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Preface

The landscape of thermal comfort in buildings is undergoing significant transformation due to

the need for energy efficiency and climate resilience. This Special Issue, entitled “Energy Implications

of Thermal Comfort in Buildings considering Climate Change”, compiles crucial research addressing

these challenges and opportunities, collecting studies and solutions aimed at enhancing thermal

comfort while mitigating the environmental impacts associated with building energy consumption.

A key theme is recognizing that climate change significantly challenges the maintenance of

thermal comfort in buildings. As global temperatures rise and extreme weather events become

more frequent, the demand for cooling and heating in buildings is set to increase dramatically. This

has substantial implications for energy consumption and greenhouse gas emissions, necessitating a

re-evaluation of current building practices and technologies.

This Special Issue focuses on enhancing thermal comfort and energy efficiency in buildings

through innovative technologies and strategies. Here, researchers explore advanced materials such

as phase-change materials (PCMs), advanced insulation, and dynamic building envelopes, which

enhance thermal performance and adapt to changing climates. For example, PCMs in building

envelopes reduce peak cooling and heating loads, minimizing energy consumption while enhancing

comfort. Passive design strategies that leverage natural ventilation, solar gain, and thermal mass

offer sustainable alternatives to mechanical systems, promoting building resilience across different

climates. Optimizing orientation, shading, and ventilation minimizes energy input, maintaining

comfortable indoor temperatures effectively. Understanding the impact of occupants’ behavior on

thermal comfort and energy use is crucial; therefore, this Special Issue highlight the achievement of

significant energy savings through tailored design and behavioral interventions. Retrofitting existing

buildings with upgraded insulation, windows, and renewable energy systems is vital for reducing

energy consumption and carbon emissions. These measures align with global sustainability goals,

ensuring that buildings are more energy-efficient and resilient in the face of climate change challenges.

As the Guest Editor of this Special Issue, I am struck by the breadth and depth of the research

contributions. These studies advance our understanding of thermal comfort and energy efficiency

and provide practical solutions for real-world settings. From innovative materials and technologies

to passive design strategies and policy recommendations, this Special Issue offers a comprehensive

exploration of sustainable and resilient buildings.

In conclusion, this Special Issue serves as a vital resource for researchers, practitioners,

policymakers, and stakeholders in the building sector. It underscores the urgency of addressing

the implications of thermal comfort in the context of climate change and offers a wealth of knowledge

and inspiration for driving progress in this critical field. I extend my gratitude to the contributors for

their exceptional research and insights, with this Special Issue inspiring further advancements and

collaborations in the pursuit of sustainable and resilient buildings.

Daniel Sánchez-Garcı́a and David Bienvenido-Huertas

Editors
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Energy Implications of Thermal Comfort in Buildings
Considering Climate Change

Daniel Sánchez-García 1,* and David Bienvenido-Huertas 2

1 Department of Electrical Engineering, University Carlos III of Madrid, 28903 Leganés, Spain
2 Department of Building Construction, University of Granada, 18071 Granada, Spain; dbienvenido@ugr.es
* Correspondence: dsgarcia@ing.uc3m.es

Extreme weather events and rising global temperatures are signs of the urgent threat
that climate change poses to our planet [1]. Energy used for heating, cooling, and sustaining
thermal comfort in buildings is a crucial factor in causing this issue [2]. It is crucial to look
at the energy implications of attaining thermal comfort in buildings in the context of climate
change as the world struggles with the urgency of lowering greenhouse gas emissions [3].

An essential component of human wellbeing, thermal comfort has a direct bearing
on our level of well-being and productivity [4]. A comfortable interior atmosphere is
provided by buildings, which normally maintain a temperature range between 20 and
25 ◦C. However, it is becoming harder to sustain thermal comfort in the face of climatic
change. Temperature extremes become more frequent and intense due to climate change,
requiring more energy to cool spaces [5]. In a vicious loop, increasing energy demand
exacerbates greenhouse gas emissions, which worsen climate change. The traditional
fixed-temperature approach to thermal comfort is challenged by the idea of adaptive
comfort, which is especially relevant considering climate change, given the energy-saving
opportunities it promises in present [6] and future scenarios [7]. It implies that people can
adjust to a wider range of temperatures and their comfort temperature changes depending
on the outdoor temperature fluctuations of the previous days [8,9]. Encouraging tenants to
adopt new habits, such as using fans instead of air conditioning, can cut energy usage [10].

To reduce the energy implications of thermal comfort, building design is crucial.
Innovative design techniques can lessen the need for mechanical heating and cooling, such
as passive solar design [11] and green roofs [12]. The reduction in energy use also depends
on improvements in building materials and technology, such as energy-efficient HVAC
systems [13] and smart windows [14].

To reduce buildings’ carbon impacts, we must switch to renewable energy sources.
The use of fossil fuels may be decreased using sustainable energy sources for heating and
cooling, such as solar panels [15], wind turbines [16], and geothermal systems [17]. Smart
grid technology can optimise energy use and lower peak demand [18].

Promoting energy-efficient construction practises heavily depends on government
regulations and incentives. The battle against climate change must include creating laws re-
quiring better energy efficiency requirements, tax incentives for green construction practises,
and financial support for renewable energy installations [19].

In the context of climate change, the energy implications of maintaining thermal
comfort in buildings cannot be overstated. Cooling-related energy demand will keep rising
as temperatures rise and severe weather events become more common, boosting greenhouse
gas emissions. A multifaceted strategy incorporating creative building design, behavioural
modifications, the integration of renewable energy sources, and helpful regulations is
needed to overcome this situation. To create sustainable solutions prioritising both human
satisfaction and environmental responsibility, researchers, architects, legislators, and the
general public must work together to lessen the energy costs associated with maintaining
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thermal comfort in buildings, cut down on carbon emissions, and construct a more resilient
and sustainable future in the face of climate change.
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The Intersection of Architectural Conservation and Energy
Efficiency: A Case Study of Romanian Heritage Buildings

Simona Elena S, erban 1, Tiberiu Catalina 1,2,*, Razvan Popescu 1 and Lelia Popescu 1

1 Faculty of Building Services, Technical University of Civil Engineering, 021414 Bucharest, Romania;
lelialetitia@yahoo.com (L.P.)

2 National Institute for Research-Development in Construction, Urbanism and Sustainable Territorial
Development—INCD URBAN-INCERC, 021652 Bucharest, Romania

* Correspondence: tiberiu.catalina@gmail.com; Tel.: +40-763-915-461

Abstract: In Europe, it is estimated that 14% of existing buildings were built before 1919, whereas 26%
were built before 1945. In Romania, about 31% of the buildings date from before 1961, contributing
to the current stock of old buildings with historic and architectural value in the country. This
paper illustrates the current state of buildings with historic and architectural value in Romania,
alongside a case study of a representative administrative building in Câmpulung, Romania. The
analysis of the Town Hall building in Câmpulung, Romania, demonstrates that potential energy
savings of up to 47.53% can be achieved by implementing interventions such as upgrading windows,
insulating the attic, and installing photovoltaic panels. The highest energy reduction is obtained
by replacing the window glass with a value of 18.16% with attic insulation with a value of 16.1%.
This paper also presents indoor measurements of temperature and humidity in different offices
positioned in the north and the south. The study conducted on the south façade office revealed
consistent temperatures ranging from 21.7 ◦C to 24.4 ◦C, with an average of 23.31 ◦C. However, the
humidity levels fluctuated considerably, ranging from 17.1% to 39.1%, with an average of 26.89%.
The sun-exposed section of the building saw relatively stable temperature conditions, but the varying
humidity levels could have a detrimental impact on the quality of the indoor atmosphere and
potentially decrease the effectiveness of the workforce. By contrast, the north façade office exhibited
lower and more fluctuating temperatures, ranging from 19.8 ◦C to 23.6 ◦C, with an average of
21.74 ◦C. Additionally, it had higher and more stable humidity levels, ranging between 19.5% and
41.7%, with an average of 29.83%. A thermographic analysis was performed on the north façade of
the Câmpulung Town Hall, utilizing thermal imaging technology to detect areas of heat loss, and
thus identifying the energy inefficiency problems of the building’s exterior. The investigation found
notable variations in temperature, especially around the windows, where temperatures could be as
high as 14.1 ◦C, highlighting the insufficiency of the building’s antiquated timber-framed windows
in preventing energy loss.

Keywords: energy efficiency; historic buildings; heritage conservation; thermography; energy audit

1. Introduction

Buildings account for approximately 40% of the European Union’s total energy con-
sumption and generate 36% of greenhouse gas emissions. In Europe, it is estimated that
14% of the existing building stock was built before 1919, and 26% was built before 1945 [1].
Heritage architecture is an element that emphasizes personality, culture, and history, being
a symbol for European cultural heritage and the identity of European society, giving it an
identifiable character [1]. The existing building stock thus needs to be preserved through
continuous transformation and optimization while presenting the opportunity to mod-
ernize and optimize energy production in all sites of European cultural heritage, both on
a large scale and locally. In this approach, the perspective is changing, and the existing

Appl. Sci. 2024, 14, 4835. https://doi.org/10.3390/app14114835 https://www.mdpi.com/journal/applsci3
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building fund is beginning to be seen as a reusable resource, optimal for interventions that
will provide space for contemporary activities in the future; this has also been demonstrated
by the European Union’s interest in and dedication to this matter [2,3].

As climate change poses a real and urgent threat to humanity and the environment [4],
addressing the challenges facing architectural heritage thus becomes key to the future of
European architecture [5,6], and this can be accomplished by creating specific and local
guidelines, standards, and methodologies to address the modernization process and energy
optimization of historic buildings [2].

In this paper, the term that is often used when referring to old building stock is
buildings with historical and architectural value, which is a description that includes
not only the buildings included in the National Register of Historic Monuments in each
member state but also refers to buildings that have historic and architectural value that are
not included in the above-mentioned lists. Currently, in Romania, there is no structured
information regarding the actual number of buildings with historic and architectural
value that exist; however, these buildings are widespread, and research in the field is
being developed.

Heritage buildings have been elaborated through a combination of design practices,
execution and design practices, techniques, and knowledge, and have been tested in a
well-defined framework and adapted to local, climatic, and sociological contexts. By
the same principles, buildings (the architecture of today, ultimately) must serve current
needs through the development of procedures, methodologies, and practices to ensure
the sustainability of architectural objects so that they can be used by future generations.
Hence, there is a need to create an intervention framework to modernize and optimize
the energy performance of buildings that are listed as historical monuments, which are
specific cultural buildings presenting traditional construction systems that are still widely
used today.

In a European context, through the most recent communiqué of the European Union,
titled “A Renovation Wave for Europe—greening our buildings, creating jobs, improving
lives” [2,5], a legislative framework has been proposed that supports the modernization of
energy in existing building funds. Thus, in the current European context, the identification
of customized solutions for energy efficiency [2,5] for the building envelopes of those
considered architectural heritage buildings is a key strategy for the modernization and
energy optimization of the modernist building fund, and this can be achieved by studying,
diagnosing, and implementing solutions to reduce general energy consumption and CO2
emissions for the existing building fund. Therefore, as directives and strategies to prevent
climate change and protect European heritage, the European Union has proposed the Green
Deal [2,6], which aims to accomplish the following goals:

• Reach the threshold of climate neutrality by 2050;
• Decouple economic growth from the use of resources;
• Ensure that no citizen or country is left behind;
• Ensure the efficient use of resources in a clean and circular economy;
• Restore biodiversity and reduce pollution.

In addition, on 14 July 2021, the European Commission adopted a set of proposals to
make EU climate, energy, transport, and taxation policies adequate to reduce net greenhouse
gas emissions by at least 55% by 2030, compared to 1990 levels. Achieving these emission
reductions over the next decade is crucial for Europe to become the world’s first climate-
neutral continent by 2050 and make the European Green Agreement a reality [6]. In this
context, the new proposals target sectors such as energy, transport, construction, and
renovation, with the aim of having 35 million buildings renovated by 2030.

2. Heritage Buildings in Romania

A number of European countries [7–20] have started to develop various national
guidelines paired with research projects aimed at specific architecture within their borders
and to focus on the regeneration and energy optimization of the existing building fund.
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Therefore, the importance of proposing solutions specific to each case, i.e., on a case-by-case
basis, has been acknowledged, given the multiple challenges that the global building fund
presents (England, Hungary, Italy, Greece, Croatia, etc.) [7–18,20–40].

In Romania, roughly 31% of buildings date from before 1961, thus forming the stock
of buildings with historical and architectural value [1]. Regardless of the fact that only a
few of them are listed as historical monuments, they all carry importance from a historical
and architectural point of view, being directly responsible for the characteristic of the
country’s various regions, thus keeping alive the local identity of local communities [1]. At
the same time, even if the regulations for existing buildings impose limitations in terms
of energy modernization interventions, many of the heritage buildings will benefit from
individual optimization through customized solutions, which is necessary if we want the
goal of reducing international greenhouse gas emissions by 80% by the year 2050 to be
realistically attainable.

From a legislative point of view, in Romania, the process of authorizing energy efficiency
interventions on buildings with historical and architectural value requires obtaining the
consent of the Ministry of Culture, according to the legislative provisions in force [41–46].

Within the national legislation of Romania, there are various categories of buildings
and areas of historical and architectural importance; e.g., they may be classified as his-
torical monuments, according to the provisions of Law no. 422/2001 [41] (in the form of
individual monuments, ensembles, or sites), or they may designated protected built-up
areas, according to the provisions of Law no. 350/2001 [42] on territorial development and
urban planning. In accordance with the legislative framework mentioned above, at present,
in Romania, there are several strategies and programs funded at the European level with
the aim of highlighting the gaps in the current legislative framework and, subsequently, of
developing the legislative framework at the national level and beyond [1,44,45].

Regarding energy efficiency measures, the main regulatory act in Romania is Law
no. 372/2005 [43] on the energy performance of buildings, with subsequent additions
and amendments, though the requirements do not apply to buildings and monuments
protected by heritage legislation.

To be mentioned in this approach is a methodology developed within Reform R1.b,
optimizing the legislative and normative framework to support the implementation of
investments in the transition to green and resilient buildings and financed by PNRR, Pillar
IV, and Component 5–Renovation Wave [2], titled “the intervention methodology for the
non-invasive approach to energy efficiency in buildings with historical and architectural
value” [1]. The main purpose of the methodology is to facilitate understanding of the
behavior and characteristics of historic buildings in relation to energy efficiency interven-
tions, the health of the spaces, and the increase in comfort level, as well as to establish the
methodological framework for intervention in historic buildings, detailing the stages of
analysis and choice of solutions within the projects in order to optimize and streamline
costs in the medium and long term [1].

Currently, heritage buildings occupy an important share of the national building fund,
with over 30,000 historical monuments declared in the list of historical monuments revised
by the Ministry of Culture and National Identity in 2015 [46]. Their importance and value,
and especially the general legal regime of the monuments’ historical data and the need to
protect them, require increased attention to monitor their behavior over time. Therefore,
the impact of continuously increasing temperatures and climatic conditions must also be
addressed, especially in the context of current climatic phenomena that can damage both
the structure of a monument and any protected objects inside it.

2.1. Characteristics of Heritage Buildings in Romania

Heritage building stock, once modernized and optimized, can function as well as a
new building without undergoing major interventions or incurring excessive costs. With
the help of modern energy optimization technologies, as well as the involvement and
education of the population regarding their impact on the general well-being of the natural
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and built environment, as already pointed out by European directives and by specialists in
the field, we will be able to highlight and implement the essential aspects of the protection
and effective use of the European architectural heritage.

In a study carried out in 2013, which analyzed the number of buildings with historic
and architectural value in Europe [46], 19 European countries were analyzed. In the general
ranking, Romania came in 15th place (see Figure 1) out of the 19 countries analyzed in the
study. A key take away from the study was the knowledge that many of the European states
that were included in the study had different criteria for classifying historical monuments,
taking into consideration the country’s population and territory.

Figure 1. A visual representation of the current spread of national heritage buildings on Romanian
territory. Information is provided the National Heritage Institute, Bucharest.

For example, Romania took over the wireframe method of categorizing and protecting
heritage architecture monuments and sites from the French model, a state that has approxi-
mately 44,000 historical monuments, a relatively low number compared to the country’s
population and surface area.

As can be seen in the classification above [45], Romania has an extensive cultural
heritage of great historic and architectural value, with the majority of these buildings being
located in Bucharest, the country’s capital city [47]. In total, there are 30,147 heritage sites
included in the List of Historical Monuments and 8 sites included in the UNESCO World
Heritage List [44,46].

The importance of rehabilitating these buildings thus becomes apparent, as a great
number of these buildings are still in use and require urgent interventions in order to
improve their interior conditions and the way in which the energy used for maintaining
these conditions is employed.

The National Register of Historic Monuments in Romania [47] divided the monuments
into two distinctive categories:

• Category A: Heritage monuments with national or universal value;
• Category B: Heritage monuments representative of the local cultural heritage;

As a country, Romania, on its territory, has a large number of heritage buildings (that
have been indexed in the list of heritage buildings and are thus protected); however, there
is also quite a high number of currently undefined buildings with historic and architectural
value, i.e., buildings that have not been included in the National Register of Historic
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Monuments in Romania but need to be protected and restored with the same degree
of importance.

Heritage buildings are very diverse in terms of architectural style, most of them
combining several styles, thus becoming unique; from fortresses to churches, from mansions
to open-air museums, to administrative buildings, or private houses (residential buildings),
the distribution of monuments with architectural and historical value is relatively balanced.

The counties with the largest number of buildings and sites in the category of monu-
ments and architectural ensembles are Sibiu (840), Braşov (784), Argeş (765), Mureş (736),
Prahova (737), and Ias, i (706) [44,46].

An important factor to be considered is that the above-mentioned buildings are not
the only buildings in Romania with historic and architectural value; at present, there is
an active endeavor to add more buildings to the list, and this is an ongoing process; more
and more buildings are constantly being identified and added to the National Register
of Historic Monument in Romania. An example of unique architecture on the Romanian
territory is the Town Hall of Câmpulung town, as shown below (see Figure 2).

 

Figure 2. Town Hall of Câmpulung, Romania—main façade, showcasing the neo-Romanian style.

At the beginning of the 20th century, the interwar period marked an important mo-
ment in the development of Romanian architecture; through the drive of some renowned
architects of the time, the quest for creating an original Romanian architectural style was
on its way, and the results can be seen in the images above. Therefore, the restoration and
inclusion in the National Register of Historic Monuments in Romania of these architectural
and structural experiments was of great relevance and importance.

In Romania, heritage buildings are divided into several utility topologies, such as
educational units (universities, schools, academies, institutes, and libraries), administrative
buildings, restaurants, railway stations, hospitals, archives, and museums, each with its
different regime of use and density of utilizers. Thus, it is equally necessary to study these
types of buildings (schools/universities) in order to evaluate and propose energy efficiency
measures since many of them are “energy-hungry”. In this way, indoor climate/comfort
conditions can also be improved (air quality, humidity, PMV, PPD, etc.).

The typologies of buildings with historic and architectural value serve a wide range of
functions; e.g., individual housing, collective housing, administrative spaces, headquarters
of institutions and social services, education and health spaces, and commercial or pro-
duction spaces. If part of the existing building fund had been maintained in its original
function, many heritage buildings would have been adapted for new uses, with a new
set of needs and requirements for the use of space. If these transformations were made
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consistent with the structure and typology of historic buildings, these readjustments would
allow them to extend their life [1].

2.2. Main Challenges in the Energy Optimization of Heritage Buildings in Romania

When the topic of energy efficiency measures is considered for buildings with historic
and architectural value, there are a multitude of causes of damage that come into discussion;
thus, the rehabilitation process needs to be conducted in a timely manner to buildings with
historical and architectural value, as follows [48]:

• Constructive causes: These are observable after a long period of time after the execu-
tion of the construction and are usually accompanied by other causes.

• Improper use of construction: This is one of the main causes resulting in damage to a
construction. Considering their very long lifespan, the human factor intervenes in the
decision-making process with respect to intervention in historical buildings.

• Degradation of materials.
• The land connection solution.
• Humidity.
• Catastrophic actions.
• Lack of use.
• Lack of skills and experience and/or materials.
• Over-climatization.
• Lack of insulation and vapor barriers in historic buildings.
• Additional sources of moisture.
• Pollution.
• Inherent wear and tear.
• The light.
• Climatic changes.
• Effects of temperature and humidity fluctuations.
• Microbiological growth.
• Pests, i.e., vermin and insects.

As Romania is a four-season country, heritage buildings can be affected by the influ-
ence of temperatures, with major fluctuations due to low winter temperatures; in addition,
fires, excessive solar radiation, and excessive precipitation have also proven to be key fac-
tors that must be taken into consideration. The implications of thermal actions are diverse;
however, in the first phase of an energy efficiency project conducted on a building with
historic and architectural value, the focus should definitely be on the influence of humidity
and very low temperatures, since the main priorities are ensuring interior comfort and
reducing energy consumption.

In addition, it is essential to consider the different structural and architectural ty-
pologies of heritage buildings, which can prove to be a good start in identifying the best
solutions for these types of buildings. For example, some buildings with historic and archi-
tectural value that have used massive walls as a structural solution are able to experience
delays in receiving the variation of outside temperature due to their high thermal capacity
and thermal inertia. This results in fewer thermal bridges; the indoor temperature is kept
longer (depending on the variation of outdoor temperatures), and the risk of overheating
or excessive cooling of the interior spaces is greatly reduced.

If the renovation processes and energy optimization steps do not take into consider-
ation the specific characteristics of the building’s typology, the processes may lead to a
decrease in the quality of their usage, create interior comfort problems for their inhabitants,
or irreparably destroy their historic and architectural value. Thus, it is extremely important
to take into consideration the built typology of the building during the pre-intervention
process. The European policy regarding reducing energy consumption by 2050 makes it
mandatory to optimize the energy of all buildings by 2050, including those in Romania.
This initiative has increased the importance of the existing building stock on a national level,
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thus creating a positive context for the development of new solutions for interventions that
ought to consider the specific requirements of public historic buildings.

3. Case Study: Câmpulung Town Hall Building

As case study, we have chosen a public building that is listed in the National Register of
Historic Monuments in Romania, namely, the Town Hall building of Câmpulung, Romania,
a B-category heritage building with the identification code: AG-II-m-B-13556. The structural
typology of the building consists of massive walls that have good energetic values, with
the shape of the building being a U form with an interior courtyard.

3.1. Description

The Town Hall of Câmpulung was originally created to function as the Muscel Pre-
fecture and was built as part of the Ministry of Public Works program in order to equip
the Old Kingdom with the necessary public buildings intended for county administrations.
This project was carried out according to the plan of the architect Dimitrie Ionescu Berechet;
it began in 1924, and was finalized in 1934, which is also the year in which the inauguration
of the building took place (see Figure 3).

 
Figure 3. A visual representation of the Town Hall building at its inauguration in 1934.

The building was constructed with elements from the neo-Romanian, the neo-byzantine,
and neo-gothic styles, and, as with many other buildings constructed in the same period,
the result was a unique-looking building This was a period in Romanian history when a
multitude of architectural experiments were taking place, mostly through the architects’
desire to instill an architectural identity to the buildings of the time, a goal eventually
achieved through several architectural experiments. Thus, in the case of the Câmpulung
Town Hall building, we can observe neo-Romanian elements, such as the dimensions and
decorations of the windows on the first floor, which present a neo-Gothic-style framing, as
can be seen in the image below.

Architecturally, the Town Hall of Câmpulung (see Figure 4) features intricate façade
carvings, high ceilings, and large windows typical of the period’s style, which not only
enhance its aesthetic value but also present unique challenges in terms of thermal insu-
lation. The building’s historical significance is underscored by its location in the heart of
Câmpulung, making it a landmark of not only architectural but also sociocultural importance.
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Figure 4. Town Hall of Câmpulung, Romania—side building façade.

3.2. Identified Building Problems before the Intervention Process

The main reason why the building needed to be optimized energetically was the fact
that this heritage building has a public function, as this is the location of Câmpulung’s Town
Hall. In terms of problems, the building was dealing with high energy bills, unoptimized
energy usage, thermal bridges, and interior spaces that could not be utilized as they had not
been rehabilitated; hence, the administration decided to modernize the building, making it
more accessible and user friendly while also being able to produce its own required energy.

Currently, the building faces significant energy efficiency challenges. It is primarily
heated through an outdated central heating system, leading to high energy consumption
and inefficiency. The building’s heating system is centralized and relies on a single gas
boiler located in the basement. This boiler operates at high temperatures and distributes
heat through water radiators set at 80 ◦C. The conventional arrangement, albeit prevalent
in older buildings, presents efficiency obstacles and sustainability issues due to its elevated
energy usage and substantial heat dissipation.

The thermal performance of the building is compromised by several factors, including
poor insulation in the attic, single-glazed windows, and significant air infiltration through
aging window frames and doorways. These issues are enhanced by the building’s large vol-
ume and high ceilings, which makes it difficult to maintain consistent indoor temperatures.

The thermal envelope of the structure is the main emphasis of the suggested energy
optimization techniques. Among the main procedures meant to lower energy consumption
while maintaining the architectural integrity of the building are replacing the window
units with double-glazed panels, adding better sealing and insulating materials in the
attic, and installing more-efficient heating systems. Along with enhancing the Town Hall’s
sustainability, these actions are supposed to act as a model for the preservation of other
historic structures dealing with comparable issues.

The exterior walls of the building are made of 45 cm solid brick. The construction
is provided with unheated space with a hipped roof. The floor above ground is made of
concrete and does not have any thermal insulation in the soffit. The perimeter plinth is not
thermally insulated. The joinery of the exterior windows and doors is made of wood. The
heels are positioned on the inner face of the parapets.
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The existing exterior finishes show mechanical wear at the level of the visible layers.
Due to atmospheric agents, mechanical agents, and biological agents, as well as occasional
rheological phenomena, the finishes have been affected up to now by dirt and discoloration
caused by the action of ultraviolet rays, stains, etc. The building has no special shading
elements on the façades.

As can be seen in the image above (see Figure 5), the state of the attic was unkept
and no intervention was conducted to insulate the roof space, hence the occurrence of
substantial heat loss and thermal bridges.

 

Figure 5. Image displaying the uninsulated attic.

However, because the attic had not been in its original form since the building’s
construction in 1934, this necessitated proper care and proper rehabilitation solutions so as
not to lose the historic and architectural value of this interior space, while also enabling us
to implement certain changes to the space to incorporate the HVAC elements to properly
generate energy efficient results for the building.

3.3. Energy Analysis—A Pre-Intervention, Non-Invasive, Multicriterial Study

As the Town Hall of Câmpulung is a registered heritage building, the process of
pre-intervention analysis had to be conducted in a non-invasive way. Thus, to analyze the
current state of the building from an energy efficiency point of view, it was necessary to
conducted multiple non-invasive studies:

• The energy audit of the building;
• An in situ study using measurement equipment, recording the humidity and tempera-

tures on the south and north façade;
• A thermographic study of the building’s envelope;

3.3.1. The Energy Audit

Part of the building issues presented were identified by studying the building’s annual
energy consumptions, as the annual heat consumption for space heating (discontinuous
heating) is determined according to the Mc001/PII.1 Romanian methodology. The calculation
temperature considered the fact that we have a daily variation, so the equivalent internal
temperature was calculated to be 20 ◦C. Finally, the values based on which the building will

11



Appl. Sci. 2024, 14, 4835

be classified from an energetic point of view were determined. Adding up the entire energy
consumption presented above results in a total annual energy consumption for heating of
714.7 MWh/year and a specific consumption of 326.7 kWh/m2 year, respectively.

It can be observed in Table 1 above that the building’s main elements do not meet the
requirements needed for proper thermal insulation; thus, rehabilitation and thermal energy
modernization solutions are needed in order to achieve appropriate thermal insulation and
energy saving according to current requirements. It can also be observed that in this case,
for example, even if the walls of the building are massive, they do not perform thermally as
needed so as to form an optimal indoor climate. This highlights once again the importance
of the project team’s research before intervention to ensure that the right solutions have
been selected in order to extend the building’s (i.e., the Town Hall’s) lifespan calculations.

Table 1. Results of a study conducted on the main construction elements of the studied heritage
building in order to identify the current thermal resistance and determine if they meet the thermal
insulation requirements for a building of this typology.

Construction Element
R’ [m2K/W]
(Calculated)

R’min [m2K/W]
(Standard Value)

Meeting the Thermal
Insulation Requirements

Exterior wall 17.1 1.7 No
Floor slope over basement/terrain 1.36 2.5 No

Floor slope terrace/Sky parlor/Attic 0.28 4 No
Exterior window frame 0.38 0.5 No

The highest consumptions are related to heating and, secondly, to the lighting system;
thus, the energy efficiency measures tackled these parts (see Table 2). In Romania, within
the legislation, the building is compared to a reference building (same architecture) but
enhanced in terms of thermal resistance and systems. The reference building in this case is
calculated as in Table 3.

Table 2. Energy consumption calculations—building Town Hall.

Consumption Heating
Domestic Hot

Water
Lighting Total

Annual consumption [MWh/year] 714.7 1.6 50.6 766.9
Specific consumption

[kWh/m2/year] 326.7 0.7 23.1 350.6

CO2 emissions [kgCO2/m2/year] 78.4 0.2 18.1 96.7
Energy class-Romanian legislation E A A D

Table 3. Energy consumption calculations—reference Town Hall.

Consumption Heating Domestic Hot Water Lighting Total

Annual consumption [MWh/year] 208.0 1.4 60.8 275.6
Specific consumption

[kWh/m2/year] 95.1 0.7 22.0 120.2

CO2 emissions [kgCO2/m2/year] 22.8 0.2 21.8 46.7
Energy class-Romanian legislation B A A A

It must be mentioned that for historic buildings, there is no clear delimitation for
reference buildings, and exterior walls are forbidden to be thermally insulated with external
insulation. In this situation, the purpose is not to reach the reference values—this would
be impossible—but rather to find the best solutions to the problem of reducing energy
consumption while keeping the architectural value of the building.
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3.3.2. Result from the In Situ Measurements of Temperature and Humidity

To better understand the state of the building and its indoor conditions during win-
ter/spring season, testing the relative humidity and the temperature fluctuation was a
key part of the study. Following the energy audit, we were able, with the help of the
Testo 174 equipment, to record and analyze the date recorded as follows: we placed the
equipment, that had been set to record, in an office facing the south façade and in an
office facing the north façade; this positioning of the sensors was also meant to be used for
comparison as the solar gains can severely impact the indoor temperatures.

As can be observed in Figure 6, the temperatures throughout March and April of this
year, during both night and day, were different, with almost daily temperature drops.

Figure 6. Exterior temperatures between March and April 2023, the period when the in situ measure-
ments took place.

Romania is a country that experiences all 4four seasons during a year; however, in the
passing years, the lines between winter and summer have been blurred and the changes
are visible as little to no snow falls during the winter season. The reason why we chose to
monitor the building during the end of winter and the beginning of spring was to better
understand the state of a building with such characteristics.

• South Façade Office Measurements

The Testo equipment we set in one of the main offices of the building facing the south
façade was positioned strategically in order to monitor the relation between the building’s
pre-intervention relative humidity and the interior temperatures registered. Thus, as the
above Table 4 showcases, as this is the façade that was the most solar, the temperatures
remained generally constant, i.e., between 21.7 and 24.4 ◦C, while the humidity throughout
the period of the office monitoring (14 March 2023–11 April 2023), as can be seen in Figure 7,
fluctuated from 17.1 to 39.1%rH. This can decrease the quality of the interior climate and
reduce the work efficiency of the staff that work in the building, as the building is an
administrative one.
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Table 4. Results regarding the degree of relative humidity and temperature.

Parameter 1 Min Max Mean Value

Humidity [%rH] 17.1 39.1 26.89
Temperature [◦C] 21.7 24.4 23.308

1 Parameters recorded between 14 March 2023 and11 April 2023, a transition period in between the cold season
and a warmer one.

Figure 7. Results regarding the degree of relative humidity and temperature obtained from the
equipment located in an office space facing the south façade of the building.

• North Façade Office Measurements

The equipment that was set to measure the relative humidity and temperatures in the
main office facing the north façade was able to showcase, just as in the case of the south
façade, that the monitored temperature values were more constant (see Table 5) than the
humidity levels; the latter were significantly more different, taking into consideration the
climate conditions at that time in Câmpulung town, as there was more humidity in the
exterior air.

Table 5. Results regarding the degree of relative humidity and temperature obtained from the
equipment located in a room facing the north façade of the building.

Parameter 1 Min Max Mean Value

Humidity [%rH] 19.5 41.7 29.83
Temperature [◦C] 19.8 23.6 21.738

1 Parameters recorded between 14 March 2023 and 11 April 2023, a transition period in between the cold season
and a warmer one.

Moreover, the failure to address this issue, particularly in the context of Romania’s
seasonal climate variations, poses significant concerns. Summers in Romania are charac-
terized by high temperatures, while the transitions between colder and warmer seasons
are protracted. During these transitional periods, there is a continuous exchange of air
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between indoor and outdoor environments. This persistent state of flux can compromise
the building’s usability, rendering it an unsafe workspace for prolonged durations.

Figure 8 highlights that, because of temperature changes, the interior temperatures
fluctuate considerably in the period during which the equipment monitored the building.
Consequently, this means more chances of thermal bridge formations appearing, and even
mold can occur over time, given the change in temperatures and the lack of necessary
layers for thermal insulation. All this comes as a research validation tool for the energy
audit conducted, showcasing with real-time data that the construction elements do not
meet the requirements of thermal insulation and energy saving.

Figure 8. Results regarding the degree of relative humidity and temperature obtained from the
equipment located in an office room facing the south façade of the building.

The south office room has a wider temperature range, with the lowest and highest
recorded readings being 21.7 ◦C and 24.4 ◦C, respectively, with an average temperature
of around 23.31 ◦C. In comparison, the north office room maintains a temperature range
between 19.8 ◦C and 23.6 ◦C, with an average temperature of approximately 21.74 ◦C,
which is lower. This suggests that the temperature in the south office is consistently higher
than that in the north office. The humidity levels in the north office room typically exceed
those in the south office room. The humidity levels in the north office range from 19.5% to
41.7%, with an average humidity of 29.83%. In comparison, the south office has humidity
levels ranging from 17.1% to 39.1%, with a mean humidity of 26.89%. This indicates that
the air in the north office consistently has a higher level of humidity. The north office room
reveals a little more noticeable fluctuation in temperature and humidity. The north office
exhibits a wider spectrum of temperature and humidity variations, which could have a
more pronounced impact on thermal comfort and air quality, compared to the relatively
milder south office.

3.3.3. Results from the Thermographic Study on the Building’s Envelope

A thermographic study was also undertaken on the Câmpulung Town Hall, specifically
examining the north façade of the structure. We have used a TESTO 872s thermal imaging
camera to conduct thermographic observations of the Town Hall of Câmpulung. The
weather conditions at the time of measurement were overcast, with a morning temperature
of around 3 ◦C. The prevailing conditions were optimal for performing thermal imaging
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as they effectively reduced the influence of solar radiation on the thermal measurements,
enabling more-precise identification of heat losses from the building’s exterior. This study
employed thermal imaging technology to detect regions experiencing heat losses, thus
highlighting the energy efficiency problems of the building’s exterior and better proving
the necessity of implementing solutions. The outcomes of this assessment are crucial
for planning future conservation and restoration endeavors, especially due to the Town
Hall’s historical significance and unique architectural requirements. The heat loss through
the windows was particularly significant, with temperatures reaching up to 14.1 ◦C (see
Figure 9). The significant difference in temperature clearly demonstrates that the windows
are vulnerable areas in the building’s envelope. The outdated timber-framed windows of
this historic structure are evidently insufficient in mitigating energy dissipation.

Figure 9. Multiple thermal images of the north façade of the building.

The thermographic research highlights a significant issue of energy inefficiency at the
Câmpulung Town Hall, mainly caused by outdated construction materials and deterio-
rating architectural components. By replacing or updating the historical windows with
thermally efficient alternatives that preserve the building’s beauty and historical signifi-
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cance, energy consumption can be reduced, and the sustainability of the property can be
improved. This short thermographic study provides essential evidence to support the need
for investing in energy efficiency measures at the envelope level.

4. Strategies and Solutions

The strategy implemented in this project was first to study the building in a non-
invasive way via the use of the above-mentioned studies (thermal calculations, indoor
measurements, and thermal camera photos).

Identified Solutions

Taking into consideration the energy audit and the in situ studies, a series of solutions
were identified as proper for the intervention. They are as follows:

• Proposed solution 1: Changing the entire window as a result of the minimum thermal
resistances provided for the external window frame (R’min > 0.9 m2K/W);

• Proposed solution 2: Keeping the wood frame with restoration measures but replacing
the glass with a high-performance example, namely, 4-12-4 type with low-e.

After changing the windows, the following must be taken into account:

• The sealing of cold air infiltrations in the joints of carpentry contours between the
skirting board and the wall gap with a sealing film on the outside (width 29 cm), and
filling the remaining spaces after installing the new windows with polyurethane foam
and closing the joints with plaster;

• The water-repellent sealing of the joints on the outer contour of the frame with special
materials (silicone putty, exterior sealing film, hydrophobic mortars, etc.), as well as
covering the joints;

• Where necessary, replacing the existing galvanized sheet joists on the external horizon-
tal gable at the bottom of the wall gaps with aluminum gables; the slope, the existence
and shape of the teardrop, the sealing against the frame (nails with a wide head at
small distances), the sealing against the wall (the edge of the board raised and covered
with plaster on the upper part), etc., will be ensured;

• The unclogging (or creating, if there are none) of the holes at the bottom of the skirts
intended for the removal of condensed water between the sashes.

The thermal modernization of the exterior window frame is proposed to be carried
out in the following manner: changing the entire glazed surface with glass of type 4-12-4
energy performance to prevent the building’s cooling requirement from increasing during
the hot season; the solar coefficient of the glass will be g < 0.35.

Adopting the solution of the total replacement of the existing windows involves
sealing the interior space and drastically reducing the number of air exchanges below the
value necessary to dilute the CO2 concentration and indoor humidity. Thus, before the
rehabilitation, the air exchange was partially achieved through the leaks in and around the
window frames.

In addition, by providing sealing gaskets, air freshening must be conducted in other
ways, namely, by installing hygro-adjustable grid systems in the color of the wooden frame.
The solutions identified for the doors at the entrance of the building are to be equipped
with automatic, mechanical, or electric closing systems. For the door at the main entrance,
it is recommended to choose a configuration similar to the existing one, consisting of two
successive doors between which a buffer space from the outside environment is created.

The rehabilitation solutions chosen for the attic slab include insulating the floor to-
wards the unheated bridge; the heat-insulating layer will be applied to the outer face of the
support layer after uncovering the ballast and/or waterproofing layers as appropriate. The
hydrothermal insulation solution will be made with a layer of fireproof mineral wool of a
minimum 30 cm and a maximum conductivity of 0.04 W/mK.
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Regarding the modernization solutions proposed for the interior lighting, the proposed
strategy was to replace the interior lighting luminaires, which currently have fluorescent
lamps, with efficient LED lighting luminaires.

The increased efficiency of LED luminaires would lead to energy savings and therefore
the achievement of another desired outcome. Also, their average lifetime is substantially
longer than any classic source, operating for up to 30,000 h without the luminous flux
diminishing. LEDs are also able to withstand variations in supply voltage without affecting
their lifetime.

The main solution to the problem of creating new energy sources was the installation
of a complete photovoltaic system of the “ON-GRID” type, a system with monocrystalline
photovoltaic panels with a power of 25 kWp and a total area of 200 m2. The system will be
installed on the back part of the roof without affecting the building’s aesthetic value.

The PV panels are installed to ensure the production of electricity for the building’s
own consumption, being connected to the external network, and they will consist of
the following:

Monocrystalline photovoltaic panels with a power between 350 and 500 W and a total
nominal power of 25 kW, mounted on a support structure made of aluminum profiled
elements with a west orientation and an inclination of 30–40◦ compared to the inclined
plane and voltage inverters with a minimum efficiency of 95%.

Regarding the mounting system for panels, the solution was to use MC4-type con-
nectors for photovoltaic panels and a solar electric cable with a two-way energy meter
(recording of energy consumed from the network and energy delivered to the network).
The surface available for mounting the panels is approx. 855 m2, and the total area of
the panels is 200 m2. The total installed power of the system is 25 kWp, with an annual
electricity production of approx. 32,500 kWh (from renewable sources).

As future research directives for energy optimization projects for buildings with
historic and architectural value, analyzing and creating a new category of similar buildings
that are not listed in the monument category would prove useful not only to better address
their problems in a controlled way but to also unveil their real number and their actual
spread in the country.

5. Results and Perspectives

The results identified in the case study further highlight the need for a pre-study
multicriterial analysis regarding the current state of the building alongside a heritage study.
In situ studies of the building, conducted in a non-invasive way, have facilitated more
in-depth knowledge of the building, thus making sure that the solutions proposed will
extend the life cycle of the building. The solutions for energy reduction are presented
in Table 6.

Table 6. Proposed energy efficiency solutions.

Solution Description

S1 Keeping the wood frame with restoration measures but replacing the glass with a performant
4-12-4 type with low-e

S2 The hydrothermal insulation solution for the attic floor will be made with a layer of fireproof
mineral wool of a minimum of 30 cm and a maximum conductivity of 0.04 W/mK

S3 Replacing the interior lighting luminaires, which currently have fluorescent lamps, with efficient
LED lighting luminaires

S4 Installing thermostatic valves on all heating radiators
S5 Mounting 25 kW solar photovoltaic panels on the west façade

S1 + S2 + S3 + S4 Analysis of solutions 1–4
S1 + S2 + S3 + S4 + S5 Analysis of solutions 1–5–complete

The results of the simulations are summarized in Table 7.
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Table 7. Results of annual consumption and energy reduction for each proposed solution.

Consumption Heating Domestic Hot Water Lighting Total

Solution S1

Annual consumption [MWh/year] 575.4 1.6 50.6 627.6
Specific consumption [kWh/m2/year] 263.0 0.7 23.1 286.9

Energy reduction 18.16%
solution S2

Annual consumption [MWh/year] 591.2 1.6 50.6 643.4
Specific consumption [kWh/m2/year] 270.3 0.7 23.1 294.1

Energy reduction 16.1%
solution S3

Annual consumption [MWh/year] 714.7 1.6 31.9 748.1
Specific consumption [kWh/m2/year] 326.7 0.7 14.6 342.0

Energy reduction 2.44%
solution S4

Annual consumption [MWh/year] 664.1 1.6 50.6 716.3
Specific consumption [kWh/m2/year] 303.6 0.7 23.1 327.5

Energy reduction 6.59%
solution S5

Annual consumption [MWh/year] 714.7 1.6 18.1 734.4
Specific consumption [kWh/m2/year] 326.7 0.7 8.3 335.7

Energy reduction 4.24%
solution S1 + S2 + S3 + S4

Annual consumption [MWh/year] 451.9 1.6 50.6 504.1
Specific consumption [kWh/m2/year] 206.6 0.7 23.1 230.4

Energy reduction 43.29%
solution S1 + S2 + S3 + S4 + S5

Annual consumption [MWh/year] 419.9 1.6 0.0 421.5
Specific consumption [kWh/m2/year] 192.0 0.7 0.0 192.7

Energy reduction 47.53%
Final energy class D A A B

The energy efficiency solutions recommended for a building, including window up-
grades and solar panel installation, have undergone comprehensive analysis to determine
their individual and collective effects on energy usage. The initial solution (S1) entails
enhancing the windows by installing high-performance glass, while preserving the original
wooden frames. This approach results in a substantial 18.16% decrease in energy use,
highlighting the crucial importance of window insulation in enhancing the overall energy
efficiency of buildings, especially in historic buildings.

The second method (S2) improves thermal insulation by installing fire-resistant mineral
wool on the attic floor. This method decreases energy usage by 16.1%, thus lowering
the amount of heat lost via the roof, which is a prevalent source of inefficiency in older
structures. By enhancing the insulation of the roof, this solution improves the building’s
thermal envelope and helps maintain stable inside temperatures, resulting in a more
comfortable life and work environment.

The third solution (S3) centers on enhancing the lighting system by replacing outdated
fluorescent lamps with energy-efficient LED luminaires. The change leads to a moderate
reduction of 2.44% in overall energy consumption. However, it has a significant impact on
the energy used just for lighting, which highlights the efficiency of LEDs in comparison to
older lighting choices.

The fourth solution (S4) incorporates thermostatic valves on all heating radiators,
enhancing the heating system’s efficiency by optimizing heat distribution management.
This modification results in a 6.59% decrease in energy consumption, demonstrating the ad-
vantages of contemporary heating controls in minimizing needless heating and improving
the comfort of occupants.

The fifth option (S5) integrates renewable energy by installing 25 kW solar photovoltaic
panels on the west façade. This not only reduces the building’s dependence on external
power sources by 4.24% but also promotes sustainability efforts by decreasing the carbon
footprint linked to conventional energy sources.
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When these ideas are implemented all together, the outcomes are notably remarkable.
The integration of solutions S1 through S4 leads to a significant decrease in energy usage
by 43.29%, demonstrating the synergistic impact of comprehensive building retrofits. The
addition of solar panels (S1–S5) further amplifies this effect, resulting in a 47.53% reduction
in energy use and raising the building’s energy rating to “B”. This holistic strategy not
only greatly reduces operational expenses but also establishes the building as an example
of sustainable retrofitting in historical structures, highlighting the feasibility of combin-
ing contemporary technologies with preservation principles. This technique not only
advances environmental objectives but also preserves the cultural and historic integrity of
heritage structures.

6. Conclusions

This paper presented the framework for pre-intervention studies on a heritage build-
ing, that is a building with historic and architectural value. The framework incorporated
several primary non-invasive techniques, presented in detail in the paper. A key takeaway
from the study was the importance of studying buildings with historic and architectural
value in situ, monitoring them in periods of seasonal changes—with climate conditions
that are inconsistent—in order to better assess how the buildings handle these transition
periods and how to better assist them with strategic energy efficiency measures.

The proposed framework can help with providing a better understanding of the
characteristics of buildings with historic and architectural value before starting the energy
optimization processes, as the proposed pre-intervention studies can highlight important
aspects about the building’s current state and intervention possibilities.

Buildings with historic and architectural value, once modernized and energy opti-
mized, can function as well as new buildings, meaning they will be able to accommodate
proper interior comfort values for the inhabitants. As in the case of the Town Hall building,
there are plenty of older buildings that are still being intensively used to this day. The
proposed solution of integrating a solar panel system on the roof so as not to disrupt the
general architecture of the façades but still to be able to generate energy locally could prove
to be a great solution for these buildings. Ultimately, the positive outcome of consistently
modernizing this building stock is that we can live more sustainably and in healthier
interior climates.
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Featured Application: The introduction of effective natural ventilation controls can provide accept-

able indoor air quality and thermal comfort for school buildings in a subtropical climate.

Abstract: The need for energy-efficient buildings must be based on strong effective passive-design
techniques, which coordinate indoor air quality and thermal comfort. This research describes the
principles, simulation, implementation, and monitoring of two different natural cross-ventilation
algorithm scenarios applied to a school-building case study affected by a subtropical climate during
the winter season. These ventilation protocols, the steady and dynamic versions, can control the
carbon dioxide concentration and actuate the window openings according to pre-defined window-
to-wall ratios. The implementation of the monitoring process during three non-consecutive days
in the winter of 2021 validates the opening strategy to maintain carbon dioxide below 800 ppm,
described by the protocol Hygiene Measures Against COVID-19, and the temperature within the
comfort ranges suggested by the adaptive UNE-EN 16798. The study shows that a steady opening of
2.16% window-to-wall equivalent ratio can be enough to maintain the requested comfort and carbon
dioxide conditions. The use of the dynamic window ratios, from 0.23% to 2.16%, modified according
to the measured carbon dioxide concentration, can partially maintain the carbon dioxide below the
required limits for ASHRAE 62.1, Hygiene Measures Against COVID-19 and UNE-EN 16798 between
48.28% to 74.14% of the time. However, the carbon dioxide limit proposed by RITE, 500 ppm, is only
achieved for 15.52% of the time, which demonstrates the inadequacy of the natural ventilation to
fulfil the standard. Further improvements in the dynamic control of the openings in these buildings
could lead to lower carbon dioxide concentrations while maintaining the thermal comfort in mild
winter climates.

Keywords: indoor air quality; thermal adaptive comfort; DesignbuilderTM; monitoring; school
buildings; natural ventilation

1. Introduction

1.1. Energy Efficiency, Thermal Comfort and Indoor Air Quality

The built environment is responsible for considerable impacts on our present and
future lives, considering both construction and the in-use stage. For example, in the year
2009, the construction sector was responsible for 23% of the total CO2 emissions produced
by the global economic activities [1], and so on, up to the present date.

Energy efficiency (EE), thermal comfort (TC) and indoor air quality (IAQ) are related
key performance indicators to measure the sustainability assessment of buildings. This
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has been considered as the EE-TC-IAQ Dilemma [2]. The most recognized sustainability
assessment tools, like Level(s), include them in their most relevant criteria [3]. Extensive
research has been carried out lately to demonstrate the relationship and the proper balance
between them [4,5].

A successful IAQ requires an adequate rate of air renovation, which necessarily implies
a partial substitution of the indoor air [2]. Since it depends on the season and the local
climatic conditions [6], this air substitution can strongly influence the TC of any building
type [7]. Temperature, relative humidity, and air movement are the basic indicators that
affect TC. The proper correction of these hygrothermal conditions provides, by definition,
additional heating/cooling potential energy demand from mechanical systems. Recent
research has focused on this issue by considering the use of setpoint temperatures based on
adaptive TC models [8]. Furthermore, the expected climate change scenarios will provide
a certain increase in the cooling loads, as well as an uncertain reduction in the heating
loads [9].

In addition, the improvement of mechanical systems and the introduction of renewable
energies play an important role in energy reduction with a proper energy production-
demand management [10]. However, the introduction of passive-design principles is
considered to be a more effective method to cut down energy demand [11,12].

1.2. Indoor Air Quality

Buildings are the places where humans spend almost 90% of our lives, including home,
leisure and work [13]. If time at home is not considered, adults spent most of their time at
work, whilst children and youngsters spent it in school buildings.

Recent trends in social sustainability assessment, such as Level(s), are boosting the
development of better strategies to improve the IAQ of buildings [3]. However, the pace of
implementing these improvements in buildings is slow, especially in existing ones, due
to their age and lack of investment [14]. These buildings usually have deficiencies in TC,
IAQ and EE. For a robust and transparent assessment, IAQ can be defined by the World
Health Organization as the absence of air pollutants [15]. The most common pollutants in
buildings are the following: biological, contaminants, off-gassing emissions, carcinogens,
and particulate matter. Among these, CO2 is the most relevant for most authors [16].

Among all types of buildings, the study of IAQ in school buildings is particularly
relevant because their occupants have specific needs. Children can be more affected by
pollutants than adults [17]: their lungs are not fully developed, due their low weight
they can suffer greater exposures than adults, and those exposures remain for longer in
their lungs. Specifically, CO2, affects human cognition and concentration capacity when it
exceeds established limits [18].

Considering that schools have regular occupancy and design typology, it is convenient
to anticipate design strategies that can be applied to buildings with similar conditions [19,20].
Previous studies have described experimental approaches to identify the most suitable
window opening configuration, and their application in schools worldwide to achieve a
good IAQ, TC and EE. Furthermore, urban air-quality climatic conditions are extremely
important in describing an effective natural ventilation strategy.

Schools located in polluted areas have restrictions in applying outdoor air renova-
tions. In such locations, the forecast of air quality can be monitored through real-time
meteorological stations, or though interpolation models [21].

Field measurement and building energy simulation can be used to suggest optimal
strategies for balancing energy use and indoor environment quality, simultaneously. For
those schools in hot climates with mild winters the strategies must be oriented to summer
overheating risks [14]. Although the performance of the envelope is not as important as the
ventilation rate, when natural ventilation is applied, it still needs to be included in a deep
analysis of the IAQ-TC-EE Dilemma [2]. Then, thermal transmittance of the envelope is the
most relevant indicator to be considered [6]. For schools in warm and moderate climates,
the design strategies must be oriented both to the summer and winter season, based on im-
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proved ventilation schemes and well-designed energy-conscious building [2]. Empowering
occupants as agents actively engaging in their own comfort can be an interesting solution
when mechanical systems are not available [22]. Finally, studies in schools comparing both
natural and mechanical ventilation have demonstrated a better performance for IAQ, but
worst results for TC with natural ventilation for all the teaching hours [20].

1.3. Recent Evolution of the Indoor Air Quality Standards

Since the SARS-CoV-2 airborne transmission was demonstrated [23], IAQ indicators
have occupied a major role in overcoming the disease. For those enclosed environments,
the CO2 concentration became the only indicator for providing effective advice on the
airborne transmission [24]. With the need to maintain school buildings open, after the
declaration of the disease, the national government established a set of protocols to reduce
the infection risk [25]. A maximum CO2 concentration of 800 ppm was established as a
reference safety guide, which must be addressed by natural ventilation. Unfortunately,
most of the school buildings did not have CO2 monitoring devices at the beginning, and
those with them failed to address the TC criteria [7]. Since them, the monitoring of CO2
has become recently a very popular easy-to-use tool for IAQ evaluation [26].

Several ventilation standards, such as EN 16798-1 [27], ASHRAE 62.1 [28], RITE [29],
and some others like WELL [30], have established limits for the most relevant IAQ indica-
tors. These include CO2, particulate matter, and volatile organic compounds, but CO2 is
the most relevant of them because of its usability as an airborne infection indicator. Their
limits for CO2 concentrations (between 500 and 1000) are shown in Table 1.

Table 1. Most relevant IAQ indicators by standard.

Indicator Protocol 2 EN 16798-1 ASHRAE 62.1 WELL [30] RITE [29]

CO2 800 ppm 900 ppm 1000 1 ppm 900 ppm 500 ppm
1 recommend considering assumption [31], 2 hygiene measures against COVID-19 [25].

In the case of RITE, buildings are classified into categories of buildings from 1 to 4.
There, school buildings are included in category IDA 2, in which the CO2 limit is 500 ppm.
Table 2 summarizes the IAQ levels with the corresponding CO2 concentrations applied in
this research.

Table 2. Classroom simulation parameters.

Main Parameters Thermal Transmittance

Element Components
U

(W/(m2K))
Area 49.60 m2 Roof boards Asbestos + air cavity 3.077

Height 2.85 m Ceiling Concrete slab 1.505
Volume 141.36 m3 Flooring Concrete slab 1.505

Occupancy 26 pupils + teacher External wall 2 brick leaves 1.390

Occupancy ratio 0428 p/m2 Openings Aluminum frame + 2 panes
of glass (3 + 6 + 3) 1.960

Area 49.60 m2 Interior partition 2 brick leaves 1.425

1.4. Minimum Natural Ventilation to Ensure Indoor Air Quality

There is a vast body of literature that recognizes how natural ventilation plays a vital
role in IAQ, TC and EE [4,5,32–34]. On sites where urban pollution is not an issue, IAQ can
be considered as a result of the balance between the indoor pollutants produced against
the outdoor renovation rate introduced [32]. The first element of the balance is provided by
the number, the type of activity and the age of the occupants, while the second element of
the balance depends mostly on natural/mechanical ventilation. In most of the cases, the
infiltration through the building’s envelope can be avoided due to its lack of relevance in
comparison with the other elements [33]. Polluted sites are not considered adequate for air
renovation without previous filtration.

Natural ventilation is driven by different thermodynamic airflow issues. That airflow
is provided due to different air pressures and temperatures or by wind flows [34]. The
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basic classification describes two kinds of natural ventilation: single or cross [35]. Then,
the effectiveness of the natural ventilation depends on the size, the proportions, the shape,
and the position of the openings and the window-to-wall ratio (WWR) of each facade [36].
Traditionally, the WWR has been extensively used in research due to the fact that it is easy to
use and understand, and influences the way of combining different building performance
objectives: daylighting, thermal, and acoustic comfort, as well as cooling/heating energy
demand [37]. Elements for defining a cross-ventilation system are graphically described in
Figure 1 below: occupancy (O), window inlet (Wi), window outlet (Wo), and room size in
depth (D), length (L), and height (H).

Figure 1. Main parameters affecting cross ventilation.

According to the literature, cross ventilation works when local winds pass through
the Wi in the windward side, cross the room and are expelled out through the Wo in
the leeward façade [36,38]. For most of the airflow studies, the Venturi effect cannot be
fully presumed, and an additional computational fluid dynamic must be considered to
obtain the assumptions. If the window is the most relevant factor to manage, then there
are several options to consider, such as size, wide-to-height ratio, height position, and
the number of single/multi windows per façade [39–41]. As described by these studies,
different configurations in the Wi-to-Wo ratio provide an internal pressure rise when the
Wi/Wo is bigger than 1. If it is smaller, then the internal pressure decreases, providing
better airflow conditions. Therefore, it results in a more effective ventilation configuration
for reducing the Wi-to-Wo ratio [36,39]. For those rooms with a different window size at
the windward and leeward façades, an average combined-window area can be defined, as
described in Equation 1 [36]. The equation includes a summation of areas at each of the
opposite sides of the room. The result is expressed in Aeq as window-to-wall equivalent
ratio (WWeqR), useful for rooms with a different opening size at each side of the room.

Aeq = Equivalent opening area
Aeq = ∑i Wii∗∑i Woi√((∑i Wii)2+(∑i Woi)2)

∑ Wii = Windward opening summation

∑ Woi = Leeward opening summation

(1)

1.5. Adaptive Thermal Comfort Model

The adaptive comfort model was firstly described by De Dear and Brager in 1998 [40].
The model describes the influence of local and behavioral factors on the perception of
TC. The model is based on TC field studies in countries worldwide, and established the
foundations of the thermal models for the ASHRAE 55 [41]. Since then, several authors have
introduced variations in the original comfort algorithm to better approximate particular
local conditions. The Smart Controls and Thermal Comfort project from the European Union
has been considered for the development of the UNE-EN 16798-1 [27], with both passive
and mechanical operations. The passive UNE-EN model equation described in the Standard,
Section A.2.2 [27], is used in this research to validate the TC.
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1.6. Aims and Novelty of This Research

Based on the results obtained in previous works [7], the aim of this research is to
demonstrate the validity of a proper WWeqR schedule to better achieve both IAQ and TC,
using different ventilation protocols. As described by other authors, there are interesting
possibilities for achieving IAQ without mechanical ventilation in school buildings [6,14,20],
but they may compromise TC and EE. This depends on the climatic conditions [6,14,20],
the envelope performance [6], set-point temperatures [14], the consideration of adaptive
thermal comfort [42] and the efficiency of the mechanical systems [20]. It is necessary to
elaborate window-opening management protocols that are based on natural ventilation
and low-cost sensors in schools where mechanical ventilation is not an option. Then,
the validation of these protocols is necessary to understand how to solve the IAQ-TC-EE
Dilemma within specific climatic conditions and building configurations.

The research aims to carry out the following:

• Using Designbuilder simulations of this case study, obtain the WWeqR that provides
enough air renovation to fulfill the CO2 levels under the required limits:

◦ For the steady natural ventilation protocols (SNVPs), it describes a WWeqR that
allows the achievement of the required CO2 all the time.

◦ For the dynamic natural ventilation protocol (DNVP), it describes the functioning
of the dynamic WWeqR according to the indoor CO2 sensors, to minimize the
outdoor air infiltration.

• Using the monitoring data from this case study, validate the proper functioning of
the WWeqR in buildings with manual operation, providing enough air renovation to
fulfill the CO2 levels requested.

• Considering adaptive models, anticipate the TC outcomes that may arise due to the
introduction of outdoor air without heat-recovery units.

• Provide a summary of design-and-management rules of thumb for scholar buildings
in a subtropical climate to achieve acceptable IAQ during the operational time as an
alternative to installing mechanical ventilation systems.

The paper contains the following: Section 1 introduces the problem and the perspective
of the research, with the objective and aims to be achieved. Section 2 describes the materials
and methodology used in the research. It includes the simulation, the case study description
and the proceedings and materials for the data monitoring. Section 3 shows the results for
the different scenarios described in Section 2. Thus, Section 4 discusses the outcomes from
the data of the preceding section. Finally, Section 5 provides the main conclusions obtained
and suggests future works. Some relevant material is included in Sections A and B.

2. Materials and Methods

This section contains the materials and methods used within this research to cover
the different ventilation protocols proposed to improve the IAQ and TC of a case study
in the city of Sevilla, Spain. The study includes two research stages: first, a software
simulation, and second, an experimental installation and the measuring equipment for
real-time monitoring devices.

2.1. Monitoring Materials

The real-time monitoring systems are shown in Figure 2, and their specifications in
Table 3:

• A TEMTOP M2000C 2nd CO2 Air Quality Monitor (orange). This includes a Sensair
nondispersive infrared CO2 sensor, a sensirion SHT31-ARP sensor for temperature
and relative humidity, and an NDIR CO2 sensor.

• A meteorological station, Froggit HP 1000SE PRO (white), includes a set of sensors to
provide a full description of weather data in real time, as well as an indoor hydrother-
mal sensor able to measure humidity and temperature, and a central console. All of
them are connected via radio at 868 MHz.
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Figure 2. Digital monitoring systems: TEMTOP M2000C 2nd air-quality monitor on the left (a) and
the Froggit HP1000 SE wireless meteorological station on the right (b).

Table 3. TEMTOP M2000C 2, most relevant specifications.

Specifications TEMTOP M2000C 2nd Froggit HP 1000SE PRO

Indoor Meteo station Indoor sensor

Operation frequency 868 Mhz 868 Mhz
Temperature range 0–50 ◦C −40–60 ◦C, −40–60 ◦C,

Temperature accuracy ±0.3 ◦C ±1 ◦C ±1 ◦C
Relative humidity range 0–90% 1–99% 1–99%

Relative humidity accuracy ±3% ±5% ±5%
CO2 measuring range 400–5000 ppm

CO2 accuracy ±40 ppm

2.2. Simulation Software

The software chosen for the building simulation is DesignBuilderTM V7.0.2.006 (DB) [43],
which runs EnergyPlusTM as the data calculation engine. It can simulate current and im-
proved conditions to compare different scenarios in terms of CO2 emissions, indoor hy-
drothermal conditions, and energy consumption, among others. The software is recognized
by several of the most influent standards, like the ANSI/ASHRAE, and it is commonly
used in academia [44,45].

2.3. Methodology

The methodology proposed in this paper is based on two different approaches: a CO2
concentration DesignBuilderTM simulation and onsite IAQ data monitoring to evaluate the
validity of the ventilation protocols, the SNVP and DNVP. Both focus on a real case study
in a school building in the city of Sevilla, Spain. All the windows have been scheduled with
the same opening, whether they are windward or leeward.

The study considers WWeqR in measuring the average ratio, including all the windows,
in all facades, instead of the traditional WWR. The DesignBuilderTM simulation is used to
obtain the most appropriate WWeqR to be used in the opening protocol to be followed by
the school staff during the on-site monitoring process.

The duration of the monitoring process was reduced to a few days, due to the restric-
tions imposed by the school principal and the COVID-19 protocols. The authors decided to
choose a set of non-consecutive days to evaluate different weather conditions, covering
different wind and temperature conditions.

Considering the monitoring devices described in Table 3, the following experimental
error is expected: ±0.3 ◦C indoor temperature, ±3% indoor relative humidity, ±40 ppm
indoor CO2, ±1.0 ◦C outdoor temperature, and ±5% outdoor relative humidity.
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2.3.1. Case Study

The study focuses on a classroom in a school building in the city center of Sevilla
(Spain). It is placed at 37.39 north latitude, and 5.98 east longitude, and influenced by a
subtropical climate, Csa in the Köppen–Geiger classification [46]. The average temperatures
are 11.3 ◦C in December, 25.7 ◦C in June, and 18.2 ◦C for the whole year. The average
humidities are 75% in December and 42% in June. The prevailing winds are southwest in
summer and northeast in winter.

This classroom has been selected because it is representative of the average school
buildings in this region, but also because it has already been used in previous studies
of IAQ and TC [7]. The distribution and position of the different elements within the
classroom are presented in Figure 3.

• Figure 3a provides a layout with the position of the openings and the seats for the
occupants. It also contains the position of the radiators (in red) and the heat pump
(in blue). There is only 1 entrance to the classroom, which was always closed during
the experimentations. The graphic scale and the north compass sign are included to
classify the window openings as north/south. The north façade can be described as
windward, while the south façade is considered leeward for the purposes of cross-
ventilation analysis.

• Figure 3b provides an axonometric 3D view of the room, which adds extra information.
Both windward and leeward openings include a set of solar-protection louvres, but
during winter they are always set at a horizontal position. Therefore, it is considered
that they have no influence on the ventilation process. Blue boxes describe the split
heat-pump system. The yellow dot describes the approximate position of the IAQ
monitoring devices (Figure 4a), while the yellow line describes the wireless connection
with the central console (Figure 4b).

Figure 3. Opening elevation layout (a) and DesignBuilderTM model 3D view (b).

The classroom volume is 141.36 m3. It is usually occupied by 25 pupils of about
11 years old and a teacher, which makes one person every 1.90 m2 (see Table 2), for the main
parameters. The classroom activity schedule is organized from Monday to Friday. The
attendance hours are from 9:10 to 12:05 and from 12:30 to 13:55. Students have a playtime
out of the room between 12:05 and 12:30.
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Figure 4. Classroom layout (a) and north 3D axonometric view of classroom (b).

Construction elements were reviewed on-site and their thermal transmittance and
other physical properties were calculated using DesignBuilderTM. No insulation materials
were found during the visual inspection, as would be expected for a 1970s building. The
roof is composed of two separate layers with a non-ventilated interior air cavity of 0.60 m
average thickness. Ceiling and flooring both include a concrete slab. The external walls
are composed of two bricks sheets with an interior variable-thickness air cavity (cavity
thickness from 5 to 15 cm). The windows in the south and north façades include aluminum
frames plus double-glazing panes with air-gap insulation, as described in Table 2 (thermal
transmittance), which gives a thermal summary of these construction elements.

The classroom is cross-ventilated through the windows in both the windward and
leeward facades, as shown in Figure 4a. Both show, in red, the maximum effective opening
to be considered for natural ventilation following the definition of the WWeqR.

2.3.2. Natural-Ventilation Protocols

After an intense debate in academia, described in Section 1, the worldwide scientific
community established natural ventilation as the most reliable source of improvement of
the IAQ and the consequence reduction in the airborne transmission of several infections
such as COVID-19. In the case of the Andalucía region (Spain), the regional Government
prescribed the need to provide windows which open fully to guarantee natural ventilation.
However, this was a temporary solution that causes additional heating/cooling demands,
which must be addressed at some point. To solve this issue, in a second step, the authors
prosed a natural ventilation protocol that seeks the minimum air renovation to guarantee a
maximum CO2 concentration of 800 ppm. Ideally this will help to maximize the comfort
periods while reducing the heating/cooling energy demand. This was called the COVID-19
natural ventilation protocol, as it mainly addressed the infection issue. The protocol de-
scribed ideal periods to provide constant air renovation through manual window operation,
but without any control of its effectivity.

As an improvement of these early natural ventilation protocols, this paper suggests
different approaches, based on the following:

• CO2 concentration that can be obtained through CO2 sensors. They are cheap and
easy to find and allow any worker in an educational building to have a real-time IAQ
assessment. Even more, they can be connected remotely to cloud control via an app,
so anyone can access the IAQ data report. In DesignBuilderTM the CO2 is obtained
through virtual sensors, as described in Section 3.1.
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• The opening factor described as a WWeqR, which can be manually or mechanically
operated on site, following any of the suggested algorithm rules. It is also possible to
model it in DesignBuilderTM through EMS scripting, as described in Section 3.1.

The Steady Natural-Ventilation Protocol

The SNVP can increase the natural ventilation while being easily implemented in
the building. It describes an ideal steady-state opening WWR for all the operational time,
according to the classroom configuration. See Figure 5 for details. For scenarios where the
outdoor CO2 is circa 400 ppm, the SNVP can be described as follows:

• The WWeqR is calculated via DesignbuilderTM simulations to maintain the CO2 concen-
tration under 800 ppm.

• The WWeqR obtained is then applied on-site to the case study in scenario 1. If the CO2
concentration is below 800 ppm during this time, then the objective is accomplished
and the WWeqR can be maintained while the rest of the conditions remain the same.

• On the contrary, if the CO2 concentration is not below 800 ppm, then the WWeqR must
be revised in several steps, until it finally decreases to under 800 ppm.

Figure 5. SNVP for optimal IAQ during winter season.

The Dynamic Natural-Ventilation Protocol

The DNVP has been designed as an improvement on the SNVP to increase air renova-
tion control while minimizing the negative effect of thermal loads in extreme seasons. The
ease of the DNVP will provide the opportunity for a successful implementation of natural
ventilation policies in those school buildings where complex management systems are not
available, for some reason. The DNVP can be seen in Figure 6. For scenarios where the
outdoor CO2 is circa 400 ppm, the summary of the DNVP can be described as follows:

• In the first step, if the CO2 concentration is above 800 ppm, then windows must be
fully opened to maintain the CO2 as low as possible.

• In the next step, when CO2 is below 800 ppm, the windows on both sides of the
room will be opened according to a rising scale of WWeqR. The WWeqR is the average
number of the WWR in the case of cross ventilation with different window sizes in the
windward and leeward facade. For each of these openings, the CO2 concentration is
measured. If the value remains below 800 ppm, then the process is stopped.

• If the CO2 rises above 800 ppm, then a full opening must be applied to quickly
remove pollutants until the CO2 approaches the CO2 min. The CO2 is the result of the
natural ventilation according to the maximum WWeqR of each case. Then, the CO2
concentration can be considered as around 550 ppm. The WWeqR is then set to the
next higher value from the previous step. Again, if the value remains below 800 ppm,
then the process is stopped. On the contrary, if the CO2 rises above 800 ppm, then
the full opening scenario must be applied to repeat the flush process and the WWeqR
applied for the next corresponding value.
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• The process must be repeated in several steps until the CO2 remains below 800 ppm
or, alternatively, the CO2 is above 800 ppm, but the windows remain fully open.

• In the next step, when CO2 is below 800 ppm, the windows in both sides are opened
according to the increasing scale of WWeqR. The WWeqR is the average number of the
WWR in the case of cross ventilation with different window sizes in the windward
and leeward side. To ease the process for the school buildings management team, the
WWeqR used came from an easy-to-remember opening width: 2-4-8-10-15-22 cm in
each of the windows at the same time.

Figure 6. DNVP for optimal IAQ during the winter season.

2.3.3. Opening Considerations for This Case Study

According to previous experiments [36], if the size of the windows on the leeward and
windward side are different, then the most effective opening configurations include the
smaller windows in the windward side, which is the configuration of this case study. The
equivalent opening area is calculated through Equation (1) and shown in Table 4.

Table 4. WWR and WWeqR depending on opening configuration.

Windward/Northeast Windows
59 cm Height × 134 cm Wide WWeqR 1

as Equation (1)

Leeward/Southwest Windows
105 cm Height × 107.5 cm Wide

Opening Conditions Opening Conditions

Wide (cm) Wide (%) WWR (%) WWR (%) Wide (%) Wide (cm)

2 1.5% 0.23% 0.23% 0.54% 1.9% 2
4 3.0% 0.46% 0.45% 1.07% 3.0% 4
8 6.0% 0.92% 0.87% 2.14% 6.0% 8

15 7.5% 1.72% 1.54% 4.02% 11.2% 15
22 11.2% 2.53% 2.16% 5.90% 16.4% 22
30 15.2% 3.45% 2.80% 8.04% 22.3% 30
51 47.7% 6.78% 4.10% 10.99% 44.0% 41

1 equivalent ratio calculated with Equation (1) considering windows at both sides (wind and lee).

2.3.4. Calculation of Indoor Carbon Dioxide Concentration

This research uses the calculated natural ventilation mode in DesignbuilderTM with
a discharge coefficient of 0.65. The CO2 concentration equations are described in the
EnergyPlusTM Engineering Reference [47]. The Carbon Dioxide Predictor-Corrector is based
on the following Transient Mass Balance Equation (see Equation (3)). Each element of
Equation (2) is detailed in Appendix A.

ρair VZ CCO2
dCt

Z
dt

=
Nsi

∑
i=1

kgmasssched load ∗ 1.0 6 + ∑Nzones
i=1 mi

(
Czi − Ct

z
)
+

(
C∞ − Ct

z
)
+ msys(CSUP − Ct

Z) (2)

As described in Appendix A, the CO2 concentration depends on internal CO2 loads,
the zone air density and volume, CO2 due to outdoor infiltration and ventilation, which
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are present in this simulation, and also on CO2 transferred from other zones and CO2 from
the air supply stream, which are not present.

The standard EnergyPlusTM epw weather file [48] has been modified to establish the
average wind speed and direction for a typical morning in December, with direction 260◦,
speed 2.6 m/s.

The DesignBuilderTM simulation includes a scheduled ventilation protocol which is
not within the current options of the software capabilities. To ensure the proper function of
the DNVP, the authors used the EMS runtime scripting tools described in The Application
Guide for EMS [47]. The scripting code is presented in Appendix B. The EMS script is acting
over the openings to ensure the CO2 remains under 800 ppm, as described in the DNVP
in Figure 4. The EMS window-opening actuator is connected to two variables/sensors:
Air_CO2_Concentration and TrendDirection. TrendDirection evaluates whether the CO2 con-
centration is rising or decreasing.

It is expected that slight variations will be found between the simulation forecast and
the real-time monitoring data. This is provided by the expected delay between the software
simulation and the human management of the windows.

Finally, the monitoring process introduces an evaluation TC according to the method
described in the UNE-EN 16798-1:2020 [27], Section A.2.2. UNE. The adaptative comfort is
based on the following Equation (3):

θrm = (1 − α)×
{

θed−1 + α·θed−2 + α2· θed−3

}
(3)

θrm Outdoor running mean temperature for the considered day
θed−1 Daily mean outdoor air temperature for the i-th previous day

3. Results

This section provides a comprehensive review of IAQ in two different scenarios,
according to the methodology explained in Section 2.

3.1. Simulation Stage

At the simulation stage, the validity of the DNVP is evaluated for each WWeqR against
the SNVP, from 0.23% to 2.16% WWeqR.

The first set of simulations were run in DesignBuilderTM with a constant wind speed of
2.6 m/s, direction 260◦, and a constant WWeqR. These simulations are plotted in Figure 7.
Additionally, the figure includes the occupancy level and the recommended CO2 concen-
tration limit defined by the World Health Organization and the RITE [29]. The occupancy
defined is 21 people and the CO2 limit is 800 ppm.

The results shown in Figure 7 describe how a 2.16% WWeqR is the only simulation
remaining below the established CO2 limit of 800 ppm. All the other configurations of
WWeqR provide simulation results between 800 and 2600 CO2 ppm. In all run simulations,
the CO2 increases exponentially until it reaches a flat line, which remains constant, except
in the simulations with the WWeqR under 0.45%. In these simulations, the CO2 is still rising
until the occupancy is zero, between 12:05 and 12:30. The simulations show the WWeqRmax
for this case study, which is 4.10%. For the WWeqRmax the average CO2 is circa 544 ppm.

For the next set of simulations run in DessignBuilderTM, all the parameters remain
the same except the WWeqR, which is controlled by the DVNP EMS script, as explained
in Appendix B. The WWeqRs that provided a CO2 concentration below 800 ppm are not
considered in this simulation, following the DNVP algorithm. The results of the CO2
concentration obtained through the calculations via Equation (2), explained in Appendix A,
are shown in Figure 8. CO2 limits and wind conditions remain the same as those in
Section 3.1.

The results shown in Figure 8 describe the running loops of the different WWeqRs.
Each of the WWeqR loops rises until 800 ppm, then they change to 4.10% WWeqR until
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the CO2 concentration decrease to 400 ppm or as low as possible. As expected, for those
opening configurations with a lower WWeqR, the number of loops is higher.

Figure 7. CO2 concentration for different WWeqRs with SNVP.

Figure 8. CO2 concentration for different WWeqRs with DNVP activated.

Figure 9 summarize the results of simulations for 0.23% WWeqR, but comparing
both the SNVP and the DNVP. Regarding the selected 0.23% WWeqR, the results of CO2
concentration, when the DNVP is on, are below 800 ppm, while they achieve circa 2500
when the SNVP is on.

Figure 9. CO2 concentration at 0.23% WWeqR for simulation with DNVP vs. SNVP.
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Data shown in Figures 7–9 are organized and presented in Table 5.

Table 5. Simulation summary of average CO2 concentration in ppm for several WWeqRs.

WWeqR Protocol
09:10
09:30

09:30
10:00

10:00
10:30

10:30
11:00

11:00
11:30

11:30
12:00

12:00
12:30

12:30
13:00

13:00
13:30

13:30
14:00

Peak

0.23
(%)

DNVP 608 643 637 641 634 620 485 579 627 640 641
*

SNVP 623 1274 * 1764 * 2063 * 2261 * 2414 * 2136 * 1827 * 2191 * 2416 * 2416 *

0.45
(%)

DNVP 599 642 632 628 630 632 477 581 632 642 642
*

SNVP 613 1180 * 1532 * 1707 * 1807 * 1880 * 1539 * 1236 * 1618 * 1813 * 1880 *

0.87
(%)

DNVP 593 652 645 647 644 642 427 573 644 649 649
*

SNVP 596 1037 * 1229 * 1292 * 1320 * 1340 * 984 * 790 * 1173 * 1302 * 1340 *

1.54
(%)

DNVP 565 653 667 680 668 662 431 574 636 636 680
*

SNVP 569 861 * 927 * 937 * 940 * 943 * 641 * 602 * 893 * 937 * 940 *

2.16
(%)

DNVP 543 729 750 752 755 757 469 544 745 757 757
SNVP 547 749 773 774 774 774 525 551 758 771 774

4.10
(%)

DNVP - - - - - - - - - - -
SNVP 544 544 544 544 544 544 481 418 532 544 544

The results of CO2 concentration are grouped by a set of rows for the same WWeqR. Each column describes
a 30 min time frame to show the average CO2 concentration simulated every 30 min period. Values over the
800 ppm CO2 limit are shown in red *.

The results shown in Table 5 confirm that all WWeqR configurations maintain the
CO2 concentration under the limit when the DNVP is active, while only a 2.16% WWeqR
configuration maintains the CO2 concentration objective when the SNVP is active.

3.2. Monitoring Results

At the monitoring stage, the most efficient WWeqRs for the DNVP are validated during
several days in 2021: 18th and 26th November and 17th December. There, real variable
occupancy and weather applies instead of the constant ones considered in Section 3.1.

3.2.1. Monitoring of CO2 Concentration through Different WWeqRs with DNVP

The WWeqR applied on site did not match totally with the WWeqR described in the
DNVP algorithm. The school staff suggested reducing some WWeqRs to avoid unwanted
wind gusts from strong winds from 4.10% to 2.80%, and from 1.54% to 1.07%.

The results gathered after several weeks of IAQ data monitoring during November to
December 2021 can be seen in Figures 10–12. Figures 10 and 11 shows the evolution of the
CO2 concentration in ppm during the DNVP on-site monitoring, from the lowest (0.23%)
to the highest (1.07%) WWeqR, including the maximum ventilation flux at 2.80% WWeqR.
Figure 11 shows the CO2 concentrations when WWeqR is 2.16% with the SNVP. Figure 10
shows the CO2 concentration evolution for different WWeqRs, from 0.23% to 1.07%. At
each CO2 concentration peak, the school building staff modify the WWeqR to 2.80%, until
the CO2 falls below 400 ppm or to the lowest possible CO2 concentration. The wind speed
shown in Figure 10 indicates a great deviation from the average statistical conditions used
in Section 3.1, which has a notable effect on the CO2 concentration. In accordance with
the strong wind and the promising results of the lower WWeqR, the school building staff
decided to slightly increase the WWeqR to 1.07%, to reduce the TC unsatisfaction of the
occupants. Therefore, in the last monitoring stint, between 12:30 and13:55, the CO2 remains
between 800 and 1000 ppm.

Figure 11 shows the CO2 concentration evolution for different WWeqRs, from 1.07%
to 1.82%, with additional variations up to 2.80%, according to the DNVP algorithm.
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Figure 10. CO2 concentration for different WWeqRs with DNVP on the 18th of November 2021.

Figure 11. CO2 concentration for different WWeqRs with DNVP on the 26th of November 2021.

Figure 12. CO2 concentration for 2.16% WWeqR with SNVP on the 17th of December 2021.
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The wind speed decreases from Figure 10 to Figure 11, which seems to affect the CO2
concentration. Although the WWeqR was changed between 1.54% and 1.82%, the CO2
concentration rises quickly, circa 1200 ppm, as it did with the 0.87% WWeqR in Figure 10.
In both cases, in Figures 10 and 11, the occupancy remained the same and there were no
other incidents during the experiment.

3.2.2. Monitoring of CO2 Concentration through 2.16% WWeqR with SNVP

A new monitoring was carried out on the 17th of December using a 2.16% WWeqR,
as suggested by the simulations and the previous monitoring processes. The results are
shown in Figure 12.

During the whole process, the SNVP was not activated because the CO2 concentration
remained all the time below 800 ppm, except for a 10 min period from 13:20 to 13:30.
Therefore the WWeqR selected (2.16%), achieved the maintaining of adequate levels of CO2
concentration. There were some modifications in the key environmental parameters: the
occupancy was 21 instead of 26 and the wind speed remain constant, between 2 and 3 m/s.
Both parameters have a major influence on CO2 concentration, as described in Equation (2).

Figure 13 shows a comparison of occupancy and wind conditions between the 18th
and 26th of November and the 17th of December 2021. In all of them, the wind direction
trend is quite similar, a northwest direction, but the wind speed is quite different. The first
graph in Figure 13a shows peak speed values over 20 m/s, while the graph in Figure 13b
shows lower wind speeds. Results in Figure 13c are similar to those average values
described in Section 2.3.4., as used in the simulations. Figure 13a–c also includes the outdoor
temperature, which is also relevant in comparing the TC with the climatic conditions.
Figure 13a,c show outdoor temperatures from 10 ◦C to 20 ◦C, while Figure 13b shows a
5 ◦C-lower outdoor temperature.

Figure 13. Wind conditions on 18th and 26th of November (a,b) and 17th of December 2021 (c).

Table 6 includes a summary of the average values for each 30 min time frame for the
three different days monitored. Each day starts with a specific WWeqR, from 0.23% to
2.16%. The table also includes the peak value for 2.16%. The table also includes the peak
value for each period. During all the time frames, the concentrations of CO2 remain below
the suggested limits when the DNVP activates a WWeqR bigger than 2.16%, for a typical
windy winter day in Seville.

Table 6. Monitorization summary of average CO2 concentration in ppm for several WWeqRs.

WWeqR Protocol
09:10
09:30

09:30
10:00

10:00
10:30

10:30
11:00

11:00
11:30

11:30
12:00

12:00
12:30

12:30
13:00

13:00
13:30

13:30
14:00

Peak

0.23–1.07
18th-Nov. DNVP 964 * 880 * 1106 * 570 1139 * 1201 * 607 666 896 * 915 *

1201
*

1.07–1.82
26th-Nov. DNVP 880 * 1114 * 839 * 538 562 888 * 655 767 877 * 912 *

1114
*

2.16
17th-Dec. DNVP 529 503 652 684 661 603 552 588 787 711 787
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3.2.3. Summary of CO2 Assessment for DNVP and SNVP

Figure 14 shows the time during monitoring when CO2 concentration is below the
recommended limits according to the most relevant IAQ standards.

Figure 14. Percentage of time with CO2 under limits described in Section 1 for several standards.

Figure 14 plots the results obtained in the three monitored days and groups them into
color bars (gray, brown, and blue) to present a summary of time when the CO2 is below the
required limits: the 18th and the 26th of November, and the 17th of December.

When the WWeqR is 2.16%, the 17th of December (blue bar), the CO2 concentration
is adequate during 100% of the time according to the EN 16798-1 and ASHRAE 62.1, and
during 94.83% of the time according to the Health Protocol, but only during 15.52% of the
time according to the RITE. However, the RITE is mandatory for new buildings and/or
thermal facilities’ major renovations, but not for existing buildings.

When the WWeqR is between 0.23% and 1.82%, the 18th and the 26th of November
(gray and brown bars), then the time within an adequate CO2 concentration is reduced.
During the time of data monitored on the 18th of November, with a WWeqR between 0.23
and 1.07 (gray bar), the IAQ was adequate for the standards between 12.07% and 65.52% of
the time. During the time of the data monitored on the 26th of November, with a WWeqR
between 1.07 and 1.82 (brown bar), the IAQ was adequate for the standards only between
12.07% and 74.14% of the time.

According to the IAQ monitoring realized, if RITE is not considered in the analysis,
the CO2 concentration was appropriate during all the time when the WWeqR was at least
2.16%, on the 17th of December. If the WWeqR used is between 0.23% and 1.82%, then the
IAQ can be considered appropriate between 48.28% and 74.14% of the time.

3.2.4. Temperature Monitoring during the Activation of the DNVP

The TC has also been monitored during this experiment, to achieve the necessary
balance with IAQ. In Figure 15, the temperatures and CO2 concentration have been plotted
with their respective limit levels. The CO2 concentration limits are set at 800 ppm, while
the temperature limits are set as described in the UNE-EN 16798 for the adaptive model of
passive operation buildings.

Figure 15a includes the data obtained on the 18th of November, with WWeqR from
0.23% to 1.07% according to the DVNP algorithm. The interior temperature remains for all
the monitored time within the requested limits for adaptive comfort.

Figure 15b includes the data obtained on the 26th of November, with WWeqR from
1.07% to 1.82% according to the DVNP algorithm. The interior temperature achieves the
TC band only at the end of the monitored time (from 12:35).

Figure 15c includes the data obtained on the 17th of December, with WWeqR at 2.16%
according to the DVNP. The interior temperature remains for all the monitored time within
the requested limits for adaptive comfort.
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Figure 15. CO2 concentration and TC for a DNVP with WWeqR from 0.23% to 2.16%.

4. Discussion

4.1. The Convenience of Natural vs. Mechanical Ventilation in Achieving Adequate IAQ

The results shown in Section 3 describe how a natural ventilation protocol can provide
acceptable IAQ in cross-ventilated school buildings. The adequate management of the
WWeqR as proposed by the DNVP described in Figure 6 helps to achieve IAQ and TC. The
alternative implementation of the SNVP can be equally successful in achieving the IAQ
objective, but it may bring unwanted effects in TC.

Different IAQ standards have been considered in this study. If the standard applied
is RITE [29], considering category IDA 2 with a 500 ppm CO2 concentration limit, then
the period below the CO2 objective will be small. However, the RITE standard is only
applicable for new construction buildings and major renovations of thermal facilities,
which is not the focus of this research. The rest of the buildings that are not affected by the
RITE, mostly in-use buildings, are focused on achieving IAQ with the objectives described
in ASHRAE 62.1 [28], EN 16798 [27] and The COVID-19 Health Protocol [25]. For these
standards, the effectiveness of the natural ventilation strategies can be achieved for circa
100% of the classroom period for buildings with cross ventilation in a subtropical climate
with the proper WWeqR implementation regarding the DNVP.

Results shown in Section 3.1 are based on the hypothesis of an outdoor CO2 con-
centration of 400 ppm. The results shown in Section 3.2, for periods with no occupancy,
demonstrate the validity of the outdoor CO2 concentration close to 400 ppm. Future studies
may include additional analysis comparing the effectiveness of natural ventilation when
the outdoor air quality is above 400 ppm. For those buildings, in cities with high pollution
levels, the DNVP should include connection to outdoor sensors [21].

This study is focused on those indicators that affect exclusively thermal comfort.
However, high-noise urban areas may be inadequate for natural ventilation. Future versions
of the DNVP should include noise-level outdoor sensors to prevent unwanted effects.

4.2. Dynamic vs. Steady Ventilation Controls

The results provided in Section 3.1. show interesting results for maintaining the CO2
concentration below 800 ppm with constant modifications of the WWeqR. The design
and implementation of the DNVP seeks to minimize the discomfort provided by the air
renovations but maintaining the requested IAQ objective. However, the results shown
in Section 3.2 demonstrate no great difference between the application of the SNVP and
DNVP algorithms. Figure 15a–c indicates no benefit with the implementation of a DNVP,
but according to Figure 13a–c there was a significant modification to the weather conditions
compared with those considered as average in the simulations in Section 3.1. Each scenario
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shown in Section 3 provides comparable, but not identical, results about the convenience
of using the DNVP or the SNVP to achieve 800 ppm as the maximum CO2 concentration.

The results provided by other authors [20], in similar climate conditions, indicate 60%
hours with no TC when natural ventilation is the only source for obtaining IAQ. However,
the results, provided in Figure 15a–c demonstrate a higher period of TC. Figure 15c, with
2.26% WWeqR, achieves 94.38% of IAQ according to the Health Protocol CO2 requirement,
and a 100% TC according to the adaptive comfort model [40]. Future studies should focus
on the need to extend the monitoring period to include the effects of climate change [42].

4.2.1. Simulation Results

Most of the authors describe the IAQ with natural ventilation as a discussion on the
need to maintain a constant or variable WWeqR [6,14]. The results shown in Section 3.1.
indicate that a variable WWeqR, alternating a higher and lower WWeqR, can maintain an
acceptable IAQ while reducing periods with high WWeqR. That is useful to avoid constant
unwanted wind gusts and potential thermal discomfort.

When the SNVP is active, it is necessary to have a minimum WWeqR of 2.16% to
achieve the CO2 objective. The use of the maximum WWeqR available for this classroom
may provide a 545 CO2 concentration, which does not achieve the requirements of RITE
(IDA 2 category) [29]. However, the requirements from all the other standards could
be fulfilled.

When the DNVP is applied to the simulation (Appendix B), each of the WWeqR
considered, from 0.23% to 1.54%, achieves the CO2 concentration objective. However, this
anticipates the need to maintain a constant control on the openings and the WWeqR.

The results are based on a 0.65-discharge coefficient as standard value for DesignbuiderTM

simulations, and an average 2.6 m/s wind speed, in the northeast direction. It is not
expected that climate conditions can be included in the DNVP algorithm, but future
simulation works may include different discharge coefficients according to different school
shapes and orientations [6,14].

4.2.2. Monitoring Results

The results shown in Section 3.2 verify the simulation data obtained in Section 3.1 in
many ways. However, due to physical restrictions, some parameters had to be changed
during the monitoring process: people occupancy, and wind conditions. The monitoring
described in Section 3.2 applies the DNVP to a real scenario. In both cases, the occupancy
was 26 instead of the 21 used in Section 3.1, which provided an increase in the CO2
concentration. Due to mechanical restrictions in opening the windows, caused by a lack of
maintenance, the staff in charge of the experiment had to adapt different WWeqR from the
ones used in the simulations.

The research achieves the CO2 objective requested by the ASHRAE 62.1, the Health
Protocol and EN 16798-1 when the WWeqR is 2.16%, but its success is reduced to 50% when
the WWeqR is reduced. This confirms the strategies described in previous experiments [7],
and the adequacy of this WWeqR for this case study, as adequate for the SNVP. The results
in Figure 14 demonstrate the difficulties in achieving the CO2 required by RITE for natural
ventilation, due to its extreme request.

However, the monitoring results for validating the DNVP provide some slight differ-
ences from those obtained in Section 3.1, due several factors:

First, the variations steps of WWeqR for adjusting the IAQ were smaller than expected
in the simulation results in Figure 8. Human management of the opening process cannot
be fully followed by the school staff. Future versions of the DNVP must consider human
limitations or introduce a mechanical control.

Second, wind and occupancy changes and variations could not be anticipated from the
simulation to the monitoring process. Future versions of the DNVP could include low-cost
outdoor air-quality sensors and a meteorological station to anticipate changes in the trends
of CO2 concentration.
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4.3. Adaptive Comfort with Natural Ventilation

The improvement in the IAQ of the buildings by adding natural ventilation [7] may
have some comfort flaws [48]. IAQ can potentially affect TC and consequently the EE of
the buildings [12,33]. However, there are passive-design measures that may combine good
IAQ with TC to maintain a low energy demand. Some of these measures are based on
adaptive TC [9], and they seek the combination of natural ventilation with climatization
in a mix-mode approach. As shown in Figure 15a,c, for subtropical climates with mild
winters, the TC can be achieved for 100% of the time if the adaptive comfort approach [27]
is considered. However, the results shown in Figure 15b demonstrate that significant
variations in outdoor temperatures produce a reduction in the time within the TC limits.
It has been demonstrated that the introduction of control patterns in existing buildings
with natural ventilation such as the DNVP, whether they are manual or mechanical, can
improve the IAQ while maintaining adaptive TC on mild winter days.

The DNVP must be revised to be used in school buildings in different climatic regions,
to demonstrate its convenience. Other authors suggest overheating as the main barrier for
TC introducing natural ventilation to achieve IAQ in a hot, humid climate [22]. There, the
DNVP may introduce an additional input temperature sensor.

5. Conclusions

The research describes the principles, simulation, implementation, and monitoring of
two different scenarios of natural cross ventilation applied to a school building affected by
a subtropical climate. The findings are summarized in the following points:

• Two different ventilation control algorithms, the SNVP and DNVP, were developed by
the contribution of the software simulation to guarantee an acceptable IAQ, according
to the most-accepted standards.

• For this case study simulation, the SNVP provides a 2.16% WWeqR to maintain CO2
below 800 ppm for a typical winter day in a subtropical climate, with 2.6 m/s wind
and a northeast direction, when the occupancy is twenty-one students.

• The simulation of the DNVP anticipates that any WWeqR below 2.16% can maintain
CO2 below 800 ppm if it increases the WWeqR to remove the unwanted CO2.

• The simulations, run in DesignbuilderTM, obtain a different grade of validation for the
SNVP. The results, with a steady 2.16% WWeqR, shown in Figure 9, are similar to
the monitored results in Figure 12. However, the accuracy of the simulated DNVP is
reduced because of a lack of accuracy in the opening management. The DNVP simula-
tion describes double the WWeqR modifications compared to the DNVP monitoring.
The implementation of manual proceedings applied by the building staff seem to be
less effective than mechanical controls. This may be considered in future studies.

• According to the results obtained in the monitoring process, the application of the
SNVP maintains the CO2 concentration under 800 ppm during 100% of the operational
time when the WWeqR was 2.16%, but failed during part of the study when the DNVP
was applied. That suggests the need to implement better WWeqR controls to increase
the efficiency of the protocols, as described in the simulation process.

• The CO2 limits proposed by RITE, 500 ppm, were only achieved for 15.52% of the
time with the maximum WWeqR applied, which demonstrates the inadequacy of the
natural ventilation to fulfil the standard.

• When the DNVP is used with a WWeqR below 2.16%, it can partially maintain CO2 un-
der the required limits for those standards different to RITE. The analysis demonstrates
compliance for 48.28% to 65.52% of the monitored time if the WWeqR is between 0.23
and 1.07, and a compliance for 48.28% to 74.14% of the monitored time if the WWeqR
is between 1.07 and 1.82.

• During the monitoring process, the TC was also monitored to demonstrate the ad-
equacy of the natural ventilation protocols with the adaptive TC described in the
UNE-EN 16798 [27], for category III with a ±4 ◦C of adaptation. The application of
the DNVP on a mild winter day achieved 100% TC during the full monitoring period.
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For schools in colder climatic zones, the TC could be compromised, if the rest of the
conditions remain the same. However, passive-design principles could be used.

• Future versions of these ventilation protocols may include temperature sensors to
improve the WWeqR control. Therefore, it could lead to an increase in energy efficiency
to become nearly zero-energy buildings by means of passive-design techniques.
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Appendix A

The Transient Mass Balance Equation. As briefly described in Section 2.3, the
DesignBuilderTM CO2 prediction is based on the calculation provided by EnergyPlusTM

in the Engineering Reference, Section 2.5 [47]. The full equation and all its elements are
described here:

ρair VZ CCO2
dCt

Z
dt

=
Nsi

∑
i=1

kgmasssched load ∗ 1.0 6 + ∑Nzones
i=1 mi

(
Czi − Ct

z
)
+

(
C∞ − Ct

z
)
+ msys(CSUP − Ct

Z) (A1)

where
∑Nsi

i=1 kgmasssched load = sum of each sum of scheduled internal carbon dioxide loads.
The zone air density is used to convert the volumetric rate of carbon dioxide generation
from user input into mass generation rate [kg/s]. The coefficient of 106 is used to convert
the units of carbon dioxide to ppm.

∑Nzones
i=1 mi

(
Czi − Ct

z
)

= carbon dioxide transfer due to interzone air mixing [ppm-kg/s]
Czi = carbon dioxide concentration in the zone air being transferred into this zone [ppm]
min f

(
Ca?? − Ct

z
)

= carbon dioxide transfer due to infiltration and ventilation of outdoor
air [ppm-kg/s]

Ca?? = carbon dioxide concentration in outdoor air [ppm]
min f

(
Csup − Ct

z
)

= carbon dioxide transfer due to system supply [ppm-kg/s]
CSUP = carbon dioxide concentration in the system supply airstream [ppm]
msys = air system-supply mass flow rate [kg/s]

ρair VZ CCO2
dCt

Z
dt = carbon dioxide storage term in zone air [kg/s]

Ct
Z = zone air carbon dioxide concentration at the current time step [ppm]

ρair = zone air density [kg/m3], VZ = zone volume [m3]
CCO2 = carbon dioxide capacity multiplier [dimensionless]

Appendix B

EMS script for DNVP. The DesignBuilderTM simulation includes a ventilation protocol
schedule, which is not within the current options of the software capabilities. To ensure
the proper function of the DNVP, the authors used the EMS runtime scripting tools. The
scripting code for north windward windows is presented here (the same has been used for
the south leeward side, but with the corresponding opening factors):
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<ForAllExternalWindows> {Tag=north}
EnergyManagementSystem:Sensor,
<LoopWindowVariableName>Air_CO2_Concentration,
<LoopWindowZoneIDFName>,
Zone Air CO2 Concentration;
EnergyManagementSystem:Actuator,
Venting_Opening_Factor_<LoopWindowVariableName>,
<LoopWindowIDFName>,
AirFlow Network Window/Door Opening,
Venting Opening Factor;
EnergyManagementSystem:TrendVariable,
CO2_trend_log_<LoopWindowVariableName>, ! Name
<LoopWindowVariableName>Air_CO2_Concentration, ! EMS Variable Name
120; ! Number of Timesteps to be Logged
EnergyManagementSystem:GlobalVariable,
CO2_previous_state_dir_<LoopWindowVariableName>;
EnergyManagementSystem:OutputVariable,
CO2 2tstep dir <LoopWindowVariableName>, ! Name
CO2_previous_state_dir_<LoopWindowVariableName>, ! EMS Variable Name
Averaged, ! Type of Data in Variable
ZoneTimeStep; ! Update Frequency
Output:Variable, *, CO2 2tstep dir <LoopWindowVariableName>, Timestep;
Output:Variable, *, Window_current_state_<LoopWindowVariableName>, Timestep;
<LoopNextWindow>
! extra outputs for viewing in the results viewer
<If BuildingAttribute HourlyOutput = 1 Then>
Output:Variable, *, Zone Air CO2 Concentration, hourly;
<Endif>
<If BuildingAttribute TimesteplyOutput = 1 Then>
Output:Variable, *, Zone Air CO2 Concentration, timestep;
<Endif>
EnergyManagementSystem:ProgramCallingManager,
CO2 Window Control,
InsideHVACSystemIterationLoop,
CO2WindowControl;
EnergyManagementSystem:Program,
CO2WindowControl,
<ForAllExternalWindows> {Tag=north}
! on/off control of window opening factor
Set CO2_previous_state_dir_<LoopWindowVariableName> = @TrendDirection CO2_trend_log_<LoopWindowVariableName>
2,
if <LoopWindowVariableName>Air_CO2_Concentration < 400,

Set Venting_Opening_Factor_<LoopWindowVariableName> = 0.015,
Elseif <LoopWindowVariableName>Air_CO2_Concentration < 800,

if CO2_previous_state_dir_<LoopWindowVariableName> > 100,
Set Venting_Opening_Factor_<LoopWindowVariableName> = 0.015, else,
Set Venting_Opening_Factor_<LoopWindowVariableName> = 0.477, endif, else,

Set Venting_Opening_Factor_<LoopWindowVariableName> = 0.477, endif,
<LoopNextWindow>;

Output:Variable, *, AFN Node CO2 Concentration, Timestep;
Output:Variable, *, Zone Air CO2 Concentration, Timestep;
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Featured Application: The results of the study may be useful in exploring the extended capabili-

ties of controlling the operational cycle of a heat pump.

Abstract: Air-to-air heat pumps are used in today’s ventilation systems increasingly often as they
provide heating and cooling for buildings. The energy transformation modes of these units are subject
to constant change due to the varying outdoor air state, including temperature and humidity. When
choosing how to operate and control energy transformers, it is important to be able to adapt effectively
to the changing outside air conditions. Nowadays, modern commercial heat pumps offer two levels
of control flexibility: a compressor with a variable speed and an electronic expansion valve. This
combination of control elements has boosted the seasonal energy efficiency of heat pumps. For a long
time, cycle control possibilities have been dominated by electronic controls. The authors of this paper
aim to present an additional element to the traditional heat pump controls, which provides a third
level of control over the cycle. To achieve the objective, experimental investigations of a heat pump
integrated into a ventilation unit have been carried out under real-life conditions. The experiments
involved varying the operating modes of the unit by adjusting the compressor speed, the position
of the expansion valve, and the volume of the system loop. The study examined the performance
characteristics of the heat pump and found that the performance of a variable-volume heat pump
is comparable to that of a conventionally operated typical constant-volume heat pump system. In
addition, the study found that by adding a third level of volume control to the active heating circuit,
in combination with conventional controls, the heat pump’s heat output range could be extended
by 69.62%. The study determined the variation of the heat pump cycle in the p-h diagram with the
variation of the loop volume. The benefits and drawbacks of a heat pump with a variable-volume
loop are discussed in this study.

Keywords: variable volume air-to-air heat pump; ventilation unit; control level; efficiency; heat pump

1. Introduction

While most countries are implementing policies to increase the energy efficiency of
buildings, the average energy consumption per person in the building sector has remained
practically unchanged since 1990 [1]. Progress has not been rapid enough to compensate for
the growth in the floor area (3% per year) and the increasing energy demand in buildings.
Building heating, ventilation and air conditioning (HVAC) systems account for half of the
energy consumed in the European Union (EU), much of which is wasted through inefficient
use [2].

The heat energy demand of new buildings has significantly decreased with the imple-
mentation of heat transfer reduction measures under the Energy Performance of Buildings
Directive [3]. At this point, ventilation and air conditioning become the dominant energy
use systems in buildings. Additionally, the number of offices is growing both in Lithuania
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and around the world, leading to a rise in energy consumption. About a quarter of energy
use in the buildings sector is accounted for by office buildings, where more than 70% of
final energy is consumed by HVAC systems [4]. HVAC systems achieve greater energy
efficiency with new monitoring and control technologies [5]. Therefore, these systems
specifically require new innovative technological solutions to maintain proper indoor air
quality and to use energy efficiently.

New knowledge is needed to identify opportunities for creating more advanced
measures that contribute to the EU and Lithuanian strategic goals of reducing energy
demand and global greenhouse gas (GHG) emissions through the integration of renewable
energy technologies. The primary energy from renewable sources, such as wind energy
and solar energy (photovoltaic solar cells), is typically converted into electricity. Since heat
pumps require electricity to operate, they become the potential thermal energy generators
in HVAC systems, capable of making a contribution to solving the problem of increasing
energy efficiency in the building sector. Regarding Zhu et al. [6], the future breakthroughs
for integrated renewable energy systems are the use of Machine Learning (ML) with
Artificial Intelligence (AI); improved battery technologies to reduce their pollution; a
combination of heat pumps and phase change energy storages (PCES); and building design
for lower lifecycle emissions. While heat pumps combined with thermal and electrical
storages are still under development, further improvements in the efficiency and cost-
effectiveness of heat pump technologies are needed. Olympios et al. [7] investigated the
performance and cost of different compressor types for small-scale heat pumps (under
30 kW). The authors indicated that rotary vane and scroll compressors resulted in higher
coefficient of performance (COP) values (around 3 for rotary vane) at an air temperature
of +7 ◦C, while reciprocating pistons were more competitive at an air temperature of
−15 ◦C (10% higher than scroll). The cost-effective solution for residential buildings is
rotary vane compressors for all locations studied. However, for the commercial buildings
scroll compressors were the better choice in warm and mild weather, while reciprocating
pistons performed slightly better in colder regions. Experimental studies of Wen et al. [8]
highlighted the potential of variable-speed control for single screw compressors in heat
pumps. By adjusting the motor speed, the authors achieved a balance between efficiency
and heating capacity. The study showed that single-screw compressors perform better
at relatively high motor speeds. However, the optimal speed depends on the operating
conditions, particularly the evaporation temperature. Therefore, for low evaporation
temperatures (colder conditions), a combination of higher speed and liquid refrigerant
injection can improve the overall performance of heat pump with a single-screw compressor.
Wu et al. [9] analysed the optimal selection and design of air source heat pumps (ASHP)
based on new parameters, such as the average unit load rate and the comprehensive
nominal heating capacity during the heating season. The study showed that a careful
selection of ASHP capacities based on building load and using a system with multiple
units can significantly improve the overall COP (up to 6%) and energy efficiency of central
heating systems. Other research by Koopman et al. [10] provides a detailed air-to-water
heat pump simulation model by incorporating an evaporator and condenser pressure drop.
The study highlights the influence of ambient conditions, relative humidity, condenser
capacity, and refrigerant choice on the COP and pressure drop characteristics for the optimal
efficiency of the heat pump. The authors found that the ambient temperature strongly
influences the COP: at higher temperatures (20 ◦C vs. 7 ◦C), the COP increases by up to
35%; at lower temperatures (−10 ◦C), the COP decreases. Relative humidity can improve
the COP if condensation occurs (up to 10.4% gain). A higher condenser capacity reduces
the COP, especially at higher temperatures. The type of the refrigerant affects the pressure
drop, which has an impact on the reduction of the COP.

The seasonal energy efficiency ratio is one of the criteria to reduce the energy demand
in buildings by improving HVAC systems. In this case, their integral energy performance
over the entire operating period depends on both high-rated and instantaneous efficiencies
and the ability to maintain them across an extensive range of energy requirements [11].
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During the heating season, the prevailing factor is the average outdoor air temperature,
and its constant fluctuation affects the seasonal coefficient of performance (COPHP SEZ) of
the heat pump. Recent research by Pineda Quijano et al. [12] shows a growing interest
in developing new heat pumping technologies, which assures higher seasonal energy
performance. The authors found that magnetocaloric heat pumps with MnFePSi material
and dynamic control had a high potential for efficient building heating. Considering
motor/drive system efficiency, an estimated system COPHP SEZ of 4.5 is achievable.

The integration of heat pump technologies into ventilation systems is a less widespread
solution. In recent years, the situation has been changing, with more manufacturers
introducing air handling units with integrated heat pumps [13]. However, the operating
range of heat pumps integrated into ventilation units is often limited by the outdoor air
parameters. And the operating mode ensuring the required supply air temperature is
not always efficient and optimal. The control measures of heat pumps have remained
unchanged for many years, with the control performed by adjusting the compressor speed
and the position of the expansion valve. It is necessary to increase the number of control
components to improve the energy efficiency of integrated heat pumps.

1.1. Control Methods of Heat Pumps Integrated into Ventilation Systems

One distinctive feature of HVAC systems is their technologically defined yet constantly
stochastic energy demand throughout the year, the day, and sometimes even within hours.
The operation modes of heat pumps need to be adjusted depending on the continuously
changing ambient temperature. Additionally, decisions must be made regarding the
outdoor air temperature at which the highest nominal indicators can be achieved while
maintaining system functionality at other temperatures.

Based on the thermodynamic dependencies of fluids, under steady-state conditions,
all of the system’s state points within the cycle of the heat pump can be defined on the basis
of three values of enthalpy at the outlets of the evaporator, compressor, and condenser,
along with one pressure or temperature value (corresponding to one of those three en-
thalpies). To calculate heat transfer quantities, the refrigerant mass flow rate is required.
This degree of freedom is a hydrodynamic rather than a thermodynamic variable and
cannot be captured in the p-h diagram of the cycle. Therefore, the heat pump cycle has a
total of four thermodynamic degrees of freedom. Jain and Alleyne [14] presented a case
of optimizing these degrees of freedom to reduce the amount of destroyed exergy. It has
been theoretically proven that optimization could increase the COP of the refrigeration
system by 52.5%. However, optimal operational points of the cycle can be achieved by
simultaneously adjusting the system’s high and low pressures.

Jensen and Skogestad [15] examined the possible degrees of freedom in the vapor
compression cycle from the component perspective. They defined five controllable degrees
of freedom: compression work, expansion valve permeability, optimal heat transfer in
two heat exchangers, and the “active charge” in the cycle. “Active charge” refers to the
mass accumulated in the process equipment, mostly in two heat exchangers. Jensen and
Skogestad [15] suggested controlling the amount of “active charge,” which indirectly
determines the “pressure level” in the cycle. However, others, when optimizing and
controlling vapor compression cycle systems, essentially ignored this degree of freedom.
Additionally, in this work [15], three out of the five identified degrees of freedom are
constrained for technical reasons, leaving the problem of 2 degrees of freedom, where the
size of condensation sub-cooling and evaporation superheating is optimized.

In practice, most control methods present the refrigerant mass flow rate and the
pressure or temperature of the evaporator to the control system operation. The enthalpies of
the condenser and evaporator outlets depend on heat transfer indicators and environmental
conditions. The refrigerant flow rate can be controlled by a variable-speed compressor. The
state of the evaporator is controlled by a variable-opening expansion valve. This provides
two control degrees of freedom. The position of the expansion valve that ensures the
required evaporator conditions must depend on a specific operating mode of the refrigerant
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flow rate (or compressor speed). Most control methods studied by researchers aim to
simulate one or both of the abovementioned degrees of freedom, while more advanced
controllers focus on manipulating these variables through optimization of the objective
function, such as reducing exergy destruction, maximizing the COP, or maintaining heating
or cooling loads.

1.2. Control Measures

Traditional controls for heat pump operation involve a combination of a compressor
and an expansion valve. The compressor operation/capacity can be controlled in several
modes: on/off, cascading compressors with different capacities and modulating operation
(variable-speed compressor). In modern heat pumps, the combination of a variable speed
compressor and a variable position expansion valve is becoming increasingly common.
This solution has at times enabled an increase in the seasonal COPHP SEZ. Continuous
advancements are pursued to enhance the COPHP SEZ.

Modulating (continuous) control is the most appropriate control mode for the com-
pressor in an integrated heat pump system. As there is no thermal accumulation in such
systems, the heat pump used for air conditioning must respond immediately to the con-
stantly changing heat demand. Therefore, on/off or stepwise control heat pumps are
not suitable for integration into air conditioning equipment. Moreover, as shown by the
works of other researchers [16,17], variable-speed operation is more efficient compared to
stepwise and on/off operations. Aprea et al. [16] carried out a study of an air-to-water heat
pump operating in on/off and modulating modes. The results showed a 20% reduction
in electricity consumption for the heat pump using continuous control. Reducing the
compression ratio (degrees) during the modulation phase was the main source of energy
efficiency [16]. The degradation of efficiency during the on/off cycle operation, under
partial load conditions of the heat pump, occurs due to the start-up losses, which depend
on the device’s characteristics and operating time [18]. Dongellini et al. [17] showed that
the seasonal energy efficiency of a heat pump operating in a continuous control mode
was 8.3% and 15.4% higher compared to pumps operating in step and on/off modes. In
addition, modulating control minimises the number of compressor on/off cycles. This has
a positive effect on the compressor’s life.

1.3. Control Algorithms

Control algorithms for the heat pump cycle can be categorized into conventional,
advanced, and smart. Conventional control algorithms are the most widely used type of
control algorithm for heat pumps. They rely on fixed set points and simple on/off control
logic, making them easy to implement and maintain. However, they may be less efficient
and unable to adapt to changing conditions.

Advanced control algorithms are more complex but offer a wider range of features and
functionalities. They can consider more variables, such as outdoor and indoor temperature
and system operating conditions. They can also use more sophisticated control techniques,
such as fuzzy model predictive control (MPC). Advanced control algorithms can improve
the efficiency and performance of heat pumps, but they may be more expensive and
complex to implement. Chae et al. [19] compared the performance of on/off control
and proportional-integral (PI) control for air-to-air heat pumps. The results show that PI
control can improve the system’s efficiency and stability compared to on/off control. Wang
et al. [20] implemented MPC on an air-to-air heat pump and demonstrated its ability to
optimize energy consumption while maintaining comfort levels. Hlanze et al. [21] presented
a model-based predictive control strategy to optimise the performance of phase change
material (PCM) ceiling panels coupled to a multi-stage air-to-air heat pump. Putrayudha
et al. [22] applied fuzzy logic control to a ground source heat pump system and showed
its effectiveness in improving system performance and user comfort. Yang and Ge [23]
presented the effectiveness of a PLC control system and optimized operation strategies in
improving a desiccant-coated heat exchanger-based heat pump fresh air system’s efficiency
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(COP) and dehumidification rate. The study primarily used PID control methods. A PLC
control system was developed to manage the system’s components. Optimized operation
strategies were established for the electronic expansion valve, compressor frequency and
switchover period. The results showed an increase in COP of 25% in summer and 78% in
winter compared to a non-optimised system.

Artificial intelligence (AI) control algorithms are the most advanced type of control
algorithm for heat pumps. They can learn from data and adapt to changing conditions in
real-time. They can also integrate with other smart home devices and systems to optimize
energy use and comfort. AI control algorithms have the potential to significantly improve
the efficiency, performance, and convenience of heat pumps; however, they are still in
their early stages of development. Rohrer et al. [24] investigated using deep reinforcement
learning (Deep RL) for optimal control of air-source heat pumps, highlighting its potential
for significant energy savings.

1.4. Experiments on the Improvement of the Vapor Compression Cycle

The vapor compression cycle has thermodynamic losses in comparison to the ideal
reverse Carnot cycle. The compression of a single-phase gas and isenthalpic expansion are
related to these losses [25]. The first set of losses results in high refrigerant temperatures,
high compression work, and significant heat release in the condenser. When considering
the vapour compression cycle for refrigeration purposes, these losses are seen as a negative
factor. However, when the cycle is used for heating, some of these drawbacks can be turned
into advantages, converting energy losses into useful energy. Additionally, in cold climate
zones where air-source heat pumps operate, a high compression ratio is necessary, as it
determines the outdoor temperature at which the system can function. The second set of
losses leads to significant throttling losses and low refrigeration capacity.

In examining the advancements in vapour compression cycle technologies aimed at
reducing thermodynamic losses and improving efficiency/effectiveness, three directions of
cycle improvement are distinguished: sub-cooling cycles, expansion loss recovery cycles,
and multi-stage cycles.

Research into sub-cooling cycles focuses on the internal heat exchanger of the suction
line [26,27], the thermoelectric cooler [28,29], and the mechanical secondary cooler [30,31].
Expansion loss recovery cycles mainly concentrate on expanders (essentially, turbine
use) [32,33] and ejectors [34,35] used in vapour compression cycles. Multi-stage cycle
studies include vapour or liquid-phase refrigerant injection cycles [36], two-phase refriger-
ant injection cycles [37], and saturation cycles [38].

Furthermore, the heat pump cycle is examined from the perspective of the discharge
temperature of the refrigerant. In one study [39], three cycle improvements were modelled
to reduce the compressor discharge temperature. The impact of two-phase refrigerant
pumping, liquid-phase injection, and two-phase injection on the compressor discharge
temperature was analyzed at fixed condensation and evaporation temperatures. The re-
search shows that all three methods have the potential to reduce the discharge temperature
and thus increase the adiabatic efficiency of the compression process. However, two-phase
injection outperforms liquid injection and two-phase suction for both heating and cooling
efficiency by 4.8% and 11.8%, respectively.

Some researchers aim to improve the efficiency of the vapor compression cycle not
through individual cycle measures (directly in contact with the refrigerant) but by altering
the parameters of the secondary fluid. In their work [40], the authors presented a heat pump
operating in a refrigeration mode with air, pre-cooled by an indirect water vapour cooling
condenser, passing through it. Thermodynamically, this solution reduces the refrigerant gas
condensation temperature, consequently decreasing the work performed by the compressor.
In hot and dry climates, this method can reduce cooling energy consumption by about
20%, but it requires a significant amount of water for the water vapour cooling condenser
to function.
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Efficiency is sought through a combination of maximizing load selection with modula-
tion and on/off control systems [41], where the use of storage tanks reduces the number of
compressor on/off cycles.

An extractable air heat pump or extractable air heat recovery system is essentially an
air-to-air heat pump. In cold climate zones, such traditional systems face many problems
as the outdoor air temperature drops, including a high-pressure ratio, degradation of the
mechanical lubrication properties in the compressor, a decrease in the refrigerant mass flow
rate, and a decrease in the heating capacity [42,43].

The mass flow rate of the working fluid in the heat pump is a crucial aspect of the
ventilation heat recovery system, affecting its efficiency. As the ratio of condensation and
evaporation pressures increases during heat pump operation, the mass flow rate of the
refrigerant decreases [44]. This problem is addressed in several ways. One option involves
refrigerant vapour injection cycles. Experimental studies [44] show that using such a cycle
helps maintain a nearly constant flow rate of the refrigerant passing through the condenser
as the outdoor air temperature decreases.

Another option is to use multiple lower-capacity heat pump combinations. In this case,
air passes through individual heat exchangers one after another, gradually changing its
parameters. This allows for the reduction of the pressure ratio of each heat pump in-volved
in the process. This method prevents excessive reduction of the mass flow rate of the
working fluid. Additionally, this approach enables exercising control over the heating
capacity. Moreover, the problem of a high-pressure ratio can be alleviated by using an
ex-tractable air heat pump, as the air passing through the integrated heat pump evaporator
in the ventilation system has a higher (indoor) temperature compared to the (outdoor)
temperature of the air passing through the condenser. From the perspective of the vapour
compression cycle, this means that the refrigerant’s evaporation temperature can be higher,
and the condensation temperature can be lower compared to a traditional heat pump,
where the evaporator is located outdoors, and the condenser indoors. The isotherms of the
vapour compression cycle approach each other, eliminating the high compression degree
in the cycle, thereby reducing the work performed by the compressor.

Several studies are made to increase the performance of the heat pump compressor
with programming. Lee et al. [45] showed a variable-speed control optimization model of
the heat pump. Machine learning (ML) was used to predict the thermal load and outdoor
temperature, and mixed-integer programming for compressor control optimization. This
approach allowed proposing optimal schedules for a heat pump operation in a selected
location, reducing its electricity consumption by 9% [45].

Clauß and Georges [46] studied the effect of the complexity and flexibility of the
predictive control model of the heat pump on the energy demand of the building. Genetic
algorithms (GA) are used to optimise the COPHP SEZ by combining the maximum heat
pump load, compressor displacement and system operating parameters [47]. However,
even in these recent studies, the focus is not on problem-solving by evaluating the possibili-
ties of thermodynamic cycle control, which is the subject of a different set of studies [48];
however, these are specific and not directly related to the characteristics of HVAC systems.

As can be seen from this literature review, the majority of work on improving heat
pump efficiency has focused on traditional, well-known and widely used heat pump control
measures and their optimal operation strategies. A little attention is given to exploring the
thermodynamic cycle of the heat pump and seeking new technological measures to modify
and control it. This potential direction could improve the performance indicators of the
heat pump integrated into ventilation systems.

The main benefit and novelty of this study is the experimentally proven potential of
variable loop volume control technology to improve the performance of a variable-volume
heat pump integrated into a ventilation system. The main findings of this study indicate that
the control based on volume variation is the most sensitive to the heat output parameters
of the heat pump compared to the control based on the compressor or expansion valve.
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The variable-volume control technology under investigation may have the potential
to extend the operating ranges of integrated heat pumps in the future, which would
lead to energy savings in buildings. The goal of the article is to reveal and explore the
thermodynamic possibilities of optimally controlling the heat pump cycle integrated into a
variable heat demand ventilation system. The research object is the air-to-air heat pump
integrated into an air handling unit.

2. Materials and Methods

The methodology section discusses the research object and tools.

2.1. Subject of the Study

This paper deals with an experimental investigation of an air handling unit (AHU)
with an integrated air-to-air heat pump (HP). The theoretical background is also discussed.
The schematic diagram of the air-to-air heat pump integrated into a ventilation system is
shown in Figure 1. The main components of the experimental bench can be divided into
two parts: AHU and HP. The AHU part consists of air ducts with the heat exchangers
(condenser and evaporator) and fans of fresh air supply (Fs) and air exhaust (Fe). The HP
part consists of the typical main components as the compressor (CM), the evaporator (EV),
the condenser (CN) and the expansion valve (EEV).

Figure 1. The schematic diagram of a ventilation unit with an integrated heat pump.

The theoretical studies were carried out to determine how the evaporation and con-
densation temperatures vary with the heat pump’s heating power (Figure 2). To that end,
thermodynamic and parametric analysis were used. The results show the dependencies of
the heat pump parameters and their control guidelines.

Figure 2 shows that as the heating power of the HP increases, so does the conden-
sation temperature (Tizo CN), while the evaporation temperature (Tizo EV) decreases, i.e.,
the isotherms move away from each other as the heating power increases. The increasing
temperature difference between the isotherms reflects the increasing pressure difference
between the refrigerant in the evaporator and the condenser. The compressor must develop
a higher compression ratio. The horizontal dashed line (TR) shows the air temperature
supplied to the room as the heat output varies. In this case, the supply air temperature
is constant.

In order to obtain the maximum efficiency of the heat pump, it is necessary to vary
its parameters as shown in Figure 2. Therefore, in order to determine the possibilities of
controlling the heat pump in this mode, an experimental test bench was installed with an
additional extension of the control possibilities, i.e., volume variation.
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Figure 2. The dependence of condensation, evaporation temperatures and the COP on the heating
power of HP [49].

2.2. Experimental Part

During the study, an experimental set-up was built where, in addition to standard
means (compressor speed control, expansion valve position change), the power, condenser
and evaporator parameters are also controlled with an introduction of volume change. The
schematic diagram of the experimental set-up is shown in Figure 3.

Figure 3. The schematic diagram of the experimental test bench with its main components.

Figure 3 shows that the main objective of the operation of the AHU is to provide the
required indoor air quality. The purpose of an integrated HP is to recover heat and to
preheat the outside air. Table 1 shows the technical characteristics of the main components
of the experimental test bench.
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Table 1. The technical characteristics of the main components of the experimental test bench.

The Component of the Experimental Bench Marking in the Diagram Technical Characteristics

Supply and exhaust fan RS-315L EC Fs and Fe Air flow rate: 430 m3/h

EC-10 Fan motors potentiometer - Control signal: 0–10 V

Heat pump compressor GMCC (Foshan,
China) YA281X3CS-4MT CM Refrigerant: R410A; voltage: 380–415 V;

heating capacity: 6.92 kW

Frequency inverter Lenze i550 - Voltage: 380–415 V

Expansion valve Carel (Breganze, Italy)
E2V14 BSF01 EVV Maximum differential pressure: 35 bars; full

closing steps: 480.

Condenser CN DX coil heat exchange surface: 4.5 m2; air
flow rate: 400 m3/h, pressure drop: 25 Pa

Evaporator EV DX coil heat exchange surface: 5.9 m2; air
flow rate: 400 m3/h, pressure drop: 18 Pa

Microcontroller board Arduino Mega 2560 - Operating voltage: 5 V; digital I/O: 54;
analog input: 16; flash: 256 KB; SRAM: 8 KB.

The test bench is equipped with two four-way valves to allow the HP to be used
for cooling. A hot steam line is installed to defrost the evaporator when it freezes. This
paper presents a study addressing only the heating season. The speed of the compressor is
changed using a Lenze (Hamelin, Germany) i550 frequency converter. The expansion valve
position is changed using an Arduino (Ivrea, Italy) Mega 2560 microcontroller board.

This experimental bench has the advantage of being equipped with a multi-stage
volumetric enlarger, which allows the system volume to be increased. The multi-stage
volumetric enlarger is located between the evaporator (EV) and the electronic expansion
valve (EEV). A schematic diagram of the multi-stage volumetric enlarger is shown in
Figure 4.

Figure 4. A multi-stage volumetric enlarger for increasing the volume of a heat pump.

The multi-stage volumetric enlarger consists of a number of shut-off ball valves and
piping. The combination of these components allows the internal volume of the heat
pump to be gradually increased by 17.0% (+0.81 dm3) (V1), 26.4% (+1.26 dm3) (V2), 34.4%
(+1.64 dm3) (V3) in relation to the initial volume (V0 = 4.76 dm3). A test cycle is performed
with the volume expansion. After the cycle, the volume is increased and the test is repeated.

Figure 5 presents the images of the experimental test bench.
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(a) (b) 

Figure 5. Digital photos of the experimental bench: (a) the experimental bench without thermal
isolation and volume expansion; (b) the experimental bench with thermal isolation and a volume
expansion unit.

Figure 5 shows digital photos of the experimental test bench where part (a) shows the
experimental bench at the production stage, when there is no thermal insulation or volume
expansion installed yet, and part (b) shows the bench, which is insulated and equipped
with volume expansion and additional components, such as flexible ducts that supply and
extract air. In addition, the main components are presented and marked in the pictures:
(1) the compressor; (2) the evaporator; (3) the expansion valve; (4) the condenser; and (5)
the volume expansion unit.

The following section discusses the measurement tool used to record the performance
of the device.

2.3. Measuring Equipment

This study used a large number and variety of measuring equipment. During the
study, a large number of values were recorded and an energy balance was constructed to
determine whether the measurements were accurate. Below is a list of the measurement
equipment used (Table 2).

Table 2. Used measurement equipment.

Name of Measuring Equipment Properties Notes

AHLBORN (Goettingen, Germany)
ALMEMO 2890-9 measuring instrument

and data logger

Measuring inputs: 9;
Outputs: 2;

Memory: 100,000 measured values

Used to record differential air
pressure values.

Pressure measuring connector for
differential pressure FDA 602 S1K

Measuring range: ±1250 Pa;
Operating range: −10 to +60 ◦C, 10 to 90% RH;
Accuracy: ±0.5% of the final value in the range

of 0 to the final positive value

Measures the pressure difference
across the airflow measurement

diaphragm.

160 mm diameter airflow
calibrated diaphragm

Measuring range: nominal air flow 400 m3/h;
Difference pressure: 400 Pa at nominal air flow;

Accuracy: ±0.66% at 400 m3/h

The length of the straight section
upstream of the measurement point

is 12 diameters; downstream,
6 diameters.
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Table 2. Cont.

Name of Measuring Equipment Properties Notes

Multi-channel data logger Onset
(Burlington, MA, USA) Hobo H22-001

Measuring inputs: 3 FlexSmart multi-channel
modules and up to 6 Smart Sensors;

Outputs: 2;
Operating range: −40 to +60 ◦C;

Memory: 512K nonvolatile flash data storage.

Used to record temperatures and
electricity parameters

12-Bit temperature smart sensor Measuring range: −40 to 100 ◦C;
Accuracy: ±0.2 ◦C from 0◦ to 50 ◦C.

Measures air and freon temperature.
Connects to Hobo H22-001

3-Phase AC kWh transducer sensor onset
T-VER-8044-100

Measuring range: 0 to 100 A;
Operating range: 0 to +60 ◦C, 0 to 95% RH;
Input primary voltage: 480 Volts AC rms;

Output: 4–20 mA;
Accuracy: ±1% per ANSI (from 10 to 100% of

CT rating).

Connects to Hobo H22-001

Pressure sensors Sanhua (Shaoxing,
China) YCQC05L09

Measuring range: 0 bar to 44.8 bar;
Operating range: −40 to +80 ◦C, max. working

pressure 75 bar;
Output: 4–20 mA;

Accuracy: ±0.8% FS.

Used with Arduino Mega 2560

The following parameters were recorded during the experimental studies:

• refrigerant pressures, temperatures and flow rates;
• airflow (determined by using the calibrated diaphragms), temperature and relative

humidity.

The tests were carried out under realistic climatic conditions and measurements were
taken at 10 s intervals. Figure 3 shows the locations of the installed sensors and the recorded
parameters.

An experiment is conducted to determine how the operating parameters of the heat
pump change when it is controlled by three control measures: compressor, expansion
valve, and circuit volume. Throughout the study, the heat pump operates under different
combinations of these three control components: the compressor speed is varied between
1800, 1920, 2100, and 2220 rpm; the expansion valve permeability is varied between 30%,
50%, and 70%; the system volume is varied between V0 and V4. All combinations of control
component parameters throughout the experiment are presented in Table 3.

Table 3. Combinations of heat pump control component parameters.

Volume
Speed of Compressor (rpm);

Opening Degree of Expansion Valve (%)

V0 1800;
30

1920;
30

2100;
30

2220;
30

1800;
50

1920;
50

2100;
50

2220;
50

1800;
70

1920;
70

2100;
70

2220;
70

V1 1800;
30

1920;
30

2100;
30

2220;
30

1800;
50

1920;
50

2100;
50

2220;
50

1800;
70

1920;
70

2100;
70

2220;
70

V2 1800;
30

1920;
30

2100;
30

2220;
30

1800;
50

1920;
50

2100;
50

2220;
50

1800;
70

1920;
70

2100;
70

2220;
70

V3 1800;
30

1920;
30

2100;
30

2220;
30

1800;
50

1920;
50

2100;
50

2220;
50

1800;
70

1920;
70

2100;
70

2220;
70

The experiment commences with the smallest system volume, compressor speed, and
expansion valve permeability (V0, 1800 rpm, 30%), during which the operating parameters
of the heat pump (refrigerant pressures, temperatures) are observed to remain constant for
10 min, indicating a steady-state process. Subsequently, the compressor speed is increased
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to 1920 rpm, and again, the process is allowed to stabilize. This approach is applied
to all combinations of certain expansion valve and compressor speed settings. Once all
compressor speeds have been examined, the expansion valve permeability is increased,
and the compressor speed is varied again from 1800 rpm to 2220 rpm.

Meanwhile, when all combinations of compressor speed and expansion valve per-
meability have been explored, the system volume is increased from V0 to V1, and tests
are repeated, varying the speed and the permeability. This process yields all operational
results for the heat pump (48 data points). Parameters for further analysis of each operating
combination are based on the average of the parameters measured during a steady-state
period of 10 min.

2.4. Determining the Actual Performance Parameters of the HP from a Theoretical Model

The experimental study generates a large amount of data, which is processed and
structured in the results section to produce the final result.

In this work, the compressor is a major focus, so its compression ratio is used in the data
analysis, which determines its performance and efficiency. The compressor compression
ratio is calculated as follows:

Compression Ratio =
P1

P2
, (1)

where P1 is the inlet pressure and P2 is the outlet pressure.
A heat pump has more components than just the compressor. Therefore, the heat

pump performance is characterized by other quantities, such as the amount of heat (or
power) produced, the amount of electricity consumed and its COP.

The heating capacity provided by the heat pump is evaluated as follows:

.
Q =

.
M·cp·(Tout − Tin ) =

.
M·(hout − hin ), kW (2)

where M is the air mass flow rate, kg/s; cp is the fluid specific heat, kJ/(kg·K); Tout and Tin
are the end and start temperatures of the process, K; and hout and hin are the enthalpies of
the process at the end and at the start of the process, kJ/kg.

The above formula is suitable for determining the heat quantities and capacities for
different types of working material, i.e., both air and refrigerant.

The overall COP of the heat pump is determined as follows:

COP =

.
Q
.
E

(3)

where Q is the quantity of heat produced by the heat pump (supplied to the room), kW (or
kWh); E, the amount of electricity withdrawn to produce the amount of heat, in kW (or
kWh). The electricity consumed by the installation shall be recorded in kWh according to
the power factor.

3. Results and Discussion

In this study, a ventilation system with an integrated heat pump was tested. The
ventilation unit does not use a heat recovery heat exchanger. The heat recovery function is
performed by the heat pump. The main purpose of the heat pump is to extract heat from
the exhaust air and to warm the cold air supplied from the outside. All tests are carried
out under real-life climatic conditions and the control of the heat pump has been extended
with additional functions.

A volume expansion device is implemented in the heat pump circuit, which allows
the initial volume of the refrigerant circulating circuit to increase by 17.0% (+0.81 dm3) (V1),
26.4% (+1.26 dm3) (V2), and 34.4% (+1.64 dm3) (V3) in comparison with the initial system
volume V0 (4.76 dm3). The tests are carried out at different speeds of the HP compressor
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and at different expansion valve capacities. The compressor speeds are 1800, 1920, 2100,
and 2200 rpm. The expansion valve flow positions are 30%, 50%, and 70%. The heat pump
circuit uses 1.13 kg of R410A refrigerant.

3.1. General Characteristics

In this subsection, the typical performance of an experimental heat pump is present-ed.
The purpose is to determine how the heat pump performs when controlled by standard
means in combination with the system volume change and to make a comparison with the
characteristics of several compressors provided by the manufacturers.

3.1.1. The Degree of Compression and Flow Rate

One of the typical characteristics of heat pump compressors is the dependence of the
degree of compression (the ratio of the refrigerant pressure upstream and downstream of
the compressor) on the mass flow rate of the refrigerant. Figure 6 shows the operating
points obtained during the experiment and Figure 7 shows the operating points of different
compressors as declared by the equipment manufacturers.

P 1
/P
5

Mref

Figure 6. The relationship between the compressor pressure ratio P1/P5 and the flow rate (experi-
mental data).

P 1
P 5

Mref

Figure 7. The relationship between the compressor pressure ratio and the flow rate (manufacturers’
data).

As mentioned above, Figure 6 shows, in circles, the points of dependence of the
refrigerant compression ratio on the flow rate for heat pump compressors from different
manufacturers, and the dotted line shows the regression equation for these compressor-
specific points, which is generated by a second-degree polynomial.

It can be seen that the trend of the compression ratio reported by the compressor
manufacturers (Figure 7) is in line with the values obtained during the experiment (Figure 6).
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Observably, as the refrigerant flow rate increases, the degree of compression generated
decreases. A similar trend was observed during the experiment.

3.1.2. Flow Rate and Evaporation Temperature

Another characteristic of heat pumps is the dependence of the refrigerant flow rate on
the evaporation temperature. Figure 8 shows this characteristic for an experimental heat
pump obtained during testing. It can be seen that a higher evaporation temperature leads
to a higher flow rate through the system.

M
re
f

TEV

Figure 8. The relationship between the refrigerant flow rate and the evaporation temperature
(experimental data).

Figure 8 shows that as the evaporation temperature increases, so does the flow rate.
These points are joined by a regression line, which is a second-degree polynomial and
the resulting regression rate is greater than 95%. This value indicates that the regression
equation reproduces the measurement points with sufficient accuracy to allow the equation
to be used in place of the measurements in further studies. Figure 9 shows the curves
provided by the compressor manufacturers.

M
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f
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Figure 9. The relationship between the refrigerant flow rate and the evaporation temperature
(manufacturers’ data).

Figure 9 shows a trend similar to the experimental results. This similarity indicates
that the results of the experimental studies are sufficiently accurate. The power and flow
rate dependencies are then presented in the next subsection.

3.1.3. Power and Flow Rate

Another characteristic parameter of a heat pump is the dependence of the heating
power on the mass flow rate. Figures 10 and 11 present these characteristics obtained from
experimental tests and data from different manufacturers, respectively.
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Figure 10. Heating power vs. flow rate (experimental data).
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Figure 11. Heating power vs. flow rate (manufacturers’ data).

Figure 10 shows that as the flow rate increases, so does the power of the heat pump,
and when the points are connected by a regression line, a regression coefficient of over
87% is obtained. This coefficient shows that the performance can be calculated with
sufficiently high accuracy. The figures below show the performance data from compressor
manufacturers.

From Figure 11, it can be seen that the compressor performance characteristics are
similar to Figure 10, which again shows that the experimental studies repeated by the
authors are logical and can be trusted.

3.2. The Effect on the Performance Parameters of a Change in the Heat Pump Circuit Volume (V0,
V1, V2, V3)

This section presents the results of experimental tests where the volume of the system
is changed but the mass of the refrigerant is kept constant. The refrigerant pressure is
11 bar when the heat pump system is not operating. The tests start from the smallest system
volume. The test results are presented starting with the variation of the heating capacity of
the heat pump at different system loop volumes.

3.2.1. Heating Power

One of the most common descriptors of how heat pumps work is the heating capacity.
In this case, the figure below shows how the heating power varies at different compressor
speeds, throttle positions, and volumes of the HP system. The heating power was evaluated
by measuring the air flow rate and the temperatures before and after the condenser.

Figure 12 shows that by adjusting the heat pump operation using conventional meth-
ods in the baseline case with a loop volume of V0, a range of supplied air heating capacity
from 3.89 kW to 4.82 kW is achieved with a change of 0.93 kW. Increasing the volume of the
HP loop by 17.0% (from V0 to V1), the heating power at the lowest speed and low flow rate
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is 3.02 kW. Increasing the speed and the flow rate of the expansion valve, the heat output
gradually increases to 4.21 kW. There has been an increase in power, but fluctuations have
also been observed, potentially due to the different speeds and flow rates. It can be seen that
the power range (compared to the V0 case) has widened by 27.66% (from 0.93 to 1.18 kW),
but the overall limits of the achieved power control range have decreased, compared to the
baseline, from 3.02 kW to 4.21 kW. The trend remained unchanged with further increases
in system volume. For V2, the loop volume increased by 26.4% to 6.01 dm3, and for V3 by
34.4% to 6.40 dm3 compared to the baseline (case V0). For case V2, the control range of the
heating power increased by 65.15% (from 0.93 to 1.53 kW), and for case V3 by 69.62% (from
0.93 to 1.57 kW) compared to the baseline case. On the other hand, the overall limits of the
achieved power control range decreased by 1.74 to 3.27 kW and by 1.25 to 2.82 kW for V2
and V3, respectively.

 

Q
H

Figure 12. The heating power of the HP during the experiment.

It is noted that the use of additional controls by varying the volume of the heating
circuit, in combination with conventional control measures, has allowed the heating power
range to be extended, i.e., the difference between the maximum and the minimum power
is achieved by varying the speed of rotation and the throttle capacity. This increase in the
power range is as much as 0.7 times compared to the V0 case. It can be concluded that
the volume expansion reduces the maximum heating power of the unit but allows it to be
controlled over a wider range. A wider control range may be useful in cold climates during
transition periods when a low HP output is required, which means that buffer capacity can
be avoided. A buffer capacity is built in when the selected high-capacity HP cannot operate
at low capacities, while the expansion of the volume reduces the power and increases the
control range. This paper does not analyse the heat pump performance in the long term or
in transient periods: this will be investigated in the next steps.

3.2.2. Efficiency

Adjusting the volume of the HP loop has allowed extending the range of the available
heating power, but the general trend is that the COP decreases with the HP loop volume
going up. The average COP for each volume increase dropped by 5.14% (V1), 18.03% (V2)
and 26.53% (V3) compared to the base case V0 (Figure 13).

Figure 13 shows that in most cases, increasing the bandwidth and having a low speed
slightly increases the efficiency for V0, V2 and V3. For V2 and V3, the highest efficiency is
achieved with this style of operation.
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Figure 13. The COP during the experiment.

However, it has been observed that the variation in performance is also dependent on
the outside air temperature, which shapes the fluctuations. The variation of the outdoor
temperature has a negligible effect on the heating power achieved by the heat pump, with a
regression coefficient of 0.36 (Figure 14a), but the performance coefficient has been observed
to be more sensitive to the outdoor air parameters, with a regression coefficient of 0.49
(Figure 14b).

 
(a) (b) 

QH

Figure 14. The dependence of the heat pump parameters on the outside air temperature: (a) heating
power vs. outdoor air temperature; (b) COP vs. the outdoor air temperature.

Additionally, one general trend has been noted, where the efficiency of the heat pump
increases with the outdoor air temperature decreasing. This is not a typical trend for heat
pumps, and it may be due to the installed compressor power, which is higher to ensure a
higher efficiency even when the outdoor air temperature is very low.

From the above results, it can be seen that increasing the loop volume enables the
heat pump to operate at a lower heating capacity than in the initial case (V0). This means
that the change of the heat pump circuit volume has resulted in a wider range of heating
power. This allows the unit to operate with a decent amount of stability over a wider range
of outdoor air temperatures. However, there is a downside to increasing the volume of
the heat pump circuit, as it decreases the efficiency of the HP; however, the effect of the
third stage on the seasonal efficiency has not been investigated. The evaluation of the
seasonal performance factor will be carried out in future work where its performance in a
real system with real heat demands will be simulated.
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With a strong increase in volume (cases V2 and V3), a phenomenon that has simi-
larities with cases where there is partial leakage of the refrigerant from the heat pump
system is observed [50,51]. It is therefore appropriate in future studies to add more re-
frigerant to the system than recommended and subsequently have a significantly higher
performance potential.

3.3. Heat Pump Cycles in a p-h Diagram

The previous part of the results showed how increasing the system volume affects
the output and the performance of the plant. This subsection shows the characteristic
changes in the heat pump operation cycle in a p-h diagram when the plant is operated in
the above-mentioned fashion. The graphs below are based on the experimental results.

Figure 15 shows a typical case of compressor control, with constant expansion valve
capacity at 70%, the compressor speed varying between 1800 and 2220 (intermediate cycles
of 1900 and 2100 are not shown), and the heat pump loop volume of V0. It can be seen
that the variation of the compressor speed has a small effect on the differences between
the superheating and sub-cooling temperatures of the cycle, which remain similar. In
addition, increasing the compressor speed increased the condensation temperature and
decreased the evaporation temperature. This trend comes into light because increasing
the compressor speed results in a higher rate of refrigerant flow through the compressor,
which also results in a higher flow rate through the expansion valve, and a lower pressure
is generated behind the expansion valve than at speed. It can therefore be argued that
the change in the compressor speed has a direct influence on the operating mode of the
evaporator. Similar trends can be seen in other throttle cases as well.

Figure 15. The operation cycles of the HP in a p-h diagram (compressor speeds: 1800 and 2220 rpm;
expansion valve capacity: 70%; volume: V0).

Figure 16 shows a case where the heat pump is controlled by an expansion valve, its
flow rate varying between 30% and 70%, with a fixed compressor speed and a fixed volume
of the HP loop at V0. The change of the expansion valve flow rate had a negligible effect
on the condensing temperature (the difference between the limiting cases is 2.75 ◦C), but a
more significant effect on the evaporating temperature of 6.83 ◦C between the valve flow
rate cases of 30% and 70%. In addition, controlling the heat pump with the expansion valve
was able to affect the superheating and sub-cooling temperatures of the cycle. Reducing the
valve permeability from 70% to 30% resulted in an increase in the differences between the
superheating and sub-cooling temperatures of 19.33 ◦C and 6.87 ◦C, respectively. Therefore,
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the position of the expansion valve has a significantly greater impact on the operating
mode of the evaporator than the case of changing the compressor mode.

Figure 16. The operation cycles of the HP in a p-h diagram (compressor speed: 2100 rpm; expansion
valve capacity: 30, 50, 70%; volume: V0).

Changing the volume of the heat pump circuit had the most significant effect on the
heat pump operation cycle (Figure 17). Increasing the volume from V0 to V1 resulted in
a virtually uniform “lowering” of the cycle in the graph. In this case, the condensation
and evaporation isotherms were reduced by 8.30 ◦C and 8.22 ◦C, respectively, while the
temperatures upstream and downstream of the compressor were similar. As the system
volume was further increased to V2 and V3, the condenser and evaporator lines moved
steadily in the direction of the pressure drop. However, the cycles did not reach/pass
into the two-phase region, which means that no refrigerant condensation process occurred
in the condenser and the whole cycle was in the superheated vapour region. The high
temperature and pressure vapour leaving the compressor was cooled but not condensed in
the condenser. In these cases (V2, V3), the enthalpy differences between the condenser and
the evaporator were reduced by several times compared to the cases V0 and V1.

From the p-h diagrams, it can be seen that changing the volume of the system extends
the operating range compared to standard measures. An increase in volume by 17% im-
proves the controllability, but an increase in volume by more than 26% is detrimental to the
performance as no evaporation or condensation are achieved. This benefit of volume varia-
tion can also be applied to cooling or refrigeration processes, since neither the compressor
speed nor the throttle capacity is altered, and increasing the volume lowers the evaporating
temperature with almost no change in the performance. An average reduction in the COP
from V0 to V1 for a volume increase of 5.14% is observed.
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Figure 17. The operation cycles of the HP in a p-h diagram (compressor speed: 1800 rpm; expansion
valve capacity: 30%; volumes: V0, V1, V2, V3).

4. Conclusions

This article presents experimental studies of a heat pump integrated into a ventilation
unit. The experiments involved varying the operating modes of the unit by changing
the compressor speed, the position of the expansion valve, and the system volume. The
comparison of the performance characteristics showed that the performance trends of the
variable-volume heat pump are similar to those of the typical constant-volume heat pumps
controlled by standard means (compressor and expansion valve). The experimental results
show that the trends are similar, indicating a sufficient degree of accuracy.

Additional control was achieved by changing the volume of the heat pump circuit,
which, when combined with conventional controls, extended the heating power range.
Increasing the volume of the system loop enables the heat pump to operate at a lower
heating capacity than in the original case (V0), allowing the unit to operate with stability
over a wider range of outdoor air temperatures.

Increasing the volume of the heat pump loop was found to decrease its efficiency. This
phenomenon is similar to the case of partial refrigerant leakage from the heat pump system.

The analysis of the experimental heat pump operation cycles in a pressure-enthalpy
diagram revealed that altering the compressor speed had a negligible impact on the temper-
ature differences between the superheating and sub-cooling stages of the cycle. Increasing
the compressor speed raises the condensation temperature and lowers the evaporation
temperature. On the other hand, modifying the flow rate of the expansion valve has a more
pronounced effect on the evaporation temperature than on the condensation temperature.
The superheating and sub-cooling temperatures of the cycle were influenced by adjusting
the heat pump with the expansion valve. An increase in the difference between these
temperatures was achieved by reducing the valve’s permeability. The operation cycle of
the heat pump was significantly affected by increasing the volume of the heat pump circuit.
Increasing the volume can lead to a more uniform “lowering” of the cycle in the diagram,
resulting in lower temperatures for the condensation and evaporation isotherms.

However, it is important to note that controllability is positively affected when the
increase in volume is 17% or less. Beyond this point, performance is negatively impacted
as the evaporation and condensation process cannot be achieved. Volume variation can
benefit the cooling or refrigeration processes without altering the compressor speed or
throttle capacity. By increasing volume, the evaporating temperature can be lowered with
minimal impact on the operating efficiency.
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Experimental investigations have revealed a significant influence of control compo-
nents on the performance of a variable-volume heat pump. When controlled by varying the
volume, the heating capacity parameters of the heat pump respond with the highest degree
of sensitivity compared to control by the compressor or expansion valve. This sensitivity
indicates the potential for developing novel control methods and components through the
implementation of variable circuit volume technology in heat pump regulation. Since there
are few new heat pump control components emerging in commercial devices (with only the
existing components being improved instead), this technology could expand the operating
ranges of heat pumps in the future, thereby helping to reduce energy consumption during
their production and operation.

This study represents initial steps in exploring the potential of variable-volume heat
pump control. Future research is recommended to investigate the volume change control
of the heat pump over a wider range of outdoor air temperatures, as well as in devices
of different capacities. Additionally, it is worth analysing the adaptability of this volume
change method in refrigeration equipment, since it has been established that an increase
in volume, with constant compressor speed and expansion valve position, reduces the
evaporation temperature with almost no change in performance.

During the subsequent stages of the study, analysis will be conducted on the long-term
operation of a heat pump with a variable circuit volume in the ventilation system, consider-
ing its performance during transition periods and assessing seasonal efficiency indicators.
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Abstract: In the context of global climate change, the implementation of building energy conservation
and carbon reduction, as well as the realization of zero-energy buildings, is a key measure to cope with
climate change and resource depletion. A substation is an indispensable building in the process of
urbanization construction. However, in existing cold areas, the heating form of substations generally
adopts electric heating, which consumes a large amount of energy. This paper optimizes the existing
HVAC form of substations through the rational utilization of surrounding environmental resources
and puts forward reasonable building energy-saving and carbon-reduction methods. It demonstrates
the feasibility of combining solar photovoltaic power generation systems, air source heat pumps, and
natural ventilation to optimize energy savings and carbon reduction in the main control building of a
substation in a cold area. The computational fluid dynamics (CFD) method is used to demonstrate
the feasibility of natural ventilation during the summer and transition seasons. The data indicate that
the installation of a solar photovoltaic power generation system results in an average annual power
generation of 18.75 MWh. Additionally, using an air source heat pump can save 44.5% of electricity
compared to electric heating. When both a solar photovoltaic power generation system and an air
source heat pump are used to provide a building with cold and heat sources, the annual emissions of
CO2 can be reduced by 4.90 tons compared to a traditional electric heating system.

Keywords: solar energy; near-zero-energy buildings; natural ventilation

1. Introduction

In the present social context, with people’s increasing demand for a better quality
of life, energy consumption is on the rise. Building energy consumption constitutes a
significant portion of the total social energy consumption. Among the various components
of building energy consumption, energy consumed by daily operations such as air condi-
tioning, heating, lighting, and hot water accounts for more than 80%. Based on statistics
from the International Energy Agency, terminal energy consumption in buildings accounts
for 36% of social carbon emissions, with carbon emissions reaching 39%. Furthermore,
during a building’s operational phase, carbon emissions account for 70% to 80% of its entire
life cycle [1]. Although building energy efficiency has received increasing attention, many
countries have introduced the concepts of low-energy buildings, ultra-low-energy build-
ings, near-zero-energy buildings, and zero-energy buildings [2,3]. It is crucial to control
carbon emissions during the building operation stage to achieve the goal of carbon peak-
ing and carbon neutrality. Achieving zero-energy and zero-carbon buildings is a general
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trend [4]. Although building energy consumption is increasing, it is important for building
design to propose a reasonable carbon emission mechanism and reduce building energy
consumption. A building energy conservation development model should be established
as soon as possible, specifically targeting the existing domestic environment.

Zeyghami et al. [5] investigated the realization of zero-energy buildings by studying
buildings in a specific area of Egypt. The authors aimed to utilize natural cold heat to
provide the necessary temperature control for the buildings under examination. They con-
cluded that in certain areas with favorable natural conditions, the use of solar photovoltaic
systems can significantly reduce the costs of transforming buildings into near-zero-energy
consumption buildings by collecting and storing renewable energy through solar panels
on the roof. Lee et al. [6] conducted a field study on a building photovoltaic system. The
study shows that the building’s annual energy consumption was 104,602.4 kWh, and the
power generation of the building’s photovoltaic system was 105,266.6 kWh. This proves
that the building meets the requirements of zero-energy buildings. Cao et al. [7] analyzed
the relationship between the body type coefficient and the energy consumption of building
cooling and heating. The data indicate a positive linear correlation between the building
size coefficient and total energy consumption. In other words, as the building size coeffi-
cient increases, so does the total energy consumption. However, this correlation is not as
pronounced in mild and sunny areas during the heating period. Li et al. [8] investigated
the use of photovoltaic glass in cold regions of China. They evaluated the energy-saving
performance of photovoltaic glass by altering its orientation, visible light transmission ratio,
and comprehensive heat transfer coefficient. When the photovoltaic system is arranged
facing south, the energy-saving effect is as high as 60%. However, if the system is facing
east, the energy-saving is reduced to about 13%. It is important to note that the orientation
of the photovoltaic glass has a significant impact on the energy-saving effect.

Lebied et al. [9] analyzed the impact of the perimeter structure and system equipment
operation on the energy consumption of an office building in Denmark. They sorted
the degree of impact of different variables through sensitivity analysis. Balali et al. [10]
conducted a study on a single-sided lighting office. They used computer software to
evaluate various influencing factors, such as building size and the ratio of windows to walls.
By analyzing the impact of different design variables on the total energy consumption of the
building, they obtained the most energy-efficient combination design scheme of influencing
factors. Sivaram et al. [11] conducted a study on office buildings in Tokyo, Japan. They
investigated the impact of four design variables of the outer envelope structure on the cold
and heat load of buildings. These variables were the solar heat gain coefficient of the outer
window, the heat transfer coefficient of the outer window, the heat transfer coefficient of
the opaque envelope, and the solar reflectivity of the opaque envelope. Tariq [12] provides
the comprehensive mechanism of using the digital twin and the impact assessment of
interventions at the local as well as global scales. The measures of passive energy storage
based on phase-change energy storage materials are studied, and the energy efficiency can
be increased by 40% by adding relevant interventions.

Natural ventilation refers to the use of natural airflow to achieve indoor air circulation
and renewal in a ventilation mode. The principle of natural ventilation mainly includes
three aspects: the buoyancy principle, the wind pressure difference principle, and the wind
force principle. Natural ventilation is a fundamental and sustainable solution to reduce
the energy needs of buildings for ventilation and cooling [13]. Research in this field has
demonstrated that natural ventilation has the potential to save energy. Tong et al. [14]
conducted a study on the energy-saving potential of natural ventilation in various Chinese
cities. The results indicated that natural ventilation could save between 8% and 78% of
cooling energy. Similarly, in warm weather, the use of natural ventilation can avoid the
need for 54.4% of the power required for cooling [15]. Stasi et al. [16] investigated the
impact of mixed ventilation on zero-energy residential buildings. The results indicate that
the combination of night ventilation and mechanical ventilation can reduce the demand
for cooling capacity by 14.4%, while natural cooling can reduce power consumption by
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7.7%. Domjan et al. [17] analyzed the importance of natural cooling and mixed ventilation
systems for near-zero-energy buildings. Studies on all-glass buildings have shown that
energy consumption can be reduced by up to 26% through night ventilation and mixed
ventilation cooling.

In summary, numerous scholars have conducted extensive research on the influence of
various parameters, including window-to-wall ratio, building size coefficient, and thermal
resistance of outer protective structures, on building energy conservation. It is worth
noting that China’s construction industry accounts for over 20% of the country’s total
energy consumption, with winter heating alone accounting for 20% of the total building
energy consumption [13]. The energy-saving potential of HVAC systems in substation sites
located in cold areas requires further investigation. Substations are typically situated in
remote areas, far from residential areas. As a result, there is no urban heating network
available, and traditional urban central heating is not feasible. Additionally, heating pipes
cannot pass through the transformer room, distribution unit room, and other electrical
equipment rooms in most substations. Therefore, given the extreme outdoor conditions of
−30 ◦C in winter in high-cold areas, improving heating efficiency and reducing heating
energy loss in substations are crucial to enhancing the energy consumption structure and
efficiency of substation buildings. This is necessary to ensure the normal operation of
zero-carbon building design concepts and typical room equipment in substations under
low-temperature conditions. Based on theoretical calculations and software simulations,
this paper provides recommendations for selecting ventilation and heating equipment for
typical rooms in high-cold area substations.

2. Architectural Models and Research Methods

The research subject is the main control building of a substation located in Yichun
City, Heilongjiang Province, China. It consists of a 10 kV equipment distribution room,
a secondary equipment room, a secondary equipment operation monitoring room, and
other rooms. The main transformer is located outside. The building has a construction
area of 293.02 m2 and a total height of 5.00 m. Please refer to Figure 1 for the building
plan. The red portion in Figure 1 represents the distribution of electrical equipment within
the main control building of the substation. Currently, the building is equipped with a
mechanical exhaust system for summer ventilation. The main HVAC systems comprise
split air conditioning units for cooling in the summer and electric heating for warming in
the winter.

Figure 1. Substation main control building plan.

The diagram in Figure 2 illustrates the actual exterior wall structure of the building.
Based on the physical properties and thickness of the wall materials, the exterior wall
heat transfer coefficient was calculated to be 0.22 W/(m2·K) using the GBSWARE2024
software. The thermal performance of the reference building in Table 1 was determined
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based on parameters such as wall and window materials. The reference building’s thermal
performance was obtained according to the regulations for thermal transfer coefficients
for doors and windows outlined in the “Unified Standard for Energy-saving Design of
Industrial Buildings” GB51245-2017 [18]. The building’s thermal performance complies
with energy-saving standards.

 
Figure 2. Actual building exterior wall construction.

Table 1. Comparison of heat transfer coefficients.

Name Actual Building Reference Building Unit

Shape coefficient 0.49 0.49
Roof heat transfer coefficient 0.34 0.35 W/(m2·K)

Heat transfer coefficient of the outer wall 0.22 0.35 W/(m2·K)
Thermal resistance of the surrounding ground 3.76 1.10 (m2·K)/W

Heat transfer coefficient of the window 0.9 0.9 W/(m2·K)

The heat load is calculated based on the principle of steady-state heat transfer, consider-
ing both heat loss and gain in the room. The focus of the heat load calculation is on heat loss.
To achieve heat balance, the calculation includes heat lost through the enclosure structure,
heat lost through the heating of cold air, and heat produced by equipment operation.

According to Section 4.5.5 of the “35 kV~110 kV Substation Design Code” GB50059-
2012 [19]: “Distribution unit room, reactor room, and other electrical equipment rooms
should have a mechanical ventilation system set up, and the indoor temperature should be
maintained at no more than 40 ◦C in summer.” According to Section 8.3.2 of the “Technical
Regulations for the Design of 220 kV~750 kV Substation” DL/T5218-2012 [20]: “The main
control room, computer room, relay room, communication room, and other rooms required
by process equipment of the substation should be equipped with air conditioning.” The
indoor temperature and humidity of the air-conditioned room should meet the process
requirements, and the process has no special requirements. The design temperature in
summer is 26 ◦C to 28 ◦C, the design temperature in winter is 18 ◦C to 20 ◦C, and the
relative humidity should not exceed 70%. Generally, there is no backup for air conditioners.
The working time of the substation is set by BESI, the energy consumption calculation
software of GBWARE2024, and the indoor temperature is set at 20 ◦C in the heating season
and 28 ◦C in the cooling season. The hourly temperature throughout the year is obtained
by invoking meteorological parameters, with the highest temperature being 33.3 ◦C and
the lowest temperature being −26.7 ◦C, as shown in Figure 3.

72



Appl. Sci. 2024, 14, 1562

Figure 3. Hourly dry bulb temperature and load chart throughout the year.

Meteorological parameters of outdoor design are given in Table 2.

Table 2. Outdoor design meteorological parameters.

Outdoor Parameter Design Value Unit

Dry bulb temperature calculation for summer air conditioning 30.7 ◦C
Summer ventilation outdoor temperature calculation 26.7 ◦C

Outdoor relative humidity calculation for summer air conditioning 62%
Calculation of outside temperature for winter air conditioning −27.1 ◦C

Calculation of relative humidity for winter outdoor air conditioning 73%

Formula (1) shows the heat consumption Qj (W)of the enclosure structure.

Qj = F · K · (tn − tw) · a (1)

where F(m2) represents the area of the enclosure structure, K is the heat transfer coefficient
of the enclosure structure (W/m2·K), tn is the design temperature of the heating room
(K), tw is the calculated temperature of the heating outside (K), and a is the temperature
difference correction coefficient of the maintenance structure.

There are gaps and openings in the building envelope, including doors and windows.
These gaps and openings allow outdoor air to penetrate into the room due to the pressure
difference between indoor and outdoor environments caused by factors such as wind
pressure and temperature differences. It is important to seal these gaps and openings to
prevent energy loss and maintain indoor comfort. This results in the infiltration of cold or
hot air, depending on the outdoor temperature. When calculating the heat load, the usually
considered factor is the permeable air load. The calculation of the air infiltration load Qx
(W) is as follows:

Qx =
1

3.6
· ρw · L · cp · (tw − tn) (2)

where ρW represents the air density (kg/m3) outside the heating room at the calculated
temperature, cp is the specific heat coefficient of air (J/(kg K)), and L is the amount of
permeated cold air (m3/h).

The ventilation and air conditioning system are designed to dissipate the heat gener-
ated by the electrical equipment, ensuring efficient operation and preventing equipment
failure due to excessive temperature. The calculation of the equipment’s heat load includes
the heat loss of the transformer, high-voltage switchgear, and low-voltage switchgear, as
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well as the power loss of the cable, heat gain of the enclosure structure, and heat dissipation
of the room lighting. Formula (3) is used to calculate the equipment heat load Qe (W).

Qe = n1 · n2 · n3 · N · Ccl (3)

where n1 is the coefficient of simultaneous use, n2 is the installation coefficient, n3 is the
load coefficient, N is the installation power of the electric heating equipment, and Ccl is the
cooling load coefficient of the heat dissipation of electric equipment and appliances.

Based on the formula and relevant software modeling analysis described above,
specific parameters are depicted in Figure 4. The conclusive calculation results reveal that
the peak heat load of the substation’s main control building is 9.842 kW, with a peak cooling
load of 5.052 kW. Additionally, the annual heating heat consumption is 19,425.519 kWh,
while the cooling consumption is 2524.104 kWh.

Figure 4. Hourly load of substation main control building throughout the year.

This paper uses CFD to calculate the distribution of indoor flow velocity and airflow
direction, presenting a comprehensive view of indoor wind speed and airflow organization.
The turbulence model reflects the fluid flow state. When conducting numerical simulations
of fluid mechanics, it is important to select an appropriate turbulence model for different
fluid flows to simulate the real flow field value as accurately as possible. In this paper, the
indoor flow field is calculated using the standard k-ε turbulence model.

The CFD method is used to solve the wind field by establishing the conservation
of mass, momentum, and energy of the fluid flow in the computational domain. This is
carried out by establishing a mathematical governing equation, which has the following
general form:

∂(ρφ)

∂t
+ div(ρUφ) = div(Γφgradφ) + Sφ (4)

φ in this formula can be physical quantities such as velocity (m/s), turbulent kinetic energy
(m2/s2), turbulent dissipation rate (m2/s3), and temperature (T), as shown in Table 3.

μ is the dynamic viscosity of air (Pa·s), μt is the component of the fluid along the
t direction, ρ is the density of air (kg/m3), α is the thermal diffusivity (m2/s), Gk is the
turbulent momentum caused by the average velocity gradient,Cμ = 0.0845, C1ε = 1.0,
C2ε = 1.42, and σ is the turbulence parameter.

The equations are discretized using the second-order upwind scheme, which meets
the accuracy requirements for general fluid simulation calculations.
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Table 3. Governing equations of computational fluid mechanics.

Name Variable Γφ Sφ

Equation of continuity 1 0 0
Velocity in x direction u μe f f = μ + μt − ∂P

∂x + ∂
∂x (μe f f

∂u
∂x ) +

∂
∂y (μe f f

∂v
∂x ) +

∂
∂z (μe f f

∂w
∂x )

Velocity in y direction v μe f f = μ + μt − ∂P
∂y + ∂

∂x (μe f f
∂u
∂y ) +

∂
∂y (μe f f

∂v
∂y ) +

∂
∂z (μe f f

∂w
∂y )

Velocity in z direction w μe f f = μ + μt − ∂P
∂z + ∂

∂x (μe f f
∂u
∂z ) +

∂
∂y (μe f f

∂v
∂z ) +

∂
∂z (μe f f

∂w
∂z )− ρg

Turbulent kinetic energy k αkμe f f Gk + GB − ρε

Turbulent dissipation ε αzμe f f C1ε
ε
k (Gk + C3εGB)− C2ερ ε2

k − Rε

Temperature T μ
Pr +

μt
σT

ST

The inlet boundary conditions for the calculation model mainly consist of wind speed
and direction data under different working conditions. The inlet wind speed is calculated
using Formula (5), while the free flow is used as the exit boundary condition. The wind
field’s two side boundaries and top boundary are set as sliding wall surfaces. This ensures
that the air flow is not affected by wall surface friction, allowing for a simulation of real
outdoor wind flow. The ground boundary of the wind field is set as a non-slip wall, which
affects the air flow due to ground friction.

vin = vR · ( Z
ZR

)
α1

(5)

where v is the average wind speed of any point, Z represents the height of the point, and
subscript R represents the parameter under the standard height. Additionally, α1 represents
the ground roughness coefficient.

The multi-area network method is used to simulate and calculate the natural ventila-
tion volume of multi-room for natural ventilation, in order to obtain the ventilation times.
The software extracts the wind pressure of single building doors and windows through
outdoor ventilation calculation and then calculates the air exchange times of the whole
building through the multi-area network method.

The heating and air conditioning systems used in the above-mentioned system are
electric heating and split air conditioning, respectively. However, according to Article
9.1.2 of the “Design Code for Heating, Ventilation and Air Conditioning of Industrial
Buildings” [21] GB50019-2015, industrial plants and auxiliary buildings should not use
electric direct heating equipment as a heat source for heating and air conditioning, unless
they meet one of the following conditions and cannot use heat pumps. Isolated buildings
without access to central heating and lacking any other heat source can be challenging
to heat. In such cases, the use of fuel oil and coal-fired equipment is strictly restricted
due to environmental and fire safety concerns. In areas with sufficient electricity supply
and peak and valley electricity prices, heat can be stored during the low power period at
night and used during peak hours or periods of non-use. Additionally, important electrical
premises that cannot be heated by hot water or steam may require alternative heating
solutions. Renewable energy can be used to generate electricity, which can then be used for
electric heating. Therefore, the original heating system does not meet current standards
and requires improvement. Considering local meteorological conditions, solar energy can
be converted into electricity through solar photovoltaic power generation to supply power
to equipment on site, reducing energy loss.

The main control building system of the substation has the following issues:

(1) The consideration of renewable energy or heat pump forms to meet the heating load
requirements was not considered.

(2) The building’s ventilation system design is imperfect.
(3) There is potential for more energy-efficient heating methods that need to be

further optimized.
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3. Analyzing Systems Improvement Programs

The ideal energy-saving building should aim to minimize energy consumption while
also ensuring the maintenance of thermal and humidity conditions indoors throughout
different seasons, ensuring necessary ventilation and air exchange indoors, and rational
utilization of solar radiation in various seasons and regions. Energy-saving methods
in building primarily involve several aspects: minimizing reliance on non-renewable
energy sources, enhancing energy utilization efficiency, reducing energy loss in building
maintenance structures, and maximizing the use of renewable energy sources. Achieving
these goals is closely related to cutting-edge technology in today’s society. By combining
existing scientific technology with traditional building structures, a new passive low-carbon
building structural system has been proposed for optimizing and renovating existing
substation building systems, focusing on the rational use of renewable energy and reducing
equipment operating energy consumption.

3.1. Efficient Use of Solar Energy Resources

China possesses a vast territory and abundant solar energy resources. The solar
energy resources on Earth are generally expressed in terms of the total annual irradiation
(J/(m2·a)) and the annual sunshine duration (h). The solar radiation energy received by
the land surface of China is about 5.0 × 1019 kJ. More than two-thirds of the country
experiences annual sunshine hours exceeding 2200 h, and the total radiation amount is
higher than 5.86 × 106 kJ/(m2·a) [22]. Figure 5 illustrates the monthly distribution of total
solar radiation in the Yichun area.

 

Figure 5. Monthly distribution of total solar radiation in the Yichun area.

According to the Assessment Method for Solar Energy Resource classification method
GB/T37526-2019 [23], global horizontal irradiance (GHR) is divided into four levels: most
abundant (A), very abundant (B), abundant (C), and general (D), as shown in Table 4.

Table 4. Classification and regional distribution of total solar radiation in China.

Name
GHR

Grade Symbol
(MJ/m2) (kWh/m2)

Most abundant GHR ≥ 6300 GHR ≥ 1750 A
Very abundant 5040 ≤ GHR < 6300 1400 ≤ GHR < 1750 B

Abundant 3780 ≤ GHR < 5040 1050 ≤ GHR < 1400 C
General GHR < 3780 GHR < 1050 D

The total annual horizontal irradiance of the area where the substation is located is
4118.1 MJ/m2, which belongs to class C, indicating an area rich in solar energy resources. It
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can be considered to use solar power generation to provide electricity for the HVAC system
on the site to achieve a zero-energy consumption building.

To simulate the building’s solar irradiance and other parameters, the Building Pho-
tovoltaic Software (BPV2024) in GBWARE2024 is used. By setting the project location
and constructing the building model, the solar resource data can be reasonably analyzed,
and the best tilt angle and installation position can be calculated, along with the power
generation of the photovoltaic panels. As shown in Figure 6, the substation unit is modeled.

 

Figure 6. Photovoltaic power generation simulation modeling diagram.

The calculation of a building’s photovoltaic system’s power generation should consider
the solar energy resources of the location, the design of the photovoltaic system, the
arrangement of the photovoltaic array, and environmental conditions. To obtain the power
generation value of a photovoltaic system, one should refer to the “Design Code for
Photovoltaic Power Station” GB 50797 [24] and other relevant standards. The formula for
calculating power generation (EP) is as follows:

Ep =
HA
ES

· P · Kt (6)

where HA is the total solar irradiance of the horizontal plane (kWh/m2), ES is the irradiance
(constant) under standard conditions (1 kW/m2), P is the installed capacity (kWp), and
Kt is the comprehensive efficiency coefficient. The latter is affected by various parameters,
including inverter efficiency, collector line loss coefficient, photovoltaic module surface
pollution coefficient, and correction coefficient. The specific parameters are given in Table 5.

Table 5. Calculation parameters for photovoltaic system.

Information about Photovoltaic Systems

Component type Monocrystalline silicon Number of components 68

Total installed capacity 17.68 kW Component installation method Fixed integration

Component area 111 m2 Inverter efficiency 1%

Power of inverter 6.75 kW Collector line loss coefficient 1%

Photovoltaic module surface
pollution coefficient 1% Correction coefficient 1%

Comprehensive efficiency
coefficient 85%
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A total of 68 photovoltaic modules with a surface area of 111 m2 and a total installed
capacity of 17.68 kW can be installed through the rational use of the roof of the main control
building. The photovoltaic system has a life cycle of 25 years and is estimated to generate a
total of 468.7 MWh during this period. Figure 7 illustrates the monthly power generation
during the first year, with April recording the highest generation of 2.33 MWh. Figure 8
shows the annual power generation of a building’s PV system over its 25-year life cycle,
with the first year generating 21.25 MWh.

Figure 7. Monthly electricity generation during the first year.

Figure 8. Annual production of electricity.

The economic analysis of photovoltaic power generation involves evaluating the
costs and benefits of solar photovoltaic power generation systems, both quantitatively and
qualitatively. This paper selects photovoltaic modules with a peak power of 260 Wp, costing
5 RMB/W, and a total installed capacity of 17.68 kW. The total investment, with component
investment accounting for 50% of the total investment ratio, is 176,800 yuan. Table 6
provides specific data. Figure 9 illustrates the cost benefits of investing in photovoltaic
power generation systems. The data show that the investment can be recovered after
13 years of operation.
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Table 6. Economic benefit analysis of solar power generation systems.

Cost Income

Total installed capacity 17.68 kW Power generation in the first year 21.25 MWh
Cost 5 RMB/W Total power generation 468.7 MWh

Components as a percentage
of total investment 50% Gross income 0.7 RMB/kWh

Total investment 176,800 RMB Collector line loss coefficient 328,100 RMB

Figure 9. Profitability of photovoltaic power generation.

The photovoltaic power generation system offers several advantages, including no
depletion risk, no fuel consumption, and no pollution emissions. These advantages play a
crucial role in achieving China’s carbon-neutral goal. According to the Annual Develop-
ment Report of China Power Industry 2022, Table 7 presents the calculated environmental
impact of solar photovoltaic power generation systems and the effect of energy conserva-
tion based on the statistics of CO2, SO2, and nitrogen oxide emissions per unit of thermal
power generation.

Table 7. Analysis of the benefits of emission reduction from photovoltaic systems.

Name Converted Value
Conventional

Unit
Annual Average Value Gross Unit

Power generation - - 18.75 468.72 MWh
Standard coal 0.3015

kg/kWh

5650 141,330

kg
Electric dust and fume 0.0022 40 1030

CO2 0.5703 10,692 267,300
SO2 0.0101 190 4730
NOX 0.0152 290 7130

In summary, this project has a PV module installation area of 111 m2, a total installed
capacity of 17.68 kW, and a system efficiency of 85.3%. The power generation in the first
year is expected to be 21.3 MWh, with a total power generation of 468.7 MWh expected
over 25 years. The investment required is 176,800 yuan, with an income of 328,100 yuan.
Additionally, the project is expected to emit approximately 267.3 tCO2.

3.2. Minimize the Power Consumption of the Device

Based on the structural parameters of the main control building of the substation,
a hexahedral unstructured mesh, which is simple to partition and shape, was used for
modeling. Since the quality of the mesh partition directly affects the accuracy of calculations,
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the “Normal” method was employed for partitioning. Furthermore, areas with significant
temperature and velocity gradients, such as air supply and exhaust outlets, underwent
local refinement after coarse partitioning. The maximum size of the mesh did not exceed
0.2 m, and the mesh quality was above 0.8. This simulation involved a total of 166,685 mesh
elements and 181,139 nodes. The simulation results and analysis are discussed below.

Electric heating is a natural convection heat transfer terminal device, which has
the advantages of low investment cost, but it can lead to uneven heating and cooling,
high surface temperature, and high maintenance costs. Aiming to address the issue of
uneven heating and cooling, Airpak3.0.16 is used to simulate the temperature field of
each room in the main control building during electric heating and analyze the possibility
of condensation in the room. Figure 10 displays the temperature field distribution of
the main control building of the substation at four different heights (0.2 m, 0.5 m, 1.5 m,
and 2.1 m) with an outdoor ambient temperature of −30 ◦C. It can be observed that the
temperature of the 10 kV equipment distribution room, secondary equipment room, and
secondary equipment room monitoring room falls within the range of 17 to 20 ◦C, meeting
the design requirements. No low-temperature phenomenon is observed in any part of the
room. Figure 11 displays the distribution diagram of indoor temperature when the heat
supply is at its peak and the outdoor ambient temperature is −20 ◦C. It is evident from the
figure that an increase in outdoor temperature leads to a significant rise in temperature
(by 4 to 6 ◦C) of the 10 kV equipment distribution room, secondary equipment room, and
secondary equipment room monitoring room, if the heat supply of the radiator is not
reduced. The reason for this is that the electric heater in the substation cannot be adjusted
for heat production, and the equipment’s heat supply is designed based on the maximum
heat load. As a result, when the outdoor temperature increases, the required heat load
decreases, but the heat supply remains the same, causing the indoor temperature to rise.
This results in unnecessary energy waste and makes it difficult to achieve the goal of energy
conservation and emission reduction.

Figure 10. Outdoor ambient temperature −30 ◦C and temperature distribution in the room when
electric heating is used.

Figure 11. Outdoor ambient temperature −20 ◦C and temperature distribution in the room when
electric heating is used.

The air source heat pump utilizes a compressor to convert low-grade heat energy
from the air into high-grade heat energy that can be used for industrial production with
the aid of electric energy. This makes it possible to save non-renewable energy. As air
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is an inexhaustible renewable energy source, air source heat pumps can significantly
reduce carbon dioxide emissions during winter heating or even achieve zero emissions. In
comparison to electric heaters that consume non-renewable energy, such as electricity and
gas, to produce heat, air source heat pumps can generate several times more heat under the
same electrical energy input. They are energy-efficient, safe, and have adjustable heating
capabilities at a lower cost [25]. Therefore, the air source heat pump combined with a fan
coil is being considered as a replacement for electric heating in the main control building.

According to the “Fire Protection Standard for Design of Thermal Power Plants and
Substations” GB50229-2019 [26], heating pipes must not pass through rooms containing
electrical equipment, such as transformer and distribution device rooms. As a result,
separate heating must be provided to the 10 kV equipment distribution room and secondary
equipment room. The terminal heating is achieved through fan coil units. Regardless
of the type of heating used, it is crucial to maintain a stable indoor temperature and
humidity environment. To achieve this, an air source heat pump can be installed to simulate
the temperature field inside the substation. Figure 12 illustrates the indoor temperature
distribution when a fan coil is used at an outdoor ambient temperature of −20 ◦C. The
figure illustrates that the indoor temperature distribution is more uniform with this heating
method compared to direct electric heating. This method can adjust indoor temperature
and humidity changes by detecting indoor and outdoor temperature changes and adjusting
the indoor supply wind speed and heating temperature of the air source heat pump.

Figure 12. When the outdoor temperature drops to −20 ◦C, an air source heat pump is used to
distribute heat throughout the room.

In accordance with the standard GB/T25127.1 [27] for low ambient temperature air
source heat pump (water chilling) packages—Part 1: Heat pump (water chilling) packages
for industrial and commercial and similar applications, the energy efficiency ratio of the
system at −25 ◦C is determined to be 1.8. This means that for every 1 kW of electricity
consumed, the system is capable of producing 1.8 kW of heat. It is important to note that the
performance of the air source heat pump system is significantly influenced by the ambient
temperature. As the ambient temperature rises, the heating energy efficiency ratio of the
system also increases. The use of an air source heat pump system can provide real-time
adjustment of indoor temperature and other parameters, reduce personnel requirements,
and save at least 55% of annual electricity consumption.

As stated in Section 3.1, solar radiant panels generate an average of 18.748 MWh of
power annually, while the annual heat consumption for heating and cooling, calculated in
Section 2, is 19.425 MWh and 2.524 MWh, respectively. When using electric heating, the
solar power generated annually can meet 96.51% of the annual heating heat consumption.
If the air source heat pump requires no more than 65.04% of the annual power generated
by the photovoltaic system, it can satisfy the annual cooling and heating needs. However,
Figure 13 shows that the monthly power generation of the solar photovoltaic system does
not align with the cooling and heating demands. Therefore, while the building has achieved
near-zero-energy consumption in terms of total energy usage, it is necessary to fully achieve
this goal by increasing the installed capacity of the photovoltaic system and reducing the
heat load required for winter heating.
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Figure 13. Comparison chart of monthly heat consumption, cooling consumption, and electricity generation.

The carbon emissions during the operational phase of the building should be deter-
mined based on the energy consumption of different types of systems and the carbon
emission factors of different types of energy. The total carbon emissions per unit building
area (CM) during the operational phase of the building should be calculated according to
the following formula:

CM =

[
n
∑

i=1
(EiEFi)− Cp

]
y

A
(7)

Ei =
n

∑
j=1

(Ei,j − ERi,j) (8)

where CM represents the carbon emissions per unit area during the operational phase of
the building (kgCO2/m2), Ei denotes the annual consumption of the ith energy type in the
building (units/year), EFi stands for the carbon emission factor of the ith type of energy,
Ei,j represents the consumption of the ith energy type by the jth type of system (units/year),
ERi,j is the amount of the ith energy type provided by renewable energy systems for the
jth type of system (in units per year), i refers to the type of terminal energy consumption
in the building (including electricity, gas, and oil), j denotes the type of energy system in
the building (including HVAC and lighting), Cp represents the annual carbon reduction
amount of the building’s green space carbon sink system (kgCO2/year), y is the design life
of the building (in years), and A is the building area (m2).

Table 8 presents the total CO2 emissions during the operational phase of the building
over its lifecycle (50 years).

Table 8. Building operational carbon emissions.

Type
Cooling/Heating
Load (kWh/Year)

Electricity Consumption
(kWh/Year)

Carbon Emission
Factor (kgCO2/kWh)

Carbon Emission
(tCO2/Year)

Air source heat pump
heating system 19,426 10,792

0.5703

6.2

Heating system for
electric heating 19,426 19,426 11.1

Cold supply system 2524 841 0.5
Illuminating system - 2746 1.6

Equipment operation
system - 21,900 12.5

Total 20.3
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The energy consumption during the operational phase of the research object mainly
comes from electricity, and the emission factor for the electricity grid is selected based
on the data released in February 2023 by the Ministry of Ecology and Environment in
the notice “Regarding the Management of Greenhouse Gas Emission Reports for Power
Generation Enterprises for the Period of 2023–2025.” The average emission factor for the
national electricity grid in 2022 was 0.5703 kg CO2/kWh. From Table 8, it can be observed
that the heating system using an air source emits 4.9 fewer tCO2 per year compared to the
electric heating system. Over the 50-year lifecycle of the building, the carbon emissions per
unit area during the operational phase of the building are 1638 CO2/m2.

3.3. Efficient Use of Solar Energy Resources

Table 9 presents the primary wind directions and speeds for the winter and summer
seasons in the region where the main control building is located. The data were obtained
by consulting the relevant literature. Simulations of the outdoor airflow around the substa-
tion’s main control building were conducted for both winter and summer seasons using
the Ventilation Analysis module in the GBWARE2024, based on the main control building
model and related parameters. Figures 14 and 15 show the wind speed distribution at
a height of 1.5 m outdoors during winter and summer, respectively. The wind speed
on the windward side of the building ranges from 0.4 to 0.7 m/s under typical summer
outdoor conditions.

Table 9. Main wind direction and wind speed in each season.

Season Wind Speed (m/s) Wind Direction

Winter 3.20 WNW
Summer 2.00 ENE

Transition season 2.00 ENE

Figure 14. Diagram showing wind speed at 1.5 m in the outdoor wind field during winter.

Due to the indoor design temperature not exceeding 28 ◦C in the summer and the
calculated outdoor ventilation temperature in the Yichun area being 26.7 ◦C during the
summer, natural ventilation can be used to remove the heat entering the room and the
heat generated by the room’s equipment. Figure 16 shows the distribution of indoor wind
speed at a height of 1.5 m in the 10 kV distribution room under summer natural ventilation
conditions. Figure 17 shows the cloud map of indoor temperature distribution at a height
of 1.5 m in the 10 kV distribution room under natural ventilation conditions in summer.
Figure 18 presents the streamline map of indoor conditions in the same room under the
same conditions. The maximum indoor wind speed, as shown in the figures, is 0.384 m/s.
However, Figure 17 shows a temperature field distribution of around 27.8 ◦C, which is
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relatively uniform. The central area between two rows of equipment has a slightly higher
temperature of 28.1–28.4 ◦C due to poor ventilation conditions caused by the obstructive
effect of equipment heat load and obstacles, which prevent effective dissipation of equip-
ment heat through natural ventilation. Despite its effectiveness in regulating temperature
in most summer conditions, natural ventilation has limitations when it comes to indoor
environmental control. Specifically, there is an upper limit on outdoor meteorological
temperature beyond which natural ventilation alone cannot effectively reduce indoor heat
load and create a comfortable indoor environment. Therefore, the use of air conditioning
and fresh air systems is necessary for maintenance. Research indicates that when the indoor
temperature reaches 28 ◦C, the outdoor ambient temperature for the study object is 26.4 ◦C
due to changes in outdoor temperature. Therefore, activating the air source heat pump is
necessary to maintain optimal indoor temperature conditions when the outdoor ambient
temperature exceeds 26.4 ◦C.

Figure 15. Diagram showing wind speed at 1.5 m in the outdoor wind field during summer.

Figure 16. Wind speed distribution cloud map of the 10 kV distribution room during summer.

During the heating season, the indoor design temperature should not be set lower
than 20 ◦C. In transitional seasons, outdoor ventilation temperatures can fluctuate widely.
By adjusting the opening range of windows judiciously, excess indoor heat load can be
effectively dissipated. This study simulates conditions with an outdoor temperature of
20 ◦C as the benchmark for transitional seasons. Figure 19 analyzes the distribution
of indoor wind speeds at a height of 1.5 m in the 10 kV distribution room during the
transitional season under natural ventilation conditions. Figure 20 illustrates the cloud
map of indoor temperature distribution at the same height in the 10 kV distribution room
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under natural ventilation conditions during the transitional season. Figure 21 presents
the streamline map of indoor conditions in the same room under the same conditions.
During the transitional seasons, the maximum indoor wind speed is 0.467 m/s, and the
temperature ranges from 20.3 ◦C to 21 ◦C. Natural ventilation is an effective method
for removing indoor heat load, resulting in significant energy savings compared to air
conditioning or mechanical ventilation.

Figure 17. Temperature distribution cloud map of the 10 kV distribution room during summer.

Figure 18. Indoor air streamline diagram of 10 kV distribution room during summer.

Figure 19. Wind speed distribution cloud map of the 10 kV distribution room during transition season.
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Figure 20. Temperature distribution cloud map of the 10 kV distribution room during transition season.

Figure 21. Indoor air streamline diagram of 10 kV distribution room during transition season.

In addition to studying the temperature and velocity fields during the summer and
transition seasons, the substation must also ensure a sufficient number of indoor air changes.
Based on the above calculation parameters, it has been determined that the maximum
number of indoor air exchanges that can be guaranteed for the 10 kV distribution room is
16 times in the summer and 17 times in the excessive season.

4. Conclusions

In the context of actively achieving the goals of carbon peaking and carbon neutrality in
China, building energy consumption is influenced by various factors such as geographical
conditions, climate, and architectural form. Therefore, energy-saving and carbon reduction
in substation buildings should be tailored to local conditions and comprehensively consid-
ered. This paper focuses on substation buildings in cold regions as the research object. It
employs two methods: photovoltaic power generation systems and computational fluid
dynamics (CFD) simulations. By integrating the climatic characteristics of cold regions
and practical engineering considerations, suitable energy-saving technology routes are
proposed, emphasizing two aspects: the effective utilization of surrounding renewable en-
ergy sources and the reduction in equipment operational energy consumption. To expand
new avenues of innovation in the technological advancement of energy conservation and
carbon reduction in substation buildings, the relevant results are as follows:

(1) The solar photovoltaic power generation system in this study has an annual average
electricity generation of 18.75 MWh. Solar power generation can meet the annual
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electricity supply for HVAC load. Using a solar photovoltaic power generation system
in the building energy supply system can save 10.7 tCO2.

(2) Additionally, using an air source heat pump can save 44.5% of electricity when
compared to electric heating. When both a solar photovoltaic power generation
system and an air source heat pump are used to provide a building with a cold
and heat source, the annual emissions of CO2 can be reduced by 4.90 t compared
to a traditional electric heating system. It provides some design ideas for realizing
zero-energy consumption building and building energy savings and carbon reduction.

(3) To ensure the efficient operation of indoor equipment in the main control building of
the substation, natural ventilation can be used during summer and transitional seasons
when the outdoor air temperature is between 20 ◦C and 26.4 ◦C. Automated control
can be implemented to maximize energy-saving and carbon-reduction measures.
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Abstract: This study aimed to increase the energy independence of buildings by utilizing solar energy
to produce renewable energy. The subject of this study was a shading structure installed in an outdoor
space to provide solar energy. Solar panels were applied to the shaded structures to generate energy
actively. The solar panels were designed to be moved according to the optimal tilt angle each month
to produce the optimal amount of renewable energy. The architectural design of the shading structure
and the energy simulation of the solar panels were conducted using a parametric design. The results
of the energy simulation showed the generation of 31,570 kWh· year−1 of renewable energy. This
amount of energy is 10% higher than that produced by fixed solar panels. Thus, the moving solar
panel system developed in this study not only increases the energy independence of buildings, but
also has the advantage of higher renewable energy production compared with fixed solar panels.
Additionally, various types of shading structures can be designed depending on the combination of
solar panel modules; in particular, moving solar panels have the potential to facilitate ecofriendly
designs when applied to the exterior of buildings.

Keywords: active design strategies; energy-efficient architecture; solar panel system; parametric
design; shading structure

1. Introduction

Climate change caused by environmental pollution is progressing rapidly. Indus-
tries need to be reorganized to reduce environmental pollution to preserve the global
environment for the survival of mankind. The construction sector directly contributes to
environmental pollution through energy consumption. Changes in the energy consump-
tion in the construction field are an important factor affecting the global environment,
given that the energy consumption of the construction sector accounted for 37% of the
global energy consumption in 2022 [1]. Consequently, technological development related
to efficient energy consumption and renewable energy production in buildings is essential.
Accordingly, the International Energy Agency announces energy reduction goals for the
construction sector every year. To achieve these goals, each country specifically reduces
building energy consumption and CO2 emissions through Building Energy Sufficiency
policies [2,3]. In addition, energy-related studies in the field of architecture are actively
being conducted to generate renewable energy in buildings.

Clean and efficient building energy systems can be divided into active and passive
energy-saving systems. Active energy-saving systems generate energy within a building
using solar thermal panels, photovoltaic systems, wind power, and geothermal energy.
Passive energy-saving systems conserve building energy and minimize building energy
consumption through the insulation of the exterior and roof of the building and the instal-
lation of highly energy-efficient windows [4–7]. Recently, studies have been conducted
on complex, clean, and efficient building energy systems that combine active and pas-
sive energy-saving systems. Studies have been conducted to develop an energy system
optimization model and policies for model operation under the premise that a method
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combining active and passive energy-saving systems has the potential to reduce building
energy costs [8,9]. An empirical study was conducted to apply the developed energy-saving
system model to specific buildings. To increase the energy use efficiency of public institu-
tions and schools, studies have been conducted on the development of energy combination
models and algorithms [10,11] and on active and passive energy-saving systems to increase
the energy independence of residential buildings [12,13].

This study conducted architectural research based on active design strategies. The
active design strategy pursued in this study involved increasing the energy independence
of buildings by utilizing solar energy from various natural energy sources. Second, this
study targeted buildings that were easy to construct. In this study, buildings that could
be constructed within a short period without applying professional construction methods
were selected. From an active design perspective, buildings that are easy to construct
were selected as the research objects to maximize the effect of renewable energy generated
by the building compared with construction costs. The solar panel used to utilize solar
energy is not a fixed type, but a mobile model based on a parametric design for optimal
energy harvesting. The experimental process was designed to present a model of creative
architectural design.

The building selected for this study was a shaded structure. The modularization of
the elements that constitute the structure and the ease of the construction process satisfy
the attributes of active design. This empirical study serves as an experimental model for an
energy-efficient architectural design that can be used as a shelter for outdoor spaces needed
for outdoor activities.

2. Literature Review

2.1. Active Design Based on Solar Panel System for Energy-Efficient Architecture

The photovoltaic effect, which generates energy from sunlight, was first introduced by
the French physicist Alexandre Edmond Becquerel in 1839. Solar cells were first used as an
energy source when they were deployed as a power source for communication networks in
Americus, Georgia in 1955 [14,15]. Solar panels were first applied in the architectural field
by American architects and engineers just before World War II up to the late 1950s. After
the war, as concerns about energy supply and global environmental problems emerged,
interest in the development of ecofriendly architectures that utilize solar energy increased.
However, as oil energy was used as the main energy source at the time, interest in solar
energy decreased, whereas interest in renewable energy increased again following the
oil crisis of the 1970s [16]. Today, solar-energy-based active designs are being applied to
various buildings because of the global interest in low carbon emissions and energy savings
in all industrial fields.

The methods for utilizing solar energy in the construction sector can be broadly
divided into two types. First, some buildings produce electrical energy from solar energy.
This method involves installing a solar power generation system in a building. Solar cells
are installed on the roofs of buildings to convert the natural energy of sunlight into electrical
energy. Second, some buildings produce heat energy from solar energy. Solar collectors are
installed on the roofs of buildings to produce energy for heating water [17,18].

Solar panels installed in buildings are placed on the rooftops of the buildings to expose
the solar panels fully to sunlight and facilitate their maintenance. Building-integrated
photovoltaics (BIPVs) are widely used to install solar panels on sloped roofs and building
façades rather than on flat roofs [19]. Before applying BIPVs, the selection of the opti-
mal solar panel location and various climatic conditions are considered to increase the
energy production efficiency [20]. Once the location of the solar panel is selected, the
panel is attached to the exterior wall of the building, and such an integration changes
the building’s envelope from an energy consumer to an energy producer. Solid-based
active building envelopes are systems in which solar panels are integrated into the building
roof and exterior walls. Currently, owing to the development of solar panel materials,
solid-based active building envelopes are applied not only to opaque building shells but
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also to transparent windows [21]. Semitransparent solar panels have been inserted into
double-glazed windows to maximize the amount of renewable energy produced by build-
ing envelopes [22–24]. In particular, the active energy façade system installed on the
southern vertical surface of a building façade maximizes the energy production efficiency
through the attachment of solar panels to moveable louvers installed to control the solar
influx [25,26]. Solar-panel-integrated louvers with fluid properties have the potential to
be applied to the exterior of a building and used as a design element for creative façades
and to produce renewable energy. Research related to the kinetic façade system installed
on the exterior wall of a building aims to use technology to increase the energy efficiency
of buildings through architectural design. Investigations have been conducted on kinetic
façades based on geometric patterns inspired by traditional architectural designs in the
Middle East [27]. In addition, researchers have developed a kinetic biomimetic system
in which plants respond to light as a kinetic façade [28]. Glass façades of various colors
with different geometric shapes and a kinetic façade abstracting a biomimetic system were
developed on a building façade. These studies aimed to improve daylight performance
within the building space using the developed kinetic façade. Daylight performance was
measured in a virtual space via parametric simulations.

2.2. Parametric Design in Architecture

“Parameter”, the core of parametric systems applied to various fields today, has a
broad meaning. The etymology of “parameter” is a combination of the ancient Greek
words “para” and “metron,” where “para” means “besides, before, or instead of,” and
“metron” means “measure.” According to ancient Greek etymology, “parameter” refers
to a term that represents or determines another measure. Parametric design in the field
of architecture was first introduced in 1971 as the concept of “relationships between mea-
sures” [29]. These parametric concepts were implemented as buildings in a virtual space
using computer software.

Architectural parameters were used to draw conclusions based on the diverse variables
necessary for the architectural design. In other words, the parameters in the field of
architecture are characterized by a range of possible values rather than by obtaining a
constant result, such as a mathematical formula. The advantage of parametric design is that
it can produce various architectural design results by controlling several parameters [30].
Proposals of various architectural designs using this parameter system have the advantage
of not only deriving creative designs but also judging the effectiveness of the design
according to each parameter.

Parametric tools originated in SketchPad [31], a computer program developed by Ivan
Sutherland in 1963. SketchPad, the first computer-aided system (CAD) program, is a pen
equipped with a laser pointer [32]. It allows not only the creation of simple basic shapes,
but also design changes through parametric equations. Additionally, as the parameters
change, the shapes are recalculated, and design changes become possible. While early CAD
systems simply digitized design concepts expressed on paper using basic logic, parametric
design is currently evolving to present architectural concepts and new design perspectives,
owing to the development of parametric software programs.

Parametric design has been applied in the architectural field since the early 1990s.
Parametric modeling has significantly influenced the design process for architectural
development and the establishment of new design concepts. Parametric design was
established as a new architectural theory called “Parametricism” and began to be used
as a concept to signify a new global architectural style beyond a simple design tool [33].
In particular, the digital revolution of the 20th century accelerated the application of
parametric design in the architectural field.

Parametric design software have developed rapidly since the early 2000s. The most
commercialized software in the architectural field today is Grasshopper, a plug-in program
for Rhinoceros, and Dynamo, a plug-in program for Revit developed by Autodesk under
the concept of building information modeling [34,35]. Designers use parametric design
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software, and design is performed through the definition of an algorithm, which is an
integrated system that combines diverse variables for architectural design. An algorithm is
a system that solves a given problem using well-defined processes and basic unambiguous
instructions [36]. When limited data are input into the algorithm, special results are
obtained. Various algorithms have been built for optimal design, and the best method that
satisfies the criteria for design decisions is determined by generating positive or negative
results based on the input data.

2.3. Shading Structure

Shading structures are minimal architectural structures installed to avoid exposure to
excessive sunlight. As an architectural structure, the shading structure has its origins in the
velarium of the ancient Roman era. The velarium is a canvas-type folding system composed
of ropes and masts, and a representative example is the one installed on the roof of the
Colosseum in ancient Rome. The velarium installed on the roof of the Colosseum has the
advantage of low installation costs because it uses minimal construction technology, pro-
vides shade to spectators, and simultaneously facilitates ventilation inside the Colosseum
through the sloping roof [37]. Shading structures, which were developed for long-term
outdoor activities (starting with the velarium), are still in good use. Shaded structures are
installed on public streets in countries with hot climates. The awning installed at the top of
a public street not only protects pedestrians from excessive solar radiation but also protects
public spaces from dust and glare. Additionally, through material development, shading
structures are responsible for the architectural research field of membrane architecture [38].
The flexibility of the materials that constitute the shading structure and the lightweight
architectural structure that supports the flexibility of the materials not only play a functional
role in blocking sunlight but are also used as an aesthetic element in architectural design.
In particular, sunsails that make up sunshades are an important architectural element
in that they can variably construct and control spaces and provide users with various
spatial experiences depending on light, shadow, and internal temperature [39]. Shading
structures, which have architectural functions and aesthetic potential, are widely used
today in external spaces, stadium roofs, and shading designs on the exteriors of buildings.

From the perspective of building energy utilization, the sunsail-type shading structure
is based on a passive energy system. However, current buildings must have active energy
systems that produce a certain amount of renewable energy within the building itself. From
this perspective, shading structures installed outdoors have the potential to utilize passive
and active energy systems, because of the direct exposure of the surrounding environment
to sunlight, the area of the structure, and the flexible nature of the structure.

3. Methodology

This study consisted of five stages. First, an architectural design was developed
for the shading structure. The shading structure was designed to be variable and easy
to install. The main architectural elements that constituted the shading structure were
integrated solar panels with a solar-energy-based active design. It was assumed that the
shaded structure was installed in an external space without shadow interference from
surrounding structures. The purpose of installing a shading structure in an external space
was to build a multipurpose architectural space to facilitate various outdoor activities and
simultaneously utilize solar energy to increase the renewable energy production efficiency
of the building. Second, the architectural design was implemented in a virtual space using
a computer program. In this study, a shaded structure was designed using the Autodesk
Revit 2020 software. The Revit software is a representative architectural design program
that integrates various data from the architectural design process and digitally realizes all
the stages from architectural planning and design to construction and operation, which
are the final stages of construction [40]. Third, a parametric design was developed. The
purpose of the parametric design was to build a solar-based active architectural design.
Dynamo, Revit’s plug-in software, was used to build algorithms for the parametric design
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and perform the design according to the variables. Fourth, the active energy design of
the shaded structure was simulated. The design simulation aimed to measure the amount
of renewable energy generated by the shading structure. This study used Revit’s plug-in
software, the Insight program, to measure the amount of solar energy generated by the
solar panels. Finally, the parametric design results were derived. The amount of renewable
energy generated from the shading structure over one year and the overall appearance of
the shading structure were evaluated (Figure 1).

 

Figure 1. Flowchart of methodology.

4. Design

4.1. Arrangement of Solar-Panel-Integrated Modules That Form the Shading Structure

The shading structure was implemented using the Autodesk Revit 2020 program [41].
The module comprising the shading structure was an integrated solar panel and was 0.5 m
wide and 0.7 m long. All the panels were placed facing south to ensure maximum sunlight
exposure (Figure 2A). The module size was set based on the specifications of solar panels
that are currently being produced. The solar panel selected for this study (Q. PEAK DUO
XL-G10, 1 m wide and 2.1 m long) is used on building roofs [42]. To apply a solar panel
to a shaded structure, the panel must be in the form of a small module. As the shading
structure is easy to install and has a variable structure, the solar panels used on the roofs
of buildings must be lightweight. By dividing the solar panels installed on the roof of the
building selected for this study into six parts, a minimum unit shading structure module
with a width of 0.5 m and a length of 0.7 m was obtained. The size of this single module
was determined to ensure no panel loss after segmenting the existing large solar panels.
The modules on the upper floor were placed at 1 m intervals up to a maximum height
of 7 m. The modules were not placed up to 1 m above the ground to prevent damage
to them from pedestrians, and they were placed up to 7 m, the height of two floors of a
regular building, to create sufficient shade space on the ground floor. Additionally, the
modules were arranged inclinedly at intervals of 0.75 m on the sides and 1 m on the top to
prevent shadow interference between the modules (Figure 2B). In the plan, each module
was arranged at intervals of 1 m on the side and 0.75 m at the top and bottom. A total of
57 unit modules were placed at a site with a width of 11 m and a length of 5 m (Figure 2C).
An area of 55 m2, including the empty space between the 57 solar modules, was created
using the shading structure. The 55 m2 area was planned to satisfy Korea’s minimum
installation standard for public open spaces of 45 m2 [43]. Excluding the space between the
57 solar panels in the 55 m2 area, a 45 m2 external space was created for people to occupy
under the shading structure. First, through the arrangement of this module, the energy
production efficiency was maximized because there was no shadow interference between
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the modules. Second, a small amount of sunlight entered the shade curtain through the
gap between the modules; therefore, the inside of the shade cloth was not completely dark.
The number of modules can be varied according to the size of the external space in which
the shading structure is installed and the purpose of the shading structure.

Figure 2. Layout of solar-panel-integrated modules. (A) Bird’s-eye view of shading structure,
(B) Cross-section of shading structure, (C) Layout of shading structure.

4.2. Flexible Shading Structure Plan for Energy Optimization

This study utilized solar panels for an active design that produces energy within the
building itself and employed flexible solar modules to maximize the energy generation
efficiency. In a flexible solar module, the installation angle of the solar panel changes to
increase the energy generation efficiency according to the movement trajectory of the sun,
which changes monthly during the year. These flexible solar panels can maximize energy
generation compared with existing fixed solar panels. They have the potential to be applied
to the exterior of buildings as a “kinetic façade” and be used as an important element of
architectural design. The solar modules were installed according to the optimal tilt angle
for each month to achieve the optimal energy generation. The monthly optimal tilt angle
value is calculated using the Calabrò function (1) [44]. In Equation (1), β is the optimal tilt
angle value, and a1 and a2 are coefficients derived from the solar declination value.

β = a1 + a2 × ϕ (1)

The monthly optimal tilt angle value (β) is derived from the coefficients a1 and a2
from January to December. The device supporting the solar module was designed to move
90◦ relative to the south-facing central axis of the panel. The solar modules were placed
according to the optimal tilt angle for each month using a lightweight metal device that
could move in response to sunlight. In each solar panel, PV cells, each with a thickness
of 6 mm, were placed on top of a lightweight steel structure with a thickness of 1 mm.
The solar panel had a rotating device installed at the bottom such that it could be moved
according to the optimal tilt angle. The rotating device integrated with the solar panel was
placed on thin aluminum tubes (d = 1 cm) (Figure 3). The total weight of a unit solar panel,
including the lightweight steel structure, was approximately 0.5 kg. The total weight of the
57 solar panels that constituted the shading structure was expected to be 28.5 kg, and this
weight was sufficiently supported by the tensile-supporting structure. In particular, the
tensile-supporting structure of the thin aluminum tube was a flexible structural form that
moved in response to wind action. This flexible structure is a structurally safe model in
which the structure deforms without collapsing owing to external shock [45].
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Figure 3. Principle of flexible solar-panel-integrated module.

The study was conducted assuming that the shading structure was installed in Seoul,
the capital of Korea (37.5◦ N, 126.9◦ E). By substituting the latitude of Seoul (ϕ = 37.5) and
the coefficients a1 and a2 from January to December into Equation (1), the optimal tilt angle
values are derived (Table 1).

Table 1. Optimal tilt angle from January to December for Seoul (37.5◦ N, 126.9◦ E).

Month
Coefficients Optimal Tilt Angle (Deg)

a1 a2 β

January 31.33 0.68 56.8◦
February 16.25 0.86 48.5◦

March 6.80 0.84 38.3◦
April −6.07 0.87 26.6◦
May −14.95 0.87 17.7◦
June −19.27 0.87 13.4◦
July −15.65 0.83 15.5◦

August −4.23 0.75 23.9◦
September 6.42 0.77 35.3◦

October 15.84 0.83 47.0◦
November 23.61 0.84 55.1◦
December 30.56 0.76 59.1◦

5. Parametric Modeling and Simulation

5.1. Building Algorithms for Parametric Modeling

The aforementioned shading structure implemented in a virtual space using the Revit
software was composed of solar-panel-integrated modules of a certain size. In addition,
the modules moved according to the optimal tilt angle every month to maximize the
renewable energy generation. An energy simulation for the proposed shading structure
was conducted using the size of the solar-panel-integrated module and the optimal tilt
angle at which the module was installed as variables. Parametric modeling is the process
of designing through the definition of an algorithm that integrates these variables. This
study implemented parametric modeling using Dynamo [46], a plug-in program for the
Revit software used for the implementation of the shading structure.

Dynamo is a programming language that allows the development of Revit programs.
This tool can develop functions based on Revit to suit the user’s environment [47]. Through
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the language system built with Dynamo, simple repetitive tasks owing to various environ-
mental changes are shortened, and large amounts of input data are easily processed. In
addition, Dynamo is a visual graphic programming tool that makes it easy to understand
the flow of parametric modeling, because it is a programming language that connects nodes
for executing commands and nodes for inputting variables. This parametric modeling
process involves building an algorithm. The schematic of the algorithm for this study is
described as follows. First, the solar panel is selected from among the various architectural
elements that constitute the shading structure. A specific solar panel module can be selected
from several solar panels. Second, the size of the solar panel module is determined. Finally,
the solar panel module is placed at the desired installation angle (Figure 4).

 

Figure 4. Schematic of the algorithm, with the width set to 500 mm and the length set to 700 mm for
solar panel “Module 1” and an optimal tilt angle of 15.5◦ given as input.

5.2. Simulation for Solar Energy Generation

The simulation for renewable energy generation was conducted using the Revit plug-
in, the Insight program [48]. The Insight program was developed to simulate solar energy
generation in buildings using Revit. The input variables for running the Insight program
include information about the site where the building will be constructed. When the name
of a city is entered, the program automatically recognizes its latitude and longitude. Second,
a solar panel attached to a building was selected for the simulation. We could select the
type of solar panel to be installed on the exterior wall, and we could also select all or a
few solar panels. Third, the simulation period was set. Solar panel modules were placed
according to the monthly optimal tilt angle from January to December 2023 derived using
the Calabrò function in Section 4.2. Subsequently, a solar energy simulation was conducted
by setting sunrise and sunset times from 6 a.m. to 8 p.m. (Figure 5).

Table 2 presents the amount of energy generated from the 57 solar panel modules
(total panel area, 20 m−2) that constitute the shading structure. Based on the energy
simulations, the months with the highest and lowest solar energy production were June
and December, respectively. In June, a total of 3474 kWh·month−1 was generated from
solar panels installed at an optimal tilt angle of 13.4◦. On the other hand, in December, a
total of 1963 kWh·month−1 was generated from solar panels installed at an optimal tilt
angle of 59.1◦. The total amount of energy generated from the solar panels during the year
from January to December 2023 was 31,570 kWh·year−1.
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Figure 5. Solar panel module simulation generated by entering the optimal tilt angle of 35.3◦

corresponding to September 2023 into the Insight software.

Table 2. Solar energy generated according to optimal tilt angle and fixed optimal tilt angle (50◦) from
January to December.

Month

Total Area of
Solar Modules

Optimal Tilt Angle Energy Generation
Fixed Optimal

Tilt Angle
Energy

Generation

m−2 β kWh·Month−1 β kWh·Month−1

January 20 56.8◦ 2112 50◦ 2023
February 20 48.5◦ 2442 50◦ 2434

March 20 38.3◦ 3169 50◦ 3162
April 20 26.6◦ 2654 50◦ 2505
May 20 17.7◦ 3173 50◦ 2750
June 20 13.4◦ 3474 50◦ 2780
July 20 15.5◦ 1979 50◦ 1669

August 20 23.9◦ 2877 50◦ 2622
September 20 35.3◦ 2899 50◦ 2846

October 20 47.0◦ 2713 50◦ 2702
November 20 55.1◦ 2115 50◦ 2090
December 20 59.1◦ 1963 50◦ 1907

Total energy generation 31,570 kWh·year−1 29,490 kWh·year−1

6. Results and Discussion

This study aimed to conduct empirical research to increase energy independence in
the field of architecture. A shading structure composed of solar panel modules was selected
as the research subject because, first, the shading structure itself is light and can be easily
installed in an external space. As the structure is easy to install, various shading structure
designs that utilize natural environments, such as trees, can be proposed. In addition, solar
panels of various colors created through advancements in solar panel materials have the
potential to be used as creative design elements for shaded structures (Figure 6). Second,
the shading structure is directly exposed to sunlight; therefore, it is the optimal architecture
to apply an active energy design that produces renewable energy from sunlight.
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Figure 6. Virtual image of a shading structure with colored solar panels.

The shaded structure was constructed using a parametric design process. Parametric
design is a process wherein a design is completed by inputting limited data into an algo-
rithm built by a designer. Parametric design is evolving with the development of various
software programs. In this study, a shading structure was implemented in a virtual space
using Autodesk Revit. The Revit program is a preliminary step in applying parametric
design and ensures that all the elements that constitute a building are implemented in a
three-dimensional space. After the shading structure was built using the Revit program,
an algorithm for the parametric design was built using Dynamo, Revit’s plug-in software.
The Dynamo algorithm was designed with the inputs of the size and installation angle of
the solar panel module to be applied to the shading structure. A parametric design was
conducted by inputting the optimal tilt angle information from January to December for
57 solar panel modules with a width of 0.5 m and a length of 0.7 m. After the physical form
of the shading structure was determined using the Dynamo algorithm, an energy simu-
lation was performed using the Revit plug-in software, the Insight program. The Insight
program produces solar-based renewable energy upon inputting the location information
of the shading structure and the period for energy simulation. In this study, an energy
simulation was conducted for one year, from January to December 2023, assuming Seoul
to be the location where the shading structure will be installed. Consequently, the energy
generation was the highest in June (3474 kWh·month−1), and the lowest in December
(1963 kWh·month−1). The total energy produced through the solar panels in 2023 was
31,570 kWh·year−1. Assuming that LED street lights (100 W·h−1) installed in outdoor
spaces operate for 12 h every day, the amount of generated energy (31,570 kWh·year−1)
derived from this study is sufficient to supply power to 72 LED street lights. These results
demonstrate that parametric design in the architectural field is highly efficient in terms of
construction and renewable energy generation.

As an empirical study related to kinetic façades, a building with a parametric design
applied to the façade was completed in Germany in 2020. The optimal tilt angle for opti-
mizing solar power generation was derived through a parametric simulation, and solar
modules were placed at different angles on the south, southwest, and west sides of the
building. As of 2022, the total renewable energy generated from building façades was
equivalent to 14% of the total building energy consumed [49]. Solar panels at different an-
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gles were installed on the three building façades using the kinetic façade concept, increasing
the energy independence of the building.

The shading structure based on kinetic solar panels, whose positions change ev-
ery month, as proposed in this study, can increase energy generation compared to solar
panels fixed at optimal tilt angles. The generated renewable energy not only supplies
power inside the building but can also power a number of external streetlights around the
shading structure.

7. Conclusions

Since the onset of the COVID-19 pandemic, various external activities have been
undertaken. This study was conducted with the objective of planning architectural spaces
that serve as rest areas for various outdoor activities and increase the energy independence
of architecture. A shading structure was used as the research object to provide the resting
space necessary for outdoor activities, and an integrated solar panel module was used as
the main structure of the shading structure. The novelty of the structure proposed herein is
that, rather than being passive, where existing solar panels are fixed and installed on the
roof or façade of a building, this structure was designed to move actively according to the
optimal tilt angle for optimal solar energy generation every month. The advantages of these
“kinetic solar panels” are, first, that renewable energy generation increases compared with
existing fixed solar panels. When installing fixed solar panels in Seoul, the subject of this
study, the optimal solar panel angle was 50◦ [50]. When the shading structure proposed
herein was installed at a fixed angle of 50◦ and energy simulation was performed using the
Insight software for one year in 2023, a total of 29,490 kWh·year−1 was derived (Table 2).
The energy generation of 29,490 kWh·year−1 from solar panels fixed at 50◦ is equivalent
to 93% of the energy (31,570 kWh·year−1) generated by the kinetic solar panels proposed
in this study. Second, by using moving solar panels, the scale and shape of the shading
structure can be varied by varying the size and combination of various panel modules.
Ultimately, the kinetic solar-panel-based shading structure proposed herein can increase
energy generation compared with fixed solar panels and supply power to several external
streetlights around the shading structure. Additionally, in terms of design, kinetic solar
panels can be applied not only to simple lightweight structures, such as shading structures,
but also to the exteriors of various buildings, and can be applied as an important element
of architectural design.

The proposed kinetic solar panel was designed in a virtual space. Assuming that a
shaded structure is built in a real space, this study has the limitation of not having a specific
plan regarding the mechanism of the device for installing solar panels on the structure. Fu-
ture research will aim to develop a solar panel system that moves independently according
to the monthly optimal tilt angle. In particular, analyzing the power consumption required
to move solar panels is an important research topic that determines the energy efficiency
of kinetic solar panels. This study has the potential to initiate new convergence research
through a collaboration between computer and electrical energy engineering for the design
of kinetic solar panels, focusing on the field of architectural design.
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Abstract: Heating ventilation and air conditioning systems account for over one-third of building
energy usage, especially for public buildings, due to large indoor heat sources and high ventilation
and thermal comfort requirements compared to residential buildings. Natural ventilation shows
high application potential in public buildings because of its highly efficient ventilation effect and
energy-saving potential for indoor heat dissipation. In this paper, a building design is proposed
for a science museum with atrium-centered natural ventilation consideration. The floor layout,
building orientation, and internal structure are optimized to make full use of natural ventilation for
space cooling under local climatic conditions. The natural ventilation model is established through
computational fluid dynamics (CFD) for airflow evaluation under indoor and outdoor pressure
differences. The preliminary results show that such an atrium-centered architectural design could
facilitate an average air exchange rate over 2 h−1 via the natural ventilation effect. Moreover, indoor
thermal environment simulation results indicate that the exhaust air temperature can be about
5 ◦C higher than the indoor air mean temperature during the daytime, resulting in about 41.2% air
conditioning energy saving ratio due to the free cooling effect of natural ventilation. This work can
provide guidance and references for natural ventilation optimization design in public buildings.

Keywords: public building; natural ventilation; wind pressure; energy saving; indoor environment

1. Introduction

The building construction sector is considered one of the largest consumers of natu-
ral resources and energy. Buildings consume 30–40% of all primary energy and natural
resources over their lifespan (construction, operation, maintenance, and demolition) and
account for 30% of the global emissions of greenhouse gases [1]. A significant proportion of
the increase in energy use was due to the spread of HVAC installations in response to the
growing demand for better thermal comfort within the built environment. In general, in
developed countries, HVAC is the largest energy end-use, accounting for about half of the
total energy consumption in buildings, especially non-domestic buildings [2]. Public build-
ing energy consumption constitutes a large proportion of total building energy use. The
overall energy consumption per m2 in public buildings is over two times higher than that in
residential buildings in China [3]. Meanwhile, China faces constant growth in the amount
of public building area and energy consumption [4]. The energy consumption intensity
of public buildings has also increased rapidly. Heating ventilation and air conditioning
(HVAC) systems account for nearly 50% of the energy consumption of public buildings [5].
In recent years, China has been undergoing fast urbanization, with the public building
areas reaching 11.6 billion m2 by 2020, and urbanization causes thermal elevation which
increases household energy consumption through air conditioning to reduce human heat

Appl. Sci. 2024, 14, 610. https://doi.org/10.3390/app14020610 https://www.mdpi.com/journal/applsci102



Appl. Sci. 2024, 14, 610

stress [6,7]. In fact, in the building sector, HVAC systems represent between 40 and 60% of
energy consumption in Europe and more than 50% in the United States [8]. Therefore, to
reduce building energy, it is essential to reduce heating and cooling energy consumption.
Public buildings mainly adopt concentrated air conditioning systems. For public buildings
with certain thermal physical properties of the building envelope, there are two main
factors affecting the cooling and heating load requirements [9]. One main impact factor is
the outdoor climatic conditions (such as outdoor air temperature and humidity, and solar
radiation intensity), which determine the basic amount of the cooling and heating load [10].
In particular, large-scale structures such as science and technology museums typically rely
on air conditioning systems for indoor temperature control, a practice associated with
increasing energy consumption. In alignment with national carbon reduction policies,
there is a growing emphasis on harnessing the natural ventilation potential in regions
characterized by hot summers and warm winters [11]. Studies have shown that occupants
of naturally ventilated buildings are comfortable over a wider range of temperatures than
occupants of buildings with centrally controlled HVAC systems [12]. Hence, many re-
searchers have focused on natural ventilation system modeling, testing, and performance
simulation of natural ventilation systems. Li and Chen [13] conducted a study on when and
where natural ventilation cooling can be considered in the pre-design phase in China, and
concluded that Kunming is the top priority for one-year mixed-ventilation air-conditioned
buildings through a study of 100 cities. Zhang et al. [14] and González-Cruz et al. [15]
combined the natural ventilation system with advanced air conditioning terminal devices
such as floor radiation heating for an integrated system configuration investigation. Krusaa
et al. [16] utilized building performance simulation software to analyze the effectiveness
of natural ventilation in a local public building. The authors proposed a strategy that
combines natural ventilation with air conditioning and verified that this strategy could
reduce energy consumption by 13.1%. Ji et al. [17] conducted an analysis of the impact
of air pollution and climate changes on the potential for natural ventilation in 74 Chinese
cities from 2014 to 2019, identifying key factors limiting the utilization of natural ventilation.
Maite Gil-Baez et al. [18] analyzed and compared the effectiveness of air renewal in two
school buildings with a mechanical ventilation system compared to a natural ventilation
system, and showed that by using a natural ventilation system, energy savings of 18–33%
could be achieved while maintaining classroom comfort. Furthermore, Rosato et al. [19]
and Prieto et al. [20] conducted a comprehensive summary of various natural ventilation
methods and the current status of natural cooling methods, pointing out the research
direction of achieving natural cooling through natural ventilation.

Considering the energy-saving potential of natural ventilation in the early stages
of building design, especially in China, is currently the subject of more limited research.
Kyosuke Hiyama et al. proposed a preliminary design methodology for naturally ventilated
buildings utilizing a target air change rate [13].

The heavy dependence of sizable public structures on air conditioning systems for
maintaining indoor thermal comfort leads to substantial energy consumption within these
buildings. Consequently, mitigating the energy use of air conditioning systems in public
structures has emerged as a pressing concern demanding immediate attention. However,
although some scholars have considered the impact of natural ventilation potential on
building energy efficiency in the early stages of building design, research based on a typical
case of considering the cooling potential of natural ventilation in the early stages of building
design is still insufficient.

Even though existing studies offer various concepts, methods, and ideas for building
ventilation and air conditioning systems, with comprehensive consideration from experi-
mental, technical, economic, and thermal perspectives, attention has been paid mainly to
natural ventilation performance and operation from the viewpoint of the system designer.
Designers of air conditioning systems pay relatively limited attention to air conditioning
energy consumption, and reducing it is considered a challenging task. Therefore, the
authors of this paper suggest that it is possible to approach this issue from the perspective
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of architects. By incorporating considerations of building energy consumption in the early
stages of architectural design, it becomes feasible to effectively reduce overall building
energy consumption. This approach offers an effective reference and design strategy for
achieving energy efficiency in buildings at the architectural design level. Consequently, this
paper addresses several key questions: How can internal land use and space planning of
buildings be determined from the perspective of building design as a way to reduce energy
consumption? How can building design be optimized to leverage natural ventilation in
local wind environments? What could be the pre-estimated energy-saving potentials of
such naturally ventilated public buildings, compared to traditional reference design modes?
This study presents tentative answers to these questions using the new construction project
of a science museum in Guangzhou, China, as a typical illustrative example. The main
body of the paper is structured as follows: (1) The natural ventilation dynamic models
are established based on the local wind environment and climatic conditions. (2) The
detailed architectural design and space planning are demonstrated and optimized with
an atrium-centered floor layout to make full use of the free cooling effect through natural
ventilation. (3) The energy saving potential for such a design is evaluated with dynamic
building load simulation and annual energy consumption comparison. This work can
provide a typical design reference and application prototype for new construction with
natural ventilation considerations, especially for big public buildings with air conditioning
energy efficiency improvement expectations.

2. Methods

2.1. Natural Ventilation Mechanism

Building ventilation is a key passive strategy for designing energy-efficient buildings
and improving indoor air quality [21]. In the natural environment, the ventilation phe-
nomenon in which a building relies on the airflow between the indoor and outdoor spaces
to introduce fresh air and remove dirty air is usually called natural ventilation. Natural
ventilation is usually referred to as the behavior of indoor personnel consciously opening
building vents during the use of the building (especially during the transition season)
to make full use of natural air to cool and dehumidify the building, thus reducing the
indoor cooling and humidity loads of the building; air infiltration is usually defined as
the physical phenomenon of air flowing from high-pressure to low-pressure areas through
cracks, crevices, or non-deliberate openings in the enclosure structure during the operation
phase of the building (e.g., air conditioning and heating seasons) when there is a difference
in pressure between the indoor and outdoor spaces. This is the physical phenomenon of
high-pressure to low-pressure flow [22]. Natural ventilation can be defined as a type of
anticipatory ventilation, whereas air infiltration is a disorganized and unintended exchange
of air. Based on their physics, both intended ventilation and unintended air infiltration
are, in essence, natural ventilation. The driving force for natural ventilation is usually the
wind pressure created by atmospheric movement on the building surface or the thermal
pressure (which is essentially a difference in air density) caused by the difference in air
temperature between the interior and exterior of the building [23]. Therefore, heat pressure
and wind pressure are the two main factors affecting natural ventilation. In addition,
another necessary condition for natural ventilation is the existence of cracks or openings
in the building envelope for airflow. Ventilation caused by wind-driven forces is called
wind-pressure ventilation, and ventilation caused by buoyancy-driven forces is called
thermal-pressure ventilation.

Thermal pressures are caused by density differences due to differences in air tempera-
tures between the interior and exterior of the building, and their effect on the building is
known as the chimney effect. The root cause of the chimney effect in high-rise buildings
is the temperature difference between indoor and outdoor air, which further leads to a
density difference between indoor and outdoor air. This density difference results in a
difference in the gravity of the indoor and outdoor air columns, which in turn results in a
difference in the distribution of the static pressure gradient between the indoor and outdoor
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air, resulting in a difference in air pressure. The greater the temperature difference between
indoor and outdoor air when the building height is certain, or the higher the building is
when the temperature difference between indoor and outdoor air is certain, the greater the
heat pressure generated and the more significant the chimney effect caused.

When natural wind blows towards the building, due to the shielding of the building,
the outdoor airflow will change direction around the building to produce a winding flow.
The windward side of the building causes the airflow to be obstructed, resulting in the
formation of a positive pressure zone, which is characterized by a decrease in dynamic
pressure and an increase in static pressure. The top and sides of the windward side of
the building force the air to produce a flow boundary layer on the surface of the building,
which develops into a localized vortex, resulting in a reduction in static pressure on the top
and back of the building, or even a negative pressure [23]. As a result of the atmospheric
movement, the static pressure of the air around the building changes, and this pressure
is often referred to as wind pressure. Wind pressure forces a differential pressure on both
sides of an opening or cracks in the envelope, which manifests itself as a flow of air from a
high-pressure area to a low-pressure area (Figure 1).
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Figure 1. Schematic diagram of building natural ventilation driven by pressure difference.

2.2. Mathematical Modeling

The strength of wind pressure on a building surface is closely related to outdoor wind
speed, wind direction, temperature, air density, and other parameters. However, in the ac-
tual environment, wind conditions are characterized by rapid changes and unpredictability,
and the wind pressure on a building surface is strongly fluctuating and transient. Due to the
complexity and variability of wind pressure, the accurate measurement of wind pressure on
a building surface is a challenging task, especially when accurate transient wind pressure
data are required. The airflow field around a building is related to the influencing factors
such as the shape of the building, the angle between the building orientation and the wind
direction, and the shading of the surrounding environment (e.g., buildings, structures, and
vegetation), which will result in the wind pressure coefficient on the surface of the building
being difficult to obtain directly from theoretical calculations. From the above analysis,
it can be seen that both expected natural ventilation and unintended air infiltration are
natural ventilation in nature [23]. According to the findings of fluid mechanics, the physical
model of natural ventilation is the gas orifice flooding outflow model. As Figure 1 shows,
according to the Bernoulli equation,

H1 +
P1

ρg
+

α1v2
1

2g
= H2 +

P2

ρg
+

α2v2
2

2g
+ ζ1

v2
c

2g
+ ζ2

v2
c

2g
, (1)

Then, the airflow velocity caused by natural ventilation can be expressed by

vc =
1√

ζ1 + ζ2
·√2gH0, (2)

where ζ1 is the local resistance coefficient of the liquid through the orifice and ζ2 is the
local resistance coefficient of the liquid that suddenly expands after the contraction of the
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section (ζ2 = 1 because the 2–2 section is much larger than the C–C section). Air outflow
is generally submerged outflow, due to the small gas capacity, which can be ignored in
the total head difference before and after the orifice of the location of the head term (bit
pressure). Furthermore, when there is a pressure difference between the two sides of
the geometrically large openings in the building envelope, the natural ventilation airflow
pattern is turbulent flow. Thus, after taking the building opening area into consideration,
the ventilation airflow rate is

QV = μA

√
2ΔP0

ρ
, (3)

where ρ and μ are density (kg/m3) and opening airflow coefficient, respectively. Currently,
the commonly used methods for determining the wind pressure coefficient mainly include
field measurements, wind tunnel experiments, computational fluid dynamics numerical
simulation (CFD), or semi-empirical models [24].

According to the Navier–Stokes fluid mechanic theory, partial differential equations
can be deduced for incompressible fluid and flows. Generally speaking, natural ventilation
generates turbulent airflow in big public buildings, which makes it difficult to solve Navier–
Stokes equations because of the greatly varying mixing-length scales for any turbulent
airflow [25]. In this paper, the k–ε turbulence model is used to govern the Reynolds-
averaged Navier–Stokes (RANS) formulas, combined with practical computational fluid
dynamics (CFD) applications. The mass continuity equation of incompressible fluid is:

dρ

dt
+∇ · (ρV) = 0, (4)

where V is the flow velocity vector (m/s). The airflow density remained unchanged:

∇ · (ρV) = ∑
i

∂ρVi)

∂xi
= −dρ

dt
= 0. (5)

Then, according to Newton’s second law of motion,

d(ρV)

dt
= F +∇ · P, (6)

where F and P represent body force and mass force, respectively. Then, integrated with
viscous stress, the momentum equation can be expressed by

∂(ρV)

∂t
+ Vj

∂(ρVi)

∂xj
= F − ∂P

∂xi
+ μ∇2V, (7)

where μ is the kinematic viscosity (kg/m2s) and P is the static pressure (Pa). For the air
energy transfer and conversion,

∂ρH
∂t

+
∂

∂xi
(ViρH) =

∂

∂xj
(

λ

cp

∂H
∂xj

) + S, (8)

where H, λ, and cp represent the enthalpy (kJ/kg), thermal conductivity (W/mK), and
specific heat (kJ/kgK), respectively, and S represents the heat source (kW). According
to the Boussinesq eddy viscosity hypothesis, the turbulent model using the k–ε model
changes into

ρ
∂K
∂t

+ ρVi
∂K
∂xi

=
∂

∂xi
[(μ +

μt

σk
)
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k

3
2

l
, (9)
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where Ca is a constant, and μt and σk represent the kinematic viscosity for turbulent flow
and Prandtl number of turbulence kinetic energy, respectively. The heat dissipation in the
turbulent airflow can be depicted by

ρ
∂ε

∂t
=

∂

∂xi
[(μ +

μt

σk
)

∂ε

∂xi
] + Cb

ε

K
(Gk + Cc)− Cdρ

ε2

K
. (10)

The above governing equations can be recast in a conservative form, and then solved
through the finite volume method, combined with the semi-implicit method for pressure-
linked equation-consistent algorithm [26].

2.3. Air Exchange Rate

This project adopts the multi-area network method to calculate the number of indoor
air changes in the building. In the multi-area network method, the indoor rooms are
divided into different ventilation and air changes in different areas, with the wind pressure
of windows and doors as the boundary conditions; the different areas are connected
through the connected windows and doors for the transmission of data, and ultimately to
obtain the number of air changes in each room.

The calculation of the number of air changes in the room is derived from the calculation
of the air quality flow in the ventilation path, and the air quality flow based on the multi-
area network method is calculated as follows:

Q = Cd A

√
2ΔP

ρ
(11)

where Q represents the room volume flow (m2/s); P represents the difference in wind
pressure between the doors and windows of adjacent rooms; and C represents the flow
coefficient, which, for large building openings, is 0.5, for narrow openings, 0.65, and for the
project calculations, 0.6; A represents the area of the opening (m2), ρ represents the density
of air (kg/m2).

After obtaining the volume flow rate Q of a room by the above method, the calculation
of the number of air changes in the room can be carried out:

Acr =
Q × 3600

V
(12)

where Q denotes the room volume flow rate (m3/s); Acr denotes the number of air changes
(times/h); and V denotes the room volume (m3).

In the following section, an atrium-based natural ventilation system in a newly de-
signed science museum in Guangzhou is taken as the illustrative example to investigate
the free cooling potential of pressure-difference-driven ventilation under local climatic
conditions for building thermal design optimization.

2.4. Simulation and Solution

CFD analysis was performed using a polyhedral mesh grid generated through ANSYS
Meshing (Ansys-Fluent v22.2). Considering the change in outdoor wind direction, the inlet
and outlet of wind speed in the geometric model will be changed, and the power shadow
area has a large impact on the building surroundings, so the size of the calculation area has a
significant impact on the accuracy of the numerical calculation results. If the computational
domain is too small it will cause problems of flow field distortion and insufficient flow
development, and if the computational domain is too large it will cause unnecessary waste
of computational resources [23]. Regarding the setting of the computational domain, the
COST guideline stipulates that for the simulation of a single building, the distance between
the two sides of the building and the two sides of the computational domain should be
more than 5 times the height of the building, the distance between the top of the building
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and the top boundary of the computational domain should be more than 5 times the height
of the building, and the distance between the boundary of the air outlets and the building
should be at least 15 times the height of the building. Based on the above considerations,
the dimensions of the computational domain for the simulation in this study are set as
shown in Figure 2. Taking the base model as an example, the distance of the wind speed
inlet from the building is usually 5 H (H is the building height), the distance of the outlet
from the building is 10 H, and the boundaries of the left and right calculation domains
are usually 5 H from the building. Before conducting outdoor wind field calculations,
it is essential to determine the size of the computational domain involved, termed the
computational domain in fluid mechanics, which typically constitutes a rectangular or
cubic space encompassing a cluster of buildings.

Figure 2. Schematic diagram of CFD simulation and meshing (colours difference denoting computa-
tional domains for building surrounding zones and city wind environment respectively).

Figure 2 displays a cross-sectional diagram of the wind field computational domain,
the grid generation, and the allocation of boundary conditions for each region. The dimen-
sions of the wind field are 317 m in length, 281 m in width, and 126 m in height. The total
grid count amounts to 1,687,448.

Figure 3 illustrates the research workflow of this study. Initially, the objective was
to explore the potential of natural ventilation in reducing temperatures and conserving
energy, coupled with geographical and climatic data for preliminary architectural design.
Subsequently, from an architectural perspective, energy-saving considerations were in-
corporated, encompassing the preliminary design of ventilation corridors, architectural
self-shading, and the augmentation of ventilation. Thirdly, an architectural model was
established using simulation software, followed by the configuration of various parameters
for simulation. Finally, the simulation results validated the substantial energy-saving effects
of the architectural energy-saving methods considered during the initial design phase.
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Figure 3. Research flow chart.

3. Geographical Information

Guangzhou City is situated in the southern region of mainland China, in the central
and southern parts of Guangdong Province, at the northern edge of the Pearl River Delta. It
is the confluence point for the Beijiang (North River), Xijiang (West River), and Dongjiang
(East River) as they flow into the South China Sea. Geographically, the city is positioned
between approximately 112◦57′ to 114◦3′ E longitude and 22◦26′ to 23◦56′ N latitude
(Figure 4).

This paper focuses on the hottest region with hot summers and warm winters among
China’s five climate zones, where cooling consumption is an important component of
building operation consumption [27,28]. So, Guangzhou was selected as the illustrative
example with the following main climate parameters: the annual average temperature is
22.5 ◦C, the average temperature in the hottest month is 32.9 ◦C, the annual maximum
temperature is 36.1 ◦C, and the annual total solar radiation is 1072.1 kWh/year. Figure 5
gives the key climatic parameter variations throughout a typical year. China divides
building climate zones into five main climate zones and 20 climate subzones. The main
division index of building climate zones is the average monthly temperature in January
and July. The names of thermal zones are cold region, hot summer and cold winter region,
hot summer and warm winter region, and mild region. The case study building is located
in Guangzhou City and belongs to the hot summer and warm winter region, that is, the
average temperature in January is greater than 10 ◦C, and the average temperature in
July is 25–29 ◦C. Guangzhou falls within a subtropical climate zone, characterized by
distinct seasons and abundant precipitation. Summer, the rainy season, is hot and humid,
influenced by tropical monsoons. Winter is warm, dry, relatively mild, and experiences
minimal rainfall, shaped by the influence of northern monsoon winds. Spring and autumn
boast moderate temperatures and lower humidity levels.
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Figure 4. Location map of the case study city, Guangzhou, in southern China (drawn by authors).
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(b) 
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Figure 5. Key climatic parameters in Guangzhou (hot summer and warm winter climatic zone).
(a) Average monthly temperature and solar radiation (Monthly average temperature in blue, monthly
ambient radiation in orange). (b) Wind rose diagram (The color difference represents the wind speed
in each wind direction zone). (c) Map of China’s 5 climate zones (The color difference represents
different climate zones in China) [29]. (d) Information on the wind environment at the site during a
typical summer month (Blue for wind speed, orange for wind direction).

Guangzhou experiences its highest annual temperatures in August, reaching 37 ◦C.
During the summer, temperature fluctuations are relatively minor. The lowest temperatures
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occur in January and February, dropping to 6 ◦C, and during the winter, temperature varia-
tions are more significant. The monthly normal direct radiation remains around 250 MJ/m2

with relatively minor annual fluctuations. The monthly total horizontal radiation exhibits
a trend of transitioning from low to high and then decreasing from January to December,
reaching its peak in August at approximately 530 MJ/m2, and reaching its lowest point in
February at approximately 260 MJ/m2. The wind rose diagram indicates the predominant
wind directions are from the northeast and southwest in Guangzhou. Specifically, the
average wind speed for the northeast wind can reach a maximum of 6.40 m per second,
while the southwest wind reaches a maximum average speed of 5.80 m per second. It is
evident that the average wind speed for the northeast wind is significantly higher than that
for the southwest wind.

In Figure 5d, the wind speed and direction around the building site during typical
summer months are depicted. In Figure 5d, wind speed recordings were taken at one-hour
intervals each day, and the maximum daily wind speed was used as the value for Figure 5d.
And according to the statistics, the lowest recorded wind speed for the month was 0.09 m/s,
while the highest was 4.4 m/s. The scatter plot in the figure indicates that the predominant
wind direction during this period is concentrated between 90◦ and 180◦, primarily coming
from the southeast.

4. Results

4.1. Building Design Optimization

The chosen study case here is a typical science museum, with a total building area of
11,447 m2, a volume of 55,726.81 m3, and shape coefficient of 0.30 (Table 1). The technology
museum implemented several strategies to enhance the cooling and energy-saving potential
through natural ventilation. These included the use of ventilation corridors, structural
shading elements integrated into the façade from top to bottom, and an expanded main
entrance to augment natural airflow. Serving as a representative case study, it demonstrates
the application of these tactics to encourage natural ventilation in buildings and effectively
reduce energy consumption.

Table 1. Building thermal physical properties.

Parameters Value Unit

total area 19,012.41 m2

external envelope area 7771.2 m2

building volume 55,726.81 m3

shape coefficient 0.30
ratio of window to wall 0.34

window opening area (south) 265.83 m2

heat transfer coefficient of external wall 1.07 W/m2·K
heat transfer coefficient of external window 3.5 W/m2·K

solar radiation absorption coefficient 0.08
penetration coefficient of solar radiation

through the glazing 0.8

shading coefficient 1

As shown in Figure 6 the building’s south façade gradually extends outward from
the bottom to the top, achieving self-shading for the structure. This design embodies
the concept of integrating gray spaces, shading, and epidermal ventilation. The outward
expansion of the building’s exterior structure serves the following key functions: Firstly, it
provides a gray space for the building’s main entrance, serving not only as a shading canopy
structurally but also as a brief stopover and gathering space for people, further enhancing
the functionality and pleasantness of the building’s entrance. Secondly, the extension of the
structure outward increases the inflow volume of the ventilation corridor, facilitating the
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harnessing of the cooling potential of natural ventilation. This plays a vital role in improving
the interior comfort of the science museum and reducing its energy consumption.

 

Ground Floor Plan 1:300 

South facade North facade 

Figure 6. Architectural design details with floor layouts and external façades (drawn by authors).

Figure 6 depicts the ground floor plan of the science museum, where the primary
functions of this level are categorized into exhibition areas and office spaces. Notably,
the ground floor incorporates a gradually tapering north–south-oriented ventilation cor-
ridor. This ventilation corridor serves a dual purpose: firstly, it functions as a spatial
divider within the architectural layout; secondly, it effectively enhances the natural ventila-
tion capacity of the building, thereby facilitating the exploitation of the cooling potential
inherent in natural ventilation. This architectural feature is strategically designed to im-
prove the overall thermal performance of the building by optimizing natural airflow and
cooling mechanisms.
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Figure 7 illustrates the main passive building thermal design optimization approaches
including natural ventilation, solar radiation absorption, smart shading and rain collection,
etc. This pathway initiates from the main entrance on the southern façade of the building,
and traverses through a ventilation corridor, driven by wind pressure, to fulfill the lateral
ventilation needs of the structure. Simultaneously, natural air enters the interior through
the central atrium of the building and influenced by thermal pressure, meets the vertical
ventilation requirements of the indoor space. Notably, the glass surface at the top of the
building’s atrium serves as a rainwater collection system, contributing to the supplemen-
tary cooling of the interior. Additionally, the architectural extensions extending outward
enhance the spatial capacity of the main entrance area, thereby increasing the effectiveness
of natural ventilation.

 

Figure 7. Schematic design mechanisms for passive thermal optimization (drawn by authors) (Color
differences represent different bioclimatic technologies).

4.2. Natural Ventilation Simulation

The main focus of this study is investigating the cooling potential of natural ventilation
and its energy-saving effects. Given that Guangzhou experiences a hot summer and
warm winter climate, with monthly average temperatures consistently exceeding 10 ◦C,
particularly reaching 28 ◦C in the summer, the proportion of air conditioning cooling
consumption in total building energy consumption is significant. Therefore, simulations are
set under summer conditions, with the external wind direction at that time being southeast.
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Given that the primary focus of this study is on the isolated impact of natural ventilation on
cooling and energy conservation, despite the utilization of various bioclimatic techniques in
the building, they do not directly affect natural ventilation. Therefore, the energy simulation
did not account for the influence of bioclimatic techniques on energy consumption.

Figure 8a represents a simulation of the outdoor wind environment around the build-
ing. Outdoor wind speeds are indicated in ascending order from blue to red. As observed
in Figure 8a, when the wind is blowing from the southeast, no areas within the human
activity region are marked with wind speeds less than 0.2 m/s, thus concluding that there
are no windless zones within the building.

Figure 8. Outdoor wind environment chart. (a) outdoor wind speed. (b) building external wall
surface air pressure.

Only when the absolute wind pressure on the exterior surfaces of the windows is
sufficiently high can a good effect of window-based ventilation be ensured, leading to
the creation of a favorable indoor airflow environment. Figure 8b displays the wind
pressure distribution on the external window surfaces of the windward side of the building
in summer conditions. This graph clearly conveys the wind pressure distribution on the
windward side of the building. From Figure 8b, combined with the values in the illustration,
it can be clearly seen that the wind pressure on the surface of the external window is less
than 0.5 Pa in the external window area.

Figure 8b depicts the wind pressure distribution on the exterior window surfaces of
the leeward side of the building in summer conditions, clearly presenting the wind pressure
distribution pattern on the leeward side of the building. From Figure 8, combined with the
values in the illustration, it can be clearly seen that the wind pressure on the surface of the
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external window is less than 0.5 Pa in the external window area. The building is equipped
with a total of 102 operable external windows, with 92 of them being affected by an outdoor
wind pressure differential exceeding 0.5 Pa. Consequently, the window-based ventilation
in this building exhibits excellent performance, contributing to improved indoor airflow
quality. This provides a solid foundation for harnessing the potential of natural cooling
through indoor ventilation.

Figure 9 shows a schematic diagram of the indoor wind environment. Figure 9a,b are
the indoor wind speed map and indoor wind speed vector map of the building, respectively.
Combined with the legend, it can be seen that most of the wind speeds in the ventilation
corridor are greater than 0.5 m/s, which proves that the ventilation corridor increases the
good effect on the amount of natural ventilation. Figure 9c is the natural wind flow line
map of the interior of the building, which clearly reflects the excellent ventilation effect of
the ventilation corridor. Figure 9d shows the addition of east–west windows to the original
building, which clearly shows that the increase in the indoor east–west wind is larger,
affecting the ventilation effect of the ventilation corridor. Figure 9b,c are compared, and
combined with the outdoor southeast wind direction, it can be concluded that the practice
of catering to the outdoor wind direction of the building’s internal ventilation corridor
effectively enhances the indoor ventilation volume and controls the direction of the natural
wind into the room well.

Figure 9. Indoor airflow simulation results under natural ventilation. (a) indoor air velocity. (b)
indoor wind speed vector. (c) indoor airflow streamline. (d) Indoor airflow streamline (for compari-
son).

5. Discussion

The outdoor weather conditions of the office building are based on conditions in
Guangzhou, China, which is in a hot summer and cold winter zone. The characteristic
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temperature method (CTM) is utilized for the research. Based on the building energy gene
theory [30], the dynamic load and energy consumption of buildings are simulated by CTM,
and the relationship between load or energy consumption and various other factors can be
revealed. According to CTM, if solar radiation gain is considered, the indoor characteristic
temperature can be expressed by

Tin =
∑ KiFiTsi + ∑ Fi I

(
ηi +

αi
αo

ρG

)
Ci ∓ QAC

∑ KiFi
(13)

where Fi is the building envelope area, m2; Tsi is the equivalent solar-air temperature, °C;
Ki represents heat transfer coefficient, W/

(
m2 · K

)
; I represents solar radiation, W/m2; ηi

is the transmittance; ρG is the absorption ratio; and Ci is the shading coefficient. QAC is the
cooling or heating capacity provided by the air conditioner to maintain the indoor setting
temperature within the thermal comfort zone [10]. On the other hand, if not considering
solar radiation, I is equal to zero and Tsi is approximately the outdoor temperature Tout, °C.
So, the expression is changed into

Tin =
∑ KiFiTair ∓ QAC

∑ KiFi
(14)

This CTM approach for indoor temperature prediction and building load simulation
has been validated in previous studies and verified by commercial building simulation
software including DOE-2 (v 2.2, U.S. Department of Energy), EnergyPlus (v 23.2.0, U.S.
Department of Energy) and DeST (v DeST-h, Tsinghua University, China) [11,19,31,32].
For the other working conditions of building simulation, such as indoor air exchange rate
(ACH) through a mechanical ventilation system, internal heat gains from indoor lighting,
occupancy and devices, etc., key parameters are obtained based on the benchmark values
according to the U.S. Department of Energy (DOE) Reference Building and ASHRAE AS
(2013) Standard of thermal environmental conditions for human occupancy (building’s
daily office hours are 9:00–17:00) [33–35]. For the indoor thermal comfort evaluation, the
integrated uncomfortable degree Iyear is used as the index, which is defined as:

Iyear =
∫

year
TL > Tin

(TL − Tin)dτ +
∫

year
Tin > TH

(Tin − TH)dτ (15)

where TH (26 ◦C) and TL (18 ◦C) are the upper and lower indoor temperature limits of the
thermal comfort zone, respectively. This evaluation index depicts the integrated degree of
deviation of the indoor temperature from the thermal comfort zone [10,11].

Based on the aforementioned building thermal performance modeling, the average
indoor air temperature variations can be obtained with comparison under natural venti-
lation optimization (Figure 10). According to the thermal comfort demands, the upper
temperature limit is set at 26 ◦C and the lower temperature limit at 18 ◦C. When indoor
temperatures fall within this range, individuals experience a state of warmth and comfort,
without feeling excessively cold or hot. The blue line represents the indoor temperature
variations under natural ventilation conditions. Based on annual hour statistics, indoor
temperatures remain within the thermal comfort range (19–26 ◦C) for a total of 4760 h,
occurring primarily in the time intervals of 0–3000 h and 7000–8760 h. Conversely, the
green line illustrates indoor temperature fluctuations in the absence of natural ventilation.
Similarly, based on annual hour statistics, indoor temperatures persist within the thermal
comfort zone for a total of 3100 h, mainly falling within the time intervals of 1000–3000 h
and 6700–7800 h. By comparing the durations of thermal comfort under these two condi-
tions, it becomes evident that under natural ventilation, indoor temperatures remain within
the thermal comfort zone for an additional 1660 h compared to conditions without natural
ventilation, indicating a significant improvement in indoor thermal comfort. Furthermore,
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as observed in Figure 10, under natural ventilation conditions, the indoor minimum tem-
perature is relatively higher compared to conditions without natural ventilation, with a
maximum temperature difference of 10 degrees.

T

Figure 10. Indoor air temperature variations with thermal comfort comparison (red and blue lines
represent the upper and lower temperature values for indoor thermal comfort zone).

Figure 11 compares the energy consumption of the designed building with that of the
baseline building. In the simulated science museum building, the energy consumption
primarily includes cooling, heating, lighting, and domestic hot water. Among these, lighting
energy consumption constitutes 68% of the total building energy consumption, making it
the highest among all energy consumption categories. Heating energy consumption has
the lowest proportion, at only 2%, a difference attributed to the geographical location of the
simulated building. Notably, in the simulated building located in Guangzhou, particular
attention should be given to cooling energy consumption, which accounts for 29% of the
total energy consumption.

Figure 11. Building energy consumption proportions and saving potential evaluation.

In the energy composition of the baseline building, lighting also has the highest share
of energy consumption in the baseline building, accounting for 56% of the total energy
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consumption. Heating accounts for 2% and domestic hot water is the lowest at 1% as in the
simulated building.

Since natural ventilation mainly affects air conditioning energy consumption in terms
of energy saving, the design building reduces cooling energy consumption by 8.54 kWh/m2

and heating energy consumption by 0.1 kWh/m2 compared to the baseline building.
Since the case is located in Guangzhou, China, a hot-summer and warm-winter zone, the
increase in heating energy consumption is small, even though the temperature is not in the
comfort temperature range in winter, the actual temperature is not much different from the
minimum comfort temperature, and the heating demand is not large. The cooling energy
consumption and total energy consumption of the design building are 11.37 kWh/m2 and
39.55 kWh/m2, respectively, and the cooling energy consumption accounts for 29% of the
total energy consumption. Meanwhile, the cooling energy consumption and total energy
consumption of the baseline building are 19.91 kWh/m2 and 48.19 kWh/m2, respectively,
and the cooling energy consumption accounts for 41% of the total energy consumption. It
can be seen that the proportion of refrigeration energy to total energy consumption in the
design building is 12% lower than that in the baseline building. This disparity indicates that
the simulated science museum building, through architectural design measures such as
increasing ventilation corridors and enhancing natural ventilation, fully exploits the natural
cooling potential, resulting in a significant 42.9% reduction in cooling energy consumption,
thus achieving notable energy savings.

In comparison to the baseline building, the designed structure’s air conditioning
consumption stands at 12.3 kWh/m2, while the baseline building’s consumption reaches
20.94 kWh/m2. This denotes a 41.2% reduction in air conditioning consumption for the
designed structure. Simultaneously, natural ventilation has extended the duration of indoor
thermal comfort by 1660 h, significantly enhancing the indoor thermal comfort conditions.

The study investigates the indoor air exchange rates during the transitional seasons
due to their optimal natural ventilation potential. Table 2 illustrates the air exchange rates
within the building during these transitional seasons under natural ventilation conditions.
As depicted in the figures, the area within the building experiencing air exchange rates
exceeding 2 h−1 amounts to 12,124.48 m2, constituting 63.77% of the total building area
of 19,012.41 m2. Hence, optimized designs of buildings can achieve air exchange rates
surpassing two times per hour under natural ventilation conditions.

Table 2. Table of the number of air changes under typical working conditions in summer.

Area Ratio of Air Changes Greater Than 2 per Hour

Area with More than 2 Air Changes per Hour (m2) Total Area (m2) Area Ratio (%)

12,124.48 19,012.41 63.77

6. Conclusions

Natural ventilation shows high application potential in public buildings because of
its highly efficient indoor environment quality enhancement and large building energy-
saving expectations. How to determine the land use and space planning with building
natural ventilation considerations for energy saving is an important research area from
the architectural perspective in the early building design stages. In this paper, taking a
practical new construction project of a science museum, located in Guangzhou, China, as a
typical illustrative example, the detailed architecture and structure design is conducted and
optimized with natural ventilation considerations under local climatic conditions. Based
on the modeling and simulation, the preliminary results show that the atrium-centered
architectural design is favorable for natural ventilation, in terms of the building main open-
ing having an orientation consistent with local dominant wind directions. Therefore, this
typical case provides a design approach for large public buildings in the early design stages
to enhance indoor thermal comfort and reduce building energy consumption. Specifically,
during the initial design phase of large public buildings, incorporating the design of venti-
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lation corridors and aligning the main openings of the building with the prevailing local
wind direction emerges as an effective design strategy. Such optimization design could
facilitate an average air exchange rate over 2 h−1 driven by city wind pressure. Moreover,
through building performance simulation and comparison, the natural ventilation in this
case building can contribute to about 41.2% air conditioning energy saving ratio due to the
free cooling effect. Simultaneously, natural ventilation significantly improved the indoor
thermal comfort.

This study presents a typical case in which, during the initial design phase of public
building construction, the cooling effects and energy-saving potential of natural ventilation
are considered from an architectural perspective. The case aims to elucidate design method-
ologies and strategies for incorporating natural ventilation factors in the early stages of
public building design. However, in the practical operation of buildings, the effectiveness
of natural ventilation for cooling and its energy-saving potential are influenced by the
external climatic conditions of the building site. Therefore, applying the specific design
details introduced in this paper to cooling effects and energy-saving potential achieved
under different climatic conditions may result in variations.

Nevertheless, the planning concepts and design methods proposed in this paper,
which involve incorporating ventilation corridors in the initial design of public buildings to
enhance the cooling effects of natural ventilation and increase energy-saving potential, are
universally applicable. This implies that similar design strategies may achieve comparable
results even under diverse climatic conditions. Thus, this study provides a universal
design reference and application paradigm for projects considering the cooling effects and
energy-saving potential of natural ventilation in the early stages of public building design.
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Abstract: Decentralized ventilation systems in schools are becoming more important due to the focus
on indoor air quality and energy economy. The research aims to explore how these technologies
affect classroom air quality, thermal comfort, and noise. The study examined four decentralized
ventilation systems in a real-world school using field measurements and data analysis. This included
measuring the CO2, temperature, noise, and thermal comfort using the Predicted Mean Vote (PMV)
index. All systems greatly improved the air quality, keeping CO2 levels within suggested limits. They
failed to control indoor humidity, often lowering it to below optimal levels. Noise surpassed the
35 dB(A) criteria at maximum operation but was acceptable at lower airflows. Noise and air drafts
did not bother residents. The study found that decentralized ventilation systems improve air quality
and are easy to adapt to, although they need humidity control and noise management at higher
operational levels.

Keywords: indoor air quality; decentralized ventilation; school environment

1. Introduction

In the last decades, many studies have been performed to investigate the indoor
environmental quality (IEQ) in educational buildings, such as primary and secondary
schools or even colleges and universities. All of these studies outlined the importance of a
good IEQ, in order to protect pupil’s health and academic performance, knowing the fact
that children spend 8 h per day or more during workdays in these types of buildings.

The idea of Indoor Environmental Quality (IEQ), as described in the scientific lit-
erature for various indoor environments, becomes more significant when considering
schools due to evidence showing that children are more susceptible than adults to indoor
conditions [1,2]. Some authors linked the IEQ concept to the TAIL concept, meaning the
following: T—Thermal comfort, A—Acoustics, I—Indoor air quality, and L—Lighting [3,4],
the four main criteria that influence the health and wellbeing of classroom pupils and
educational staff. For the design stage of the HVAC systems for all buildings, including the
educational ones, the indoor environmental parameters, with respect to the TAIL concept,
are defined in the European standard EN 16798-1 [5].

Catalina et al. [6] investigated the IEQ concept in eight Romanian schools, five located
in urban regions and three in rural ones, by means of extended surveys among pupils and
academic staff. It was shown that the proximity to intense road traffic led to increased
indoor air concentrations of carbon dioxide (CO2) and suspended particles (PMs) in the
classrooms from urban areas, compared to the schools located in a rural environment.

2. Literature Review

In relation to the assessment of indoor pollutant levels in schools, there is still signifi-
cant variability among the available studies. However, Tran et al. [2] recently conducted
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a comprehensive review to assist future researchers in developing a standardized rating
system and measurement protocols for the consistent evaluation of indoor environmental
quality (IEQ) in educational facilities.

While the thermal comfort in schools has been investigated frequently by using the
well-known PMV-PPD model proposed by Fanger in the early 80s, the indoor air quality
in schools concept remains a challenge today, due to different influencing factors, such as
the type of indoor pollutants to be investigated, the school location (in a rural or urban
environment), the most appropriate ventilation system, or the local climate.

Galicic et al. [7] investigated the indoor air quality factors and natural ventilation in
454 primary Slovenian schools, by means of extended surveys, performed for one winter
month (February 2020). The authors outlined the importance of the school micro location,
such as the proximity to main roads or other polluting sources (industrial areas), on the
IAQ level in classrooms.

Concerning the importance of the natural ventilation, it has been shown that the
lack of outdoor filtration and the strong dependence of the ventilation airflow on the
meteorological factors (wind speed and direction and outdoor temperatures) make this
system unreliable, and a mechanical ventilation system should be mandatory.

Regarding the indoor air pollutants in educational buildings, the majority of scientists
assumed that some of them could be considered less harmful than others. While the carbon
dioxide (CO2) is considered a marker of human presence and a maximal indoor average
concentration of 1000 ppm could be considered a threshold for “un-ventilated” air [8–10],
larger concentrations (around 2000 ppm), frequently seen in poorly ventilated spaces,
including classrooms, lead to a decrease in the cognitive and academic performance of
pupils, as shown in a recent study [11].

Apart from CO2, there are many other indoor pollutants in schools that could be
harmful at elevated concentrations and with long-term exposure, taking into account that
pupils spend around 8 to 12 h in the indoor school environments. It has been shown that
TVOC (Total Volatile Organic Compounds), a category of pollutants released indoors by
building materials, furnishings, acrylic paints, permanent markers, and some cleaning
products [12], have measured concentrations markedly elevated compared to those in the
outdoor air and lead to severe adverse health effects among school children [13–16]. A toxic
influence on pupils’ health is also present as PAHs (Polycyclic Aromatic Hydrocarbons),
transported to the indoor school environments via ventilation airflow, when schools are in
the proximity of heavy road traffic [17].

Concerning airborne suspended particles, already known in the scientific literature
as Particulate Matters (PMs), their harmful effect on children’s health could be important,
especially for the smaller ones (PM2.5 and PM1, with the down index corresponding to the
largest particle diameter of this class, in μm), which could penetrate the inner parts of the
pulmonary tissue after inhalation.

Consequently, numerous studies have examined the sources of particulate matter (PM)
in schools, whether they originate from indoors or outdoors, and if they are influenced by
factors, such as the school location and local climate (e.g., the built environment). These
studies have also explored the harmful effects of PM on students’ health and proposed
ventilation solutions to mitigate the concentration of PM in the classroom air [18–21] A
recent systematic literature review on the IAQ related to aerosol dispersion in indoor spaces
with a high occupancy degree (schools included) showed the necessity to establish a robust
optimization tool to assess the correlation between several influencing factors, such as
ventilation, infection risk, people’sbehavior, and design comfort parameters [22]. The
authors of this research concluded that such an optimized tool is lacking at present and
should be clearly defined based on a more holistic approach. Regarding the influence of
the traffic air pollution nearby the schools, Gartland et al. [23] showed the major impact of
elevated PMs (notably PM10 and PM2.5) and nitrogen oxide (NOx) outdoor concentrations
on the corresponding indoor air concentrations, which directly affect the executive function
and academic performance of primary-school-aged children.
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An important contribution to the ventilation strategies to be adopted for schools to
reduce the risk of airborne viral infections was presented by Almaimani et al. [24], which
searched an optimal ventilation strategy to minimize the air transmission of biological
pathogens in classrooms, with a particular focus of the SARS-CoV-2 virus, responsible for
the COVID-19 infection [25]. In their study, the authors demonstrated that a 2 ACH (air
changes per hour) ventilation rate, combined with a 2-meter physical distance between
two persons in the class should be an optimal strategy to reduce the POI (Probability Of
Infection) with SARS-CoV-2, at a decent energy cost. The increase in the ventilation rate
above this value was found to be more effective than the increase in the social distance, in
terms of a POI reduction, but with higher cooling energy costs.

It appears obvious, as a result of numerous studies investigating the IAQ in schools,
that ventilation is the main factor influencing the magnitude of indoor pollutant concentra-
tions. Moreover, mechanical ventilation is much more appropriate to ensure a good IAQ
(e.g., concentrations below threshold values given by reference regulations), because it does
not depend on the variability of meteorological factors (wind and outdoor temperature) or
on the occupants behavior (windows opening periods). Regarding the necessary ventilation
airflow for the dilution of indoor pollutants, an interesting comparison between the values
recommended by the American norm (ASHRAE standard 62.1 [26]) and European norm
(EN standard 16798-1 [5]) was conducted by Kuramochi et al. [27]. The authors showed that,
for a classroom with 10–12 years old pupils, the ventilation airflow recommended by the
EN 16798-1, equal to 9.8 l/s*person, is larger than the corresponding airflow recommended
by ASHRAE 62.1 (e.g., 6.71 l/s*person). Moreover, Kuramochi et al. [27], performed in
this study, a meta-analysis judging the effect of ventilation on intellectual productivity in
schools, based on a large survey with 3679 participants, by varying ventilation airflows.
They demonstrated that an airflow of 10.7 l/s*person would be an ideal choice for an
optimum IAQ in classrooms, when searching for high intellectual productivity of pupils.
This value is closer to the ventilation airflow recommended by the European norm than to
the corresponding value recommended by the American norm.

In the literature, many other studies relying on the IAQ in schools and ventilation
strategies for improving IAQ have been performed. Jendrossek et al. [28] analyzed
the influence of the ventilation solutions on the airborne risk of infection in schools.
Calama-Gonzalez et al. [29] compared different ventilation scenarios (constant ventila-
tion based on reference airflow by person, constant ventilation based on CO2 concen-
tration limitations, and demand-controlled ventilation), while Chang et al. [30] investi-
gated the air-conditioning operation strategies for thermal comfort and IAQ in Taiwan’s
elementary schools.

Not all the studies found in the literature lead to the same conclusions regarding the
optimum ventilation strategy for a school building, due to different influencing factors,
such as the building architecture and the corresponding constraints, the local climate,
and the proximity to a polluted environment (road traffic, industry, or other). We can
conclude that every case study implying an educational building needs a particular focus
and a preliminary experimental campaign for assessing IAQ, which should be mandatory,
in order to judge the optimal ventilation strategy, with respect to energy savings for the
system that is possible to implement. Moreover, the building owner, in conjunction with the
architect,
unicity of the school. The best choice should be, therefore, the decentralized and compact
ventilation systems rather than the centralized ones, which could affect the esthetical image
of the building. Recent studies on the decentralized ventilation systems for classrooms
could be found in the literature, the great majority of them presenting compact systems
using air-to-air heat exchangers [31–33].
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3. Indoor Air Quality Solutions

A decentralized ventilation system is one where individual ventilation units are placed
in the rooms or areas to be ventilated, unlike a traditional ventilation system, which includes
a centralized system from which air is distributed through ducts from a single central unit.

Decentralized ventilation systems require regular maintenance to achieve their effi-
ciency and prevent the accumulation of dust and dirt in the ventilation units. The filter
must be changed regularly. Additionally, they may not be as effective as centralized systems
for ventilating large areas or very tall buildings. This constraint does not apply to our
practical case because the classrooms are of a reasonable volume.

Decentralized ventilation systems can be controlled separately, depending on the room
temperature, humidity level, or CO2 concentration of the indoor air. They can be equipped
with sensors that automatically adjust the ventilation rate based on these parameters.

Implementing single-flow controlled mechanical ventilation (CMV) enables the venti-
lation of a space while effectively addressing humidity levels. A single-flow CMV system
can result in the wasteful consumption of energy due to the extraction vents creating
negative pressure in the ventilated area. This negative pressure causes outside air to be
drawn in, often through window grilles located at the top of the frame. The heating must
then operate more to compensate for the intake of cold air into the ventilated space due to
the infiltration of cold air, particularly in winter or in cold countries. These energy losses
can lead to the overconsumption of around 20% of heating.

Decentralized double-flow ventilation keeps the same principle as classic double-flow
CMV, except that the heat exchanger and the ventilation are in a single box, which is
installed at the level of a facade through the wall or through from a window recess. Just like
a classic double-flow CMV, the heat exchanger is equipped with filters to filter pollutants
and allergens. It is therefore recommended to change these same filters regularly.

There are two principles of ventilation operation inside the decentralized
ventilation box:

• The single fan alternates the direction of rotation in cycles of 50 to 120 s to reverse the
flow, for extraction, then for blowing;

• The box is equipped with two fans and two air networks to ensure continuous ventilation.

Finally, a humidity-controlled CMV is a controlled mechanical ventilation solution
that adjusts the air flow according to the relative humidity of the ambient air. Humidity-
controlled ventilation systems are not suitable for use in schools for the main reason that
the occupancy of the premises requires a constant minimum air flow to guarantee a suitable
CO2 level. This parameter is not linked to the relative humidity level in the air.

In Romania, there is NP 010–2022 (regulation on the design, construction, and op-
eration of buildings for schools and high schools) [34] with a binding character, recently
updated, which provides clarifications regarding the ventilation of spaces in educational
buildings and the quality of indoor air in classrooms.

All occupied spaces in schools must be mechanically ventilated, locally or centrally,
with ventilation systems equipped with heat recovery units that carry out the heat exchange
between the exhausted air and the incoming air. In the classrooms, a flow of fresh air will
be ensured according to the requirements of the technical Romanian norm I5 [35] to comply
with the air quality category IDA1 (indoor air).

The incoming air is filtered with ePM efficiency filters in correlation with the ODA
outdoor air quality class (minimum F7 to F9 is recommended).

It is recommended to use installations with variable air flow, which operate in a
controlled manner according to the difference in the CO2 concentration between indoor
and outdoor air. Thus, a maximum CO2 concentration difference of 400 ppm is allowed
in classrooms.

Building materials and furniture items that do not contain or emit formaldehyde or
other volatile organic compounds will be used. Radon from building materials and soil
must not exceed the concentration of 200 Bq/m3 on average per year.
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If the ventilation units are located directly in the classroom, then the project will be
accompanied by an acoustic impact study. The air ducts used in common spaces are made
of non-combustible materials.

For air distribution inside the rooms occupied by students, the ventilation system
is used by mixing or by displacement, with air vents specific to each chosen ventilation
system. Textile air ducts can also be used. The air vents are made so that the air speed in
the occupied area does not exceed the limits indicated for the average air movement speeds
in the rooms in the occupied area, correlated with the IDA 1 environment category.

It is recommended to respect the values of the air changes per hour depending on the
destination of the room, for example for 6–8 h−1, laboratories 8–10 h−1, sport halls 2–3 h−1,
canteens, university restaurants 8–12 h−1, kitchens 5–8 h−1 (the air change rate is defined
as the ratio between the total air flow rate introduced into the room and the air volume of
the room).

In laboratories or other spaces where local exhaust devices are provided, the general
ventilation system includes special measures to organize the introduction of
compensation air.

In the case of centralized ventilation installations, it is recommended that the mechani-
cal ventilation installation be made so that it can also be used to exhaust smoke and hot
gases in the case of fire.

Inside the occupied spaces, the principles of user comfort are respected according to
EN 16798-1/2019 [5], technical regulations I5 [36] and I 13 [37]. In the classrooms, at least
the criteria of the ambience category II (IEQ2), in terms of thermal and acoustic comfort,
and the criteria of the air quality category IDA1 are respected. Ambient category I (IEQ I)
and air quality category IDA1 are recommended for these.

The indoor air temperature is set according to the purpose of the rooms, in the warm
season (classrooms, laboratories 23–25 ◦C, libraries 24–27 ◦C, dining areas 23–27 ◦C, gyms
20–26 ◦C) and in the cold season (classrooms, laboratories 18 ◦C, libraries 20 ◦C, dining
areas 18 ◦C, gyms 18 ◦C). For cooling, the indoor air temperature is chosen according to the
specified values, provided that the difference between the outdoor and indoor temperature
does not exceed 10 ◦C.

Regardless of the heating source, the maximum allowable temperature of the inlet
pipe will be 70 ◦C. In situations where this requirement cannot be ensured, the heaters will
be provided with protective grills to avoid accidents.

From the point of view of energy performance, whether they are newly built or
rehabilitated buildings, these buildings must have an energy consumption almost equal to
zero, by creating a suitable envelope, by providing high-performance technical systems, and
by covering the energy requirement with energy from renewable sources in a proportion of
at least 30%.

In Table 1, a short comparison between these systems is presented.

Table 1. Comparison of different ventilation solutions.

Ventilation System Single-Flow CMV
Decentralized Double-Flow

CMV
Classic Double-Flow Ventilation

Advantages

Very affordable price, between
400 and 800 Euros.

Simple to install and maintain,
can be carried out by an

individual.
Very affordable price, between 400

and 800 Euros.

Appropriation of the machine
locally by class users,

mainly teachers.
Allows equipment to be managed

separately, class by class,
according to the specific needs of
each. This modulation allows for

significant energy savings.
Allows for investment room by
room. Renovation projects or

projects with small budgets will
therefore be able to benefit

more easily.

These are technologies that are already a few
years old.

Maintenance work is centralized in a single
location, at the heart of the installation.

Purifies the air.
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Table 1. Cont.

Ventilation System Single-Flow CMV
Decentralized Double-Flow

CMV
Classic Double-Flow Ventilation

Disadvantages

The system creates a depression in
the room, causing cold air to enter
and excess heating consumption.

Maintenance must be carried out
on each piece of equipment.

It is still a very recent technology,
making the question of

repairability difficult to assess.
Requires multiple openings in the

facade to supply the groups.

These are complex installations that require
careful management.

Schools often call on outside companies for
maintenance because they do not want to

take on this responsibility, which represents
significant costs.

The air duct system requires a lot of space.
Groups and ducts that are located outdoors

quickly perish due to bad weather.
Higher consumption than simple CMV due

to the motors.
Possibility of noise in the ducts.

Cold drafts in rooms.

The study team proceeded on a comprehensive investigation to investigate several
forms of decentralized ventilation systems, acknowledging the current lack of sufficient
studies in this area. The unique aspect of our research paper is its examination of different
decentralized ventilation models through a comparative analysis. This particular aspect
has not been widely investigated in previous scholarly works, thus making a valuable and
original contribution to the area.

4. Methodology

To provide a comprehensive comparison of ventilation systems according to the afore-
mentioned quality standards, it was necessary to devise a standardized process that ensures
uniformity across all systems. This protocol was implemented to obtain the most precise
and reliable data for analysis. The ventilation systems, specifically System#1, System#2,
System#3, and System#4, underwent testing in a primry school located in Bucharest. The
installation of all equipment took place on the ground floor of the building, namely in
classrooms that have comparable capacities. A multitude of sensors was deployed within
these rooms. In order to conduct data analysis, our attention will be directed towards
the sensors located in the central area of each classroom, specifically in close proximity
to the video projector. Other CO2 sensors were placed on the walls and in the back of
the room at normal height (approx. 1.5 m). For the measurements, the ARANET CO2
monitors have been used as an advanced and accurate device specifically engineered for
the purpose of detecting carbon dioxide concentrations in diverse settings. The device
has a large measuring range ranging from 0 to 9999 ppm, rendering it appropriate for a
diverse range of applications, encompassing educational settings, as well as industrial
situations. The monitor’s elevated resolution of 1 part per million (ppm) enables the precise
and comprehensive monitoring of carbon dioxide (CO2) levels. The device exhibits a level
of precision with regards to accuracy, adhering to a standard of ±30 ppm or ±3% of the
measured value, thereby guaranteeing the dependability of the collected data. The time
constant τ, which represents 63% of the total response time, is set at 100 s. This number
represents the sensor’s capacity to rapidly detect and communicate changes in CO2 levels,
hence guaranteeing timely and precise information about air quality. Furthermore, the
ARANET CO2 monitor is equipped with the ability to measure temperature, including a
range from 0 to 50 ◦C and boasting a precise resolution of 0.1 ◦C. The temperature readings
exhibit a high level of precision, with a margin of error of ±0.3 ◦C. The device is capable
of quantifying relative humidity within a specified range of 0–85%. It achieves this with a
resolution of 1% and an accuracy of ±3%. To evaluate the efficacy of the equipment, an
additional sensor was set up within a classroom without ventilation, alongside an external
sensor to quantify the ambient air quality surrounding the building. The present study
will examine the variations in humidity, temperature, and CO2 levels over a duration of
one month. This period coincides with the presence of children in the classroom for five
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consecutive days each week, while they remain at rest during the weekends. We shall do a
comparative analysis of the data both internally and in relation to the external sensor.

To assess the level of comfort in a room and consequently the level of contentment
among occupants, a subsequent set of measurements was carried out on 15 February 2023
in the morning. This was performed in four ventilated rooms utilizing a Testo440 sensor
along with its corresponding probes. Additionally, this sensor was capable of measuring
several environmental parameters, such as temperature, air velocity, relative humidity, and
concentrations of carbon dioxide (CO2). One advantage of this approach is the availability
of data regarding the number of students in each room and their respective activities. This
information enables us to make more accurate estimations of the carbon dioxide (CO2)
levels in the air, considering the influence of human occupancy.

5. Case Study: Cuza School Pilot School

The school building is in Bucharestand has a height regime of Basement + Ground
floor + 2 Floors. From the information received from the manager of the building, it
appears that it was built in 1967, the project being one that was often replicated during
that communist period. The building has a rectangular shape with sides of 18.80 m and
45.50 m, respectively, and a footprint of approximately 765 m2. The level heights are as
follows: 1.80 m for the technical basement (partially) and 3.40 m for the ground floor, the
1st floor, and the 2nd floor, while the constructed area is 2435 m2.

From a functional point of view, the building includes 17 classrooms, laboratories
for chemistry, biology and informatics, chancellery, library, bathrooms, administrative
spaces (director’s office), a medical office, technical spaces, annexes, and storages, and it is
considered as a typical school for Romania.

The structure of the outer envelope is made of solid brick walls (fired clay elements)
with a thickness of 37.5 cm. Inside the building are structural brick walls 25 cm thick. The
exterior PVC joinery and double glazing is partially degraded. The building has a gable
roof with a wooden frame. The construction was designed according to the seismic design
norm P13 from 1963.

The building is heated by steel radiators, a panel type, mounted on the walls with
the help of support brackets and protected with masks to prevent injury to children by
touching hot surfaces. The radiators are connected to the cogeneration system of the city of
Bucharest, operating with a thermal agent with parameters of 80/60 ◦C, in quantitative
regulation according to the outside temperature. The distribution of the thermal agent for
heating and hot water for consumption is performed through the technical basement of the
building and through columns to the floors.

The lighting of the classrooms is performed with lighting fixtures equipped with
compact fluorescent lamps, depending on the purpose of the rooms.

The building is not equipped with mechanical ventilation and air cooling systems;
thus, we expected high indoor pollution.

In the period 2010–2011, thermal rehabilitation works took place with the aim of
increasing the energy performance of the educational unit, respectively reducing the energy
consumption for space heating, under the conditions of ensuring and maintaining indoor
thermal comfort. Figure 1 illustrates the exterior façade and a typical classroom from
this school.

The thermal rehabilitation works consisted of the following:

- Thermal insulation of the external walls with fireproof expanded polystyrene of a
10 cm thickness.

- Replacement of the pipes for the distribution of the thermal heating agent with
polypropylene pipes, in the areas where failures have occurred.

- Restoring the thermal insulation of the distribution pipes in the basement or replacing
them entirely.
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- All the sanitary groups were equipped with exhaust fans, and to avoid overpressure,
transfer grids are installed in the doors; the exhaust air flow from each compartment
of the sanitary group is 100–120 m3/h.

The first ventilation system was installed in Room (1) and it is heat recovery ventilation
equipment that is usually mounted in a false ceiling or in a space adjacent to the classroom,
thus allowing the floor to remain free; the module is connected to the piping necessary for
the supply of fresh air and the exhaust of stale air to the outside, but also to the network of
ventilation ducts for the supply/exhaust of air from the classroom.

  
(a) (b) 

Figure 1. (a) External photo of the pilot school. (b) Typical classroom.

It is also used in the free-cooling version when the outside temperature is lower than
the inside temperature (for example, during the night). It can be used as an individual
ventilation unit or can be integrated into air conditioning systems (air-refrigerant type).
There is a varied range of units, for an air flow between 150 and 2000 m3/h, but for this
specific application, the model with 800 m3/h was selected.

Medium and fine dust filters (M6, F7, F8) are optional for this system, to meet customer
requirements or applicable legislation. The installation time was short due to the easy
adjustment of the nominal air flow—in our case a 1 day installation; therefore, fewer air
dampers are required than in the case of traditional installations. It can work in conditions
of overpressure and depression.

The system is installed with two filters, G3 + F7, with automatic switching of heat-
recovery units to a free cooling mode in the event of high heat, and has a cost of 3400 €/unit
(without VAT) + €147 for filters and has operating temperatures from −15 to 50 ◦C. The
introduction of fresh air was performed using textile piping (see Figure 2), while the
extraction was performed using steel classic ventilation ducts.

The second system (see Figure 3) is also a decentralized ventilation unit with a high
heat-recovery efficiency (up to 93% according to technical specifications), low noise levels,
low installed power consumption, and minimal installation requirements. The equipment
is equipped with an aMotion control module to operate all the necessary functions and con-
sists of flexibly mounted inlet and suction fans, a countercurrent heat-recovery exchanger,
a sliding supply air filter, a bypass flap for the heat exchanger, autonomously operated
closing flaps, and a control box. The condensation tray (no drain) is heated using an
electric cell with an automatic switching function. The upper section is equipped with noise
attenuators with separation, grilles for the exhaust and intake of air, a filter for the extracted
air, and an external CO2 concentration sensor. The lower part of the unit has a spacer frame
made of anti-vibration rubber. This system was also installed in one day and was connected
to Wifi for control. Compared to the previous solution, it has the disadvantage that it is
occupying around 1 m2 in the back of the room, but on the other hand, it is well fixed to
the wall and in case of earthquakes (Bucharest has a high risk), the system is secured with
no danger for the children.
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(a) (b) 

Figure 2. (a) Heat-recovery unit placed in the school hallway. (b) Textile introduction of fresh and
extraction with regular HVAC duct.

 

Figure 3. Photo with the second heat recovery ventilation unit placed in the school.

The third system is a decentralized mechanical ventilation system consisting of two
HRV ventilation units and one ERV ventilation unit installed in a classroom number (3)—see
Figure 4. The systems are smaller and are decentralized ventilation systems, including a
heat-recovery system from the exhausted air, thus reducing energy consumption for heating
or cooling the outside air. Integrated CO2 sensors enable the continuous monitoring of
carbon dioxide concentrations in the classroom. When the CO2 concentration exceeds a
preset level, the ventilation system automatically activates, ensuring a constant supply of
fresh air. The outside air introduced is preheated by means of an electric resistance and
reheated with the help of a battery fed with hot thermal water (supplied by the heating
network of the city of Bucharest). The systems not only allow for the introduction of fresh
filtered air but also act as radiators for the heating. Clearly, its main advantages is the fact
that it does not reduce the area and is also fixed to the wall, making it safe.

While two HRV units were placed left and right of the room, in the middle, the ERV
unit was installed and equipped with an advanced energy-recovery system, known as
enthalpy recovery, which allows for the transfer of not only heat, but also moisture between
the exhaust air and the air introduced into the classroom. Through this process, the ERV
Decentralized Ventilation System ensures more the efficient regulation of humidity inside
the classroom. Thus, the state of thermal comfort is improved, not only by maintaining a
constant temperature, but also by controlling the humidity, which has a positive impact on
the performance of the occupants. Also, proper humidity management can prevent indoor
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air quality problems, such as the growth of mold and other microorganisms that prefer
moist environments.

 

Figure 4. Photo with the third heat recovery ventilation unit placed in the school.

The installed ventilation equipment has a nominal air flow of 250 m3/h/unit, so
750 m3/h total, a declared noise level 32.6 dB, an electric battery for frost protection with
a power of 0.54 kW, a reheating battery that works with hot water, a heat recovery in
countercurrent type HRV or type ERV, depending on the model, and two centrifugal fans.

Moving to the last study system, called System #4, it is a decentralized ventilation
system with heat recovery 700 m3/h and is specially designed for classrooms (see Figure 5).

 

Figure 5. Photo with the second heat-recovery ventilation unit placed in the school.

The plastic heat exchanger, with countercurrent hexagonal plates, guarantees, accord-
ing to the manufacturer, a thermal efficiency of up to 90%. The fans are self-powered with
EC motors that save electricity and operate silently. The built-in carbon dioxide (CO2)
sensor can automatically control the unit; when a set CO2 level is reached in a classroom,
the device shuts down. The metal casing contains double walls and insulating material in
the space of 25 mm between the panels, which ensures both a high thermal performance
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and low noise levels. There are also special silencers on both the intake and supply ports to
ensure a quiet environment in classrooms.

The ventilation unit uses the ModBus protocol to connect to and communicate with
the building management system and to report any malfunctions or periodic maintenance.
The ventilation system can be monitored and controlled using a computer or a central
system. The unit uses three filters, and the air is filtered both at the inlet and outlet (M5 filter
for dust and other pollutants, G4 and F7 filters for particles up to 1 micron and allergens,
spores, and pollen). In addition, when the filters are loaded with a certain number of
particles, the system issues a warning.

6. Results and Analysis

The graph below shows the evolution of CO2 levels and temperature in the classroom
studied 5© without a ventilation system. There are wide variations in CO2 levels over
the course of the day, generally fluctuating between 750 and 1500 ppm, with a peak
between 7 and 10 a.m., at above 1500 ppm. As a reminder, the ideal CO2 level in a room
is recommended to be less than 1000 ppm. The levels on this day are not satisfactory and
show the need for a ventilation system to evacuate CO2 air to the outside.

The level of CO2 in the air can also be used to assess classroom activity. Indeed, we
know that CO2 is released by the people in the room as they breathe. Therefore, the more
people there are in a room and the greater their physical activity, the faster the CO2 levels
in the air will rise, saturating the air with CO2.

As can be seen from Figure 6, the CO2 levels reach alarming values of more than
3000 ppm, while the air temperature, due to high internal gains, goes up to even 26 ◦C. We
remind the reader that the measurements took place in the middle of March 2023. For the
entire set of measurements from 11 March 2023 to 11 April 2023, the average temperature
was 23 ◦C, with a maximum of 26 ◦C and a minimum of 13.3 ◦C (during the nighttime
on the weekend). For the CO2, the data showed maximum values of even 7036 ppm
(20 March 2023 at 9:23 a.m.) while the average (including nighttime) was 845 ppm.

 

Figure 6. Typical day in the non-ventilated classroom.

The data shown in the graph (see Figure 6), which illustrate the change in carbon
dioxide (CO2) levels and temperature within a classroom lacking a ventilation system,
provide compelling evidence to support the necessity of conducting thorough investigations
regarding the implementation of ventilation in educational settings. The variations in
observed carbon dioxide (CO2) levels, namely the peaks that reach, in most of the cases,
3000 parts per million (ppm), greatly exceed the recommended maximum threshold of
1000 ppm. This divergence not only signifies inadequate air quality but also emphasizes
the potential health and cognitive consequences for individuals in educational settings.
The presence of values over 3000 ppm, occasionally peaking at 7036 ppm, suggests an
environment that has the potential to significantly impede cognitive functions and impair
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learning efficiency. This is particularly worrisome considering that these measures were
obtained in a conventional educational environment during standard school hours.

Elevated temperatures, particularly when combined with elevated amounts of carbon
dioxide, have the potential to induce discomfort, impair concentration, and ultimately
diminish academic performance. The presence of these conditions in March, a month often
associated with lower temperatures, suggests that the severity of the situation may be
significantly amplified during periods of higher temperatures.

This highlights the pressing necessity for the implementation of efficient ventilation
systems in educational environments, with the aim of guaranteeing the comfort, health, and
cognitive well-being of all present. The research presented in this study makes a substantial
contribution to the ongoing academic discussion surrounding indoor environmental quality
in educational settings, as in this paper, we are focusing on possible solutions.

The study of four distinct ventilation systems inside a classroom environment has
yielded noteworthy findings about their efficacy in preserving indoor air quality and
controlling the temperature (see Figure 7).

 

Figure 7. Typical day in the ventilated classrooms.
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System 1 has shown remarkable efficacy by consistently upholding CO2 concentrations
below 1000 ppm for 97% of the duration, thereby serving as a robust metric for assessing
favorable indoor air quality. Nevertheless, it is important to highlight that the temperature
within the room increased to 27 ◦C, which is marginally higher compared to that with the
other systems. Nevertheless, the system’s capacity to reliably control the concentration of
CO2 highlights its efficacy.

The findings of System 2 demonstrated even more noteworthy outcomes, as it success-
fully maintained carbon dioxide (CO2) levels below 1000 parts per million (ppm) for 99%
of the duration of occupancy. This outcome serves as a strong indicator of the system’s
exceptional control of air quality. The temperature within the enclosed space reached a
maximum of 26 ◦C, a value that falls within the allowed range for creating appropriate
educational settings.

The third system, despite maintaining air quality levels below 1000 ppm for 65% of
the time, did not employ its boost mode. The utilization of this function during periods
of rest has the potential to significantly improve its effectiveness of removing pollutants.
Significantly, this classroom, characterized by the presence of two external walls, showed a
lower maximum temperature of 25.2 ◦C in contrast to the preceding two systems.

System 4 consistently demonstrated exceptional air quality, as seen by its ability to
consistently control carbon dioxide (CO2) levels below 1000 parts per million (ppm) during
its operation. The classroom, experiencing reduced solar heat gain, had a temperature of
25.3 ◦C, which is beneficial for creating a comfortable learning environment.

In general, it can be observed that all four systems demonstrated satisfactory perfor-
mance by successfully delivering fresh air and ensuring the maintenance of suitable indoor
conditions. The notable disparity in air quality and temperature regulation between the
ventilated and non-ventilated classroom serves to emphasize the effectiveness of these
systems and emphasizes the pressing necessity for their implementation in educational
settings. The present investigation not only showcases the efficacy of these systems in
upholding ideal learning settings but also provides significant data to the domain of indoor
environmental quality in educational structures.

The analysis of carbon dioxide (CO2) concentrations in different ventilation systems,
in comparison to a situation without any ventilation, provides valuable findings regarding
their efficacy in controlling indoor air quality (see Figure 8). Without adequate ventilation,
carbon dioxide (CO2) levels experience substantial variations, ranging from a minimum of
440 parts per million (ppm) during nighttime to a maximum of 7036 ppm. Consequently,
the average CO2 concentration calculated only for the occupation period (8:00–18:00) in
this situation amounts to 1296 ppm.

System 1 demonstrates a notable enhancement with a more favorable concentration
of 697 ppm (46% reduction compared to with no ventilation). System 2 demonstrates
superior performance compared to the other systems, as it effectively achieves a harmonious
equilibrium between the lowest maximum concentration of 1495 ppm and an appropriate
average concentration of 636 ppm (50.9% reduction compared to with no ventilation).
Moreover, System 2 constantly maintains outstanding air quality throughout its operation.
System 3, however, is less efficient than System 2 and demonstrates a notable reduction in
the maximum concentration of CO2 to 2072 ppm and maintains an average level of 753 ppm
(41.8% reduction compared to with no ventilation). Finally, System 4 demonstrates strong
performance by maintaining a maximum carbon dioxide (CO2) level of 3234 parts per
million (ppm) (the system shut down at that moment) and an average level of 673 ppm,
thereby preserving favorable air quality for a significant duration.

In general, it can be observed that each ventilation system exhibits a notable improve-
ment in air quality when compared to that with the absence of ventilation.
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Figure 8. Long-term analysis of CO2 levels for the heat recovery ventilation units (11 March 2023 to
11 April 2023).
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Similar results were obtained in other studies that analyzed decentralized ventilation
(e.g., like SYSTEM 2) and we can state that the experimental data are validated with this
cross-reference [33] on CO2 and temperature values. In [6] it was also found that CO2
levels increase gradually but can be kept to values of around 1200 ppm with decentralized
ventilation systems.

The investigation of air temperature in several ventilation systems, including a sce-
nario without ventilation, demonstrates a significant degree of uniformity in maintaining
comparable temperature levels among educational spaces. The mean ambient temperature
within the enclosed classroom, lacking proper ventilation, was measured as 23.5 ◦C. When
comparing the data, it can be observed that Systems 3 and 4 exhibited a similar average
temperature of 23.1 ◦C, which nearly resembled the temperature of the non-ventilated
environment. System 2 exhibited a marginally lower mean temperature of 23.4 ◦C, but
System 1, which was installed in a room featuring two external walls, registered a little
higher average temperature of 24.1 ◦C.

The noteworthy aspect lies in the negligible temperature difference observed across
the various scenarios, regardless of the presence or absence of ventilation systems. The
findings indicate that the ventilation systems are successfully sustaining a consistent
thermal environment, a critical factor for ensuring comfort and cognitive performance
in educational environments. The fact that Systems 1 and 3, located in rooms with two
external walls, showed no statistically significant temperature fluctuations compared to the
other systems is particularly noteworthy. This observation suggests that the insulation and
architectural features of the rooms are successfully mitigating the risk of thermal energy
transfer across the external walls.

Based on the consistent room volumes and the approximate ratio of inhabitants (about
23 kids and 1 professor), it is apparent that the ventilation systems are not inducing
substantial variations in the thermal conditions within the classrooms. The consistency
of temperature, irrespective of the type of ventilation system utilized, is advantageous in
terms of education, as it guarantees a uniform and pleasant learning atmosphere for both
students and educators.

The control of humidity within educational settings is a crucial element in establish-
ing an optimal learning environment, and ventilation systems are vital in facilitating this
endeavor. Maintaining humidity levels within the optimal range of 30% to 50% is crucial
for ensuring comfort, promoting good health, and supporting cognitive function. Elevated
levels of humidity can contribute to the growth and spread of mold and mildew, posing
risks to both the physical stability of the building and the well-being of individuals inhabit-
ing it. Such conditions have the potential to induce breathing problems and induce allergic
responses. On the contrary, decreased levels of humidity can lead to many forms of dis-
comfort, including the manifestation of dryness in the skin and eyes. Moreover, it can also
elevate the probability of contracting respiratory diseases and facilitate the transmission
of airborne viruses. Ventilation systems play a crucial role in maintaining equilibrium in
interior humidity levels. By facilitating the circulation of new air and eliminating stagnant,
damp air, these systems have the capacity to inhibit the accumulation of excessive moisture,
thereby reducing the likelihood of mold proliferation and upholding an indoor environ-
ment conducive for human health. Moreover, the influence of humidity on thermal comfort
is substantial. Despite the implementation of precise temperature regulation, unsuitable
levels of humidity might result in individuals perceiving the environment as excessively
warm or chilly.

The investigation of the researched ventilation systems, which lack integrated humid-
ity management, uncovers notable difficulty in upholding ideal indoor humidity levels,
particularly in winter when the exterior air is cold and dry. The introduction of outside air
into classrooms through these systems may result in a notable decrease in interior humidity
levels, which could potentially give rise to perceptions of discomfort and health-related
concerns. The phenomenon is particularly accentuated when airflows are increased, as
ventilation systems have the potential to severely dry the indoor air.
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The data obtained from the systems highlight this particular risk (see Figure 9).
System 1 shows an average humidity level of 30.87%, which is closely trailed by Sys-
tem 3 at 30.76% and System 2 at 30.43%. The observed results exhibit a proximity to the
lower threshold of permissible indoor humidity, suggesting a modest yet constant decrease
in moisture levels. System 4 exhibits a little improvement, as it consistently sustains an
average humidity level of 33.45%. Although this value is closer to the target range, it still
resides towards the lower end. On the other hand, the room without ventilation has a
comparatively elevated average humidity level of 35.04%. This can be attributed to the
absence of external air circulation and the inherent moisture produced within the space.

 

35.04 

30.87 

30.43 

30.76 

33.45 

Figure 9. Long-term analysis of humidity levels for the heat recovery ventilation units (11 March
2023 to 11 April 2023).
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The analysis of the ventilated and non-ventilated scenarios indicates that ventilation
plays a vital role in maintaining the air quality. However, it is important to note that the
implementation of ventilation systems can mistakenly result in decreased humidity levels.
The concern is notably apparent in systems lacking the means for controlling humidity lev-
els. To address this issue, the implementation of humidifiers in conjunction with ventilation
systems could be a feasible approach, aiding in the maintenance of a balanced and pleasant
interior environment. The data unequivocally demonstrate that although ventilation sys-
tems are efficient for controlling air quality, they do require supplementary measures, such
as humidification, to guarantee comprehensive indoor environmental quality.

The Predicted Mean Vote (PMV) index is a widely recognized method for calculating
thermal comfort in indoor environments. Developed by P.O. Fanger in the 1970s, the PMV
model estimates the average thermal sensation of a large group of people. It is based on the
heat balance of the human body and incorporates six key factors: air temperature, mean
radiant temperature, air velocity, humidity, clothing insulation, and metabolic rate. The
PMV index serves to forecast the mean rating of a large number of people on a seven-
point scale measuring the thermal feeling, which spans from −3 (indicating chilly) to
+3 (indicating hot), while a rating of 0 signifies a state of neutral thermal comfort. The
inclusion of this scale in the PMV model is crucial as it allows for the measurement of
the subjective aspect of thermal comfort, recognizing that different individuals may have
varying responses to identical environmental conditions. In our study, assessing the thermal
comfort in classrooms equipped with different ventilation systems, we employed the Testo
400 IAQ and Comfort Kit to measure the Predicted Mean Vote (PMV) index. The evaluation
of thermal comfort using the Predicted Mean Vote (PMV) index for the four different
ventilation systems provides valuable insights regarding their efficacy in sustaining a
pleasant indoor environment. System 1 showed a PMV satisfaction percentage of 79.6%,
whereas the PMV values ranged from −0.5 to +0.5. This finding suggests that a significant
proportion of individuals reported a thermal sensation that was close to neutral, a state that
is generally regarded as comfortable in the context of indoor environments (see Figure 10).

 

Figure 10. PMV index measurements for the analyzed systems.

System 2 provides a remarkable satisfaction rating of 100%, indicating that all indi-
viduals occupying the space had thermal conditions that fell within the ideal Predicted
Mean Vote (PMV) range. The observed level of satisfaction is significant and suggests that
System 2 is highly proficient in maintaining an optimal thermal environment.
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System 3 had a commendable performance, with a satisfaction percentage of 94.1%.
The substantial proportion mentioned indicates that a large majority of individuals were
situated inside the desirable range of the Predicted Mean Vote (PMV), hence suggesting the
efficient management of temperature conditions. In a similar vein, it is worth noting that
System 4 demonstrated a satisfaction rate of 92.2%, thereby reinforcing the effectiveness of
these ventilation systems in delivering thermal comfort.

In comparison, it can be observed that Systems 3 and 4 exhibit marginally lower
satisfaction rates in contrast to System 2, yet they consistently uphold elevated levels
of thermal comfort. The observation that the satisfaction rates of all systems, except for
System 1, surpassed 90% suggests a notable level of success across the board.

In conclusion, each of the four systems exhibits a notable capacity to effectively
maintain optimal thermal comfort, since there have been no documented occurrences of
air drafts. The impact of air drafts on perceived thermal comfort is a critical element to
consider. The observed high levels of satisfaction across all systems serve to underscore
their effectiveness in establishing and sustaining a pleasant and stable indoor thermal
environment, a crucial factor in promoting the well-being and productivity of occupants.

The control of noise levels is a crucial feature of the design and operation of decen-
tralized ventilation systems, especially in environments, such as schools or offices. HVAC
systems, by their nature, can generate noise, which if not adequately controlled, can become
a source of distraction or discomfort. If not effectively managed, this noise can potentially
lead to distractions or discomfort. In such circumstances, the prescribed standards for
permissible noise levels generally advocate a maximum threshold of 35 dB(A). The purpose
of establishing this threshold is to guarantee that the background noise generated by the
ventilation system does not disrupt the main functions of the area, such as educational
activities in classrooms or concentrated work in offices.

For decentralized systems, their inherent advantages in terms of flexibility and energy
economy necessitate meticulous design considerations to mitigate noise. This includes the
careful selection of equipment that fulfills low-noise standards, the strategic placement of
this equipment to minimize sound transmission, and the potential integration of sound-
dampening materials or designs. The challenge is to balance the acoustic comfort with the
system’s effectiveness in air circulation and quality.

Surpassing the established standard of 35 dB(A) can result in heightened levels of
tension, diminished ability to concentrate, and a general decline in pleasure with the in-
terior environment. Hence, while considering the design and execution of decentralized
HVAC systems, it is imperative to recognize that acoustic performance holds equal sig-
nificance to factors, such as thermal comfort and air quality. It is imperative to maintain
the prescribed noise levels to establish an indoor atmosphere that is conducive to comfort,
well-being, and productivity. Measurements of acoustic levels were measured for all four
systems at different scenarios (e.g., maximum air flow or different air flow stages) using a
class 1—sound meter SVANTEK 970. The measurements were realized during the night to
minimize the background noise. For all measurements, the background noise was recorded
and subtracted for the results. The measurement of data was performed based on the
frequency (31.5 Hz to 8000 Hz).

Figure 11 shows that System 1 and 3 are by far the noisiest among all four. For
System 1, this is justified as it does not have a sound attenuator. At maximum operation,
it emits an average noise level of 64.15 dB(A), which is far too high for a classroom. As a
reminder, a background noise level of 65 dB corresponds to the noise heard in a moving car.
Even when operating at very low speeds (2/6 for System 3), the system fails to meet the
standard, with a noise level of 39.07 dB(A).
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Figure 11. Sound pressure level in dB(A) at maximum air flow.

System #2 and System #4 achieved similar results, with maximum noise levels of
around 45 dB(A) when delivering maximum air flow of 700 m3/h. Although this value
is higher than the standard, no complaints were issued during the entire period, thus
confirming that even 45 dB(A) is acceptable for the occupants. On the other hand, we note
that System #4 operated at 55%, or 385 m3/h, and System #2 at only 40%, or 320 m3/h,
with maximum values of 35–36 dB(A), thus respecting the norms.

7. Discussion

In the absence of proper ventilation, the concentration of carbon dioxide (CO2) sur-
passed the established threshold of 1500 parts per million (ppm) for a significant duration
of 86.5 h. The observed length is notably elevated, suggesting a substantial likelihood of
compromised air quality, which has the potential to seriously impact the cognitive abilities
and well-being of both children and educators. System 1 exhibits a notable enhancement,
as seen by the CO2 levels exceeding 1500 ppm after a mere duration of 7.95 h. The observed
decrease in air quality, when compared to that with the absence of ventilation, serves
as compelling evidence for the efficacy of the system in managing air quality. Among
the many systems considered, System 2 demonstrates superior efficacy by consistently
maintaining carbon dioxide (CO2) levels below the threshold of 1500 parts per million
(ppm) during the entire duration of the month. This finding suggests that the system
achieves a high level of effectiveness in maintaining stable indoor air quality, therefore
serving as a commendable benchmark for ventilation practices in educational environments.
System 3, albeit an improvement compared to the absence of ventilation, resulted in carbon
dioxide (CO2) concentrations surpassing 1500 parts per million (ppm) for a duration of
23.5 h. While this improvement is noteworthy compared to the absence of ventilation, it
implies that there is potential for further optimization in this system. System 4 exhibits a
moderate level of efficacy in preserving air quality, but is less efficient than Systems 1 and
2, as evidenced by its sustained exposure to carbon dioxide (CO2) concentrations above
1500 parts per million (ppm) for a duration of 10.66 h.

The analysis of indoor humidity levels in classrooms equipped with different ventila-
tion systems yields a significant observation: although these systems effectively regulate
CO2 levels, they tend to decrease humidity, frequently reaching the minimum permitted
threshold. Systems 1–3 have a mean humidity level in the proximity of 30%; however,
System 4 has a little superior performance with an average humidity level of 33.45%.
Nevertheless, as compared to the average of 35.04% in the non-ventilated space, all other
measurements exhibit inferior results. This implies that although ventilation plays a critical
role in maintaining air quality, it can also result in decreased humidity levels, which may
have implications for both comfort and health. Hence, the incorporation of humidification
solutions into these systems may be imperative to maintain an ideal indoor environment.
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The space occupied by the system might limit classroom functionality, and unaccept-
able noise levels could be disruptive, affecting the learning environment and overall student
and staff comfort. Addressing these challenges is crucial for evaluating the feasibility and
overall effectiveness of decentralized ventilation systems in educational settings.

8. Conclusions and Future Work

The comparative analysis of carbon dioxide (CO2) levels in classrooms equipped with
various ventilation systems, as opposed to a scenario without any ventilation, over a period
of one month, offers a distinct signal regarding the efficacy of these systems in upholding
satisfactory indoor air quality throughout school hours.

Our study led to a few significant results regarding the assessment of decentralized
ventilation systems in educational environments. First and foremost, these systems exhibit
a high level of efficacy in improving air quality, successfully controlling CO2 levels to
ensure that they remain below acceptable thresholds. This is of crucial significance for
the physical and cognitive wellbeing of both students and staff members. One significant
constraint that has been identified is the absence of adequate humidity regulation. In
specific instances, this phenomenon has led to a decrease in indoor humidity levels that
fall below the optimal range, which may have potential implications for both comfort
and health.

In relation to noise levels, it can be observed that the systems do not consistently
maintain compliance to the 35 dB(A) noise threshold when operating at their maximum air
supply capacity. However, these systems are able to sustain satisfactory acoustic conditions
when run within a moderate range of levels, specifically at 55% or between 320 to 380 m3/h.
The absence of any complaints from occupants regarding noise or air drafts is a notable
characteristic, suggesting a general satisfaction with the ambient conditions facilitated by
these technologies.

The systems’ ease of installation and non-invasive characteristics makes them a highly
favorable choice when retrofitting existing school structures. The incorporation of this
characteristic, alongside with its cost-efficiency, taking into account the significant advan-
tages for the well-being of children and decreased energy usage, puts up a compelling
rationale for its implementation. The expenses associated with implementing these sys-
tems in classrooms, varying from 4000 to 6500 Euros, can be considered very affordable
when considering the positive impact on health and the environment. This is particularly
significant as these systems effectively eliminate the necessity for window ventilation.

An effective ventilation strategy that has emerged from our study is the use of boost
mode during break times or periods of high background noise. This methodology aims to
enhance air quality while minimizing any possible adverse effects on classroom activity.
Nevertheless, it is apparent that humidifiers are essential throughout the winter season
in order to uphold indoor humidity levels at above 40%, thereby effectively resolving the
problem of low humidity induced by these systems.

Similar measurement campaigns in schools could be found in the literature, concern-
ing the evolution of indoor CO2 concentrations, temperature, and relative humidity. For
instance, Lazovic et al. [38] performed an extensive experimental study in four schools
from Serbia (three located in urban areas and one in a rural area), with the results showing
a good correlation in terms of CO2 concentration profiles with the results outlined in this
paper (Figure 6). The authors showed a strong correlation between the indoor tempera-
ture, humidity, and CO2 concentration for naturally ventilated classrooms, while for the
mechanical ventilation case, all these parameters are under control, and this correlation is
much weaker. Gladyszewska-Fiedoruk [39] arrived at a similar conclusion in a study of
IAQ and thermal comfort performed for a kindergarten case. Similar results were found
by Sanchez-Fernandez et al. [8] in a study of the evaluation of different natural ventilation
strategies using CO2 sensors to monitor IAQ in classrooms and by Almaimani et al. [24]
when assessing several optimal ventilation strategies for a school in Saudi Arabia, in order
to minimize the risk of the transmission of airborne viral infections indoors.
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In summary, our study provides significant contributions in terms of understanding
the application and constraints of decentralized ventilation systems in the retrofitting
process of educational facilities. Although there are certain challenges associated with
humidity control and noise management at higher operational levels, the overall advantages
of these systems in terms of air quality, installation convenience, occupant satisfaction, and
energy efficiency establish them as a feasible and efficient solution for enhancing indoor
environmental quality in educational settings.

Limitations of the current study include its focus on a limited number of schools,
potentially limiting the generalizability of the findings. Also, the study primarily concen-
trates on physical measurements of IEQ parameters without delving deeply into subjective
perceptions or health outcomes of students and teachers, which could be addressed in
future research.

Future studies should consider longitudinal approaches, observing the long-term
impacts of decentralized ventilation systems over various seasons and years. This extended
timeframe would enable a deeper understanding of the consistency and sustainability
of these systems in enhancing IEQ. Expanding the scope to encompass a broader range
of schools across different geographical and socio-economic spectrums within Romania
is recommended. Such diversity in the study sample would shed light on the influence
of external environmental factors and socio-economic conditions on IEQ. Investigating
the direct relationship between enhanced IEQ and educational outcomes, such as student
academic performance, attendance, and health, is crucial. This would establish a more
concrete link between environmental quality within schools and tangible educational
benefits. Future research should adopt a more holistic approach to IEQ, examining the
combined effects of various IEQ components (air quality, thermal comfort, lighting, and
acoustics) and their collective impact on occupants’ health and the learning environment.
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Abstract: Future weather scenarios significantly affect indoor thermal comfort, influencing people’s
well-being and productivity at work. Thus, future weather scenarios should be considered in the
design phase to improve a building’s climate change resilience for new constructions as well as
renovations in building stock. As thermal comfort is highly influenced by internal and external
thermal loads resulting from weather conditions and building usage, only a dynamic building
performance simulation (BPS) can predict the boundary conditions for a thermal comfort analysis
during the design stage. As the model setup for a BPS requires detailed information about building
geometry, materials, and usage, recent research activities have tried to derive the required simulation
models from the open BIM (Building Information Modeling) Standard IFC (Industry Foundation
Classes). However, even if IFC data are available, they are often faulty or incomplete. We propose
a template-based enrichment of the BPS models that assists with imputing missing data based on
archetypal usage of thermal zones. These templates are available for standardized enrichment of
BPS models but do not include the required parameters for thermal comfort analysis. This study
presents an approach for IFC-based thermal comfort analysis and a set of zone-usage-based templates
to enrich thermal comfort input parameters.

Keywords: Building Information Modeling; IFC to simulation; thermal comfort; building performance
simulation; climate change

1. Introduction

Climate change necessitates future weather scenarios that will significantly affect
humans’ everyday lives and pose challenges to housing design and construction. These
challenges emphasize the need for measures such as shading, temperature peak reduction
through thermal mass (if available), or night cooling ventilation [1]. Bell et al. [2] estimate
an increase in cooling demand for buildings at up to 35% for the year 2050 and stress
that BPS must be improved and advanced in order to serve as a reliable planning and
prediction tool, for example, by properly incorporating not only warmer average tempera-
tures due to climate change but also short yet extreme weather events. People in Western
societies spend 90% of their time indoors throughout the day [3,4], and thermal comfort
influences well-being and productivity at work, in schools, and at home [5–7]. Therefore,
future annual weather conditions should be considered in a building’s design phase to
improve the building’s climate change resilience for new constructions and renovations in
existing buildings.

Since thermal comfort is strongly influenced by internal and external loads resulting
from weather conditions and building usage, only a dynamic building performance sim-
ulation (BPS) can predict the boundary conditions for a thermal comfort analysis during
the design stage. As the model setup for a BPS requires detailed information on building
geometry, materials, and usage, recent research activities have attempted to derive the
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required simulation models from the open BIM (Building Information Modeling) Standard
IFC (Industry Foundation Classes) [8]. However, even when the IFC data are available, it
is often erroneous or incomplete. A template-based enrichment of the BPS models helps
fill in missing data based on archetypal usage of thermal zones (e.g., for defining internal
loads and schedules based on the usage of thermal zones). These templates are available
for standardized enrichment of BPS models, but do not include the required parameters for
thermal comfort analysis.

We propose a basic setup to integrate automated thermal comfort analysis into an
IFC-based BPS setup. This setup enables the user to perform an IFC-based thermal comfort
analysis in the design process with minimal additional effort. It assists in rapidly evaluating
building designs and even small changes without major remodeling efforts. The impact of
climate change on building design can be easily considered when comparing the impact
of design decisions. Furthermore, this setup cannot only be used to minimize building
operational costs but also consider, e.g., embodied carbon for different design strategies
when optimizing the building’s design for maximum thermal comfort design. For a
quick template-based model enrichment, we propose zone-usage-based thermal comfort
parameters. These parameters are rough estimates but enable users to consider usage-
specific setups and can be further specified for individual project needs.

After an introduction to the related research on thermal comfort and climate change,
IFC-based BPS, and future weather scenarios, we present our approach for IFC-based
thermal comfort simulation. This approach extends the existing IFC-based BPS approach
bim2sim [9,10]. A set of thermal comfort parameters for template-based BPS model enrich-
ment supports the presented bim2sim extension. The proposed methods and templates are
evaluated on a case study IFC building applying a TMYx (2007–2021) and SSP5-8.5 (2050,
2080) weather scenarios for Cologne, Germany.

1.1. Related Research

The related research for our study is grouped into the three areas of (1) thermal comfort
with respect to climate change, (2) general IFC-based methods for BPS, and (3) related
research on future weather scenarios for the use in BPS.

1.1.1. Thermal Comfort and Climate Change

Thermal comfort in general and the Fanger [11] model in particular have been used in
different simulation scenarios, but oftentimes for a specialized purpose or situation, such
as thermal comfort in trains [12], the prediction of thermal comfort in indoor swimming
pools [13], the heat exposure in a kitchen environment [14], or the investigation of rural
heating systems’ efficacy [15]. In early design stages, suitable models for occupant behavior
allow the designers to evaluate design decisions with respect to their combined influence
on comfort and the building’s energy consumption [16]. Gritzki and Rösler [17] describe
a simulation approach where BPS and HVAC system simulations were coupled with
Computational Fluid Dynamics (CFD) in order to investigate the feasibility of Net-Zero
Energy concepts in office buildings. Although their approach is quite extensive, including
thermal and draught simulation as well as prediction of CO2 distribution, it might prove
beneficial to interface this approach with IFC to facilitate integration into the BIM process.

Barbosa et al. [18] describe an approach to investigate the vulnerability of Portuguese
residential buildings, focusing on occupancy and insulation. Their multi-step procedure
involves geometry and constructive data acquisition, acquisition of monitoring data, mod-
eling in EnergyPlus as well as calibration against weather data and the final comfort
assessment. The results emphasized the beneficial role of external insulation in increasing
the adaptive capability of buildings. As stated by the authors, future replications should
also include air-tightness of the building or additional shading devices in the simulation.

Applying the Simulation-based Large-scale uncertainty/sensitivity Analysis of Build-
ing Energy performance (SLABE) methodology, Escandón et al. [19] projected the impact
of climate change on a building category with a case study object located in Seville, Spain.
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Generalization took place by Monte Carlo resampling of the EnergyPlus input parameters.
Among the nine geometrical parameters, floor height, form ratio, floor area, and orienta-
tion had considerable influence. Among the 17 envelope parameters, the absorptance of
the wall’s external layer showed the highest standard rank regression coefficient in that
category. User behavior was identified as the major influence within the three analyzed
operation parameters, but also among all categories, and its relevance was estimated to
even increase with the progress of climate change. In line with previous studies, the au-
thors project an overall worsening of the indoor thermal conditions towards the year 2050,
resulting in elevated cooling demands (up to 250 % increase) and an increase in discomfort
hours of about 36 %. Escandón and colleagues suggest and emphasize the usefulness of
incorporating the approach as a plugin in BIM tools.

Aiming to improve multi-type building performance prediction as well as optimiza-
tion, Yan et al. [20] propose a machine learning (ML)-based procedure, which was applied to
dwellings by the Singaporean Housing Development Board. Transfer learning techniques,
as well as multi-objective genetic optimization, were utilized to derive optimal performance
and design parameters for daylight performance, energy efficiency, and thermal comfort
from short to long-term future climate conditions.

Various approaches to evaluate the thermal resilience of buildings were reviewed by
Siu et al. [21]. According to the authors, one of the main issues to be resolved is a lack of
standardized procedures for the prediction and evaluation of a building’s thermal resilience
with simulations. This holds true not only for the BPS part but also for the methods applied
to create extreme weather data. Many of the studies projecting thermal comfort changes
caused by climate change oftentimes focus on regions where heat is already present [22–24].
As no region will remain untouched by climate change or its consequences, it might
prove beneficial to include a thermal comfort simulation and prediction component in
BIM models.

The heat-balance guided thermal comfort model by P. O. Fanger [11] is implemented
in current comfort-related standards such as the ASHRAE 55 [25] or DIN EN ISO 7730 [26].
Although the model has been criticized because of some shortcomings compared to adap-
tive approaches—such as its application focus on mechanically conditioned buildings—it is
still one of the most common models applied to derive predictions for thermal comfort [27].
Besides the theoretically sound foundation on human heat exchange with the environment,
the model is fairly easy to apply based on four physical (air temperature, radiant tempera-
ture, air velocity, and relative humidity) as well as two person-related (physical activity,
clothing) variables. Both of the model’s metrics, the predicted mean vote (PMV) and the
predicted percentage dissatisfied (PPD), are easy to interpret and present themselves as
suitable variables for simulation purposes.

1.1.2. IFC-Based BPS

The use of Building Information Modeling (BIM) as a collaborative approach for
building design is widely used in the European Union, but the implementation is heteroge-
neous [28]. IFC [8] is used as an open data exchange format for BIM data. The IFC-based
setup of BPS models has been widely discussed in related research, but the IFC-based
process still leads to errors (e.g., syntax, geometry, semantics, consistency) [29–31]. So far,
the processes are not sufficiently supported and integrated by available software tools,
preventing them from being more widely adopted in industry.

The basic concept of translating IFC-based geometry into BPS models utilizes the
second level space boundaries (IFC4: IfcRelSpaceBoundary2ndLevel), initially introduced
by Bazjanac [32]. These space boundaries describe the virtual heat-transmitting surfaces
in-between thermal zones and the building’s surroundings, considering adjacent thermal
zones and building constructions. While some studies discuss methods for generating
second-level space boundaries for building simulation [33–39] or directly integrate space
boundary generation methods in their IFC-based BPS approaches [39–41], other studies
rely on the IFC4 schema-conform definition of space boundaries for the (semi-)automatic
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generation of BPS models [9,42–45]. To be able to rely on the quality of provided space
boundaries, a validation and/or a correction process may need to be applied, as proposed
by Ying and Lee [29], Richter et al. [30]. At least for minor corrections (e.g., surface
normal orientation), the correction process, in most cases, has less computational costs than
generating new space boundaries and should be preferred over generating a full set of new
space boundaries.

With its modular and open-source approach for IFC-based BPS simulations, the
bim2sim tool [9,10] provides a solid base for adapting the EnergyPlus-based BPS meth-
ods toward thermal comfort analysis. The bim2sim tool aims to support engineers with
a geometric and semantic simulation model setup using IFC and template-based data.
This drastically reduces the manual model setup time, while only minor manual model
corrections are required after applying the bim2sim tool [10].

The structure of this open-source framework is displayed in Figure 1, showing the
central data processing and enrichment steps for the two BPS plugins PluginEnergyPlus
and PluginTEASER, using EnergyPlus and Modelica as simulation backends, respectively.
A similar approach is available for HVAC simulations with the PluginAixLib, also using
Modelica as a simulation backend. The modular approach of the bim2sim tool and the inte-
grated HVAC simulation support the future implementation of a dynamic co-simulation
setup of BPS and HVAC, which is not part of the proposed methods but could also be
extended for the application of thermal comfort. The initial implementation of the bim2sim
framework also includes plugins for exporting CFD boundary conditions for use in the com-
mercial CFD-Software ANSYS FLUENT (Version 2022 R2) and an initial implementation
supporting Life Cycle Assessment (LCA) [10].

Figure 1. Simplified representation of the main bim2sim workflow; for Building Performance
Simulation including the PluginEnergyPlus (white) and the PluginTEASER (gray, solid line), and for
HVAC simulations the PluginAixlib (gray, dashed line).

All plugins start with the shared process of loading the IFC data. In the next step, the
required elements for the BPS domain are created for the respective process (e.g., walls,
slabs, windows, doors, and space boundaries). The available element properties within the
IFC are identified, evaluated, and enriched (user input- or template-based) if properties are
missing. This process is followed by plugin-specific settings, the export for the simulation
backend, and the simulation itself.

The template-based enrichment in bim2sim builds on archetypal templates (e.g., for
zone usage), which are derived within TEASER [46]. These use conditions represent the
boundary conditions for zone types defined in DIN V 18599-10 [47] and VDI 2078 [48]
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and are further enriched by internal load profiles defined in SIA 2024 [49] (TEASER Doc-
umentation: https://rwth-ebc.github.io/TEASER//master/docs/code/teaser.logic.bui
ldingobjects.html#teaser.logic.buildingobjects.useconditions.UseConditions, accessed on
12 November 2023).

Mahecha Zambrano et al. [16] state that the representation of occupant behavior
in BPS, i.e., occupancy and occupancy-related schedules (internal loads due to lighting
and equipment), is oversimplified, and that the development of a generalized model for
occupant behavior is impossible due to the occupants’ diversity. For the simulation of
thermal comfort, the hierarchy of occupant behavior needs to be evaluated, e.g., how the
occupants decide on changing room set point temperatures and adjusting their clothing
when feeling thermally uncomfortable [16]. The choice of the modeling approach for
occupant behavior in related research is based on the type of behavior, the building design
stage, or the spatial scale of the simulation. Depending on the scale of the simulation,
stochastic occupancy models can be used to derive suitable occupancy profiles for the
buildings. To minimize the (manual and computational) effort in considering occupant
behavior, Mahecha Zambrano et al. [16] suggest using a pre-processed set of schedules for
occupant behavior with an estimation of the probability of these scenarios. This schedule
set could support the designer in the decision-making process when considering extreme
events. However, as the available occupant models lack validation, standardized validation
approaches are required to be able to compare the results of different studies [16].

The bim2sim tool acts as basis for further development of IFC-based thermal comfort
methods within the present study. However, thermal comfort parameters are yet not
sufficiently represented within the usage-based TEASER templates.

1.1.3. Future Weather Scenarios

For the generation of future weather scenarios, General Circulation Models (GCMs)
are downscaled from their worldwide scale of typically 1–5° latitude and longitude [50]
(i.e., about 111–555 km) to regional scale high-resolution Regional Climate Models (RCMs)
with a resolution of 4 km or less [51]. Wilby and Wigley [52] introduced four statistical
downscaling approaches: regression, weather pattern approaches, stochastic weather gen-
erators, and limited-area climate models. Belcher et al. [53] further refined these approaches
to dynamical downscaling, stochastic weather generation, interpolation, and introduced
morphing. While dynamical downscaling is computationally expensive, stochastic weather
generation requires large input data sets, and interpolation may lead to biased resulting
data; the proposed morphing technique has low computational cost and builds upon real cli-
mate data [53]. However, even though this technology produces consistent future weather
data based on future climate predictions, the resulting characteristics are still mainly in-
fluenced by the input weather data and, thus, do not reflect changed characteristics and
variability (e.g., heat waves) in future climate [53].

Zeng et al. [54] present a recent critical review on these generation approaches of
future weather data for building performance simulation, giving advice for the choice of
future weather files according to the application (i.e., energy analysis, thermal resilience,
HVAC design, utility analysis). For the analysis of thermal resilience, they recommend
the use of future extreme weather data instead of typical year weather data. However,
morphed weather data (unable to reflect actual future weather variability) was still used in
related research [54].

Nielsen and Kolarik [55] presented a review on existing climate research. They discov-
ered that more than half of their 47 analyzed studies (2015 and newer) used the outdated
weather data of CMIP3 (Phase 3 of the Coupled Model Intercomparison Project (CMIP),
supporting the fourth assessment report of the Intergovernmental Panel on Climate Change
(IPCC) based on weather data mostly generated in 2005 and 2006: https://pcmdi.github.i
o/mips/cmip3/, accessed on 12 November 2023), partially due to the availability through
the CCWorldWeatherGen Tool that easily generates EnergyPlus Weather files. Only five out
of the analyzed studies underlined why they chose the selected climate model even though
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the resulting weather files show high variance and may lead to an erroneous interpretation
of the simulation results. The ways to deal with solar radiation data for BPS are manifold in
related research, as global horizontal irradiance from GCM and RCM have to be converted
to direct normal irradiance and diffuse horizontal irradiance for the use in BPS [55]. They
published the results of their study on a continuously updated webpage (FutureWeath-
erBPS: www.futureweatherbps.com, accessed on 12 November 2023), currently (November
2023) including data from 82 studies and a total of 210 locations.

Rodrigues et al. [56] propose an open-source morphing tool for future weather data,
as the existing tools (CCWorldWeatherGen [50], Weather Morph [57], WeatherShift (https:
//weathershift.com/, accessed on 17 November 2023)) have limited accessibility (i.e., not
open-source), rely on outdated data models, or are not free to use and, thus, may not be
accessible for researchers with limited funding.

Hong et al. [58] discuss ten questions on building’s and occupants adaptation to
climate changes. Considering changes in the outdoor environment and their impact on the
buildings, they list general climate trends and local weather conditions, urban microclimate
and heat island effects and hazards as influential on thermal resilience of buildings.

1.2. Aim of Study

The current study integrates thermal comfort analysis into an existing IFC-based BPS
approach. In this way, we address the need for an automated thermal comfort model setup
to avoid remodeling when considering design alternatives [21]. Zone usage-based thermal
comfort parameters were derived for template-based enrichment of thermal zones, aiming
to extend the existing templates. The proposed methods were evaluated on a case study
building represented in IFC4. From the BPS-based thermal comfort analysis results, thermal
zones with critical thermal comfort situations were identified. The case study assessed the
applicability of state-of-the-art comfort metrics and the resilience of the building in future
weather scenarios.

2. Materials and Methods

This section starts with an introduction to the thermal comfort approaches used in
our study for thermal comfort analysis. In the following Section 2.2, we propose the imple-
mentation of our bim2sim PluginComfort, which extends the existing bim2sim EnergyPlus
methods by an additional thermal comfort analysis. Section 2.3 addresses the extension of
the TEASER templates by activity (Section 2.3.1) and clothing parameters (Section 2.3.2)
used for thermal comfort analysis for each archetypal thermal zone. Finally, in Section 2.4,
we describe the weather data used in our study.

2.1. Evaluate Thermal Comfort Models

EnergyPlus provides the implementation of the adaptive comfort analysis according
to DIN EN 15251 [59], which has been withdrawn and replaced by DIN EN 16798-1 [60],
which is not yet implemented in EnergyPlus. With the standard’s transition, the methods
for thermal comfort still rely on ISO 7730 [26]. While methods to calculate the running
mean outdoor temperature have not changed, the standards for acceptable temperatures
have changed (cf. Table 1), i.e., the lower boundary for each comfort category has been
reduced by one degree Celsius, and thus, slightly cooler temperatures are defined to be
acceptable. However, since the calculation of temperatures itself did not change with the
transition to DIN EN 16798-1, the available EnergyPlus implementation of the DIN EN
15251 can still be used with minor modifications in the evaluation of results.

The template values we derived for the clothing parameters are static throughout the
whole year as a simplification for template-based model enrichment. In further research, we
could use ASHRAE Standard 55 [25] dynamic clothing model in comparison to our static
template-based clothing parameter set. ASHRAE 55 enables dynamic clothing based on
outdoor air temperatures. This may not be applicable to office and other formal situations
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(e.g., in formal office or meeting situations), so zone-usage-based clothing may be more
applicable in this case.

Table 1. Differences in running mean outdoor temperatures as set points for thermal comfort
categories in DIN EN 15251 [59], DIN EN 16798-1 [60].

DIN EN 15251 DIN EN 16798-1

Category I, upper threshold 24.1. . . 30.7 °C
Category I, lower threshold 21.75. . . 26.7 °C 19.1. . . 25.7 °C
Category II, upper threshold 25.1. . . 31.7 °C
Category II, lower threshold 20.75. . . 25.7 °C 18.1. . . 24.7 °C
Category III, upper threshold 26.1. . . 32.7 °C
Category III, lower threshold 18.1. . . 24.7 °C 17.1. . . 23.7 °C

Applicable for running mean temperature:
Upper threshold 10. . . 30 °C
Lower threshold 15. . . 30 °C 10. . . 30 °C

2.2. Implementation of PluginComfort for bim2sim

The proposed PluginComfort is an extension of the bim2sim PluginEnergyPlus (cf.
Figure 1). This new plugin requires comfort parameters for each thermal zone, introduced
as simplified usage-based parameters in Section 2.3.

Figure 2 visualizes the structure of the proposed thermal comfort plugin. This plugin
builds upon the existing implementation of the PluginEnergyPlus within the bim2sim
framework, as described in Figure 1. While the general tasks like loading IFC data and
general element setup from IFC are the same as for all other plugins within the bim2sim
environment, additional template-based data are loaded within the enrichment process of
the thermal zones, adding personal comfort parameters for activity and clothing. If this
data are available from the given IFC data, these personal parameters could also be loaded
directly from IFC. However, since IFC does not yet provide standardized property sets for
these personal parameters, the current implementation only considers a template-based
enrichment for personal parameters.

Figure 2. Simplified representation of the workflow of the bim2sim-based thermal comfort plugin
PluginComfort; the new plugin builds upon the existing parts of the PluginEnergyPlus (gray) by
loading additional data in the enrichment process and comfort-related settings in the plugin-specific
settings (white).
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Within the plugin-specific settings, the implementation of the PluginEnergyPlus is
extended by adding the personal comfort parameters for activity and clothing to the
individual thermal zones according to their zone usage. Furthermore, the applicable
comfort metrics are selected, and the related output variables are set. The export of the
EnergyPlus simulation model is the same as for the PluginEnergyPlus. The simulation
results of the PluginComfort can be evaluated with suitable visualizations to support design
decisions within the design stages of the building.

With this IFC-based thermal comfort plugin, BPS models for design variants can
quickly be created, minimizing the manual effort to remodel the geometry. Applying future
weather data within the IFC-based BPS assists in evaluating the impact of climate change
and the thermal resilience of the design variants. For this evaluation, the heating and
cooling loads are related to the resulting thermal comfort of the building. Considering
the modular structure of the bim2sim framework, an additional analysis of the embodied
carbon of the design variants could easily be added to further support the design decisions
by extending the existing implementation of the LCA Plugin PluginLCA [10].

2.3. Enrichment of Thermal Comfort Parameters for Archetypal Zone Usage

Richter et al. [61] outline the input requirements for an IFC-based thermal comfort
analysis. Although many parameters for thermal comfort analysis, as specified in ISO 7730,
can be derived at runtime from a BPS simulation (e.g., air/radiant/floor temperature, air
velocity, humidity), parameters for clothing insulation and metabolic rates must be defined
prior to simulation. This parameter definition is specific for the conditions of the simulated
environment. They also suggest that these parameters can be included in the underlying
IFC or be defined in room-specific templates, similar to the approach used in TEASER for
archetypal simulations.

In our study, we expand on and refine the existing archetypal TEASER templates
(cf. Section 1.1.2) for these activity degree and clothing parameters. These parameters are
derived from established standards and are mapped to TEASER’s archetypal zones. The
following sections provide a detailed description of this extending and mapping process.

2.3.1. Enrichment of Activity Degree Parameters for Archetypal Zone Usage

The existing TEASER templates already include archetypal data for different usage
of thermal zones, including occupant activity degree data and occupant heat flow in
W/person. These parameters are derived from values provided by the Swiss standard
SIA 2024 [49], which provides data to calculate the energy demand of buildings in early
building design stages. However, these available activity degrees are standardized (mostly
either 1.2 met or 2.0 met) and do not reflect the expected variations in activity due to
individual zone usage. Therefore, these parameters are unsuitable for evaluating zone-
usage-based thermal comfort, as shown by a first comparison of the existing TEASER
activity data with standards for thermal comfort analysis [26,62].

There are several national and international standards for defining the activity degree
of occupants. DIN EN ISO 8996 [63] provides data to accurately determine the metabolic
rate in working environments. This standard also provides calculation methods to deter-
mine the metabolic rates for various activities, taking into account human conditions such
as gender, age, and body weight. However, since we extend a template-based approach
that provides approximate data to enrich archetypal zone setups, we require more gener-
alized metabolic data at this stage. For this purpose, DIN EN ISO 8996 [63] categorizes
metabolic rates in its Annex A, ranging from (0) Resting (100–125 W/person) to (4) Very
high metabolic rate (>465 W/person). As these categories are broad, each covering a range
of metabolic rates of about 100 W/person, we rely on other international standards and
guidelines (i.e., ISO 7730 [26], ASHRAE Fundamentals [62]) for more specific metabolic
data related to particular activities.

ISO 7730 [26] provides metabolic rates and heat flows for different activities in
Table A.5 and Table B.1. The ASHRAE Fundamentals [62] give a detailed introduction to
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thermal comfort analysis in Chapter 9, providing typical metabolic rates for an average
adult person (person’s body surface area A = 1.8 m2) in Table 4.

Table 2 displays an excerpt of the activity values for the archetypal room types in
the existing TEASER template (cf. Table A1 for full set of parameters for all zone types),
along with the corresponding derived activity values obtained from ISO 7730 and ASHRAE
Fundamentals. To make the data derivation process transparent, we list the activity types
mapped to each room type from both sources (columns (4) and (5)) and their related
individual metabolic rates. The metabolic rates from ISO 7730 and ASHRAE Fundamentals
show only minor deviations (mostly 0 − 0.2 met), although the matched activities vary
due to differences in specifications. The newly derived (and combined) activity degree is
calculated as the mean of columns (6) and (7), rounded up to the nearest decimal place. This
value is rounded up because a higher activity degree results in higher cooling loads and
an increased risk of occupant overheating during summer. On the basis of this combined
activity degree, the heat flow (W/person) is displayed in column (10), calculated with
1 met = 58.1 m2 and the average adult surface area of A = 1.8 m2 [62].

Table 2. Deriving activity parameters for archetypal enrichment of thermal zones based on ASHRAE
Fundamentals and ISO 7730, including a comparison to existing TEASER template values. Columns:
(1) Room type according to TEASER templates, (2) Activity degree from TEASER templates (met),
(3) Heat flow from TEASER templates (W/person), (4) Chosen activity type according to ASHRAE
Fundamentals, Chapter 9 Table 4, (5) Chosen activity type according to ISO 7730, Table A.5 and B.1,
(6) ASHRAE activity degree (met), (7) ISO 7730 activity degree (met), (8) Resulting combined activity
degree (met), (9) Absolute deviation from TEASER activity degree (met), (10) Resulting heat flow
(W/person), (11) Absolute deviation from TEASER heat flow (W/person).

(1) Room Type (2) (3)
(4) ASHRAE
Fundamentals

(5) ISO 7730 (6) (7)
(8) Activity
Degree (met)

(9)
(10) Heat Flow
(W/Person)

(11)

Single office 1.2 70 Office, Typing A.5, Single office 1.1 1.2 1.2 0.0 125 55
Bed room 1.2 70 Resting, Sleeping B.1, Reclining 0.7 0.8 0.8 0.4 84 14
Kitchen in nonresidential
buildings 1.2 70 Cooking B.1, Standing,

medium activity 1.8 2 1.9 0.7 199 129

WC and sanitary rooms in
non-residential buildings 1.2 70 Resting, Seated, quiet B.1, Seated, relaxed 1 1 1 0.2 105 35

Traffic area 1.2 70 Office Walking B.1, Walking, 2
km/h 1.7 1.9 1.8 0.6 188 118

Living 1.2 70 Resting, Seated, quiet B.1, Sedentary
activity 1 1.2 1.1 0.1 115 45

Columns (9) and (11) show the absolute difference to the original activity parameters
from the TEASER Templates given in columns (2) and (3), respectively. While some of the
metabolic rates correspond to the previous TEASER values, the new values for the heat
flow per person greatly exceed the previous values (mostly between 79 and 169 %, referring
to the full parameter set in Table A1).

Updating the activity data in the TEASER Templates is necessary for thermal comfort
analysis, as they show high deviations from the metabolic rates reported in existing thermal
comfort standards. Since the activity values provided in ASHRAE Fundamentals and
ISO 7730 show only small deviations, the derived combined values give a reasonable
estimate for these corrected parameter values.

2.3.2. Enrichment of Clothing Insulation Parameters for Archetypal Zone Usage

Contrary to the derivation of activity parameters, the TEASER templates do not
provide pre-existing values for clothing insulation parameters. Thus, these values have
to be derived from scratch. These values could be derived from the detailed clothing
combinations in the international standard DIN EN ISO 9920 [64], which focuses on detailed
descriptions of clothing settings. However, similar to the DIN EN ISO 8996 [63] standard for
activity degrees, the DIN EN ISO 9920 [64] describes the clothing insulation with such high
detail that it is not easily applicable for deriving standardized clothing insulation settings
for extending the pre-existing templates. We only expect these more detailed clothing
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parameters to increase the accuracy of the simulation results if we perform a massive study
on average clothing in buildings.

Similar to the previous section, ISO 7730 [26], Table C.1 and the ASHRAE Fundamen-
tals [62], Chapter 9, Table 7 provide data for predefined clothing sets. Opposite to activity
degrees, clothing parameters may vary with the seasons. ISO 7730 states operative tem-
peratures for summer and winter, referring to a general clothing value of 0.5 clo (summer)
and 1.0 clo (winter). However, as for the individual archetypal room settings (e.g., offices),
specific clothing standards may apply that do not vary with the seasons. The first version
of the data set only provides a single clothing parameter since the set point cooling and
heating temperatures also do not vary with the seasons in the TEASER templates.

The calculation of the complete clothing insulation IT consists of multiple parts,
e.g., base insulation (clothing insulation Icl), air insulation Ia, and clothing area factor fcl [64].
The position of the human body (e.g., seated, standing) and the surroundings (e.g., chair
if seated, bed if sleeping) also affect the person’s insulation. ASHRAE Fundamentals [62]
state that a factor of up to 0.15 clo should be added to the clo value caused by clothing when
a person is seated on a chair. Nevertheless, clothing insulation and air insulation cannot
simply be added, as the clothing affects the air layers [64]. The surrounding insulation
significantly affects the effective insulation of a person in bedding systems. However, as
our study proposes a new set of generalized templates for archetypal zone usage that is
used for simple estimation of thermal comfort in the design phase, we decided to add
clothing insulation values as additional insulation factors, such as chairs (when seated) or
beds (when sleeping). The reduced accuracy of the clothing insulation is covered by the
general assumption of an estimation of an average/standard setup (of person, clothing,
and activity degrees) per archetypal zone usage.

In the proposed template (see Table 3 for an excerpt and cf. Table A2 for the full
parameter set), we split the insulation parameter into two parts: clothing insulation and
surrounding insulation. By splitting these parameters, we ensure transparency of our
assumptions. We consider the sum of these two parameters for our further thermal com-
fort analysis.

Table 3. Deriving clothing parameters for archetypal enrichment of thermal zones based on ASHRAE
Fundamentals and ISO 7730. Columns: (1) Room type according to TEASER templates, (2) Chosen
clothing type according to ASHRAE Fundamentals, Chapter 9 Table 7, (3) Chosen clothing type
according to ISO 7730, (4) ASHRAE clothing (clo), (5) ISO 7730 clothing (clo), (6) Resulting combined
clothing parameter (clo), (7) Chosen surrounding insulation type, (8) Surrounding insulation (clo).

(1) Room Type
(2) ASHRAE
Fundamentals

(3) ISO 7730 (4) (5)
(6) Clothing
Insulation (clo)

(7) Surrounding
Insulation Description

(8) Surrounding
Insulation (clo)

Single office Trousers, long-sleeved
shirt

Underwear, shirt, trousers,
socks, shoes 0.61 0.7 0.66 ISO 7730, C.3 Executive

chair 0.15

Bed room Walking shorts,
shortsleeved shirt

Panties, T-shirt, shorts,
light socks, sandals 0.36 0.3 0.33 Average based on

Zhang et al. [65] 2

Kitchen in
nonresidential
buildings

Long-sleeved overalls,
T-Shirt

Underpants, shirt,
trousers, smock, socks,
shoes

0.72 0.9 0.81 None

WC and sanitary
rooms in
non-residential
buildings

Trousers, long-sleeved
shirt

Underwear, shirt, trousers,
socks, shoes 0.61 0.7 0.66 None

Traffic area Trousers, long-sleeved
shirt

Underwear, shirt, trousers,
socks, shoes 0.61 0.7 0.66 None

Living Trousers, long-sleeved
shirt

Underwear, shirt, trousers,
socks, shoes 0.61 0.7 0.66 ISO 7730, C.3 Executive

chair 0.15

Depending on climate zones as well as culture, bedding systems vary with regard to
insulation, materials, and general configuration. However, as Zhang et al. [65] describe,
the filling of the bedding materials has a minor effect on the resulting insulation of the
bedding system. Still, it highly depends on the weight per unit area of the bedding
system. Thus, even a study on Chinese bedding systems can be considered for Western
Europe if the weight of the bedding system is chosen appropriately. Zhang et al. [65]
measured bedding system insulation between 1.53 and 4.89 clo depending on the per-
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centage of body coverage and system. As we aim for a surrounding insulation factor that
we can add to the clothing insulation, we estimate an additional surrounding insulation
factor of 2.0 clo. This surrounding insulation factor for bedding already incorporates
a reduction of the combined clothing and surrounding insulation value (clothing and
surrounding insulation factor follow the principles of superposition, such that for the
general template value, we decided to keep the clothing value fixed, while we reduce the
surrounding insulation value). We keep in mind that this surrounding insulation factor
highly depends on the bedding system weight (that may be changed due to weather
conditions), body coverage, and even sleeping posture. A more detailed statistical study
on average sleeping parameters should be considered in further research. For PMV
calculations in ISO 7730, the maximum clo value is limited to 2.0 clo, which the proposed
combinations of clothing and additional insulation may exceed. Thus, the applicability
of the ISO 7730 needs to be further tested.

As the effect of surrounding insulation is rather small (e.g., for wooden stools), these
parameters can be considered optional and used for the fine-tuning of models (e.g., in
classroom or meeting room settings, where all people are expected to be seated on a
chair). We expect the additional insulation of the bedding systems to be crucial for thermal
comfort, while office chairs are negligible. However, the impact of clothing and surrounding
insulation factors on the general thermal comfort within the room should be elaborated in
more detailed case studies.

2.4. Definition of Weather Data

For evaluating the impact of climate change by using our proposed IFC-based thermal
comfort analysis, we use TMYx weather (2007–2021) for Cologne Bonn, as this matches
with the German construction setup from TEASER templates. On this weather data, we
applied the open-source morphing tool Future Weather Generator [56] to generate future
weather predictions for 2050 (i.e., median months from 2036 to 2065) and 2080 (i.e., median
months from 2066 to 2095) [56] based on the up-to-date CMIP6 Global Climate Model
EC-Earth3 [66]. For simplicity, the years of the future weather scenarios are denoted in
the following as 2050 and 2080. For further evaluation of the proposed methods, we
choose the IPCC Scenario SSP5-8.5, following the recommendation of Zeng et al. [54] to use
extreme weather data for analysis of thermal resilience. We choose the worst-case scenario
to underline the potential of thermal comfort analysis during design stage, keeping in
mind that all weather data only represent predictions of future scenarios. By using the
morphing tool by Rodrigues et al. [56], we address the criticism that much research still
relies on the outdated climate model CMIP3 [55]. However, for a detailed analysis of
climate change’s impact on thermal comfort, CMIP6-weather data should be used with
specific predictions that match the actual design purpose (e.g., extreme weather summer
periods for determination of overheating risks), which has not been taken into account
within our proposed demonstration case.

Figure 3 displays the outdoor temperature for the selected weather scenarios per
month. The monthly median temperatures in the SSP5-8.5 scenarios are for 2050 up to
4.37 °C higher than the TMYx baseline and 6.4 °C higher for the corresponding 2080 weather
data. Since the weather data was transformed to the future weather scenario using mor-
phing, the general characteristics (e.g., amount of outliers per month) are approximately
similar to the baseline weather. As already criticized by Zeng et al. [54], the variability of
current weather data is preserved through the morphing methodology, such that changes
in the variability (or even developed phenomena like heat islands) are not represented in
the morphed data.

Our proposed study focuses on climate trends morphed for local weather conditions.
The analysis of urban microclimate, heat islands, and hazards is part of further research
and can easily be built upon our proposed IFC-based thermal comfort framework.

To evaluate the use of the IFC-based thermal comfort, we use the SSP5-8.5 weather
data for 2080 to further analyze the results. As we do not have specific hot summer design
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weather data available for the latest IPCC scenario, the 2080 data are the most extreme data
that are available for our current comfort analysis.
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Figure 3. Monthly outdoor temperature for TMYx (2007–2021) and SSP5-8.5 for 2050 and 2080 weather
data (Boxplots defined by median and Interquartile Range (IQR) from 25th to 75th percentile and
whiskers limited by ±1.5 IQR).

3. Results

The simulation models are generated using the proposed template-based thermal
comfort data and the IFC-based bim2sim workflow with the proposed PluginComfort for
BPS-based thermal comfort analysis. The evaluation in Sections 3.2 and 3.3 analyzes the
impact of the future weather scenarios on thermal comfort with and without cooling,
compared to the current weather. As the present study addresses IFC-based evaluations
of climate change impact on buildings using a case study in Germany, the results focus
on the evaluation of summer comfort, since the climate change increases the observed
temperatures throughout the year (cf. Figure 3).

3.1. Use Case: FZK-Haus

The use case building for demonstrating the proposed IFC-based thermal comfort
setup is the KIT FZK-Haus (FZK-Haus (IFC4), provided by Institute for Automation and
Applied Informatics (IAI) / Karlsruhe Institute of Technology (KIT): https://www.ifcw
iki.org/index.php?title=KIT_IFC_Examples, accessed on 12 November 2023) (total floor
area: 208.55 m2) displayed in Figure 4. The simulation setup is based on the structure of
the archetypal templates used for TEASER [46], which are also used in bim2sim. For the
choice of materials and constructions, the construction type is selected as heavy, and the
materials and constructions are set for a building construction year between 1995 and 2015.
The thermal zone usage templates are modified to match the use case of a residential house
and further extended by the derived templates for activity and clothing (cf. Tables 2 and 3).
The set points for heating and cooling (cf. Table 4) are derived from SIA 2024 [49] and do
not include a night setback. Spaces that do not have cooling requirements according to
SIA 2024 [49] are defined to have a maximum indoor temperature of 32 °C. The simulation
setup uses ideal loads to meet the desired set points for heating and cooling in Section 3.2,
and heating without cooling in Section 3.3.
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Figure 4. Use Case: FZK Haus.

Table 4. Heating and cooling set points.

Heating [°C] Cooling [°C]

Living 21 28
WC Residential 24 32
Kitchen Residential 20 26
Single office 21 26
Traffic area 18 32
Bedroom 21 28

The occupancy schedules are derived and adapted from Mitra et al. [67] and displayed
in Figure A1. Schedules and loads for lighting and technical equipment are adapted from
Remmen et al. [46] and SIA 2024 [49]. Natural ventilation set points are adapted from
Remmen et al. [46] and DIN V 18599-10 [47].

3.2. Template-Based Thermal Comfort with Cooling

To get insights into the impact of future weather scenarios for heating and cooling
loads, the use case is first simulated with enabled heating and cooling set points. Figure 5
displays heating and cooling loads for the weather scenarios, showing a major decrease of
the heating loads (−36.04 % for 2050 and −51.96 % for 2080). The observed cooling loads
drastically increase by 174.60 % for 2050 and 256.15 % for 2080. These calculated energy
loads for heating and cooling align with the observations from related research [19,68] for
future climate scenarios for the years 2050–2100.
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Figure 5. Annual energy demand for heating and cooling per building floor area.

The analysis of the heating and cooling loads shows that in future climate scenarios,
significantly higher energy demands occur to meet the cooling set points and likewise
the thermal comfort requirements. For an overview on the impact of climate change on
thermal comfort under the previously defined conditions, Figures 6 and 7 display the daily
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mean PMV values per thermal zone (solid lines) and the daily mean outdoor temperature
(dashed line) for the summer months between April and October.

For TMYx (2007–2021), the daily mean PMV ranges from −1.21 (Living_2) in December
to 1.73 (Bedroom) in July. For SSP5-8.5 (2080), the daily mean PMV ranges from −1.04
(Living_2) in January to 2.06 (Traffic area) in August. The characteristics of the PMV reflect
the set points and weather data that have been used for simulation. The cooling set points
are reflected in the PMV data, where the PMV reaches a “plateau” in summer (e.g., for the
Single office) since the choice of cooling set points indirectly limits the level of PMV. The
weather data are reflected in the PMV, where the outdoor temperature has a qualitatively
high similarity with the PMV, which is true for the PMV in Figure 6 for the TMYx weather
data, but only in April, May, and October for the SSP-5-8.5 weather data in Figure 7. We
can observe a stronger correlation between outdoor temperature and PMV for the TMYx
data here since the cooling set points are only reached for a smaller period in summer than
for the SSP5-8.5 weather scenario.
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Figure 6. TMYx (2007–2021) mean daily PMV with cooling.
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Figure 7. SSP5-8.5 (2080) mean daily PMV with cooling.

For TMYx (2007–2021) data, the low PMV during winter is caused by larger differences
between zone mean air temperature (used for set point control) and the actual operative
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air temperature that has been used to calculate the PMV (i.e., even with a set point of
21 °C, the actual operative temperature was below 20 °C, causing occupants to feel cold).
For the SSP5-8.5 (2080) scenario, the least comfortable status can be seen in the thermal
zones without cooling (e.g., traffic area). For the analysis of the proposed clothing and
activity parameters, a larger range of set points and building types needs to be tested,
ideally supported by measured data and validation.

In Germany, most of the building stock (residential but also a large amount of public
office buildings and schools) rely on natural ventilation and do not have cooling devices.
Thus, as for fully conditioned buildings, thermal comfort can be accomplished by spending
more energy (or by choosing a resilient building design during the design stage, which also
could be supported by our proposed methods); we perform a more detailed analysis of our
approach without cooling.

3.3. Template-Based Thermal Comfort Analysis without Cooling

For the use case without cooling, we added natural ventilation, which generally
increases the heating load of the building through more added outdoor air. The heating
loads for this use case are displayed in Figure 8. Here, since with increasing temperature
natural ventilation increases the heat loss through the windows, the decrease of heating
demand is lower compared to the previous use case with cooling, reducing the heating
energy by 27.51 % until 2050 and by 36.65 % until 2080.
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Figure 8. Annual energy demand for heating per building floor area.

As this use case without mechanical cooling allows a more in-depth analysis of the
impact of climate change on thermal comfort, further results are visualized for different
levels of granularity. Starting in Section 3.3.1 with an annual comparison of the mean PMV
values and hours within individual PMV ranges, calendar plots highlight the changes in
the daily mean PMV values, while in Section 3.3.2 further diagrams give insights into the
adaptive thermal comfort per room.

3.3.1. Analysis of Fanger’s PMV

Figure 9 displays an overview of the annual PMVs in the individual thermal zones.
This mean annual PMV value does not take into account seasonal differences in the PMV but
still outlines that for the given weather data of TMYx and SSP5-8.5 (2080), the annual PMV
increases combined over all thermal zones about 0.44 (mean PMV over all thermal zones).
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Figure 9. Mean annual PMV per thermal zone comparing the scenarios for TMYx (2007–2021) and
SSP5-8.5 (2080) weather data.

Figure 10 displays the changes between the two climate scenarios per thermal zone.
Here, the number of hours per thermal zone within a specific PMV range is displayed for
TMYx (2007–2021) in Figure 10a, for SSP5-8.5 (2080) in Figure 10c, and the changes between
these scenarios in Figure 10b. The results in Figure 10b highlight that the number of hours
that are rather cold (PMV smaller 0) drastically shifts to warmer predicted temperature
perceptions, resulting in more than 700 hours with a PMV larger than 2 in the kitchen.
In the SSP5-8.5 scenario for 2080, all zones show PMVs larger than 2, while none of the
thermal zones have shown so much discomfort for the baseline scenario.
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Figure 10. Cont.
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Figure 10. Number of hours of the individual thermal zones within PMV ranges for TMYx
(2007–2021) (a), SSP5-8.5 (2080) (c) and the difference between TMYx (2007–2021) and SSP5-8.5
(2080) (b).

To gain more insights on the actual changes of the daily PMV variations through the
year, the changes in the PMV data are visualized in Figures 11 and 12 for the exemplary
thermal zones Living and Kitchen using calendar plots highlighting the 24 h mean PMV
values per thermal zone. These calendar plots give a quick impression on the seasonal
changes in the thermal comfort, highlighting seasonal shifts between the years TMYx
(2007–2021) and SSP5-8.5 (2080).
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Figure 11. 24 h mean PMV values for thermal zone “Living” for TMYx (2007–2021) and SSP5-8.5 (2080).

For the thermal zone Living in Figure 11 with TMYx (2007–2021) weather data, the
PMV ranges between −2 and +2 for the whole year, showing several longer periods of
PMV below −1 within the months of November through March, mixed with periods of
PMV between −1 and 0. This highlights that the heating set points for this thermal zone
may not be sufficiently set to meet the comfort requirements or that the proposed clothing
or activity values are too low for the winter months. Comparing the daily mean PMV
values for the years of TMYx (2007–2021) and SSP5-8.5 (2080), the number of PMV below
−1 drastically reduced in the winter months, while the summer months (especially July
and August) for SSP5-8.5 (2080) show a longer period of days with a PMV greater 1, and
10 days with a PMV between 2 and 3 and, thus, high discomfort for the occupants.
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Figure 12. 24 h mean PMV values for thermal zone “Kitchen” for TMYx (2007–2021) and SSP5-8.5 (2080).

For the thermal zone Kitchen in Figure 12, the PMV index in scenario TMYx (2007–2021)
ranges between 0 and 1 (September through March) and a mix between 0 and 2 (April
through August). With the 2080 weather data, the PMV between 1 and 2 is no longer mixed
with PMV below 1 from May through September, but from June to August, 29 days with a
higher PMV than 2 occur, resulting in longer periods of high discomfort.

The heating loads in the kitchen are generally higher than in the other rooms. Ad-
ditional mechanical ventilation may help reduce the heating loads during kitchen use to
prevent overheating. However, due to the predicted climatic changes, a residential kitchen
with natural ventilation may just not be able any longer to reach a thermally comfortable
status throughout the year.

These calendar plots reflect the daily mean PMV index, including the observed cool-
down during the night. The actual maximum heat loads can be higher than the presented
values of the calendar plots. Calendar plots for the other thermal zones are placed in
Appendix A.4 in Figures A2–A6.

3.3.2. Analysis of Adaptive Comfort

With increasing indoor temperatures due to the lack of cooling, adaptive comfort
measures may better represent the actual thermal sensation of occupants. For the eval-
uation of adaptive thermal comfort we apply the adaptive comfort metrics according to
DIN EN 15251 [59] (withdrawn) and DIN EN 16798-1 [60]. As mentioned in Section 2.1,
DIN EN 15251 is implemented and available in EnergyPlus, but DIN EN 16798-1 is not.
Thus, we combine their results to highlight the differences between these two standards.
For the analysis of the acceptable operative temperature, the main difference for DIN EN
16798-1 is that the acceptable lower bound of the operative temperature per category is
decreased by 1 °C compared to DIN EN 15251. The upper boundaries are not changed.
Both standards include three categories regarding the level of expectation towards thermal
comfort within the room, ranging from Category I (high level of expectation) to Category
III (low level of expectation).

In Figure 13, the operative indoor temperature (vertical axis) is plotted over the
running mean outdoor temperature (horizontal axis) within the outdoor temperature
range of 10 °C to 30 °C for thermal zone “Living”. Each scattered point in the diagram
is colored according to its category in DIN EN 15251. The dashed lines visualize the
upper and lower thresholds of the DIN EN 16798-1 categories. For the baseline weather,
the operative temperatures are in the lower categories of DIN EN 15251, while with the
reduced thresholds in DIN EN 16798-1, the operative temperatures mostly vary within the
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ranges of Category I and II. For this baseline weather scenario, only a very limited amount
of time crosses the upper band of Category I. The range of the mean outdoor temperature
is mostly below 24 °C. For The SSP5-8.5 (2080) scenario in the right plot, operative indoor
temperatures are widely spread over the mean outdoor temperature range, and the upper
thresholds of the Categories are often crossed; some operative temperatures are even
beyond the upper threshold of Category III.

Figure 14 displays the adaptive comfort according to DIN EN 15251 and DIN EN 16798-1
for the kitchen zone. Compared to Figure 13, the indoor operative temperatures are higher
in general, which is due to the high internal loads of kitchen equipment. For the weather
data of TMYx (2007–2021), the operative temperatures are balanced between the thresholds
of the categories of DIN EN 16798-1, while for the SSP5-8.5 scenario, again, even the upper
band of Category III is exceeded multiple times. As described for Figure 12, natural cooling
is not sufficient in this scenario to even keep a low standard of thermal comfort.

For adaptive comfort diagrams for “Living_2” (Figure A7), “Bedroom” (Figure A8),
and “Single office” (Figure A9) see the appendix. The thermal zones of the bathroom and
traffic area do not show enough occupancy according to the standards to be applicable to
the adaptive comfort analysis.

We additionally evaluate the percentage of time within the individual thermal comfort
categories for each thermal zone (Figure 15). All percentages of the TMYx (2007–2021) data
refer on the total number of 4728 hours within the applicable range of the DIN EN 16798-1
(running outdoor temperature between 10 °C and 30 °C) and 6744 hours for the SSP5-8.5
(2080) scenario, neglecting the actual occupancy time for this evaluation.
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Figure 13. Adaptive comfort according to DIN EN 16798-1/DIN EN 15251 for zone “Living” for
TMYx (2007–2021) and SSP5-8.5 (2080).

The evaluation shows that for the base scenario, we have most of the time inside
Categories I and II (in Category III: only 1 % for the kitchen and 2 % for traffic area), while
we have in the SSP5-8.5 scenario between 0–10 % in Category III and even between 0–4 %
worse than Category III. While the conditions of the TMYx (2007–2021) scenario need a
further evaluation of the actual occupancy hours to determine if they are still within the
acceptable thermal comfort range (max. 1 % of the occupancy time worse than Category II
according to DIN EN 16798-1 [60]), the SSP5-8.5 scenario is far out of range.
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Figure 14. Adaptive comfort according to DIN EN 16798-1/DIN EN 15251 for zone “Kitchen” for
TMYx (2007–2021) and SSP5-8.5 (2080).
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Figure 15. Adaptive comfort according to DIN EN 16798-1, percentage of hours per category.
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4. Discussion and Limitations

The present study proposes an extension to the IFC-based bim2sim framework to
facilitate thermal comfort analysis. The study also introduces an extension to a simplified
data set (i.e., TEASER [46]) used to provide the thermal comfort parameters, which are
unavailable in the IFC standard. This extended data set is proposed in a manner similar to
the original template and builds upon the existing dataset used in bim2sim. This simplified
set of thermal comfort parameters has certain limitations that users should consider.

First, the template values provide only an estimate of the number of occupants in each
thermal zone. We derived the clothing and activity parameters on the basis of assumed zone
usage and with the support of existing standards. To better understand the parameters, we
listed the decisions and fundamentals of each individual parameter. This listing enables
further users of the templates to determine if the individual parameters are applicable to
their case or if they require modification.

The proposed parameters do not account for seasonal variations (or even current
outdoor weather conditions also depending on day-/nighttime) regarding clothing, as this
reflection would unnecessarily complicate the parameter set. For certain types of zones,
such as offices and meeting rooms, seasonal clothing changes may not even be applicable.
Further research should test either various sets of clothing parameters, including summer
and winter attire, or a range of clothing parameters for each zone on the basis of outdoor
temperature. The latter would adapt the dynamic clothing described in ASHRAE 55, but
also consider minimum and maximum clothing requirements for specific zone types.

We disregarded regional and cultural differences in clothing in the proposed templates.
Since, even within the same culture, clothing standards in offices vary across businesses,
the template values need to be adjusted to fit individual circumstances. Furthermore, the
template considers only standardized body shapes and activity levels, represented by a
body surface area of 1.8 m2. Gender specifications are not included, nor are individuals
who are shorter, taller, underweight, or overweight. To ensure the thermal comfort for
underrepresented groups, noise should be introduced to clothing and activity parameters,
allowing for the computation of thermal comfort to be repeated and evaluated for a wider
range of occupant parameters. Since only standardized clothing has so far been evaluated,
no skirts or dresses are included in the proposed clothing template.

We presented a simplified set of parameters for the surrounding insulation. For the
sake of simplicity, we suggest adding this value to the occupant’s clothing parameter,
even though they may not physically add up to the total clo value. Further evaluation is
necessary. Additionally, the ISO 7730 PMV only accounts for clothing up to 2 clo, but our
mixed furniture approach may result in higher clothing values. To remain within the range
of ISO 7730 applicability, we have to limit the PMV to 2 clo, select an alternative comfort
index, or expand and validate the ISO 7730 PMV approach for clo values exceeding 2.
Similarly to the classic Fanger model, which omits occupant adaptive measures including
clothing changes, we also disregard such variability. As predicting individual variations in
clothing can be difficult, we suggest adding a clo value increment during colder seasons to
account for additional clothing layers worn, and a decrement during warmer seasons to
account for reduced clothing. While this approach is crude, it can limit clothing adaptability
and assist in incorporating variability driven by human behavior into the simulation.

As stated by Mahecha Zambrano et al. [16], occupants decide to adjust clothing
or change the room’s set point temperature. Furthermore, they state that developing
generalized models for occupant behavior is not possible due to the diversity of occupants.
However, the use of standardized occupancy schedules is crucial for computationally
efficient decision-making in the early design stages. The approach to generate a set of
schedules along with a probability of the occurrence of these scenarios [16] could assist to
further improve the accuracy of our proposed IFC-based thermal comfort analysis.

For the evaluation of the results, we modified, as described, more parameters than
just the proposed clothing and activity parameters compared to the original TEASER
templates [46] to meet the requirements of our residential building. Some parts of the

166



Appl. Sci. 2023, 13, 12478

TEASER templates originate from the DIN V 18599-10 [47], which has been designed for
energetic validation and rating of buildings and, thus, may not be fully applicable for
engineering tasks within the design stage of buildings. For a further use of our proposed
thermal comfort parameters as addition to the TEASER template set, the full set of templates
should also be tested for consistency. As an example: in the TEASER templates, the bedroom
has full occupancy 24/7 while a hotel room is only occupied during the night.

Taking a closer look at the thermal comfort analysis itself, it has to be noted that BPS
using EnergyPlus only calculates a single-node-per-zone PMV measure, neglecting any
kind of furniture or people position within the room. The BPS engineer should be aware
of the BPS limitations and also of the inaccuracies due to the choice of parameters. For a
detailed thermal comfort analysis, the user must apply a much more detailed CFD analysis,
which could be focused on building parts that show a high dissatisfaction with thermal
comfort discovered in the BPS analysis.

When we take a closer look at the impact of the weather data, the presented results
and examples only show the potential of our IFC-based approach. This study does not
evaluate or compare actual design alternatives but focuses on proposing the IFC-based
thermal comfort approach itself. Other weather files representing other climate change
scenarios will lead to different results. However, our approach can be easily repeated
using different weather files representing a variety of climate change scenarios. Design
alternatives can be evaluated using our IFC-based approach without manual remodeling.
However, our simulation results (heating and cooling loads) match the observations from
related research [19,68], even though the results can only be qualitatively compared as
the building geometry, construction, location, and weather data vary from the cases from
related literature. The development of benchmark cases could help to evaluate the accuracy
of our proposed methods.

A more general limitation of our proposed methods is that the selected timeframe for
weather prediction should be chosen according to the predicted use of the analyzed buildings.
The timespan of climate prediction from our use case is only used to highlight the potential of
our proposed methods. However, until we reach the SSP5-8.5 (2080) scenario, the building
can be refurbished multiple times (HVAC, insulation), or even demolished, or the usage has
changed (used as an office of a smaller company vs. used as a holiday apartment), such
that the comfort predictions and energy savings do not apply anymore. The construction
weight and the resulting resilience of the building due to thermal mass in comparison to the
embodied carbon can still be evaluated with our methods even for such large timespans of
sixty years, but the occupancy schedules and internal loads can hardly be predicted.

However, as long as the user is aware of the input data limitations when interpreting
the thermal comfort results, the reduced model setup time due to enriched IFC data is still
highly beneficial to the decision-making within the design process.

5. Conclusions

The IFC-based BPS approach has the capability to reduce the effort for setting up
models of design variants for energy and thermal comfort analysis of buildings. The
template-based approach assists in rapidly filling in missing thermal comfort parameters.
However, the application engineers should be aware of the simplifications that come with
the template-based enrichment and should validate the model and its results for plausibility.
With the use of our proposed IFC-based thermal comfort analysis plugin for the bim2sim
tool, buildings providing IFC data in the design phase can quickly be evaluated for their
robustness towards climate change. In this way, design variants can be tested for their
resilience regarding different climate change scenarios.
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A.3. Simulation Setup for Use Case 1: FZK-Haus
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Figure A1. Occupancy profiles derived from Mitra et al. [67].

Appendix A.4. Additional Simulation Results for Use Case 1: FZK-Haus
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(b) SSP5-8.5 (2080): Single office
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Figure A2. 24 h mean PMV values for thermal zone “Single office” for TMYx (2007–2021) and
SSP5-8.5 (2080).
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(a) TMYx (2007–2021): Traffic area
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(b) SSP5-8.5 (2080): Traffic area
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Figure A3. 24 h mean PMV values for thermal zone “Traffic area” for TMYx (2007–2021) and
SSP5-8.5 (2080).
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(a) TMYx (2007–2021): Bedroom
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(b) SSP5-8.5 (2080): Bedroom
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Figure A4. 24 h mean PMV values for thermal zone “Bedroom” for TMYx (2007–2021) and
SSP5-8.5 (2080).
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(a) TMYx (2007–2021): Bathroom
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(b) SSP5-8.5 (2080): Bathroom

−3

−2

−1

0

1

2

3

Figure A5. 24 h mean PMV values for thermal zone “Bathroom” for TMYx (2007–2021) and
SSP5-8.5 (2080).
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(a) TMYx (2007–2021): Living 2
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(b) SSP5-8.5 (2080): Living 2
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Figure A6. 24 h mean PMV values for thermal zone “Living 2” for TMYx (2007–2021) and
SSP5-8.5 (2080).
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Figure A7. Adaptive comfort according to DIN EN 16798-1/DIN EN 15251 for zone “Living2”for
TMYx (2007–2021) and SSP5-8.5 (2080).
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Figure A8. Adaptive comfort according to DIN EN 16798-1/DIN EN 15251 for zone “Bedroom” for
TMYx (2007–2021) and SSP5-8.5 (2080).
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Figure A9. Adaptive comfort according to DIN EN 16798-1/DIN EN 15251 for zone “Single office”
for TMYx (2007–2021) and SSP5-8.5 (2080).
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Abstract: An assessment of the thermal refurbishment of an outpatient medical center in a tropical
location, such as the City of San Francisco de Campeche, was presented with the aim to diminish
its energy consumption. A year-long energy audit of the facility was conducted to formulate and
validate a numerical simulation model while scrutinizing enhancement strategies. The examined
improvement alternatives encompass passive adjustments to the roof (utilizing insulating materials,
applying reflective coatings, and installing a green roof), modifications to active systems incorpo-
rating inverter technology, and alterations to the walls via reflective paint. The outcomes of the
simulated enhancement scenarios were assessed utilizing energy, environmental, and economic
metrics: key performance index (KPI), equivalent CO2 emission index (CEI), and net savings (NS).
These results were subsequently juxtaposed against TOPSIS decision-making algorithms to ascertain
the alternative that optimally balances the three options. It was identified that using reflective paint
on the roof provides the best energy benefits and contributes to mitigating emissions from electricity
use. Furthermore, combining this passive technology with the integration of inverter air conditioning
systems offers the best economic return at the end of 15 years. For its part, the TOPSIS method
indicated that by prioritizing the financial aspect, the reflective coating on the roof combined with
inverter air conditioning is enough. However, adding a wall with insulating paint brings environ-
mental and energy benefits. The results of this work serve as a starting point for the analysis of other
post-occupied buildings in the region and others under tropical climatic conditions.

Keywords: energy efficiency; medical building; tropical climate; thermal restauration

1. Introduction

Global energy consumption has increased in the last 40 years by over 100%, meaning
that society and governments have focused on energy efficiency and sustainability to
counteract its negative effects [1,2]. The primary goal is to avoid the exhaustion of energy
resources, environmental issues, and increase in energy prices; however, urbanization
affects this target [3]. According to the United Nations, more than 60% of the population
will reside in urban areas by 2050 [4], with buildings being one of the most critical sectors
in energy consumption. So, well-designed buildings are crucial for controlling current and
future electrical consumption and pollutant emissions.

Buildings represent more than 30% of global energy consumption and are responsible
for 27% of CO2 emissions into the environment [5]. According to multiple analyses, this
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behavior will increase the products of climate change [6]. This annual requirement is
primarily for cooling, heating, ventilation, and lighting [7]. Energy management can
reduce energy consumption in facilities by up to 20% and impact total energy demand [8].
However, in predicting energy consumption, there are various challenges, such as ambient
temperature, area and type of building, and age of the construction, to mention a few [9,10].
In this context, health centers are important, since their operation requires an efficient and
high-quality service that must be met in indoor conditions that guarantee thermal comfort.
In addition, health standards are increasingly regulated and have a high impact on this
type of building. Meeting these requirements carries a significant energy demand that has
been overlooked for many years.

Medical centers have the highest energy consumption among the leading commercial
buildings; their energy requirement is allocated to air conditioning, medical equipment,
and maintenance [11]. Various studies have shown that 40% of consumption in medical
centers comes from air conditioning systems [12]. This consumption is estimated to be
worse in countries with warm and tropical climates, characterized by high temperatures
increasing the electrical demand for indoor cooling [13]. In this context, in Mexico, the
annual consumption in medical centers was 3698 MJ/m2, where 80% of the annual demand
comes from regions with warm and humid climates [14]. Furthermore, according to some
studies, the public sector might present an underestimation issue [14,15]. This consumption
is the product of many factors, but one of the most important is the inefficient physical
state of the building and inefficient equipment; for this reason, it is imperative to study
different strategies that help reduce operating costs [12].

Sun, Y. et al. [11] carried out a comprehensive evaluation through satisfaction ques-
tionnaires of users for a medical center in China, improving energy efficiency. Seo et al. [16]
studied the impact of modifying the building envelope using green retrofits in South Korea.
Their results demonstrated that this technique improves heating systems’ energy efficiency
by 30%. As and Bilir [17] focused on energy efficiency and CO2 mitigation in a hospital
building, evaluating insulation materials, building orientation, lighting efficiency and
window-to-wall ratios, obtaining energy consumption reductions by 50%. Similar analyses
have been reported for hospitals in Spain [18], Italy [19], and Australia [20], to name a few.

The bibliographic review in this paper establishes the importance of analyzing medical
centers’ energy consumption and prediction. The works presented in the bibliographic
review focus on modifying operating parameters, HVAC system technologies, and modi-
fying the building envelope. Furthermore, few works address this topic for regions with
a tropical climate and coastal cities, focusing mainly on temperate or Mediterranean cli-
mates. No studies focused on the thermo-energetic behavior of medical centers in Mexico,
specifically in regions with a tropical climate. That said, this study analyzes and identifies
alternatives for thermo-energy improvements in an outpatient medical center located in
a coastal city with a tropical climate, such as San Francisco de Campeche. This work’s
main objective is to identify alternatives that reduce the energy and environmental impacts
of a building that operates under the real conditions of medical activity and represents a
viable investment alternative in the medium term. The results represent the first approach
to thermal restoration for buildings in the region linked to economic, environmental, and
energy aspects. In addition, it provides an overview of actions that can be taken to make
thermal restoration more attractive.

The rest of the work is divided into four sections: The second section addresses the
description of the study building, the characteristics of the construction materials that
compose it, and the electrical consumption equipment and operational patterns of the
medical center. The third section addresses the computational methodology design for
modeling, calibration, and thermo-energetic restoration of the medical center based on
passive and active technologies. The fourth section presents the results of the energy,
environmental, and economic analysis for the thermal improvement of the building, as
well as the selection of the best option that combines the three elements. Finally, section
five contains the conclusions and discussion of the work.
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2. Case Study Location and Building Data

2.1. Description of the Case Study Location

The case study corresponds to an ambulatory medical center for ophthalmological
care located in the historical center of San Francisco de Campeche, Mexico (19◦50′41′′ N,
90◦32′23′′ W). The city’s zone is a completely urbanized area (with practically no natural
vegetation) comprised of masonry buildings and concrete streets, which has fostered
the heat island phenomenon. According to the Köppen climate classification, the city is
characterized by a hot–humid climate with rains in summer, and an average monthly
temperature between 22 ◦C and 31 ◦C, with May being the hottest month and January the
coldest [21]. The average solar radiation in the city is over 16.2 MJ/m2-day, reaching values
higher than 18 MJ/m2-day at summer. The region is also characterized by a high percentage
of relative humidity throughout the year, between 70% and 98% [21]. Figure 1 illustrates
the perceived heat index in the city’s historical center, where the blue dots indicate the
ambient temperatures recorded for 2022. More than 60% of the year, the buildings in the
region are within the margin of caution, which increases dangerous heat and extreme
danger indices the closer one is to the summer. In addition, it is essential to emphasize
that non-operational hours (night hours) are mainly those where it is outside of this risk
zone. All of them drastically impact the thermal comfort of this zone buildings’ occupants
and increase energy use to counteract it. Therefore, the analysis of the building is critical
because it forms part of a compendium of facilities that currently perform functions for
which and are susceptible to thermal restorations.

 

Figure 1. Psychrometric chart with the heat indices reported in the historical center of San Francisco
de Campeche, Mexico for 2022.

2.2. Building Information: Outpatient Medical Center

The medical center is a single-story building facing south, divided into 11 zones
with 127.63 m2 surface construction and a volume of 521.18 m3. A detailed description
of the building’s dimensions is found in Figure 2. The medical center is mainly built
from masonry stone with plaster on the exterior and interior sides, a cast concrete ceiling,
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door and windows frames made from wood, and windows made of 3 mm clear glass
(Table 1). The building is reconditioned to carry out medical consultations and specialized
ophthalmological surgeries. It operates Monday to Friday from 9:00 a.m. to 1:00 p.m.
and 5:00 p.m. to 9:00 p.m.; and Saturdays from 9:00 a.m. to 4:00 p.m. The facilities
operate with five employees in the consulting and optical zones and six employees in the
surgery zone. The medical center has an average flow of 60 to 80 monthly patients for
the consultation zone and an additional 80 people who come to the operation zones. It
is important to emphasize that the age of the building implies the absence of regulatory
standards regarding energy saving during its construction.

Figure 2. Dimensions and structure of the medical center: (a) floor plant; (b) computational 3D
building perspective; (c) indoor activities of daily occupation.

Table 1. Medical center envelope elements’ physical properties.

Envelope
U-Value

(W/(m2 K))

Total Solar
Transmission

(%)

Light
Transmission

(%)
Materials

Width
(m)

Thermal
Conductivity

(W/(m-K))

Specific
Heat

(J/(kg-K))

Density
(kg/m3)

Outdoor
walls

Outdoor
gypsum plaster 0.01 0.4 780 1860

1.773 Na Na Cast concrete 0.015 0.9 980 1860
Concrete block 0.25 0.8 1000 700
Indoor
gypsum plaster 0.02 0.5 1000 1300

Indoor
walls

Gypsum plaster 0.01 0.4 780 1860
1.628 Na Na Cast concrete 0.015 0.9 980 1860

Concrete block 0.25 0.8 1000 700

Roof

Outdoor
gypsum plaster 0.01 0.4 780 1860

Ready-mixed
concrete 0.12 0.9 900 2100

1.432 Na Na Concrete block 0.18 0.5 1000 1400
Indoor
gypsum plaster 0.02 0.5 1000 1300

Doors 2.111 Na Na Wood 0.045 0.2 1760 357
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Table 1. Cont.

Envelope
U-Value

(W/(m2 K))

Total Solar
Transmission

(%)

Light
Transmission

(%)
Materials

Width
(m)

Thermal
Conductivity

(W/(m-K))

Specific
Heat

(J/(kg-K))

Density
(kg/m3)

Windows 5.894 79.3 88.1 Clear
simple glass 0.003 0.96 800 2500

Surface material Solar reflectance (%)
Thermal

absorbance (%)
Solar absorbance (%)

Solar absorbance
(%)

gypsum plaster 30 90 70 70

An energy audit was conducted to identify the electricity devices with significant de-
mand and establish the building’s energy consumption baseline. Audit data was collected
on the number of devices and operating hours of lighting equipment, HVAC systems,
office equipment, and specialized medical practice systems. For the present study, HVAC
systems only cover air conditioning devices, as due to regional climatic characteristics,
the heating requirement for thermal comfort is null [22]. The energy audit information
was collected through surveys carried out on staff, installed equipment datasheets, and
measurements. Electrical data was captured by an AEMC 3945-B PowerGrid analyzer; it
is a class S device designed to measure power frequency, magnitude of supplied voltage,
voltage unbalance, interruptions, and electrical rapid changes with 5% precision concerning
the nominal voltage. The measurement period ranged from January to December 2022.
Energy audit results are presented in Table 2, which describes the electrical loads between
the 11 zones of the ambulatory medical center, such as the energy final use of electricity.
According to the data collected, higher electrical energy consumption is associated with
using air conditioning to cool the spaces that patients and staff frequent to a greater extent.
These results are consistent with the literature, where it is reported that air conditioning
equipment represents about 66% of electricity consumption in regions with hot–subhumid
or similar climates [23]. In facilities for the care of patients, health, or other small-sized
related matters, it has been verified that the energy consumption for air conditioning is
around 60% [24].

Table 2. Installed loads and electrical energy consumption of the medical center based on the
energy audit.

Zone Width
(m)

Length
(m)

High
(m)

Electric Devices

Installed Electrical Loads (kW)

Lightning
Air

Conditioning
Medical

Equipment
Office

Equipment

Ophthalmological
office 3.38 6.69 4.60

11 plugs,
6 LED lamps 20 W,

television, computer
and printer, Minisplit

0.12 1.22 -

Eye care 5.13 4.76 4.73

6 plugs, 7 LED lamps
20 W, computer

and printer,
fridge, Minisplit

0.14 1.28 -

Reception 2.62 4.76 4.73 4 plugs, 6 LED lamps
20 W 0.12 - - -
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Table 2. Cont.

Zone Width
(m)

Length
(m)

High
(m)

Electric Devices

Installed Electrical Loads (kW)

Lightning
Air

Conditioning
Medical

Equipment
Office

Equipment

Patient
recovery 4.11 3.00 3.53 10 plugs, 3 T8 lamps

32 W, Minisplit 0.10 1.24 - -

Surgery room 3.70 4.36 3.53

14 plugs, 4 T8 lamps
32 W, Minisplit

2.52 kW,
3 medical equipment

0.13 2.52 -

Sterilization
zone 2.93 2.98 3.53

8 plugs, 2 LED lamps
9 W, fridge, 2 medical

equipment
0.02 - -

Dressing
room
/bathroom

1.73 5.14 3.53 2 plugs, 2 LED lamps
9 W 0.02 - - -

Corridor
and cellar - - 3.53 5 plugs, 10 LED

lamps 9 W 0.12 - - -

Waiting room 3.38 2.76 3.63 2 T8 lamps 32 W,
Minisplit 0.07 1.22 - -

Surgery office 3.38 3.76 3.63

26 plugs,
2 T8 lamps 32 W,

2 medical equipment,
computer, Minisplit

0.07 1.22

Outside space 7.75 4.69 - T8 lamp 32 W 0.03 - - -

Energy end use
Installed electrical loads

Average monthly
electricity consumption

(kW) (%) (MJ) (%)

Lightning 0.89 7.2 251.6 5.18
Air conditioning 8.69 70.3 3065.4 63.05
Office equipment 1.913 15.5 1510.2 31.06
Medical equipment 0.87 7.0 34.5 0.71

For its part, Figure 3 illustrates the baseline of electricity consumption and the final
use of energy measured throughout 2022 for the outpatient medical center. According
to Figure 3a, the highest energy consumption occurs from May to October, exceeding
1.4 MWh per month. This is associated with the summer season and the heatwave period,
forcing an increase in the use of air conditioning to counteract thermal stress. However, it is
essential to emphasize that in more than 60% of the year, the 1.2 MWh per month is easily
exceeded, of which the eye care and ophthalmologic office represent about 76% and 71% in
air conditioning and lighting consumption, respectively. Finally, in environmental matters,
the baseline associated with said energy consumption is around half a ton of monthly
average CO2 equivalent emissions.
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Figure 3. Summary of the results of the energy audit for the ambulatory medical center: (a) monthly
baseline of energy consumption and equivalent CO2 emissions, (b) electricity consumption associated
with air conditioning equipment, (c) electricity consumption associated with lighting equipment.

3. Computational Methodology

Figure 4 presents the simulation process to identify the merge of passive and active
technologies to improve the building’s energy performance. This methodological approach
is comprised of six stages. The first phase consists of developing a 3D model based on
the construction properties of the medical center and the information gathered from the
energy audits. Subsequently, a calibration stage is executed where the model’s electric
consumption simulations are contrasted with the grid analyzer measurements. Once
medical center calibration was carried out, passive building technologies were evaluated to
improve the building‘s energy performance. In the same way, active systems are integrated
with high-efficiency air conditioning to maximize energy savings. At this stage, various
configurations were analyzed, looking for the optimal combination for the location. Finally,
in the fifth and last stage, the energy performance index (according to the ISO 50001:2018
standard) pollution mitigation, and the techno-economic feasibility of investment are
contrasted through a decision-making tool to quantitatively identify the trade-off where
the three indices converge. A more detailed description of the six phases is provided in the
following subsections.
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Figure 4. Computational methodology implemented to improve thermal performance in a medical
center under hot-humid climate conditions.
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3.1. Building Modeling

To carry out the energy analysis, a 3D model of the medical center was built aided
by the simulation software Open-Studio(v. 3.4) and Energy-plus(v. 9,4). These are based
on BIM methodology, specialized in predicting the indoor environment and energetic
behavior of the building through heat transfer calculations and assumptions. They are
designed for energy improvement, from advanced envelope strategies to developing air
conditioning systems. For this purpose, the software calculates the thermal loads of the
built environment and the thermal/electrical load of operation systems by using a transient
heat balance [25].

For simulation, the software requires data of the building materials’ thermophysical
properties, schedule operation, characteristics of HVAC and lighting systems, and the
weather information of the location. The model of the medical center was developed
using the envelope materials properties reported in Table 1. Regarding electrical devices,
it was given the information collected by energetic audits. Similarly, based on the flow of
people and patients served by the medical center (described in Section 2.2), information
on the occupancy percentages and hours of activity of the building linked to energy loads
was programmed, as is presented in Table 3. The configuration of the HVAC systems
was adjusted to a set point of 22 ◦C under current regulations in hospitals and health
centers [26]. Finally, the climatic file used in the study comprises hourly meteorological
data for 2022 obtained through the software METEONORM (v. 8.1.1) [27].

Table 3. Percentage distribution of loads in the process of energy simulation.

Loads Period

Occupancy

Weekdays

Schedule 00:00–7:59 h 8:00–13:59 h 14:00–16:59 h 17:00–20:59 h 21:00–23:59 h
Percentage 0% 100% 0% 100% 0%

Weekend (Saturday)

Schedule 00:00–7:59 h 8:00–15:59 h 16:00–23:59 h
Percentage 0% 100% 0%

Equipment
and lighting

Weekdays

Schedule 00:00–7:59 h 8:00–13:59 h 14:00–16:59 h 17:00–20:59 h 21:00–23:59 h
Percentage 0% 100% 0% 100% 0%

Weekend (Saturday)

Schedule 00:00–7:59 h 8:00–15:59 h 16:00–23:59 h
Percentage 0% 100% 0%

Natural
Ventilation

Weekdays

Schedule 00:00–7:59 h 8:00–13:59 h 14:00–16:59 h 17:00–20:59 h 21:00–23:59 h
Percentage 100% 10% 10% 10% 100%

Weekend (Saturday)

Schedule 00:00–7:59 h 8:00–15:59 h 16:00–17:59 h 18:00–23:59 h
Percentage 100% 10% 30% 0%

3.2. Building Model Calibration

Since building energy models are complex and comprise a large number of input data,
it is necessary to carry out calibration processes to corroborate and verify that they represent
the actual behavior and performance of the building. The literature reports two statistical
approaches commonly used to assess the quality of model calibration: the mean bias
error (MBE) and the coefficient of variation of the root mean square error (Cv(RMSE)) [28].
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MBE measures the overall systematic error of the building energy model and is defined
as follows:

MBE =
∑

Np
i−1(mi − si)

∑
Np
i−1(mi)

(1)

where mi and si represent the measured and simulated energy data, respectively; with
Np as the number of measurements analyzed. The acceptable ranges of MBE for analysis
with monthly data are between 0–5%, while for hourly or daily data the tolerance is up to
10% [29]. On the other hand, the CV(RMSE) is used as a complement to prevent calibration
errors due to the compensation between positive and negative values used in the MBE. The
CV(RMSE) is computed following the equation:

CV(RMSE) =

√
∑

Np
i−1(mi − si)

2/Np

∑
Np
i−1 mi/Np

(2)

According to ASHRAE and the International Performance Measurement and Verifica-
tion Protocol (IPMVP), the acceptable range for CV(RMSE) using monthly data is from 0 to
15%, while hourly and daily data this extends up to 30% [29].

Figure 5 illustrates the results of the outpatient medical center model calibration
concerning the cumulative monthly energy consumption over a year. In general, the overall
systematic error of building model (MBE) is close to 1%, and the CV(RMSE) is 7.75%. This
implies that the model balances well between overestimation and underestimation, and
the CV(RMSE) confirms acceptable uncertainty range below the limit, indicating a good
accuracy according to the regulations. It is essential to highlight that the largest monthly
difference occurs in May, without exceeding 10%, and that, on average, the monthly
differences of the model do not exceed 6%. Furthermore, the differences presented in
the warmer months overestimate the monthly demand when analyzing the integration of
passive technologies.

Figure 5. Comparison between measured electricity consumption data and calibrated results from
the outpatient medical center.

3.3. Energy Efficiency Proposal Using Passive and Active Technologies

The integration of passive and active technologies search reduces CO2 emissions and
improve the medical center’s electrical energy performance. In the case of passive systems,
the literature reports various strategies to improve the energy efficiency of buildings under
hot or tropical climate conditions [30]. In this work, we opted for assess thermal insulation
panels, reflective coating, and green roofs because they are readily available materials in
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the region, require few or no structural modifications, and thermally have demonstrated
advantages of use at high temperatures.

Thermal insulation using construction material was evaluated considering the ex-
panded polystyrene (EPS) panel, a light, rigid, and formable thermoplastic. These panels
are installed on the roof using plugs or adhesives and are protected with a fiberglass mesh
covered with plaster. Although the labor of this material is not expensive, the price of the
panels and masonry work considerably increases the initial investment cost [31]. In the
case of reflective coatings, these are special paint (usually white) designed to be applied
on the envelope and increase the reflectance of the roof and walls. This represents the
most direct way to reduce incident solar energy and is considered the most straightforward
passive measure because most of these coatings can be installed the same way as regular
paint, which implies reduced implementation and labor costs [32]. In the case of green
roofs, the structure consists in vegetation, soil layer, filter and drain membrane, root barrier
and waterproof layer (Figure 6) The vegetation type affects the leaf area index (LAI), leaf
reflectivity, leaf emissivity, and stomatal resistance [33,34]. For this study, the green roof
analyzed is one of the most applied in Mexico, considering a LAI of 3.75, the reflectivity of
0.25, emissivity of 0.9, and a stomatal resistance of 175 [34].

 
Figure 6. Typical structure of green roof layers.

Table 4 summarizes the optical and thermophysical properties of the materials con-
sidered, as well as their market and installation prices. The three materials were assessed
on the calibrated model considering their application on the roof (and the exterior walls
for the cases of reflective coating). Regarding active strategies, replacing conventional air
conditioning equipment (on–off technology) with inverter technology was considered an
energy efficiency measure. Based on this, the improvement in energy performance and
economic savings were evaluated. This strategy was combined with the passive alternatives
to identify the best cost–energy choice. Table 4 also contains detailed information on the
current and replacement devices and their respective technological replacement costs.
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The passive and active technologies were assessed systematically, dividing them into
lots containing the thermal restoration scenarios. Lot A comprises restoration scenarios
with passive modifications to the roof (insulating material, reflective coating, and green
roof) or reflective paint on the walls. Lot B includes passive changes in the roof combined
with efficient air conditioning systems (inverters). Finally, in Lot C, the reflective coating
on the walls is added to the active and passive modifications. Table 5 enlists the 15 thermal
restoration scenarios, whereas Figure 7 depicts the layer distribution of material of the
5 essential changes in the envelope from which the scenarios are derived. In the green
roof, simulation is important considerer the irrigation process [37]; however, energy plus
software does not have enough information to model that process. To consider the effect of
irrigation, the model contemplates a scheduled irrigation once a month with an irrigation
rate of 0.3 m/h, according to similar studies [36].

 

Figure 7. Description of passive modifications implemented in the envelope of the medical center:
(a) roof with polyurethane insulation; (b) roof with reflective coating (This is the same material
implemented in the case of the walls); (c) roof with polyurethane insulation and reflective coationg;
(d) green roof.
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Table 5. List of passive and active strategies to reduce energy consumption in the outpatient
medical center.

Lot Scenarios
Passive Systems

Active System
Roof Walls

A

A-I polyurethane insulation None Conventional air conditioner
A-II reflective coating None Conventional air conditioner
A-III polyurethane insulation/reflective coating None Conventional air conditioner
A-IV green roof None Conventional air conditioner
A-V None Reflective coating Conventional air conditioner

B

B-I None None Inverter air conditioner
B-II polyurethane insulation None Inverter air conditioner
B-III reflective coating None Inverter air conditioner
B-IV polyurethane insulation/reflective coating None Inverter air conditioner
B-V green roof None Inverter air conditioner
B-VI None Reflective coating Inverter air conditioner

C

C-I polyurethane insulation Reflective coating Inverter air conditioner
C-II reflective coating Reflective coating Inverter air conditioner
C-III polyurethane insulation/reflective coating Reflective coating Inverter air conditioner
C-IV green roof Reflective coating Inverter air conditioner

3.4. Energy, Environmental, and Economic Performance Indices

The improvement in building energy performance was evaluated based on energy
baseline in conjunction with the key performance indicators for energy (KPI) determined
by the ISO 50001:2018 standard [38], which is given as:

KPI =
∑a

i=1 Em,i

∑a
i=1 Es,i

(3)

where Em represents the actual energy consumption measured in the medical center (cor-
responding to the baseline) and Es the results of electrical energy consumption estimated
from the computer simulation. The comparison period is usually conducted over a month
with daily or hourly “a” values. If the KPI < 1, it means that in said month, technologies
implementations improve energy performance regarding the energy baseline. On the other
hand, values above unity indicate that the implemented strategies are counterproductive.

Regarding the reduction in environmental impact, the carbon equivalent emissions
index (CEI) was used [39]. For this work, this was defined as the monthly polluting
agents emitted to the atmosphere (translated into kilograms of CO2) derived from electrical
consumption to satisfy the medical center’s operational and thermal comfort needs:

CEI =
a

∑
i=1

Ex,iEF (4)

where subscript x represents the building electrical energy consumption either for the
baseline (Em) or for the energy improvement simulations (Es). In the same way, EF is
defined as the emission factor of the electric power supplied by the Mexican federal
government. The emission factor (EF) value used in this study is reported in Table 6, with
information obtained from the Mexican Energy Regulatory Commission (CRE).
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Table 6. Costs, energy, and environmental assumptions for performance indices of the medical center.

Parameter Value Unit Reference

Electricity price 1.07 MXN /MJ [40]
Emission factor 0.012 kg CO2/MJ [41]
Electricity inflation rate 4.0 % [42]
Annual discount rate 1.0–20.0 % [43]
Maintenance annual
increase rate 6.0 % [42]

Life cycle 15 years [31]

Finally, the cost-effectiveness of energy efficiency strategies adopted was evaluated by
quantifying the economic indicators: net saving (NS). It estimates the economic benefit consid-
ering the evolution of savings and costs over time. According to Hernández-Pérez et al. [35],
NS is given by:

NS = −IO +
N

∑
t=1

St(1 + es)
t

(1 + d)t −
N

∑
t=1

Ct(1 + ec)
t

(1 + d)t (5)

where IO is the initial investment, St is the saving difference in the year t, Ct is the cost
difference in the year t, N is the number of years in the life cycle, d represents the discount
rate, and es and ec are the annual inflation rate for saving and cost, respectively. Positive
values of NS indicate a most cost-effective strategy, while negative values economically
favor the energy baseline. Table 6 summarizes the information on electrical and economic
parameters required for the implementation of both indicators, while investment cost is
described in the passive and active technologies presented in Table 4.

3.5. Selection of Best Alternative Based on Decision-Making Algorithm

A numerical tool for decision making was implemented to identify the trade-off that
ensures the best overall performance of the environmental, energy, and economic aspects.
For this purpose, the Technique for Order of Preference by Similarity to Ideal Solution
algorithm, known as TOPSIS, was used. It works by choosing the best alternative based
on the shortest and furthest Euclidean distances from the positive (v+j ) and negative (v−j )
ideal solutions, respectively. The ideal solution is represented by the maximum value of
the proximity coefficient (CC) [44].

max
[
CCj

]
=

√
∑k

j=1

(
vij − v+j

)2

√
∑k

j=1

(
vij − v+j

)2 −
√

∑k
j=1

(
vij − v−j

)2
(6)

For this purpose, the TOPSIS algorithm requires identifying whether the variables
will be improved by increasing (+) or reducing (−); also, the degree of priority of the
variable needs to be indicated, where the sum of these must equal 100%. In this work, the
KPI, CEI, and NS indicators were considered as the variables to be analyzed, forming a
15 × 3 decision matrix. It was instructed that the best results aim to reduce the KPI and
CEI and increase the NS. The evaluation was carried out by varying the priority percentage
of each variable from 80 to 50% in steps of 10%. The calculations were implemented in the
Python programming environment through the PyTOPS tool [45].

4. Results

4.1. Improving the Energy Performance of the Outpatient Medical Center

Once it was verified that the model satisfactorily estimates the building’s electrical
demand and computed the desirable indices, the passive and active substitution scenarios
were analyzed in three lots: Lot A, corresponding to cases where there are exclusively
passive modifications to the roof or wall; Lot B, where passive modifications to the roof are
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combined with efficient air conditioning systems (inverters); and Lot C, where, in addition
to the active and passive modifications, a reflective coating is added onto walls. Figure 8
illustrates the KPI results both monthly and annually for the three analyzed lots linked to
electricity consumption.

For the scenarios with modifications exclusively on the roof or wall (Figure 8a), only
applied passive technologies are feasible to reduce the medical center energy consumption
between 5% and 11% for the hottest months (April–September). Green roof was detected
as the least effective (annual KPI of 96.3%), followed by polyurethane insulation (annual
KPI of 94.3%). In the case of selective coating on the façade, during the hottest months, its
contribution is almost zero; however, it demonstrates exemplary performance in energy
saving for winter days. Furthermore, the annual advantages in energy savings are not
negligible, decreasing by around 9% annually. For its part, the analysis of the annual KPI
indicates that reflective coating on the roof (Case A-II) and its combination with expanded
polyurethane (Case A-III) are the ones that have the most significant benefit for the building,
reducing electrical demand by 10.09% and 10.19%, respectively. It is important to highlight
that the contribution of including the expanded polyurethane layer can represent a higher
cost when modifying the envelope with an almost zero energy benefit of 0.1% annually and
barely 1% for the hot month of the year. It is also important to emphasize that although the
lower consumption in the warmer months is obtained in Case A-III, the monthly curve of
Case A-II is more constant throughout the year, obtaining even better energy benefits for
the winter season (November to February).

The scenarios in Lot B demonstrate the benefits of combining passive and active
technologies. According to Figure 8b, the effect of passive technologies in the envelope is
better appreciated when introducing inverter air conditioning systems. In summary, it is
possible to reduce the electrical consumption of the outpatient medical center for the hottest
months from 22% (Case B-I) to 31% (Case B-IV). Excluding Case B-I, which proposes using
an inverter system without modifications to the envelope, again, selective coating on the
walls (Case B-VI) and green roofs (Case B-V) have the least favorable results. At the same
time, the reflective coating on the roof and its combination with insulating material were
again the best thermal options, obtaining practically the same performances (KPI of 72.2%
and 72.05%, respectively). The expanded polyurethane on the roof is benefits from using
inverter technology, differing only 3.5% from the best Case. Finally, the results of Lot C
(Figure 7c) show that the integration of selective coating on the walls improves the energy
performance of the medical center by 2.45% concerning theirs homologous of the Lot B.
The above implies that a white reflective coating provides the greatest thermo-energetic
advantage to the envelope.

4.2. Environmental Pollution Mitigation Analysis

For its part, Figure 9 shows how the use of passive and active technologies reduces CO2
equivalent emissions. The monthly results of Lot A are exhibited in Figure 9a. In the case
of commercial thermal insulator (Case A-I polyurethane foam) or green roof (Case A-IV),
both options are characterized by being mainly thermal barriers that increase resistance to
heat flow from radiation. Therefore, their mitigation capacity depends on thickness, which
is reflected in the figure where they express an intermediate mitigation level concerning
the other cases of thermal restoration. The combinations with reflective paint on the roof
(Case A-II and a-III) present the best performance in reducing emissions, with almost
identical mitigation potential. In quantitative terms, implementing technologies based on
the reflection of solar radiation incidents on the roof can represent mitigations above half a
ton of CO2 equivalent annually, between 719 kg and 725 kg, compared to the baseline.
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Figure 8. Monthly and annual electricity key performance index for the scenarios: (a) Lot A: ex-
clusively passive modifications on the envelope; (b) Lot B: envelope modification combined with
inverter air conditioning systems; (c) Lot C: active and passive modifications combined with a
reflective coating on the façade.
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Figure 9. Monthly and annual equivalent CO2 emission index for the scenarios: (a) Lot A: exclusively
passive modifications on the envelope; (b) Lot B: envelope modification combined with inverter air
conditioning systems; (c) Lot C: active and passive modifications combined with a reflective coating
on the façade.
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Regarding Lot B (Figure 9b), implementing the inverter air conditioning dramatically
reduces the CEI. In the worst scenario (Case B-I), only inverter technology can mitigate
nearly a ton and a half of CO2. Under this same analysis, the integration of reflective
paint on the façade or the green roof barely improves the effect achieved by the simple
replacement of the active system, where although improvements in the reduction of the
CEI are always desirable, it may not be economically justified to invest. For its part, by
using the reflective coating on the roof with and without thermal insulation (Case B-III and
B-IV, respectively), the mitigation potential can be improved by up to 26%, reaching close
to two tons of reduction in CO2 equivalent per year. This implies the impact that selective
coating has on buildings in the study area. Finally, the results of Lot C (Figure 9c) show
that integrating the façade with selective coating would barely reduce between 169 and
180 kg of CO2 equivalent per year compared to its simile, presented in Figure 9b, which
would not represent an attractive option from an investment perspective.

4.3. Building Net Saving Analysis

Figure 10 analyzes the economic feasibility of the scenarios. The analysis considered
a discount rate range from 1% to 19% to observe the minimum rate at which it is not
considered profitable to make the investment. For the case where modifications are made
exclusively to the envelope of the medical center (Figure 10a), it appears that the use of
reflective paint is the most attractive option. The best results are obtained with this material
used on the roof (Case A-I), façade (Case A-V), and combined on the roof with thermal
insulation (Case A-III), in that order. For its part, the use of the green roof proposal did
not show the feasibility of implementation. The above can be explained by the reflective
coating being the cheapest material of the three technologies evaluated. In addition,
the Campeche area has high solar radiation, so reflecting about 90% of direct radiation
contributes significantly to energy savings. It is important also to analyze the discount
rate results. Given that discount values below inflation (6%) do not represent a real benefit
from the investment approach, the moderate viability region was proposed, enclosed in
the yellow rectangle, which is between 6 and 7%. According to the image, the use of
polyurethane insulation and its simile combined with the reflective coating are not only
below Cases A-II and A-V, but it is also seen that they are susceptible to falling within the
zone of infeasibility upon reaching the region of moderate viability. Therefore, it may not
represent an attractive investment option.

Figure 10. Cont.
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Figure 10. Net savings benefits respect discount rate for the scenarios: (a) Lot A: exclusively passive
modifications on the envelope; (b) Lot B: envelope modification combined with inverter air condi-
tioning systems; (c) Lot C: active and passive modifications combined with a reflective coating on
the façade.

For its part, integrating technological substitution with inverter equipment and passive
strategies (Figure 10b) increases the range of total net savings and the profitable alternatives
for energy savings. Five of the six cases that make up Lot B may be in the moderate viability
region. Of these, it is interesting that Case B-III, corresponding to the reflective coating
on the roof linked to the inverter system, provides better economic performance than
the simple integration of the new HVAC system alone (Case B-I). Despite case B-III, the
above is a more significant initial investment by the medical center’s administration. This
demonstrates the economic benefits of using the correct passive system for the envelope.
Finally, for Lot C, although there are certain benefits from the energy and environmental
perspective, its integration entails a higher cost that is not solved in the long term, as seen
in Figure 10c.

4.4. Implementation of TOPSIS Algorithm

Table 7 presents the results of decision making using TOPSIS. According to the results,
giving up to 60% priority to the economic aspect over the environmental and energy factors
means that the integration of reflective coating (especially on the roof) and inverter air
conditioning represents the most attractive option. As mentioned previously, this is a
product of the shrinking of the material implemented in the envelope. When the energy
aspect is almost on par with economic interests, the reflective coating on the roof and
wall, and inverter air conditioner (Case C-II) become more critical. For its part, all the
priority percentage options converge in Case C-II for both the environmental and energy
aspects. The above means in terms of compensation, the joint integration of reflective
paint on the walls and ceilings together with air conditioning would represent a better
environmental and energy option; it may even be a viable option as long as the medical
center administrators reduce the emphasis on economic interests a little. However, in
practice, the above is not very viable, as suggested by [36], promoting interest in strategies
with greater impact on the thermal efficiency of the envelope that can only be developed
through incentives such as carbon credits, which would help to present interest in aspects
such as CEI.

201



Appl. Sci. 2023, 13, 12444

Table 7. Results of integrating the TOPSIS method to identify the trade-off of the environmental,
energy and economic indices.

Priority Percentage
Best Active/Passive Technological Strategy

KPI CEI NS

10 10 80 Reflective coating on roof with inverter air conditioner (Case B-III)
20 10 70 Reflective coating on roof with inverter air conditioner (Case B-III)
30 10 60 Reflective coating on roof with inverter air conditioner (Case B-III)
40 10 50 Reflective coating on roof and walls with inverter air conditioner (Case C-II)
80 10 10 Reflective coating on roof and walls with inverter air conditioner (Case C-II)
70 10 20 Reflective coating on roof and walls with inverter air conditioner (Case C-II)
60 10 30 Reflective coating on roof and walls with inverter air conditioner (Case C-II)
50 10 40 Reflective coating on roof and walls with inverter air conditioner (Case C-II)
10 80 10 Reflective coating on roof and walls with inverter air conditioner (Case C-II)
10 70 20 Reflective coating on roof and walls with inverter air conditioner (Case C-II)
10 60 30 Reflective coating on roof and walls with inverter air conditioner (Case C-II)
10 50 40 Reflective coating on roof and walls with inverter air conditioner (Case C-II)

5. Discussion

As the results show, the implementation of passive systems, with a particular focus
on roofing solutions, emerges as an effective strategy for enhancing the thermo-energetic
performance of a building. Passive systems harness natural elements like sunlight, ventila-
tion, and insulation to reduce the building’s energy consumption. However, it is essential
to acknowledge that their success is subject to a multitude of considerations. Thus, while
passive systems offer great potential for energy efficiency, careful planning and the con-
sideration of various factors are imperative for optimizing their performance in a specific
context. As results show, these characteristics are predominantly evident in green roofs and
polyurethane insulation performance, making them the least effective in reducing energy
consumption for air conditioning. The green roof is an innovative solution with benefits;
however, the high temperature and humidity that characterize Campeche affect the type
of vegetation that needs to be considered, the depth of sub-stratum, and the inheriting
maintenance cost. For that reason, it is essential to study aspects of inheritance vegetation
that could survive extreme temperatures and humidity without requiring periodic mainte-
nance, decreasing the cost of the system. The government has allocated multiple resources
and policies in the case of polyurethane to increase their implementation as a passive
measure. This is based on the hypothesis that the reduction of the global heat transfer
coefficient contributes to reducing the thermo-energetic behavior of the building and is not
supported by quantified data on the impact of climatic conditions on the thermophysical
properties of the material. Principally, the humidity of the region is critical to consider
in the application of this material because it affects the insulation effectiveness, creates a
conducive environment for mold and mildew growth, and degrades the material, affecting
its durability.

6. Conclusions

An analysis of the thermal restoration of an outpatient medical center in a tropical
region like the City of San Francisco de Campeche was presented to reduce its energy
consumption. An energy audit of the building was carried out, collecting data for one year
to design and validate a numerical simulation model and verify improvement strategies.
Among the improvement options analyzed are passive modifications to the roof (insulat-
ing material, reflective coating, and green roof), alterations to active systems integrating
inverter technology, and changes to the walls using reflective paint. The results of the simu-
lated improvement scenarios were analyzed using energy, environmental, and economic
indicators, which were subsequently contrasted with TOPSIS decision-making algorithms
to identify the alternative that best compensates the three options.
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Energetically, the results showed that adding passive technologies increases energy
efficiency by 11%. Under this scenario, the most significant energy savings are modifying
the roof, compared to placing reflective materials on the walls. However, combining both
strategies improves the building performance mainly in the winter season. Integrating
inverter technology in air conditioning equipment and roof coatings improved energy
performance, with inverter-reflective coating technique being the most attractive, with
28% savings. This saving results in the mitigation of around two tons of CO2 per year
from an environmental perspective. The economic results indicate that all the options
that integrate reflective paint generate the best net savings. The above is derived from the
affordable value of this passive technology. However, many options that have energy and
environmental benefits do not achieve economic rewards. The above is an indication of
the need to implement strategies that promote better use of energy with an environmental
perspective through carbon credits as in other countries, which Mexico currently does
not have.

Finally, the TOPSIS approach indicates that integrating reflective paint on the roof and
walls with inverter air conditioner would represent the most attractive option in most cases.
However, by prioritizing the economic aspect, it remains in the background.

Based on these results, the following conclusions are drawn:

- Due to the climatic conditions of high temperature and humidity, the green roof and
polyurethane insulation present the lowest energy savings.

- Green roofs present multiple advantages from the environmental perspective; how-
ever, the installation cost, maintenance, irrigation, and the region directly affect
their performance.

- Implementing inverter technologies in air conditioning significantly improves the
energy consumption in buildings, specifically in medical centers where a stable tem-
perature is necessary.

- Although there is a national policy regarding target temperatures in medical spaces,
a range is not established according to the region’s conditions, which is why it is
imperative to promote a policy that results in better energy consumption practices.

The study results make it straightforward for a coastal city in a tropical climate such
as San Francisco de Campeche; the reflective paint on the roof is the best option, not
only from an economic perspective. However, it is better than energy-saving strategies
currently being implemented at the national level, such as using expanded polystyrene for
roofing buildings, where service benefits are both energetic, economic, and environmental.
The study results are the first approach to analyzing structures under actual operating
conditions in coastal cities with a tropical climate and allow us to provide an overview of
where to promote specific technologies and regulations of regional passive strategies for
energy saving in the region.
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Abstract: The interest in zero-energy buildings has increased in Korea recently. Following the
significant increases in cooling and lighting energy consumption in offices, various studies have been
conducted to implement energy-saving measures. The purpose of this study is to reduce lighting
and cooling energy consumption in the summer through the dimming control of a complex smart
window system. To achieve this, the optimal dimming control algorithm has been derived and
applied in simulations to analyze the energy consumption for lighting and cooling. A smart window
incorporates suspended particle display glass that actively responds to changes in indoor and outdoor
environments and controls light transmittance. It also includes a light-guiding glass that can actively
control solar reflectance. Simulations of office buildings were conducted to develop optimal control
algorithms and controllers based on solar radiation. Subsequently, we installed this complex smart
window in a test room along with the developed control algorithm and controller, which responded to
the amount of insolation and time. To ensure the accuracy of the experiment, we constructed separate
test and reference rooms. The experimental results obtained under the same conditions showed a
reduction of approximately 36.9% in cooling energy consumption in the test room compared with
the reference room and a 54.5% reduction in lighting energy consumption. Furthermore, based
on additional simulations and experiments, we confirmed that the application of complex smart
window systems in office buildings could reduce considerably the energy consumption for cooling
and lighting.

Keywords: complex smart window; smart skin; zero-energy buildings; suspended particle display;
energy savings; lighting-guide glass; dimming control LED; optimal control

1. Introduction

Korea is currently strengthening its green building roadmap. As part of this effort, we
are striving to implement energy-saving measures with windows based on the “Energy-
saving Design Standards” to minimize the energy demand for mandatory zero-energy
buildings in the public sector by 2020 and the private sector by 2025 [1]. Notably, office
buildings account for 60–70% of the total energy consumed by the building sector, making
energy savings in offices an increasingly important issue [2,3]. However, the development
of smart envelope and Energy Management System (EMS)-linked technologies to reduce
the cooling load of office buildings, which are the most thermally vulnerable parts when
implementing zero-energy buildings, remains insufficient.

Building energy consumption is increasing globally, and office energy consumption
is experiencing significant growth. Consequently, many studies are underway to reduce
building cooling loads. Some studies focused on active awning systems [4] and window
systems using double skins [5]. However, these efforts concentrated solely on reducing
the cooling load by blocking solar radiation from reaching the building. Consequently,
lighting energy consumption in office buildings is increasing. To minimize heat loss
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through windows in conventional buildings, it is essential to produce glass that can control
the transmittance of visible light radiation artificially. The need for such technological
advancement has become achievable recently, thanks to the progress in the development of
thin-film materials with various functionalities and research on liquid crystal materials. One
of these technologies is the use of variable transmittance glass, which can artificially adjust
its transmittance based on the presence or absence of light or an electric field. Such glass can
be broadly categorized into polymer-dispersed liquid crystal (PDLC) technology, vacuum
sputter-coated electrochromic technology, and others, depending on the type of functional
material used [6,7]. These advanced materials are being pursued as next-generation, high-
performance, and high-value-added products. Various foreign companies and research
institutions are investing substantial budgets in their development, alongside research
on control methods. Therefore, in this study, we conducted research on the reduction
of lighting and cooling energy consumption in zero-energy buildings through dimming
control of a developed smart window system incorporating variable transmittance glass.
To achieve this, the optimal dimming control algorithm has been derived and applied in
simulations to analyze the energy consumption for lighting and cooling. The developed
smart skin is a composite of suspended particle device (SPD) and lighting guide glass
(LGG) technologies.

To address this issue, our study aimed to develop an active technology capable of
reducing both cooling and lighting energy consumption by analyzing the correlation
between cooling and lighting. Therefore, in this study, we developed a complex smart
window by combining SPD glass [8,9] that can control light transmittance by actively
responding to changes in indoor and outdoor environments, such as indoor temperature,
illuminance, outdoor temperature, and solar radiation, with a LGG [10] that is capable
of actively controlling solar reflectance. In this case, SPD adjusts its transparency based
on the external conditions of the building to minimize the building’s energy loss through
heat, while LGG refracts sunlight to enhance the incoming light, thus conserving indoor
lighting energy. The refractive index of LGG has been calculated using an algorithm to
achieve the optimal value by adjusting its angle based on the elevation of the sun. In
addition, we incorporated a dimming LED [11] to maintain the indoor illuminance level
and a controller to optimally control the complex smart window [12,13]. To achieve this, an
optimal control algorithm and an EMS were developed using computer simulations [14].
Subsequently, we experimentally measured the reduction in cooling and lighting loads in
an office building [15]. This study involved the development of a complex smart window
system, the formulation of an SPD, LGG, and dimming LED control algorithm based on
solar radiation in office building modeling using EnergyPlus and TRNSYS, and the design
of a control algorithm in conjunction with a controller. Finally, we conducted a comparative
experiment by installing tests and reference groups to measure energy consumption.

2. Materials and Methods

2.1. Development of Complex Smart Windows

A complex smart window is a sophisticated building envelope that responds to the
external environment and adjusts the conditions of the building envelope to optimize the
indoor environment. It includes sensors for detecting the external environment (outside
temperature, solar radiation) and internal environment (indoor temperature, illuminance),
a computer program to respond to the central EMS of the building control system, an SPD
and LGG, dimming LEDs, and a driving apparatus, among other components. Essentially,
it functions as a smart skin for windows. Figure 1 shows the configuration of a complex
smart window.
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Figure 1. Configuration of the complex smart window.

Single-skin-shading and double-skin-type windows were developed [16] considering
wind pressure and watertight performance [17,18] to account for problems in strength
and durability against external impacts depending on the location of the configuration.
A complex smart window was combined with an SPD and LGG to maintain the indoor
environment at optimal conditions. SPD reduces heat loss in a building by varying the
transmittance according to the external conditions of the building [19,20]. LGG refracts
light from the sun to increase the amount of light entering a building, thereby reducing
the lighting energy in the building. An optimal control algorithm for driving the SPD and
the LGG was developed using computer simulations. Additionally, the dimming LED was
designed to interlock so that it would not affect the indoor working environment and change
independently based on the variation in illumination intensity by blocking and distributing
sunlight through the SPD and LGG. Furthermore, a controller was developed to interface
with an EMS [21] that monitors data and controls signals based on an optimal control
algorithm in conjunction with the indoor and outdoor environments [22–24]. Figure 2
shows the image of complex smart window operation.

Figure 2. Complex smart window operation.

2.2. Simulations

Transmittance and dimming controls for complex smart windows are required to ef-
fectively reduce the cooling load and lighting energy during the summer. Time-dependent
transmittance control is necessary to achieve optimal control of complex smart windows. To
establish the correlation between transmittance control and energy consumption, basic mod-
eling was conducted on an office building located in Seoul, and the energy consumption

208



Appl. Sci. 2023, 13, 9647

was calculated using DesignBuilder (version 5.5.2.003). Figure 3 shows the DesignBuilder
simulation setup.

Figure 3. DesignBuilder simulation setup: (a) visualized building model; (b) simulation model plan.

The simulated office building was located in Seoul, and a window was installed at a
height of 1.5 m on the south-facing side of the building, which covered 50% of the total wall
area. Table 1 presents the details of the simulated buildings. For office dimming control,
700 lx was set as the standard for indoor illumination levels (range: 700–1500 lx). Regarding
the SPD, a simulation was conducted by dividing the shading on the south-facing window
into nine cases (with minimum and maximum shielding criteria of 0.1 and 0.9, respectively)
to determine the appropriate SPD control method according to time. The weather data
required for the analysis were based on the 2015 Seoul weather data provided by the Korean
Meteorological Administration. A simulation was conducted for the baseline model, a
model with the dimming control system was applied, and the dimming control system
was applied to a general office building under natural light. All other conditions were kept
constant. The results are summarized in Figure 4. In this study, the function that controls
the transmittance of the smart skin over time was determined using regression analysis.
This function is proposed to be a function of time to optimize the cooling load and lighting
energy by controlling the smart skin.

Table 1. Simulation conditions of test building.

Simulation Condition Contents

Location Jeonju City, Jeollabuk-do
Area 85.95 m2

District Residential area
Usage office Illuminance 20 W/m2

Occupancy 0.2 persons/m2 Lighting density 500 lux

Occupancy hours 8:00–18:00 Infiltration 0.2 h−1

(Air exchange rate)

Ventilation 0.5 h−1

(Air exchange rate)
Cooling temperature 22 ◦C

2.3. Pilot Plant

To develop the smart window system and algorithm, a pilot plant was built in the
laboratory to monitor changes in cooling, heating, and room lighting loads according to
changes in solar radiation. The collected data were used to develop control algorithms
using machine learning techniques. Figure 5 shows prototypes of the solar radiation
blocking rate measuring device [25], SPD production [26], and smart window [27], which
were used to construct an actual pilot plant [28–30].
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Figure 4. Simulation result according to the application of the dimming control system.
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Figure 5. Images of (a) a solar radiation blocking rate measuring device, (b) SPD production, and
(c) a smart window.

2.4. Optimal Control Algorithm and Controller Development

In this study, the function that controls the permeability of the smart skin over time
was calculated using regression analysis. Consequently, a time function that optimizes the
cooling load and lighting energy by controlling the smart skin is proposed.

f (t) = 0.0008t5 + 0.1121t4 − 2.8149t3 + 19.36t2 − 26.65t + 71.82 (1)

Different results were obtained when the direction of the building was changed to east,
west, south, or north. Using this result, the smart skin control algorithm (implemented to
achieve the maximum reduction of cooling and lighting loads in a zero-energy building)
can be derived, as shown in Figure 6. In the algorithm, the output level represents the
temperature and irradiation amounts obtained from the sensor attached to the SPD. The
SPD output is represented as a discrete value ranging from 0 to 1, with 1 indicating complete
light blocking and 0 signifying transparent control allowing light transmission.

 

Figure 6. Control algorithm for load reduction.
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One disadvantage is that the effect of the change in insolation in real time cannot be
fully considered through SPD and dimming control based solely on time. To address this
limitation, precise, real-time control that considers the indoor environment is necessary.
Therefore, a dependent logic considering the amount of insolation is proposed as follows:

S(t) = −0.0185t2 + 0.2804t − 0.0935 (2)

where

t =

⎧⎪⎪⎨
⎪⎪⎩

08 : 00 1
09 : 00 2

. . .
18 : 00 10

|R − TR| > 100, X = (R − TR)/1000
R : Representative Insolation, TR : Hourly Insolation

S = S(t)− X(0 ≤ S ≤ 1), (3)

In Equations (2) and (3), S(t) is a control value, and t is a variable representing time. R
represents the representative solar radiation, and TR represents the hourly solar radiation.
Equations (2) and (3) were used to supplement the control value in cases where the hourly
insolation amount had a large error compared with the representative insolation amount.
The following algorithm incorporates real-time insolation from the previous algorithm,
resulting in a more accurate calculation of SPD values. Therefore, this algorithm allows for
the calibration of SPD values, thereby improving the accuracy of SPD values for cloudy
or rainy days. Finally, through algorithmic modeling, we were able to derive the optimal
SPD transmittance and dimming values, and using these, we controlled the smart window.
Figure 7 shows a control method that considers real-time insolation.

Figure 7. Control algorithm considering solar radiation for load reduction.

The development of hardware (HW) and firmware (FW) to control a complex smart
window system in an office utilizes a LoRa-based wireless communication method to collect
wireless sensor data. This supports LGG, SPD, and LED controls. The detailed hardware
configuration is illustrated in Figure 8.
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Figure 8. Hardware configuration of a complex smart window controller.

2.5. Test Building Construction and Complex Smart Window Experiment

To reduce the lighting and cooling loads in a zero-energy building, a test room was
established to conduct experiments on a complex smart window, and an optimal control
method was developed that applies both dimming control and variable transmittance
glasses. For the experiment, two identical rooms—the test and reference—were constructed
with an EPS panel structure, each with an area of 12 m2.

The experimental setup is shown in Figure 9. Smart skins with SPD and LGG were
installed in the test room, whereas ordinary glasses were installed in the reference room.
Their configurations are presented in Table 2. Temperature, humidity, illuminance, and
solar radiation sensors were installed in each room for monitoring purposes. The heating
and cooling units were installed separately to monitor the cooling energy consumption
using a meter.

 

Figure 9. Construction of test and reference rooms.
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Table 2. Glass compositions in the conducted experiment.

Skin Type Glass
Size

(mm)
Thickness

(mm)
EA (Each)

Test
room

LGG 5CL + 22Ar (blind) + 5PLA ONE 1140 × 540 32 2

SPD
inside 5CL + 16Ar (SWS) + 5PLA ONE

1140 × 800
26 4

outside 9.75SPD + 16Ar (SWS) + 5PLA ONE 30.75 4
Reference

room
top 5CL + 16Ar (SWS) + 5PLA UN 1140 × 540 26 2

bottom 5CL + 16Ar (SWS) + 5PLA UN 1140 × 800 26 4

3. Results

3.1. Effect of a Complex Smart Window

The difference in energy consumption between the test and reference rooms is shown
below. Although the current control method exhibited a high-cooling effect in the summer,
it was slightly effective or ineffective in meeting the load required for heating and cooling
during the shoulder season. However, when the experiment was conducted, the energy-
saving effect was confirmed to be significant.

3.2. Site Experiments

The goal of this study was to reduce lighting and cooling loads in a zero-energy build-
ing by testing a smart skin and implementing an optimal control method that incorporates
both dimming control and variable transmittance glass. To achieve this, the sensor and
meter values were monitored using the EMS. The monitoring period for this study was
limited to June–September 2000. During the test period, the energy consumption of the test
and reference rooms was compared. Focus was placed on data collected from 9 am to 6 pm.
This timeframe was chosen to align with standard working hours in public buildings, and
changes in indoor temperature as well as the energy consumption of air conditioners and
lighting were closely monitored. The illuminance level was set to 500 lx in both the test
and reference rooms. In the experimental site, the indoor temperature was controlled to
approximately 25 ◦C, and the indoor illuminance was maintained at approximately 500 lx,
which is the required illuminance level for office work in a public building. The illuminance
level measurement location was set at a height of approximately 0.7 m in both the test and
reference rooms, based on the height of the office desk.

3.3. Comparison of Cooling and Lighting Energy Consumptions

To reduce the cooling load and lighting energy in summer effectively, an experiment
was conducted using a complex smart window combined with a dimming LED to maintain
indoor illumination levels. For this purpose, we simulated the reduction of cooling and
lighting loads through actual monitored SPD transmittance and dimming control. This
window combines SPD glass, which actively responds to changes in indoor and outdoor
environments and can control light transmittance, with LGG, which can actively control
solar reflectance. The results of a comparative analysis of the energy consumption of the
test and reference groups in the experiment using a complex smart window are shown
in the following graph. In Figures 10 and 11, the data for days 1 to 15 refer to the period
from 1–15 August, which is when the cooling load is the highest during the summer season.
Also, in Figures 12 and 13, the monthly data include all days of the respective month.
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Figure 10. Experimental results of daily lighting energy consumption.

Figure 11. Experimental results of daily cooling energy consumption.
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Figure 12. Experimental results of monthly lighting energy consumption.

 

Figure 13. Experimental results of monthly cooling energy consumption.

Figure 9 displays the lighting energy consumption from 1–15 August, revealing that the
Test group equipped with SPD and LGG generally exhibits lower consumption (<1.5 kWh).
Figure 11 presents cooling energy consumption, indicating larger daily variations due to
external temperature influences rather than lighting, yet similarly, the Test group demon-
strates lower cooling energy consumption, consistent with the lighting energy results.
Figures 12 and 13 depict lighting and cooling energy consumption from June to September.
Overall, the Test group consistently exhibits lower energy consumption, and the highest
reduction rate is observed in August, a period of heavy load.
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The experiment yielded energy consumption under the same external and internal
conditions, as shown in Table 3. The cooling and lighting energy consumptions of the
test room were 138.6 kWh and 124.1 kWh, respectively, whereas the cooling and lighting
energy consumptions of the reference room were 219.8 kWh and 272.7 kWh, respectively.
By applying smart skin, energy-efficient use was achieved in parallel with dimming con-
trol. By combining LGG and the dimer, the lighting load was reduced by 54.5% and the
cooling energy consumption was reduced by approximately 36.9% compared with the
reference room.

Table 3. Experimental glass compositions.

Energy Consumption
(kWh)

June July August September Sum Savings

Cooling Test 48.4 36.8 45.4 7.8 138.61
36.9%Reference 71.8 55.0 80.6 11.7 219.76

Lighting Test 43.3 31.8 27.0 21.5 124.07
54.5%Reference 74.5 67.6 65.6 64.7 272.66

4. Discussion

Additional simulations were conducted (not mentioned in this study). In particular,
after comparing the energy consumption of buildings with complex smart window systems
based on the orientation of the office building and analyzing the differences, it was found
that the highest energy savings occurred when the building faced south, whereas the lowest
savings occurred when it faced north. The order of energy savings according to building
direction was south, west, east, and north.

Furthermore, when comparing and simulating the amount of energy saved using
different building envelope materials, such as reinforced concrete and brick, the energy-
saving rate was found to be the same. However, when the window area differed from
that of the wall, energy savings were proportional to the window area. Additionally, deep
learning was applied to simulate the energy savings of a complex smart window system,
and it was confirmed that a certain amount of energy consumption could be predicted.

In this study, to reduce cooling and lighting energy simultaneously, a complex smart
window was developed by combining SPD glass, which is capable of controlling light
transmittance by actively responding to changes in indoor and outdoor environments
and outdoor air, with LGG, which can actively control solar reflectance. A dimming LED
is also incorporated to maintain the required indoor illuminance level. Therefore, it is
necessary to confirm the energy-saving effects associated with the use of this technology
in various buildings. Additionally, based on this study, the developed smart window is
considered effective in reducing lighting and cooling loads. However, from a long-term
perspective, when applying smart skin technology, it is deemed necessary to install real-
time sensors for detecting malfunctions in the SPD and LGG window systems and verifying
their long-term effects.

5. Conclusions

In this study, a system was developed to reduce the lighting and cooling energy
consumption in an office building during the summer period. Prior to the experiments,
we developed a control algorithm to derive the optimal SPD transmittance and dimming
values. The system simultaneously applied dimming control and smart skin with variable
transmittance, and an optimal control method was devised to maximize energy savings.
An experimental site was constructed to compare and study the actual energy consumption.
The experimental period was from June to September, and the cooling period and lighting
operation time were monitored from 9:00 am to 6:00 pm, aligned with the working hours
of office workers. As a result of this study, it has been confirmed that the application of the
developed complex smart window significantly reduces lighting and cooling loads during
the summer season. The major findings are as follows:
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(1) A complex smart window system was developed by combining SPD, LGG, and
dimming LED to simultaneously reduce cooling and lighting loads and address the
increasing energy consumption in offices during the summer period.

(2) An algorithm that can control the transmittance and dimming in parallel was devel-
oped to effectively control complex smart windows. The cooling load and lighting
energy were optimized by determining a function that controlled the transmittance
over time.

(3) To increase the effectiveness of the control and application of the complex smart win-
dow, an optimal control function was developed for each region using representative
solar radiation data for each area. To control the complex smart window in an office,
we developed HW and FW for the wireless controller using the LoRa-based wireless
communication method, which supports LGG, SPD, and LED control.

(4) Based on experimentation, it was shown that energy efficiency can be achieved in
parallel with dimming control when complex smart windows are used. By combining
LGG and dimming, the lighting load was reduced by 54.5%.

(5) An experimental site was constructed to monitor the energy consumption in the
test and reference rooms. In the test room with the smart skin system, the cool-
ing energy consumption was reduced by approximately 36.9% compared with the
reference room.
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Abstract: This research investigates the compatibility of conventional air conditioning with the
principles of green building, highlighting the need for systems that enhance indoor comfort while
aligning with environmental sustainability. Though proficient in regulating indoor temperatures,
conventional cooling systems encounter several issues when incorporated into green buildings. These
include energy waste, high running costs, and misalignment with eco-friendly practices, which may
also lead to detrimental environmental effects and potentially reduce occupant comfort, particularly in
retrofit situations. Given the emphasis on sustainability and energy conservation in green buildings,
there is a pressing demand for heating, ventilation, and air conditioning (HVAC) solutions that
support these goals. This study emphasises the critical need to reconsider traditional HVAC strategies
in the face of green building advances. It advocates for the adoption of innovative HVAC technologies
designed for eco-efficiency and enhanced comfort. These technologies should integrate seamlessly
with sustainable construction, use greener refrigerants, and uphold environmental integrity, driving
progress towards a sustainable and occupant-friendly built environment.

Keywords: HVAC; thermal comfort; green buildings; outdoor air conditioning

1. Introduction

Recent years have seen a considerable breakthrough in outdoor air conditioning
systems, altering the way we cool our living and working environments while fostering
sustainability and the energy economy. This introduction provides a summary of the main
advancements in outdoor air conditioning and bases its discussion on reliable sources.
Outdoor air conditioning technology has advanced to solve challenges like energy usage
and environmental effects. To minimise energy consumption and lessen the carbon foot-
print of cooling operations, modern systems use cutting-edge designs and materials [1].
These developments have produced a more environmentally friendly method of outdoor
cooling. Incorporating renewable energy sources, such as solar electricity, into cooling
systems is a major development in outdoor air conditioning. This method considerably
lessens dependency on conventional, fossil-fuel-based power generation by using the
abundant energy from the sun to power air conditioning processes [2]. Using renewable
energy for outdoor cooling is an appealing breakthrough, with potential environmental
advantages and lower energy costs. Additionally, the development of intelligent outdoor
air conditioning systems that are IoT-connected has revolutionised how we manage and
control cooling in outdoor environments. These intelligent systems adapt dynamically to
shifting environmental circumstances by utilising data analytics and real-time monitoring
to maximise cooling efficiency [3]. Such technology improves user comfort while also
promoting energy efficiency. Finally, advancements in outdoor air conditioning systems
have significantly improved customer comfort and pleasure. Outdoor cooling systems
now ensure occupants breathe clean, hygienic air and maintain the proper temperature
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thanks to advancements in air distribution and quality control [4]. Adaptation strategies
for addressing climate change can be effective. Using spectrally selective glazing, summer
overheating can be diminished by 15%. Implementing high-performance glazing reduces
cold discomfort by 24% and heating needs by 22%, but it can also increase warm discomfort.
Shading solutions stabilise energy consumption while cutting summer discomfort by as
much as 44%. Thermal insulation reduces winter discomfort and halves energy usage,
although it may increase summer discomfort by up to 41%. Climate change projections for
2050–2100 indicate a potential increase in warm discomfort hours by up to 70%. However,
adaptive measures can mitigate these effects: natural ventilation could slash warm discom-
fort by 50–60%, and adaptive temperature setpoints might lower cooling requirements by
approximately 35% [5].

These developments are essential for fostering well-being in outdoor areas. In conclu-
sion, outdoor air conditioning technology advancements have addressed energy economy,
sustainability, and user comfort. These developments reshape the future of outdoor cool-
ing by incorporating renewable energy sources, implementing intelligent systems, and
emphasising air quality [3]. This makes outdoor cooling more user- and environmentally
friendly. This introduction will look at the cutting-edge developments that have elevated
outdoor air conditioning to a new level of adaptability, sustainability, and efficiency [2].
The mitigation of climate change and the reduction of greenhouse gas emissions are two of
the most urgent problems of the twenty-first century, as shown in Figure 1.

Figure 1. Greenhouse gas emissions by region [4].

Systems for cooling the outdoors are essential for this project. Modern systems use heat
recovery technology and eco-friendly refrigerants to minimise their adverse environmental
effects. These developments support international initiatives to reduce carbon emissions
and lessen the effects of climate change. Integrating renewable energy is a critical compo-
nent of contemporary outdoor air conditioning solutions. Photovoltaic panels and wind
turbines are increasingly being incorporated into the design of outdoor cooling systems
to use renewable energy sources to power air conditioners [6]. By switching to renewable
energy, the carbon impact of outdoor cooling is drastically reduced while simultaneously
lowering operational costs. A new era of outdoor air conditioning control and management
has arrived with the introduction of the Internet of Things (IoT). To optimise cooling opera-
tions based on real-time weather conditions and occupancy patterns, IoT-enabled systems
use sensors and data analytics [7]. With the help of this dynamic control, consumers are
guaranteed a comfortable environment while consuming less energy than necessary. The
mobility and scalability of outdoor air conditioning technology have also advanced. To
provide on-demand cooling for various events and locations, portable outdoor cooling
systems are now widely accessible and offer flexibility and cost-effectiveness [8]. This
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versatility is crucial for meeting the various requirements for outdoor cooling in various
situations. In conclusion, outdoor air conditioning technology improvements have been
made to meet user convenience, energy efficiency, and environmental issues. The outdoor
cooling environment has changed into a sustainable and user-centric area with the adoption
of eco-friendly refrigerants, renewable energy integration, IoT-driven intelligent systems,
and the emergence of portable solutions.

Thermal comfort, a crucial aspect of the design and operation of buildings, is affected
by many factors, such as air temperature, relative humidity, and air velocity [9]. Even
though conventional HVAC systems are successful at maintaining a “comfort zone”, they
are often criticised for their high energy consumption, environmental impact, and green-
house gas emissions [10]. To remedy these problems, green buildings strive to promote
thermal comfort using energy-efficient techniques [11]. However, using conventional
HVAC systems in green buildings sometimes contradicts the same sustainability ideals they
intend to maintain [12]. Innovative methods such as passive design techniques, which incor-
porate natural ventilation and sun heating, have been investigated [13]. Moreover, modern
HVAC technologies, such as Variable Refrigerant Flow (VRF) and radiant cooling systems,
provide potential pathways for enhancing energy efficiency and thermal comfort [14]. The
move towards human-centric methods that account for the adaptable nature of human ther-
mal comfort is a developing trend in the literature [15]. Moreover, incorporating Internet
of Things (IoT) technology allows for real-time monitoring and the adaptive management
of interior conditions, providing a more dynamic approach to thermal comfort in green
buildings [16]. Although heating, ventilation, and air conditioning (HVAC) systems are
ubiquitous in maintaining temperature conditions, traditional systems are often criticised
for their excessive energy consumption, poor indoor air quality, and large greenhouse gas
emissions [10]. These limits become more troublesome in the context of green buildings,
which are meant to maximise occupant comfort while reducing environmental damage [11].
The limitations of present HVAC systems are shown in Table 1.

Table 1. The limitations of HVAC systems.

Limitation Description

Energy Consumption HVAC systems are often significant consumers of energy, contributing to high
operational costs and environmental concerns.

Installation Cost The initial cost of purchasing and installing HVAC systems can be high, particularly for
large or sophisticated systems.

Maintenance Requirements Regular maintenance is essential for HVAC systems to operate efficiently, which can
incur additional costs and downtime.

Space Requirements Large HVAC units require considerable space, which can be a limitation in compact or
densely built environments.

Noise Levels HVAC systems, especially older or larger units, can generate noise, potentially causing
disturbance in quiet environments.

Refrigerant Environmental Impact Some HVAC systems use refrigerants that can contribute to ozone depletion and climate
change if leaked.

Indoor Air Quality If not properly maintained, HVAC systems can contribute to poor indoor air quality by
circulating dust, mould, and other contaminants.

Temperature Inconsistencies Achieving consistent temperatures in a building can be challenging, leading to hot or
cold spots.

Humidity Control Limitations Some HVAC systems may struggle to maintain optimal humidity levels, affecting
comfort and indoor air quality.

Lifespan The lifespan of HVAC systems can be limited, necessitating replacement or
significant upgrades.

Adaptability Older HVAC systems might not be easily adaptable to new technologies or changing
environmental regulations.

Aesthetic Impact Large and visible HVAC equipment can have a negative impact on building aesthetics.
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To reconcile this dichotomy, scholars and practitioners have explored passive design
strategies like natural ventilation, solar heating, and thermal mass, which can significantly
reduce energy demand while maintaining or improving thermal comfort [17]. Advanced
HVAC technologies are emerging as another solution; for example, Variable Refrigerant
Flow (VRF) systems, radiant cooling systems, and chilled beams show significant promise
of enhancing energy efficiency without compromising comfort [18]. The literature also
increasingly focuses on adaptive and human-centric thermal comfort models, recognising
that comfort is not a static, one-size-fits-all phenomenon but varies based on cultural, psy-
chological, and individual physiological factors [19]. Internet of Things (IoT) technologies
add another layer of sophistication by allowing for real-time monitoring and the adaptive
control of multiple environmental parameters, thus enabling a more dynamic, responsive
approach to achieving thermal comfort in green buildings, as shown in Figure 2 [20].

 

Figure 2. Internet of things (IoT) technologies [20].

Despite these developments, there are still knowledge gaps about effectively com-
bining these varied tactics into a coherent, practical, and scalable strategy for boosting
thermal comfort in green buildings. Thermal comfort, essential to the well-being of building
occupants, has been widely investigated, demonstrating its dependence on parameters
such as air temperature, radiant temperature, humidity, air velocity, and human charac-
teristics, such as clothing and metabolism [21]. While traditional HVAC systems attempt
to standardise these factors, they often fall short in energy efficiency and flexibility [22].
Especially in the field of green buildings, where the emphasis is placed on both comfort and
environmental sustainability, traditional HVAC systems often fail to satisfy both goals [23].
The energy-intensive nature of current HVAC systems, which contributes to high operating
costs and greenhouse gas emissions, is one of the greatest obstacles [21,22]. Efforts to
minimise energy usage with passive design approaches such as natural ventilation and sun
orientation have been reported, but they sometimes come at the expense of consistent com-
fort [18,19]. Emerging technologies, such as earth–air heat exchangers and phase-change
materials, promise to overcome this gap by enabling temperature control without depend-
ing on energy-intensive mechanical devices [24]. Personalised thermal comfort systems,
which employ wearable technology and IoT to adjust indoor settings to an individual’s
preferences [25], have the potential to increase comfort while lowering total energy con-
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sumption [26], since they permit more variable indoor circumstances. Moreover, machine
learning methods are being investigated to forecast and adjust for occupant temperature
preferences in real-time, boosting the flexibility of green building systems [27]. Despite
these developments, the industry lacks comprehensive models incorporating different
tactics, such as passive design, sophisticated materials, and customised systems, into a
unified framework for enhancing thermal comfort in green buildings [28]. In addition,
the scalability and applicability of these technologies to various climatic conditions and
building types remain subjects for further study. In the dynamic realm of green building
HVAC systems, the novelty of this manuscript stands out amidst a plethora of academic
contributions. While several papers have traversed the technical intricacies of HVAC
systems or delved into the singular facets of green buildings, this review offers an un-
paralleled, holistic perspective. It amalgamates discussions spanning occupant comfort,
technological innovations, and market dynamics and ventures into the often-overlooked
physiological and psychological dimensions governing thermal comfort. Another distinc-
tive feature is the manuscript’s exhaustive exploration of emergent HVAC technologies,
such as Variable Refrigerant Flow (VRF) and phase-change materials, providing a rich,
comparative analysis that might surpass many contemporaneous reviews [12]. However,
this manuscript truly carves its niche in its candid exposition of the challenges plaguing the
integration of traditional HVAC systems into green edifices. This, coupled with actionable
insights and potential remedial measures, addresses a lacuna that remains conspicuously
absent in many other works. Furthermore, introducing the adaptive comfort model, a
paradigm that hinges on an occupant’s experiential adaptability, infuses a fresh, human-
centric perspective, balancing the often technocentric narratives of other reviews. With its
judicious blend of technical depth, human considerations, and real-world implications, this
manuscript distinguishes itself as a seminal contribution, poised to reshape the discourse
on HVAC systems in green buildings [8]. The groundbreaking aspect of this study lies in
its comprehensive approach to addressing the integration of traditional HVAC systems
within the framework of green building principles. While previous research may have
separately touched upon energy efficiency, occupant comfort, or the environmental impact
of HVAC systems, this study is novel in its holistic examination of all these elements in
tandem. Moreover, its emphasis on the economic implications of integrating traditional
HVAC systems into sustainable designs provides a fresh perspective that goes beyond the
environmental discourse [13]. Another pioneering feature is its exploration of eco-friendly
refrigerants, a topic that, until now, has been underrepresented in mainstream research.
This study also stands out for its in-depth look at retrofitting challenges, offering a unique
blend of theoretical insights and practical solutions [21]. By bridging the often-separate
worlds of sustainable construction and HVAC system design, this research introduces a
groundbreaking narrative set to shape both industries and inspire further interdisciplinary
research. In essence, the novelty of this study is its multifaceted, interdisciplinary approach,
filling critical knowledge gaps and providing a roadmap for the harmonious integration
of comfort, sustainability, and economic viability in the built environment. The growing
interest in adaptive thermal comfort theory stems from the inadequacy of the traditional
“one size fits all” comfort model in achieving widespread occupant satisfaction. This was
highlighted by extensive field validation studies funded by the ASHRAE in the 1980s and
1990s. By contrast, field studies in environments employing adaptive comfort practices
generally show enhanced occupant comfort and satisfaction [29]. A critical aspect of adap-
tive thermal comfort theory is its reliance on statistical field data analyses, making its main
models somewhat opaque or “black box” in nature. This review first explores various
attempts to develop more transparent, explanatory adaptive comfort models. The second
focus of this review is the evolution of adaptive comfort regulatory documentation over
the past 21 years. Carlucci et al. have thoroughly compared adaptive thermal comfort
models frequently used in building environment standards. These models were officially
incorporated into the ASHRAE standard 55 in 2004 and have been refined in subsequent
updates [30].
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This study aims to evaluate the efficiency and cost-effectiveness of modern HVAC
systems in sustainable building design, comparing traditional and eco-innovative models.
It will assess financial implications, energy efficiency, and regulatory compliance, using
statistical analysis and case studies to understand their practicality in various climates and
building types.

2. Methodology to Achieve the Results

This study adopted a mixed method approach, combining quantitative and quali-
tative research methodologies to elucidate the intricate relationship between traditional
HVAC systems and green building design principles. An exhaustive literature review was
conducted to understand the current state of research in the domain. Scholarly articles,
conference proceedings, and industry reports were reviewed. This helped in the under-
standing of existing HVAC technologies, their energy consumption patterns, the evolution
of green building principles, and the perceived gaps between them [22]. A quantitative
analysis was performed on the energy consumption of traditional HVAC systems. Data
were collected from various buildings, both residential and commercial, over one year. The
data were then benchmarked against buildings incorporating green building principles and
newer HVAC technologies [27]. Surveys were administered to occupants of buildings with
traditional HVAC systems to gauge their comfort levels. Simultaneously, structured inter-
views were conducted with architects, HVAC engineers, and green building consultants.
This qualitative approach provided more profound insights into the perceived challenges
and opportunities in integrating HVAC systems with green building designs [18]. Several
green buildings that have successfully integrated innovative HVAC systems were cho-
sen as case studies. These provided practical insights into real-world applications and
challenges. Each case study was analysed regarding energy efficiency, occupant comfort,
retrofitting complexities, and the use of eco-friendly refrigerants [15]. The collected data
were analysed using statistical tools and software packages. Quantitative data from energy
consumption analysis and surveys were subjected to regression analysis, ANOVA, and
t-tests to determine significant differences and patterns. Qualitative data from interviews
were analysed using thematic analysis, allowing for the emergence of designs and themes
related to challenges and solutions [14]. The mixed method approach provided a holistic
perspective on the challenges and opportunities in integrating traditional HVAC systems
with green building principles. While conventional systems posed significant challenges
regarding energy inefficiency and incongruence with sustainability, innovative alternatives
showed promise in bridging the gap. This study emphasises the urgency of transitioning
to newer HVAC technologies that align with green building principles, ensuring energy
efficiency, ecological sustainability, and occupant comfort.

The graphic in Figure 3 represents data from keywords searched on Scopus with the
keywords “thermal AND comfort; AND green AND buildings”. This visualisation, a 3D
bubble chart, suggests a trend analysis over time, possibly evaluating the relationship
between thermal comfort and green building practices from 2000 to 2030. Each bubble
likely represents a dataset or a collection of studies published on the topic in a given year.
As time progresses, the increasing size of the bubbles could indicate a growing number of
studies or an increase in a particular metric related to thermal comfort in green buildings.
The numbers within the bubbles could signify the number of research papers or the scoring
of a specific index linked to the research intensity or impact in that year. For example,
the jump from 82 in 2015 to 100 in 2020 could indicate a significant increase in research
activities or findings on thermal comfort in green buildings.

225



Appl. Sci. 2024, 14, 195

 
Figure 3. The graph represents publications from 2005 to 2023 containing the keywords searched.

3. Green Buildings

Green buildings, usually considered sustainable or eco-friendly structures, are a thor-
ough and well-rounded method of building and designing, as shown in Figure 4. These
buildings are skilfully designed to impact the environment as little as possible while im-
proving energy efficiency, occupant comfort, and overall sustainability [29]. Such structures
are made with a significant emphasis on reducing greenhouse gas emissions, improving
indoor air quality, and conserving resources, all of which help create a more sustainable
built environment. Classic HVAC (heating, ventilation, and air conditioning) systems that
have historically been used for indoor climate control are often referred to as traditional
air conditioning technology in the context of green buildings [30]. The effect of occu-
pants on HVAC system operation and, consequently, on building energy consumption is a
multifaceted issue that significantly impacts the efficiency and sustainability of buildings.
Occupant behaviour, including how individuals use space and their personal preferences
for comfort, is crucial in determining the energy performance of HVAC systems. Occupants’
daily activities, such as using electronic devices, using lighting, and window operation,
directly influence the indoor climate, affecting the HVAC system’s workload. For instance,
a higher number of occupants or increased activity levels can lead to more significant heat
generation, which requires the HVAC system to work harder to maintain the desired tem-
perature, thereby increasing energy consumption. Moreover, the individual preferences of
occupants for temperature and ventilation can lead to inefficiencies in HVAC operation [18].
Different people have varying comfort levels; some prefer warmer temperatures while
others prefer cooler conditions. This diversity often results in the HVAC system being
adjusted frequently to meet everyone’s needs, leading to inefficient operation and increased
energy use. This situation is further complicated in buildings where HVAC controls are
decentralised or when occupants have direct control over thermostatic settings. In such
scenarios, the lack of a standardised temperature setting can result in significant energy
wastage [29].

Occupant behaviour modelling has become an integral part of energy efficiency studies.
More efficient HVAC systems can be designed by understanding and predicting how
occupants interact with building systems and their environment. This involves using
sensors and advanced analytics to monitor and analyse occupant behaviour in real-time,
enabling the HVAC system to adapt dynamically to usage patterns. Such intelligent HVAC
systems can optimise energy consumption by adjusting settings based on occupancy levels,
time of day, and even weather conditions [30]. Furthermore, educating occupants about the
impact of their behaviour on energy consumption is crucial. Implementing user-friendly
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interfaces for HVAC controls and providing feedback on energy usage can encourage
more energy-conscious behaviour. Building designs that promote natural ventilation and
daylighting can also reduce the reliance on HVAC systems, further conserving energy [18].

Figure 4. Green building [29].

In addition to behavioural aspects, the physical presence of occupants also affects
indoor air quality (IAQ). As occupants exhale carbon dioxide and potentially introduce
pollutants, HVAC systems must ensure adequate ventilation and air filtration to maintain a
healthy indoor environment. This requirement often leads to a delicate balance between
energy efficiency and IAQ, especially in tightly sealed, energy-efficient buildings where
ventilation is primarily dependent on the HVAC system.

To cool and dehumidify indoor environments, these systems often rely on energy-
intensive processes such as the mechanical compression of refrigerants. Due to their high
electricity consumption and usage of refrigerants with a high global warming potential
(GWP), typical HVAC systems are frequently shown to be energy inefficient and leave a
significant environmental impact. Green buildings, often termed sustainable or eco-friendly
structures, represent a comprehensive approach to construction and design that prioritises
environmental stewardship, energy efficiency, and human well-being. These buildings are
meticulously planned to minimise their ecological footprint through various strategies,
including reducing greenhouse gas emissions, enhancing indoor air quality, and conserving
natural resources [12,29]. The overarching goal is to create a built environment that is
sustainable and conducive to occupant comfort and well-being [31]. One of the critical
aspects of green buildings is their focus on energy efficiency. Traditional buildings consume
significant heating, cooling, and lighting energy, contributing to approximately 40% of
global energy use. On the other hand, green buildings incorporate technologies such as
solar panels, energy-efficient windows, and advanced insulation materials to reduce energy
consumption [31]. Table 2 shows a comparison of traditional and green buildings.
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Table 2. A comparison of traditional and green buildings.

Criteria Traditional Buildings Green Buildings

Energy Source
Primarily rely on non-renewable energy

sources like fossil fuels for heating, cooling,
and power.

Utilise renewable energy sources such as
solar, wind, and geothermal energy,

reducing reliance on fossil fuels.

Energy Efficiency Are generally less energy-efficient due to
older technologies and materials.

Are designed with energy efficiency in
mind, using advanced technologies and
materials to reduce energy consumption.

Insulation May have poor insulation, leading to higher
heating and cooling needs.

Feature high-quality insulation to
minimise heat loss and reduce heating

and cooling needs.

Lighting Often use inefficient lighting fixtures and
bulbs, consuming more electricity.

Employ energy-efficient lighting
solutions like LED and CFL and

maximise natural light through design.

HVAC Systems Use older, less efficient HVAC systems,
consuming more energy.

Incorporate energy-efficient HVAC
systems, often with intelligent controls to

optimise performance.

Water Heating Typically use standard water heating
systems, which can be less efficient.

Use energy-efficient water heating
solutions such as solar water heaters or

heat pumps.

Appliances and Fixtures Equipped with standard appliances and
fixtures that consume more energy.

Are fitted with Energy Star-rated
appliances and fixtures to minimise

energy use.

Building Envelope Contain conventional building materials and
design, which may result in more energy loss.

Use sustainable building materials and
design principles to enhance

energy conservation.

Ventilation May have less adequate ventilation,
requiring more energy for air quality control.

Are designed for effective natural
ventilation, reducing the need for

mechanical ventilation.

Energy Management
Contain a lack of advanced energy

management systems, leading to inefficient
energy use.

Incorporate advanced energy
management systems to monitor and

optimise energy consumption.

Carbon Footprint
Have a higher carbon footprint due to higher

energy consumption and reliance on
fossil fuels.

Have a lower carbon footprint due to
reduced energy consumption and

renewable energy sources.

These features lower the building’s operational costs and reduce its carbon footprint,
contributing to climate change mitigation. Indoor air quality is another critical focus area
for green buildings. Traditional construction materials often contain volatile organic com-
pounds (VOCs) that can harm human health. Green buildings use low-VOC and non-toxic
materials to improve indoor air quality, thereby enhancing the well-being of the occu-
pants [32]. Water conservation is also a significant aspect of green building design. Green
buildings aim to reduce water consumption and waste by using water-efficient fixtures,
rainwater harvesting, and greywater recycling systems [32]. These practices conserve a
vital natural resource and reduce the strain on municipal water supply systems [32]. In
indoor climate control, classic HVAC (heating, ventilation, and air conditioning) systems,
often referred to as traditional air conditioning technology, have been a concern in the green
building discourse. These systems typically rely on energy-intensive processes such as the
mechanical compression of refrigerants to cool and dehumidify indoor spaces. The high
electricity consumption and use of refrigerants with a high global warming potential (GWP)
make these systems both energy-inefficient and environmentally detrimental [32]. Green
buildings often employ alternative climate control technologies such as natural ventila-
tion, evaporative cooling, and ground-source heat pumps (GSHPs) to address these issues.
These technologies are more energy-efficient and have a lower environmental impact than
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traditional HVAC systems [32]. Technological advancements, architectural practices, and
ecological priorities shape the intricate relationship between HVAC systems and green
building design. Central to this dynamic is the ensuring of occupant comfort without
compromising sustainability principles. Traditionally, HVAC systems have significantly
contributed to a building’s energy consumption. However, in the realm of green buildings,
which emphasise energy conservation, there is a pressing need for HVAC solutions that
are both efficient and adaptive. The architectural design of a building can significantly
influences its HVAC requirements. For instance, structures optimised for natural venti-
lation, shading, and thermal insulation can reduce the reliance on mechanical cooling or
heating [19]. Integrating architectural foresight with HVAC functionalities exemplifies the
symbiotic potential between the two. Furthermore, technological innovations, especially
the advent of AI-driven intelligent HVAC systems, have ushered in a new era of energy
efficiency [18]. These systems, equipped with sensors, can pre-emptively adjust to occupant
behaviour, striking a balance between comfort and energy conservation. Yet, the environ-
mental implications of HVAC systems, particularly concerning refrigerant use, cannot be
overlooked. The shift towards eco-friendly refrigerants underscores the industry’s com-
mitment to ecological stewardship, aligning with the ethos of green buildings. While the
initial investment in such advanced HVAC systems might be substantial, the tangible and
intangible long-term benefits justify the costs. Reduced energy bills, enhanced indoor air
quality, and the overarching advantage of a minimised environmental footprint highlight
the indispensable role of HVAC systems in the future of sustainable architecture [18].

Challenges with Traditional HVAC

Sustainability, energy efficiency, and environmental stewardship are crucial for devel-
oping green buildings. Nevertheless, integrating traditional heating, ventilation, and air
conditioning (HVAC) systems into these environmentally aware buildings usually creates
significant challenges [32]. The low energy efficiency of the ageing HVAC systems is one
of the primary challenges. They typically use a great deal of power, which might limit
the energy-saving gains made achievable by green building design. The inefficiency of
traditional HVAC systems is a significant issue in green buildings since the goal is to reduce
energy consumption and carbon footprint [32]. Another issue is the high operational costs.
For owners and occupiers of green buildings, standard HVAC systems’ excessive energy
consumption raises operating expenditures. These costs may discourage consumers from
investing in green construction features to reduce their environmental effects and save
money on energy costs [31]. Traditional HVAC systems usually need more maintenance
and a shorter lifetime, increasing their long-term expenses. In addition, conventional HVAC
systems are limited in their ability to suit the unique characteristics and requirements of
green buildings. Green buildings often include passive design principles, such as daylight-
ing and natural ventilation, which may interfere with the performance of traditional HVAC
systems [32]. This restricted flexibility may result in waste and decreased comfort in green
buildings.

Traditional HVAC systems have environmental impacts beyond energy use. These
systems commonly use refrigerants with a high GWP, which may contribute to the loss
of the ozone layer and worsen climate change. The selection of heating, ventilation, and
air conditioning (HVAC) systems is a vital aspect of green buildings, whose primary
objective is eliminating environmental damage. Moreover, although traditional HVAC
systems may maintain a consistent temperature, they may not prioritise occupant comfort
as much as green building designs do. In contrast to conventional HVAC systems, green
buildings usually prioritise indoor air quality, natural ventilation, and thermal comfort
via passive approaches [32]. This might lead to subpar interior design. Integrating green
features into older buildings with traditional HVAC systems may be challenging and
costly. Incorporating energy-efficient technology and renewable energy sources may entail
extensive adjustments to the buildings and to the HVAC systems [32], making it more
challenging for certain buildings to embrace green building standards.
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Incorporating conventional heating, ventilation, and air conditioning (HVAC) systems
into green buildings presents several obstacles that weaken sustainability, energy efficiency,
and environmental responsibility. One of the most visible concerns is the energy inefficiency
of traditional HVAC systems, which often use a disproportionate amount of power, thereby
nullifying the energy-saving gains that green building designs attempt to accomplish [32].
This inefficiency is especially troublesome given that one of the critical goals of green
buildings is to decrease energy usage and carbon footprint. In addition, the high energy
consumption of conventional HVAC systems results in higher operating expenses for
building owners and occupants, discouraging people and organisations from investing
in green building features [33]. These costs may be complicated since they may balance
the anticipated savings in energy expenses, diminishing the appeal of investing in a green
building. Traditional HVAC systems need regular maintenance and have a shorter lifetime
than contemporary, energy-efficient systems, resulting in more extraordinary long-term
expenses [34]. Green buildings often incorporate novel passive design principles like
daylighting and natural ventilation, which may be incompatible with the functioning of
conventional HVAC systems. This lack of adaptation may lead to energy waste and poor
occupant comfort, undermining the holistic approach to well-being that green buildings
aim to accomplish [31]. Traditional HVAC systems often use refrigerants with a high
global warming potential (GWP), which contributes to the depletion of the ozone layer
and worsens climate change. This contradicts the environmental aims of green buildings,
which seek to minimise such damage. Traditional HVAC systems may maintain a constant
temperature. Still, they often do not prioritise other factors of occupant comfort emphasised
in green buildings, such as indoor air quality and natural ventilation [32]. This may lead
to inferior interior conditions, reducing inhabitants’ quality of life. Lastly, it might be
tough to retrofit older buildings with green features if these structures have obsolete
HVAC systems. Integrating energy-efficient technology with renewable energy sources
may require significant changes to the building structure and the HVAC systems, adding
complexity and expense to the retrofitting process [35].

To continue the subject, the issues provided by conventional HVAC systems in green
buildings extend to regulatory and legislative frameworks. Traditional HVAC systems
often fail to achieve these new norms, causing compliance difficulty for building own-
ers and developers in several jurisdictions with more strict building codes and energy
efficiency regulations intended to promote sustainability [35]. This regulatory mismatch
delays the permission process and exposes owners to possible legal repercussions, adding
a layer of complication and expense to the construction or retrofitting process. Incompat-
ibility between conventional HVAC systems and green building designs may result in
performance discrepancies. In other words, the building may not function as effectively
as first projected or anticipated, resulting in a “performance gap”. This disparity may be
incredibly distressing for stakeholders who invested in green building elements to attain
specified energy savings and environmental objectives [35]. The performance gap may
also undermine faith in green building technology and practices, thereby slowing the
adoption of these vital solutions for reducing climate change and fostering sustainabil-
ity [35]. Another aspect that is sometimes disregarded is the human element. Traditional
HVAC systems often need specific knowledge and abilities to operate. By contrast, the
controls and automation elements of contemporary, energy-efficient systems incorporated
into green buildings are often more sophisticated to improve performance. Thus, moving
from conventional to modern systems may require extensive retraining for facility manage-
ment personnel, adding to the indirect costs and difficulties associated with implementing
green building practises [36]. Furthermore, integrating renewable energy sources like solar
or wind power into green buildings provides another complication when typical HVAC
systems are involved. Frequently, these systems are not built for simple integration with
renewable energy sources, necessitating extra equipment, control systems, and sometimes
complex electrical work to make integration viable. This raises the initial construction
cost and adds another layer of complexity to the building’s energy management system,

230



Appl. Sci. 2024, 14, 195

making the transition to a more sustainable built environment more challenging. The
issues connected with integrating conventional HVAC systems into green buildings have
ramifications for urban planning and the electrical grid. Inefficient HVAC systems may
increase peak electrical demands, increasing problems such as energy poverty and grid
instability. As cities strive to become more sustainable and resilient, the incompatibility of
conventional HVAC systems with green building goals becomes a building-level problem
and a systemic one that must be addressed [37]. In conclusion, integrating conventional
HVAC systems into green buildings has obstacles beyond energy inefficiency and high
operating costs. These obstacles include regulatory compliance, performance gaps, human
issues, integration with renewable energy sources, and urban and grid-level ramifications.
As green construction approaches continue to improve and gain acceptance, it becomes
more critical to address these multiple difficulties. It is not only a matter of retrofitting or
replacing obsolete systems but also of reconsidering how HVAC systems fit into the larger
ecosystem of sustainable building practises and urban planning [35]. To comprehensively
address occupant comfort within green buildings, it is imperative to employ specific metrics
and methods. While this manuscript underscores the centrality of comfort, delving into its
quantitative assessment can illuminate the discussion. Thermal comfort, for instance, can
be measured using tools such as the predicted mean vote (PMV) and predicted percentage
dissatisfied (PPD) [26]. The PMV provides an aggregate assessment of the comfort level ex-
pressed by a group of occupants, while the PPD quantifies the percentage likely to find the
environment uncomfortable. By integrating these metrics, we can derive tangible insights
from the performance of innovative HVAC technologies. Furthermore, the manuscript
could explore how these state-of-the-art systems, through features like adaptive tempera-
ture control and humidity modulation, optimise energy consumption and enhance overall
occupant comfort. Such a data-driven approach can bolster this manuscript’s argument,
emphasising the harmonious integration of green building principles, HVAC innovations,
and the human experience [28].

4. Eco-Friendly Air-Conditioning

Recent advances in eco-friendly design and materials for outdoor air conditioning
systems have been made to meet rising concerns about energy usage and environmental
effects. This event marks a turning point in the industry’s transformation to more eco-
friendly and sustainable practices [37].

1. Using sustainable refrigerants is one of the most critical aspects of eco-friendly design.
Hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons (HFCs), both potent
greenhouse gases, were widely used in conventional air conditioning systems. How-
ever, more contemporary outdoor cooling systems favour using hydrofluoroolefins
(HFOs) and natural refrigerants such as ammonia and carbon dioxide [38]. These
alternatives are less environmentally harmful and less likely to contribute to global
warming.

2. Heat recovery technology: Incorporating heat recovery technology is another break-
through. Outdoor cooling systems may collect and reuse waste heat generated during
the cooling process [39]. This reduces total energy use while enhancing energy ef-
ficiency. Systems for heat recovery are particularly beneficial in commercial and
industrial settings that generate a great deal of heat, which may be utilised for activi-
ties such as water heating [37].

3. Energy-efficient components: Eco-friendly design involves using energy-efficient
materials and components. High-efficiency compressors, fans, and heat exchangers
are merely a few examples of the elements utilised in outdoor air conditioning systems
that have reduced energy consumption [40]. These components help reduce energy
use, which benefits the environment and saves users money.

4. Sustainable production methods: The production of outdoor air conditioning systems
goes beyond the working stage. Manufacturers progressively embrace eco-friendly
manufacturing practices [41] to decrease waste, use less energy and water during
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production, and construct cooling units out of recycled or recyclable materials. These
measures reduce the carbon footprint of the manufacturing process.

5. Regulatory conformity: Government regulations and industry standards have con-
siderably impacted adopting eco-friendly design and materials in outdoor air con-
ditioning technologies. The Montreal Protocol and its revisions have pushed the
industry toward more sustainable practices by emphasising the elimination of ozone-
depleting chemicals and decreasing refrigerants with a high GWP (global warming
potential) [42].

The transition to environmentally friendly outdoor air conditioning systems is a multi-
faceted industry shift fuelled by technological innovation, sustainable manufacturing, and
regulatory compliance. Green refrigerants, such as hydrofluoroolefins (HFOs) and natural
chemicals, such as ammonia and carbon dioxide, have a lower global warming potential
(GWP) than conventional hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons
(HFCs) [43]. This development is partly the outcome of international legislation, such as
the Montreal Protocol, which seeks to eradicate ozone-depleting substances. Particularly
helpful in commercial and industrial settings is the implementation of heat recovery tech-
nology, which recovers waste heat produced during the cooling process to reduce overall
energy consumption and boost system efficiency [35]. The emphasis on environmentally re-
sponsible design also extends to using energy-efficient components, such as high-efficiency
compressors, fans, and heat exchangers, which minimise energy consumption and cut
operating expenses. Beyond the operational phase, manufacturers are adopting sustainable
practises in producing these systems, such as reducing waste, minimising energy and water
consumption, and utilising recycled or recyclable materials, per the principles of circular
economy and sustainable development [44]. Regulatory frameworks such as the Montreal
Protocol have played a significant role in pushing these changes by providing the economic
and legal incentives necessary for the sector to adopt more sustainable methods. In con-
clusion, advancements in green refrigerants, heat recovery technologies, energy-efficient
components, and sustainable manufacturing practices collectively contribute to a more
sustainable approach to outdoor cooling, establishing new industry standards for energy
efficiency and sustainability, and providing essential solutions in the face of significant
climate change-related challenges [45]. Multiple reasons, including consumer demand for
sustainable goods, technology breakthroughs, and more rigorous environmental legislation,
are influencing the continuous change in the air conditioning sector towards eco-friendly
solutions. The transition towards green refrigerants is notable because it signals a break
from the usage of HCFCs and HFCs, recognised as significant contributors to global warm-
ing and ozone depletion. Adopting alternative refrigerants such as hydrofluorooctane,
ammonia, and carbon dioxide is a systemic reaction to global environmental concerns and
not only a technical shift. This is bolstered by international accords such as the Montreal
Protocol, which has established timelines for eliminating ozone-depleting compounds and
fostered innovation in the industry. Heat recovery technology is an essential innovation
in the search for environmentally friendly air conditioning [45]. These systems cut energy
consumption by collecting and recycling waste heat and contribute to energy efficiency
and sustainability objectives. This is particularly significant in commercial and industrial
contexts, where substantial waste heat may be recycled for other energy-intensive activi-
ties, producing a more connected and efficient energy ecosystem [46]. This multifaceted
approach to sustainability emphasises energy-efficient components such as high-efficiency
compressors, fans, and heat exchangers. These components are intended to perform opti-
mally, decreasing the air conditioning system’s total energy consumption. This coincides
with environmental goals and translates into economic gains via lower operating costs,
creating a win–win outcome for both customers and the environment [47].

Sustainable manufacturing techniques are expanding the notion of environmental
friendliness beyond the product to include its entire lifespan, from production to disposal.
Manufacturers increasingly emphasise eliminating waste, employing recycled or recyclable
materials, and decreasing energy and water usage throughout the manufacturing pro-
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cess. These behaviours adhere to the circular economy’s ideas, encouraging a regenerative
approach to production and consumption. Compliance with regulations acts as both a
catalyst and a foundation for these adjustments. Laws such as the Montreal Protocol [48]
have placed the sector on the road to greater sustainability by regulating the phase-out
of dangerous compounds and encouraging the use of energy-efficient technology. These
rules sometimes include economic incentives, such as tax breaks or subsidies, which make
it financially feasible for businesses to participate in the research and development of
environmentally friendly technology [44]. In conclusion, the transition to ecologically
friendly outdoor air conditioning systems involves a complete endeavour involving var-
ious stakeholders, including manufacturers, regulators, and consumers. Advances in
green refrigerants, heat recovery technology, energy-efficient components, and sustainable
manufacturing processes lead to a more sustainable approach to outdoor cooling. These
achievements are vital for facing the substantial problems faced by climate change and
environmental degradation as they establish new industry standards for energy efficiency
and sustainability. Figure 5 is a graphical figure to explain the eco-friendly air conditioning.

Figure 5. A representation of eco-friendly air conditioning.

5. Revolutionizing Outdoor Cooling

Renewable energy is a significant development in outdoor air conditioning sys-
tems, marking a paradigm shift toward ecologically benign and sustainable cooling tech-
niques [49]. This technique largely depends on renewable energy sources, namely solar
electricity, to power outdoor cooling equipment.

5.1. Solar Energy Integration

Solar power integration involves incorporating photovoltaic and solar thermal systems
into outdoor air conditioners. Through solar panels, sunlight is transformed into energy,
which is then utilised to power the cooling systems. By contrast, solar thermal systems
harness the sun’s energy to create heat that may be used to cool objects, such as desiccant
systems or absorption chillers [49].

5.2. Reduce Fossil Fuel Use

One of the primary benefits of renewable energy integration is a significant reduction
in reliance on conventional fossil fuels for power production. Frequently, the energy used
by traditional cooling systems is derived from coal, natural gas, and other fossil fuels, which
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increases greenhouse gas emissions and harms the environment. Using solar energy and
other renewable energy sources, outdoor cooling systems contribute to the battle against
climate change and decrease their carbon footprint [49].

5.3. Advantages for the Environment and Sustainability

Utilising renewable energy allows outdoor cooling technologies to meet broader
environmental aims. Solar energy is an endless and renewable resource that reduces the
environmental impact of cooling operations. This contributes to global efforts to reduce
carbon emissions and foster a cleaner future [49].

5.4. Energy-Cost Cost Savings

Renewable energy integration brings environmental advantages and possible energy
cost reductions over the long run. Solar panels and related infrastructure need an initial
investment, but their long-term running costs are usually less than traditional power
consumption. Renewable energy is an attractive choice for outdoor cooling applications
due to its low cost [49].

5.5. The Grid’s Independence

Incorporating renewable energy also increases the reliability and longevity of outdoor
cooling systems. By creating their power via solar panels, these systems become less
dependent on the grid’s dependability. This independence is essential in remote or off-grid
places where a consistent electrical source is difficult to maintain [49].

5.6. Innovation in Technology

Improvements in solar panel efficiency and storage technologies have made renewable
energy integration simpler. Advanced energy storage methods store additional energy
during cloudy or nocturnal conditions, ensuring a continuous cooling operation. Solar
panels with greater efficiency capture more solar energy [46].

A recent study confirms that using renewable energy in outdoor air conditioning
systems marks a dramatic step toward sustainability and environmental stewardship. Sev-
eral significant developments define this paradigm shift. First, including solar energy via
photovoltaic and solar thermal systems has proven revolutionary. Photovoltaic panels turn
sunlight into energy to power cooling systems, while solar thermal systems utilise the sun’s
heat to power cooling processes such as desiccant systems or absorption chillers [50]. This
dual method optimises solar energy consumption and considerably minimises reliance on
fossil fuels generally employed in conventional cooling systems [51]. The environmental
advantages of this are many, helping worldwide efforts to cut carbon emissions and build
a more sustainable future. Long-term energy cost reductions may compensate for the
initial investment in solar panels and associated infrastructure, making renewable energy a
financially feasible choice for outdoor cooling [52]. Additionally, using renewable energy
sources improves the resilience and dependability of these systems by minimising their
reliance on the electrical grid, which is especially advantageous in distant or off-grid ar-
eas [53]. Technological breakthroughs, such as increases in solar panel efficiency and energy
storage technologies, have simplified this shift, allowing for a more efficient absorption
and use of solar energy and guaranteeing ongoing cooling operations [54]. In conclusion,
incorporating renewable energy into outdoor air conditioning systems is a transformative
development that aligns with broader efforts to combat climate change, reduce energy costs,
and enhance system resilience, setting new standards for sustainability and environmental
stewardship within the industry. The dramatic trend toward incorporating renewable
energy into outdoor air conditioning systems is a multidimensional phenomenon with
far-reaching consequences for sustainability, environmental conservation, and energy eco-
nomics [51]. This shift is backed by a growing amount of research demonstrating the
practicality and advantages of employing renewable energy sources, especially solar power,
in cooling technology. The integration of solar energy is accomplished via two basic meth-
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ods: photovoltaic systems that convert sunlight directly into electricity and solar thermal
systems that harness the sun’s heat for cooling processes, such as desiccant systems and
absorption chillers [55]. This dual method not only improves solar energy utilisation but
also provides a flexible solution that can be customised to particular cooling demands
and regional climate conditions. Traditional energy sources for cooling systems, such as
coal, natural gas, and oil, will be drastically reduced due to this transition, which is one
of the most important effects. By abandoning these non-renewable resources, outdoor air
conditioning systems significantly reduce their carbon footprint and contribute to global
efforts to combat climate change. This is a crucial breakthrough in light of the pressing need
to cut greenhouse gas emissions to avert catastrophic environmental repercussions [50].
In addition, using renewable energy correlates with wider sustainability objectives, such
as protecting natural resources and reducing pollution, providing a more comprehensive
approach to environmental stewardship. Economically, the long-term advantages often
exceed the initial expenses of installing solar panels and accompanying infrastructure.
Renewable energy sources like solar electricity have lower operational costs than conven-
tional fossil fuels, allowing for long-term cost savings [56]. The economic feasibility of
renewable energy makes it an appealing alternative for home and business outdoor cooling
systems. In addition, advances in energy storage technology, such as lithium-ion batteries
and better control systems, have made it feasible to store extra solar energy for use during
times of low sunshine, improving the efficiency and dependability of these systems. The
integration of renewable energy also has the additional benefits of greater grid resilience
and independence. By producing their power, outdoor cooling systems are less vulnerable
to grid outages, which is especially advantageous in distant or off-grid areas where the
electricity supply may be inconsistent [53]. This aspect also has significance for emergency
preparation since systems independent of the grid may continue to work in the case of nat-
ural catastrophes or other interruptions to the electrical supply. Significant breakthroughs
in solar panel efficiency, energy storage technologies, and intelligent control systems have
facilitated this transformation via technological innovation. These advancements help
efficiently collect and use solar energy and enable more complex system management,
improving system performance and energy consumption [50]. In conclusion, incorporating
renewable energy into outdoor air conditioning systems is a transformational and multi-
dimensional innovation that tackles several crucial challenges relating to climate change,
environmental conservation, and energy economics. By utilising developments in solar
power technology, energy storage, and system controls, these environmentally friendly
cooling solutions provide a sustainable, cost-effective, and resilient alternative to conven-
tional systems fuelled by fossil fuels. As such, they represent a substantial advancement in
establishing a more sustainable and ecologically responsible future [53].

Thermal comfort, while seemingly straightforward, is a multifaceted construct deeply
rooted in physiological and psychological realms. This manuscript acknowledges its
importance, but there is ample room to probe deeper into this intricate interplay of factors
that govern an individual’s sense of comfort within a built environment. At the forefront is
temperature, which most directly aligns with our immediate perception of comfort [52].
However, this is not confined to just the ambient air temperature; the radiant temperature,
determined by the warmth or coolness of surrounding surfaces, plays a critical role. Imagine
a scenario where an individual is in a room with an acceptable ambient temperature but
cold walls—discomfort can be palpable. Equally significant is humidity [51]. The moisture
content in the air profoundly influences our thermal perception. Environments with high
humidity can impede our body’s natural cooling mechanism—perspiration—making us
feel oppressively warm even at moderate temperatures [47]. Conversely, arid conditions
can lead to skin irritation, a sense of dryness in the respiratory tract, and overall discomfort.
Then, there is air velocity, a factor often overlooked but pivotal in shaping thermal comfort.
The sensation of air moving across our skin can either be a boon or a bane, depending on
the context. A gentle draft in a sweltering room can be the epitome of relief, but the same
current in an already cold environment can make the chill almost unbearable. Beyond
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these physiological factors, one must consider the metabolic rate, which varies from person
to person based on activities. A person engaged in rigorous physical activity generates
more heat and might feel warmer than sedentary people, even if both are in the same
environment [51]. Clothing insulation, or the “clo” value, further adds to this complex
equation. The type and amount of clothing we wear can significantly influence our comfort,
acting as a buffer between our body and the external environment. Lastly, an intriguing
dimension to this discourse is the adaptive comfort model. It posits that our perception
of comfort is not static but evolves based on prior experiences. Individuals accustomed
to warmer climates might find a mildly warm room comfortable, while those from colder
regions might perceive it as stifling. This model underscores the importance of considering
the adaptive nature of human comfort, shaped by a confluence of past experiences and
immediate environmental stimuli.

The role of HVAC technologies has been transformative within the ever-evolving
landscape of green buildings. While this manuscript touches upon the integration chal-
lenges of traditional HVAC systems, a more profound exploration of contemporary HVAC
solutions tailored for green buildings can provide invaluable depth. Several innovative
technologies have emerged in the market, each promising to redefine the synergy between
HVAC systems and green buildings [51]. To begin with, there is the Variable Refrigerant
Flow (VRF) technology. Heralded as a game-changer, VRF systems are known for their
unparalleled energy efficiency and flexibility. Unlike traditional systems that operate at
constant speeds, VRF systems adjust refrigerant flow based on the exact cooling or heating
needs of individual zones within a building. This dynamic adaptability conserves energy
and ensures optimal comfort [48]. However, it is worth noting that the initial installation
costs of VRF systems can be steep and require specialised technicians for maintenance.
Next, we have earth–air heat exchangers (EAHE) [50]. These systems leverage the earth’s
temperatures to pre-cool or pre-heat incoming air. Especially in regions with extreme
seasonal temperature variations, EAHE can be a boon, reducing the load on primary
HVAC systems. However, the effectiveness of EAHE can vary based on soil properties and
moisture content, making site-specific evaluations crucial. Phase-change materials (PCMs)
introduce a novel approach to thermal regulation. These materials absorb or release latent
heat during phase transitions, effectively acting as thermal buffers [50]. Integrated within
building components, PCMs can reduce peak temperature loads, minimising the need for
active cooling or heating. Their adaptability across various building types, from residential
to commercial, underscores their versatility. However, selecting appropriate PCMs, based
on their melting points and thermal properties, is crucial to their effective deployment [50].
Lastly, radiant cooling systems, often touted as the future of green building HVAC, pro-
vide cooling through chilled surfaces (like floors or ceilings) rather than air. The primary
advantage lies in that cooling surfaces rather than air is inherently more energy efficient.
Additionally, these systems enhance comfort by reducing the disparity between ambient
air temperature and surface temperatures. However, a significant concern with radiant sys-
tems is the potential for condensation, especially in high-humidity environments. Proper
design and integration with dehumidification systems can mitigate such risks. Outdoor air
conditioning systems come in various forms to cater to different cooling needs in outdoor
spaces. Misting systems use a fine water spray for cooling, ideal for restaurant patios, while
evaporative coolers, effective in dry climates, use water evaporation for cooling and can be
used in residential or commercial settings. Portable air conditioners offer flexibility for spot
cooling in areas like patios, requiring electrical power and venting [51]. Although not air
conditioners, outdoor ceiling fans enhance air circulation, creating a breezy environment.
Cooling stations in public spaces provide mist or air-conditioned relief, and high-volume,
low-speed (HVLS) fans are suitable for large venues like event spaces, moving air efficiently
over vast areas. Additionally, ductless mini-split systems, with outdoor units linked to
indoor units, offer efficient cooling for enclosed outdoor spaces like sunrooms. These
diverse systems cater to specific outdoor cooling requirements, considering factors like
climate, space, and energy efficiency.
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6. IoT-Enabled Systems

A significant advancement in outdoor cooling is represented by smart and Internet of
Things (IoT)-enabled outdoor air conditioning systems, as shown in Figure 6. These systems
have various state-of-the-art features and technologies that improve their functionality,
energy efficiency, and user comfort [57].

Figure 6. Internet of Things (IoT)-enabled outdoor air conditioning systems [57].

Monitoring in real time via sensors is one of the primary components of these systems,
which utilise a network of sensors that collect data on various environmental properties.
These sensors can measure various variables, including temperature, humidity, air quality,
and occupancy. Real-time data obtained by these sensors provide the foundation for
dynamic control and optimisation [58]. Data management is conducted using advanced
data analytics methods, and sensor data are processed and evaluated. These strategies
may identify patterns, trends, and anomalies in the data. For instance, they may detect
changes in the outside temperature, which may result in adjustments to the cooling system’s
settings [59]. Innovative outdoor air conditioning systems can dynamically adjust their
operation depending on the information gained through data analysis. For instance, the
system may adjust when exterior temperatures increase significantly by boosting its cooling
capability to maintain the ideal inside temperature. Alternatively, the system may operate
more efficiently to save energy during periods of lower demand [60]. Additionally, these
systems prioritise energy efficiency, which reduces running expenses and has a reduced
effect on the environment. They may adjust the functioning of components such as pumps,
fans, and compressors according to the cooling requirement, decreasing energy waste [61].
Moreover, smart systems are developed to provide the highest possible comfort for users.
They can consider user preferences and adjust elements such as temperature and ventilation
to create a pleasant atmosphere. They may also preserve air quality by monitoring and
adjusting ventilation rates [62].

Frequently, IoT-enabled outdoor air conditioning systems can be remotely monitored
and managed. Facility managers or homeowners can remotely inspect and modify system
settings using a smartphone application or web interface. According to Philip et al. [63],
this feature facilitates proactive system maintenance and increases usability. These systems
are also capable of self-diagnosing issues and sending maintenance reminders. The method
can detect component failures in advance and notify maintenance personnel, decreasing
downtime and preventing costly breakdowns. Incorporating smart and Internet of Things
(IoT)-enabled technology into outdoor air conditioning systems represents a significant leap
in the industry, providing various cutting-edge features that improve functionality, energy
efficiency, and user comfort. A network of sensors continually monitors environmental
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characteristics such as temperature, humidity, air quality, and occupancy, giving real-time
data that serve as the foundation for dynamic management and optimisation. These
sensor data are processed and analysed using sophisticated data analytics methods to
find patterns, trends, and anomalies that might influence system modifications [64]. For
example, when the system senses a fast increase in external temperatures, it may change
its cooling capacity to maintain ideal internal temperatures. These intelligent systems
emphasise energy efficiency by adapting components such as pumps, fans, and compressors
to current cooling needs, minimising energy waste and saving operating costs [65]. The
devices may react to the user’s preferences and modify temperature and ventilation rates
to produce a pleasant atmosphere [66]. Moreover, IoT-enabled systems provide remote
monitoring and management through smartphone applications or web interfaces, enabling
proactive system maintenance [67]. In addition, they are equipped with self-diagnostic
capabilities that may detect component failures early and notify maintenance personnel,
decreasing downtime and averting expensive breakdowns [68]. Overall, these intelligent
and IoT-enabled outdoor air conditioning systems offer a significant advancement in
outdoor cooling, closely correlating with more prominent efficiency and sustainability goals.
Incorporating Internet of Things (IoT) technology into outdoor air conditioning systems is a
revolutionary breakthrough with far-reaching effects on energy savings, user comfort, and
system operation. This technical breakthrough is reinforced by a growing corpus of research
demonstrating the many advantages of intelligent, IoT-enabled devices [69]. A network of
sensors that continually monitors a variety of environmental factors, including temperature,
humidity, air quality, and even occupancy, is one of the most critical aspects of these
systems. This real-time data gathering is the basis for dynamic system control, allowing
the air conditioning units to adapt to changing circumstances and maximise performance.
This abundance of sensor data is processed using advanced data analytics methods to
detect patterns, trends, and anomalies that might influence system modifications [70].
For instance, if the system senses a rapid spike in external temperatures, it may instantly
change its cooling capacity to maintain a pleasant internal atmosphere. This dynamic
control enables the system to predict future situations based on existing data, thus boosting
efficiency. The energy efficiency of these intelligent systems is a major goal. These systems
may dramatically minimise energy use by adjusting the operation of components such
as pumps, fans, and compressors to the current cooling demand. This is significant not
only for decreasing operating expenses but also for limiting the environmental effect
of air conditioning, which is especially relevant considering the rising concerns over
climate change and resource depletion [71]. Another critical emphasis of IoT-enabled air
conditioning systems is user comfort. Individual user preferences may be accommodated
by modifying temperature, humidity, and ventilation rates to produce a more pleasant
atmosphere. In addition, they may monitor indoor air quality and change ventilation rates
appropriately, promoting a better living or working environment [72].

These systems’ remote monitoring and control features provide additional convenience
and utility. Through smartphone applications or online interfaces, facility managers or
homeowners may quickly monitor and alter system settings, allowing for more preventative
system maintenance. This remote access is not only advantageous for its user-friendliness;
it also provides faster reaction times in the event of system failure, hence decreasing
downtime and averting expensive losses. In addition, these systems have self-diagnostic
capabilities that may discover potential flaws before they become severe problems, notify-
ing maintenance personnel and even recommending fixes. This predictive maintenance
capacity is a significant improvement since it extends the life of air conditioning equipment,
contributing to sustainability objectives by lowering the frequency of replacements [73].
In conclusion, incorporating Internet of Things (IoT) technology into outdoor air condi-
tioning systems is a comprehensive innovation that solves several crucial concerns about
energy efficiency, environmental sustainability, and user comfort. By integrating real-time
sensor data, sophisticated analytics, dynamic control mechanisms, and remote monitoring
capabilities, these intelligent systems provide a highly flexible, efficient, and user-friendly
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outdoor cooling solution. As a result, they are ready to establish new industry norms which
correspond closely with broader goals of environmental responsibility and sustainable
living. The incorporation of the Internet of Things (IoT) into HVAC systems within green
architecture is symbolic of the profound technological strides the building industry is
witnessing. While the authors’ acknowledgement of IoT-based technologies is a step in
the right direction, the depth and breadth of this integration call for a more exhaustive
exploration. IoT, with its essence rooted in seamless interconnectivity, transforms HVAC
systems from static entities to dynamic ecosystems that constantly communicate and adapt.
This real-time data exchange is pivotal for energy conservation, a cornerstone of green
buildings. Unlike traditional HVAC setups, IoT-enabled systems can discern, for instance,
the occupancy of a room and modulate the cooling or heating in real-time [70]. Such nu-
anced adjustments, while seemingly trivial, cumulatively contribute to significant energy
savings, reinforcing the sustainable ethos of green buildings. However, the advantages of
IoT transcend energy efficiency. Occupant comfort, often a nuanced interplay of tempera-
ture, humidity, and individual preferences, is enhanced as interconnected sensors ensure
optimal environmental conditions. Furthermore, the predictive maintenance capabilities of
IoT systems herald a new era of proactive system health monitoring, pre-empting major
malfunctions and ensuring uninterrupted operation. The true magic unfolds when these
IoT-driven HVAC systems synergise with other building systems, from lighting to security,
crafting an intelligent building ecosystem with unparalleled efficiency [71]. Moreover,
when subjected to advanced analytics, the data streams from these systems provide invalu-
able insights into usage patterns, inefficiencies, and future energy needs. This data-centric
approach, in tandem with the adaptive capabilities of IoT, positions the integration of IoT
and HVAC as a linchpin in the evolution of green architecture. The discussion on IoT in
HVAC systems is not just a technological narrative; it is a testament to the transformative
potential of integrating digital intelligence with physical spaces, underscoring the future of
sustainable and intelligent building design.

7. Portability and Scalability

Incorporating portability and scalability into outdoor air conditioning systems is a
critical innovation that addresses the rising need for adaptation and flexibility in various
cooling conditions. Portable units are gaining popularity because of their portability and
setup simplicity, making them ideal for events, temporary workplaces, and other instances
when permanent cooling systems are impracticable [25]. These devices are often lightweight
and fitted with wheels or handles for easy portability, which increases their adaptability.
Beneficial for temporary settings such as outdoor festivals or construction sites, the units’
portability enables them to be moved as needed and to provide targeted cooling exactly
where required. This versatility is a godsend for moving workstations and a cost-effective
alternative to permanent systems, lowering initial and recurring costs. The fast availabil-
ity and speedy installation of portable units are particularly advantageous for providing
immediate respite from extreme heat, whether for emergency cooling requirements or
unexpected gatherings. Scalability, another essential characteristic, permits outdoor cooling
systems to adapt their cooling capacity to variable demand. This versatility is becoming
more critical in contemporary system designs, particularly in locations where cooling needs
may change based on time, season, or occupancy levels [15]. Scalable systems perfectly
match cooling capacity to actual demand, optimising energy consumption, decreasing
operating costs, and minimising environmental effects. Both transportable and scalable
technologies contribute to sustainability by conforming to larger energy efficiency targets.
By employing just the required cooling capacity for a particular condition, these systems re-
duce energy consumption and the carbon footprint, contributing to broader environmental
and sustainability goals. In conclusion, the introduction of portability and scalability in out-
door air conditioning systems has ushered in a new age of adaptability, cost-efficiency, and
environmental awareness. These characteristics allow for the deployment of customised
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cooling systems adaptable to a wide variety of applications, representing a breakthrough
advance in outdoor cooling [19].

8. Economic Feasibility and Scalability

Eco-friendly HVAC technologies, pivotal in sustainable building design, markedly out-
perform traditional systems in energy efficiency and environmental impact [74]. Geother-
mal heat pumps, a standout example, are exceptionally efficient, offering an impressive
energy efficiency ratio (EER) of about 10–14, compared to 9–10 for conventional systems [75].
They can deliver three to four units of energy for every one unit of electrical energy con-
sumed. Solar-powered HVAC systems, while dependent on geographic and solar condi-
tions, significantly cut down on electricity usage and are often capable of reducing energy
bills by 20–40% [76]. Energy recovery ventilators (ERVs) enhance indoor air quality and can
decrease HVAC energy consumption by up to 40%, depending on the climate and building
design [76]. These systems lower operational costs and drastically reduce carbon emissions,
aligning with global sustainability goals. The upfront costs for these technologies are
generally higher, but the long-term savings—evidenced by their superior performance
figures—are substantial, making them increasingly preferred in modern, eco-conscious
construction projects.

In a detailed cost analysis of HVAC systems, contrasting traditional with eco-innovative
models reveals distinct differences in financial implications and ROI [77]. Conventional
HVAC systems, while cheaper to install, incur higher operational and maintenance costs
over time due to less efficient energy use and frequent servicing needs. By contrast, eco-
innovative HVAC systems, though more expensive initially, offer greater energy efficiency,
leading to significantly lower operational costs [77]. The maintenance expenses for these
advanced systems are often reduced due to their superior build quality and durability. The
ROI for eco-innovative systems is favourable, as substantial long-term energy bills and
maintenance savings balance the higher upfront costs. Additionally, many regions offer
incentives like tax rebates for green technology adoption, enhancing the financial appeal of
these systems. Another critical factor influencing the cost and implementation of HVAC
systems is the impact of building codes and regulations, which vary regionally [78]. Stricter
energy efficiency standards and sustainability requirements often favour eco-innovative
systems, as traditional models may not comply with newer, more stringent regulations.
This regulatory environment can significantly affect decision-making, pushing stakehold-
ers towards more sustainable and compliant HVAC solutions. Therefore, while the initial
investment in eco-innovative HVAC systems is higher, their long-term economic and en-
vironmental benefits and the increasing regulatory push towards sustainability present
a compelling case for their adoption in modern building design [78]. When delving into
the legal implications and performance of HVAC systems in different climates, a detailed
understanding is crucial for sustainable building design. Legally, the implementation of
HVAC systems is deeply intertwined with regional building codes and energy efficiency
regulations. These laws vary widely, often dictating stringent standards that traditional
HVAC systems may struggle to meet. Eco-innovative systems, designed with energy effi-
ciency and sustainability in mind, are more likely to align with these regulations, thereby
reducing the risk of legal non-compliance for building owners and developers [79]. Non-
compliance can lead to penalties, legal disputes, and additional costs, making regulatory
adherence a critical factor in HVAC system selection. Furthermore, these legal frameworks
are dynamic and frequently updated to reflect new environmental goals or technological
advancements, necessitating HVAC systems that can adapt to evolving standards. Perfor-
mance in different climates is another critical aspect. Traditional HVAC systems may offer
satisfactory performance in moderate temperatures but often struggle in extreme condi-
tions, either too hot or cold, leading to inefficiencies and increased energy consumption [79].
By contrast, eco-innovative HVAC systems are typically designed for a broader range
of climatic conditions. They often incorporate features like advanced insulation, smart
thermostats, and renewable energy sources, enhancing their efficiency and reliability across
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various environmental settings. This adaptability is crucial for meeting the comfort needs
of occupants and maintaining energy efficiency and reducing the overall environmental
impact.

Moreover, the performance of HVAC systems in specific climates directly impacts
their long-term cost-effectiveness and sustainability. Strategies that can efficiently manage
cooling while minimising energy consumption are essential in hotter regions. Conversely,
systems that provide effective heating with minimal energy loss are preferable in colder
climates. Integrating intelligent technologies in eco-innovative systems allows for more
precise control and optimisation based on external weather conditions, leading to better
performance and lower energy usage. Integrating eco-innovative HVAC systems into
sustainable building design poses significant challenges, primarily due to their higher
initial costs compared to traditional methods, but long-term benefits like energy savings
and potential incentives offset these [79]. Regulatory and compliance challenges also arise
from varying building codes and energy efficiency standards, especially in retrofitting
older buildings, requiring expertise in local regulations and the design of flexible systems
adaptable to changing criteria. Spatial and architectural constraints in different building
types necessitate innovative integration strategies and collaborative efforts between archi-
tects, engineers, and HVAC specialists. Despite these challenges, the superior performance
of eco-innovative systems in terms of energy efficiency, indoor air quality, and reduced
carbon footprint highlights their long-term economic and environmental viability [79].
Real-world case studies further illustrate the successes and strategies of practical imple-
mentation, reinforcing the feasibility and effectiveness of these solutions in diverse settings
and presenting a comprehensive picture of the challenges and solutions in implementing
sustainable HVAC technologies.

Statistically Methods from the Previous Researcher

Statistical analysis plays a pivotal role in substantiating the advancements in this field.
Researchers often employ methods like regression analysis, ANOVA (analysis of variance),
and time-series analysis to assess the performance of new HVAC technologies [80]. For
instance, regression models are used to predict energy consumption under various scenar-
ios, enabling a comparison between traditional and innovative systems. ANOVA helps
identify the key factors influencing HVAC efficiency guiding design improvements [80].
Time-series analysis is crucial for evaluating long-term trends in energy usage and system
performance, offering insights into the sustainability and cost-effectiveness of new HVAC
solutions. Furthermore, using big data and advanced analytics in recent studies allows
for a more comprehensive understanding of HVAC performance [81]. By analysing large
datasets collected from intelligent HVAC systems, researchers can identify patterns, predict
system behaviour, and suggest optimisations. This data-driven approach is instrumental in
advancing HVAC technology, ensuring that new systems are innovative and empirically
validated for efficiency and sustainability [82].

9. Conclusions

In conclusion, integrating conventional HVAC systems into green buildings presents
a complex array of challenges that extend beyond mere energy inefficiency and high
operational costs. These challenges encompass a broad spectrum of issues, including
regulatory compliance, performance gaps, human factors, integration with renewable
energy sources, and implications at both urban and grid levels. This paper highlights how
inefficient HVAC systems can exacerbate issues like energy poverty and grid instability,
adding a layer of complexity to the energy management of buildings and impacting urban
planning. This problem is not just confined to individual buildings but is systemic, affecting
entire cities as they endeavour to transition towards more sustainable and resilient futures.
As the field of green construction evolves and gains traction, addressing these multifaceted
obstacles becomes crucial. The successful integration of HVAC systems in green buildings is
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therefore not only a technical challenge but also involves navigating regulatory landscapes,
addressing human-centric issues, and harmonising with broader urban sustainability goals.
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