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ARTICLE INFO ABSTRACT

Keywords: Buildings’ energy consumption and greenhouse gas emissions are a major global concern. Healthcare buildings,

Energy efficiency being crucial to society, pose particular challenges due to their round-the-clock operation and stringent hygiene

Healr_'hcare building standards. This paper comprehensively reviews existing literature to promote energy-efficient and comfortable

gosPltal healthcare buildings. The research explores both passive measures, such as orientation, materials, and daylight,
esign

and active measures, including Heating, Ventilation, and Air Conditioning systems, energy management, and
renewable resources. The paper emphasizes the critical role of user behavior in conserving energy and outlines
how factors like building size, operation hours, and climate can impact resource consumption. It highlights the
importance of solar power as a prominent renewable energy source. It offers design and retrofitting options to
enhance healthcare buildings and addresses the lack of research on small-scale healthcare buildings. The paper
emphasizes maintaining a balance between user comfort and energy reduction, involving diverse stakeholders,
and exploring benchmarks, automated shading, geothermal sources, local materials, and their impact on carbon
emissions. This review aims to contribute to environmentally responsible and socially resilient healthcare
infrastructure and provide insights for future challenges in creating energy-efficient healthcare buildings.

Renewable energy

1. Introduction

The building industry remains a significant contributor to global en-
ergy use, with energy consumption being a pervasive feature through-
out the entire life cycle of a building (Castro, Mateus & Braganca,
2015; Sadeghian et al.,, 2021). Healthcare Buildings (HB) operate
continuously around the clock and are crucial to society (Ahmad
et al., 2022; Garcia-Sanz-Calcedo, Gémez-Chaparro, & Sanchez-Barroso,
2019). Throughout the recent COVID-19 pandemic, HBs played a
critical role in preserving people’s health and safety worldwide (Capo-
longo et al.,, 2020; Sha, Zhang, & Qi, 2021). Moreover, to satisfy
society’s social objectives aimed at reducing negative environmental
impacts, achieving energy efficiency in these buildings is an important
goal (de la Puente-Gil, Gonzalez-Martinez, Borge-Diez, Blanes-Peird, &
de Simén-Martin, 2018).

To guarantee that buildings designed for healthcare run smoothly
and maintain satisfactory indoor environmental quality (IEQ), various
components must remain operational. These include heating, cooling,
hot water, and lighting (Zadeh, Xuan, & Shepley, 2016). HBs also
have special systems such as emergency power, medical-gas systems,

and fire protection, which require complex installation, operation, and
maintenance, making them distinctive from other building types. A
controlled environment is maintained by the Heating Ventilation and
Air Conditioning (HVAC) system, which regulates the temperature,
humidity, airflow, and pressure in the space. It also ensures that
pathogens and toxins are contained, diluted, and removed under spe-
cific room requirements (Samadi & Shahbakhti, 2023). To establish
design constraints of a HB, a thorough understanding of the typology
and functionality is crucial, given the complexity of the services pro-
vided by these buildings (American Society of Heating, Refrigerating
and Air-Conditioning Engineers and ASHRAE (Firm), 2013).

A variety of subjects have been explored in the literature concerning
HBs, such as (a) sustainability dimensions (Li, Pan, Han, & Taylor,
2021), and best design practices (Castleton, Stovin, Beck, & Davi-
son, 2010; Reddy, Sandbhor, & Dabir, 2019), (b) energy conservation
techniques (Kolokotsa, Tsoutsos, & Papantoniou, 2012), and alterna-
tive energy technology sources (Seckiner & Ali, 2020). Additionally,
attention has been given to (c) green buildings and the comparison
of the different rating systems (Doan, Ghaffarianhoseini, Naismith,
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Nomenclature

AGT Adaptative Glazing Technology

AHU Air Handling Unit

ANN Artificial Neural Network

BIM Building Information Modeling

BMS Building Management System

BREEAM Building Research Establishment Environ-
mental Assessment Method

CHCP Combined Heat Cooling and Power

CHP Combined Heat and Power

DHW Domestic Hot Water

ETS Emissions Trading System

GBEL Green Building Evaluation Label

GBRS Green Building Rating System

HB Healthcare Building

HVAC Heating Ventilation and Air Conditioning

IAQ Indoor Air Quality

ICT Information and Communication Technol-
ogy

IEQ Indoor Environmental Quality

IoT Internet of Things

LEED Leadership in Energy and Environmental
Design

nZEB Nearly Zero-Energy Building

OR Operating Room

PV Photovoltaic

SWOT Strengths, Weaknesses, Opportunities and
Threats

TBL Triple Bottom Line

TSV Thermal Sensation Vote

VSD Variable Speed Drive

WWR Window-to-Wall Ratio

Zhang, Ghaffarianhoseini, & Tookey, 2017), the efficiency of the rat-
ing systems based on sustainability dimensions (Norouzi, 2020), and
estimates for energy savings in green buildings (MacNaughton et al.,
2018). Reviews on (d) smart cities focus on smart healthcare technolo-
gies (Qureshi, Tayyab, Rehman, & Jeon, 2020; Rejeb, Rejeb, Simske,
Treiblmaier, & Zailani, 2022), building management systems to en-
hance energy efficiency (AlFaris, Juaidi, & Manzano-Agugliaro, 2017;
Mariano-Hernandez, Herndndez-Callejo, Zorita-Lamadrid, Duque-Pérez,
& Garcia, 2021), and the development of smart microgrids for smart
energy forecasting and management (Reddy, Kumar, & Chakravarthi,
2022). Comfort-related aspects are also examined, including parame-
ters related to thermal comfort (van Hoof, Schellen, Soebarto, Wong,
& Kazak, 2017), assessment and management of indoor air quality
(IAQ) (Fonseca, Abreu, Guerreiro, & Barros, 2022; Nimlyat & Kandar,
2015) or focusing on specific areas such as inpatient wards (Gola, Set-
timo, & Capolongo, 2019) and Operating Rooms (OR) (McNeill & Zhai,
2013). Despite the importance of these studies, they are usually focused
on one building strategy, either “sustainable”, “green”, or “smart”, and
the technologies and practices associated with each of them. When
planning an HB, it may be relevant to focus on the strategies employed
across all these buildings to promote energy-efficient solutions and to
have a comprehensive range of alternatives.

This paper bridges the gap between healthcare infrastructure and
sustainability, focusing on energy-efficient healthcare buildings to ad-
dress the context of environmentally responsible and socially resilient
healthcare infrastructure. The research proposes a detailed classifica-

” @

tion of “green”, “sustainable”, and “smart” buildings. This systematic
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Fig. 1. Article scope and innovation.

breakdown allows for a better understanding of the different strategies
and technologies employed in healthcare building design and oper-
ation. To clarify the distinctions, we define ‘“sustainable healthcare
buildings” as those designed to decrease natural resource use, stimulate
economic growth, promote public health, and reduce pollution. “Green
healthcare buildings” are customized sustainable solutions focused on
minimizing environmental impact and promoting the health and well-
being of occupants. “Smart healthcare buildings” utilize advanced tech-
nology and building management systems to improve patient care,
operational efficiency, and building performance”. Furthermore, the
research not only emphasizes energy efficiency but also places a strong
emphasis on IEQ within healthcare buildings. This is a unique aspect,
as it addresses the well-being and comfort of patients and staff.

The scope and innovation proposed in this article are summarized
graphically in Fig. 1. Through this review, we analyze the evolution
of research in these areas over the years, identify prevailing research
trends, and explore topical discussions in the literature. The method-
ology used in this review is presented in Section 2, while Section 3
provides a comprehensive overview of ‘“sustainable”, “green”, and
“smart” HBs. Section 4 summarizes existing efficient energy flows,
considering both design and energy conservation techniques. In Sec-
tion 4.2.5, we highlight examples of renewable energy sources used
in the healthcare industry. Finally, Section 5 concludes with the main
findings and future challenges in the field of “sustainable”, “green”,
and “smart” healthcare buildings.

2. Methodology

The methodology for the systematic literature review consisted of
the following stages:

» Article search process: A keyword-based search was conducted
using SCOPUS and Web of Science databases in English. The
following were the main search keywords: Green Building, Sus-
tainable Building, Smart Building, and Intelligent Building. The
subject areas were limited according to the database. For SCO-
PUS, they were limited to Engineering, Environmental Science,
and Energy. For Web of Science, the research selected areas were:
Architecture, Environmental Sciences, Environmental Studies, En-
gineering Environmental, Green Sustainable Science Technology,
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Fig. 2. Distribution of the selected articles (SCOPUS and Web of Science).

and Construction Building Technology. Furthermore, the docu-
ment type was limited to “Review Paper” and “Article”. Since the
research has not presented many results over an extended period,
this study was restricted to 2022 through 2002.

Article filtering: To narrow down the research scope, an ad-
ditional set of keywords, including “Hospital”, “Healthcare”,
“Health-care”, “Patient”, ‘“Nursing”, “Health Center”, “Senior
Facility”, “Elderly”, and “Clinic”, was incorporated into the initial
search results. The collected research findings were then imported
into a reference manager for further analysis, and duplicated
copies were removed. Subsequently, we employed a set of key-
words to identify documents that were not directly relevant to the
subject matter, ensuring that each document pertained to at least
one of the main classifications (i.e., Sustainable, Green, Smart)
and the specific building typology (e.g., hospital, nursing home,
clinic). Finally, and relevant keywords such as energy efficiency,
IEQ, cost analysis, comfort, and policy were used to assess each
paper. Documents not aligned with the defined criteria were
excluded from further consideration.

Outcome analysis: After critically analyzing the remaining ar-
ticles, two major collections were created. The first collection
comprises papers that were used to create the introduction sec-
tion. These papers were analyzed to distinguish the research
fields related to the main topic of this research. The second
collection consists of research on HBs energy-efficient solutions,
energy flows, and case studies. This collection helped highlight
the current and future research direction in this area.

2.1. Analysis of research trends and thematic grouping

Based on search results from the SCOPUS and Web of Science
databases, the number of publications related to the identified themes
has shown a marked increase over time, as shown in Fig. 2a. The
themes that emerged from the research’s primary keywords are rela-
tively recent, which explains the growth in the number of published
articles in the last decade. In particular, the number of publications
has tripled in recent years, reflecting a growing interest in the research
topics. The final sample of papers contains the ones related exclusively
to HB (Fig. 2b). Prior to 2006, the field had no expressive research. The
interest has been growing in the topic notably between 2018 and 2022.

The titles, keywords, and abstracts of the selected papers were
chosen to develop a textometric analysis, and 23 keywords with a
minimum occurrence of 10 times were found. “Performance” appeared
66 times and was the most frequently used word. A cloud-like visual
representation of the words was obtained using the software VOSviewer
(Fig. 3).
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Fig. 3. Word cloud from selected papers.

Based on the analysis carried out by VOSviewer, four distinct clus-
ters were identified, and they have been presented accordingly. These
studies have been grouped into four categories, each centered around
their main themes. The subsequent chapters and sub-chapters of this
review paper have been developed based on these categories.

» The word “performance” appears most frequently in the first
cluster. Several papers are subject on how to increase the per-
formance of the building’s HVAC system. Due to the high energy
consumption of HB, cogeneration alternatives such as combined
heat and power (CHP) plants and trigeneration, like combined
heating, cooling, and power (CHCP), may be an option to lessen
energy consumption and greenhouse gas emissions (Seckiner &
Ali, 2020). Chillers can enhance both configurations to maximize
system performance (Kolokotsa et al., 2012).

The second cluster’s main keyword is “environment”, with 57
occurrences. The provision of comfort inside the building en-
vironment depends on IEQ divided into four categories: acous-
tics, aesthetics, thermal comfort, and indoor air quality (Gola
et al., 2019; Li et al.,, 2021). Various sensor technologies are
being applied to comprehend user behavior and enable building
automation in smart facilities. Such sensors can track and en-
hance IAQ, save energy, and provide thermal and visual comfort
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in buildings (Triboan & Meggi, 2019). Thermal sensations vary
depending on the occupants and can affect patients’ physical re-
covery (Khodakarami & Nasrollahi, 2012). Additionally, HBs must
maintain IEQ to guarantee a sterile and decontaminated envi-
ronment to prevent airborne contamination. Hospital ventilation
systems must be chosen carefully based on the building target,
ambient wind conditions, and surroundings (Dong, Prakash, Feng,
& O’Neill, 2019; Feng, Liu, Wang, Yang, Jao, & Wang, 2022).
One of the main concerns of decision-makers, who must consider
the long-term energy consumption of HB, is the rising energy
price. These topics appear directly related to green and sustain-
able hospital construction or retrofitting and are included in the
third cluster. Although these projects are frequently expensive in
the short term, a few strategies can reduce energy consumption
and ensure economic feasibility for the buildings (Li et al., 2021;
Mariano-Hernandez et al.,, 2021). The building’s heating and
cooling systems use a more significant portion of its energy, which
can be costly (MacNaughton et al., 2018; Mariano-Hernandez
et al., 2021). HB uses a lot of conventional energy sources and
has complex energy systems. To find affordable solutions to en-
hance healthcare buildings’ energy infrastructure, investment in
renewable energy sources is required. When carefully designed,
the CHP and CHCP systems are suitable alternatives to achieve
cost-efficiency in HB (Seckiner & Ali, 2020).

In the final cluster, the words “healthcare facility”, “green hospi-
tal”, and “sustainability” are most frequently used. Green build-
ing standards are tools to decrease buildings’ carbon footprint
and increase its energy efficiency. Buildings can be recognized
for their environmental and energy-saving efforts through several
certifications, including the U.S. Green Building Council’s Lead-
ership in Energy and Environment (LEED), the Building Research
Establishment Environmental Assessment Method (BREEAM)
from the UK or the Chinese Green Building Evaluation Label
(GBEL) (MacNaughton et al., 2018). Buildings of all types can be
assessed for green certification. For example, essential standards
for HBs based on various green rating systems are the subject of a
Malaysian study. Although environmental concerns are undoubt-
edly crucial for green buildings, it is also critical to account for
economic and social concerns (Norouzi, 2020).

Over the past ten years, the literature surrounding the research word
clusters has increased, and the topics have changed. Doan et al. (2017)
claims that although green rating systems gained popularity in 2000,
the number of papers about these certifications did not rise significantly
until the beginning of the 2010s. The research has developed over time,
moving from green solutions to themes related to smart alternatives
that also comply with environmental quality.

3. Energy-efficient buildings classification
3.1. Sustainable buildings

Sustainability is a broad and multidisciplinary concept that includes
environmental protection and managing natural resources to sustain
future generations (Mehra & Sharma, 2021). The definition is divided
into three dimensions — environment, society, and economy — known
as the “triple bottom line” (TBL) (Li et al., 2021). When implementing
sustainability into the built environment, one should look at ways to
reduce its environmental impact and create long-term benefits for the
local community and economy.

Sustainable HBs are the focus of several sustainability studies in
the literature, mainly related to the TBL. To expand this definition and
promote a better evaluation of what is a sustainable HB, Li et al. (2021)
suggests a fourth paradigm called “health-related”. According to the
authors, HBs are those that continuously improve their core operations,
ancillary services, and organizational strategies while maintaining the
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Fig. 4. Sustainable HBs definition and main strategies.

current level of public health, economic efficiency, social compatibility,
and environmental friendliness.

Based on this concept, Fig. 4 presents the general definition of sus-
tainable HBs and the key strategies in the literature. The first aspect is
related to technologies and techniques to enhance HB’s performance in
terms of energy efficiency. There is a differentiation in the consumption
of hospitals for various reasons, such as the status of the building
envelope, the insulation level, the age and level of maintenance of the
mechanical equipment, and others. Energy savings strategies can focus
on two main aspects: (a) the refurbishment of buildings by adopting
technical solutions (new materials, building services, and technical
components) and (b) the hospital buildings’ users (patients, medical
staff, administrative staff) being trained to use the energy resources
efficiently (Kolokotsa et al., 2012).

An example of the first strategy is to reduce energy use and carbon
emissions by choosing different materials for the building envelope.
According to a hospital case study in Bangladesh, the best possible
materials were the customized hollow block, thermal block, compressed
stabilized soil block, local timber framing, and uPVC panel. The anal-
ysis resulted in annual energy savings of around 30.3% (Uddin et al.,
2022).

Government initiatives to promote energy savings and carbon foot-
print reduction are also relevant. For example, a case study in Malaysia
proposed solutions such as chiller retrofits, LED lighting retrofits, and
solar thermal hot water in several hospitals. The practice offset about
15.7 kt of carbon emissions in 2019 or about 16% of the government’s
national emission reduction target (Imran, Abd Rahman, & Mohamed,
2020).

The design of the building is another way to achieve sustainability
goals. Energetically efficient solutions can be combined with comfort
strategies to design modular systems during emergencies. A case study
for residential, multifunctional, and hospital-intended uses considered
factors like the settlement in the region, energy efficiency, transporta-
bility, and reuse of the modular structure as the main design criteria
for architectural projects (Paparella & Caini, 2022).

Ensuring IEQ is an example of a relevant criterion for sustainable
buildings. Besides the envelope, the design can also focus on ventilation
strategies. Promoting proper lateral ventilation strategies, for instance,
works as a tool to enhance IAQ by minimizing airborne virus contami-
nation in hospitals. In a typical ward setting, the use of upper diffusers
on the sidewall supply and lower diffusers on the same sidewall return
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can reduce 70.8% of the exposure of healthcare workers to virus-laden
particles (Kong et al., 2021).

The last aspect in the figure is the stimulus for nearly Zero-Energy
Buildings (NZEB). A case study from a Croatian nursing home that is
already in operation analyzes the energy efficiency of the construc-
tion. The study considers factors like building age, service life, energy
performance, and payback period to give insight into how to reduce
the need for heating, energy use, and CO, emissions to achieve an
nZEB (Montiel-Santiago, Hermoso-Orzaez, & Terrados-Cepeda, 2020).

3.2. Green buildings

The construction industry plays a significant role in our society’s
economy. Buildings provide shelter and enhance one’s quality of life
(Tam, Tam, & Tsui, 2004). Despite their importance, buildings have
various effects on the environment throughout their life cycles. The
construction industry consumes a significant amount of energy and
produces much construction waste (Doan et al., 2017).

Green HB design is a customized solution based on sustainable
principles to reduce wasteful energy and pollution during the building
life cycle (Norouzi, 2020). Fig. 5 presents the general definition of green
HBs and the key strategies in the literature. The primary strategy is
related to energy efficiency since green HBs can achieve lower energy
consumption than conventional buildings (Liu, Wang, Zhou, & Chen,
2021). Green design can achieve energy savings of 30%-80% during
its operation stage (Imron & Husin, 2021), furthermore increasing the
health and productivity of the staff (Houghton, Vittori, & Guenther,
2009). Examples of practical solutions include window placement that
maximizes natural light, eco-friendly materials, and the installation of
green roofs to increase thermal comfort inside the structure and reduce
HVAC system usage (Castleton et al., 2010; Reddy et al., 2019). Despite
the benefits, applying green design construction techniques and mate-
rials during the construction phase may result in a 10%-20% increase
in project costs (Norouzi, 2020), or higher operating expenses when
compared to non-green facilities (Sadatsafavai, Walewski, & Taborn,
2014). Green design strategies are frequently employed as solutions in
both new and renovated architectural projects. Green Building Rating
Systems (GBRS) can be used to evaluate the building’s overall perfor-
mance. They review various subjects regarding the building’s design,
construction, use, and maintenance (Abd Rahman, Lim, & Fazlizan,
2021). A list of all the specifications for green construction that are
used to rate various factors typically represents a rating system for
buildings (Abair, 2008). Most GBRS share three core categories: IEQ,
energy, and material (Doan et al., 2017).

The final strategy illustrated in Fig. 5 focuses on improving the
user’s well-being. Research on IEQ is another crucial factor to consider
because one’s health directly depends on the quality of the envi-
ronment. Five GBRS — LEED, Green Mark, Green Building Initiative,
Green Star, and BREEAM - have been compared in a study assessing
IEQ performance and occupant satisfaction in a hospital ward. The
occupancy comfort survey only accounted for about 10% of the 21
points given to IEQ. LEED was the only toll where IEQ accounted for
approximately 21% of the total. The authors state that approximately
50% of the GBRS criteria should be based on the user’s comfort and
satisfaction (Nimlyat, 2018).

Collaborating with stakeholders (e.g., medical staff, patients, vis-
itors, and management) to develop durable and affordable solutions
is another element of the last strategy (Thibaudeau, 2008). A study
among several hospitals in the United States declared an overall patient
satisfaction rate of 3.6% higher in green hospitals versus non-green
hospitals. Additionally, the patients reported a 5.6% higher likelihood
of recommending green hospitals to others (Golbazi & Aktas, 2020).
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3.3. Smart buildings

Buildings are components of a more extensive system: cities. They
influence the occupants in numerous ways, making life easier and more
pleasant while demanding significant resources. Smart cities are a new
approach to managing the urban environment that uses information
and communication technology (ICT) to maximize operational efficien-
cies, cut costs, elevate the quality level of public services, and promote
wellness (Rejeb et al., 2022).

One of the elements of smart cities — the smart buildings — can
be examined from two angles: according to their connection to the
energy grid or based on specific energy management methods within
the building. The former referred to as a “microgrid”, classifies smart
buildings as a way to supplement the utility grid with renewable energy
at the distribution voltage level (Reddy et al., 2022). In times of crisis
or predetermined events, this technology can function independently,
regulating the frequency and tension of the energy supply. HBs are
suitable for grid-connected microgrids because they require reliable and
consistent energy (Monteiro, Franca, Arthur, & Iano, 2022).

Integrating technology and energy systems within buildings is re-
lated to the last aspect of smart buildings. It emphasizes the built
environment and integrates several components to promote building
automation and management (Mariano-Hernandez et al., 2021). A
general definition of smart buildings, focusing on HBs, is presented in
Fig. 6, along with the primary methods for achieving smart architec-
ture. The first approach is related to the interaction with the grid, as
mentioned in the last paragraph.

The following strategy focuses on resource management and, con-
sequently, energy efficiency. Renewable sources are used to generate
energy in smart HBs. To increase their effectiveness and productivity,
they can have various features to assist their operation (AlFaris et al.,
2017). Examples include using ICT for continuous data monitoring and
efficient data processing, demand response, effective generation-load
balancing, and others (Reddy et al., 2022).

Thermal comfort modeling is an essential field for improving IEQ in
smart buildings. These models measure environmental parameters us-
ing sensors, which are typically connected to smartphone applications
and storage technologies used by web servers. The Internet of Things
(IoT) and sensors are two related concepts. IoT-based sensors can
measure the users’ heart rates, levels of activity, and skin temperatures.
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These factors offer an alternative method for assessing a person’s level
of thermal comfort (Feng et al., 2022).

Sensor data can assist the building automation system in reducing
energy consumption and enhancing IEQ (Dong et al., 2019). On a
Taiwanese smart building project for senior citizens, home energy man-
agement based on ammeter sensors, intelligent lighting, and sensing
components was adopted to achieve wise electricity use. The building
also has a module for environmental sensing that measures carbon
dioxide loads, humidity, and temperature. The heat exchanger is au-
tomatically activated to regulate IEQ when the indoor carbon dioxide
concentration rises above safe levels (Hsieh, 2011).

3.4. Overview of sustainable, green, and smart buildings

Governments worldwide have recognized the urgent need to address
environmental challenges and promote sustainable development, lead-
ing to a growing emphasis on energy reduction policies. The building
sector, responsible for approximately one-third of total final energy
consumption and 15% of direct CO, emissions from end-use sectors,
plays a crucial role in this global effort. As new construction is pro-
jected to surge in the coming decades, it is imperative to confront
the challenges associated with reducing energy consumption in this
sector. Governments should prioritize key measures such as acceler-
ating retrofits of existing buildings to improve energy efficiency and
increasing the use of renewable energy sources in buildings (Newell,
Raimi, Villanueva, Prest, et al., 2021).

Healthcare buildings are particularly notable for their energy-
intensive nature. Countries such as England, the USA, and Australia
have taken steps to develop healthcare assessment policies aimed at
reducing direct energy consumption and CO, emissions within the
sector (McGain & Naylor, 2014). In a related study by Rocha, Siddiqui,
and Stadler (2015), various operational scenarios in public buildings in
Spain were simulated, each reflecting the implementation of a policy
measure designed to reduce energy consumption in smart buildings.
The findings highlight that while policy measures often involve cap-
ital costs, the cost of implementing a smart management system is
relatively low. Therefore, policymakers are encouraged to support the
development and integration of smart management system solutions.

In the construction industry, there are different strategies to de-

”
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“smart” are frequently used interchangeably when referring to such
solutions. The idea of sustainability has changed over time and can
be applied to different contexts. In HBs, this concept is based on four
main pillars: environmental, economic, social, and health-related (Doan
et al., 2017; Li et al., 2021). Green Buildings, for instance, focus on eco-
friendly and resource-conserving solutions and are mainly associated
with the environmental aspect of Sustainable Buildings, which have
stakeholders as key factors (Norouzi, 2020; Vaishnavi & Suresh, 2023).
Integrating technologies like sensors and IoT are relevant characteris-
tics of Smart Buildings (Mariano-Hernandez et al., 2021).

Table 1 summarizes the classification, building typology, stakehold-
ers, and criteria used in this study section. However, many different
types of HBs exist, most of the literature focuses on hospitals because
they are significant energy consumers and run continuously (European
Commission, 2017). Several studies and initiatives can be coordinated
easily because the public healthcare sector is also a target for significant
government investments (Imran et al., 2020; Imron & Husin, 2021).
Healthcare buildings, in general, are also part of studies focusing on
large-scale buildings (Liu et al., 2021; Norouzi, 2020). Despite this,
little research has been done on small-scale HBs, such as senior living
communities, nursing homes, or physiotherapy clinics. Since these
structures’ consumption patterns vary, achieving energy efficiency may
call for specific actions.

The list of stakeholders is another relevant aspect to be discussed.
All parties involved in the decision-making process is considered a
stakeholder. They can add their needs to discussing potential deci-
sions (Roy & Bouyssou, 1993). Experts in the field are the most preva-
lent stakeholders. These actors are vital sources of information about
various measures and can be key partners to capitate investments and
loan funds for retrofitting projects (Bertone, Stewart et al., 2018).
Important stakeholders include the organizations managing the HBs
and the companies building or renovating the structures (Phelps et al.,
2006).

As a stakeholder, the government has the ability to influence the
development of several strategies. It can establish policies and na-
tional emission reduction targets while allocating funding to create
green markets that stimulate certification schemes for buildings (Imran
et al., 2020). The government can play a pivotal role in accelerating
the retrofit rate of public buildings through financing and procure-
ment, as well as educational programs and awareness-raising initia-
tives (Bertone, Sahin et al., 2018). Moreover, the government can
encourage the formation of consortia in collaboration with other stake-
holders to research solutions for the planning, design, construction, and
maintenance of HBs (Phelps et al., 2006).

However, it is vital to avoid relying solely on the goals and knowl-
edge of a select few stakeholders. Only a tiny percentage of the liter-
ature is based on occupants’ goals. Green building-related papers are
the ones that primarily consult diverse stakeholders. They consider
how the environment affects the quality of care and productivity of
the staff (Bilec, Geary, Ries, Needy, & Cashion, 2010; Campion, Thiel,
Focareta, & Bilec, 2016), how educational initiatives improve user
behavior and patient safety (Ryan-Fogarty, O’Regan, & Moles, 2016;
Steinberg, Patchan, Schunn, & Landis, 2009), and how greener HBs im-
prove patient and visitor satisfaction (Sadatsafavi, Walewski, & Taborn,
2015; Thiel, Needy, Ries, Hupp, & Bilec, 2014). It is significant to note
that stakeholders are not mentioned in the literature on Smart HBs. It
may imply that the research emphasizes a building-centric approach
without considering how it affects the user.

The last aspect discussed in Table 1 is the literature criteria. Since
one of the keywords used in the literature selection is “energy effi-
ciency”, most of the articles are centered on this topic. This criterion
is frequently associated with cost analysis and carbon reduction. These
all fall under the umbrella of sustainable development strategies. IEQ is
frequently related to comfort and other factors. Even though they seem
to mean the same, comfort is just one aspect of IEQ.



B.V.F. Silva et al.

Table 1
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Research paper summaries: sorting by classification, building type, stakeholders, and criteria.

Building typology Stakeholders

Criteria

Sustainable:

Hospital (Kolokotsa et al., 2012) -
Healthcare (Li et al., 2021)
Healthcare (Mehra & Sharma, 2021)
Hospital (Uddin et al., 2022)
Hospital (Imran et al., 2020)
Hospital (Paparella & Caini, 2022) -

Hospital (Kong et al., 2021) -
Hospital (Montiel-Santiago et al., 2020) -
Nursing home (Teni, Culo, & Krsti¢, 2019) -

Experts; Managers

Experts; Doctors; Managers

All the occupants

Companies; Experts; Government

Energy efficiency

Achieve sustainability

Achieve sustainability

Energy efficiency; CO, mitigation
Energy efficiency; CO, mitigation
Energy efficiency; Settlement in the
territory; Transportability; Re-usability
IEQ

Energy efficiency

Energy efficiency;

Cost

Green:

General (Norouzi, 2020)

General (Doan et al., 2017)
Public Buildings (Liu et al., 2021)
Hospital (Imron & Husin, 2021)

General (Castleton et al., 2010)
Hospital (Reddy et al., 2019)

Hospital (Abd Rahman et al., 2021)

Hospital (Nimlyat, 2018)
General (Thibaudeau, 2008)
Hospital (Golbazi & Aktas, 2020)

Experts

Academics; Experts; Contractors;
Developers; Government

Staff members (nurses, head of
units, maintenance officers)
Medical staff; Patients; Visitors
Patients; Staff

Patients

Achieve sustainability
Achieve sustainability
Energy efficiency
Cost reduction

Energy efficiency
Energy efficiency
Energy efficiency

Comfort; IEQ
Achieve sustainability
Patient wellbeing

Public Buildings (Bertone, Stewart et al., 2018)

Experts; Government; Managers

Energy efficiency; CO, mitigation;
Water conservation

Smart:

General (Dong et al., 2019) -
Healthcare (Feng et al., 2022) -
General (Mariano-Hernandez et al., 2021) -
Healthcare (Rejeb et al., 2022) -
General (Reddy et al., 2022) -
General (Hsieh, 2011) -

Comfort; Energy efficiency, IEQ
Comfort

Energy efficiency

Energy Efficiency

Comfort; Energy efficiency, IEQ

A SWOT (strengths, weaknesses, opportunities, and threats) anal-
ysis is developed to assess the strategies presented in ‘“‘sustainable”,
“green”, and “smart” buildings. SWOT is a tool for strategic analysis
frequently used in the healthcare sector to assess internal and external
developments (van Wijngaarden, Scholten, & van Wijk, 2012). As part
of a comprehensive evaluation, an analysis and review have been con-
ducted on the strategies implemented by the three buildings’ categories.
The assessment has focused on identifying and examining the internal
factors that contribute to their strengths and weaknesses, as well as
the external factors that pose opportunities and threats to their success
(Fig. 7).

After analyzing the internal factors using the SWOT analysis, the
key strengths lie in utilizing advanced technology and adhering to
industry standards to manage energy consumption, limit environmental
damage, and prioritize IAQ. These practices are communicated to all
stakeholders involved. However, implementing “sustainable”, “green”,
and “smart” strategies may present certain challenges. It is important to
balance various criteria and ensure that stakeholders’ goals are aligned.
Furthermore, the initial costs may be high, and specialized maintenance
skills may be required, leading to higher facility management costs.
In addition, healthcare professionals may be hesitant to adapt to new
designs and operations.

When examining external factors, it is essential to assess how ar-
chitectural design impacts our physical and mental health, behavior,
and general welfare. It is vital to carefully evaluate the advantages and
disadvantages of constructing new buildings versus renovating existing
ones. Integrating cutting-edge technologies such as microgrids and au-
tomation systems can significantly enhance the industry. Nevertheless,
adopting these measures can pose challenges for HBs as they priori-
tize expenses over sustainability and deal with obsolete infrastructure.
Additionally, it is important to balance the functionality, security, and
privacy of users’ data.

4. Energy flows in healthcare buildings

Different design concepts can be used to create efficient energy
flows in HBs; regardless of whether the structure is “sustainable”,
“green”, or “smart”, various techniques can be used to reduce energy
consumption, mitigate CO, emissions, and others. This subitem is di-
vided into three different aspects, and concentrates on strategies based
on the literature on HBs. The first subitem will discuss design strategies,
concentrating on elements primarily related to the architectural project,
such as site location, materials, passive heating and cooling methods,
windows and glazing, and others. The following subitem will concen-
trate on energy-saving methods relating to active heating, cooling, and
ventilation methods, building energy management systems, IAQ, and
energy modeling in HBS. Furthermore, the last subitem will discuss
using renewable energy sources, such as photovoltaic systems, wind
turbines, and geothermal energy.

4.1. Design considerations

4.1.1. Site selection and building orientation

The definition of the site location is one of the initial design phases.
It should consider the general environment in which the building will
be situated. The project design and orientation should be integrated
with the site selection to utilize the local microclimate, ventilation, and
daylight. A good site choice also protects biodiversity (Chias & Abad,
2017) and minimizes footprints (Kamath et al., 2019). Additionally, the
site location must be connected to the transportation network to im-
prove accessibility. A study about the Australian Green Star Healthcare
tool, which ranks “transport” in the seventh out of eight positions of its
criteria, showed a huge gap when asking the users to assess the criteria.
The respondents ranked “transport” and “accessibility” in the highest
positions to be considered in Green Buildings (Kim & Osmond, 2014).
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- Focus on energy efficiency and cost savings.

- Encourage carbon footprint reduction and lower environmental
impacts.

- Promote effective communication with various stakeholders.

- Consider a diversity of criteria, including economic, environmental,

social, institutional, and health-related factors.

- Prioritize health and well-being by providing good Indoor
Environmental Quality (IEQ).

- Increased operational efficiency through the use of advanced
technology.

OPPORTUNITIES

- Investigate the effect of building design on the health, well-being,
and behavior of users.

- Establish decision-making frameworks and criteria.

- Compare investment costs and returns between new structures and
building retrofit projects.

- Expand knowledge about how Healthcare Buildings' microgrids
function in emergency situations.

- Define standardization metrics to compare building efficiency and
track progress.

- Develop and evaluate Building Automation Systems to improve
energy efficiency and building performance.

- Balancing and satisfying multiple criteria effectively.

- Coordinating the objectives of multiple stakeholders.

- Higher initial costs due to the incorporation of "sustainable,"
"green," or "smart" technologies.

- Maintenance may require specialized skills and knowledge.
- Resistance from healthcare professionals towards changes in
building design and operation.

- Building-centric methods that prioritize costs and efficiency over
sustainability.

- Inadequate infrastructure and outdated building systems in existing
healthcare facilities, posing challenges for implementing sustainable,
green, and smart strategies.

- Smart building sensing systems primarily designed for
functionality, necessitating consideration of user security and
privacy.

- Changes in power generation supply caused by factors like climate
change or conflicts affecting HSB operating costs.

Fig. 7. SWOT analysis for energy-efficient buildings.

Geographical location and nearby structures impact on the built
environment’s energy performance (Singh & Sadhu, 2019). In the lit-
erature, several software programs are used to create a digital rep-
resentation of a building and insert spatial data, including Autodesk
Green Building Studio (Khahro et al., 2021), Autodesk Revit (Montiel-
Santiago et al., 2020; Uddin et al., 2022), DesignBuilder (Liu et al.,
2021), and EnergyPlus (Himmetoglu, Delice, Aydogan, & Uzal, 2022;
Sadek & Mahrous, 2018). The energy assessment of several primary
HBs in Chile revealed the need to develop architectural solutions
based on BIM (Building Information Modeling) modeling tools to de-
fine better technological and morphological strategies (Forcael, Nope,
Garcia-Alvarado, Bobadilla, & Rubio-Bellido, 2019).

4.1.2. Lighting strategies

The amount of daylighting is directly influenced by the orientation
of the building. Sunlight in HBs benefits patient health and heal-
ing. Daylight should also be used in waiting areas, staff lounges, and
hallways. Sunlight can boost efficiency in HBs’ administrative areas
and result in a decrease in energy usage (Thibaudeau, 2008). The
case studies of HB employ various design techniques to maximize
daylight (Aycam & Yazici, 2017; Kamath et al., 2019; Sherif, Sabry,
Wagdy, Mashaly, & Arafa, 2016):

+ Clerestory windows in recovery rooms;

+ Light shelves to reflect natural light deeper into rooms;
+ Designing interior lighting angles;

+ Increasing the size and number of windows;

» Light-colored paintings reflect natural light;

+ Proper design of window shading devices.

Artificial lighting must be used to balance natural lighting. A com-
mon approach found in the literature is the analysis of lighting systems
and lighting control energy efficiency (Campano, Acosta, Dominguez,
& Loépez-Lovillo, 2022). This approach was the objective of a case
study conducted at the University Hospital of Jaén (Spain). The study
suggested installing presence detectors and twilight sensors and re-
placing fluorescent-type luminaries with LED technology. The changes

achieved approximately 13% (165,645 kWh) of annual energy sav-
ings (Montiel-Santiago et al., 2020).

It is also possible to assess how the lighting system is controlled
concerning occupancy. Giving patients control over the lighting system
in five neonatal intensive care units did not increase energy use.
Over a 25-week monitoring period, the study compared savings using
manual off and automated cycled lighting. The results show that the
manual system adjusted by the users saved 100 kWh (13%) (Safranek,
Wilkerson, Irvin, & Casey, 2021). The proper design of lighting systems
improves the comfort of healthcare workers, increases medical effi-
ciency, and helps avoid medication errors (Alhmoud, Cagnan, & Arcan,
2020; Kim, Hwang, Lee, & Corser, 2015).

Automated shading systems cansave energy in HBs and avoid over-
heating the internal environment (Salem, Bahadori-Jahromi, & Mylona,
2019). Dutta, Samanta, and Neogi (2017) developed a new technology
of front-mounted, sun-path-linked roller Venetian blinds. The new de-
vice has a payback period of only six months resulting in an annual
energy consumption reduction of about 9.8%. Despite its significance,
there are few studies on the subject in the literature.

4.1.3. Passive cooling techniques

Compared to other types of buildings, HBs demand more fresh
and clean air (Refrigerating and Air-Conditioning Engineers American
Society of Heating, 2013). Therefore, when using BIM softwaresS to cal-
culate energy consumption, natural ventilation rates, and temperature
are frequent inputs (Liu et al., 2021). The literature on HBs contains
some passive cooling methods, such as those described by Chias and
Abad (2017), Lan, Tushar, Otto, Yuen, and Wood (2017), Sadineni,
Madala, and Boehm (2011), and Thibaudeau (2008):

+ Techniques for external shading and vegetation to support passive
building cooling;

» Monitoring ventilation systems to ensure that the recommended
outdoor airflow rate is met;

« Retrofitting buildings with thermal chimneys, night air purges,
and wing walls;
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+ Altering window types to improve airflow (e.g., from an awning
window to a louvered window type);
« Ventilated or double skin walls.

IAQ and temperature monitoring must be modeled and/or observed
despite the significance of the previous measures. In some circum-
stances, if the nZEB ventilation standards were followed, elderly homes
would likely suffer from severe overheating, according to a study in the
UK (Salem et al., 2019). Because they may obstruct patients’ access to
natural light and outside views, solutions like thermal chimneys should
be carefully considered. Additionally, it is typically not practical for
retrofits to enlarge window frames (Lan et al., 2017).

Properly selecting glass and the window system can be a critical
decision regarding energy conservation and reducing peak heating and
cooling loads. Adaptive glazing technologies (AGTs) that modify their
optical and thermal properties in response to environmental factors are
suggested by the research of Sadek and Mahrous (2018). Seven different
types of AGTs are examined in this case study in a hospital in Cairo,
Egypt. Savings were achieved in the simulated scenarios that ranged
from 17% to 56% over the baseline.

Low-E glazing windows are another system that can assist in re-
ducing carbon emissions and saving energy, especially when combined
with other factors. The work of Khahro et al. (2021) associates changes
in buildings’ orientation and in the HVAC system with this windows
technology to reduce the annual peak demand from 53.2 kW to 34.7 kW
and avoid the emission of 32 tons of carbon emissions.

Planning the construction of “sustainable”, “green”, and “smart”
HBs involves choosing eco-friendly materials. In the literature, it is
common to find examples of reusing materials from the construction
site, recycling interior finish materials, and using low-emitting paints,
sealants, adhesives, carpets, and certified wood (Chias & Abad, 2017).
According to Imron and Husin (2021), replacing conventional materials
with green ones can save up to 2.62% in project costs.

The literature contains several proposals for energy-efficient build-
ing retrofits. For instance, Teni et al. (2019) compares structures con-
structed between (A) 1940, (B) 1941-1970, and (C) 1971-1980. The
older the building, the greater the need for better insulation. The
authors suggest modifying five different aspects: the external wall’s
thermal insulation; the floor’s thermal insulation; the ceiling’s thermal
insulation; the unheated attic; and window replacement. After the
renovation, energy expenditure for Building A through C dropped by
about 82%, 89%, and 81%, respectively.

Green roofs are another effective tool for older buildings to save
energy. A study assessed the UK’s building stock. Due to being con-
structed before 1965, when insulation was not mandatory, half of the
non-domestic buildings, including HBs, offer a potential opportunity
for retrofitting. Depending on the original insulation and green roof
technique selected, the overall energy savings can range from 3% to
44% (Castleton et al., 2010).

The study of sustainable envelope materials are also included in the
literature. In addition to analyzing the local materials, the CO, estima-
tion, life cycle, and payback period were all evaluated in a case study
in Bangladesh. According to the study, using local natural materials
significantly increased energy efficiency (30.3% energy savings) and
reduced carbon dioxide emissions (Uddin et al., 2022).

Himmetoglu et al. (2022) combines EnergyPlus with a generic
artificial neural network (ANN) algorithm to find alternative building
envelopes for structures in Turkey’s various climate and earthquake
zones. The multi-objective and comprehensive strategy adopts a va-
riety of factors, including CO, emissions, heating and cooling energy
consumption, material costs, and the envelope cost under the Emission
Trading System (ETS). The building’s life cycle cost is impacted by
35%—-40% when ETS is accounted for because the envelope must en-
sure improved thermal balance, lower heating/cooling costs, and resist
seismic events.
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4.2. Energy conservation measures

4.2.1. Energy savings strategies

HBs use energy in a variety of subsystems (e.g. HVAC, lighting,
medical equipment, envelope, water system), and according to the type
of facility and demand, it can have different consumption profiles.
As an illustration, heating can account for nearly half of the energy
used in hospitals (Congradac, Prebiracevié, Jorgovanovié, & Stanisic,
2012), but during summer months, this subsystem is turned off, and
electricity demand from cooling (Facci & Ubertini, 2018) or medical
equipment (Ludin et al., 2019) can overcome heating consumption. It
can be difficult to develop alternatives that combine energy efficiency
and performance for buildings that need to maintain strict IEQ, comfort
levels, and complex configurations.

Alternatives are provided by the literature, such as establishing
“benchmarks” based on resource consumption. Benchmarking assess
how well a healthcare building or system performs compared to other
comparable building or systems (Castro, Mateus, Serddio et al., 2015).
The goal is to identify better practices and procedures, problem areas,
and necessary upcoming actions (Lee & Rajagopalan, 2008). In Castro,
Mateus, Serddio et al. (2015) and Capozzoli, Piscitelli, Neri, Grassi,
and Serale (2016), the literature focuses on external benchmarking
related to domestic hot water (DHW) and energy use. The former
evaluated 55 HBs in Portugal; the latter, 100 outpatient facilities in
Italy. The findings indicate that the major factors affecting HBs resource
consumption are size and operation time.

A multivariate backward stepwise regression analysis is used in
the study by Cyganska and Kludacz-Alessandri (2021) to examine the
thermal and electrical energy costs in Polish hospitals. The findings
also demonstrate that consumption is related to the number of doctors,
beds, and medical procedures carried out, in addition to the size of the
hospital. The study considers the climate as a moderating factor as it
influences energy costs and consumption in terms of air temperature
and humidity, which affect the efficiency of the HVAC system. It
demonstrates that Polish hospitals in the warmest climate zone use
electricity and thermal energy more than those in the coldest, which
is probably related to the higher demand for cooling systems.

Mathematical tools can also be used to estimate energy consump-
tion. Ancona et al. (2019) focuses on how much energy is used for
heating and cooling. Excel is used to model an entire emergency center,
room by room. The method is easy to use and produces the following
results: specific heat loss, solar energy absorbed, energy stored in build-
ing materials, and energy required for dehumidification. The results can
be used by management and maintenance teams to assess costs and
identify potential areas for savings.

BIM is used in the research of Singh and Sadhu (2019) to model the
energy performance of a clinic and other small-scale structures. The
study assesses elements like the roof materials, walls, HVAC system,
orientation, and building envelope window-to-wall ratio (WWR). The
parameters that offer the greatest cost savings across all case studies are
changes to the WWR and walls. BIM is also used in the research of Lu
et al. (2019) to determine carbon emissions throughout the life cycle
of a building. The case studies consider energy usage, daily operation
time, and staff and patient usage demands. The findings indicate that
the reinforced concrete envelope accounts for the majority of carbon
emissions during the construction stage (roughly 50%), while the HVAC
is mainly responsible for emissions during the operation stage (nearly
50%). Further research is necessary to calculate how local and greener
materials can achieve lower carbon emissions during the building life
cycle.

Calculating the “embodied energy”, also known as the energy used
in the manufacturing, transporting, and operating the building’s ma-
chinery, is another crucial perspective. Six HB HVAC facilities’ carbon
emissions and energy usage are quantified in Garcia-Sanz-Calcedo,
de Sousa Neves, and Fernandes (2021). According to the findings, these
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Table 2

Optimization approaches, methods, goals, and key contributions.
Method Goals Contributions
Mathematical:

Artificial Neural Network and
Particle Swarm optimization (Chan, Wong,
Yow, Yuen, & Chao, 2022)

Genetic algorithm (Ancona et al., 2019)

Artificial Bee Colony algorithm (Amran et al.,
2019)

Lagrangian minimization algorithm (Noussan &
Jarre, 2018)

Artificial Neural Network and

Genetic Algorithm (Himmetoglu et al., 2022) power consumption

Minimize power losses

Minimize power consumption;
Maximize system coefficient of performance

Maximize energy efficiency
Minimize operational costs
Minimize operation cost of the energy plant,

primary energy supply and CO, emissions

Minimize material costs, CO, emissions and

Propose boosting chiller plant performance
using Variable Speed Drive (VSD) chillers
alone or combined with conventional ones.
Exploring optimal co/tri-generation system
setup, size, and operation.

Simulating PV solar generation to minimize
network line losses.

Developing a methodology to optimize
multicarrier energy system operation across
countries with varying objective functions
Multi-objective approach for green envelope
design in diverse climates and seismic zones

Sensitivity Analysis:

Monte Carlo method and

Myopic Heuristic method (Mousavi, Khademi,
& Taaffe, 2020)

Bayesian Networks and

System Dynamics method (Bertone, Sahin

et al., 2018)

Affinity Law (Abd Rahman et al., 2021)

time

emissions

Evidence-Based Design and criteria

based on stakeholders assessment (Khahro
et al., 2021)

PROMETTHEE and Fuzzy Goal

programming (Aly, Tyrychtr, & Vrana, 2021) Optimize patient flow;

Enhancing information support;

Speed up diagnosis;

Minimize contamination expected detection

Maximize cost-effective financing schemes;
Minimize water-energy usage and CO,

Minimize power consumption

Reduce power consumption and CO, emissions

Speed-up patient check in;

Identify the optimal number and location of
sensors in the OR.

Retrofit model for buildings, factoring
in funding and water-energy reduction.

Proposal to optimize the Air Handling Unit
(AHU) operation by installing a VSD.
Creating holistic energy analysis through
parameter and component modifications

Designing a smart environment to adopt
and optimize smart enabling technologies
for specific multi-criteria objectives.

Improve safety and security;
Reduce power consumption;
Track people and assets

Response surface method (Liu et al., 2021)

Self-cognizant prognostic combined
with convolutional neural network (Fong, Fong,
Hong, & Tsang, 2022)

Reduce power consumption

Minimize power consumption

Evaluating 10 building structures and IEQ
factors to identify those crucial for energy
savings in the operational period

Creating an energy-efficient monitoring
system for smart lighting, air conditioning,
and cooking.

facilities’ embodied carbon and energy levels were, respectively, 2.30
and 2.65 times higher than those needed to operate a HB for a year.

The references highlight the need for extra care during the HB
planning stage. It should strongly emphasize selecting the right ma-
terials, taking embodied carbon and energy savings into account, and
the building’s orientation concerning the climate zone. Since they can
have a significant impact on how much energy HBs use, it is vital to
choose the right solutions for the building’s envelope and technologies
like green HVAC systems (Abdul et al., 2015).

4.2.2. Optimization techniques

Optimization strategies are relevant for HBs since the constraints are
generally clearly stated. Optimization entails identifying a problem and
modifying inputs (objectives and constraints) to find the best solution.
There are numerous examples of objectives for HBs in the literature.
The most frequent ones are minimizing energy use and operating
expenses, maximizing energy efficiency, and others. Nevertheless, the
objectives for HB optimization can vary greatly depending on the
organization’s goals and preferences.

In the literature, there are two approaches to conducting optimiza-
tion issues: mathematical optimization and sensitivity analysis. Table 2
presents some examples based on the author’s optimization approaches,
methods, goals and main contributions. Mathematical optimization can
be deterministic (Mariano-Hernandez et al., 2021), where the goal is to
find the best solution given the known and fixed inputs the problem .
It can also be stochastic, in which the problem’s inputs are uncertain
and the goal is to find the best solution that minimizes the likelihood
of an unfavorable outcome (Kokangul, 2008).

10

Research that utilizes mathematical optimization is often centered
around energy-saving techniques aimed at decreasing power consump-
tion or enhancing energy efficiency. This can involve analyzing systems
such as chiller plants (Chan et al., 2022), CHP/CHCP systems (Ancona
et al., 2019), and energy sources like photovoltaic (PV) panels (Amran
et al., 2019) and multicarrier energy systems (Noussan & Jarre, 2018).
Additionally, artificial intelligence is sometimes incorporated into the
process using ANN to aid in the control strategy of smart building
systems (Chan et al., 2022) or to explore alternative envelope spaces
using trained ANN models (Himmetoglu et al., 2022).

Another useful approach to evaluate the optimization process is the
sensitivity analysis. This method involves adjusting the optimization
parameters to determine the impact and nature of their effect on the
outcome. By doing so, it is possible to assess the model’s reliabil-
ity and confidence level by analyzing its response to input changes.
Furthermore, this technique can offer valuable decision-making guid-
ance when dealing with uncertainties. Overall, sensitivity analysis is a
powerful tool that can aid in optimizing models and improving their
accuracy (Castillo, Minguez, & Castillo, 2008).

Sensitivity studies are commonly conducted in the engineering field
to assess complex systems, such as large-scale buildings. They can help
evaluate changes made to the building’s physical structure (Khahro
et al., 2021), as well as the user’s IEQ (Liu et al., 2021), security and
safety (Aly et al.,, 2021). Even non-traditional goals, such as reduc-
ing energy use through the water-energy nexus, can be assessed, as
demonstrated by Bertone, Sahin et al. (2018). Sensitivity analyses aid
in understanding how various system components are interdependent
and in assessing trade-offs when different design elements interact.



B.V.F. Silva et al.

Table 3

Sustainable Cities and Society 100 (2024) 105013

Review of prior research by building types, subsystems, and proposed BMS.

Building typology

Building subsystem

Proposed measures

Occupancy, motion, and daylight sensors
Automated blinds and improved windows
Additional submeters and BACS sensors

HVAC PV cells and EV charging
Lightr?ing Real-time electricity reporting
Hospital (Pedersen, Jebaei, & Jradi, 2022) Flectricity Demand-based heat generator control
DHW TABS heat supply control
Envelope Heat fluid supply/Heat distribution/Generator control
Monitoring&Control  yenilation icing control

Light/Blind/HVAC control
Feedback control

Hospital
(Dulce-Chamorro &
Martinez-de Pison,
2021)

Cooling-water system

Predictive cooling demand model
Chiller working time reduction

Envelope thermal rehabilitation with thermo system
HVAC system rehabilitation with heat pumps

. HVAC Heat recovery unit installation
Hospital (Prada et al., D_HW . Sanitary installation rehabilitation with sensor batteries
2020) Lightning PV cell installation
Electricity Elevator replacement
Centralized communication center for energy management
Envelope Unified Digital Twin system
HVAC Electric usage detection
. Electricity AHU fault prediction
Hospital (Peng, Zhang, Yu, Xu, & Gao, 2020) DHW Frequent repair pattern recognition
Lightning Maintenance checking
Security Security management
Clinic (Bagnasco, Fresi, Saviozzi, Silvestro, & Vinci, 2015)Electricity Devel-op an e}ectrical forecasting model using ANN for
HVAC BMS integration
. . DHW Long-term and short-term district heating prediction system
Nursing Home (Ding et al., 2022) Heating Pre(;gicted load evaluation for a BMS forfcgsting modeil

4.2.3. Enhancing indoor environmental quality

The HVAC system in an HB plays a crucial role in maintaining the
health and well-being of patients, staff, and visitors. It is responsible for
providing thermal comfort, IAQ, and proper humidity levels, essential
for patient recovery and satisfaction (Abdul et al., 2015). The HVAC
system also helps regulate air pressure, filter out contaminants, and
prevent the spreading of infections. It must be designed according to
the specific requirements of each area of the HB to ensure that the
HVAC system functions effectively. The surgical site, for instance, must
control the air distribution pattern to ensure airway sepsis control and
maintain air quality (Aycam & Yazici, 2017).

HBs often care for patients with special needs who require specific
temperature and humidity levels. Given this, it is essential to investigate
ways to gauge and enhance IEQ (Balabel & Alwetaishi, 2021). One
strategy described in the literature is based on gathering empirical data
and stakeholder feedback. In a study conducted on the hospital campus
in Bristol (UK), the staff was asked to provide free-form comments and
a rating of 1 to 5 for how they perceived various IEQ parameters. The
findings demonstrated that most of the IEQ variables in this hospital
were within tolerable ranges. However, there were underperforming
acoustics and lighting systems and opportunities for improvement in
the filtration systems used to remove pollutants (Jain et al., 2021).

The research by Rehman et al. (2022) creates a new method to
forecast individual thermal comfort. Deep artificial neural networks
serve as the model’s foundation. It uses a variety of inputs, including
structures from various climate zones and locations, environmental
factors (such as air temperature, humidity, wind speed, and individual
physiological conditions), and a thermal sensation scale based on pre-
dicted mean votes. The model anticipates a person’s need for comfort,
which helps design the HVAC system in smart buildings.

Thermal comfort in four physiotherapy clinics was assessed in the
work of Zaniboni, Pernigotto, Toftum, Gasparella, and Olesen (2020).
On-site measurements and surveys of the patients and therapists served
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as the framework of the study. The questions focused on thermal sat-
isfaction and the thermal sensation vote (TSV). They assessed different
factors, including temperature, light, daylight, air quality, and acous-
tics. The findings indicate that women and patients who did not rate
themselves as healthy, and those older than 65, expressed slightly lower
TSVs and were less satisfied with the temperature. During static and
dynamic treatments, patients preferred temperatures of 22.5-24.5 °C
and 20-22.5 °C, respectively, while therapists appeared to better adapt
to the environment by varying the level of their clothing.

4.2.4. Building management systems

Building Management Systems (BMS) are focused on automating,
controlling, and monitoring various features in HBs. They go by a vari-
ety of names in the literature, such as “Building Automation Systems”
or “Building Automation and Control Systems”. The BMS can manage
several building subsystems effectively and efficiently. The literature
outlines various development fields, including climate control, lighting
control, energy management, DHW management, security, and access
control (Pradeep, Shaker, & Prasad, 2019).

Table 3 lists the studies related to BMS presenting the types of HBs
and their subsystems. There are few examples of this topic related
to HBs because they are all related to smart buildings, a relatively
new topic. The studies are also primarily concentrated on hospitals
because they have more intricate and expansive systems and are likely
candidates for retrofitting actions. Integrating BMS in HBs to provide
maintenance management can help achieve cost savings, safety, quicker
and easier communication between various subsystems, and increased
management productivity (Yousefli, Nasiri, & Moselhi, 2017).

In almost all cases, the heating subsystem and the electricity sub-
system are main elements. Additionally, two distinct strategies are the
focus of BMS. It may be necessary to develop a control or forecasting
model to support them. ANN is the algorithm present in all the exam-
ples related to such topics since it can predict the system’s behavior
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in the building (Bagnasco et al., 2015; Dulce-Chamorro & Martinez-de
Pison, 2021).

Another choice for the BMS system is to install sensors, dimmers,
and detectors physically. The sensors measure the internal and external
environment in a building and provide data for the system (Pedersen
et al.,, 2022; Peng et al., 2020; Prada et al., 2020). Finally, there is
insufficient research on the relation of fire and safety systems with
the BMS for HBs, even though the literature discusses various building
components.

4.2.5. Procuring renewable energy

Several parties oversee the use of renewable energy sources in the
healthcare industry (Kamath et al., 2019). The government must act
as a catalyst in developing financing plans for the construction of HBs
based on clean energy, as well as reliable data sources for developing
models that forecast public building construction (Bertone, Sahin et al.,
2018). By designing structures integrating renewable energy sources
into current infrastructure and updating existing building codes and
standards to incorporate renewable energy, planners and managers can
promote renewable energy in the healthcare sector.

Examples of energy sources and technologies used in HB-related
work are shown in Table 4. The examples were classified according
to region, technologies, advantages, and barriers. Europe and Asia are
the main areas of focus. North America, which has enormous potential
for wind, solar, and hydropower, does not appear as the subject of any
work. With numerous large-scale projects currently under construction
in the United States and Canada, wind and solar energy are expanding
quickly in other fields (Azarpour, Mohammadzadeh, Rezaei, & Zende-
hboudi, 2022). The same occurs in South America, where hydropower,
sun, and wind power are the most widely used renewable energy
sources. Brazil is the region’s top hydropower producer and has an
increased share of wind and solar PV in their matrix (Teles, Ismail, &
Arabkoohsar, 2019), while Chile and Argentina are making significant
investments in wind energy (Costa, Teixeira, Costa, & Consoni, 2022;
Garcia-Heller, Espinasa, & Paredes, 2016).

The most widely used form of energy is solar power. Researches are
primarily concentrated on PV panels to increase power production and
decrease reliance on the grid, while solar collectors are primarily used
to produce DHW. Both the design and optimization of these technolo-
gies, as well as the financial models that permit investments in building
retrofits and aid in the country’s economic stimulation by generating
a new market, are the focus of the literature. Despite its benefits, the
technology still encounters challenges, such as high upfront costs, a lack
of available space, technical limitations, and others.

To create models and algorithms to control building subsystems and
manage energy and power consumption, research in Asia is mainly
focused on integrating wind and solar energy. Both sources require
a proper balance between energy supply and demand because they
are intermittent and variable. Despite their significance, the examples
typically have restricted applications and can be challenging to repli-
cate due to limitations in the grid infrastructure, installation costs, and
energy storage costs (Weschenfelder et al., 2020).

Further research should be done on the last sources — geothermal
and residual waste — presented in Table 5. Geothermal energy is a
natural and renewable source of power that is derived from the earth’s
internal heat. It can be used to heat or cool buildings and can be
harnessed to generate electricity, thereby significantly reducing green-
house gas emissions (Soltani et al., 2019). To ensure an efficient and
dependable solution, it is important to carefully evaluate the cost of
geothermal systems (Romanov & Leiss, 2022). Additionally, residual
waste can also be utilized to generate heat and electricity (Jensen,
Wiese, Bramstoft, & Miinster, 2020). The research on HBs mainly
focuses on using this energy source for heating small buildings in colder
regions of Europe. However, the expense of implementing residual
waste management can be high, as it requires new and advanced
equipment.
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5. Conclusion

This paper summarized ongoing planning approaches for health-
care buildings. The articles covered various typologies of ‘“sustain-
able”, “green”, and “smart” buildings (e.g., hospitals, nursing homes,
physiotherapy centers, clinics, and others). The construction methods
and technological approaches that support energy efficiency, indoor
environmental quality, cost savings, carbon mitigation, and patient
well-being were also examined. The research also offers several ac-
tive and passive construction techniques, particularly emphasizing the
building’s operational stage.

The study established that user behavior can be a crucial area to
promote energy saving related to lightning in specific rooms in HBs
since manual systems can promote higher savings than automated
systems. Building Information Modeling tools are increasingly used to
develop architectural solutions for building design. BIM can be used to
calculate the building’s life cycle carbon emission and give a detailed
calculation of the energy consumption of HVAGC, lighting, water supply,
and equipment usage during the HB operational stage. Retrofitting
the existing building stock with better insulation, upgrading windows,
and green roofs can result in energy savings of up to 89%. Building
Energy Management can be included in retrofitting HBs to improve
energy performance and Indoor Environmental Quality. The factors
affecting resource consumption in HBs are size, operation time, number
of doctors, beds, medical procedures, and climate. The most common
criteria for optimization in HB are minimizing energy use, operating
expenses, and maximizing energy efficiency. Europe and Asia are the
main areas of focus for research on renewable energy sources in HBs,
with solar power being the most widely used form of energy. However,
challenges to adopting renewable energy include high upfront costs and
technical limitations.

Another important aspect is that the HVAC system has a central role
in HBs. It is responsible for maintaining the health and well-being of
patients, staff, and visitors in a hospital. It provides thermal comfort,
IEQ, and humidity control and helps regulate air pressure, filter out
contaminants, and prevent the spread of infections. The HVAC system
must be designed according to specific requirements for each hospital
area and each case. The HVAC system must consider different criteria,
from the user’s comfort to energy savings and carbon reductions. It
is also necessary to consider how changes in HVAC consumption will
impact the user since HBs care for vulnerable people. Additionally, reg-
ular maintenance is crucial to ensure maximum efficiency and prevent
system failures. The HVAC system should be regularly checked and
cleaned to guarantee a healthy environment.

The design and operation of HBs should be focused on the en-
tire building life cycle. Fig. 7 presents a preliminary analysis based
on a SWOT evaluation to highlight possible development areas, but
further research is needed to undertake several challenges. Limited
research has been conducted on small-scale HBs, which presents a
gap in understanding energy consumption patterns and optimization
strategies specific to these building types. Upcoming revisions of green
building rating systems for HBs must maintain the equilibrium between
user comfort and satisfaction while considering the need for energy
reduction. Stakeholders involved in decision-making processes should
include not only technical stakeholders but also staff, patients, and
visitors, particularly in the context of “smart” healthcare buildings.
The environmental impact and costs of healthcare buildings at the
end of their life cycle, along with environmentally-friendly strategies
for disposal and recycling, require further investigation. In the health-
care sector management, benchmarking is a useful method to identify
best practices, procedures, and areas for improvement. Using energy
benchmarks for internal purposes is an essential tool to help achieve
optimal energy efficiency. Research on automated shading devices in
the context of HBs would focus on understanding their effectiveness in
preventing interior overheating and optimizing energy consumption.
This research would specifically investigate the unique requirements



B.V.F. Silva et al.

Sustainable Cities and Society 100 (2024) 105013

Table 4
Review of prior research: Solar and wind sources by region, advantages, and barriers.

Energy Source: Solar

Region: Africa, Asia, Europe, Oceania (Amran et al., 2019; Bertone, Sahin et al., 2018; Imron &
Husin, 2021; Paparella & Caini, 2022; Sanchez-Barroso, Gonzalez-Dominguez, & Garcia-Sanz-Calcedo,
2020; Tchakounté, Fapi, Kamta, & Woafo, 2021)

Advantages:

Solar thermal and PV panels enhance disaster resilience and reduce grid reliance;
Using vacant spaces for solar systems maximizes efficiency;

Solar systems significantly cut operational and lifecycle GHG emissions;

Quick payback times make solar investments economical;

Smart/manual solar trackers in disaster-affected or rural areas boost performance;
Solar DHW collectors in hospitals offer quick payback and gas price stability;
Strategic PV system placement reduces total line losses by up to 9%.;

Financial modeling enables retrofit options, savings and carbon reduction forecasting.

Barriers:

Accurate panel estimation considering location and climate variations;

Solar panel damage in disaster-prone regions during transportation;

High initial installation and optimization costs;

Need for specialized training in solar system installation (rural or disaster-prone areas);
Technical constraints (e.g. shading, orientation) in solar system compatibility;

Manual tracking systems require labor-intensive adjustments;

Alternate applications in areas without rooftops;

Additional collectors during the off-season for sufficient solar contribution;

Maintaining minimum DHW temperatures to prevent Legionella contamination;
Case-by-case placement for optimal PV-Distribution generation;

Financial models considering multiple renewable sources, DHW-saving tech, and system integration.

Energy Source: Wind + Solar
Region: Asia (Xiaoyi, Dongling, Yuming, Manokaran, & Antony, 2021; Zhuang, Zhang, Sivaparthipan,
& Muthu, 2020)

Advantages:

Use of forecasting models for efficient AHU and DHWHU control, reducing energy consumption;
Adoption of multi-objective distributed dispatch algorithms to lower grid dependence, optimize
energy usage and reduce costs.

Barriers:

Fuzzy control-based forecasting models may have limited applicability due to computational demands
and data requirements for accurate renewable energy predictions;

Lab-scale wind-solar simulation falls short in the complex system of smart city building management.
Including other energy sources complicates modeling and presents challenges across contexts;
Implementing Wind + Solar technology primarily targets larger scales and broader infrastructure,
rather than exclusively focusing on healthcare.

Table 5
Review of prior research: Geothermal and residual waste sources by region, advantages, and barriers.

Energy Source: Geothermal
Region: Europe (Schiippler, Fleuchaus, & Blum, 2019)

Advantages:
ATES (Aquifer Thermal Energy Storage) capital investment pays back in 2.7 years, shorter than most systems;
ATES is versatile serving both heating and cooling.

Barriers:

Country requirements affect the universal suitability of an energy balance ratio of 0.25 in ATES;

ATES system pricing is influenced by service providers and component quality, with capital costs potentially
increasing by over 10% due to installation and piping expenses.

Energy Source: Residual Waste
Region: Europe (Ding et al., 2022)

Advantages:
Low-temperature district heating (LTDH) utilizes waste heat from industry and waste incineration;
Prediction models exist for heating loads during mild-low heating seasons and peak periods.

Barriers:

LTDH modifications to building equipment may include two heat pumps for DHW and space heating;
Implementing LTDH may require additional heat exchangers and radiators, incurring significant costs for
large-scale retrofits

and challenges faced by HBs, such as the impact of shading on patient
comfort, healthcare equipment, and daylighting needs.

Furthermore, while research has primarily focused on the heating
and/or electricity subsystems in building management systems, there is
a noticeable lack of emphasis on the fire and safety systems specifically
in HBs, highlighting the need for further investigation in this area.
Exploring geothermal sources and residual waste as potential energy
sources would address the need for sustainable energy solutions. The re-
search would examine the feasibility, costs, and environmental benefits
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of implementing these renewable energy sources in healthcare settings,
considering the specific energy demands and infrastructure of HBs.
Further studies on the selection of local and environmentally friendly
materials in HBs would aim to assess their impact on carbon emissions
reduction during the operational phase, particularly in relation to
HVAC system sizing. This research would investigate how the choice of
materials can contribute to improved energy efficiency, indoor air qual-
ity, and overall sustainability of healthcare buildings, considering the
specialized requirements and regulations of healthcare environments.
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By revising and consolidating the aforementioned items, the focus can
be redirected to address specific gaps and challenges unique to health-
care buildings, ensuring a more targeted and meaningful contribution
to the field.
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