stage 3 
Analyzing Articles and Obtaining Inferential General 

Information About Articles 

Stage 4 
Analyzing Retrieved Articles From The Point Of Using 

the Methods and Tools of Industrial 
Engineering/Operational Research 

Stage 5 
Analyzing Retrieved Articles From The Point Of Using 

the Alternative Energy Technologies/Sources 

Stage 6 
Analyzing Retrieved Articles From The Point Of 

Renovation/Refurbishment Activities for Energy 
Efficiency For Healthcare Facilities 

Stage 7 

Analyzing Retrieved Articles From The Point Of  
Studying the Energy Types which are main energy 
outputs such as electricity, heating, hot water and 

cooling 

2 Research methodology 

An SLR procedure was applied to identify and select a relevant 
and representative set of literature to answer the research 
question and its sub-questions [17]. In this paper, we present 
the design and the organizing of a systematic literature review 
that we performed to assess the current state of research on 
healthcare facilities’ energy efficiency/planning/management 
in the time interval 2006–2018. The adopted research 
methodology consists of five parts that are specifying the 
research questions, determining goal and strategy, defining 
inclusion and exclusion criteria, starting the searching process, 
analyzing and inferring useful knowledge.  

In this review study, we first have to define our research 
questions that are expressive and important for practitioners 
as well as researchers. Our analysis and inference from the 
relevant articles are based on the research questions. 
Therefore, it is very important to answer research questions 
correctly that will influence current practice and extend the 
body of knowledge. Our Research Questions (RQ) are proposed 
as follow; 

 Which approaches are proposed to solve, model or 
specify energy problems in healthcare facilities? 

 Which alternative technologies and sources have 
been used in healthcare facilities? 

 Which measures have been taken for energy saving in 
healthcare buildings? 

 What kind of energy and which extent is used? 

The basic objective of this study is to identify all articles, which 
are directly relevant to the healthcare facilities’ energy 
efficiency/planning/management subject, which was 
published in peer-reviewed journals between 2006 and 2018 
years and evaluating these articles based on their contents. To 
achieve this goal, two main headlines, which are "Energy" and 
"Healthcare, Medicine", have been get reference in the specified 
database. The searching has been looked for within the titles, 
abstracts, and keywords of all articles of relevant peer-

reviewed journals by the keywords specified in Table2. On the 
other hand, if insufficient information is available in titles and 
abstracts, a full-text review is also realized as a general 
principle. 

Table 2. List of search keywords. 

List of Search Keywords 

In Energy Journals 

In 
Healthcare 
or Medicine 

Journals 

Hospital Healthcare Energy 
Hospital Healthcare Center Energy 

Hospital Building Healthcare Building Electricity 

Hospital Facility Healthcare Clinic Heating 

Hospital Center Healthcare Establishment Cooling 

Hospital Unit Healthcare Unit Exergy 

Hospital Room Healthcare Sector   

  Healthcare Company   

The first inclusion and exclusion criterion for the articles, which 
were published in relevant peer-reviewed journals and 
included aforementioned keywords in their titles and abstracts, 
are determining relevance them with the purpose and title of 
the study. This means that an article includes not only 
"hospital/healthcare or energy" keywords in its title and 
abstract, but also it has to be related to the aim of the study and 
so only articles explicitly discussing the hospital energy 
efficiency/planning/management has been chosen. On the 
other hand, the second criterion is that one of the determined 
duplicate articles is removed from the detailed table. As the 
third one criterion, the retrieved articles related to the topic 
published in the different publications (journals, conferences, 
etc.), which have cited our predetermined relevant articles, 
have been taken into consideration additionally. 

After careful and planned preparation, the searching process 
has been started under the aforementioned rules in the Scopus 
database with identified keywords. The retrieved articles were 
saved in a detailed table together with their properties such as 
journal name, article name, publication year, citations, first 
author affiliation, etc. as shown in Table 3. All saved articles 
were reviewed based on the title and abstract to evaluate their 
relevance for inclusion in the final classification.  Furthermore, 
the studies, which were cited relevant to each article, were 
examined to minimize the number of overlooked relevant 
articles. When an article not on the detailed table is determined, 
it will be added to the table and it will be subjected to the same 
process. As mentioned above, the articles related to the topic 
published in the different publications (journals, conferences, 
etc.), which cite our predetermined relevant articles, have been 
taken into consideration additionally. 

Eventually, the determined relevant articles were read one by 
one as abstract or full-text for analyzing. Each article was 
analyzed following the properties identified in Table 4 below. 
With this analyzing, developments in the existing literature 
have been put forth and potential areas for future research have 
been suggested. Detailed analysis and its results will be 
discussed in Section 3. 
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Table 3. Sample data for relevant article. 

 

Table 4. Sample detailed data table of relevant articles. 

 
 

2.1 Database profile 

In this study, Scopus has been taken into consideration as a 
reference database. Scopus is the largest abstract and citation 
database of peer-reviewed literature: scientific journals, books 
and conference proceedings [18]. The search for journals and 
articles in Scopus consists of the following steps as shown in 
Figure 1; 

- Browse Sources,  
- Select Subject Area (For this study “Energy” and 

“Medicine/Healthcare”) and select source type as 
journals, 

- Select a relevant journal and open webpage of the 
journal (relevant total 54 peer review journals), 

- Select year and search articles according to keywords. 

2.2 Publication Profile 

As stated above, the Scopus database was used to investigate 
articles that were published in peer-reviewed journals between 
2006 and 2018 and identified energy applications/ studies for 
healthcare facilities. The process of determining relevant 
publications and retrieving articles, as shown in Figure 2, 
regarding our subject comprises two stages. In the main stage, 
the scope of research has covered 54 peer-reviewed journals 
that have been divided into two main categories that are 
"energy" and "healthcare or medicine". After searching in peer-
reviewed journals through the specified database with the use 
of our keywords, we have made the primary search and 
identified 305 articles from the automatic search stage in the 
approximately 100.000 articles. These 305 studies were 
checked against the research questions and the criteria of 
inclusion and exclusion (exclusion for title, abstracts, and 
keywords) and non-useful results were eliminated in this step. 
At the next step, some articles were excluded that were 
unrelated to our subject based on the review of their titles, 

abstracts, and keywords. In the case of uncertainty, the 
checking process was proceeding in the next step. For this 
purpose, in the third step of this stage, the selection criteria 
were applied considering the full text (exclusion based on the 
full text), consequently, 3 studies also have been excluded, since 
these have been evaluated as duplicates and removed from the 
detailed table by reading of their text. These duplicate ones 
haven't been taken into consideration but they were also shown 
in the references. 

With the elimination of inappropriate studies, we were 
prepared for the second stage. In the second stage, after all of 
the 156 remaining articles were screened, the additional 46 
papers cited our main papers based on the aforementioned 
rules were listed with their titles and abstracts. Subsequently, 
these 46 papers were added to the detailed table and we then 
generated the pre-final set of primary articles. After the full text 
revising of these additional articles based on the resource 
questions and inclusion and exclusion criteria, 26 papers were 
removed. The remaining 20 articles citing to our main relevant 
articles have been taken into consideration that they were 
evaluated as appropriate for research questions, even though 
they have been published in different publications such as other 
journals, conferences, congress. Finally, 176 studies have 
identified as primary studies and formed the basis for the next 
steps in our review study as stated in the references. The 
distribution of these articles by years is shown by Figure 3 that 
is indicated a tendency to rise. 
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Figure 1. Search steps in Scopus. 
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Figure 2. The flow chart of searching. 
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Figure 3. Distribution of relevant articles by years. 

Some of the journals in the main stage under the “Energy” head, 
which includes 45 journals and 152 relevant articles in total, 
are Energy and Buildings, Energy, Applied Energy, Applied 
Thermal Engineering, Energy Conversion and Management, 
Energy Policy, Energy Efficiency. On the other side, some of the 
journals that were reviewed related to healthcare are the 
Journal of Healthcare Engineering, Health Environments 
Research and Design Journal, Health Services Research under the 
"Healthcare, Medicine" head, which includes 9 journals and 7 
relevant articles. It can be seen from the list of journals above 
that research for healthcare facilities’ energy 
efficiency/planning/management is involving management, 
technical and healthcare dimensions. The top 10 journals which 
contain maximum relevant articles (approximately %71 of all 
relevant articles) are indicated in Figure 4 as below. 

 

Figure 4. Distribution of relevant articles by journals. 

3 Analysis and results  

Before moving on to basic analysis titles, we think it has to be 
given some important inferential information about relevant 
articles. As a result of the analysis of healthcare facilities were 
carried out relevant studies, six types of healthcare facilities 
have been defined as shown in Figure 5. 

Most studies have been realized in "500-beds and over" 
hospitals, whereas the minimum number of studies have been 
actualized in other medical units (laboratories etc.). In our 
opinion, the increase in the number of studies depending on the 
size of healthcare facilities is associated with the increase of the 
amount of consumed energy and variety of energy sources that 
could be studied in lots of situations. In this context, Figure 6 
indicates that the distribution of studies that are involved the 
most preferred alternative energy sources such as 
trigeneration, cogeneration and photovoltaic based on 
healthcare facility capacity and type. 

 

Figure 5. The Number of articles per healthcare facility type. 

 

Figure 6. The Distribution of some alternative energy 
technologies and sources based on healthcare facility type. 

As a conclusion, although the studies regarding alternative 
energy technologies like trigeneration have been carried out for 
big hospitals such as 500-beds and over hospitals, the studies 
about alternative energy sources like photovoltaic have 
generally concentrated on small healthcare facilities such as 
health centers (outpatient) because of having long payback 
period and higher break-event point Figure 7 shows that the 
number of relevant articles per country between 2006 and 
2018 where Italy has the maximum relevant studies with 35 
articles followed by Spain with 23 articles. In total, Europe 
countries have the biggest margin with approximately 48% 
percentage. 

 

Figure 7. Distribution of relevant articles by countries. 

We have divided basic analysis titles into four groups to 
demonstrate the solution methodologies for energy planning 
problems, the usage of alternative energy technologies and 
sources, energy efficiency activities and energy forms used in 
healthcare facilities. The retrieved studies were classified 
based on various parameters as mentioned in Table 4, which 
ensures to analyze all studies and to obtain meaningful results. 
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3.1 The Use of IE and OR methodologies and results 

Industrial engineering (IE) and especially operations research 
(OR) tools and methods are very useful and effective to solve 
and to manage an array of business and organizational 
problems. The basic approach behind OR methods, which are 
generally implemented under uncertainty, is to cooperate with 
customers to plan and develop operations, make better 
decisions and solve problems. OR methods have been 
successfully used in a variety of applications involving energy, 
transportation, production, the environment and in several 
engineering and management problems. On the other hand, 
energy management and planning has become an essential part 
of business strategy in a global economy. It has been 
understood that energy management is one of the key factors 
in lowering costs and driving efficiency and innovation 
throughout an organization. In a general manner, the energy 
management process requires a continuous improvement 
perspective involving visualizing real-time energy 
consumption, measurement, analysis, planning, and 
implementation of programs to reduce consumption and cost. 

Energy planning problems with multiple objectives such as 
minimum energy cost, maximum system utility, minimum CO2 
emission, and minimum energy consumption are complex 
including multi decision-makers, multi-energy sources and 
multi-parameter, so they should be solved by appropriate and 
effective solution methods. The solution methods of OR are 
gaining ever higher importance in the energy sector e.g. 
optimization problems have an important position in energy 
management and planning. The success of these methods has 
been proved in many studies for several years in energy 
planning and scheduling problems. 

The different applications such as to minimize application cost 
of alternative energy technology, energy demand forecasting 
under uncertainty, energy scheduling for different units/ 
buildings are basic areas for these methods in which can be 
used in healthcare energy management and planning. All 
retrieved relevant articles have been classified and analyzed in 
terms of using IE and OR methods and tools. Although some 
methods and tools have been used in other disciplines like 
statistics, economy, etc., we have evaluated them in terms of 
industrial engineering and operations research. Different 
solution tools and methods, considered as related to IE and OR, 
have used in total 71 relevant articles.  On the other hand, when 
we look at authors of these retrieved articles, 22 articles were 
published by departments of Industrial Engineering and 
Operations Research (or similar departments). As can be seen 
from Figure 8, the use of such methods is increasing by the 
years in energy-related studies for healthcare facilities. 
Furthermore, Figure 9 shows that the most used several 
methods were used in relevant articles.   

 

Figure 8. IE and OR methods in relevant articles by years. 

 

Figure 9. The most used IE and OR methods in relevant 
articles. 

When these methods are analyzed as per the studies, Figure 9 
shows that Mixed Integer Linear Programming (MILP) is the 
most commonly used method in this manner. For more than 40 
years, Mathematical Programming is a widespread tool for 
energy planning with aiming the cost minimization subject to 
demand and user satisfaction [19]. This method was sometimes 
used alone to solve energy problems [20],[21]-25 and  
[27]-[29], whereas it was sometimes used together with 
auxiliary or supporting methods such as fuzzy programming 
[30], monte carlo simulation [19], cost-benefit analysis [31], 
pareto optimization [32], robust optimization [33],[34], multi-
objective Genetic Algorithm (GA) [33] and stochastic 
programming [35]. As can be seen from the studies that used 
this method, it has been used to obtain an optimum solution for 
the problems, which are occurred with the application of new 
energy sources, such as optimum operating cost and strategy, 
evaluating equipment performance. This method was not only 
used based on a single objective, which is generally minimizing 
total annual cost [20],[19]-[24],[31],[34],[36]-[38] and [39], 
but also it was used based on multi-objective such as ton 
minimize the costs and to maximize demand satisfaction [30], 
minimizing the total annual carbon dioxide emissions/ 
minimizing the global environmental impact/minimizing the 
costs [25,32], total cost of system and CO2 emission [33], the 
trade-off between the economic and environmental aspects 
[27]. 

Genetic algorithm (GA) as another popular method has lots of 
advantages in using energy planning problems that it manages 
the formulated problem as a black box, caring only for inputs 
and outputs, without needing any other auxiliary information 
like derivatives or continuity properties of the objective 
function [40]. Although this method was generally used to solve 
multi-objective problems [4],[40],[41] and [42]-[44], it was 
used to solve for some single-objective problems too [11],[45]. 
For example, Guo L. et al. [6], presented a two-stage optimal 
planning and design method, the first stage of which is a multi-
objective genetic algorithm was applied to solve the optimal 
design problem including the optimization of equipment type 
and capacity for a trigeneration system. On the other hand, 
Shariatzadeh et al. [11] presented a single-objective 
optimization of a trigeneration system fed by biogas, 
considering cost as the function of the goal of the model through 
the genetic algorithm. Cost analysis tools are common used 
methodologies for energy planning and management. They 
have been used in the more 17 articles. These are generally 
used as auxiliary methods, which are a method which is break-
even point analysis [46], cost-benefit analysis [47],[48], etc. 
with the main solution. 
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Dufo-López et al. [49], simulated a diesel-battery system 
presented for an off-grid hospital in a stochastic approach using 
a monte carlo simulation to evaluate the performance of the 
system. Duki et al. [50] have used monte carlo simulation to 
model errors in the electricity and thermal load forecast that 
they all are stochastic variables. Mavrotas et al. [19], presented 
a combined method with monte carlo simulation and mixed-
integer linear programming (MILP) to build an integrated 
energy planning under uncertainty for a hospital in Athens. 
Mixed-Integer Nonlinear Programming (MINLP) is 
mathematical programming that contains discrete and 
continuous variables and its objective function and constraints 
are nonlinearities. This method has been used depending on the 
complexity of the energy problems in some studies. For 
example, Li et al. used a MINLP model that includes three 
aspects of energy demands that they are x (design variables = 
facility capacities, maximum purchased gas and electricity) y 
and z (continuous and integer operation variables) [51]. In the 
same manner, Azit et al. [52], tried to define the optimal 
capacity of a CHP system using the MINLP method.  In another 
study, Jing R. et al. proposed to optimize system design and 
operation simultaneously for solid oxide fuel cells (SOFCs) 
based combined cooling, heating and power system (CCHP) 
with MINLP because there are two unknown parameters are 
the installed capacities and dispatch strategy of the proposed 
system[53]. The other method is Artificial Neural Network 
(ANN) used to forecast energy demands depended on some 
parameters. For example, an electricity load forecasting model 
for a healthcare clinic was performed with the implementation 
of an Artificial Neural Network (ANN) which is based on a 

backpropagation training algorithm that has loaded, data 
concerning the type of day, time of the day and weather data 
such inputs [54]. Wu Q et al. examined the influences of building 
type and climate on the performance trigeneration system in 
four type buildings (hospital, hotel, office, store) located in 6 
main climates in Japan using a multi-criteria assessment 
method which is analytic hierarchy process (AHP) has three 
parameters are PES, TCS and CO2 concentration [55]. Table 5 
shows the list of the studies used IE and OR methods by years. 
Mavrotas G. et al. [19], has represented an explanatory use of 
the example of MILP was the most used method in energy 
planning for healthcare facilities. They have shown a hospital's 
energy infrastructure as shown in Figure 10 below. 

 

Figure 10. The superstructure of the hospital’s energy system 
[19]. 

 

Table 5. List of studies used IE and OR methods by years. 

IE or OR 
Methods 

200
6 

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 

Mixed 
Integer 
Linear 

Programming 
(MILP) 

  
[8],[21], 

[22], 
[23] 

[30]   [19] 
[25], 
[31] 

[32], 
[33] 

[6],[29] 
[20],[28], 

[34] 
  

[27], 
[59] 

[35],[39], 
[146] 

  

Cost Analysis 
Methods 

(Cost-benefit, 
Break Event 
Point etc.) 

[26] [8],[41]   [52],[65] [47] [31],[46] [36] [79],[97] [48]   [3],[44] [58],[148] [166] 

Statistical 
Methods 

(Regression 
Analysis and 
Models etc.) 

          [86] [141] [102] [104],[106] 
[43],[76], 

[138] 

[85], 
[12],[8],

[143] 
[57],[159] [172] 

Genetic 
Algorithms 

(GA)  
        [40]     

[4],[6], 
[98] 

  
[11],[42], 

[43] 
[44], 
[45] 

[156]   

Monte Carlo 
Simulation 

        [19]   [50] [98]     
[49], 
[85] 

  [175] 

Mixed 
Integer 

Nonlinear 
Programming  

(MINLP) 

    [51] [52]   [88]           [53]   

Artificial 
Neural 

Networks 
(ANN) 

                [70] [54],[42]     [172] 

Stochastic 
Programming 

            [50]  [98]       [35] [175] 

Multi-Criteria 
Decision 
Making 

Methods 

                [55]   [119] [58]   

Fuzzy 
Programming 

    [30]         [97]           

System 
Dynamics 

                        [165] 
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A MILP model is formulated for the cost optimization of the 
energy superstructure shown in Figure 10. In their model, they 
used demand data for the three types of load, namely heating, 
cooling, and electricity, which are given on an hourly basis for a 
typical day of each month. Furthermore, they used continuous 
decision variables that indicate energy flows and equipment 
capacities, while binary decision variables refer to the adoption 
or rejection of the considered types of units, as well as to the 
operation of a unit during a period. To maintain the linear 
characteristics of the model, they were used piecewise linear 
approximations for the characteristics of the equipment as a 
function of its capacity. The objective function, constraints, and 
parameters in the model are as follow [19]; 

Objective function; 

The objective function that expresses the minimization of the 
annualized energy cost is given by the following equation (1): 

𝑚𝑖𝑛𝑍1 = ∑ 𝑐𝑘

𝑘=𝑒𝑙,𝑛𝑔

 𝐸𝑁𝐸𝑅𝐺𝑌𝑘 − 𝑝𝑒𝑙𝑠 𝐸𝐿𝐶𝐻𝑃𝑆

+ ∑ (𝑖𝑐𝑝𝑡𝑚

4

𝑚=1

 𝐵𝑚 + 𝑠𝑙𝑜𝑝𝑚𝐶𝐴𝑃𝑚) 

(1) 

Where 

- ENERGYk is the purchased amount of energy of kth 
type (k = electricity from the grid and natural gas),  

- ck is the corresponding cost,  
- pels is the selling price of the electricity from the CHP 

to the grid, 
- ELCHPS the electric energy from the CHP that is sold 

to the grid 
- m is the index for the different units. 
- The parameters icptm and slopm are the intercepts and 

the slope respectively of the line expressing the 
annualized cost of the unit (investment and O&M) as 
a function of unit capacity drawn from available cost 
data of various units.  

- The decision variables Bm and CAPm express the 
existence or not of mth unit (binary variable) and the 
capacity of mth unit respectively. 

Constraints; 

Constraints are related to demand, capacities and energy 
balances, 

Demand satisfaction: The heat, electricity and cooling load 
produced in the network must meet the corresponding 
demands in each period as given Eq (2). In the case of 
electricity, exchanges with the grid are possible: 

𝑃𝑂𝑊𝐸𝑅𝑖𝑗
𝑘 ≥ 𝑙𝑑𝑖𝑗

𝑘  i= 1…s, j= 1…p, k=elec,heat,cool (2) 

Where, s and p denote the number of seasons and periods of the 
day respectively, POWERkij is the decision variable denoting the 
required output for serving the kth load in season i and period 
j, and ldkij is the parameter that expresses the required load of 
kth type in the ith season and the jth period of day. 

Energy balances: They refer to energy inputs and outputs from 
the CHP, absorption and compression units and the boiler for 
each period. Therefore, for the mth unit the energy balance for 
season i (i = 1. . .s) and period of day j (j = 1. . .p) becomes as 
described in Eq (3): 

𝑒𝑓𝑓𝑚𝐼𝑁𝑃𝑈𝑇𝑖𝑗
𝑚 − 𝑂𝑈𝑇𝑃𝑈𝑇𝑖𝑗

𝑚 = 0 i= 1…s,   j= 1…p,  

m=1…4 
(3) 

where effm is the efficiency of the mth unit, INPUTmij is the 
variable indicating the power input for unit m (in terms of 
power) referring to season i and day j, while OUTPUTmij is the 
corresponding output. 

Equipment capacity: They set the corresponding upper bound 
to the output of each unit in each period, whether the latter is a 
parameter (i.e. for existing units such as the boiler) or a 
decision variable (i.e. for new units such as CHP, absorption and 
compression units) (See Eq 4-5). 

𝐶𝐴𝑃𝑚 − 𝑙𝑜𝑚𝐵𝑚 ≥ 0 & 𝐶𝐴𝑃𝑚 − 𝑢𝑝𝑚𝐵𝑚 ≤ 0  m= 1…4 (4) 

𝑂𝑈𝑇𝑃𝑈𝑇𝑖𝑗
𝑚 −  𝐶𝐴𝑃𝑚 ≤ 0  i= 1…s,   j= 1…p,  m=1…4 (5) 

Where, 

CAPm is the decision variable indicating the capacity of unit m,  
Bm is the binary decision variable indicating the existence or 
not of the mth unit, while lom and upm are the parameters 
indicating the lower and upper bound for these capacities. 

Technical minimum: These constraints set, Eq. 6-7, as the 
corresponding lower bound to the output of each unit in each 
period (usually 30% of its nominal capacity). There are binary 
variables for each unit m, indicating if the unit is operating or 
not in the ith season and the jth period of day (Ymij). These 
variables are necessary for modeling the technical minimum 
requirement. 

𝑂𝑈𝑇𝑃𝑈𝑇𝑖𝑗
𝑚 −  𝑢𝑝𝑚𝑌𝑖𝑗

𝑚 ≤ 0    i= 1…s,   j= 1…p,  m=1…4 (6) 

(𝑡𝑚𝑖𝑛𝑚𝑢𝑝𝑚) i= 1…s,   j= 1…p,  m=1…4 (7) 

Where, 

tminm is the technical minimum of the mth unit as the 
percentage of the unit’s capacity. If Ym ij = 1 the constraint is 
activated while if Ymij=0 it becomes inactive. 

Reserve margin for cooling load: The sum of capacities of the 
compression and the absorption unit should be 20 % greater 
than the annual hourly peak in cooling load (maxcldm) as given 
Eq 8. 

𝐶𝐴𝑃𝑎𝑏𝑠 + 𝐶𝐴𝑃𝑐𝑚𝑝 ≥ 1.2𝑚𝑎𝑥𝑐𝑙𝑑𝑚 (8) 

CHP modeling: The CHP unit is modeled by using two size 
domains: from 50 to 200 kW and from 201 to 400 kW with 
different investment cost and technical characteristics  
(i.e. efficiency and power to heat ratio) as shown in Eq 9-12. 

𝐶𝐴𝑃𝑣 − 𝑙𝑜𝑐𝑎𝑝𝑣𝑆𝑣 ≥ 0      v=1,2 (9) 

𝐶𝐴𝑃𝑣 − 𝑢𝑝𝑐𝑎𝑝𝑣𝑆𝑣 ≤ 0v=1,2 (10) 

𝐶𝐴𝑃𝑐ℎ𝑝 − ∑ 𝐶𝐴𝑃𝑣

𝑣

= 0 (11) 

𝑆1 + 𝑆2 ≤ 1 (12) 

Sv is the binary variable indicating the size domain where the 
selected CHP unit belongs (v = 1, 2). The binary variables Sv are 
also used to link electricity and heat production through the 
appropriate power to heat ratio (see Eq. 13): 
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𝐸𝐿𝑖𝑗 − ∑ 𝑝ℎ𝑣𝑣 𝐻𝑇𝑣𝑖𝑗 = 0  i= 1…s, j= 1…p (13) 

Where, 

phv is the power to heat ratio for the vth type, 

ELij is the electricity output of the CHP unit in season i and 
period j, 

HTvij is the heat output of the CHP unit of vth type in season i 
and period j.  

In order to deactivate the redundant HTvij variables 
(corresponding to the vth type of CHP unit that is not selected), 
it is added the two following constraints (see Eq. 14-15): 

∑ 𝐻𝑖𝑗 𝑇𝑣𝑖𝑗 − (2 𝑠𝑝 𝑢𝑝𝑣)𝑆𝑣 ≤ 0 v=1,2 (14) 

Where, 

upv is the upper bound on the capacity for the CHP unit of vth 
type (factor 2 is added because capacity is defined in terms of 
electric output and the thermal output is at least 1 ½ times 
higher).  

Conversion of power to energy: Annual energy figures are 
obtained by summing the products of the number of hours in 
each day–period of a season with the respective load (heating, 
cooling or electricity). 

𝐸𝑁𝐸𝑅𝐺𝑌𝑘 − ∑ ℎ𝑖𝑗𝑖𝑗  𝑃𝑂𝑊𝐸𝑅𝑖𝑗
𝑘  = 0    k=1…K (15) 

Where, 

ENERGYk is the total annual energy for the kth load, 

hij is the parameter indicating the number of hours in the ith 
season and the jth period of day, POWERk ij is the respective 
power of the kth load, 

K is the number of different energy forms that we need to 
calculate.  

3.2 Alternative energy technologies/sources and results 

Healthcare facilities have complex energy systems and use 
conventional energy sources, mainly electricity, natural gas, 
and heating oil. In the conventional hospital energy system, 
electricity demand is satisfied from the local utility grid or 
competitive electric provider. Heat and domestic water needs 
are met by multiple natural gas or coal-fired boilers, which 
generate steam or hot water, based on the principle of hot 
water loop or steam loop. On the other hand, the cooling energy 
need for healthcare facilities is met by using electric chillers 
with a chilled water loop that operated on electric power 
supplied from the local utility, or by absorption chillers in 
conjunction with electric chillers as auxiliary to offset peak 
electric demands. Without the use of renewable energy sources, 
each type of energy is generally derived from independent 
structures, which are not integrated into conventional energy 
systems, so energy consumption in these systems is generally 
very large and energy costs are very high. Besides that, many 
healthcare facilities have inefficient and crumbly central energy 
plants and systems. Therefore, healthcare professionals seek 
cost-effective ways for updating outdated energy 
infrastructure, while minimizing risk and positioning vital 
systems for the future and making them based on renewable 
sources. For all these reasons, the subjects related to the use of 

alternative technologies and renewable sources for healthcare 
facilities is a trending topic in the literature. The improved 
alternative energy technologies and various renewable energy 
sources have been used over time to cover healthcare facilities' 
energy requirements resulting in high CO2 emissions and to 
reduce energy consumption and energy costs. Figure 11 shows 
the using of type of alternative energy technologies and sources 
for healthcare facilities as per literature studies, whereas 
Figure 12 shows the distribution and the use of alternative 
energy technologies and sources by years in the studies.  

 

Figure 11. The Use of alternative energy technologies and 
sources in relevant articles. 

 

Figure 12. The distribution of alternative energy technologies 
and sources in relevant article by years. 

We think that the situation of becoming more studies about 
cogeneration or trigeneration is related to some advantages of 
these systems, such as to be suitable for large buildings from 
the point of energy consumption, to have short-term break-
even point, minimizing waste of energy and to obtain several 
types of energy forms simultaneously. Table 6 shows a list of 
the studies that were subjected to alternative technology and 
sources by years. 

The most used alternative energy applications in the relevant 
studies are Combined Heating, Power (CHP) and Combined 
Heating, Cooling and Power (CHCP) systems, which ensure 
maximum energy efficiency by minimizing energy waste. Using 
a cogeneration or trigeneration system in a healthcare facility 
is an ideal method of achieving improved energy efficiency and 
reduced carbon emissions. 

Their utilization, with reducing energy costs, helps a healthcare 
facility's limited financial resources go further. These systems 
not only are energy-efficient applications but also they are so 
costly that they need to be custom designed very well from the 
point of energy costs, investment payback period and 
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environmental aspects. On the other hand, hospitals are among 
the best practice areas for CHP and CHCP systems, since they 
have almost constant electricity, heat, hot water, and cooling 
demands. CHP and CHCP applications in healthcare facilities 
generally are working depending on the grid electricity system 
and natural gas as fuel input. In many relevant studies, various 
solution methods have been applied for the purpose of 
obtaining minimum operating cost, optimal operating method 
and ensuring maximum efficiency for these systems, whereas 
some studies have proposed to put forth a framework related 
to comparing of application of these systems for healthcare 
facilities and equivalent buildings such as hotel, office and shop 
center [39,55,56,57,58]. 

Al-Mansour F. et al. [41], developed software to consider a 
cogeneration system from the point of economic aspects and to 
evaluate the economic risk for the system. Oh SD et. al [21] 
determined the optimal system furnishing and the optimum 
operating mode of a CHP system based on the annual cost 
method for a healthcare facility and some apartments in Seoul, 
Korea by using the data of annual demands of electricity, 
heating, and cooling. In the another study, Alexis et. al. implied 
that a hospital is a possible nominee for the implementation of 
a cogeneration system and their study showed that when the 
main gas engine (Diesel with natural gas) operates 8000 h/year 
and the backup unit 5000 h/year, the cogeneration system is 
most economically profitable [25]. Arcuri P. et al. [8], has 
presented how it is necessary and important to be able to 

determine the optimal plant design and its running conditions 
for a trigeneration system in a hospital with the aim of making 
investment decisions as a function of all the variables in play, 
above all in the energetic sector characterized by tariff policies 
and a market in continuous evolution. 

Zheng CY. et al. [9], forth a new operation strategy for the 
trigeneration system by comparing with FEL (following the 
electric load), FTL (following the thermal load) and FHL 
(following hybrid electric-thermal load) strategies. Wu Q et al. 
examined the influences of building type and climate condition 
on the introduction of trigeneration systems, four 
representative commercial building categories (hotel, hospital, 
store, and office) located in six major climate zones in Japan are 
compared and evaluated by using a multi-criteria evaluation 
method included energy, economic and environmental aspects. 
According to the assessment results, the trigeneration systems 
in hotels and hospitals enjoy better overall performances than 
those in stores and offices [55]. 

CHP and CHCP systems sometimes were used based on 
renewable energy sources which are photovoltaics 
[3],[6],[59],[34],[44],[60],[61], biomass [11],[62],[63],[64], 
high temperature fuel cell [65], solar thermal collectors [66] 
and solid oxide fuel cells (SOFCs) [53]. For example, Isa NM et. 
al. [3], aimed to assess the viability to develop a cogeneration 
system for a hospital building load in Malaysia which consists 
of grid-connected photovoltaic (PV), fuel cell, and battery. 

 

Table 6. List of studies used alternative technology and sources by years. 

Alternative 
Energy 

Technologies and 
Sources 

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 

Cogeneration 
System (CHP) 

[26],[99],
[129] 

[21],[22], 
[23],[41] [30] [52] [19]  

[33],[50],  
[96],[105], 

[110], [130] 

[4], [79], 
[97], 
[98] 

[20], 
[28], 
[124] 

[43], 
[123], 
[138] 

[27], 
[126] 

[39], 
[154], 
[156] 

[175], 
[179], 
[180] 

Trigeneration 
System (CHCP) 

[80],[81],
[89], 
[129] 

[7],[8] [51] [24] 
[5], [19], 

[40], [137] 
[25], [31], 
[88], [118] 

[32],[36] 
[10], 
[29] 

[9], [55], 
[95], 

[106], 
[124] 

[123], 
[132] 

[119] 
[56], 

[57],[160] 
[168] 

Trigeneration 
System (CHCP) 

Based on 
Renewable 

Energy 
(PV,Biomass etc.) 

   [65]  [66]  [6] 
[34], 
[60] 

[11] 
[44], [59], 

[63] 
[53], [58]  

Cogeneration 
System (CHP) 

Based on 
Renewable 

Energy 
(PV,Biomass etc.) 

[62]       [98] [61]  [3], [63] [146]  

Photovoltaic 
System (PV 

System) 
[67]  [101]  [47]   

[6], 
[142] 

[34], 
[61] 

 
[3], [44], 

[59], 
[63],[117] 

[148] [181] 

Solar Heating 
and Cooling 

System 
    [90] [66]   [60}   [157]  

Phosphoric 
Acidfuel Cells 

(PAFCs) 
[69]   [68]        [146]  

Hybrid Systems 
(Photovoltaic–
Diesel–Battery) 

          [45], [49]  [166] 

PV-Wind Hybrid 
System 

     [144]     [117]   

Run-Around 
Membrane 

Energy 
Exchanger 
(RAMEE) 

        [70]     

Aquifer Thermal 
Energy Storage 

System 
     [92]        

A Hydrogen 
Based Fuel Cell 

    [46]         

Biogas Energy 
System 

      [64]       

Biomass Boiler 
System 

    [139]         
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Photovoltaic systems or a hybrid system with photovoltaic 
have been studied to fulfill the electricity demand of 
healthcare facilities. For instance, Al-Karaghouli et al. [47] 
addressed the requirement for electricity of rural areas in 
southern Iraq and proposed a photovoltaic (PV) solar system 
to power a health clinic in that region. Pradhan et al. analyzed 
three renewable energy source options which are solar 
photovoltaic, wind energy system and PV-wind hybrid system. 
The obtained simulation results indicated that the PV-wind 
hybrid system has the lowest unit cost of energy as compared 
to an independent solar photovoltaic or wind energy system 
[48]. The other hybrid system with photovoltaic is 
photovoltaic–diesel–battery system which was studied in 
[45],[49]. Dufo-López R. et al. [49], presented a methodology 
to optimize electrical supply for an off-grid hospital located in 
Kalonge (the Democratic Republic of the Congo) that the 
optimization includes the possibility of adding solar 
photovoltaic (PV) panels to improve the supply of electrical 
energy. 

Besides the aforementioned alternative energy applications 
and sources, many technologies and sources have been 
studied in the relevant papers that some of them are 
phosphoric acid fuel cells (PAFC) [67]-[69], run-around 
membrane energy exchanger (RAMEE) [70], hydrogen-based 
fuel cell [46]. 

The use of alternative energy sources and technologies in 
healthcare facilities is widespread considering the literature. 
The conducted studies related to several kinds of energy 
resources and technologies indicate that healthcare facilities 
are quite convenient to apply new energy sources and 
technologies because of their increasing energy consumptions 
include electricity, heat, cooling and hot water. 

3.3 Renovation/Refurbishment activities for energy 
efficiency and results 

Reducing of energy consumption in buildings could be 
achieved by taking effective measures, which are sustainable 
energy-saving activities and consciousness-raising of users 
about energy consumption in existing buildings. The energy 
savings can be ensured by the best and most cost-effectively 
when the work is done at the same time as the general building 
renovation and refurbishment activities such as replacing the 
roofs or windows, replacing magnetic ballasts with more 
efficient electronic ballasts or renovating outside walls, etc. 
Energy renovation/refurbishment activities also help to 
increase the quality of buildings because they can improve the 
indoor climate, thermal comfort, and daylight conditions, 
making the buildings healthier and better to be lived and work 
in. Renovation/refurbishment of buildings is generally costly 
activities, so these activities should be planned very well and 
investment costs, payback time and energy-saving potential 
must be considered. In the literature, many studies have been 
conducted about renovation/refurbishment activities to save 
energy in healthcare facilities. This section mainly related to 
the studies, which focused on existing healthcare facilities and 
improvements that can be made through the adaptation and 
implementation of energy efficiency measures by making 
renovation/refurbishment activities. Kolokotsa et al. aimed to 
analyze the state-of-the-art in the technological applications 
and energy-saving techniques in the hospitals what they were 
classified as the main titles and their relevant energy-saving 
issues as in the example of heating system title and "ınsulation 

of hot water tanks and boilers" of its energy-saving method 
[12]. Buonomano A. et al. investigated several actions for the 
energy refurbishment of some buildings of the University 
Hospital Federico II of Naples which they are i) roofs thermal 
insulation; ii) a substation climatic 3-way valve; iii) radiators 
thermostatic valves; iv) AHU (air handling unit) time-
programmable regulation. The analysis of them indicated that 
the buildings of this Hospital need high amounts of energy for 
space heating and cooling and as a result of this conclusion, 
such high energy consumption is not only caused by the user 
habits, since a significant amount of energy is due to the 
inefficiencies of the building envelope and the HVAC system 
[71]. Principi et al. were interested in related to an Energy 
Performance Contracting (EPC) based on 
renovation/refurbishment activities to apply three acute 
hospitals and two community clinics built in Italy from the 
point of economic feasibility. The assessment presented in this 
paper showed that although the analyzed buildings require 
enormous amounts of energy for space heating, domestic hot 
water, and other electric supplies, suitable refurbishment can 
enhance their performance and reduce their energy 
consumption by up to 77% in those cases where "high-cost 
investments" (acute hospitals) were hypothesized [72]. In the 
other study, Mohammadpour et al. were focused on the 
interactions between patient safety and energy efficiency by 
making retrofit applications in hospitals. With this aim, they 
developed an innovative integrated framework, the Patient 
Safety and Energy Efficiency (PATSiE) framework to increase 
patient safety and energy efficiency simultaneously [73]. As a 
detailed study, Ascione et al. tried to present a renewed 
method to define robust cost-optimal energy retrofit solutions 
in the scope of the ‘Energy Performance of Buildings Directive’ 
Recast (i.e., 2010/31/EU) that this methodology includes two 
optimization stages. The preliminary examination and the first 
optimization stage, which runs a genetic algorithm, aimed at 
detecting efficient energy retrofit measures (ERMs) to reduce 
thermal energy demand for space heating and cooling. In the 
second optimization stage, these ERMs are combined with 
further ERMs, addressed to improve the efficiency of energy 
systems and to exploit renewable energy sources [44]. 

Figure 13 indicates the distribution of studies related to 
renovation/refurbishment activities by years for healthcare 
facilities. The number of studies about 
renovation/refurbishment is on increase, because they have 
the added advantage of minimizing the emission of CO2, while 
rendering the building as energy-efficient as possible. 

 

Figure 13. Renovation/Refurbishment activities for energy 
efficiency in relevant studies. 



 
 
 
 

Pamukkale Univ Muh Bilim Derg, 26(4), 838-859, 2020 
S. Ulusam Seçkiner, A. Koç 

 

852 
 

3.4 Analysis of articles based on the used energy forms 

The most used ones of energy forms are electricity, heating 
(space heating), cooling and hot water in the healthcare 
facilities. In this review study, relevant studies have been 
classified according to the energy forms, which were used 
alone or in a combination of forms. Although It has generally 
been handled four energy forms together in our relevant 
studies, electricity power was the most handled alone.  
Figure 14 shows the type of energy forms and their usage in 
relevant studies. 

 

Figure 14. The Use and Combination of Energy Forms in 
Relevant Articles 

Electricity power is the most commonly used energy form, 
which is a key element for the running of electronic devices 
(especially medical ones) and all motors, lighting systems, 
heating/cooling generation systems. Saidur et al. have 
presented a study about electrical motors to reduce their 
energy consumption along with emission reduction related to 
energy savings. In this study, it has been found that lighting 
covers a great part of total energy consumption (i.e. about 
36%) followed by medical equipment (i.e. about 34%) [74]. 
Morgenstern et al. have presented the electricity use of some 
department types that have been quantified using on-site 
measurements. Results verify that different hospital units 
have hugely varied electricity consumption features [75]. 
Furthermore, the studies related to photovoltaic energy 
systems generally have been focused on the production or 
storage of electrical power. In this context, Al-Karaghouli A. et 
al. proposed to define the need for electricity for rural areas in 
southern Iraq and a photovoltaic (PV) solar system has been 
recommended to satisfy this requirement for a health clinic 
[76]. 

One of the most wanted properties in healthcare facilities is 
suitable thermal comfort because it aids to stabilize the 
emotional moods of patients and it is helpful for the 
improvement of their recuperation process. A few of the 
factors that affect thermal comfort are heating and cooling 
values of healthcare facilities, which have specific heating and 
cooling requirements because they are occupied 24 hours per 
day and 7 days per week for the whole year. Researchers 
intend to study minimizing energy usage in heating, cooling, 
ventilating and air conditioning systems in buildings operating 
with an acceptable thermal comfort level and to improve the 
performance and well-being of patients. Karakasli et al., has 
focused on the performance assessment of a polyclinic heating 
and cooling system in a hospital building. It has been assessed 
by using energy and exergy analysis methods, which evaluated 

lots of parameters such as primary energy production, an 
envelope of the building, total exergy input rate per area, total 
exergy input rate per volume and exergy flexibility factor [77]. 
The trade-off between thermal comfort and energy saving for 
heating and cooling is another important factor, so the 
consumption of heating and cooling energy should be 
calculated very well. Congradac et al. have developed a 
program for detecting heating and cooling energy 
consumption that concentrates on the problem [16]. In 
another study, Khodakarami et al. examined a range of passive 
building fabric techniques in two monitored case study 
hospitals to examine how it can be might best achieve this 
range of indoor air temperatures, and reduce reliance on 
heating and cooling systems through modeling [78]. 

On the other hand, the combination of electricity and heating 
generally refers that cogeneration was studied, whereas the 
combination of electricity, heating, and cooling generally 
refers to a trigeneration study [6],[21],[40],[79]-[81]. For 
instance, Guo et al. have presented a two-stage optimal 
planning and design method for combined cooling, heat and 
power (CCHP) microgrid system where the optimal objective 
was to simultaneously minimize the total net present cost and 
carbon dioxide emission in life circle [6]. 

Additionally, the need for hot water is very important for 
healthcare facilities from the point of carrying on auxiliary 
activities such as sterilization, refectory, patient room, etc., so 
this energy form has been studied as in fourth place in our 
relevant studies. The use of hot water, which requires very 
energy-consuming, is high in hospitals. To avoid unnecessary 
energy consumption for water heating, necessary measures to 
save energy should be taken such as pipe insulation. Hot water 
generally was taken into consideration with other forms of 
energy in particular heating. The most used combination of 
energy forms is “heating, cooling, electricity and hot water”, 
whereas the combination of “heating and hot water” form is 
the most representative from the point of hot water that one 
example is [82] in which, Bujak aimed to analyze the variations 
and seasonal changes in the heat consumed to produce 
domestic hot water during the specified time periods.  

4 Conclusions and recommendations 

To our knowledge, this study is the first systematic literature 
review of energy studies related to healthcare facilities. In this 
context, some reasons like the gap in the literature about this 
topic, the growing healthcare sector and increasing its energy 
consumption, efforts to find alternative energy technologies 
and sources reducing energy consumption form the impetus 
for this study. By reviewing and iterating what we know in 
relation to new ways and solution methods for healthcare 
facilities' energy applications and how healthcare 
professionals essentially benefit from this data and 
information, we think of that this review study can be 
incentive and assistant for concerned professionals, 
researchers, practitioners who having the agenda and idea of 
to study energy applications in healthcare facilities and in the 
similar buildings (hotels, big trade centers etc.). 

This review study has been conducted on the studies in the 
literature between 2006 and 2018 about energy 
efficiency/planning/management for healthcare facilities and 
it has analyzed and classified relevant articles according to 
their interests with the topic. A multi-phase process was 
adopted to ensure more completeness to our study when it 
was retrieved from the relevant studies. Besides that, the 
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searching process was divided into two main stages, which are 
the main stage and the second stage. In the main stage, studies 
were searched for in the reference database included 54 peer-
reviewed journals by using keywords to identify relevant 
studies; some of them were excluded with the criteria of 
exclusion, whereas relevant studies were included with the 
analysis of titles and abstracts, and eventually the primary 
articles were acquired based on full-text reading. In the second 
stage, studies cited to our primary articles were taken into 
consideration and relevant studies were selected according to 
the aforementioned criteria. 

Our findings indicate that energy subject in healthcare 
facilities is fashionable in literature, due to growing energy 
consumption that causes to apply alternative energy 
applications and ensures great convenience to investigate 
huge energy saving potentials. The significant conclusion is 
that most of the relevant studies have been conducted on 500-
beds and over hospitals because the efforts are intensely being 
made to reduce energy consumption in the growing-capacity 
healthcare facilities. It has learned from this study that the use 
of alternative energy technologies, especially combined 
systems based on renewable sources, is quite important to 
cope with huge energy consumption and to save energy.  In the 
literature, there are many studies affiliated with cogeneration 
and trigeneration applications, which were studied alone as 
well as integrally with other systems. Although the studies 
related to alternative energy technologies like trigeneration 
have been carried out for big hospitals such as 500-beds and 
over hospitals, the studies about alternative energy sources 
like photovoltaic have generally concentrated on small 
healthcare facilities such as healthcare centers or small off-
grid hospitals. Renewable energy is environmentally clean, 
affordable, domestic, and infinite. We think that there are few 
studies, not enough, based on different renewable sources for 
healthcare facilities such as photovoltaic, biomass, solar 
thermal energy. On the other hand, wind energy option for 
healthcare facilities has not been evaluated sufficiently in the 
literature by researchers and practitioners. Despite some its 
disadvantages, when it is established in productive places in 
terms of wind, it has many advantages such as no air 
emissions, continuous production at night and during times 
when it is cloudy or rainy. 

When retrieved relevant studies are analyzed in terms of 
public or private sector participation, it is seen that the great 
majority of studies belong to the public sector with 75% 
percentage and then public-private partnership and private 
sector studies come in order. This shows that energy studies 
related to healthcare facilities generally are performed by 
universities or academia. We think that studies based on 
public-private partnership should be increased to facilitate 
access to actual data, providing a balance of theory/practice 
and increase the reliability of the applications. On the other 
hand, mechanical engineering departments have the biggest 
share with approximately 20% percentage in the distribution 
of public education studies based on departments. In our 
opinion, it is caused by the multiplicity of studies based on 
mechanical engineering such as cogeneration and 
trigeneration for healthcare facilities.  

To optimize energy systems and minimize energy costs, 
Industrial Engineering and Operations Research methods 
were used widely in the literature, especially optimization-
based mathematical approaches such as Mixed Integer Linear 
Programming (MILP), Genetic Algorithm (GA) and Mixed 

Integer Non-linear Programming (MINLP). The production 
and consumption of energy forms such as electricity and 
heating in complex buildings like healthcare facilities take 
place within the network of interconnected energy processes. 
A change carried out in one energy process affects other 
energy processes. For these reasons, the energy management 
of complex buildings includes a large energy system with 
internal relationships between energy carriers and the 
equipment, as well as external relations with the environment. 
On the other hand, the energy demand for such complex 
buildings like healthcare facilities is generally under 
uncertainty that causes the need for further approaches to 
solving energy problems. Agent-Based Simulation seems to be 
another approach to getting popular in this field. This method 
with the bottom-up approach is very useful to understand 
complex systems and it receives drawing attention from many 
researchers in the field of energy system modeling. We think 
that these types of methods will be suitable for energy 
planning and management for healthcare facilities energy 
problems when used in the studies alone or in an integrated 
manner with other solution methods. 

As a result, when discussing the practical implications of our 
major findings, this review allows the investors to see the 
latest energy researches in the field of healthcare 
management. Also, It reveals the importance of energy in 
healthcare management and it demonstrates the importance 
of energy planning in the health sector. This research focuses 
on the fields of applied mathematics in the field of energy in 
the health sector. It determines what medical and engineering 
science can do together. It explores which methods can be 
used in energy efficiency planning in healthcare management 
and also, it reveals what kind of problems, Operations 
Research can solve in the field of energy. 
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