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Overview of the Articles in This Special Issue

Building performance from an energy and an environmental point of view is funda-
mental due to the large amount of GHG emissions related to the building sector.

Building retrofitting is aimed at improving such performance to reduce the impact
of the building. For this purpose, the Special Issue “Procedures and Methodologies for
the Control and Improvement of Energy-Environmental Quality in Construction” has
been launched, intended for building technology researchers, building physics experts
and urban environment scholars. Among a huge number of submissions, 13 articles were
accepted and published.

The first paper published within this Special Issue, authored by Ying et al. [1], deals
with the natural ventilation performance in different configurations of yards in office
buildings. It found that a higher comfort level corresponds to the multi-yard building type
compared to the overall courtyard type. The second paper, authored by Piasecki et al. [2],
is about the development of an experimental relation for predicting building users’ satis-
faction based on the Weber-Fechner law to provide an easy-to-use Indoor Environmental
Quality (IEQ) index. The next paper, authored by Piasecki and Kostyrko [3], developed
a weighting scheme for the IEQ index accounting for entropy-based and statistic-based
approaches. The fourth paper authored by Mancini et al. [4] explored the potential contri-
bution as load flexibility of dwellings in Italy for Demand Response activities, finding out
that the most flexible interval is in winter season weekends, accounting for thermal power
of Heat Pumps and possible heat storage.

Rosa in [5] investigated the solar energy technologies integrable in historical buildings
to increase renewable energy integration by complying with architectural constraints. In [6],
Battisti investigates the thermal comfort in open spaces around existing buildings in Rome
and the possible improvement thanks to cool materials, greenery and permeable green
surfaces. Computational Fluid Dynamics techniques are used in [7] by Gomez et al. to
study the fire smoke behavior in an enclosed space, and they present an easy tool to support
the design of smoke control systems.

Cieslikiewicz et al. in their study [8] monitored in situ the drying process of masonry
walls and recorded the changes in the temperature and moisture as part of the renovation
the historical building’s basement. Vaisi et al. [9] provided a new thermal energy benchmark
for university buildings focusing on monthly resolution in order to improve the accuracy
of national action plans and their realization for energy-efficient built environment. In
the tenth paper, Grassi et al. [10] investigate how the reduced temperature of a second-
generation district heating supply can be handled despite the possible occurrence of
discomfort caused by the lower output of radiators when working at reduced temperatures.
In [11], Cumo et al. present a decision support tool for selecting the best energy retrofitting
strategies integrated with a GIS tool for helping planners and Public Administrators.

Persiani et al. [12] authored a review article accounting for the balance between human
and built environment resilience by highlighting the role of biomedical signals in indoor
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comfort including the use of stress research. Finally, Bourikas et al. [13] investigated
through surveys and experimental measurements the impact of thermal, acoustic and air
quality perception in office buildings, finding out that air quality and noise perception
affects the thermal sensation.

Author Contributions: Conceptualization, B.N.; writing—original draft preparation, B.N. and EM.;
writing—review and editing, B.N. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: This paper presents a study of the effects of wind-induced airflow through the urban built
layout pattern using statistical analysis. This study investigates the association between typically
enclosed office building layout patterns and the wind environment. First of all, this study establishes
an ideal site model of 200 m x 200 m and obtains four typical multi-story enclosed office building
group layouts, namely the multi-yard parallel opening, the multi-yard returning shape opening,
the overall courtyard parallel opening, and the overall courtyard returning shape opening. Then,
the natural ventilation performance of different building morphologies is further evaluated via the
computational fluid dynamics (CFD) simulation software Phoenics. This study compares wind speed
distribution at an outdoor pedestrian height (1.5 m). Finally, the natural ventilation performance
corresponding to the four layout forms is obtained, which showed that the outdoor wind environment
of the multi-yard type is more comfortable than the overall courtyard type, and the degree of enclosure
of the building group is related to the advantages and disadvantages of the outdoor wind environment.
The quantitative relevance between building layout and wind environment is examined, according to
which the results of an ameliorated layout proposal are presented and assessed by Phoenics. This
research could provide a method to create a livable urban wind environment.

Keywords: CFD; enclosed building; wind environment; group layout; Hangzhou; China

1. Introduction

According to the statistics of the National Bureau of Statistics of China, as seen in Figure 1, the
total population of the mainland increased from 1367.82 million to 1395.38 million during the five
years from 2014 to 2018. From the perspective of urban and rural structures, the resident population
of urban areas has increased from 749.16 million to 831.37 million. The proportion of the urban
population to the total population (urbanization rate) increased from 54.77% to 59.58% [1], indicating
that it is in the middle and late stages of urbanization. The urbanization process has led to a sharp
increase in urban density and the scale of cities in China. Many environmental problems have become
increasingly prominent. The increasingly rough urban underlying surface and highly concentrated
anthropogenic heat emissions together form a special urban climate environment, mainly manifested as
weak urban winds, the heat island effect, and impeded urban air circulation and pollutant diffusion [2].
Unreasonable architectural layouts or architectural forms create an outdoor static wind zone, which is
not conducive to the spread of pollutants and exhaust gases during the spring and autumn, and which
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is also not conducive to heat dissipation in the summer. These problems have promoted the public’s
vision of the wind environment in urban space [3].

® Rural population (10,000 people)
Urban population (10,000 people)
Total population end of the year (10,000 people)

2018 139,538
2017 139,008
2
2016
= 138,271
2015 137,462
20 136,782

0 20,000 40,000 60,000 80,000 100,000 120,000 140,000 160,000
Population

Figure 1. Mainland population statistics from China’s National Bureau [1].

The office building is one of the most important types of architecture in the modern era. It
accommodates a large number of working people in the city and has a profound impact on the
urban spatial pattern. In addition to the place of residence, people spend the longest time in office
spaces. With the development of society, people’s demand for office buildings is also increasing.
Office buildings are becoming more diverse, humane, low-carbon, and intelligent [4]. At present,
research on office buildings focuses on form and function and lacks attention on factors affecting the
outdoor environment.

The enclosed multi-story building layout can provide more natural lighting, create a better sense
of territory and belonging, and reflect a traditional spatial mood. At the same time, because the
enclosed space has good natural ventilation potential and is easy to create a relatively independent
outdoor microclimate, it is increasingly used in urban modern architectural design [5]. The enclosed
courtyard is often regarded as a microclimate modifier that improves the comfort conditions of the
surrounding environment [6]. However, at present, the academic circles have rarely considered the
natural ventilation performance of enclosed multi-story office buildings, and the association between
typically enclosed office building layout patterns and the outdoor wind environment is still in the vague
cognitive stage. In actual use, space utilization declines due to poor natural ventilation performance.

There are plenty of studies on wind motion through urban buildings [7]. Guo et al. [8] investigated
the urban ventilation path, scattered morphology, and green space system that have a remarkable effect
on promoting ventilation and alleviating the urban heat island effect. Enclosed city blocks are extremely
unfavorable to ventilation. Kuo et al. explored the pedestrian-level wind flow characteristics inside
the street canyon. The variables included the street canyon width, approaching wind direction, and
podium height [9]. Guo et al. [10] used the art gallery as a case, and suggested that with comprehensive
consideration given to elevation aesthetics and plane functions, one could create certain forms at
suitable positions of a building to deflect wind and direct it through wind tunnels by distributing
building volumes and creating open-up spaces and openings, so as to facilitate natural ventilation.
Sharples et al. [11] carried out a wind tunnel study investigating the airflow through courtyard and
atrium building models. The results from the study suggested that the small scale open courtyard in
an urban environment had poor ventilation performance. Abdulbasit et al. [6] combined experimental
and simulation methods in their research. The result verified that the manipulation of the courtyard
configuration and its orientation impacted its microclimate modifying ability. Liu and Huang found that
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based on the computational fluid dynamics (CFD) calculation and simulation results, the growth of the
height of the patio has exerted the prime influence on the natural ventilation performance of the “Yinzi”
dwellings, which were enclosed buildings [12]. Jin et al., focusing on severe cold regions, studied the
relationships between the mean wind velocity ratio at the pedestrian level and the residential areas’
building densities and high-rise buildings’ layouts [13]. Xu et al. studied the traditional courtyards in
southern Jiangsu Province. They proposed three strategies, including adjusting the courtyard layout,
modifying the aspect ratio, and building an ecological buffer space to maximize its benefits of regulating
the microclimate in winter and summer [14]. Ying et al. [15] analyzed the wind environment around
a group of six square high-rise buildings. The research models in this study were six homogeneous
cube models. Their study in 2019 [16] simulated the wind environment of 12 typical single-enclosed
building opening schemes, as is shown in Figure 2 [16]. This research provided new ideas for the
study of the outdoor wind environment of a single enclosed multi-story building. Overall, several
investigations carried out simulations of the wind in enclosed buildings such as large-scale urban
blocks, actual architecture cases, and homogeneous or single-volume models. There is no quantitative
research on the outdoor wind environment of enclosed multi-story building groups in complex urban
environments, which should be of great concern.

BEBHE

7 % é (e) 0
7 Tl G Lo e

Building D Courtyard l:] Opening Wind direction

Figure 2. Twelve typical single-enclosed building opening schemes: (a-1), Opening scheme 1-12.

Therefore, it is necessary to research the effects of wind-induced airflows through the urban
built layout pattern using statistical analysis and to investigate the association between typically
enclosed office building layout patterns and the wind environment. This paper also proposes feasible
improvement schemes for the unsatisfactory wind environment layout, providing a reference and
design basis for architects. According to the possibility of architect design and the requirements of
building fire protection [17], this article summarizes four typical enclosed office building group layouts.
At the same time, for the convenience of comparative research, the model is simplified into four
typical layouts: the multi-yard parallel opening, the multi-yard returning shape opening, the overall
courtyard parallel opening, and the overall courtyard returning shape opening, which are explained in
detail below.

At present, the research methods of the urban wind environment mainly include three methods: the
base practical measurement method, wind tunnel experiments, and computer numerical simulation [18].
Computational numerical simulation is the main research method in current research. Due to the data
analysis capabilities and experimental cost constraints, the base practical measurement method and
wind tunnel experiments are relatively limited.

2. Materials and Methods

2.1. Methods

This paper obtained four typical multi-story enclosed office building group layouts according to
Hangzhou City Planning Management Technical Regulations and the design specifications [17,19].
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Then it researched the climate of Hangzhou and determined the comfortable range of the wind speed
ratio, according to temperature and humidity, as the evaluation standard. Phoenics software was used
to set the boundary conditions, simulate the natural ventilation performance of the four layout forms,
and calculate the wind speed ratios of each measuring point. Finally, this paper used Excel software
for data processing and comparative analysis. Moreover, the article also makes further research on
layout forms with poor natural ventilation performance.

2.2. Boundary Conditions

The numerical simulation software Phoenics used in this paper based on Reynold’s time-averaged
equations can automatically select the required conditions for calculation. Boundary conditions were
chosen accordingly.

2.2.1. Inlet Wind Speed Distribution

The air movement is typically horizontal, showing less vertical behavior. However, in an urban
environment, “topography” affects the wind motions. When the airflow passes through different areas
and topographic zone (oceans, mountains, forests, cities, etc.), friction reduces the energy of the wind;
when the wind speed is reduced, the wind structure (such as the turbulence degree, the swirl scale,
etc.) can also change. The degree of change decreases with the increase in height, until at a certain
height, the influence of ground roughness can be ignored. This layer of the atmosphere, which is
affected by the friction of the earth’s surface, is called the atmospheric boundary layer. The height of
the atmospheric boundary layer varies with the meteorological conditions and the topographic and
surface roughness. In general, the range of 300 m above the ground (not exceeding 1000 m) is within
the scope of the atmospheric boundary layer, so that the wind speed above this range is not affected by
the surface but can flow freely under the action of the atmosphere gradient.

2.2.2. Mean Wind Speed Index Rate Distribution

In the atmospheric boundary layer, the average wind speed changes with altitude, and the
variation is called wind shear or wind profile. At present, most countries use empirical exponential
distribution to describe the change of average wind speed with altitude in near-surface layers. The
velocity of approaching wind can be approximately described by a power-law profile [20] as follows:

U(z) = Ug x (z/z¢)*. )

In this formula U(z) represents the average wind speed at any height z, Ug is the average wind
speed at the standard height zg, and the index « is a parameter describing the ground roughness. The
building in this article complies with category C in Table 1; thus « is 0.22. The gradient height zg was
assumed to be 400 m.

Table 1. Standard four types of landforms in China [21].

Category Underlying Surface Properties o zg/m

A Offshore, island, sea, and desert areas 0.12 300
Fields, villages, jungles, hills, and towns and suburbs

B : 0.16 350
with sparse houses

C Urban districts with dense buildings 0.22 400

D Urban areas with dense buildings and high housing 0.30 450

a—Ground roughness coefficient, zgc—Gradient wind height in meters.
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2.2.3. Boundary Conditions of All the Wall Surfaces

The research assumes that the airflow on the domain outlet has fully developed, and the airflow
has returned to normal flow without building obstruction. Therefore, the outlet boundary is partially
unidirectional. This paper used a no-slip wall boundary condition at all the wall surfaces and a normal
zero gradient boundary condition at the domain outlet and the domain top as well as symmetrical
boundary conditions at the two lateral boundaries of the domain. The boundary conditions for lateral
and upper surfaces do not have significant influences on the calculated results around the target
building because the computational domain is large enough [22-24].

2.3. Grid Size and Independence

Franke et al. [25] suggested using at least ten cells on each side of the building and at least three
cells with pedestrian wind speeds at 1.5-2 m height above the ground. This paper used three kinds of
grids (coarse, medium, and fine) at the central area including the coarse grid 15 m, the medium grid
7 m, and the fine grid 3 m in the X and Y axis. The grid independence study confirmed that numerical
results with medium grids change little when the grids become finer. Thus, all other models used
medium grids.

2.4. Domain Size

The setting of the calculation domain is related to the credibility of wind field simulation results.
For the size of the computational domain, the blockage ratio should be below 3% based on knowledge
of wind tunnel experiments [26]. Baetke et al. [27] defined the blockage ratio as the ratio of the frontal
area of the cube to the vertical cross-sectional area of the computational domain. On the advice of
Mochida et al. [22] and Shirasawa et al. [23], the lateral and the top boundary should be set 5 H or
more away from the building, where H is the height of the target building. The outflow boundary
should be set at least 10 H behind the building. Where the building surroundings are considered,
the height of the computational domain should be set to correspond to the boundary layer height
determined by the terrain category of the surroundings [20]. Following this suggestion, for this study,
the domain size was 1200 m, 1200 m, and 400 m in the longitudinal (x), lateral (y), and vertical (z)
directions, respectively.

2.5. Solution Methods and Convergence Condition

This paper chose the Realizable k-¢ model to solve the problem. The governing equations used
were those suggested by Cheng et al. [28]. Franke et al. [29] presented best practices guidelines
for the CFD simulation of flows in the urban environment, developed within the COST Action 732
framework. Almost all the research articles related to this topic considered these guidelines as the
best practice reference for urban wind CFD simulations. Initializing Reynolds-averaged Navier Stokes
(RANS) simulations with uniform velocity, turbulent flow energy, and energy dissipation rate fields
typically requires 10° iterations to reach convergence. Calculation are conducted until the desired
level of convergence is reached, i.e., the constant residuals of all equations are 107 or less [29,30]. The
calculation conditions of the Phoenics are shown in Table 2.

Table 2. Computational condition of Phoenics.

Computational Condition Setting
Computational domain 1200 x 1200 x 400 m
Central meshing Grid interval of 7 m in X and Y axis, 1 m in Z axis
Turbulence model Standard k-¢ turbulence model
Incoming flow speed 2.7 m/s (summer), 3.8 m/s (winter), at the height of 10 m
Incoming flow direction South (summer), north (winter)
Calculation rule SIMPLEC model
Convergence condition The maximum permissible residual error is 107
Total number of iterations 1000




Energies 2020, 13, 406

2.6. Validation of the CED Simulation

This article is a further study based on the wind environment of the enclosed multi-story building
and the courtyard space. The authors validated the implemented CFD simulation method in previous
research [15,16]. By using the same boundary conditions and solutions as in Zhang’s study [31],
the CFD simulation results were compared with wind tunnel experiments of similar buildings for
experimental verification. It also showed that the CFD simulation results had good agreement with
experimental results.

2.7. Layout Model Setting

According to the possibility of architect design and the requirements of building fire protection [17],
this paper divided the layout of the enclosed office building group into the following two types, as
seen in Figure 3: multi-yard type and overall courtyard type, including the multi-yard parallel opening
(M-p), the multi-yard returning shape opening (M-r), the overall courtyard parallel opening (O-p), and
the overall courtyard returning shape opening (O-1), as is shown in Figure 4. The ideal site model was
set to 200 m X 200 m (length, width). The south side was the main road with a width of 28 m where
the main entrance to the site was set up. The roads on the east, west, and north sides were secondary
roads with widths of 21 m, and which had secondary entrances. The building group size was 79.5 m X
79.5 m x 24 m. The building was 8 m away from the road red line, the distance between the groups
was 25 m, the width of the enclosed office building group was 15 m, the green space rate was not
less than 30%, the building density was not more than 40%, the plot ratio was not more than 2.2, and
the room depth was 18.4 m. These indicator parameters were selected according to Hangzhou City
Planning Management Technical Regulations by the Hangzhou Planning Bureau [19]. The technical
specifications of the four layouts shown in Table 3 met the above requirements.

N

Secondary Entrance Secondwtnlronce @

Becondary Road &) Becondary Road )

g e [ 2| | ||EE |

2 |\l gl | 2 ol 2

e i & > H G

sP& S] 5 ]

A 7z 7 A et &

s
lrunk Rood - %I [Frunk Rood ﬁj
21 Main Entrance 2 Main Entrance

() (b)

Figure 3. Two courtyard layout patterns. (a) Multi-yard type; (b) Overall courtyard type.
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Figure 4. Four typical multi-enclosed office building group layouts. (a) M-p model; (b) M-r model; (c)

O-p model; (d) O-r model; (e) M-p floor plan; (f) M-t floor plan; (g) O-p floor plan; (h) O-r floor plan.

Table 3. Technical specifications of four layouts.

Index M-p M-r O-p O-r
Building density 29.6% 29.6% 28.2% 31.0%
Floor area ratio 1.48 1.48 1.41 1.55
Green space ratio 29.5% 29.5% 36.3% 36.3%
Building story number 5 5 5 5
Building height (m) 24 24 24 24

2.8. Evaluation Criterion

This paper used Hangzhou as an example to have more practical significance. The research of
the historical wind environment in Hangzhou indicated that the dominant wind direction in winter
and summer in this region was obvious, and the wind frequency of the dominant wind direction was
significantly higher than other wind directions. To simplify the calculation model, when simulating
the wind environment around the building, the summer monsoon was set as the south wind (2.7 m/s)
and the winter monsoon was set as the north wind (3.8 m/s) [32].

Many cities in the world have required evaluation of the wind environment before the construction
of a building. The wind speed of the surrounding environment of the building was limited and
required. Generally, the wind speed at a height of 1.5 m from the ground in the pedestrian zone is less
than 5 m/s to meet the basic requirements that do not affect people’s normal outdoor activities [33].
Stathopoulos et al. [34,35] suggested more data about a wider range of weather conditions and from
different climates are needed to promote the new outdoor human comfort standards and described
an approach towards the establishment of an overall comfort index taking into account, in addition
to wind speed, the temperature and relative humidity in the urban area under consideration. The
current evaluation methods mainly include relative trip comfort, wind speed probability statistics,
and wind speed ratio evaluation methods. The relative trip comfort assessment method and wind
speed probability statistical assessment method are both related to human subjective evaluation. The
wind speed ratio is the ratio of wind velocity at each point (height = 1.5 m) to the wind velocity at the
identical height at the inflow boundary, which reflects the degree of change in wind speed due to the
presence of the building. The wind speed ratio equation is

R=Vy/V 2)

where R is the wind speed ratio, Vy is the velocity of a point, and V is the inflow velocity.
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Kubota et al. [33] suggested that when the wind speed ratio is greater than 2.0, pedestrians will
feel that the wind is too strong. On the other hand, people will not feel the presence of wind when the
wind speed ratio is less than 0.5. Hyungkeun et al. found that pedestrians feel discomfort even at
low wind speeds in winter. There are limits in assessing the comfort of pedestrians in winter since the
existing criteria only consider the mechanical effects of the wind [36]. It is not reasonable to define
pedestrian comfort value without considering other weather conditions, such as temperature and
humidity. The average winter temperature of Hangzhou is —2.2 °C, the average relative humidity is
82% [32], and the climate comfort index should be greater than 25 according to the calculation method
and grading principle of the climatic comfort index of the China State Meteorological Bureau [37].
Therefore, the winter wind speed should be less than 3.53 m/s, and the wind speed ratio less than 0.93
and more than 0.5. At the same time, the average summer temperature of Hangzhou is 32.4 °C, the
average relative humidity is 62%, and the climate comfort index should be less than 80. Therefore, the
summer wind speed should be greater than 1.25 m/s, and the wind speed ratio should be greater than
0.5 and less than 2.0.

3. Results and Discussion

Since wind is faster at the corner of buildings due to the less amount of topography, existing flow
increases in speed at the corners in order to connect to the streamlines [38]. Therefore, the measurement
points selected in the simulation were all locations with a large pedestrian flow and unfavorable wind
speed, as is shown in Figure 5. Point D; was the measuring point in the courtyard where the summer
monsoon may have adverse effects. Point D5 was the measuring point in the courtyard where the
winter monsoon may have adverse effects. D, and Dg were measuring points with the concentrated
pedestrian flow on the axis parallel to the wind direction and located at the corner of the building.
D3 and D4 were the measuring points of concentrated human flow on the axis perpendicular to the
wind direction.
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Figure 5. Distribution of the measuring points of four layouts. (a) Distribution of the measuring points

of M-p; (b) Distribution of the measuring points of M-1; (c) Distribution of the measuring points of O-p;
(d) Distribution of the measuring points of O-r.

3.1. Analysis of Wind Simulation Results in Summer

Figure 6 shows the simulation results of the wind environment at an outdoor pedestrian height
(1.5 m) under the influence of the south wind in summer. The direction of the wind was south, and the
wind speed was 2.7 m/s. The data of 6 measuring points of each scheme were statistically analyzed.
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Figure 6. Summer simulation results of four layouts. (a) Summer wind simulation results of the M-p

scheme; (b) Summer wind simulation results of the M-r scheme; (¢) Summer wind simulation results of

the O-p scheme; (d) Summer wind simulation results of the O-p scheme.

Figure 7 shows the contour map of the wind speed ratio at the outdoor pedestrian height (1.5 m)
of each layout scheme.
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Figure 7. Measuring points’ wind velocity ratio of summer wind in four schemes.

It can be seen intuitively from the figure that the wind speed of the measuring points on the axis
parallel to the inflow wind direction was relatively large in the four layout schemes. They were the D,
and Dy measuring points in the multi-yard type and the D,, D4, and D¢ measuring points in the overall
courtyard type. The second was the windward measurement point of the building, which was the
multi-yard type measurement point D4. The measured wind speeds in the courtyard and the measured
wind speeds between the two buildings (north and south) were relatively small, namely the measuring

11
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points Dy, D3, and Ds. This also verified that it was easy to form tunnel wind on an axis parallel to the
wind direction, so the wind speed at the measuring point on the axis was relatively large.

Besides, the wind speed ratio on the central axis consistent with the incident wind direction
tended to decrease along the wind direction in general consideration. However, simulation results and
data showed that only the O-p layout scheme met this situation, and other schemes were irregularly
distributed, which indicates that the layout of the enclosed building group had a greater impact on the
wind environment.

Among the four layout forms, the variance of measuring points of the O-p type was the largest,
which was 0.20, and the wind speed ratio varied from 0.10 to 1.44. The variance of measuring points of
the M-p type was the smallest, which was 0.10, and the wind speed ratio varied from 0.28 to 1.06. This
indicated that the natural ventilation performance of each area of the O-p layout was very different,
and pedestrians may feel uncomfortable. In Figure 8, the natural ventilation performance of the M-p
layout was relatively uniform, and the wind speed ratio was closest to the comfort range (0.5-2.0), so
the ventilation performance was excellent.

— comfort range «
L L 1 L L L L L wind speed ratio
0 0.5 1.0 1.5 1.0
E— M-p, 78%
e} M-r, 60%
I O-p, 70%
EE— Q-r, 68%

Figure 8. Comfort ratio of the four layouts (summer wind).

As can be seen from the Avg curve in Figure 7, the average wind speed ratio of the O-p type was
the largest at 0.74, and the average wind speed ratio of the O-r type was the smallest at 0.48. The M-p
and M-r types were 0.57 and 0.60, respectively. Therefore, the O-r layout was not conducive to outdoor
ventilation because of the weak outdoor airflow. The evaluation of summer ventilation performance
was as follows: M-p > M-r > O-p > O-r.

3.2. Analysis of Wind Simulation Results in Winter

Figure 9 shows the simulation results of the wind environment at an outdoor pedestrian height
(1.5 m) under the influence of the north wind in winter. The direction of the wind was north, and the
wind speed was 3.8 m/s. The data of 6 measuring points of each scheme were statistically analyzed.

12
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Figure 9. Winter simulation results of four layouts. (a) Winter wind simulation results of M-p scheme;
(b) Winter wind simulation results of M-r scheme; (c¢) Winter wind simulation results of O-p scheme;
(d) Winter wind simulation results of O-p scheme.

Figure 10 shows the contour map of the wind speed ratio at the outdoor pedestrian height (1.5 m)
of each layout scheme.
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Figure 10. Measuring points’ wind velocity ratio of winter wind in four schemes.

Similar to summer monsoon simulation results, the wind speed of the measuring points on the
axis parallel to the inflow wind direction was relatively large in the four layout schemes. The actual
wind speed exceeded 3 m/s in many places, so winter shelter measures should be considered. Among
the four layout forms, the variance of measuring points of the O-r type was the largest, which was 0.17,
and the wind speed ratio varied from 0.02 to 1.10. The variance of measuring points of the M-p type
was the smallest, which was 0.08, and the wind speed ratio varied from 0.21 to 1.04. This indicates
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that the natural ventilation performance of each area of the O-r layout was very different, and the
natural ventilation performance of the M-p layout was relatively uniform, and the wind speed ratio
was closest to the comfort range (0.5-0.93), as is shown in Figure 11.

mear{ rang
L 1 1 L L L 1 ] wind speed ratio
0 (‘.5 ‘ 1.0 1.5 2.0
— M-p, 52%
_‘ M-t 44%
— I- O-p, 45%
= s O-r, 40%

Figure 11. Comfort ratio of the four layouts (winter wind).

As can be seen from the Avg curve in Figure 10, the average wind speed ratio of the ratios of the
four layout forms was between 0.47 and 0.57, which meets the comfort requirements of the winter
monsoon. The evaluation of winter ventilation performance was as follows: M-p > M-r > O-p > O-r.

3.3. Influence of Overhead Ratio on Outdoor Wind Environment of Enclosed Building Group

From the analysis of the simulation results, results indicated that the outdoor wind environment
of the O-r type was the most unfavorable. Therefore, taking the O-r type as an example, the influence
of the overhead ratio on the outdoor wind environment of an enclosed building group was discussed.
The model and measuring points were set, as shown in Figure 12 (the overhead ratio in this paper
refers to the ratio of the ground floor area to the floor space of the building).

(b)

Figure 12. Distribution of the overhead measuring points. (a) Overhead ratio = 0; (b) Overhead ratio =

(d)

25% (one side); (c) Overhead ratio = 25% (middle); (d) Overhead ratio = 50%, the orange part represents
the overhead position.

Figure 13 shows the outdoor wind environment under the influence of summer and winter winds
when the ground floor of the southwest side was overhead. This indicates that when the ground floor
was overhead, it had a great influence on the summer wind airflow and little influence on the winter
wind airflow. It could meet the needs of summer ventilation and winter shelter that could create a
comfortable outdoor wind environment.
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Figure 13. Simulation results with overhead layers using the overhead ratio of 25% on one side as an
example. (a) Summer wind simulation result with overhead layers; (b) Winter wind simulation result
with overhead layers.

Figure 14a is a contour map of wind speed ratios of four layout schemes under the influence of
the summer monsoon. The overhead layer was on the side of the inflow direction, and the overhead
ratio was 0, 25% (one side), 25% (middle), and 50%. The figure indicates that when the ground floor
was overhead, it was more comfortable because of more airflow in summer. However, with the same
overhead ratio, the outdoor wind environment was more comfortable when the overhead layer was in
the middle (Figure 12c) than on one side (Figure 12b). As for the O-r layout, the simulation results of
the overhead layers in the middle (Figure 12c) and the wind direction (Figure 12d) were very different,
indicating that the wind conditions in the two cases were similar.

——D1 D2 ——D3 —¢—D4 —x—D5 D6 —:i—Avg —— Variance —+—D1 —=—D2 ——D3 —<-D4 D5 —e—D6 —::—Avg —— Variance
1.8 1.2
16
1
1.4 ° .“_\'.’_/.
S -
g12 g os —
g E 0.6
&os - 2
° °
£06 £ 04
= 0.4 / H —
! 0.2 _—
0.2
0 ]
0% 25%(one side) 25%(middle) 50% 0% 25%(one side) 25%(middle) 50%
Overhead rate Overheadrate
(a) (b)

Figure 14. Wind velocity ratios when the overhead layers are in the inflow wind direction. (a) Wind
velocity ratio of summer wind in O-r type; (b) Wind velocity ratio of winter wind in O-r type.
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Figure 14b is a contour map of wind speed ratios of four layout schemes under the influence of
winter monsoon. The overhead layer was on the side of the outlet direction, and the overhead ratio
was 0, 25% (one side), 25% (middle), and 50%. This indicates that when the ground floor was overhead,
the natural ventilation performance of the winter monsoon did not change much, and the effect of the
overhead ratio on the outdoor wind environment was also small. This means that the impact of the
overhead rate on the outdoor wind environment in winter can be ignored at this time.

When the overhead layer was located in the summer inflow direction, it could improve the
problem of the unfavorable outdoor wind environment in the enclosed building group in the summer.
However, it had little effect on the winter monsoon airflow. Therefore, setting up an overhead layer in
the summer inflow direction is an effective measure to improve the outdoor wind environment of the
O-r layout.

4. Conclusions

The enclosed space has good natural ventilation potential and application prospects, but the
current actual situation is not very optimistic. Existing research lacks consideration of the natural
ventilation performance of enclosed spaces and fails to solve the problem of low space utilization.
Furthermore, the existing wind environment evaluation standards rarely consider the impact of
temperature and humidity. The innovation of this article is to clarify the relationship between the
layout of four typical enclosed office building group layouts (the M-p, M-r, O-p, O-r types) in Hangzhou
and the comfort of the outdoor wind environment. At the same time, this article proposes improvement
measures for the layout of poor natural ventilation performance. It studies the relationship between the
overhead rate and the outdoor wind environment taking the O-r layout type as an example. Further
research directions should clarify the parameter relationship between the two. Furthermore, the
research method in this paper takes into account regional climate characteristics in more depth based
on the best practice guidelines for CFD simulations. The conclusions of this paper can be summarized
as follows:

The layout of the enclosed building group has a great impact on the outdoor wind environment,
and the natural ventilation performance of the multi-yard type is better than the overall courtyard
type. Among the four (M-p, M-r, O-p, O-1) layouts, the natural ventilation performance of the M-r
layout type is the best, and the natural ventilation performance of the O-r layout type is the worst. The
evaluation of natural ventilation performance is M-p > M-r > O-p > O-r.

In the enclosed building group it is easy to create a more comfortable outdoor wind environment
in the courtyard space under the influence of the winter monsoon. However, appropriate measures
should be taken where tunnel wind may be generated.

However, the courtyard space needs to consider measures to promote airflow in the courtyard
space during the summer monsoon. It is an effective measure to use overhead layers locally. When
the overhead ratio is 25% (middle), it not only has a high plot ratio but also can create a comfortable
outdoor wind environment. The overhead ratio may have a certain functional relationship with the
natural ventilation performance of the enclosed office building group, but more data is needed to
verify this.
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Abstract: The authors studied the impact of indoor air humidity in the range of 60% to 90% on
building user perception in the temperature range of 26 to 28 °C. The research thesis was put forward
that the impact of humidity on indoor air quality dissatisfaction of building users in a warm and
humid indoor environment is greater than that indicated in thermal comfort models. The presented
experiment examined the indoor air quality perception of 1 = 28 subjects in the test chamber of a nearly
zero energy building under ten environmental conditions, together with a thermal comfort assessment.
The authors developed an experimental relation for predicting building users’ satisfaction based on
the Weber-Fechner law, where the predicted percentage of dissatisfied users (PD) is determined by
means of air enthalpy (h), PD = f(h). The obtained results confirmed the sated thesis. Additionally,
the intersection points of the experimental function and isotherms resulting from the Fanger model
are presented, where the thermal comfort assessment starts to indicate lower user dissatisfaction
results than experimental values. The authors recommend the experimental equation for humid air
enthalpies in the range of 50 to 90 kJ/kg. The indoor air quality assessment based on the enthalpy
value is simple and can be used to determine the overall Indoor Environmental Quality index of a
building (IEQjindex)-

Keywords: indoor air quality; IAQ; enthalpy; humidity; thermal comfort; TC; dissatisfaction; panel
tests; nearly zero energy building; NZEB; indoor environmental quality; IEQ

1. Introduction

1.1. Literature Review

People are constantly exposed to the indoor environment of buildings, which is crucial for human
thermoregulation and respiratory process; consequently, people’s reactions reflect the level of indoor air
parameters. The impact of the indoor environment is responsible for people’s health, psychophysical
state and influences behavioural change, concentration and work efficiency. As early as 1936, Yaglou [1]
considered the effect of temperature and humidity on people in a study for American Society of
Heating, Refrigerating and Air Conditioning Engineers (ASHRAE) on ventilation requirements. To
date, both parameters are considered to be the most important elements impacting the satisfaction
of building users. Strategies based on the physical measurements of the indoor environment allow
to take the necessary steps to ensure adequate indoor human comfort [2]. Since the beginning of the
twentieth century, many environmental variables such as temperature, black ball temperature, relative
humidity, air velocity, radiation and others have helped determine various indoor thermal comfort
indicators [3]. Each variable, however, can show a dominant effect in certain situations, not necessarily
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additive or linear. For example, humidity is indicated as a determinant of user satisfaction in hot
and humid environments [4]. There are differences between the values selected by various authors
as comfort conditions and the indicators used, e.g., operative temperature and humidity, effective
temperature (ET*), Standard Effective Temperature (SET*), as well as black globe probe and humidity,
black globe humidity index [5] and others. Also, the final parameters expressing the comfort of users
due to the temperature and humidity in rooms in various publications are different. These include:
thermal sensation vote (TSV), predicted mean vote (PMV), humidity sensation vote (HSV), thermal
comfort index (TC), thermal comfort vote (TCV), thermal/humidity acceptance (THAV), percentage
dissatisfied (PD), perceived indoor quality (PAQ), indoor air acceptability (ACC) and indoor air quality
index (IAQ). The authors, like most researchers, tend to express building comfort parameters in % of
satisfaction. The difficulty in transferring theoretical models to real conditions in nearly zero energy
buildings (NZEB) creates a constant need to validate various comfort models taking into account very
specific parameters of building, indoor condition specifications and scenarios of use [6].

The impact of humidity on human thermal and indoor air quality perception in hot and humid
environments has been studied in several works in the previous years with various parameters
and indicators. The use of enthalpy in studies of indoor perceptions has been carried out so far by
using two main separate approaches. Most scientists have focused on the effects of temperature and
humidity on people’s thermal perception, where enthalpy was only a side indicator. Other researchers
have analysed the direct impact of humidity and temperature on air quality perception. In fact,
any research known to us did not study these two perception effects simultaneously in NZEBs with
determination of the applicability ranges of these two approaches. Fang [7] argued that in higher
temperatures and humidity, the respiratory cooling system is insufficient, so the air can be perceived
as stuffy and uncomfortable. The linear correlation between air acceptability and enthalpy observed
by Fang indicates that respiratory cooling is necessary for an acceptable perception of air quality. Also,
Toftum [8] studied the thermal perception of comfort felt due to the human respiratory cooling system
on a group of panellists in order to test air quality. His experiment led to almost the same conclusions.
The correlation between air freshness and humidity was also found by Berglund and Cain [9]. When
the respiratory cooling effect drops to a certain level (humidity and temperature, in practice enthalpy),
the air will be perceived as bad, regardless of whether it is clean or contaminated. What is interesting is
that Berglund even considered the possibility of supplying cool and dry air to alleviate the perception
of poor air quality, without removing contaminants. Fang’s team [7] found a correlation between the
acceptance of air pollution by panel members and enthalpy, which represents the energy content of air
humidity. In the five tested levels of selected pollutants in the air (temperature ranges: 18, 23 and 28 °C,
and relative humidity (RH) ranges: 30%, 50% and 70%), there were highly significant linear regressions
of acceptability against the enthalpy of the evaluated air at five levels of pollution. At low enthalpy
(low temperature and humidity), the level of contamination was a key factor in the perception of air
quality, and air pollution was less important for the perceived air quality as air enthalpy increased.
In addition to some enthalpy level, for example at 28 °C and relative humidity 70%, temperature
and humidity synergy were found to be the key determinants of perceived air quality. In this case,
air was perceived as unacceptable, regardless of whether it was clean or not. In our article, we are
interested in humid air without pollutants. A simple linear model was presented based on the results
of Fang. The linear model of indoor air acceptability as a function of enthalpy using the following
Equation (1) is:

ACC=ah+b (1)

where, ACC is indoor air acceptability (takes values from sensory test —1 to 1, where —1 is completely
unacceptable, 1is fully acceptable), h is air enthalpy (kJ/kg), and a and b are linear regression coefficients
different for specific air pollution levels. For clean air, the relationship was found to be as follows (2):

ACC = —0.033-h + 1662 )

20



Energies 2020, 13, 1481

Air acceptability (2) can be transformed using the Wargocki transformation into the percentage
dissatisfied PD g in % using the formula provided in Reference [10] (3):

100
PD_Fang = 1 @3)

1+ exp(—4.28-ACC+0.42)

According to authors, analysing a building’s comfort using a percentage of dissatisfied PD offers
many benefits. Various elements of the assessed indoor comfort can be integrated and the indicator is
easily understood with the model IEQ developed by our team in Building Research Institute (ITB) [11],
with the logistic regression IEQ model verified in Hong Kong [12] and with a literature review of the
IEQ models creation [13]. The PD indicator can be used to designate indoor environmental quality
index (IEQ) and for a building’s certification [14].

Toftum’s team [15,16] investigated the effect of humidity and temperature of inhaled air on
perceived air acceptability. The air inhaled by subjects was rated as warmer and less acceptable with
increasing air humidity and temperature. They developed a model that predicts the percentage of
people dissatisfied with insufficient respiratory cooling depending on the actual evaporative and
convective cooling of the airways (see Equation (4)). Both the temperature and humidity of the inhaled
air had an impact on human perception of thermal breath sensitivity, freshness and acceptability.
Respondents perceived inhaled air as cooler and more acceptable at lower temperatures and humidity.
The results of this study confirmed the hypothesis that the perception of excess humidity is associated
with the respiratory cooling system. Toftum’s work resulted in a model for predicting the percentage
of dissatisfaction with reduced respiratory cooling. The model is based on assessments of air at
temperatures (t,) in the range of 20 to 29 °C and vapour pressure (p,) in the range of 1000 Pa to 3000 Pa.
Enthalpy was in the range of 50 to 80 k]/kg. The results, in accordance to Equation (4), indicate a rapid
increase in dissatisfaction level with an increase in enthalpy above the 55 kJ/kg value:

100
1+ exp[-3.58 +0.18-(30 — t,) + 0.14-(42.5 — 0.01-p,)]

p D_Toftum = (4)

Another direction of using enthalpy for indoor comfort tests has been determined partly by the
researchers dealing with the classic perception of thermal comfort. Thermal comfort is a condition in
which a person feels that their body is in a state of natural heat balance, i.e., it feels neither warmth
nor cold. The main research on thermal comfort was conducted by Fanger [17,18]. The results of his
research became the basis for the development of the international standard (ISO) 7730 standard [19] on
the analytical determination and interpretation of thermal comfort using the calculation of PMV and PD
indicators and criteria of local thermal comfort and any other interesting articles validating the model,
e.g., Reference [6]. PD is an indicator related to thermal comfort in indoor environments [20], finding
use in the engineering assessment of the thermal comfort of rooms, this is the expected percentage
of dissatisfaction with the thermal conditions in the room. People who choose -3, -2, +2, +3 on the
predicted mean vote scale (PMV) during the experiment are considered dissatisfied with the thermal
comfort in the room. PMYV for nearly zero energy buildings is converted into PD in % according to the
author’s empirical formula [6] from the experiment validating the Fanger model:

PD = 100 — 99.9-exp(—0.0355-PMV* — 0.242.PMV?) (5)

The PMV model is based on the identification of skin temperature and sweating rate required for
optimal comfort conditions, based on experimental data and literature e.g., from Rohles and Nevins [21].
Thermal comfort has been characterised by taking into account the parameters of the environment and
the human body, using models of extended heat transfer. Increased dissatisfaction according to model
(4) is significantly higher than in classic models of thermal comfort based on Fanger’s model (5). These
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indicate the considerable importance and potential of including this approach for planning nearly zero
energy buildings assessments.

Further research on the Fanger model included the process of adapting people to thermal
conditions. Van Hoof et al. [22] have reviewed thermal comfort models for indoor applications
from the second half of the 1990s to 2010. Djongyang [23] reviewed the contribution of the adaptive
model approach, addressing the behavioural and psychological adaptation of people in an indoor
environment. Halawa and van Hoof [24] have reviewed the adaptive model approach. Croitoru [25]
refers in more detail to human thermophysiological models and adaptive psychological models, again
promoting the combination of the human body thermoregulation model with the numerical approach
as the most effective tool for assessing thermal comfort in an indoor environment. Air humidity was
addressed by ASHRAE, which developed a standard for building comfort requirements. The standard
is known as ASHRAE Standard 55: 2017 [26]. The purpose of this standard is to define a combination
of indoor thermal environmental and personal factors that create thermal environmental conditions,
which are acceptable to most residents in the building space. One of the most recognisable features
of the Standard 55 is the “ASHRAE Comfort Zone” presented on a modified psychrometric chart.
The standard allows the use of thermal comfort charts in places where people have certain levels of
activity that cause a metabolic rate in the range of 1.0 to 1.3 met (kcal/kg/hour), and where clothes
provide thermal insulation from 0.5 clo to 1.0 clo (1 clo = 0.155 m? K/W). The comfort zone is based on
PMV values from —0.5 to +0.5. Enthalpy recognised by ASHRAE as comfortable is in the range of 35 to
55 kJ/kg in winter and 40 to 60 kJ/kg in summer.

The results on human perception to high humidity in higher temperatures, as provided in
Reference [27], indicated that the impact of humidity on human responses was significant and
increased with an increase in air temperature when the relative humidity was above 70%. The indoor
comfort in hot-humid conditions was also studied by Kleber and Wagner [28]. A total of 136 subjects
were tested in a climate chamber with specific hot-humid conditions in a test facility at the Karlsruhe
Institute of Technology. Nine experimental conditions with high operative temperature and different
relative humidity levels (26, 28 and 30 °C combined with 50%, 65% and 80% humidity) were studied.
The significant influence of air humidity on indoor air quality and thermal perception was found.
The acceptability of indoor air quality under temperatures of 26 to 30 °C and RH of 60% to 80% was
also studied by He et al. from Hunan University [29]. The authors confirmed a significant increase
in dissatisfaction level for higher humidity. In Reference [30], Jing et al. studied the influence of
relative humidity on thermal comfort in an environmental chamber. Twenty subjects were exposed to
nine combinations of humidity and temperatures. Once again, higher humidity had a negative effect
on the subjects’ thermal comfort. Zhai [31] examined the effects of air movement from ceiling fans
on subjective thermal comfort and perceived air quality for hot-humid environments. In a climate
chamber controlled at three temperatures (26, 28 and 30 °C) and two relative humidity levels (RH 60%
and 80%), sixteen subjects dressed in summer clothing (0.5 clo) were exposed to seven levels of air
speed ranging from 0.05 m/s to 1.8m/s. The subjects were asked to evaluate thermal sensation, comfort
and perception of indoor air quality. Without air movement, the unacceptable limit established by
the ASHRAE standard 55 was reached very quickly even with moderate humidity. In Reference [32],
Buonocore studied naturally ventilated building environments to evaluate the influence of relative
humidity and air speed on the occupants’ thermal perception. Indoor environmental variables were
measured alongside questionnaires, focusing on thermal environment and air movement evaluation.
The results indicated that relative humidity had a significant negative impact on thermal perception.
Rana [33] used subjective responses in surveys as grounds to validate the performance of the thermal
comfort prediction. The results confirm that humidity index may be an important predictor of indoor
comfort at high humidity. The impact of humidity on the comfort of building users is also analysed in
the literature on human comfort [34].

The relationship between indoor air humidity and the humidity of the partitions and walls
that are not discussed in this publication have been presented and discussed by Kaczorek [35] and
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Krause [36,37]. Air humidity also has a significant impact on the building’s energy consumption,
which was, for example, discussed by Gawin [38].

In the Discussion Section, the authors refer to studies focused on sensory comfort evaluation tests,
and the results are compared.

1.2. Research Hypothesis

In Reference [39], research focused on tropical climates found that the International standard
for indoor climate, ISO 7730 based on Fanger’s predicted mean vote (PMV/PD) equations, does not
adequately describe comfortable conditions in a wide spectrum of temperatures and humidity. This
paper presents some of the evidence and suggests ways in which ISOs are failing in determining the
implications of air humidity. The direct impact of air humidity on air quality has been studied in a
relatively small number of papers. The perception of IEQ in hot humid conditions was studied in
References [7,15] in ventilated ecological houses [40] and in a climate test facility [28], where for higher
temperatures and humidity, the dissatisfaction of users with indoor air quality (respiratory cooling)
is higher than the discomfort associated with the thermal sensation. Taking this into consideration,
the authors’ intention was to analyse the actual humidity impact on the perception of building
occupants in an experimental study, taking place in a test chamber located in a low-energy building.
The authors believe that air enthalpy is the most suitable indicator for determining the effects of
humidity on user comfort (as a percentage of dissatisfaction with IAQ) at selected conditions. Related
studies on the impact of humidity on air quality have usually been carried out using a method in which
users inhaled air with specified pollutants, vapour gradients and varying temperatures (also without
indoor pollutants) [7,15]. The authors of this article put forward the thesis that one should not conduct
experimental tests of actual thermal comfort and air quality of the indoor environment separately
because indoor air discomfort in hot and humid environments may be higher than thermal discomfort.
Example results of the percentage of dissatisfied PD estimated in the enthalpy function resulting from
the Fanger model and the ISO 7730 standard based on general human thermal balance (PD 1507730,
Table 1) and results obtained in models based on thermal sensations resulting from respiratory cooling
comfort models (PD _pgug, PD_Toftum, Table 1) [7,15] differ significantly (especially for higher enthalpies),
as shown in Table 1 for selected temperatures, humidity and calculated enthalpy values (clothing
level = 0.6 clo, metabolic rate = 1.1 met). Enthalpy (h) and PD for sample temperatures and humidity
are obtained by the Monte Carlo simulation and related model implementation. Based on Table 1, it
can be concluded that for rooms with increased air enthalpy, the Fanger thermal comfort model may
not be suitable for the overall indoor human comfort assessment. Significant discomfort occurs due
to the comfort associated with air quality. This research subject was analysed in this paper by the
experimental approach.

Taking into consideration the differences of up to several dozen percent in the results of the
expected percentage of indoor environment dissatisfaction (Table 1, air quality versus thermal comfort),
the authors decided to conduct an experiment in order to empirically analyse the humidity impact on
human comfort under comparable boundary conditions. In the indoor environment of the building,
almost zero energy-specific conditions with increased humidity and temperature were identified,
enabling the use of surveys to determine the percentage dissatisfied.

The authors hypothesise that it is possible to express the percentage of dissatisfaction in conditions
of increased humidity and temperature as the function, probably logarithmic as the Weber—Fechner
law, of the enthalpy stimulus. The hypothesis originates in the science of the physiology of the human
body, for which the universal Weber-Fechner law should apply [41,42]:

R = kIn(S) (6)

where R is the human perceptual variable related to stimulus, S is the stimulus of the environment
causing the response and k is the ratio of proportionality. The authors’ intention is to check
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experimentally whether in an indoor hot and humid environment Equation (6) can be used where
enthalpy is an important stimulus (Equation (7)):

h

PD =kIn(— 7
_exp = K n(hth) (7)
where PD ,yy, is the percentage of dissatisfaction with the enthalpy (%), h is the actual enthalpy (kJ/kg)

and hy, is the border neutral enthalpy for user perception (kJ/kg).

Table 1. Percent dissatisfied (PD) estimated for three human comfort models for selected indoor
environment data (Monte Carlo method), where PD_j507739 values are estimated using the Fanger
thermal comfort model, PD_Toftum is estimated using the indoor air acceptance model (4) and PD_Fang
is estimated using the indoor air acceptance model—Equations (2) and (3) (under the assumptions: air
speed < 0.1 m/s, 0.6 clo, 1.1 met, ty = tmr).

ta RH hl P D_ISO7730 P. DﬁToftum P D_Fang
°C % kJ/kg Y% % Y%
26 50 53 8 32 39
27 50 56 15 40 50
28 50 58 26 48 58
26 60 58 9 43 58
27 60 61 18 52 65
28 60 65 30 61 69
26 70 64 11 55 68
27 70 67 21 64 73
28 70 71 34 73 76
26 80 70 13 66 75
27 80 73 24 75 78
28 80 77 39 82 80
26 90 75 15 76 79
27 90 79 27 83 81
28 90 83 44 88 83
29 90 88 62 92 85

! For enthalpy calculation, the Magnus-Tetens and Clausius-Clapeyron approximation was used as the accepted
method in climatology.

Hypothetically, it is assumed that the enthalpy neutral for users (hy,) is in the range of 50 to
55 kJ/kg, which has to be confirmed by tests. The authors hypothesise that the Fanger model applies
only to the threshold/neutral enthalpy value, and that the above models similar to Fang and Toftum are
valid for a general comfort assessment. Also, Jokl [43] conducted research on the introduction of the
Weber—Fechner law to assess thermal comfort but he did not confirm the relationship experimentally.

2. Materials and Methods

The main research objective is to express the percentage of user dissatisfaction in conditions of
increased humidity and temperature in indoor building environment as the function of air enthalpy,
PD = f(h), by experimental evaluation. Based on the hypothesis, the authors set out to empirically
determine the role of enthalpy in indoor comfort models by sensory evaluation tests undertaken in the
NZEB building.

2.1. Research Scheme and Approach

For illustrative purposes, the authors provide a research scheme in Figure 1.
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Hypothesis: For the higher temperature and the higher humidity, the
dissatisfatcion of building users with indoor air quality is higher than the
discomfort associated with the thermal comfort model.

It is possible to determine the dependence of indoor comfort perception based
on air enthalpy, PD=f(h).

&
Set of boundary conditions for an experimantal case-study — a chamber of
nearly zero energy building

¥

Indoor parameters measurement sensory evaluation (n=28)

The wide range of indoor parameter
in this research was mesured. The

range of t;, RH and P, was 26°C to 29
°C, 40% to 90% and 1500 to 3500 Pa,

Measurements of subjective user
satisfaction were carried out for 10
different indoor environmental
conditions using four degree scale of

respectively. comfort perception.

h 4 h
The results of key measured parameters (t;, RH) and caluclated enthalpy h and
the results of votes allowed to determine the percentage of dissatisfied PD
(thermal comfort model and indoor air quality model)

i

The experimentaly developed function for predicting building users satisfaction
based on Weber-Fechner theory where the predicted percentage of satisfied
users with air quality is determined by means of air enthalpy h, PD=f(h).

v

Comparison of results with other authors and discussion

Figure 1. The assumptions and steps of the experiment.

2.2. Experimental Facilities

The test on users’ perception of indoor air quality in hot and humid environments at NZEB office
buildings was carried out in the experimental chamber of a nearly zero energy building (Central
Europe), designed for physics tests in “in situ” conditions. Figure 2 shows a test functionality of the
test chamber. The test room is thermally and acoustically insulated from the rest of the building. It is
mainly warmed by heated walls and floors, and by a fan coil unit, which may additionally heat air if
necessary. Building Management System (BMS) allows to control the room and wall temperatures,
humidity, the number of exchanges and the concentration of CO; in the air. Additional humidity
generating devices (M1-M3) were located in the room to help maintain a high level of humidity (RH >
70%). A total of 14 subjects could be in the room at each test.

The main measurement system (MC point at Figure 2) of the indoor environment was set up
in front of the panel group. In addition, several testing sets were used by the authors to determine
the homogeneity of thermal conditions in the room. The ventilation rate was about one air exchange
per hour. The respondents answered questions (votes) in artificial light: 450 + 50 lux. The measured
CO; concentration level (for tests) did not exceed 1000 + 30 ppm. The measured Total Volatile
Organic Compounds (TVOC) air concentration levels did not exceed 150 + 36 ug/m3. Throughout the
test, the authors took the necessary measures and actions to remove the potential asymmetry of the
temperature field, air flow and humidity in the chamber, “quasi-stabilising” the indoor conditions
before each test and maintaining the continuity of conditions during the test. The air speed was set at
0.1 £ 0.05 m/s. The difference between radiant temperature and air temperature was controlled “online”
by a building management system (BMS) as less than +1 °C. The measured vertical air temperature
gradient was less than +1 °C between the floor and the head of a seated person. The temperatures
in the laboratory room changed by no more than +1 °C at each test point. This was ensured by the
heating of the walls and floor in the test room.
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Figure 2. Chamber for measuring indoor comfort (where 1-14 are seats for participants in the sensory
tests, M1-M3 are devices for generating high humidity, and MC is the location of microclimate sensors).

Outdoor conditions were monitored throughout the experiment, but the authors made an
assumption that the variability of atmospheric conditions does not influence the specific results of the
experiment in a statistically significant way and a test chamber of NZEB is sufficiently well insulated
from the outdoor environment.

2.3. Enthalpy Determination Method

The enthalpy value, h, in k]J/kg was determined for all temperature and humidity conditions (ten
tests). Enthalpy, h, was calculated on the basis of measured air temperature (t,) and humidity (RH)
using the ideal gas law, as follows:

h=h, + whg ®)
where:

h, = 1.006 - t,, dry air enthalpy,

hg = water vapour enthalpy,

ta = measured air temperature,

w = 0.622-P,/(Py — P,), humidity factor,

w-hg = w+(2501 + 1.805-t,), water vapour enthalpy multiplied by the humidity factor,

P, = RH/100 - Pg, partial pressure of water vapour,

s = 610.94 - exp (17.625 - t/(ta + 243.04)), saturation vapour pressure (Pa), and

Py = atmospheric pressure.

In the designed test condition, the calculated enthalpy values were in the range of 50 to 90 kJ/kg.

2.4. Thermal Comfort Model-Measurements

The level of thermal discomfort was also determined in the experiment using a measuring device.
PMYV and PD were calculated in accordance to ISO 7730 for each sensory test. PMV/PD are reference
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parameters for thermal environmental assessment, as provided in standard EN 16798-1 [44]. PMV is a
function of measured physical parameters as presented:

PMV = f(ta, twr, Va, poM, L) ®)

where ¢, is the measured indoor air temperature (°C), ¢, is the radiant temperature (°C), v, is the
measured air velocity (m/s), py is the water vapour partial pressure (Pa), M is the human metabolic
rate (W/m?) and I; is the human clothing insulation (m? K/W). All these parameters were measured
and determined. The clothing level of was calculated at 0.6 clo, and metabolic rate was set at 1.1 met.
The measurement methodology was based on ISO 7726. In practice, the values of PMV and PD_jsp7730
were obtained by measurement equipment but for validation purposes, they were re-calculated using
the web tool found at http://comfort.cbe.berkeley.edu/EN of the Centre for the Built Environment,
University of California, Berkeley. The obtained PD 1507739 results using the normative ISO method
formed the basis for comparing the thermal comfort model with experimental results obtained from
the assessment of indoor air quality perception.

2.5. Air Perception Sensory Evaluation Tests—Vote

The survey evaluation involved 28 subjects, students of the University of Technology, in two
sessions (day 1 and day 2) on 7 November and 9 December 2019. The panellists group was ethnically
homogeneous, with variation 100% white Caucasian. 20% were men and 80% women; however, gender
differences were not included in the results discussion. The authors assume that the perception of
comfort depends on body parameters and not on gender directly. The participants signed their consent
to participate in the tests and declared their health state and anthropometric parameters prior to the
tests. The anthropometric data characterising the panel group is provided in Table 2.

Table 2. Anthropometric data of tested panel groups with expanded uncertainty at the confidence level

of 1 — a=0.95.
Group Age Height Body Weight Skin Surface Body Mass Clothing
Group Gender Size (years) (cm) (kg) “DuBois” (m?) Index Insulation (clo)
Academic o0 28 2+1  167+8 62+10 1.8+03 2+4 0.6+0.1
youth

The panellists group had a BMI of 22 + 4. The neutral limit of body weight is in the range of 18.5
< BMI < 24.9. The value of clothing’s thermal resistance (clo) between women and men was averaged
and calculated. The fact that some women have long hair and wear extra underwear (like bras) was
included in the uncertainty estimation. Subjects were wearing long trousers, short-sleeved shirts and
shoes, which provides an insulation of clothes (I,) at 0.6 + 0.1 clo. The performed physical activity
was set as 1.1 + 0.15 met (semi-active sitting/working in a seated position). The group remained
air-conditioned in neutral conditions (N, Figure 3) before each test at PMV = —0.1; t; =23 °C, RH =
40%. The respondents evaluated their comfort perception in writing using the air acceptance vote
considering temperature and humidity. The provided question was: determine using a 4-degree scale
whether prevailing air conditions including actual humidity and temperature are comfortable for work,
where 0 = neutral (comfortable), 1 = just comfortable, 2 = just not comfortable, 3 = not comfortable.
Participants knew that air quality would be tested for different temperatures and humidity, but no
values were given for actual parameters. Voting took place after about 15 minutes of being in the tested
conditions in accordance to the experimental timetables (Figures 3 and 4). After each vote, the subjects
returned to thermally neutral conditions (second room). Due to the number of voting places in the
test room (maximum of 14), the panel group was divided into two smaller A and B groups voting
at 15-minute intervals under the same temperature conditions. On day 1, in group A, there were 12
panellists, while in group B there were 11. On day 2, there were 14 panellists in groups A and B (n =
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28). Figures 3 and 4 present the timetable of experiments. At day 1, six panellists were excluded from
the experiment for being too late, having cold symptoms or wearing unsuitable clothing.

vote 1 vote 2 vote 3 vote 4

DAY 1

Time
Group A | ,N” | ,C”
n=12
Group B
n=11

15’ 15’ 15’ 15’ 15’ 15’ 15’ 15’ 15’

Figure 3. Experimental timetable (day 1, n = 23, “N”—neutral conditions, “C”—test chamber).

vote 5 vote 6 vote 7 vote 8 vote 9 vote 10
A A 4 4 4\
\ \ \
DAY 2 15" | 15 15’ 15’ 15’ 15" | 15" | 15" | 15" | 15 15’ 15’ 15’
Time
GroupA | ,N" | ,C”"
n=14
Group B
n=14

Figure 4. Experimental timetable (day 2, n = 28, “N”—neutral conditions, “C”—test chamber).

The experiment was conducted for ten specific conditions with different values of air enthalpy.
While conducting the experiment, the authors took into account the level of energy required for
metabolism, i.e., the demand for food (decided on a 3-hour maximum). The group did not consume
meals for up to two hours before the study and during the tests. During the test, students were
allowed to drink water (0.5 1 maximum) to supplement their needs related to the secretion of sweat. A
longer experiment could cause disturbances in the concentration of young people, and the aim was to
maintain activity on the same level for 2 to 3 hours.

The authors did not take into consideration other human factors that may affect the results
of comfort tests including: psycho-conditions, physiological circadian (day) rthythm and the level
of nutrition before tests. Aware of the limitations, the authors argued that these conditions had a
statistically minor significant impact on the results obtained, well within the calculated expanded
uncertainty of 26%.

2.6. The Measuring Equipment

The range of indoor parameters was 26 to 29 °C, humidity was 40% to 90% and vapour pressure
was 1500 to 3500 Pa. In such conditions, the enthalpy values were in the range of 45 to 90 k]/kg.
The indoor air parameters measurement device (MC) was located in the middle of the test area. Figure 5
shows the device used for measuring thermal indoor parameters: t, = actual air temperature, t; =
temperature of black globe probe (heat radiation meter), tnw = wet-bulb temperature, RH = relative air
humidity and v, = air flow speed. The measurements of physical indoor parameters were provided at
three height levels: 0.05, 1 and 1.6 m above floor level in parallel. Only the chest level (1 m) of seated
participants was considered for further calculations.
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Figure 5. Sensors of the EHA-MM101 device for indoor environment tests (MC).

Measurements at three heights allowed for the reduction of any possible negative gradient of
vertical temperature. The technical data and sensor resolution are presented in Table 3. All measuring
sensors were calibrated by an accredited certifying laboratory.

Table 3. Sensors information.

Sensor Measurement Range Resolution Accuracy
Temperature —20to 50 °C 0.01°C 0.5°C
Humidity 0% to 100% 0.1% RH 5%
Air speed 0.01 to 10 m/s 0.01 m/s 2%
Radiant temperature 0to50°C 0.01°C 2%
Carbon dioxide 0 to 5000 ppm 0.1 ppm 1 ppm

Other assumptions of the assessment methodology for determining thermal comfort were based
on EN ISO 7730 [19]. The authors’ intention was to maintain indoor air conditions in which the
main pollutants are on a neutral level for the perception of users, as enthalpy is the only variable
studied. Continuous CO, measurement was carried out during the experiment by a FYADOO sensor
and other side devices integrated with the building management system (BMS). The mean carbon
dioxide concentration during tests was 650 + 15 ppm, which corresponds to a neutral percentage
of dissatisfaction (PD¢cpy < 10%) in accordance to Reference [45] and [46]. During day 1 and day 2,
a measurement of volatile organic compounds (VOCs) air pollution was carried out. The air was
collected on Tenax adsorbent samples and transported to the laboratory, then tested using the ISO
16000-6 and ISO 16000-3 provisions. Air samples were thermally desorbed and analysed in a Shimadzu
QP2010 chromatograph. The VOCs were identified by the mass spectral database. The mean of total
VOCs concentration (TVOC) was 120 pg/m® + 18%, which corresponds to a neutral percentage of
dissatisfaction (PDtyoc < 5%) in accordance to Reference [47].

As part of the calculations, the realistic uncertainty of measurement for all measuring devices
was determined Table 4. The standard deviation of panel ‘votes” was 12.9%. Uncertainties have been
determined using the recommendations: for a model IEQ reliability analysis provided in Reference [48],
for thermal comfort subjective test vote uncertainty analysis [49,50]. The specified expanded uncertainty
of PD_exp assessment for the provided experiment was 26%. The uncertainty for enthalpy calculation
considers the provisions in Reference [51]. The calculated effect of humidity on the enthalpy value in
our research range had a standard deviation of 2.38%, and the effect of temperature on the enthalpy
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value determination had a standard deviation of 0.96%. The actual standard deviation of indoor air
enthalpy determination in our case was 2.70%.

Table 4. Overall uncertainty (U) of experimental indoor perception evaluation (PD_exp = f(h)) based
on enthalpy determination uncertainties (SDy,) and vote results (SDyote).

SDh SDyote 8)
Parameter % o, o,
PD_exp 27 12.9 2(7.29 + 166.4) 2 = 26.4

The standard deviations of the estimated thermal insulation of clothes were 0.6 = 0.1 clo, and the
metabolic rate of workers was 1.1 + 0.15 met. The calculated uncertainty for the PDjg07730 determination
for Fanger thermal comfort was 3.22%, considering References [48,52].

2.7. The Boarder Assumptions

The results refer to the buildings with a mechanical ventilation. The experiment results refer to
the range of indoor parameters: temperature 26 to 29 °C, relative humidity range 40% to 90% and
the enthalpy range of 45 to 90 kJ /kg. The following assumptions were used for all tests: air speed
<0.1m/s, 0.6 clo, 1.1 met, t; = tyr. These assumptions are valid for the experiment as well as all thermal
comfort calculations.

The panellists group was ethnically homogeneous, Caucasian. Results may not be representative
for other ethnic groups. 20% were men and 80% women; however, gender differences were not included
in the results discussion. Due to the fact that the research was conducted on students, the results may
not be representative for older people.

The authors assume that other potential air pollution factors than CO, and TVOC (determined
during the experiment) did not affect the subjects’ satisfaction results obtained.

The subject group size (n = 28) affects the significance of the data analysis. In practice, the authors
considered the sample size issue with Raosoft calculator (http://www.raosoft.com/samplesize.html) to
set a minimum number of subjects. The authors adopted the following assumptions: the expected
margin of error, the amount of error that we were able to tolerate, in our experience in sensory
evaluations with panellists (students) is 20%. The confidence level was 95%. The global population size
of university students was 14,000. The minimum recommended size of our survey calculated was 24.
The authors set n = 28 test subjects for practical and technical reasons. With the expanded uncertainty
of 26%, a sample of 28 (k = 95%) ensures reproducibility and representativeness of the study.

3. Results

3.1. Experimental Relation of Dissatisfaction with Perception of Indoor Air Condition

The respondents evaluated their comfort perception in writing using the air acceptance vote
(considering temperature and humidity). As part of the experiment, measurements of user satisfaction
were carried out for ten different indoor environment conditions using a 4-degree scale (where “0”
is neutral air conditions (comfortable), “1” is just comfortable, “2” is just not comfortable, and “3” is
not comfortable). The results of key measured parameters (t,, RH) and calculated enthalpy (h), and
the results of votes are presented in Table 5. Similar to other studies, like Fanger’s, the number of
dissatisfied participants was counted, including those who answered “2” or “3” in the survey.
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Table 5. Vote results—number of panellist votes using a 4-degree scale (whether prevailing air
conditions are comfortable for work, where 0 is neutral (comfortable), 1 is just comfortable, 2 is just not
comfortable, 3 is not comfortable) for 10 selected indoor conditions and the calculated percentage of
dissatisfied (PD_exp).

Test Number Number of Panellists Voting for Degree
Number of Votes fa RH h in Comfort Scale ”0’{’(;—”3” & PD_exp

- - °C % KJ/kg “0” “1” “" “3” %
1 23 27.2 449 53 11 8 3 1 17
2 23 27.0 45.8 53 12 7 3 1 17
3 23 26.8 44.8 52 13 8 2 0 9

4 23 26.6 434 52 17 3 1 0 5

5 28 28.3 56.8 63 0 16 8 4 43
6 28 28.6 59.7 64 2 14 8 4 43
7 28 28.5 62.3 68 2 13 10 3 46
8 28 28.3 71.8 73 2 10 8 8 57
9 28 27.6 80.5 77 1 3 6 16 79
10 28 274 86.0 79 1 2 10 15 89

The authors present the obtained results in the form of a relation of dissatisfaction with the
perception of indoor conditions, PD_exp = f (h). In order to evaluate the shape of the curve, logarithmic
regression was used to determine the experimental equation, consistent with the hypothesis that the
PD results should correspond to Weber—Fechner’s law, where indoor air enthalpy (h) is a stimulus

(Figure 6).

PD (%)

100.0

90.0

80.0 y =168.55In(x) - 656.71
20.0 R2=0.957
60.0
50.0 ® PD_exp
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Figure 6. Percent of dissatisfied (subjects) in enthalpy function (PD_exp), results of experimental
research and regression line (In.(PD_exp)) under the following assumptions: air speed < 0.1 m/s, 0.6 clo,
1.1 met, ta = tmr, ccop < 600 ppm, cTyoc < 150 ug/m3.

There is an assumption that the human perception neutral enthalpy is a hypothetical point at
percentage dissatisfied (PD) = 0%. This enthalpy, hy,, indicates a border neutral perception for an
unpolluted hot and humid air quality, the border point of the TC comfort zone defined by the Fanger
equation. From this point, the impact of higher enthalpy on users can be calculated from the converted
regression equation. The converted experimental dependence of users’ dissatisfaction PD in % in the

enthalpy function with R? = 0.957 takes the following form Equation (10):

PD_exp = 168.55-171(49.22)
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According to the results obtained, neutral enthalpy, hy,, is 49.2 k]/kg. Fang obtains a corresponding
value of neutral acceptance for h = 45 kJ/kg, while Toftum obtains a value of 55 kJ/kg [15]. In a thermal
comfort assessment, a neutral value of enthalpy cannot be determined.

3.2. Enthalpy Prediction for which the Thermal Comfort Model Gives Understated Results

The method of enthalpy prediction for a given temperature, at which the results from the thermal
comfort model are starting to be lower than the actual dissatisfaction (as shown by the experimental
model), is provided. Figure 7 shows a comparison of the authors’ experimental indoor air perception
function (PD_exp) and the estimated results of the predicted percentage of satisfaction with the thermal
comfort model for the same enthalpy range for the indoor conditions under the following assumptions:
air speed < 0.1 m/s, 0.6 clo, 1.1 met, t; = ty,;. PD_ISO values for thermal comfort were calculated
using the Fanger model from ISO 7730. The thermal dissatisfaction results were estimated for three
constant temperatures 26, 27 and 28 °C. For a constant temperature value, 26 °C, and maximum relative
humidity, RH = 100%, the maximum value of the dissatisfaction percentage is 17% (Figure 7). For a
constant temperature value, 27 °C, and a maximum relative humidity, RH = 100%, the maximum value
of the dissatisfaction percentage is 30% (Figure 7). For a constant temperature value, 28 °C, and a
maximum relative humidity, RH = 100%, the maximum value of the dissatisfaction percentage is 47%.
The comparison of the thermal comfort and indoor air quality models shows that PD experimental
values start to be higher from the intersection points A to C in Figure 7.

100
95 ¥ = 168.55In(x) - 656.7.¢"
30 L 0.9573.+
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65
60
55

50 y=0.6805x-13.854 e Log. (PD_exp)
45 . R?=0.9923 .o
ae e
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e PD_exp
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= tconst=289C, ... y =0.5166x-13.717
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J I R I, 0t ot AN N WO, s _27°Cconst

..... cweneee PD_FANGER
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Figure 7. Comparison of the panel test results (black dots) of indoor air perception (PD_exp) with the
results estimated using the thermal comfort model (PD_jsp7730) for three constant temperatures: 26, 27
and 28 °C (under the assumptions: air speed < 0.1 m/s, 0.6 clo, 1.1 Met, ty = tm,). Intersection points are
presented in the graph with dots marked A, B and C. The PD_Fanger lines are interrupted in points
where RH reaches 100%.

The real (experimental) occupants’ dissatisfaction level is higher than the PD level predicted with
the help of the Fanger equation curves.

Enthalpy values (h) for intersection points A, B and C are determined for three temperatures.
The estimated humid air enthalpy points (at the three fixed temperatures) set the boundaries of the
non-binding Fanger equation zone for human thermal comfort assessment. In practice, the intersection
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of logarithmic and linear functions can be solved by the numerical method. The mathematic solution
involves the W Lambert Function [53]. Equation (11) takes the form:

mi-h+c; =mp-In(h) + ¢ (11)

where coefficients m; and c¢; describe the linear function of dissatisfied occupants based on Fanger’s
model, and m; and ¢, describe the experimental logarithmic relationship PD = f(h). A function
(Equation (11)) can be rewritten as Lambert Function x = W(x)-e"V™ in the form of Equation (12):

m c1—cp C1'h =hcy

Lo m — -, m 12
mze ’ myp e ( )
which has the solution of Equation (13):
my my 2
h=——2W(——e " 13
my ( ) e ) (13)

For value x calculated from the left side of Equation (12), value W(x) is read from Lambert’s
Function and used for h in Equation (13). For instance (point B, Figure 7), if m; = 0.5166, ¢; = —9.386 and
my = 168.55, c; = 656.71, x = —0.139 gives W(x) = —0.164, so (12) indicates h = 53.4 k]/kg. The enthalpy
values obtained in accordance to Equations (11)-(13) are presented in Table 6. Equation (11) can be
used to determine the enthalpy for a specific temperature at which the Fanger equation begins to
indicate understated results to the actual dissatisfaction of users.

Table 6. The estimated humid air enthalpy points A, B and C calculated with Equation (13) (at three
fixed temperatures, see Figure 7) set the boundaries of the non-binding Fanger equation zone for human
thermal comfort assessment under the following assumptions: air speed < 0.1 m/s, 0.6 clo, 1.1 met and

ta = tmr-
Point ta Parameter Parameter X h PD_exp
°C myg C1 gw/kgdryair kJ/kg %o
A 26 0.3217 -9.386 9.9 51.3 7
B 27 0.5166 -13.717 10.2 534 14
C 28 0.6805 —13.854 11.3 57.1 25

4. Discussion

In the presented experiment, the authors confirmed that the impact of air humidity on user
dissatisfaction related to indoor air quality has a greater impact on perception than a thermal sensation
estimated based on the ISO 7730 model [19] and the ASHRAE Standard 55-2017 [26] for a hot and
humid environment. Considering the significant increase in user dissatisfaction with indoor air quality
for temperatures of 26 to 28 °C with enthalpy higher than 51.3, 53.4 and 57.1 kJ/kg, in relation to
the PD value resulting from the thermal comfort model, the authors state that due to the global user
satisfaction and indoor environmental quality index, the thermal assessment model based on the
ISO7730 standard should not be used, as it gives underestimated results. The authors state that the
perception of thermal- and air-related comfort dominated on comfort thermal perception and cannot
be separately perceived “in situ” by users. The authors recommend using the indoor air quality
model instead of the thermal model for high enthalpies. The expected total percentage of dissatisfied
users (PD = 100%) by experimental function is h = 88 kJ/kg. Above this, there is a 95% probability
that all users are dissatisfied. The presented isotherm based on the Fanger model indicates that the
dissatisfaction percentage is two times lower than experimental PD for t = 28 °C and three times lower
for 27 °C. The experimental results find confirmation in some papers. In Reference [40], Simonson
stated that humidity is exactly twice as important for IAQ than for thermal comfort. Investigation of
indoor thermal comfort in hot and humid conditions in a German climate test facility was analysed
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by Kleber et al. [28]. The tests were conducted in a similar temperature and humidity range and the
impact of humidity and temperature on the air quality perceived by subjects was taken into account.
The results of Kleber, PD_gop,r (for t; 26-28 °C, RH 60% to 80%, subjects n = 136) and those published by
Simonson, PD gjyonson (for 28 °C, RH 60%-80%) are compared with our experimental results (PD_exp)
in Figure 8.
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Figure 8. Comparison of the experimental results of indoor discomfort perception (log.PD_exp) with
the former research presented by Kleber (PD_gjep,,) [28] and Simonson (PD_gjyonson) [40].

The results of Kleber show even higher dissatisfaction of air quality perception values for the
same enthalpies. The results are correlated and follow the same trend. They indicate a higher level
of dissatisfaction than the thermal comfort model in similar conditions. The key point of discussion
is to compare the experimental results with the results obtained by Fang [7] and Toftum [15], who
conducted studies on the impact of temperature and humidity on the IAQ perception of subjects (n =
38 and 40). The results obtained by Toftum, presented in Figure 9 (PD_rf,m), were calculated based
on Formula (4). Fang used linear regression to describe acceptability of air enthalpy at the selected
pollution levels (including clean air). Acceptability function (2) was transformed by the authors using
the Wargocki Equation (3) into the percentage of satisfied users (PD_Fang). It is presented in Figure 9
as PD _pgpg-

The results presented in Figure 9 are also correlated and have the same logarithmic dissatisfaction
trend. The differences may result from a slightly different panel test method, but they also show that the
dissatisfaction of users from indoor air quality for enthalpy above about 55 kJ/kg is higher than the one
derived from the thermal comfort model. The acceptability of indoor air quality under temperatures of
26 to 30 °C and RH = 60% to 80% was studied by researchers from Hunan University [29]. The authors
also confirmed a significant increase in dissatisfaction for high humidity. For example, for a temperature
of 28 °C and RH humidity 80% (i.e., enthalpy of about 80 k]/kg), they obtained a dissatisfaction value
of 95%, which is even greater than the value that would result from our experimental function, by up
to 10%.
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Figure 9. Comparison of experimental results of percentage dissatisfied in function of the air enthalpy
(log.PD-exp) to the research results obtained by Fang (PD_Fang) [7] and Toftum (PD_Toftum) [15].

The authors believe that the proposed function, PD = f(h), is representative for the assessment
of the indoor comfort of rooms equipped with a mechanical ventilation, such as that of nearly zero
energy buildings, and is innovative in addressing the actual indoor environmental comfort for hot and
humid conditions. As the calculation of enthalpy and the percentage of dissatisfaction on the basis
of Relationship (9) is easier for non-experts than the calculation of PMV and PD from any thermal
comfort model, the results obtained may find a wider practical application in the design of HVAC
control BMS systems or the planning of heat and ventilation levels in existing buildings. There are
examples in the literature of using enthalpy to control HVAC systems, especially when building users
need to dry or humidify the indoor air [54]. For the estimation of indoor human comfort for mechanical
ventilation eligibility, it can hardly be evaluated by indoor-outdoor temperature difference, only as
used in conventional methods. The indoor temperature alone is obviously not sufficient to evaluate
the indoor air enthalpy. A possible approach to address this problem is to use the spectrum of factors
affecting the indoor condition, which was an example presented in reference [55]. The dual enthalpy
control adds another enthalpy characteristic parameter sensor in the return air. The air with the lower
enthalpy is brought into the conditioning section of the air handler. This is an efficient method of
control that can be used with the Earth Air Heat Exchanger, as presented in Reference [56].

5. Conclusions

Numerous publications in which indoor environmental quality of buildings is assessed most often
use the Fanger thermal model [57]. As shown in the article, under specific conditions such as increased
humidity and temperature, this model will not give the correct results. It is proposed to evaluate the
user satisfaction based on the air enthalpy that can be easily determined as a basic thermodynamic
parameter. The authors presented the experimental curve of physical dependence (model) for predicting
building occupants’ dissatisfaction in hot and humid environments, PD = f(h). This relationship is
primarily based on the Weber-Fechner law and the predicted percentage of dissatisfied users by air
quality can be determined by means of air enthalpy (k). The presented experiment has examined
the indoor air quality (IAQ) perception of a panel group (n = 28) in the experimental NZEB building
under ten environmental conditions (humid air but unpolluted). The obtained results indicate a much
higher level of dissatisfaction of subjects” perception with indoor air quality in a warm and humid
environment than that resulting from the Fanger thermal comfort model (TC). The authors suggest
using the proposed model instead of the thermal one for the range of enthalpy between 50 and 90 kJ/kg
to assess the overall indoor environmental quality level of a building. Providing assessment with this
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method is simple and practical because enthalpy depends mainly on two parameters: temperature
and humidity. Authors believe that the presented conclusions are important for building comfort
prediction and modelling and prove the general thesis that in a hot indoor environment, air humidity
(in practice, air enthalpy) is more important for an IAQ model than for the TC model.
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Abbreviations

The following abbreviations are used in this manuscript:

ACC indoor air acceptability index (-)

cco2 concentration of carbon dioxide (ppm)

h air enthalpy (kg/k])

hy the border neutral enthalpy for user perception (kg/k])

TAQindex indoor air quality index (percentage of persons satisfied with indoor air quality) (%)

Iy clothing thermal insulation (m? K/W or clo, where 1 clo = 0.155 m?2 K/W)

TEQindex Indoor Environmental Quality index (combined value of percentage of persons satisfied) (%)

LCI lowest concentration interest

o and ¢ equation coefficients of linear function of persons dissatisfied with defined temperature based
! ! on Fanger (-)

my and ¢, equation coefficients of function of percentage dissatisfied with enthalpy (%)

M metabolic rate (met)

Pa vapour pressure (Pa)

PD percentage dissatisfied (%)

PDrg) percentage dissatisfied with IEQ (%)

PD exp percentage dissatisfied with indoor perception by experimental evaluation (%)

PD 1507730 estimated percentage dissatisfied with thermal comfort by ISO 7730 (%)

PDpanger estimated percentage dissatisfied with thermal comfort by Fanger model by ISO 7730 (%)

PD Fang estimated percentage dissatisfied based on Fang model (%)

PD_toftum estimated percentage dissatisfied based on Totftum model (%)

PMV predicted mean vote—Thermal Sensation Scale (ISO 7730)

PPD predicted percentage dissatisfied (ISO 7730)

RH relative humidity of air (%)

SDy, experimental standard deviation of enthalpy determination (%)

SDyote experimental standard deviation of panel votes (%)

ta indoor air temperature (°C)

TC thermal comfort index (%)

TVOC total volatile organic compounds

tg black globe temperature (°C)

tmr mean rad