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Abstract: This work evaluates the impact of air renewal on energy consumption for indoor environ-
ments. For this purpose, an analysis of the problem of air renewal at a Brazilian level was carried out,
as well as research into the energy impact of air renewal without energy recovery and the different
existing technologies for recovering energy from renewed air. On the other hand, the influence of
heat-recovery systems was analyzed in three Brazilian cities (Manaus, São Paulo, and Brasília) for
different environments, where a classroom in Manaus has an approximately 50% external air factor
and a 42% sensible heat factor. However, classrooms in São Paulo and Brasília have a lower external
air factor (27% and 8%, respectively) and a higher sensible heat factor (61% and 78%, respectively).
Considering a system with heat recovery, the external air factor decreases to 23%, 10%, and 3%
for Manaus, São Paulo, and Brasília, respectively. This allows us to understand the influence of
heat-recovery systems, which reduce the external air factor and increase the sensible heat factor.

Keywords: heat-recovery technologies; Köppen classification; air conditioning; HVAC systems;
residential buildings; energy efficiency

1. Introduction

The International Energy Agency indicates that the global air conditioning (AC) system
count has surpassed 500 million. Furthermore, only 8% of the 2.8 billion people in the
world’s warmest regions have access to AC. This number is projected to rise to 5.6 billion
by 2050, a staggering increase from 1.6 billion in 2018 [1]. Through rapid growth, the
energy demand for air conditioning by 2050 will be equivalent to the current electrical
demand of the United States (US), the European Union, and Japan. Therefore, ten AC
units could be sold every second, a scale that is difficult to comprehend [2]. In 2018, the
households with AC reached an average of 90% in some countries (such as the US and
Japan) and less than 10% in others. Furthermore, around 69% of units installed worldwide
are attributed downwardly to China and the US, among others [1]. However, this is
expected to change considerably over the next thirty years. The use of AC units will
become increasingly popular due to population and economic growth in warm regions [3].
It is worth mentioning that, in economies with a higher cost of capital, such as Brazil, or
with lower hours of use, higher-efficiency ACs cause a higher cost of saved electricity when
compared to India or the United Arab Emirates. In countries like Japan, where ACs are
used for both heating and cooling, while in India or the United Arab Emirates, where ACs
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are used for many hours annually, it is possible to obtain a very high ESEER (European
seasonal energy-efficiency ratio) at a low cost per unit of electrical energy saved [4].

It is essential to highlight that the previously mentioned estimates only consider a
market where customers can pay for refrigeration facilities. If we include all populations
that need access to refrigeration facilities regardless of ability to pay, 14 billion refrigeration
units would be required by 2050 [5]. Around 70% of the projected increase in the refriger-
ation section will occur in economically developing countries located in tropical regions,
with economically developing countries expected to see a five-fold increase in AC units by
2050 [6]. AC sales in Brazil and India have increased between 10 and 15% each year [5].

ACs consume around 20% of the total electrical energy in residential, corporate, and
government buildings worldwide. In China, Brazil, and India, AC puts pressure on
electrical systems, changes the peak load, and increases greenhouse-gas (GHG) emissions.
This trend, if left unchecked, could have severe environmental consequences [7]. In some
regions of Brazil, AC is responsible for 7% of electricity consumption in residential use.
In Minas Gerais state, AC is responsible for 38–63% of the total electricity consumed in
the banking sector. The principal reasons for the rapid diffusion of AC in Brazil are the
inhabitants and economic expansion, especially in hot climate regions. The ACs in Brazilian
homes are estimated to increase from 19% (2019) to 27% (2029) [8].

The use of energy has intensified substantially in the last few years. In 2018, the electric
energy consumption worldwide corresponded to 23,031 TWh, 57% higher than in 2000 [9].
Given the sector’s increased energy demand, residential buildings are essential. In Brazil,
the Energy Research Office (EPE) estimated that, in 2018, the total electric energy demand
(25.4%) across the country came mainly from the residential sector [10]. In addition, this
sector’s energy required is projected to rise by around 3.9% by 2029 [11]. Considering
the augmented acquiring power of inhabitants in economically developing countries and
the climate-change challenge, a substantial demand exists for AC in residential buildings.
According to the EPE’s report titled Ten-Year Energy Expansion Plan, the devices that
will utilize the most electricity by 2029 will be the ACs, which are in fourth place, only
surpassed by the fridge–freezer, TV, and electric shower [12].

Furthermore, in Brazil, electricity consumption for cooling warmer environments
tripled between the early 1990s and 2016. During these years, the consumption increased
from 10 TWh to almost 32 TWh and continues to increase. The demand for AC in Brazilian
buildings is rising and will represent a significant fraction of national electricity consump-
tion in the future, which could cause negative impacts on the global environment [13].
The sale of ACs stretched out to 27 million units in 2016 and is currently predicted to
surpass 30 million, with sales higher than 3 million units by year between 2018 and 2021 [7].
Regardless of this increase, the electric energy consumption per unit of population for
refrigerated areas remains lower in Brazil than in industrialized countries, even those
with cold temperatures. In Brazil, the purchase of AC units in the household sector is
approximately 16.7%. Nevertheless, most buildings in Brazil are characterized by being in
bioclimatic zones, where a hot and humid climate prevails in the summer and dry and cold
temperatures in the winter [14].

The AC systems installed in government and particular buildings are related to higher
electrical consumption in equatorial countries due to the elevated temperatures, where
the Brazilian Northeast region is localized. This region is characterized by high payments
on electric energy invoices [15]. Usually, the electricity consumption due to AC use is
approximately 50% of the total bill since conventional ACs (vapor compression) are mostly
installed [16]. The general efficiency of conventional AC systems used in Brazil is between
30 and 40% [17].

According to the National Electric Energy Conservation Program (PROCEL) [18],
heating, ventilation, and air conditioning systems contribute 48% of total electricity use
in Brazilian buildings, with unitary AC systems predominant, such as unitary windows
and split units. On the other hand, heater systems are uncommon in Brazil because of the
higher temperatures during the year. Therefore, electricity consumption corresponded to
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92.3% of the electric energy consumed in Brazilian service buildings in 2019 [19]. Only
10.5% of homes in Brazil have a heating, ventilation, and air conditioning (HVAC) system.
The use of HVAC systems is different for each region and is not related to the average
in-come level. For example, the Brazilian North region has the highest purchase tax of
HVAC systems (16.5%) and the lowest average income in Brazil. The South Region, the 2nd
high-est-income Brazilian region, follows closely with 16.1% [20]. The high HVAC purchase
is congruent in the Northern region, characterized by the Amazon region’s presence, which
has high temperatures and humidity. The Southern region has many HVAC systems in-
stalled, although it is a Brazilian region with a milder climate and cold temperatures, and in
the winter season, it is close to freezing. PROCEL [18] indicated that some HVAC sys-tems
of the South region could be operated in a reverse cycle, thus allowing spaces to be heated
and cooled. This adaptability to different climate conditions reassures the effec-tiveness of
these systems.

AC units that operate at a capacity lower than 18,000 BTU/h are the predominant
refrigeration systems of all types in Brazil. This widespread use underscores the urgency
of addressing their energy efficiency [21]. Another type of system well-known in the
refrigeration market is Variable Refrigerant Flow (VRF), developed in Japan in 1982 and
entered the HVAC market in Europe in 1987 [22]. The VRF and split AC units make up
82% of the world’s AC systems, so it’s crucial to rethink the types of AC systems for
sustainability from a refrigerant perspective. Despite their energy efficiency, these systems
must be ana-lyzed for their environmental impact. [1]. Approximately 113 million split
units were dis-tributed worldwide in 2018, with China and APAC nations contributing 70%
of the 113 million [23]. Around 3 million splits with a capacity of less than 30 thousand
BTU/h were distributed in 2014 in Brazil, corresponding to 70% of trades for AC systems.
In addition, split units were installed in 72% of residential and corporate buildings in
Brazil in 2018. Consequently, the Brazilian air conditioning and refrigeration sector in
2021 showed a percentage growth of 9.8% until 2020, while the number of split units
manufactured sur-passed 3.5 million in 2021 [24].

This work aims to measure the energy impact associated with air renewal and compare
different technologies with and without heat recovery, indicating the effects of each. For
this purpose, the energy problem involved in air renewal in air conditioning systems
without or using energy-recovery technology is analyzed. Consequently, the economic and
environmental impact of the technologies considered is evaluated, taking as a reference the
air renewal rates provided for in internationally accepted standards and adopted in Brazil.
Thus, a case study is developed, considering three Brazilian cities with different climate
zones, tariffs, types of buildings, etc. The results allow us to identify the energy advantages
of adopting air renewal technologies with energy recovery in Brazil.

2. Analysis of the Brazilian Bioclimatic Zones

The energy sector’s significant role in human environmental impact, mainly through
GHG emissions from energy production, underscores the urgent need for energy efficiency
measures [25]. The construction sector has higher energy consumers than all industrial
sectors [26]. In 2021, Brazilian buildings accounted for 52% of energy consumption; there
is a significant opportunity to promote energy efficiency and contribute to sustainable
development [27]. As professionals in the construction sector, your role in achieving energy
efficiency is crucial. Understanding the complex factors that affect electric energy con-
sumption in buildings, such as surroundings, climate, equipment and its O&M, occupant
behavior, and indoor air quality, is key to this endeavor [9]. Therefore, optimizing a build-
ing involves understanding the thermal trends inside and outside the building. It is worth
noting that household buildings account for 9.3% of the electricity consumption in Brazil.
Furthermore, household-building electricity consumption indicates growth behavior, with
an average augment by year of 5.7% from 1975 to 2015 [28]. Therefore, the implementation
of energy-efficiency programs and the installation of eco-friendly ACs are essential.
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The National Energy Plan (PNE) 2030 [29] has projected a concerning trend. Brazil’s
annual energy electric consumption is set to double, leading to a significant augment in
the non-renewable sources used. To address this, the PNE set a crucial goal for the first
time in 2010: a 10% decrease in the estimated energy demand. This underscores the urgent
need for implementing energy-efficiency strategies [30]. A tariff flag was implemented
in 2015 to transfer the electricity generation costs to these accounts due to unfavorable
hydrological conditions since the Brazilian energetic matrix comprises mainly hydrological
sources. The tariff flag is used by considering the thermal generation necessity associated
with the low levels of hydroelectric reservoirs, which impact the bills of consumers. A
significant effort in search of greater energy efficiency is being studied, where intelligent
home meters implement distribution-system automation. Smart-grid pilot projects were
executed in Brazilian cities as a joint effort by the National Bank for Economic and Social
Development (BNDES), the National Electric Energy Agency, and the Brazilian Financier of
Studies and Projects [31]. While energy-efficiency initiatives in Brazil have made significant
strides, they have also encountered barriers, such as social and cultural assortment, leading
to varying levels of consumer ignorance, underscoring the need for targeted education
and awareness campaigns. Overcoming these barriers and fostering a culture of energy
efficiency will require concerted efforts and policies that incentivize energy conservation.

One option to diminish construction energy consumption is establishing standards
for evaluating and categorizing buildings concerning energy performance, which are
accepted and utilized globally. Thus, the Brazilian building energy-efficiency labeling
program was launched in 2009 and used a model based on equations to regulate the
energy-efficiency classification [32]. Nevertheless, this approach was considered simple.
Therefore, upgrading the method with more severe requirements was considered. Thus,
the labeling program of Brazil was reviewed and updated, allowing for the determination
of the energy-efficiency class using building simulation [33].

Parallel with this energy-focused initiative, in 2005, the initial standard (ABNT NBR
15220–3) [34] that evaluates the thermal performance of buildings was established. This stan-
dard’s main contribution was to the definition of the bioclimatic zones of Brazil (Figure 1),
specifying bioclimatic plans per zone. NBR 15220–3 also included calculating the thermal
properties and construction guidelines for residential houses.
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In Brazil, eight bioclimatic zones could be defined, where the colder zones correspond
to Z1 and Z2. The hotter zones are Z7 and Z8. Figure 2 shows the temperatures of three
cities in the Z1, Z3, and Z8 Brazilian zones in a year, where significant differences are
observed, mainly between Z1 and Z8. Brazil has a warmer climate in seven bioclimatic
zones compared to countries in the Northern Hemisphere. The residential constructions of
Brazil are aired through opening windows and infrequently using mechanical aeration for
air renewal, aiming to improve the quality of interior air (except for bathrooms) [35]. Artifi-
cial refrigeration is mainly used at night in most zones of Brazil (restricted to bedrooms),
except for residences in regions near the equator, such as the North and Northeast [36].
Regarding artificial heating, these systems are utilized in some Brazilian zones, mainly Z1
and Z2. Thus, evaluating the performance of residential constructions in Brazil strengthens
bioclimatic options, such as natural ventilation and lighting, which is different from some
countries that focus on buildings only installing HVAC systems.
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Another important climate classification was established by Köppen in 1900, which
considers the precipitation and temperatures periodically per month, aiming to state limits
for diverse climates. Since its creation, this system has been developed and widely used
by geographers and climatologists worldwide [37]. The system’s popularity lies in its
capacity to connect climate and natural flora [38]. Although German scientists have tried to
establish different methods of classifying climate change, the Köppen classification remains
the most utilized [39]. The Köppen classification consists of five main groups with various
subtypes, as displayed in Table 1. All groups depend on temperature alone (except group
B). All subtypes are established considering the temperature and precipitation of the season
(except subtype E). Therefore, the Köppen classification represents diverse climate regimes,
considering severe combinations of temperature and rainfall [37].
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Table 1. Characteristics of the main climatic groups and subtypes of Köppen classification.

Major Group Sub-Types

A: Humid climate

AF: Tropical rainforest
AM: Tropical jungle

AW: Tropical humid and dry grassland (AS is utilized if the dry
season occurs during higher sunlight and days more long)

B: Dry Climate BWh, BWk: Desert
BSh, BSk: Savanna

C: Mild temperate
CSC, CSD, CSE: Mediterranean sea

CFA, CWA: Humid subtropical
CFB, CFE, CWC, CWE: Ocean

D: Snow ambient DFE, DWA, DFF, DWB, DSE, DSF: Humid
DFG, DWC, DFH, DWD, DSG, DSG: Sub-arctic

E: Polar ambient ET: Tundra
EI: Icecap

Brazilian cities at latitudes close to the equator have higher temperatures and humidity
in the country, where the typical winter does not happen. Solar irradiation increases the air
temperature throughout the day, whereas the higher humidity content avoids temperatures
falling lower than 20 ◦C during a nocturnal period [40]. A previous work has shown
the inefficiency of that strategy in an experiment performed in dormitories in China [41].
Another work [42] evaluated the condition when the external temperature was higher than
31 ◦C and the internal climate was higher than 32 ◦C. The combination of the operating
environment of 30 ◦C and humidity of 70% relative to the Brazilian Northeast zone was
evaluated by [43]. In the Brazilian Northeast region, ventilators are actively utilized to
increase air circulation within constructions, but active cooling is often required under
scorching conditions. Therefore, adopting AC units as an option in the corporate sector
and academic and service constructions in regions with tropical climates is necessary and
is usually accomplished.

Adequate passive project is utilized in zones with dry summer conditions, where the
temperature decreases at night, with minimum temperatures lower than 20 ◦C and every-
day ranges over 10 ◦C. This behavior shows the nighttime aeration potential for passive
chilling, enhancing daytime temperature comfort. On the other hand, the recurrent use of
AC in hot regions has attracted attention, where some works focus on the excessive cooling
of buildings (inhabitants uncomfortable because of the cold thermal sensations in condi-
tioned rooms), the air quality in the buildings [44], and the energy consumption [45,46].
Inhabitants in equatorial regions are usually more disappointed with the internal cool
temperatures than inhabitants accustomed to living in regions with spontaneous cold
temperatures during winter. Furthermore, people who live in cities or regions at higher
latitudes experience minor average temperatures due to an adjustable mechanism to behave
to internal cold temperatures.

In addition, it is worth mentioning that recent events that broke temperature records,
such as heat waves, affected the world population [47], predominantly in megacities [48].
The direct impacts of heat on the human anatomy generate damage to health [49], which
may be aggravated in some population groups at greater risk, such as young people, people
who are elderly, the poorest, and populations with heart, respiration, or previous diabetic
diseases [50]. Even though some works indicate that increased fatality is attributed to high
temperatures, measuring the universal risk of heat/temperature-correlated mortality is
demanding because of the absence of precise data [47]. Excess heat/temperature correlated
demises are expected to be exacerbated, given inevitable temperature increases under
different climate-change situations. The strength and duration of heat waves could increase
in some regions worldwide [51,52].
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The Barcelona Institute for Global Health indicated that approximately a population of
70,066 will die from excessive temperature in the European summer of 2022. This number
captures just part of the effects of climate change on health, which is on track to be exceeded
in 2024 after scorching temperatures break the historical data worldwide [53]. For Brazil,
during 2000–2018, 48,075 (40,448–55,279) excess deaths were attributed to increasing heat
waves (a quantity twenty times higher than that of landslide-related demises simultane-
ously). However, the event-based investigation did not detect the correlation between heat
waves and mortality, supporting that higher heat/temperature event experiments are an
ignored adversity in the Brazilian context. The main causes of diseases are cardiovascular
and breathing illnesses and neoplasm issues [54].

On the other hand, some studies have found that elevated temperatures and air
humidity lead to a deterioration in the perception of indoor air quality. However, a rise in
air movement meaningfully enhances satisfaction with the quality of the air [55]. Studies
about natural ventilation in classrooms have indicated a mighty connection between
carbon dioxide concentration (CO2) and humidity as the population breathes H2O in the
vapor phase and CO2 [56]. Considerable CO2 content differences were evidenced in the
constructions defined as mixed mode, achieving superior concentrations than buildings
that use a central AC configuration [57].

In the urban environment, wind flow is affected by constructions and flora, among
others. The collective effects of the merging of different contaminant causes and the pres-
ence of stagnation zones can conduct critical pollution [58]. Chemical compounds like
carbon monoxide, sulfur dioxide, and nitrogen are considered principal contaminants
whose primary source is the combustion process [59]. In contrast, nitrogen dioxide and
ozone are produced in the earth’s atmosphere due to the reactions of some compounds
favored by solar radiation’s influence [60]. Particulate matter can be formed from burning
fossil fuels in prime movers, wear on car tires and brakes, and natural processes [61]. The
main Brazilian regulation for air quality is CONAMA 491/18 [62]. In the case of Paraná, it
is considered the Environment and Water Resources 054/2006 [63] regulation state, which
is based on CONAMA 491/18 but is not as imperative as the World Health Organization
(WHO) regulations for the chemical compounds evaluated [64]. The regulations/laws
about air quality in Brazil establish a couple of standards for the concentration of chemical
compounds that are considered pollutants. The first is the higher permissible limit for the
existence of pollutants, which guarantees the safeguarding of human health without con-
sidering the animals and vegetation. The second characterizes the presently accorded limit
under which nominal harmful effects occur on human life, fauna and flora conservation,
and the environment [32].

3. Energy Impact of Air Renewal without Energy Recovery

The use of HVAC systems has increased significantly due to global economic growth,
expanding building development, and improving life quality [65]. Nevertheless, a con-
sumption of 40% for primary energy and a value of 38% for carbon dioxide emissions
are associated with the construction sector in the US [66]. In the case of the European
Union [67], the energy consumption and emissions values were 39% and 40%, respectively,
while China [68] reached energy consumption and emission values of 40% and 30–40%,
respectively. Thus, the “Ecodesign Directive” imposes requirements on heat-recovery
efficiency in the European Union [69]. The investment fee of heat-recovery technologies is
associated with profitability, construction regulations, and the innovation scope. In their
research, Carlsson et al. [70] determined that the modernization combination consisted of
sealing the building envelope and using heat-recovery technology, which reached a decrease
of 78% in energy consumption for room heating and an 83% decrease in GHG emissions.

In recent years, buildings have been characterized by their excellent insulation and
airtightness, allowing for a decrease in electricity consumption in residential constructions.
However, these specifications can affect indoor air quality mainly by infiltration [71]. Al-
though natural ventilation can provide relatively good IAQ, given the excellent quality of
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outdoor air, it can generate high energy for space heating in cold regions in winter [72].
Therefore, mechanical aeration appeared as the main approach for guaranteeing air quality
and temperature comfort in the recently constructed commercial and residential construc-
tions in zones with cold temperatures [73]. Through mechanical ventilation, the heat deficit
from ventilation systems in household buildings can range between 35 and 40 kWh/m2 [74].
However, a significant percentage of the heat deficit (60–95%) through ventilation could be
returned through heat-recovery technologies [75].

Bai et al. [76] reviewed the literature on heat-recovery systems for mechanical aeration
in household constructions, specifically for cold-climate applications. For this purpose,
they considered the Building America guidelines that determine construction practices in
the US, considering the classification of the climate regions through the heating degree day
(HDD) concept. An area with cold temperatures is related to 5400–9000 HDDs (18.3 ◦C as
baseline). A zone with freezing temperatures has between 9000 and 12,600 HDDs. A zone
with a subarctic climate is correlated with 12,600 HDDs or more. In the work developed,
the authors concluded:

• In most countries, the minimal efficiency of sensible heat recovery varies between 70%
and 80%, while this minimal efficiency is uniquely necessary in some countries of
North America and Europe, such as the US, Finland, and Canada;

• Thermal wheels, also called energy-recovery wheels, are extensively utilized, princi-
pally due to their elevated efficiency as heat-recovery systems and frost resistors in
cold temperatures. A limitation of energy-recovery wheel use is cross-contamination,
which involves pressure transfer and leaks. A purge section and a suitable fan can
reduce cross-contamination;

• Flat plate exchangers, another heat-recovery ventilation system, are considered to be
attractive for their reliability. Easy duct sealing avoids transfer problems. Additionally,
water-vapor-permeable membranes recuperate sensible and latent heat. The moisture
recovery during winter operation increases freezing limits;

• The quasi-counterflow system has been recently developed and is characterized by
offering a simpler duct isolate compared with the conventional counterflow system,
which increases the efficiency by around 5% compared to the traditional crossflow
exchanger.

Rafati Nasr et al. [77] compared preheating and bypass in a heat-recovery stove in
three cold temperatures. The findings indicated that the preheating configuration surpasses
the bypass method, as the heat-recovery stove effectiveness coupled with preheating was
similar compared to the efficacy without freezing. Furthermore, in a Canadian city, the
percentage of energy savings, considering the preheating configuration, was around 44%,
double that of bypass savings (22%). Wang et al. [78] analyzed the energy economy for a
technology with a flexible air volume and energy-recovery ventilators (ERV) in different
temperature conditions. The maximum energy savings from this technology varies between
39% and 49% in winter conditions.

Furthermore, it is worth mentioning that, currently, global attention is focused on the
climate and climate change. Suburban zones and urban constructions require significant
energy and are indicated as the primary sources of GHG [79]. From works available in the
literature, it could be mentioned that the construction sector uses approximately 30% of the
energy demand worldwide, mostly in HVAC systems or for the generation of hot water
used mainly inside residential constructions. It is worth noting that China is responsible
for 9.78% of total electricity consumption worldwide, as presented in Figure 3, of which
30% is used by households [80]. On the other hand, the construction sector shares 40% of
the total energy consumption in Europe, which is associated with 36% of all carbon dioxide
emissions, as indicated by [81].
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Water heating characterizes the greater input to electricity consumption in buildings,
and from the energy restoration viewpoint, wastewater at high temperatures disposed in the
discharge network from washbasins, dishwashing machines, and showers is contemplated
as a potential cause of heat deficit. Analysis of heat-recovery systems aimed at wastewater
use, considering diverse methods, has recently increased, as described by [82]. Therefore,
this configuration is considered to be an active technology in the United Kingdom, Norway,
the US, and the Netherlands, countries where a significant quantity of hot wastewater
is generated yearly, particularly from household constructions. In a Dutch residential
building, the drainage water temperature is around 27 ◦C, offering a thermal demand of
21.3 MJ/house/day [83]. Usually, hot water produced in residential constructions has a
large thermal potential because the temperature ranges from 40 to 50 ◦C. In countries such as
the Netherlands and Switzerland, the heat deficit from residential constructions originates
in sewage systems and hot wastewater, giving around 40% and 30% of the building’s
energy deficit, respectively, reserving the remainder for the construction envelopes and
other zones of the building [84].

Murr et al. [85] developed an analysis of the heat-recovery configuration using a
multi-drain installed in Lebanon aiming at warming cold water. The findings indicated
that the drainage temperature of 25 ◦C is related to an energy savings that varies between
102.2 kWh and 410.9 kWh per month, while economically, the benefit is from USD 13.3 to
USD 53.4. In addition, the emissions avoided varies from 72.5 kg to 291.7 kg per month.
Wong et al. [86] studied energy savings in bath time, water flow, and inlet temperature
using a horizontal heat exchanger in Hong Kong. The obtained energy savings are around
15%, representing an increase that varies from 104 MWh to 406 MWh, considering a 50 mm
diameter drainpipe and a 1.5 m long counterflow heat exchanger.

McNabola and Shields [87] determined that the drain water heat-recovery system
installation across all households in Ireland could potentially equate to a saving of 808 GWh
for one shower per household, reducing by more than 400,000 tons the CO2 in that country.
Dong et al. [88] evaluated a heat pump associated with shower drain water. The preheated
water circuits showed a superior performance associated with higher waste heat from
the shower drain water, which can be recuperated through a coefficient of performance
augmented from 2.19 up to 3.21. The configuration analyzed can reach 70% energy savings
compared to a conventional water heater.

HVAC is responsible for approximately between 50 and 82% of electricity consumption,
where 40% of total electricity is consumed in construction at a worldwide level [89]. In
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constructions that are not industrial, HVAC systems are responsible for approximately
between 18 and 35% of electricity consumption [90], while in corporate constructions,
they correspond to around 30% [91]. In Sweden, HVAC systems are often utilized to
decrease radioactive gas issues, whereas heat-recovery systems are essential for reducing
electricity consumption [92]. Furthermore, energy-recovery systems, especially those
based on sensible and latent heat recovery such as enthalpy exchangers [93,94], also called
total energy exchangers, are often utilized in HVAC systems because of their efficiency
and excellent control of humidity. Nevertheless, high-powered fans may be needed to
surpass the pressure drop in the system and provide adequate ventilation airflow [95]. In
winter, enthalpy devices appear to recover more than 25% of the energy. While enthalpy
exchangers, commonly found as passive desiccant wheels, can provide humidity control
(thus preventing freezing and condensation) to heat-recovery systems, active desiccant
wheels can be used for greater humidity control in AC systems [96,97]. Indeed, desiccant
technologies can have a vital function in diminishing the electric energy requirement
significantly when associated with evaporative coolers, leading to the so-called desiccant
cooling systems [98]. Moreover, when related to indirect evaporative coolers, the cooling
effect can be achieved with strict humidity control [99].

Geothermal technologies can offer considerable energy savings in constructions that
have HVAC technologies, making geothermal systems an attractive technology [100].
Geothermal energy is an old process for energy generation and, coupled with ventilation
configuration, reduces the charge by pre-cooling the supplied air between 25 and 75%, with
energy savings between 30 and 70% for demand and electricity consumption of HVAC
units installed in buildings in Central and Northern region of the European Union [101].
Water-to-ground and ground-to-air exchangers are two configurations associated with
geothermal energy that, coupled with other configurations, reduce energy consumption
considerably [102]. Research on heat pumps indicated that a value superior to 85% of heat
pump owners suggests using this technology and avoiding others [103]. Therefore, geother-
mal configurations contribute to HVAC systems because geothermal sources diminish the
electricity consumed in processes that require heating/cooling utility.

4. Technologies for Recovering Energy from Renewed Air
4.1. Desiccant Wheel Heat-Recovery Units

The concept of solid desiccant dehumidifiers used in air conditioning applications
has been introduced previously. The first works in this field were conducted by Clark
et al. [104], Lavan et al. [105], Gunderson et al. [106], Pesaran and Mills [107,108], and
Biswas et al. [109], which were developed between the 1970s and 1980s. Desiccant wheels
are used in various heating applications, such as in residences, to prevent the growth of
mold and mildew, and in industry to avoid equipment degradation due to air humidity. In
hot and humid climates, desiccants are responsible for removing the moisture load (latent
heat), since conventional air conditioning systems have limitations when used [110].

More than 20 variables affect desiccant dehumidifiers’ performance, but manufacturers
commonly adopt good practices by setting variables to ensure consistent performance. The
main variables that change from project to project are inlet dry bulb temperature, inlet
absolute humidity, and air velocity at the desiccant face, which can be used to establish
the demands of the dehumidification and regeneration processes. Every project to be
developed must consider these variables influenced by climatic conditions [111].

On the other hand, the rotating desiccant wheel is the most commonly used technology
regarding dehumidifiers with solid desiccants. This technology is advantageous because it
can provide air with uniform humidity at the outlet and eliminate batch mode operation
(i.e., simultaneous lateral adsorption and desorption processes), allowing continuous
rotation [112].

Desiccant wheel heat-recovery units contain substances that adsorb moisture from the
air. Consequently, desiccants can complement the traditional vapor compression systems
whose latent load is eliminated by air humidity condensation in the evaporator. Desiccants
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are excellent at managing latent loads and effectively reducing humidity [113]. At the same
time, the evaporator in vapor compression systems is suitable for meeting sensible cooling
demands and efficiently decreasing the air temperature. The benefits of using a desiccant
wheel heat-recovery unit include [114]:

• the level of humidity control achieved is superior compared to that achieved using
vapor compression systems;

• the system begins to show efficiency when the latent heat load exceeds the sensible
heat load;

• it can eliminate polluting particles in the air;
• it uses negligible amounts of electrical energy, and due to its regenerative nature, the

system allows solar and waste energy to be used throughout;
• reduces fossil fuel consumption and equivalent emissions of GHG in the HVAC process;
• improvement in indoor air quality is often attributed to the greater quantity of

outside air;
• in specific scenarios, the energy cost for desiccant regeneration can be lower than that

associated with dehumidifying the air by cooling it below its dew-point temperature.

4.2. Air-to-Air Enthalpy Wheel

Indoor environments, whether air-conditioned or not, require air renewal to maintain
high levels of IAQ. Generally, the outside air needs to be conditioned to match indoor
ambient requirements, which can require a lot of energy due to vapor compression systems.
In this scenario, the air-to-air enthalpy wheel or enthalpy wheel, a heat exchanger that
reuses process energy, can reduce energy consumption [115]. An air-to-air enthalpy wheel
consists of a rotating, cylindrical device made of rolled corrugated sheets of metallic
material (such as aluminum) to obtain many parallel channels with typical sinusoidal or
triangular cross-sectional geometry. Two air streams pass through the cross-sectional area
of the device, typically called the external air stream, called supply air, and the exhaust air
stream, which is the return airflow from the building. A purge sector between the exhaust
and process air streams can be used to reduce contamination of the external air stream [116].
The air-to-air enthalpy wheel continues to rotate to perceive the total heat-transfer process,
and it can work in air conditioning and waste heat-recovery systems [95].

For air-to-air enthalpy wheels, operational parameters, such as rotation speed, inlet
and outlet air temperature, humidity, and speed, influence the component behavior [117].
When an energy analysis of buildings and HVAC systems is assessed, the performance
of the air-to-air enthalpy wheel must be properly evaluated. A simplified approach is
often used in the literature, in which sensible and latent effectiveness are considered
constant or are determined by the linear interpolation of values at different air flows [75].
From a qualitative point of view, enthalpy and desiccant wheels share the turnover, air
inlet and outlet, and sensible and latent heat exchange. Both have a common basis of
psychrometric study but differ in the internal specificities of their physical heat-exchange
components. However, if the absolute humidity of the air-to-air enthalpy wheel inflation is
below the external absolute humidity, the wheel can also have a desiccant function, albeit a
lightweight one [110].

Air-to-air enthalpy wheels have the advantages of moisture transfer, compact equip-
ment, low air-pressure loss, and availability for installation in various air treatment systems.
The main disadvantage is the initial investment required [95]. In addition, even with the
air-to-air enthalpy wheel system, it will always be necessary to use the conventional air
treatment system [118]. Another disadvantage is the four ways cross-contamination can
occur, such as peripheral leakage, leakage from the outside air side to the exhaust air side,
contamination loading through the honeycomb, and exhaust leakage to the supply air.
These leaks in the heat-recovery system can impair the cooling performance and the indoor
air quality [119].
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4.3. Plate Heat-Recovery Units

The plate heat-recovery unit changes the temperature and removes excess moisture
from the outside air before it is supplied inside the room. In summer, the core of a heat-
recovery unit removes heat from the outside air and transfers it to the air sent outside.
If the summer air is humid, the heat-recovery unit can remove excess moisture before
sending the air conditioning into a room [32]. Men et al. [120] found that the efficiency of
this type of heat-recovery unit depends mainly on the efficiency of sensible heat in winter
and the efficiency of latent heat in summer. The authors observed that, in both summer
and winter conditions, the weighted coefficient of efficiency of sensible heat decreases with
decreasing outside temperature. Meanwhile, the weighted coefficient of efficiency of latent
heat increases, but the trend is milder in winter.

The air-to-air enthalpy wheel and the plate-type heat recovery aim to balance exter-
nal and internal air, maintaining energy efficiency and saving costs. Nevertheless, both
technologies differ in the internal specificities of their physical heat-exchange components
and their emphases. On the other hand, it is worth mentioning that the difference between
the sensible heat exchanger and the plate heat-recovery unit is between the exchanger’s
operating devices because, when using plastic or metal for its manufacture, only the
sensible exchange occurs between the air flows. However, when it is a device made of
porous/absorbent material (a membrane), the exchange of sensible heat and latent heat
occurs [121].

5. Analysis of Technology Implementation with Energy Recovery
5.1. Review of Implemented Systems

Camargo et al. [122] performed experimental tests on a direct evaporative cooler
installed at the University of Taubaté, and the experimental results were used to determine
the convective heat-transfer coefficient. The results showed that the system consumes
approximately 200 W at maximum airflow, representing a small consumption compared
to the conventional air conditioning system, and concluded that the evaporative cooler
is more efficient when temperatures are higher. Melo [123] experimentally evaluated a
hybrid artificial air conditioning system based on desiccant and vapor compression air
conditioning (VCC) technologies. The adsorptive rotors used were a desiccant rotor and an
enthalpic rotor. The rotary heat exchanger was a regenerative type, and the compact heat
exchanger was the constituent evaporator of a residential window VCC system. Through
the joint action of the rotors at flow rates of 909 and 1204 m3/h, reductions in heat source
consumption of 57.6% and 61.8% were obtained, respectively.

Funded by the European Union’s THERMIE program, an air conditioning equipment
manufacturer has installed a solar desiccant air conditioning system in Sintra, Portugal [124].
The system is powered by 75 m2 composite parabolic collectors connected to a 3 m3

intermediate tank with a plate heat exchanger. The desiccant cooling unit operates with
variable airflow, up to a maximum of 9600 m3/h, with a maximum cooling power of 75 kW
and a maximum electrical load of 15 kW. On the other hand, a solar desiccant cooling
system equipped with 22.5 m2 flat plate solar collectors and coupled to a 76.1 m2 radiant
ceiling was installed at the University of Palermo, Italy [125]. Two cooling coils are placed
before and after the desiccant wheel to pre-cool and pre-dehumidify the process air. This
solar desiccant air conditioning system covered a summer peak load of 28.8 kW, with an
expected thermal COP of 0.86.

Five pilot rotary desiccant cooling systems, which are part of Task 25 on “Solar-assisted
air-conditioning of buildings” in the International Energy Agency’s Solar Heating and Cool-
ing Program, have been installed and monitored in Freiburg, Germany; Hartberg, Austria;
Mataro, Spain; Lisbon, Portugal; and Waalwijk, the Netherlands. The corresponding design
values of cooling capacity are 50 kW, 30 kW, 55 kW, 36 kW, and 22 kW, respectively, as
reported by [126]. In China, a demonstration solar village that integrated the technologies
of a solar desiccant cooling system, solar hot water system, solar heated swimming pool,
and sunshade was built at Himin Solar Company [118]. Typical run results showed that,
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when the outdoor temperature was 29.3 ◦C and 36.2% relative humidity (RH), the desiccant
cooling unit released air of 20.3 ◦C and 76.2% RH, which kept the rooms at 24.2 ◦C and
54% RH.

Ge et al. [127] studied a two-stage, single-rotor rotary desiccant cooling system in-
stalled at Shanghai Jiao Tong University. The designed cooling capacity of this system is
5 kW. 15 m2 solar air collectors to produce hot air. Solar-heated air is fed into the unit in
summer to regenerate the desiccant wheel. In winter, the system can work in two different
modes, namely direct solar-heating mode and solar-heating mode with desiccant humidifi-
cation. Niemann and Schmitz [128] studied the Hamburg University of Technology test
facility, where air initially passes through an enthalpy wheel on the process air side. Thus,
the outside air is re-humidified and reheated using the exhaust air stream. If necessary, the
humidified and preheated air is finally heated to the desired supply air temperature in a
water-to-air sensible heat exchanger before being supplied to the conditioned space.

According to the Environmental Protection Agency (EPA) [129], in the Whitehead
biomedical research building at Emory University (United States), an HVAC system was
designed to operate at constant volume and include energy recovery. Four enthalpy wheels
recover thermal energy from the exhaust air and use the facility’s exhaust air to preheat the
outside air in winter and pre-cool the outside air in summer. Moreover, a solid desiccant-
based ventilation system was installed on the roof to provide ventilation to The Robert L.
Preger Intelligent Workplace (IW) at Carnegie Mellon University (USA), as described by
Masson et al. [130]. When connected to a heat-recovery preconditioner, the overall system
offers the best performance in total energy transfer. Furthermore, this ventilation unit can
be operated as an air conditioning system assisted by IW cooling/heating or as a dedicated
outside air system that processes only ventilation air.

5.2. Considerations for Various Brazilian Regions: Study Case

Based on the discussion in the previous sections and to establish a more in-depth
view of the use of heat-recovery units (enthalpy wheels) with air renewal in various
Brazilian regions, this study evaluated the use of these technologies in six different types
of environments in which the thermal loads were calculated, comparing the use of heat-
recovery units with the absence of them. The environments considered were the following:
(a) classroom; (b) theater (equivalent to cinemas and large capacity auditoriums); (c) offices
(equivalent to office environments and meeting rooms); (d) hotel room (equivalent to
residential rooms); (e) restaurant (equivalent to cafés and snack bars); and (f) medical room
(generally non-critical environments in healthcare facilities).

The same materials and colors were used in each comparison regarding the building
envelope materials. The climatic characteristics, such as dry bulb temperature and wet bulb
temperature, were obtained from the ASHRAE Data Viewer, which simulated 8760 annual
hours. The external air flow rate to be supplied was determined following Brazilian
technical standard NBR 16.401—Part 3—Level 2 [131], compared with ANVISA’s Norma-
tive Resolution 09 of 2002. The flow rate was considered the highest value between the
two standards. Table 2 presents the data on the flow rates used in the evaluated enclosures.

Table 2. Data considered for calculating thermal load.

Environment
Amount of

People
Airflow Rate

(m3/h)
Heat per Person (kcal/h/Person)

Sensible Latent

Medical Room 3 81 70 45
Office 36 1054 75 55

Hotel Room 2 54 70 45
Restaurant 124 2655 70 45

Theater 108 1836 70 45
Classroom 37 1048 70 45
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Based on the data in Table 2, the thermal loads of the six environments (classroom,
theater, office, hotel room, restaurant, medical room) are shown. When the use of the
heat-recovery unit was considered, the following equations were used:

ηt =
t(OA)− t(SA)

t(OA)− t(RA)
× 100% (1)

ηi =
i(OA)− i(SA)

t(OA)− t(RA)
× 100% (2)

where OA (outdoor fresh air) is the dry and wet bulb temperature characteristic of the 0.4%
of the hottest annual hours of the simulated city; SA (internal supply air to the enclosure) is
the external air supplement; RA (return air) is the dry and wet bulb temperature character-
istic of the internal conditions of the air-conditioned environment; ηi is the global enthalpy
efficiency; and ηt is the sensible efficiency.

It is essential to highlight that, for the thermal load calculation, only the effect of
sensible and latent heat on the global enthalpy efficiency was considered. The assessment
was carried out using Microsoft® Excel® version 2407.

5.3. Assessment of Brazilian Case Considering the Köppen Classification

Brazilian regions were compared using the Köppen classification, considering the
thermal load-saving factor, as indicated in Figure 4. The results suggest that a dry season
with stronger solar radiation and longer days (AS) has a greater advantage in installing
equipment with heat recovery. Similar results were obtained for the climate subtypes AW
(tropical wet and dry savanna), AF (tropical forest), and CSC (Mediterranean). However,
the humid subtropical (CFA) and oceanic (CFB) subtypes presented the worst results
associated with their climates.
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Figure 5 compares different environments in the São Paulo, Manaus, and Brasília
cities, considering the external air and sensible heat factors. The environments that were
compared were a restaurant, classroom, theater, hotel room, consulting room, and office.
In the case of the city of Manaus, it is possible to observe that the classroom has an
approximately 50% external air factor but a 42% sensible heat factor. However, compared
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to the classrooms in São Paulo and Brasília, they have a lower external air factor (27% and
8%, respectively) but a higher sensible heat factor (61% and 78%, respectively). It is worth
highlighting that these results do not consider heat recovery and indicate the influence of
the climate subtype of the Köppen classification on external air and sensible heat factors in
Brazilian city environments with different climates.
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Figure 5. Comparison of environments in the São Paulo, Manaus, and Brasília cities without heat-
recovery technologies.

On the other hand, Figure 6 shows an analysis of the same environments in the
cities compared to Figure 5, but it considers the installation of equipment with heat-
recovery technology. It is possible to observe from Figure 6 that the external air factors
have decreased considerably, with the highest being 26%, corresponding to the classroom
in Manaus. Comparing the environment of a restaurant between the three cities, it can be
seen that the highest external air factor is associated with the city of Manaus, with 23%,
followed by São Paulo, with approximately 10%, and Brasília with 3%. However, the order
is reversed when analyzing the sensible heat factor, with 72% for Brasília, 66% for São
Paulo, and Manaus, with approximately 57%. The sensible heat factor values are higher
than those presented in Figure 5, indicating that heat-recovery technology reduces the
external air factor but increases the sensible heat factor.

The changes in thermal load from using systems with and without heat recovery
for 15 cities are presented in the Supplementary Material (Figures S1–S15). Therefore,
the analysis of the feasibility of using heat-recovery systems in different Brazilian cities
highlights the importance of considering the climatic factors and bioclimate of each region.
While in cities with more stable climates throughout the year, such as Vitória (Figure S15)
and Salvador (Figure S14), the use of heat-recovery systems is advantageous. In regions
with more pronounced climatic variations, such as Anápolis (Figure S1) and São Paulo,
this technology may not offer the same benefits. The bioclimate of cities plays a crucial
role in the energy demand and effectiveness of heat-recovery systems, and it is essential to
consider it when assessing the feasibility of this technology in different regional contexts.
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Figure 6. Comparison of environments in the São Paulo, Manaus, and Brasília cities with heat-
recovery technologies.

Finally, Figure 7 shows the energy savings for a system using a heat-recovery unit
installed in several Brazilian cities belonging to the different climate subtypes of the Koppen
classification. It is essential to highlight that these results were obtained by considering
the analysis performed in Figures 4–6 and the Supplementary Material (Figures S1–S15). It
could be observed that cities in the north of the country, such as Manaus, Belém, and Porto
Velho (group A according to Koppen), present some of the highest energy-savings values
when considering heat-recovery technology (varying between 77,000 and 82,000 kWh/year
approximately) due to higher use of the systems associated with the hot and humid climate
of these cities, which are located close to the equator (discussed in Section 2). Regarding
the Northeast Brazilian region, cities such as Salvador, Recife, and Fortaleza present values
between 70,000 and 73,000 kWh/year of energy savings. Finally, in the Southern region
cities (e.g., Curitiba, Porto Alegre, and Florianópolis) and the Southeastern region (Belo
Horizonte, Vitória, and Rio de Janeiro), the energy-savings value varied between 13,000
and 53,000 kWh/year, which was associated with the fact that many of these cities do not
require AC systems during a large part of the year.

Table 3 briefly compares the maximum estimated energy savings using heat-recovery
energy units obtained in a Brazilian city with those previously discussed in Section 3.

Table 3. Maximum estimated energy savings of different energy-recovery units.

Equipment Energy Saving Localization Ref.

Heat-recovery unit using a
multi-drain 410.9 kWh/month Lebanon [85]

Horizontal heat exchanger 406 MWh/year Hong Kong [86]
Drain water heat-recovery system 808 GWh/year Irland complete [87]

Preheating heat-recovery stove 3.3 MWh/month Saskatoon, Canada [77]
ERV 181.3 kWh/month Minneapolis, US [78]

Enthalpy wheel 82 MWh/year Belen, Brazil This work
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6. Conclusions

In this work, an analysis of the problem of air renewal in Brazil was carried out, as
well as research into the energy impact of air renewal without energy recovery and the
different existing technologies for heat recovery in air renewal. Subsequently, an evaluation
of the application of technologies that consider energy recovery in air renewal processes in
Brazil was performed, considering the Köppen classification.

The literature review highlights that desiccant air conditioning systems can be classi-
fied into solar-powered desiccant air conditioning systems and desiccant air conditioning
systems powered by other low-grade heat sources. Solar-powered desiccant air condition-
ing systems are installed in countries such as the United States, Italy, Germany, Portugal,
the Netherlands, and China, which shows the feasibility of this type of system. Regarding
enthalpy wheels, it is observed that parameters such as rotation speed, inlet and outlet
air temperature, humidity, and speed influence the performance of this type of wheel. On
the other hand, to perform an energy analysis of buildings and HVAC systems, the perfor-
mance of the enthalpy wheel must be adequately evaluated. In the literature, an approach
has been reported where the sensible and latent efficiencies are considered constant or
determined by the linear interpolation of values at different air flows.

The heat-recovery implementation analysis showed that the classroom environment
with many people in the city of Anápolis has a reduction in the thermal load of 19%.
However, the total thermal load has a reduction of only 10%. In the case of the city of
Goiânia, it is noted that the differences in thermal loads between the system without and
with heat recovery vary from 3% to 17% for all environments. For the city of Natal, the
differences in thermal load between the system with and without heat recovery vary from
11% to 47%. For Recife, in environments such as theaters, restaurants, and classrooms, the
reductions in thermal load reach an impressive 41% to 54%. Finally, for the city of São Paulo,
the difference in thermal load between the two systems varies from 3% to 21%. Based on
these results, it is worth mentioning that depending on the region of Brazil, energy-savings
data and the benefits of heat-recovery systems can vary significantly. Therefore, it is also
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essential to consider a classification of climate subtypes, such as the Koppen classification,
used to compare different regions of Brazil. It was possible to see that a dry season during
the period of strongest sunlight and longest days (AS) has a greater advantage in installing
equipment with heat recovery. However, climate subtypes, such as humid subtropical
(CFA) and oceanic (CFB), presented the worst results for installing this technology.

On the other hand, the influence of heat-recovery systems was analyzed in three
Brazilian cities for different environments, where a classroom in Manaus has an approx-
imately 50% outdoor air factor and a 42% sensible heat factor. However, a classroom in
São Paulo and Brasília has a lower outdoor air factor (27% and 8%, respectively) and a
higher sensible heat factor (61% and 78%, respectively). Considering a system with heat
recovery, the outdoor air factor decreases to 23%, 10%, and 3% for Manaus, São Paulo, and
Brasília, respectively. This allows us to understand the effects of systems with heat recovery,
which decreases the outdoor air factor and increases the sensible heat factor. Finally, an
energy-savings calculation was carried out for a system using a heat-recovery unit installed
in several Brazilian cities, where cities in the north of the country, such as Manaus, Belém,
and Porto Velho (group A according to Koppen) present some of the highest energy-savings
values, varying between approximately 77,000 and 82,000 kWh/year.

Finally, it is suggested that the impact of different controlling variables, such as
seasonal changes, on the implementation of air conditioning systems with heat recovery
be analyzed for future work. An economic assessment to evaluate the viability of these
configurations is recommended in order to conduct a more comprehensive evaluation of
the heat-recovery units in the AC systems.
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