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Preface to "Assessing the Performance of Passive
Houses in Mediterranean Climate Regions”

The Passive House (PH) concept was born in Germany in the last decade of the 20th century, with
the aim of providing better indoor air quality (IAQ) and thermal comfort conditions than average
constructions but at a minimum expense of operational energy.

Building upon traditional bioclimatic, low-energy, and solar building design approaches—which
suggest the judicious use of design techniques and materials to heat, cool, and light the building with
a reduced or null amount of energy (i.e., a passive design approach)—the PH Institute codified a set
of performance targets required for a building to reach the Passive House standard.

Several studies reported on the performance achieved by PH buildings in operation, generally
showing a good agreement between design expectations and experimental measurements. Significant
deviations in the design predictions have been mainly attributed to incorrect realizations (e.g.,
not perfectly airtight windows and the presence of thermal bridges) and occupant behavior (e.g.,
non-optimal operation of setpoints, opening of windows and shading operation).

However, deviations from design overheating occurrences have also been widely reported
during the winter season. The overheating issue is even more important when considering PH
realizations in hotter climates, despite the PH standard generically advising on the possibility to
reduce the amount of insulation of the envelope, raise non-adventitious air infiltration, and adopt
additional typical passive design solutions.

This book presents a series of original research studies from authors around the world, where
the issues in applying the PH Standard for the design of buildings in warm Mediterranean climate
are tackled. Case studies as well as numerical analyses are presented and thoroughly discussed to

stimulate ideas for building scientists and designers to achieve their design performance goals.

Vincenzo Costanzo

Special Issue Editor
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Abstract: Few houses have been built in the Spanish Mediterranean in accordance with the Passivhaus
(PH) standard. This standard is adapted to the continental climates of Central Europe and thorough
studies are necessary to apply this standard in Spain, especially in the summer. High relative air
humidity levels in coastal areas and solar radiation levels of west-facing facades require adapted
architectural designs, as well as greater control of air renewal and dehumidification. A priori,
energy consumptions undergo big variations. In this study, the construction of a single-family
house in the Spanish Levante was analysed. All enclosure layers were monitored using sensors of
surface temperature, solar radiation, indoor and outdoor air temperature, relative humidity, and air
speed. The thermal behaviour of the facade enclosure and air infiltration through the enclosure
were examined using the blower door test and impacts on annual energy demand were quantified.
Using simulation tools, improvements are proposed, and the results are compared with examples
of PH housing in other geographical areas. The annual energy demand of PH housing was 69.19%
below the usual value for buildings in the Mediterranean region. Very thick thermal insulation
and low values of airtightness could be applied to the envelope, which would work very well in
the winter. These technique solutions could provide optimal comfort conditions with a well-designed
air conditioning system in summer and low energy consumption.

Keywords: Passivhaus; thermal transmittance of enclosures; air infiltration; annual energy demand;
energy efficiency

1. Introduction

Within the European Union, the energy consumption of buildings represents 40% of final energy
consumption. Buildings are responsible for 36% of CO, emissions. A total of 85% of the energy consumed
is used to heat or cool rooms, illuminate them, and heat sanitary water. In December 2002, the European
Parliament approved the Energy Performance Building Directive, EPBD 2002/91/EC, with the aim
of improving energy efficiency [1]. Long-term strategies have been established to decrease energy
consumption and to reduce CO, emissions, based on the Kyoto Protocol. Both exterior and local weather
conditions are taken into account, as well as internal climatic conditions and the cost-effectiveness ratio.
A few years later, a revised text was approved, Directive 2010/31/EU, known as the EPDB Recast [2].
Thus, the regulations on Nearly Zero Energy Buildings, known as NZEBs, were introduced for all new
buildings from year 2020 onwards [3]. This text was revised in 2012 and has now become Directive
2012/27/EU [4].

Sustainability 2019, 11, 3732; doi:10.3390/su11133732 1 www.mdpi.com/journal/sustainability
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All European Union member states made the commitment to submit themselves to the same
directive and the 2020 goal is shared. However, the way of implementing the regulatory framework
is defined by each country individually. Each country also individually establishes the criteria to
assess buildings’ energy efficiency and the needs of buildings with almost zero energy consumption.
As the specific way of applying the EPDB is thus dispersed, not all countries situate themselves within
the same ranges of energy consumption and CO, emissions, which is added to the fact that the energy
efficiency evaluation criteria also differ.

Spain, as a member of the European Union, is today undergoing an ‘energy transition’. The country
is currently implanting renewable energy and energy efficiency in the national electricity system.
The ultimate objective is to reshape the energy sector so that renewable energies account for 20% of
final gross energy consumption in 2020 and 27% by 2030, with a possible increase of 30%. Spain’s
legislative framework regulating the energy efficiency of buildings consists in the Technical Building
Code (or CTE by its Spanish acronym) [5]. This code came into effect in 2006 and was modified in
2009 [6], 2010, and more substantially in 2013 [7], to comply with the European Union’s successive
guidelines. A major change introduced in 2013 is the reduction of the maximum thermal transmittance
U value allowed in a building envelope’s elements. Heating and cooling energy consumption has also
been restricted. In addition, types of climate according to the building’s location and user profiles
have been defined, both for residential and non-residential buildings. Currently, a new modification is
underway whereby the energy efficiency strategies of the EU’s building guidelines will be approved
for nearly zero energy consumption buildings.

1.1. The Passivhaus Standard

A variety of standards define the requirements that buildings must comply with to guarantee
minimum energy efficiency values. The most widespread is the Passivhaus (PH) standard. It was
developed in Central European countries and the European Union uses the requirements found within
it as design principles for energy efficient buildings [8].

The key PH standard requirements are as follows:

1.  Annual heating demand must not exceed 15 kWh/m?Z;
Annual demand for primary energy for heating, electricity and DHW must be less than or equal
to 120 Kwh/m?2;

3. Thevolume of filtered air should not be greater than 0.6 air changes per hour (ACH), measured with
a pressure of 50 Pa, as verified by an on-site test using the Blower Door test.

Further requirements were added to apply the standard to warmer climates, as follows:

4. Annual cooling demand must not exceed 15 kWh/m?;

5. Thermal comfort must be achieved in all rooms of the house throughout the year.
Therefore, the regulation allows 10% of indoor air temperature overheating, representing 10% of
the total hours of a complete one-year cycle above 25 °C.

The main problem when adapting buildings on the Mediterranean coast to the PH standard is that
in northern and central European countries, energy demands focus exclusively on heating. In southern
Europe, however, air conditioning or cooling needs must be taken into account in summer, in addition
to heating demands in winter. It is also worth noting that a large part of the population lives on
the coast, with high relative humidity values, and buildings require high dehumidification values
of outdoor renewal air, with its corresponding increase in energy demand in summer [9]. For this
reason, a large amount of research and development projects focus on adapting homes with passive
systems in warmer climatic conditions [10], in which these techniques are combined with PH standard
requirements. Some of the most relevant projects are as follows:

CEPHEUS project: Study of more than 100 homes in five northern European countries [11].
Low levels of energy consumption were obtained, while occupants’ thermal comfort remained
optimal [12].
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Passive-On project [13]: It focused on implementing the PH concept in southern European climates.
The passive house concept was found to be viable, provided essential prior studies are conducted to
adapt and detail the technical and constructive solutions in each specific region [14].

MED-ENEC: Different procedures were implemented through demonstration projects to show
how to solve construction sector challenges in the southern Mediterranean region [15].

IEEA project: It addresses the passive strategies that could be adopted in different climatic zones
of the EU [16].

ECO-BAT project: Promoted by local authorities in Algeria [17]. It focuses on low-cost passive
strategies and on affordable active measures that use renewable energy technologies.

Southern European passive houses: It was found that a pleasant indoor climate could be achieved
by preconditioning the ventilation system’s supply air [18]. Night ventilation has the same effect
as fagade insulation, especially when applying a mechanical ventilation system equipped with a by-pass.

Due to its successful implementation in Central Europe, the PH standard has been applied in
other geographical and climatic zones, such as the Spanish Mediterranean region. In this sense,
housing design under the Mediterranean climate must take into account parameters such as building
orientation, solar gains in winter, thermal insulation of the envelope with a high thermal capacity,
windows with double or triple glazing, solar control, control of thermal bridges to minimise them,
both fixed and mobile solar protections, cantilevers, ventilation and natural lighting, etc. In addition,
air renewal installations with double flow heat recovery systems must be improved.

The state-of-the-art regarding PH standard implementation provides interesting results that help
determine its applicability in climates such as that of the Mediterranean coast. Figueiredo et al.,
after analysing a single-family, two-storey, 148 m? detached house of light construction in the region of
Aveiro (Portugal), concluded that the problem of overheating of indoor air and walls constituted the main
obstacle to achieving the PH standard in Portugal [19]. They emphasised the need to use a shading
and solar protection system, in addition to increasing the enclosures’ thermal inertia, thus attenuating
thermal wave oscillation of the interior air temperature T;. Costanzo, Fabbri, and Piraccini studied
a house in Cesena (Italy) and concluded that its design, drawn up using the Passive Housing Planning
Package (PHPP), was able to guarantee suitable comfort conditions during the heating period [20].
However, on the other hand, overheating during the cooling season was recorded for almost 50% of
the time, according to the EN 15251 standard [21], an excessively high value. This value could be
reduced to 20% by reducing the insulating material thickness (up to one third of the original value)
on the roof and walls, replacing triple glazed windows with double glazed windows, and implementing
a hybrid ventilation strategy instead of using mechanical ventilation with heat recovery (MVHR).
Sudrez, Prieto, and Salgado studied a house on the northern coast of Spain [22]. If the house were to
be renovated, installing a ventilation system with heat recovery, improving the insulation of opaque
building elements, replacing existing windows with high thermal efficiency windows, and reducing
air infiltration rates to below 0.6 ACH, the annual energy demand would be below that required by
the PH standard and the heating and cooling needs would be respectively reduced by 81% and 57% of
the current values. With regard to the coast of Catalonia (Spain), Pesic, Roset, and Muros proposed
the methodology "Climate potential for natural ventilation" (CPNV). They achieved notable cooling
energy savings by applying a mixed mode (or hybrid mode) and night ventilation techniques [23],
which could be used to achieve, along with other construction techniques in the installations, the PH
standard. This same line was adopted by Fokaides et al. in Cyprus, when they studied a house in
Nicosia with 110 m? of usable floor area. The nocturnal natural ventilation significantly reduced
summer period overheating, making it possible to comply with the EN 15251 standard. Users must
be sufficiently trained to adapt their behaviour to the home’s thermal needs [24]. The application
of the standard in Algeria throws some light on the issue. Ali-Toudert and Weidhaus concluded
that night and day ventilation of 4 ACH was needed. The energy demand in winter was low, with
a maximum value of 5.5 kWh/mzyr, while in summer it was higher, with 9.7 kWh/mzyr [25]. Other
studies in climates with less hot summers focus on the use of passive and active systems [26], such
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as Mihai et al. in Bucharest, with earth-to-air heat exchange technology (EAHX) with photovoltaic
panels, generating 1,556.5 kWh/year, and a drop in annual energy demand to 13 kWh/m?yr [27].
Harkouss, Fardoun, and Biwole, through multi-criteria decision making (MCDM), further refined
the technical quantification of thermal insulation and thermal transmittance U values in warm climates
at 0.6 W/m2K for walls, 0.6 W/m2K for ceilings, and 0.5 W/m2K for floors [28]. In mixed climates,
the walls and ceiling should be well insulated (U= 0.2 W/m?K), while the floor’s thermal transmittance
should not be minimised so as to allow the heat to escape through the floor in summer. A low
window/surface area ratio value (10%) is necessary to improve buildings” energy performance.

From this review of the state-of-the-art, we can conclude that, to date, few PH dwellings have
been built on the Spanish Mediterranean coast. Some of the research has focused on applying
bioclimatic techniques in order to comply with the PH standard and to improve climatic conditions in
summer, while others have limited themselves to quantifying energy demand in summer and winter.
However, the absence of more detailed quantifications, according to the different parameters
and intervening agents, of the energy consumption produced in these PH dwellings is detected.
The novelty of this research is the quantification of energy consumption due to the transmission of heat
through the various elements of the enclosures and of the actual infiltration of air through the enclosure
by means of the analysis of a representative PH case study.

1.2. Aims and Objectives

The present study examined the implementation of the Passivhaus standard in the Spanish
Mediterranean. It focused on the impact that building envelope heat flows and air infiltration have
on annual energy demand [29]. To this end, the construction of an isolated detached house in
Molina de Segura (Spain), located 40 km away from Spain’s Eastern coast was studied. The house
was designed with the aim of complying with the Passivhaus standard. The facade enclosures
were monitored and thermal transmittance measurements were made in situ. The Blower Door air
infiltration test was also conducted. Subsequently, using the Design Builder simulation tool [30],
results on the quantification of the impact on energy demand were obtained for both parameters,
both in the studied house and in the hypothetical case that it would have been built in the city of
Alicante, on the coast [18]. Since the standard was designed to improve energy efficiency under
a continental climate, the intention was to draw a conclusion on whether the standard could also be
appropriate for coastal climate situations. Relative air humidity in the months of summer and autumn
is much higher than that experienced in Central European countries, as well as wall and indoor air
overheating by solar gains through glazing [31]. The thermal gaps between indoor air temperature
and outdoor air temperature during the winter and spring months are more moderate. These big
differences call into question, a priori, the validity of initial investments in the construction quality
and the control devices for air renewal installations with heat recovery.

In addition to the tests mentioned previously, we proceeded to evaluate the parameters selected
in this study in other houses in the area, according to local construction culture. First, we examined
houses built before 1979 (without thermal insulation), then buildings built after the NBE CT-79 standard
came into force [32], and finally, buildings constructed after 2006, after the CTE was implemented [5].
The enclosures of the latter buildings are resolved using two sheets with an air chamber and 6 cm of
thermal insulation, an inverted flat roof with 6 cm of thermal insulation finished with gravel, and air
permeable class 2 joineries (27 m3/hm?), with silicone-based sealing and double hollow brick walls,
and high air infiltration standards according to the 115 index. In this way, results obtained in the present
study can be compared with other construction systems and installations, allowing further studies to
conclude on the suitability of the Passivhaus (PH) standard for Spanish Mediterranean coast buildings.

2. Description of the Case Study

The isolated detached house under study is located in Molina de Segura (Spain), 40 km from
the coast (Figure 1). It is composed of two volumes. The lower volume has day areas (living room,
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laundry room, pantry, toilet, and office) and a floor area of 100 m?. The first floor corresponds to
the night area (3 bedrooms, 2 bathrooms, and a study) and has a constructed surface area of 95 m.
There are covered porches on the outside with a constructed area of 43 m2, which help to protect
the house from solar radiation, resulting in a total floor area of 216.15 m?. The bedrooms are
south-facing to capture the largest possible amount of solar radiation in winter, while the living
room and kitchen face a north-south axis, obtaining an axis of natural ventilation that passes through
the house. Overheating in summer can thus be avoided (Figure 2). The gaps in the exterior facade have
been planned in such a way as to capture a maximum amount of natural light. Overhangs and solar
protections based on adjustable blades were designed to avoid direct solar radiation in summer.
Flat roofs with small punctual overhangs protect the gaps from the impact of sunlight in summer.

Figure 1. View of the southeast fagade. Main access to the house.
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The fagade on the ground floor is resolved with a thermal insulation system on the outside (SATE),
thus constituting a ventilated fagade made with a stucco lime mortar coating with flexible silicate on
vertically modulated 32 x 100 mm mullions, a waterproof EPDM sheet, 15 mm Superpan Tech board,
on a structure of modulated wooden posts every 60 cm and filled with natural 160 mm mineral wool,
Micro USB barrier 230/20 Riwega, and laminated wood board on a self-supporting 73 x 48 structure
(Figure 3). On the first floor, the exterior enclosure is a ventilated facade formed by larch wood slats,
a 32 x 100 mm ventilation strip, Riwega waterproof sheet, 15 mm Superpan Tech board on a structure
of modulated wooden mullions every 60 cm and filled with 148 mm natural mineral wool, and Micro
USB 230/20 Riwega vapour barrier, with laminated wood board on a 73 X 48 self-supporting structure
(Figure 4). All joineries between elements are solved with an adhesive tape seal, Riwega USB Tape 1
PE (60mm wide, professional and universal polyethylene with mesh reinforcement coated with high
adhesive strength acrylic adhesive), which guarantees perfect air-tightness (Figure 5), as later verified
with the results of the Blower Door test. The joinery is made of wood with thermal bridge break, elastic
joint, Guardian-Sun type laminated glass (6 + 16 + 3 + 3), and Guardian-Sun type glass (6 + 16 + 4)
for the non-laminated glazing.

Figure 3. View of the southeast facade. Construction of enclosures and floors.

The roof is flat, not passable, and is made with slopes, a SuperPan Tech P5 21 mm board,
200 gr/m? geotextile separating layer plus EPDM membrane waterproofing 1 mm thick, and a finishing
layer of 5 cm-thick clean gravel, on a 198 x 48 wooden beam structure, 2 SuperPan Tech P4 25 mm
wooden boards containing a 200 mm natural mineral wool thermal insulation layer, and a continuous
suspended ceiling with a metal structure, formed by a laminated plaster plate. The foundation is
based on a reinforced concrete slab, with a thermal insulation of XPS, 100 mm thick, and an EPDM
waterproofing sheet, as well as self-levelling mortar and a class 3 microcement pavement.
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Figure 4. Wooden structure and Superpan Tech 15 mm board partitions with 148 mm mineral wool

thermal insulation.

The house has a low-temperature solar collector system for domestic hot water demand (DHW),
in addition to auxiliary aerothermal equipment [33], located in the laundry room, which intervenes
when there is insufficient solar radiation collection. In addition to natural ventilation, mechanical
ventilation was installed with heat recovery with a contribution of 5 I/s per person in the bedrooms, 2 I/s
per person in the living and dining rooms, and 2 1/s per m? in the kitchen, as specified in the CTE-DB-HS3.
One air conditioning system is included, coupled to the ventilation system, and composed of an exterior
machine as well as an indoor one, with a direct expansion cold-only air-air system. The EER value
is 5.93 and the COP is 4.27.
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Figure 5. Lacquered aluminium carpentry joined to the exterior pavement. Airproof sealing
and waterproofing with EPDM (left). Interior partitions and enclosure with tape sealing, type
Riwega USB Tape 1 PE (right).

2.1. Climatic and Normative Conditions

The house location is under a Mediterranean climate. According to the Kopen-Geiger
classification [34], it is classified as BSh, a warm semi-arid climate with hot or very hot summers
and mild winters with very little rainfall [35]. The average annual temperature is 18.1 °C, the coldest
month being January, with an average of 10.3 °C, and the hottest month being August, with an average
of 26.3 °C.

According to the Spanish regulations in force at the time of building the CTE house
(2013 modification), it is located in a B3 climatic zone with an altitude of 240 m above sea level,
letter B in winter and 3 in summer, according to the CTE-DB-HE table B1 classification (Climate Zones).

2.2. Energy Demands Obtained in the Project Phase

According to the current calculation procedure in Spain, CTE DB-HE-2013, using the Unified
Tool Lider-Calener (HULC), the demand for renewable energy consumption was 29.7 kWh/m? year.
The annual heating demand was 6.41 kWh/m?year, below the demand level required by the CTE
(26.29 kW-h/m?-year). Cooling energy demand was 4.17 kWh/m?year, i.e., below that required by
the CTE (15 kWh/mz-year).

3. Materials and Methods

The two domains of evaluation of the house’s energy demand are linked to the materials used
as well as the technical characteristics of the enclosures, although they are of a very different nature.
Evaluating the actual heat flow through the enclosures throughout the year’s entire cycle is a complex
matter [36]. This evaluation requires simulation models that take into account construction faults,
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the impact of thermal inertia, real thermal bridges, as well as the incidence of solar radiation on
the exterior surfaces and the air conditioning systems used. Air infiltration through the enclosures
varies according to the external environment’s climatic conditions, the air pressure at each moment,
as well as how occupants maintain and use certain mobile elements such as joinery, adjustable slats,
or grids. All this means that estimating the energy impact due to air infiltration is complex.

3.1. U Thermal Transmittance of the Enclosures

Fourier’s law, which applies to parallel layers of materials, of an unlimited surface, in steady state
indoor T; and exterior T, air temperatures, establishes the temperature gradient reached by multi-layer
enclosures when there is a thermal gap between outdoor and indoor air temperatures (Equation (1)).
Thermal transmission by conduction and convection intervene according to values of resistance to
the passage of heat or superficial thermal resistance due to the convection currents generated.

1 1
U-value = — = T e 1 (1)
Rt t+ELi%+n

However, this law is valid only for ideal situations and steady states. Walls have limited surfaces, they
present discontinuities due to joineries and glazing, thermal bridges due to construction faults [37,38], etc.
In addition, the various layers are made up of different types of materials with different values of physical
parameters of resistance to the passage of the heat [39]. Furthermore, outdoor air conditions are altered
by solar radiation, air speed, water vapour pressure in the air, etc. Solar radiation also often has an impact
on the outer surfaces, substantially increasing their temperature. Indoors, thermal loads and the air
conditioning systems used alter the physical parameters of interior air temperature and relative humidity,
as well as the surface temperatures of the walls [40]. Finally, the thermal inertia of the materials making
up the enclosure alters the linear Fourier process as a function of time, since the thermal gap between
exterior and interior air temperature, the solar radiation that affects the exterior surface, or the interior
air conditioning systems vary according to the weather. Heat flow thus becomes a dynamic and complex
process [41].

3.1.1. Theoretical Calculation of the U Transmittances of the Enclosures

In this study, we measured the house’s thermal transmittance U value, but we did not analyse
the effect of the parameters affecting the dynamic regime of the heat flow through the enclosures,
such as thermal admittance, Y, and thermal wave lag [42], df, or the damping factor of the thermal
wave, f;. The thermal transmittance U values were obtained according to the method established by
the current regulations, the Technical Building Code (CTE) [43].

The usual values of thermal conductivity, A, of the materials used in the enclosure, according to
UNE EN ISO 10456: 2012 [44,45], were compared to the measurements obtained from real samples
by means of the thermal conductivity analyser C-Therm TCi by Mathis Instrumentos Ltd., using
a universal sensor, made at the University of Alicante. We proceeded with a theoretical calculation
of the heat flow resistance of the enclosure’s different layers, under ideal conditions, according to
Fourier’s law.

To simulate this behaviour in a steady state, we overlooked the impact of other energy sources,
such as solar radiation, the indoor conditioning system, or the effect of material effusiveness or
thermal inertia [46], and decided to apply the maximum outdoor air temperature in summer (39.57 °C)
and the minimum outdoor temperature in winter (7.87 °C), collected by PT 100 monitoring sensors,
and an indoor air temperature of 28.62 °C in summer and 17.74 °C in winter, without the air conditioning
system operating. To do this, we considered, in accordance with the CTE [47], that surface thermal
resistance was 1/i; of 0.13 m? K/W, surface thermal resistance was 1/k, of 0.04 m? K/W, and thermal
resistance, R., of the ventilated facade chamber was 0.0176 m? K/W.

10
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3.1.2. In-Situ Measurements of U Transmittance

Subsequently, a thermoflumetric study of the opaque enclosures was conducted to measure U thermal
transmittance [48,49]. It was measured in the two rooms on the southeast facade (the kitchen at a height
of 0.70 m and the dining room), in the northwest facade (the living room), as well as in the bedrooms
on the first floor in the northeast and southwest fagades. For this, the ISO 9869-1: 2014 [50] standard
was followed. The equipment consisted of a heat flow plate; a transducer that generates an electrical
signal proportional to the total heat rate applied to the sensor surface. Two indoor and outdoor air
temperature probes were attached to this plate, as well as two surface temperature sensors for the exterior
and interior surfaces. These were connected to the analyser directly with cables or through the window.
The trial lasted one week for each of the three measurements. The data was analysed using the module
that calculates thermal transmittance, part of the AMR WinControl software developed by Ahlborn for
ALMEMO measuring equipment. The method used was the “average method”, which assumes that
thermal transmittance or thermal conductivity can be calculated by dividing the average density of
the thermal flow by the average temperature difference [51].

This analysis was completed with the thermal imaging and detection of possible thermal bridges,
helping to determine the outer envelope’s ventilated chamber behaviour [52,53], though quantifying
thermal bridges was not the subject of this study [54].

3.2. Air Infiltration Through the Envelope

The air infiltration value through the enclosure was forecast to be very low thanks to the construction’s
quality, the seals used, and the joinery quality. It was evaluated by means of the Blower Door test conducted
in accordance with the European Standard EN 13829, using the Blower Door GMBH MessSysteme fiir
Luftdichtheit equipment. The corresponding graphs were obtained and there was an 15 air infiltration
value of 50 Pa. To characterise the information obtained, the Minneapolis Blower Door Model 3 software
(TEC-TITE 5.0) was used. This tool was developed specifically to describe 140 parameters that possibly
intervene in the filtration phenomenon [55]. These parameters were collected in a database used to
perform a general evaluation of the results.

To obtain the average value of air infiltration in the building, a parameter difficult to quantify,
and to be able to perform the energy impact simulations using the Design Builder tool, thus obtaining
the values of annual energy demand, the protocol established in the UNE-EN-ISO 13790: 2003 standard
was followed, which it allows for converting the value of 15y to renewals/hour under normal pressure
conditions by means of Equation (2):

Nywinter =2 - M50 * €; * & 2
where:

nsp renewals/hour at 50 pascals;
e; wind protection coefficient = 0.05; and
¢ height corrector factor = 1.

The Blower Door test was the tool used to detect thermal bridges through images using
a ThermaCam P 25 thermographic camera from Flyr. It was quantified using the AnTherm program.
Load losses or gains due to thermal bridges were estimated at 3.5% of the total thermal loads by
U thermal transmittance of the enclosures. These values are similar to values obtained in previous
studies [56,57].

3.3. Energy Impact Assessment

As mentioned, the main objective of the present study was to quantify the energetic impact of
the heat flow through the envelope and air infiltration. Both values were obtained using different tools
and methodologies.
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3.3.1. Energy Losses due to U Transmittance Values

To quantify the energetic impact, the transmittance U values of all the enclosures obtained
in-situ were introduced into the Design Builder tool. To perform building behaviour simulations in
terms of energy demand and interior comfort parameters, the data and parameter values that follow
were introduced into the Design Builder tool. The winter period covered 1 December to 30 April
and the summer period covered from 1 May to 30 November. This decision was based on results
from previous studies, contrasted with the experience of various calibrations of models in the same
geographical location. The interior air setpoint temperatures were 21 °C in winter and 24 °C in
summer. For the standard calculation of air renewal, occupancy was 5 people. To comply with
regulations, a value of 0.63 air changes per hour (ACH) of air renewal was established, in accordance
with the Technical Building Code (CTE) currently in force. The air infiltration values introduced in
the tool were those obtained from the Blower Door test. Table 1 shows the parameters introduced in
Design Builder’s simulation model.

Table 1. Summary of parameters introduced in Design Builder’s simulation model.

Parameter Data Introduced
Hours of operation and occupancy: Monday to Friday: 7 am to 3 pm 25 % occupancy
Hours of operation and occupancy: Monday to Friday: 3 pm to 8 pm 50 % occupancy
Hours of operation and occupancy: Monday to Friday: 8 pm to 7 am 100 % occupancy
Hours of operation, activity and occupancy: Saturday and Sunday 100 % occupancy
Climate equipment operating hours (heating) 7 am to 10 pm
Climate equipment operating hours (cooling) 9 am to 8 pm
Running of the air conditioning system from Monday to Sunday 7 days/week
Summer period 1 May to 30 November
Winter period 1 December to 30 April
Occupancy density (5 people) 0.03 person/m?
Metabolic factor: "Standing/walking" option 1.20
Clothing values (CLO) Winter CLO = 1.00 Summer CLO = 0.50
Load due to general lighting 300 lux
Internal air temperature setpoint Ti (cooling) 24°C
Set internal air temperature Ti (heating) 21°C
Indoor air maintenance temperature Ti (cooling) 26 °C
Internal air maintenance temperature Ti (heating) 18 °C
Relative humidity of the indoor air 50%
Air renewal rate 0.63 acH
Air infiltration through the envelope 0,049 acH

3.3.2. Annual Energy Demand due to Air Infiltration

Estimating the air infiltration’s energy impact is a complex issue. It depends not only on the sealing
of the building envelope, but also on weather conditions, which are sometimes very difficult to predict.
No common criterion exists regarding the right model to evaluate the energetic impact of infiltrations.
Until now, different calculation models have been developed with varying degrees of complexity
and reliability. The simplest models presuppose a uniform distribution of leak paths and average
constant leaks over time. In the present study, this impact was evaluated using a simplified model
(Equation (3)), applying the concept of degree-day, which relates the average temperature outside
the house under study and the interior comfort temperature (21 °C for heating and 24 °C for cooling) [7].
This estimate is theoretical and actual energy consumption depends on the particular conditions
of the houses’ internal air temperature setpoint, T;. This calculation procedure allows evaluating
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the energetic impact, taking into account the climatic data specific to the area around the house.
The air infiltration flow, specific air capacity, and the air temperature difference between the interior
and the exterior of the house were all taken into consideration [58].

Qinf = Cp -Gy Vinfr 3)
where:

Qinf is annual energy loss (kWh/yr) due to air infiltration for heating Q;,.py and cooling Qinrc.;
Cp is the air’s specific heat capacity, which is 0.34 Wh/m*K;

Gt are annual degrees-days (kKh/yr); and

Ving is the air leak rate (m3/h).

The Persily-Kronvall estimate is simple and the model is widespread in the scientific
community [59]. It assumes a linear relationship between permeability at 50 Pa and average annual
infiltration (Equation (4)).

Ginf = q50/20, 4)

where g;¢ is the air permeability (m3/(h m?)).
Subsequently, this linear relationship between leakage and infiltration evolved [59]
and incorporated coefficients according to the characteristics of the location of the Equations (5)
and (6).
Ginf = q50/N, )

NZC'Cfl 'sz'Cfg,, (6)
where:

N is a constant;

C is the climatic factor;

cf1 is the building’s height correction factor, 1 (cf; = 1) to 3 (cf; = 0.7) floors;

cf; is the site screening correction factor, for well shielded cases (cfy = 1,2), (cf; = 1) (cf, = 1)
or exposed dwellings (cf, = 0.9); and

cf3 is the sealing correction factor, which depends on the value of the exponent of leak 7.

This simplified extended model has been adopted to calculate the average infiltration flow in
Spain’s Mediterranean area, obtaining the value of climatic factor C via equivalence with US climates,
based on average temperature and wind speed. For the coefficients cf;, cf;, and cf3, a value equal
to 1 was adopted in all three cases. The type of infiltration opening was obtained from the mean
value of the flow exponent n = 0.59. The Vj,y air leak rate, necessary to calculate the energy impact,
was calculated based on the air permeability rate and the envelope surface area, as follows (Equation (7)):

Vinf = inf * Ak, 7)

where Af is the envelope area.

Once the value of the volume of air infiltration through the envelope or air leak rate Vj,r was
obtained to calculate the energetic impact, according to the annual average corrected by means of
equations (3-7), sensible and latent heats were quantified by means of the following Equations (8)
and (9):

Qs = Vinf' Ce-p- (T -Ty), 8)
where:

Qs is the energy impact value of the sensible heat of the air leak rate V;,s (W);

Vinf is the air leak rate (m3/h);
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C, is the specific heat of the air under normal conditions 0.349 Wh/kgK;

p is the density of air (kg/m?);

T, is the outside air temperature in degrees Kelvin (K), considered as the average annual value; and
T; is the air temperature inside the house (21 °C in winter and 24 °C in summer).

Q= Vinf -Co - P (We -Wy), )
where:

Qy is the energetic impact value of the latent heat of the air leak rate Vj,,r (W);

Cy is the heat of water vaporization (0.628 W/gvapour);

W, is the specific humidity of the external air taken as the annual average value (gvapour/kg);
Wi is the specific humidity of the indoor air (gvapour/kg)-

4. Results

The measurements of some thermal behaviour parameters of the materials used in the house’s
enclosures are presented in Table 2. They do not differ substantially from those obtained in other similar
publications [40]. In this way, the thermal transmittance U values of a typical enclosure, according to
Fourier or in steady state, were obtained following the values of surface thermal resistance and air
chambers established by the CTE.

Table 2. Thermal conductivity values according to UNE EN ISO 10456:2012 and measurements using

Mathis TCi equipment.
Materials of the Enclosure Layers Thlz(::ss ¢ Thermal‘;;:(;lmvuy A Thenn;}is;;d]\%tiwﬂy A

Multilayer coating Coteterm + Calcifin 0.5 121 0.27

Hollow ceramic brick 11.5 0.49 0.52

SuperPan Tech P5 water-repellent wood panel 15 0.76 0.75
Thermal isolation. Mineral wool 14.8 0.038 0.0334
Thermal isolation. Purone mineral wool 35 QN 19.8 0.038 0.0361
Riwega USB Tape 1 PE adhesive tape 0.05 0.17 0.183
Class 3 microcement pavement 2.0 138 1.392

Pieces of 90 x 60 cm porcelain stoneware 1.0 2.30 221
Polished concrete 3.0 1.63 1.652

With these values, we proceeded to make a theoretical calculation according to Fourier and A
values extracted from the UNE EN ISO 10456: 2012 standard, of the U thermal transmittances of
conventional enclosures. Table 3 shows the calculation for the opaque enclosure.

Table 3. U value of thermal transmittance for the opaque enclosure according to A values extracted
from the standard UNE EN ISO 10456:2012, established in the CTE.

Vertical Enclosure and Horizontal Flow Thermal Resistance
LAYERS Thickness A R
[m] [W/mK]  [m2K/W]
1 Exterior environment (Rse) 0.040
2 Multilayer coating Coteterm + Calcifin 0.005 1.21 0.004
3 SuperPan Tech P5 water-repellent wood panel 0.015 0.14 0.107
4 Thermal isolation. Mineral wool type IV 0.148 0.0334 4.428
5 SuperPan Tech P5 water-repellent wood panel 0.015 0.14 0.107
6 Interior environment (Rsi) 0.130
Ry = Sum R; [m2-K/W] 4.816
Ut = 1/Rt [W/(m2K)] 0.2075
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The U thermal transmittance measurements made using the sensors and Testo equipment
(Figure 6) are shown in Table 4, together with the comparison of the theoretical calculation results in
a steady state [36]. As shown, deviations ranging between 1% and 7% were detected. They are also
compared with the usual measurement results of enclosures in standard building types in the Spanish
Mediterranean area over the periods 1979-2006 and 20062019 [60].

Figure 6. Measurement of U thermal transmittance of the opaque house enclosure; 11 April 2019, 5 pm.

Table 4. Value of the U thermal transmittance according to A values extracted from the standard UNE
EN ISO 10456:2012 and according to measurements made using Testo equipment. Comparison with
other usual constructions.

Passivhaus House Standard House
U Value Testo 1979-2006 Period  2006-2019 Period
U Value .

W/m2K Equipment U Value U Value

W/m2K W/m2K W/m2K
Opaque 0.207 0.221 0.476 0.421
Glazing 2910 2.932 3.520 3.450
Roof 0.208 0.210 0.508 0.458
Ground 0.325 0.307 0.485 0.465

Regarding the air infiltration values from the Blower Door test, carried out in two phases dated
21 June 2018 and 3 October 2018 (Figure 7), the results are shown in Table 5. As can be seen, the average
value is 0.51 air changes per hour (ACH) at 50 Pa, a lower value than the maximum allowed by the PH
standard (Figure 8). In comparison with the values obtained for other buildings in the area, and in
other geographical parts of Spain, the value is significantly lower. It is between 600% and 1200%
below that of isolated single-family homes in the area built between 1979 and 2019, whose 15 values
are between 3 and 6 ACH [61].
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Table 5. Values of air infiltration through the envelope at 50 Pa. PH house compared to standard
housing types in the Murcia-Alicante area.

Passivhaus House Standard House
Valor 159 (ACH) Blower Door Test 1 Blower Door Test 2 1979-2006 2006-2019
50 21 June 2018 3 October 2018 Period Period
Depressurization 0.35 0.51 6.52 3.69
Pressurization 0.33 0.48 6.05 343
Average value (ACH) 0.34 0.49 6.23 3.56

Figure 7. Image during the Blower Door test; 3 October 2018.
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Figure 8. Results of the Blower Door test; 3 October 2018.
4.1. Energetic Impact of Heat Flow Through the Envelope

Once we obtained the enclosures’ U values of thermal transmittance, the values of indoor air
renewal rate according to CTE, air infiltration through the envelope, surface temperatures of the walls,
house occupancy, etc., we proceeded to simulate the house’s thermal behaviour using the Design
Builder tool (Figure 9) [29]. It was thus possible to analyse users’ feeling of comfort, the temperature
gradients in the rooms, and to compare the summer and winter energy demands depending on
the characteristics of the enclosures and the Blower Door test. Simulations could also be made by
modifying the technical characteristics of the enclosures [62], modifying the air infiltration rate factor
150, and other parameters [42]. As indicated, the interior air setpoint temperatures applied were 21 °C
in winter and 24 °C in summer.

Figure 9. Model of the house in Design Builder.

The schematic diagram of the air conditioning system and the aerothermal system, as well as solar
thermal panels to produce ACS, were also introduced into Design Builder. To adjust the simulation
parameters to the real data, or to calibrate the model, they were compared with indoor air temperature
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and surface temperature values that had been obtained through monitoring. The monitoring system
was designed using a wireless system. Temperature sensors were connected to small analysers
(“EL-WiFi-TC. Thermocouple Probe Data logger”). The “EL-WiFi-TH, temperature and humidity data
logger” analysers, with built-in sensors of temperature and relative humidity, interpreted the recorded
data and sent Wi-Fi signals to a "RouterOS" router, connected to a laptop [40]. By installing the software
“EasyLog Wi-Fi Software”, the data was received and stored in the computer. The climate file, including
external air temperatures, relative humidity, and solar radiation levels by means of a pyranometer
throughout the complete one-year cycle was obtained for the house in Molina de Segura and was
also introduced.

Figures 10-13 show Computational Fluid Dynamics (CFD) results obtained through the Design
Builder tool for 1 August 2018 at 3 p.m. and 1 February 2019 at 9 am. The climate differences between
summer and winter are remarkable. To perform the simulations, the summer period was established
from 1 May to 30 November and the winter regime from 1 December to 30 April. This division was
based on prior simulation results, with the resulting model calibrated according to data obtained by
monitoring the complete one-year cycle [63].

[ S SESSSS— — T | m—— ]
Velocidad 0,00 0,03 0,06 0,09 012 0415 018 021 024 027 0,30 033 (ms)
Tem 18,50 1875 19,00 1925 1950 19,75 20,00 2025 20,50 2075 21,00 2125 25  (©

Figure 10. Simulated (CFD) of the house’s thermal behaviour; 1 February 2019, 9 am.

T m— ]
z 0,12 0,18 021 024 027 0,30 033 (mis)
1875 13,00 1925 1950 19,75 20,00 2025 20,50 2075 21,00 2125 2150 (©

Figure 11. Simulated (CFD) of the house’s thermal behaviour; 1 February 2019, 9 am.
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Velocidad 0,00 0,05 0,10 0,15 020 025 030 035 040 045 0,50 055  (mis)
Temperatura 21,00 2150 200 250 2300 2350 24,00 24,50 25,00 25,50 26,00 2650  (©)

Figure 12. Simulated (CFD) of the house’s thermal behaviour; 1 August 2018, 3 pm.

Velocidad ; 005 0,10 015 020 025 030 035 040 045 050 055 (mis)
Temperatura 2100 2150 200 250 2300 2350 2400 24,50 2500 2550 2600 %650  (©

Figure 13. Simulated (CFD) of the house’s thermal behaviour; 1 August 2018, 3 pm.

Based on the Design Builder simulations, impact results on annual energy demand were obtained
for each housing type enclosure (Table 6). The climate file obtained in situ, by monitoring, was applied
to obtain more accurate simulation results. Heat flows through the window openings accounted for
almost 60% of the energy demand due to enclosure transmittance and 15% of the annual energy demand.

If we compare these results with those obtained for conventional housing constructions in
the area (Table 7), the annual energy demand reduction is reduced by 39%, a high value that is
mainly due to the breakage of thermal bridges and the increase in thickness of thermal insulation;
14.8 cm instead of the usual 4-6 cm [64]. The usual impact values of thermal bridges in conventional
houses account for 3%-5% of the energy loss through the enclosure, while in the case of the house
under study, this figure was reduced to 0.5% [65]. Simply by improving the enclosures’ thermal
insulation and thermal bridges, the application of the PH standard to the constructions on the Spanish
Murcia-Alicante Mediterranean coast would bring about annual energy demand reductions of around 5
to 8 kWh/m?2year. This represents between 10% to 14% annual energy savings and this latter percentage
would increase in the case of buildings built before the enforcement of the CTE.
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Table 6. Energetic impact values of the different types of enclosures.

Annual Energy
Surface m? Valuli W /mZKAmEl‘:]lh];:n:rgy Demand Percentage %
y Impact kWh/m?2yr

Fagade enclosure 181.79 0.2075 363.72 211 18.55
Window gap 40.09 291 1,124.07 6.49 57.31

Roof 173.20 0.2081 348.13 2.01 17.75

Contact with the ground 158.30 0.325 125.39 0.724 6.39

TOTAL 553.38 1,961.32 11.324 100

Table 7. Energetic impact values of the different types of enclosures.

Passivhaus House Standard House 1979-2006 Standard House 2006-2019

U Value Annual Energy U Value Annual Energy U Value Annual Energy

W/m2K Demand Impact W/m2K Demand Impact W/m2K Demand Impact

kWh/m?yr kWh/m?yr kWh/m?yr

Opaque 0.221 2.11 0.476 4.67 0.421 4.32
Glazing 2.932 6.49 3.520 7.85 3.450 7.21
Roof 0.210 2.01 0.508 493 0.458 4.19
Ground 0.307 0.724 0.485 1.27 0.465 0.98
TOTAL 11.324 18.72 16.71

4.2. Energetic Impact of Air Infiltration

The energetic impact of air infiltration was obtained by applying the methodology described in
Section 3.3. The values obtained are shown in Table 8. These values were also obtained in the Design
Builder tool, once the value obtained in the Blower Door test was entered in the model and calibrated
using the Persily-Kronvall estimate [59]. The table shows the values of the impact on annual energy
demand of the air infiltration through the envelope, which alters the interior air temperature and its
specific humidity [66]. The results for other conventional houses built in the same area have also been
introduced. The energy impact percentages obtained are significant.

Table 8. Energetic impact values of the different types of enclosures.

. Standard House Standard House
Passivhaus House 1979-2006 Percentage 2006-2019 Percentage
Test BD 159 0.49 6.23 3.56
Qs (kWh/mZyr) 1.377 9.543 4.971
Qi (kWh/m?yr) 4.016 27.837 14.553
Q¢ (kWh/m?yr) 5.393 37.379 14.43% 19.524 27.62%

The energy losses due to the air infiltration in the PH house analysed were between 5 and 7
times lower, leading to significant reductions in the percentage of impact on annual energy demand.
The annual energy demand was reduced between 14 and 32 kWh/m?yr, in percentage terms that is
between 72.38% and 85.57%. This represents a major percentage drop compared to the conventional
houses on the Mediterranean Murcia-Alicante coast.

4.3. Impact of Improvements of Thermal Transmittances and Air Infiltration on Annual Enerqy Demand

Once the results of thermal transmission (4.1) and air infiltration (4.2) were analysed, we could lay
them out in a table together with the energy demand values for summer, winter, and a year, obtained
from the Design Builder tool, for each of the three types studied (Table 9).
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Table 9. Comparison of the energy impact in relation to the annual energy demands of the three

housing types analysed.
House Type House Type
PH House Percentage 1979-2006 Percentage 2006-2019 Percentage

Energy demand in summer (kWh/mZyr) 14.321 50.64 4229

Energy demand in winter (kWh/mzyr) 12.126 35.19 29.88
Annual energy demand (kWh/mzyr) 26.447 30.81% 85.83 100% 66.57 77.56%
Energy losses through U transmission 11.324 42.82% 18.72 21.81% 16.71 25.10%

(kWh/m*=yr)

Energy losses through infiltration 5393 20.39% 37.379 43.05% 19.524 29.33%

Q¢ (kWh/mzyr)

Most notably, the annual energy demand of the PH house accounted for 30.81% of the usual value
for buildings in the Mediterranean region under study. Regarding the most recent buildings built
under the CTE umbrella, this percentage is 39.73% [57]. A drastic drop in energy consumption can be
observed. The energy losses due to enclosure transmittance and air infiltration in the PH house were
much lower, i.e., between 21.5 and 46 kWh m?yr. They represent major annual energy demand drops
for conventional housing on the Mediterranean Murcia-Alicante coast. The energy losses by infiltration
were also found to be around 30%-40% of conventional housing energy demands, while this value
was reduced to 20% in the case of the PH.

If we consider the values obtained in other studies, according to which the average impact of air
infiltration on annual energy demand is around 12 kWh/mzyr for Alicante, 10 kWh/mzyr for Malaga,
or 17 kWh/m?yr for Barcelona [61], we can conclude that by applying the PH standard and its technical
construction requirements, annual energy demand due to infiltration could be reduced by between
100% and 300%.

5. Conclusions

Quantifying the energetic impact of thermal transmission through enclosures and air infiltration
is decisive to adapt the Passivhaus standard to the Spanish Mediterranean region. When gaps
and glazing are designed to protect against solar radiation, overheating of indoor air and interior
surfaces can be avoided, making it easier to implement the standard. This design layout leads to
significant reductions in annual energy demand. Very thick thermal insulation could thus be applied
to the envelope, which would work very well in winter, with energy demands below 15 kWh/m?year
and optimal comfort conditions with a well-designed air conditioning system in summer. The annual
energy demand would not be too high, below 30 kW/m?yr, a much lower value than the usual
standards. Heat recovery systems relating to air renewal in summer, combined with the VRV system’s
air dehumidification, allow us to conclude the implementation of the standard could be generalised
in the area, with low energy consumption. Low air infiltration implies low dehumidification system
consumption, maintaining 50% of RH.

Highly satisfactory energy savings were obtained for the PH house under study, as follows:

e  Energy losses through enclosure transmittance were 11.324 kWh/m?yr, between 32% and 40%
lower than those obtained in the usual homes in the region;

e Losses due to air infiltration were very low, of 5.393 kWh/m?yr, given that the Blower Door test
produced a very low 159 value of 0.49 ACH. They were between 5 and 7 times lower than in
conventional homes in the area;

e  The annual energy demand of PH housing was 69.19% below the usual value for buildings in
the Mediterranean region. Regarding the most recent buildings built under the CTE umbrella,
the reduction was 60.27%.

In future studies, investments necessary to build the house will be quantified and compared to
conventional Murcia-Alicante coast standards. The energy saving values obtained in this study will be
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applied and the investments” amortisation period will be calculated. It will be possible to demonstrate
the adequacy of the Passivhaus standard to the Administrations and the necessary corrections to
apply the standard under the Spanish Mediterranean region climate. Policies proposing incentives to
implement these construction systems and specific installations would undoubtedly lead to significant
energy savings and thus reduce the environmental impacts deriving from the building and use of
residential developments.
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Abstract: The Passive House (PH) concept is considered an efficient strategy to reduce energy
consumption in the building sector, where most of the energy is used for heating and cooling
applications. For this reason, energy efficiency measures are increasingly implemented in the
residential sector, which is the main responsible for such a consumption. The need for professionals
dealing with energy issues, and particularly for architects during the early stages of their architectural
design, is crucial when considering energy efficient buildings. Therefore, architects involved in
the design and construction stages have key roles in the process of enhancing energy efficiency in
buildings. This research work explores the energy efficiency and optimized architectural design
for residential buildings located in different climate zones in Spain, with an emphasis on Building
Performance Simulation (BPS) as the key tool for architects and other professionals. According to a
parametric analysis performed using Design Builder, the following optimal configurations are found
for typical residential building projects: North-to-South orientation in all the five climate zones, a
maximum shape factor of 0.48, external walls complying with the maximum U-value prescribed by
Spanish Building Technical Code (0.35 Wm2K~!) and a Window-to-Wall Ratio of no more than 20%.
In terms of solar reflectance, it is found that the use of light colors is better in hotter climate zones A4,
B4, and C4, whereas the best option is using darker colors in the colder climate zones D3 and E1.
These measures help reaching the energy demand thresholds set by the Passivhaus Standard in all
climate zones except for those located in climates C4, D3 and E1, for which further passive design
measures are needed.

Keywords: energy efficiency; dynamic building simulation; passive house; building energy
performance; passive strategies

1. Introduction

Nowadays, a wide consensus has been achieved upon the importance of good architectural
design and its relationship with energy consumption [1]. As a matter of fact, energy efficiency in
the residential sector is one of the priority objectives of the European Union, which in the Directive
2010/31/EU requires 20% reduction in emissions of global warming gases, 20% reduction in energy
consumption, and 20% increment in the use of renewable energies with respect to 1990 levels [2].

It is estimated that energy savings up to 27% will be achieved in residential buildings by 2020 as
per Directive 2012/27/EU and Directive 2018/844/UE [3,4]. The impact of buildings is significant, and
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amounts to approximately 40% of global energy consumption and one third of global greenhouse gas
(GHG) emissions [5].

When it comes to the construction of dwellings in the Spanish Mediterranean area, what is found
is a general and widespread lower energy efficiency than other countries within the European Union
facing the Mediterranean basin [6].

In typical Spanish dwellings, energy consumption due to heating and cooling represents
approximately 48% of the total energy used [7]. To help architects and designers reduce the operational
energy consumption of buildings, the Spanish Technical Building Code (CTE) recommends the
application of a tool called LIDER-CALENER GT (HULC) [8,9]. Such a tool is used to verify the
compliance of the project with the prescriptions set by CTE’s basic document DB-HE, as well as for
evaluating the energy demand with respect to the DB-HE1’s requirements (item 2.2.1) regarding the
limitation of the energy demand in residential buildings.

In the light of the above, the Passive House standard is rapidly spreading all over the world with
approximately 25,000 passive houses in use worldwide [10]. Several authors [11-13] claim that they
can save up to 50% of the total primary energy consumption. A comparison between certified passive
houses and generic low-energy houses revealed that passive house CO, emissions were approximately
25-40% lower, with only a 5% of increase in initial construction costs [14].

Various studies indicate that passive design measures and orientation have a considerable influence
on energy efficiency, comfort and safety. There are several researches work whose objective is to discuss
the implementation of passive strategies in order to reduce the energy demand in buildings [15-17].

An adequate practice of passive design involves several aspects of building design [18,19] such as
the orientation of the main facades and windows, the choice of appropriate walls’ materials, thermal
insulation and Window-to-Wall Ratio (WWR), along with the design of shading devices and the
implementation of natural ventilation techniques [20-24].

The PH concept furthers the traditional passive building approach by improving thermal comfort
conditions at minimum energy costs [25]. The distinctive features of the PH standard, as prescribed in
the updated official website [26,27], are:

e Space heating demand: not to exceed 15 kWhm™2 annually or not to exceed 10 Wm™2 of
peak demand;

e Space cooling demand: matches the heat demand requirements with an additional,
climate—dependent allowance for dehumidification;

e  Primary energy demand: not to exceed 120 kWhm™2 annually for all domestic applications
(heating, cooling, hot water and domestic electricity);

e Air tightness: air leakages should be kept below 0.6 air changes per hour at 50 Pa pressure
difference (to assess on—site through a blower—door test).

e Thermal comfort for summer operation: a maximum of 10% of hours in a year exceeding 25 °C
can be accepted (overheating criterion);

e High thermal insulation values in all components of the building envelope (typical U values
between 0.6 and 0.15 Wm™2K"1).

The vast majority of passive structures have been built in northern and central European countries,
but there is a significant interest for research and development targeted to the adaptation of passive
houses under different climatic conditions, especially for the Mediterranean climate. In this sense,
the standard allows for exceeding the overheating temperature threshold of 25 °C for no more than
10% of the cooling period in warmer climates [28]. The main problem when adapting buildings on
the Mediterranean coast to the PH standard is that cooling needs must be taken into great account in
summer in addition to heating demands in winter [29]. This research aims to highlight the effectiveness
of the application of passive house principles on new buildings in the early design stage of residential
buildings projects in the Mediterranean zone. Applying the principles of passive design to new
buildings costs little or nothing while also responding to local climate and site conditions to maximize
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building users” comfort and health while minimizing energy use. Architects, designers, builders and
stakeholders have to be aware of the opportunity raising from incorporating the principles of passive
houses in the early stages of a project. Moreover, the large number of opportunities in the market
today makes necessary for architects and designers to have a tool to assist them in identifying the best
combinations for any specific situation [30] in order to determine which design strategy should be
pursued more actively to achieve better energy performance. In this context, energy simulation is a
powerful tool to improve building design [31]. The use of Building Performance Simulation Tools
(BPSTs) offers the architects and designers In general a thorough understanding of the impact of several
design variables [32]. This sort of simulations cannot be carried out using semi steady state tool like
the Passive House Planning Package (PHPP, [33]) when it comes to consider a building’s summer
behavior and thus inertial effects. With this in mind, parametric energy dynamic simulations were
performed to evaluate the effectiveness of passive house measures on new building design located in
Spain with different climate conditions.

Despite the importance of using BPSTs, most architects and designers committed to design passive
and low-energy buildings still do not use such tools, but rather rely on basic rules and environmental
design guidelines [34-36]. Due to this reason, communication with software developers is often
deficient [37]. Technical and non-technical barriers have been detected that prevent adopting BPSTs
in the context of design, and producing a usage gap that will only begin to be solved when users
will be prepared to properly interpret the results of simulations [38]. Since the late 1990s, software
developers and researchers have tried to provide efficient visualization systems in which designers can
easily compare and evaluate alternatives along with their proposals [39,40]. In order to understand the
results of a simulation and make design decisions based on them, there is a need to research these
aspects of architectural design [41,42]. There are examples of data visualizations which relate the
decision-making process of design with objectives [43]. A powerful and meaningful way to explore
several design solutions, and their impact on the resulting operational energy demand, is given by
a parametric analysis of selected key variables [44]. The parametric sensitivity analysis is used to
understand how the input parameters propagate through the model [45]; it is usually accomplished by
assigning ranges of values in order to “evaluate the influence or relative importance of each input and
output” [46]. In order to facilitate the interpretation of data, users must be provided with the ability to
compare and relate information [47]. In the following research work, two main objectives are taken into
account. The first objective is to provide building designers with suggestions for the achievement of
low-energy building design within the five climate zones in Spain through the use of passive strategies.
The second one is to help designers understand the complexity of the simulation outcomes through
graphic representations that relates the results of the simulations with architectural design decisions.

2. Methodology

The research aims to highlight the effectiveness of the application of passive house principles
on new buildings. To this purpose, parametric energy dynamic simulations were performed to
evaluate the effectiveness of passive house measures on new buildings located in Spain under different
climate conditions.

In this section, the different types of buildings representative of typical house dwellings in Spain
are first introduced and discussed. Then, the design parameters taken into account for running a
parametric analysis of different design options are presented. Finally, the different climate conditions
pertaining to several climate zones where the buildings are simulated are explained.

2.1. Building Types and Simulation Parameters

In order to consider the building types that are most representative of the residential building stock
in Spain, the classification resulting from the analysis of statistical data obtained from the Rehenergia
project [48] and from the Spanish National Statistics Institute (INE data base [49]) has been used, with
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a focus on multi-dwelling units (MDUs). This is why the resulting simulation space does not take into
account further variations possible through a brute-force parametric approach.

Table 1 shows the building types analyzed in this research. They are the AT1b with a prominent
linear shape, and the AT2 and AT3 types that are both cubic and hollow but show different shape
factors (i.e., different ratios of the heat transfer surface to the enclosed volume).

Table 1. Building types analyzed.

Building Types Dimensions (m) Volume (m3) Aext (m?) Shape Factor (—)
AT1b
Building A (60 x 15 x 11.20 m)
. . . P <
Linear Yvﬂ'hout hollow volurlnes, four < 10080 2580 0.26
storey, with an average dwelling area of
80 m? and height of 2.8 m
Building B
Tower with a hollow vo_lume, four storezy, 9531.20 2508.60 0.26
with an average dwelling area of 80 m
and height of 2.8 m
__ BuildingC (15 x 15 x 8.40 m)
Cubic building with a hollow volume,
? . 1755.60 847.40 0.48
three storey, with an average dwelling &L 4
area of 80 m? and height of 2.8 m \g{;ﬂ"

As mentioned in the introduction, the study is based on dynamic simulations carried out using
the Energy Plus software through the Design Builder graphical interface [50]. A total number of 300
simulations are accomplished. A first set of simulations-for a total number of 240 models-considers
the parametric variations of climate zones (5), building types (3), building orientation (4), U-values of
external walls (2) and their external solar reflectance values (2). For such group of simulations, the
parameter held constant is the Window-to-Wall Ratio (WWR), for which a constant value of 20% has
been used for all facades. On the other hand, the second set of simulations includes 60 models and
considers the parametric variations of climate zones (5), building types (3) and building orientation (4).
The parameters considered constant in this case are the WWR (40% for all the facades), the U-value for
the external walls (U = 1.58 Wm™2K~!) and walls solar reflectance (equal to 0.64). All these variations
are summarized in Figure 1.

Table 2 summarizes all the simulation parameters, mostly referring to the Spanish regulations in
force [6]. Simulations are carried out using the set back and set point temperature schedules presented
in Table 3, i.e., heating and cooling ideal loads air systems are supposed to be in use whenever needed
for keeping indoor air temperature within the temperature ranges set (17 to 20 °C in winter and 25 to
27 °C in summer respectively).

Table 2. Parameters variation assessed in the simulations.

Design Parameters Abbreviations
Building type A,B,C
Building rotation with respect to the North (°) 0°,60°,90°,120°
U—values of the external walls (Wm~2K~1) E, =1.58,E, =0.35
Solar reflectance (Albedo, adimensional) a1 =0.64,4, =02
Window—to—wall ratio (WWR, %) W1 =20%, Wy =40%
Climate zone A4,B4,C4,D3,E1
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Figure 1. Simulated models according to the parameters and their nomenclature.

Table 3. Simulations schedules.

Hours 1-7 8 9-15 16-18 19 20-23 24
Cooling temperature (°C)
June to September 27 — — 25 25 25 27
Heating temperature (°C)
January to May 17 20 20 20 20 20 17
October to December 17 20 20 20 20 20 17
Sensible heat from occupants (W/m2)
Weekdays 2.15 0.54 0.54 1.08 1.08 1.08 215
Weekends 2.15 215 215 2.15 215 2.15 215
Latent heat from occupants (W/m?)
Weekdays 1.36 0.34 0.34 0.68 0.68 0.68 1.36
Weekends 1.36 136 1.36 1.36 1.36 1.36 1.36
Lighting (W/m?)
Everyday 0.44 1.32 1.32 1.32 22 44 22
Equipments (W/m?)
Everyday 0.44 1.32 1.32 1.32 22 44 22

The first parameter considered is the orientation. The different orientations selected for the models
are taken from the Spanish Building Technical Code (SBTC). In order to define the type of orientation
of the different models, the 0° value corresponds to the East-West orientation whereas the 60° value
corresponds to the Northeast-Southwest orientation. In addition, the value equal to 90° corresponds to

the North-South orientation and the 120° value is related to the Northwest-Southeast orientation.
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The second parameter considered is the overall heat transfer coefficient (U-value, Wm K1),
which determines the heat loss through the unit area of the envelope elements. It is common that
regulations impose a maximum U-value to control the heat loss of buildings and thus ensure reduced
energy consumption for heating and cooling. Since 68% of the current building stock in Spain was
constructed before 1979 [51], two different thermal transmittance values are considered for the external
walls, while keeping the U-values pertaining to the roof and to the windows as constant. The value
of 1.58 Wm~2K~! corresponds to those buildings constructed before the above mentioned regulation
came into force, and the value of 0.35 Wm 2K~ that corresponds to those built later. Table 4 describes
all the transmittance values of walls, roof, and windows in order. Roof with a slope wasn’t analyzed
because its parametric modeling can cause numerical problems during the simulations [52-54].

Table 4. Constructive characteristics of the building envelope with their parametric variations.

Envelope Component Layers U-value (Wm~—2K-1)

1) External Brickwork 105 mm
Emissivity (e): 0.9

Solar reflectance (4):

a1 =0.644,=02

Visible absorptance: 0.7

2) Standard Insulation 5.7 mm
3) Internal Brickwork 105 mm
4) Internal Plaster 13 mm

1.58
(not meeting the SBTC
prescriptions)

External walls E1

1) Lightweight metal cladding e = 6 mm

Emissivity: 0.52

Solar reflectance (a): 0.35

4, =064a,=02 (meeting the SBTC prescriptions)
2) XPS Extruded Polystyrene 90 mm

3) Gypsum Plasterboard 13 mm

External walls E2

1) Clear glazing 3 mm 1.96
2) Air gap 13 mm (Table 2.3, meeting the SBTC
3) Clear glazing 3 mm prescriptions)

Windows
(Constant Value)

Ceramic tile 20 mm

Mortar 20 mm

Waterproof coating 5 mm
Light—aggregate concrete 100 mm

)
1)
2)
3)
4)

Roof 5) Prefab hollow slab floor 200 mm
6)
7)
8)
9)

(Constant Value)

0.34

Gypsum plaster 15 mm (meeting the SBTC prescriptions)

Air gap 100 mm
Rock wool 80 mm
Laminated gypsum board 15 mm

As far as solar reflectance is concerned, two different values have been considered: a4, = 0.64 that
corresponds to a light beige color, and the value &, = 0.2 that corresponds to a generic darker color.

The last parameter varied during the simulations is the Window-to-Wall Ratio (WWR). The WWR
in the facade is a determining factor in terms of heat gains and losses through glazed surfaces. In order
to define this variable, SBTC 2006 is taken as a reference. The percentages selected range from 21 to 30%
and from 31 to 40%. It is considered that these values cover the usual spectrum of WWR in Spain [9].

2.2. Selection of Different Climate Zones

Research indicates that improving the insulation of buildings or saving the energy obtained from
conventional sources must not be abandoned [11-13] Therefore, buildings with solar and cooling
adaptation systems must be built since they are more effective in a climate like that of Spain. During
the coldest winter month, i.e., January, 50% of Spanish cities could be heated with active and passive
solar energy throughout the day. The remaining would need conventional heating only during the
night. In an average winter month, such as November or March, 90% of the Spanish cities could be
heated with solar contributions from passive and active systems. 80% of them would be worth heating
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only with passive solutions during the central hours of the day. In the hottest months, such as July
in the interior zone or August on the coast areas, comfort conditions can be obtained in buildings by
means of ventilation in the wettest areas, i.e., 26% of the cities. 56% of the other cities could be heated if
buildings were capable of maintaining nighttime temperatures during the day. This is possible because
the oscillation of temperatures ranges from 16 °C to 23 °C. Therefore, very few cities in Spain would
need to consume energy in air conditioning under good conditions of mass and thermal inertia in
buildings [16].

The climate zones established in the Basic Document of Energy Saving pertaining to the Technical
Building Code (DB-H) [9] have been identified according to expected energy demand of buildings and
gave rise to a total of 17 zones. Twelve of these zones are peninsular zones (established since 2006),
namely those tagged as A3, A4, B3, B4, C1, C2, C3,C4, D1, D2, D3, and E1. In 2013, five specific climate
zones were introduced corresponding to the Canary Islands (Alpha 1, 2, and 3, A2, and B2).

The nomenclature used defines the zones with a combination of its Winter Climate Severity (letter,
«, A, B, C, D, E from the mildest to the coldest winter), and its Summer Climate Severity (number, 14,
from the mildest to the hottest summer). The concept of climate severity is defined as the ratio of the
energy demand of a building to that of the same building in a reference location.

In this work, five climate zones out of the 17 zones are selected. The maximum numerical value
(numbers 1 to 4) is selected within each climate zone. It corresponds to the highest temperatures during
the summer. Therefore, the selection of zones A4, B4, C4, D3, and E1 is considered. The representative
cities for each zone are Almeria (latitude 36.85, longitude —2.38) within zone A4 and Seville (latitude
37.42, longitude -5.9) within zone B4. Caceres (latitude 39.47, longitude —6.33), Madrid (latitude 40.45,
longitude -3.55), and Burgos (latitude 42.35, longitude —3.67) are considered within climate zones C4,

D3, and E1 respectively (see Figure 2).
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Figure 2. Spanish climate zones with the study ones highlighted.

Table 5 lists the main features of the selected climate zones. Their Heating Degree Days (HDD)
and Cooling Degree Days (CDD) are first calculated on the basis of 20 and 25 °C respectively, while
dry bulb temperature, relative humidity and global horizontal radiation values are presented for both
the summer (from June to September) and the winter (January to March and October to December)
periods as average seasonal values.
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Table 5. Main characteristics of the different climates.

K Gei Dry Bulb Relati HGI'Obalt 1 Wind Speed
oppen-Geiger elative orizonta ind Spee
SBTC lél;assif. “g HDD20®  CDD.25" Tempoeé)ature Humidity (%) Radiation (ms’ll; ¢
( (Whm-2h-1)
Winter
A4 Cfa 1236 - 15.49 57.06 195.47 245
B4 Csa 1527 - 14.12 55.81 180.41 3.35
C4 Bsk 2088 - 11.56 56.38 142.36 3.10
D3 Cfa 2695 - 8.97 55.56 148.96 1.92
E1 Cfb 3234 - 6.69 56.44 143.37 4.65
Summer
A4 Cfa - 255 2448 38.13 281.01 2.78
B4 Csa - 219 24.46 35.50 280.89 3.56
C4 Bsk - 256 22.82 38.00 264.01 252
D3 Cfa - 172 22.82 35.38 263.48 1.72
El Cfb - 32 17.99 37.88 223.46 4.54

@ Koopen Classification according to Iberian Climate Atlas, by AEMET. b These data are extracted from Energy
+ Weather Data, with which the simulations have been accomplished as per SBTC Spanish Standard.© AEMET
https://datosclima.es/Aemethistorico/Vientostad.php year 2018.

3. Results and Discussion

This section presents the results of the 300 simulations carried out for the different climate zones.
The best and worst thermal models for each climate conditions are shown and commented, as well
as the characteristics that mostly influence their energy demand. Finally, a comparison of the results
according to the different climates and with respect to the PH standard compliance is reported.

3.1. Models Calibration and Graphical Presentation of the Results

As a measure of quality control of the simulations outcomes, the results of this research have been
preliminary checked against the values established by the Spanish Institute of Energy Diversification
and Saving (IDAE), which has determined the energy consumption and costs of the Spanish households
thanks to in situ measurements of about 600 households in different climate zone of Spain. Such
values can be considered as reference for both the heating and cooling demands in multi—dwelling
units [55,56]. The Design Builder (DB) values presented in Figure 3 correspond to the average of the
300 models simulated. As it can be seen, the average values obtained with DB simulations are very
close to those obtained from IDAE. The biggest difference is found when estimating the space heating
demand in climate zone A4 (18% difference).
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Figure 3. Comparison of total energy demand Q [kWh/m?] with validated IDAE models.
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Given the high number of simulations and the amount of resulting data, great attention has
been paid also to the presentation of the results in a concise manner. As the purpose of this study is
to examine the energy demand linked to the architectural design, the results are presented mainly
through histograms and relying on the nomenclature and symbols defined in Section 2.1 that help to
link the design strategy with the numerical results. The value equal to 15 kWhm™2, and relevant to
the PH standard energy demand threshold, has also been reported in the graphs in order to easily
appreciate the fulfillment of the requirement.

Finally, the criterion chosen for defining the best design solution is that of the lowest energy
demand for cooling (Q-cool), heating (Q-heat) and total (heating and cooling, Q). The opposite applies
for identifying the worst design solutions.

3.2. Climate Zone A4

Figure 4 shows that the lowest heating energy demand is associated to model A
(Q-heat = 0.84 kWhm™2) when rotated 90° using envelope E2 (U = 0.35 Wm2K™!), as well as a
WWR equal to W1 (20%), dark colors &, (0.2), and a lower shape factor (0.26). On the other hand, the
lowest cooling energy demand (Q-cool = 8.06 kWhm™2) is associated to model B when rotated 0° and
90° using envelope E1 (U = 1.58 Wm™2K™1), as well as a WWR equal to W1 (20%), light colors &; (0.8),
and a lower shape factor (0.26). Therefore, the optimal design parameters when considering both the
heating and the cooling energy demands happen to occur when lower shape factors (0.26) and a lower
WWR (20%) are taken into account.
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Figure 4. Heating and cooling energy demand in climate zone A4.

The worst model when considering the heating energy demand (Q-heat = 23.80 kWhm2)
corresponds to model C when rotated 120° from the North using envelope E1 (U = 1.58 Wm™2K"!), as
well as a WWR equal to W1 (20%), light colors 4; (0.8), and a greater shape factor (0.48). As for the
cooling energy demand, the highest value (Q-cool = 28.02 kWhm™2) is associated to model C when
rotated 60° and 120° from the North using envelope E1 (U = 1.58 Wm™2K™1), as well as a WWR equal
to W2 (40%), light colors &; (0.8), and a greater shape factor (0.48). Due to this fact, the higher the
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WWR (0.48), the greater the amount of solar radiation penetrating the interior of the building and
therefore the more cooling energy demand needed [55].

On the other hand, when it comes to the appraisal of the total energy demand, the best model
coincides with the best one pertaining to the lowest heating energy demand, except for the solar
reflectance (4). In this particular case, the best model includes using light facade colors (a; = 0.8)
with a value of the overall consumption equal to Q = 14.17 kWhm~2. However, the worst model
corresponds to model C (Q = 39.80 kWhm~2) when rotated 60° and 120° from the North using envelope
E1 (U = 1.58 Wm™2K™1), as well as a WWR equal to W2 (40%), light colors & (0.8), and a greater shape
factor (0.48). Therefore, the worst model with regard to the total energy demand coincides with the
lowest cooling energy demand.

3.3. Climate Zone B4

Figure 5 shows the analysis of the results pertaining to climate zone B4. The best model within
zone B4 regarding the lowest heating energy demand is associated to model A when rotated 90° using
envelope E2 (U = 0.35 Wm2K1), as well asa WWR equal to W1 (20%), dark colors &, (0.2), and a lower
shape factor (0.26). It corresponds to the same model and characteristics relevant to that of climate zone
A4. In this particular case, the value of the heating energy demand equals 2.81 kWhm 2. Such value
doubles that of climate zone A4. As for the best model pertaining to the lowest cooling energy demand,
it is associated to model B when rotated 0° and 90° using envelope E1 (U = 1.58 Wm™2K™1), as well
as a WWR equal to W1(20%), light colors a1 (0.8), and a lower shape factor (0.26). It also coincides
with the best model relating to climate zone A4 (Q-cool = 7.69 kWhm™2), being slightly lower than the
cooling energy demand relevant to climate zone A4.
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Figure 5. Heating and cooling energy demand in climate zone B4.

The worst model considering the highest heating energy demand (Q-heat = 38.44 kWhm™2)
corresponds to model C when rotated 60° using envelope E1 (U = 1.58 Wm™2K™1), as well as a WWR
equal to W1 (20%), light colors &; (0.64), and a greater shape factor (0.48). In this particular case, the
worst model is rotated 60° whereas the worst one is rotated 120° when considering climate zone A4.
All the remaining parameters are equal to those pertaining to climate zone A4. The highest cooling
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energy demand (Q-cool = 26.97 kWhm™?2) is associated to model C when rotated 60° and 120° using
envelope E1 (U = 1.58 Wm™2K™!), as well as a WWR equal to W2 (40%), light colors a1 (0.64), and a
greater shape factor (0.48).

As for the total energy demand (Q = 16.05 kWhm™2), the best model does not coincide with
the value obtained in the case of the heating energy demand, since the envelope is different. Due to
this reason, light colors are recommended. In addition, the worst model in terms of the total energy
demand within this climate zone (Q = 50.26 kWhm2) corresponds to model C when rotated 60° and
120° using envelope E1 (U = 1.58 Wm2K™1), as well as a WWR equal to W2 (40%), light colors &;
(0.64), and a greater shape factor (0.48).

3.4. Climate Zone C4

Figure 6 shows the analysis of the results pertaining to climate zone C4. The best model within
zone C4 is the same as those obtained within climate zones A4 and B4. The lowest heating energy
demand (Q-heat = 11.16 kWhm™2) is associated to model A when rotated 90° and using envelope E2
(U = 0.35 Wm2K™1), as well as a WWR equal to W1 (20%), dark colors 4, (0.2), and a lower shape
factor (0.26). The lowest cooling energy demand (Q-cool = 4.3 kWhm™2) is associated to model B when
rotated 0° and 90° and using envelope E1 (U = 1.58 Wm™2K '), as well as a WWR equal to W1 (20%),
light colors &; (0.64), and a lower shape factor (0.26).
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Figure 6. Heating and cooling energy demand in climate zone C4.

Considering the heating energy demand, the worst model coincides with that of climate zone B4
(Q-heat = 70.11 kWhm™2). It corresponds to the highest heating energy demand associated to model C
when rotated 60° and using envelope E1 (U = 1.58 Wm—2K™1), as well as a WWR equal to W1 (20%),
light colors 4, (0.64), and a greater shape factor (0.48) (i.e., C-60°-E1w14;). As for the cooling energy
demand, it coincides with the worst model pertaining to climate zones A4 and B4. The highest cooling
energy demand (Q-cool = 18.43 kWhm™2) is associated to model C when rotated 60° and 120° and
using envelope E1 (U = 1.58 Wm2K-!), as well as a WWR equal to W2 (40%), light colors & (0.64),
and a greater shape factor (0.48) (i.e., C-60° and 120°-E1w24;).
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As for the total energy demand (Q), the optimal model coincides with those of climate zones A4
and B4. This configuration is given by model A (Q = 20.33 kWhm™2) when rotated 90° and using
envelope E2 (U = 0.35 Wm-2K-1), as well as a WWR equal to W1 (20%), light colors &; (0.64), and a
lower shape factor (0.26) (i.e., A-90°-E2w14;). However, the worst model in terms of the total energy
demand within this climate zone C4 does not coincide with those of the remaining climate zones. The
highest value of the total energy demand corresponds to model C (75.23 kWhm2) when rotated 60°
and using envelope E1 (U = 1.58 Wm~2K™1), as well asa WWR equal to W1 (20%), light colors a; (0.64),
and a greater shape factor (0.48). (i.e., C-60°-E1w141). Therefore, the worst model with regard to the
total energy demand does not correspond to the worst one relevant to the cooling energy demand.
This difference lies in the WWR. In fact, the worst model corresponds to a lower WWR (20%) whereas
the worst model when considering climate zones A4 and B4 corresponds to a greater WWR (0.48).

3.5. Climate Zone D3

Figure 7 shows the analysis of the results pertaining to climate zone D3. The lowest heating
energy demand within zone E1 is the same as those obtained within climate zones A4, B4, and C4. It
corresponds to model A when rotated 90° and using envelope E2 (U = 0.35 Wm2K™!), as well as a
WWR equal to W1 (20%), dark colors 4; (0.64), and a lower shape factor (0.26). This corresponds to the
model A-90°-E2w14, with a value of the heating energy demand equal to 20.29 kWhm~2. However,
the lowest cooling energy demand within zone D3 corresponds to model B (Q-cool=4.29 kWhm~2)
when rotated 0° and 90° and using envelope E1 (U = 1.58 Wm2K™!), as well as a WWR equal to W1
(20%), light colors a1 (0.64), and a lower shape factor (0.26), i.e., B-0° and 90°-E1w1al.
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Figure 7. Heating and cooling energy demand in climate zone D3.

The highest heating energy demand within zone D3 is the same as that of climate zone A4.
This model corresponds to a greater value of the heating energy demand associated to model C
(Q-heat=98.51 kWhm~2) when rotated 120° and using envelope E1 (U = 1.58 Wm™2K1), as well as a
WWR equal to W1 (20%), light colors &; (0.64), and a greater shape factor (0.48) (i.e., C-120°-E1lw14,).
The highest cooling energy demand (Q-cool = 18.44 kWhm™2) coincides with those of climate zones
A4, B4, and C4. In this case it corresponds to a greater value of the cooling energy demand associated
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to model C when rotated 60° and 120° and using envelope E1 (U = 1.58 Wm™2K"!), as well as a WWR
equal to W2 (40%), light colors a1 (0.64), and a greater shape factor (0.48) (i.e., C-60° and 120°-E1w24,).

With regard to the total energy demand (Q), the best model is different from those of the climate
zones previously considered. In this particular case, such best model corresponds to model A
(Q =29.41 kWhm™2) when rotated 90° and using envelope E2 (U = 0.35 Wm™2K™1), as well asa WWR
equal to W1 (20%), dark colors &, (0.2), and a lower shape factor (0.26). For the first time the use of
dark colors results in a reduction of the overall consumption. On the other hand, the worst model
does not coincide with the one defined for zone C4. In this particular case, it corresponds to model
C (Q=103.63 kWhm~2) when rotated 120° and using envelope E1 (U = 1.58 Wm~2K™!), as well as a
WWR equal to W1 (20%), light colors &; (0.64), and a greater shape factor (0.48) (C-120°-E1w14ay). The
orientation in this case is 120° whereas that of zone C4 is 60°.

3.6. Climate Zone E1

Figure 8 shows the analysis of the results pertaining to climate zone E1. The lowest heating
energy demand within zone E1 is the same as those obtained within all the climate zones previously
considered. It corresponds to model A-90°-E2w14, with a value of heating energy demand equal to
30.14 kWhm 2. However, the lowest cooling energy demand within zone E1 corresponds to model C
(Q-cool = 0.14 kWhm~2) when rotated 90° and using envelope E1 (U = 1.58 Wm™2K™1), as well as a
WWR equal to W1 (20%), light colors 4; (0.64), and a greater shape factor (0.48).
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Figure 8. Heating and cooling energy demand in climate zone E1.

The highest heating energy demand within zone E1 is the same as that of climate zone
D3. This worst model corresponds to the highest heating energy demand associated to model
C (Q-heat=126.04 kWhm~2) when rotated 120° using envelope E1 (U = 1.58 Wm2K™1), as well as a
WWR equal to W1 (20%), light colors 4; (0.64), and a greater shape factor (0.48). The worst model in
terms of the cooling energy demand (Q-cool = 4.01 kWhm™2) is different from the rest of the zones
analyzed previously. In this case it corresponds to the highest cooling energy demand associated to
model C when rotated 120° and using envelope E2 (U = 0.35 Wm2K™!), as well as a WWR equal
to W1(20%), dark colors &, (0.8), and a greater shape factor (0.48). The parameter varied is the

39



Sustainability 2019, 11, 4816

transmittance of the wall E2 (U = 0.35 Wm2K™!). In the previous climate zones, it corresponds to the
value E1 (U = 1.58 Wm™2K™1).

The lowest total energy demand within zone E1 is the same as that of zone D3. The best
model corresponds to model A (Q = 31.67 kWhm™2) when rotated 90° and using envelope E2
(U =0.35 Wm2K™1), as well as a WWR equal to W1 (20%), dark colors &, (0.2), and a lower shape
factor (0.26). On the other hand, the highest total energy demand is that of zone D3. In this particular
case it corresponds to the highest total energy demand associated to model C (Q = 126.19 kWhm™2)
when rotated 120° using envelope E1 (U = 1.58 Wm™2K™1), as well asa WWR equal to W1 (20%), light
colors &; (0.64), and a greater shape factor (0.46). Both models are similar to that of climate zone D3.

3.7. Climates Cross-Comparison

Table 6 shows the comparison between the optimal models and the worst ones with respect to the
different climate zones. The results show how building A, which corresponds to a linear block, is the
optimal shape with regard to the heating energy demand and the total energy demand. They also
indicate that model C, which is the one with the greatest shape factor (0.48), presents the highest energy
demand values. Heating in Spain is the main responsible for energy consumption. In colder climates
such as E1, the amount of heat loss through the envelope is greater than the amount of heat that can be
gained when increasing the external surface receiving solar radiation. Therefore, a proportionality is
established between the increment of the shape factor (i.e., with a lower index of compactness) and
the increment of the energy needed for heating [57]. Accordingly, this research work shows that the
optimal model is that with the lowest shape factor.

Table 6. Summary of the best and worst configurations for each climate.

Best Models Worst Models
Climate zone Q_heat Q_cool Q Q_heat Q_cool Q
Ad A-90°- B-0/90°- A-90°- C-120°- C-60°/120°- C-60° and
E2wla, Elwla, E2wla, Elwla, Elw2a, 120°-E1lw2a;
B4 A-90°- B-0/90°- A-90°- C-60°- C-60°/120°- C-60° and
E2wla, Elwla; E2w14; Elwla; Elw24; 120°-E1w24;
c4 A-90°- B-0/90°- A-90°- C-60°- C-60°/120°- C-60°-
E2wla, Elwla; E2wl4; Elwla; Elw24; Elwla;
D3 A-90°- B-0/90°- A-90°- C-120°- C-60°/120°- C-120°-
E2wla, Elwla; E2wla, Elwla; Elw24; Elwla;
Bl A-90°- C-0/90°- A-90°- C-120°- C-120°- C-120°-
E2wla, Elwla; E2wla, Elwla; E2w24; Elwla;

As for the orientation, the North-South orientation (0° and 90°) of the main fagades is the best
one. The design of buildings oriented to the North-South axis is recommended, with the largest facade
oriented to the south. Orientation is one of the parameters that has the most impact on the design
of buildings. Most books, guides or manuals on passive solar techniques recommend a southerly
orientation, although consensus is based on the fact that the best option is an orientation of 20-30° to
the south [58]. This has to do with the fact that the southern side of a building receives the maximum
amount of solar radiation whereas the northern side receives the minimum amount of solar radiation
(i-e., just its diffuse component).

Accordingly, in the current research, the optimal orientation found in the five climate zones for
models A, B and C is 90° (North-South), the best model being A while the worst being C.

As for the thermal transmittance of the external walls, the best configuration is that complying
with the SBTC (0.35 Wm™2K™!) and showing the lowest WWR (20%). In terms of solar reflectance, it is
found that in climate zones A4, B4, and C4 the use of light colors is better, whereas in climate zones D3
and E1 the best option is using darker colors.

On the other hand, the worst configuration is found for the C-60° and 120° from the North model,
with walls U-value not complying with the SBTC prescriptions (1.58 Wm~=2K™!). Regarding the WWR,
in zones A4 and B4 the use of larger WWR'’s is unfavorable, while the use of lower WWR is unfavorable
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when considering zones C4, D3, and E1. With respect to solar reflectance, it is pointed out that the
worst case is given by the use of light colors in all climates.

3.8. Sensitivity Analysis of the Most Important Parameters

This section comments the results of a sensitivity analysis carried out on the parameters architects
and design professionals should particularly take care of as they mostly affect the energy needs of the
buildings: WWR, solar reflectance and U-values of the external walls.

Figure 9 analyzes the variations of these parameters according to all the climate zones, with
positive values expressing an increase and negative values indicating reductions.

The graphic is divided into three parts; each of them corresponds to a specific variation in the
architectural design. The first variation corresponds to the reduction of the WWR from 40% to 20%,
and is depicted in the top row.

The second one is the variation from light to darker color when the thermal transmittance of the
envelope meets SBTC prescriptions. The base model has a value of 4; equal to 0.64, while the final
model has a value &, equal to 0.2. The third variation is that from a light color to a darker one when
the thermal transmittance does not comply with SBTC.

Figure 9 shows that, when the WWR is reduced (top row), the heating energy demand gets
increased. The increments obtained in the different climates are of 6.91 kWhm™2 for climate zone
A4, 8.29 kWhm™2 for climate zone B4, 7.73 kWhm 2 for zone C4, 8.35 kWhm ™2 for zone D3 and
8.02 kWhm 2 for climate zone E1.

The second variation (i.e., middle row) corresponds to the shift from light to dark colors when
the thermal transmittance of the envelope does not meet the SBTC requirements. It is found that in
such particular case the cooling energy demand increases as following: in climate A4 of 0.78 kWhm~2,
in climate B4 of 0.73 kWhm™2, in climate C4 the increase is of 0.47 kWhm ™2, while for climates D3
and E1 they amount to 0.46 kWhm™2 and 0.14 kWhm™2 respectively. On the other hand, it can be
noted that the heating energy demand gets reduced in a range of 1.3 kWhm™2 for climate zone A4 to
1.88 kWhm™2 for climate zone E1.

Finally, the third variation corresponds to a shift from light to dark colors when the thermal
transmittance does not comply with the SBTC requirements. It is found that the heating demand gets
reduced of the following amount: 0.59 kKWhm~2 in climate zone A4, 0.58 kWhm 2 in climate zone B4,
0.53 kWhm™2 in climate zone C4, 0.52 kWhm2 in climate zone D3 and 0.31 kWhm 2 in climate zone
E1. On the other hand, the cooling energy demand increases in a range of 0.12 kWhm™2 for climate
zone A4 to 0.45kWhm 2 for climate zone E1.
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4. Compliance with the PH Standard

This section deals with the compliance of the simulated models with the PH threshold of
15kWhm~2 for heating and cooling purposes. Red values shown in Figure 10 correspond to the heating
values that are lower than the PH standard, while the blue values correspond to the cooling values
meeting the PH standard.

C.Z. A4 C.Z. B4 C.Z.C4 C.Z.D3 C.Z. E1
Building Typemodel Q-heat Q-cool Q-heat Q-cool Q-heat Q-cool Q-heat Q-cool Q-heat Q-cool
Rotation 0 A-Elw2al 442 2390 995 23.30 2540 16.61 4080 16.60 56.77 3.78

A-Elw1al 9.64 1121 17.06 10.78 3390 646 5066 647 67.01 046
A-Elw1a2 8.54 1255 15.64 12.10 3224 745 4869 747 6487 067
A-F2w1lal 151 1725 421 16.97 1228 12.05 21.74 12.01 3152 247
A-E2w1a2 138 1787 3.99 17.60 1191 1258 2126 1253 3094 2.70
Rotation 60 A-Elw2al 340 18.86 8.8 18.43 2442 1250 39.62 1249 5582 217
A-Elw1al 8.83 9.16 16.09 8.82 3346 5.06 5022 507 6669 024
A-Elw1a2 7.68 1026 14.58 9.91 3177 580 48.19 580 6453 036
A-E2w1al 1.08 14.65 3.35 14.46 11.81 992 2116 9.88 31.02 1.73
A-E2w 142 0.97 15.18 3.13 14.99 1143 10.36 20.64 1032 3043 1.90
Rotation 90 A-Elw2al 3.14 1625 7.65 15.84 2391 1045 39.00 1044 5535 1.52
A-Elw1al 8.54 8.08 1571 7.76 33.14 441 4991 438 6643 0.15
A-Elw1a2 739 9.03 14.18 8.68 3141 502 4784 498 6422 024
A-E2w1lal 094 1324 3.02 13.03 1154 879 2083 873 30.74 139
A-E2w 142 0.84 13.70 281 13.49 1116 9.17 2029 9.2 30.14 1.52
Rotation 120 A-Elw2al 3.61 19.19 852 18.64 2462 1282 3888 1279 5620 229
A-Elw1al 898 927 1627 8.88 3353 518 5031 515 6682 026
A-Elw1a2 784 1038 14.77 9.97 3182 592 4827 590 6465 038
A-E2w1lal 114 1477 348 14.49 1189 10.04 2123 997 3119 178
A-E2w1a2 1.03 1529 3.27 15.03 1151 1048 20.75 1041 30.61 1.95

\

/

Rotation 0 A-Elw2al 459 1721 10.20 16.66 26.71 11.04 4237 1105 5852 1.59
A-Elw1lal 1005 8.06 17.67 7.69 3478 430 5152 429 6775 0.14
A-Elw1a2 9.16 888 16.51 8.48 3351 482 5003 482 6613 021

A-E2w1al 130 1372 3.67 13.46 1176 911 21.04 9.07 3059 142
A-E2w 142 121 1414 3.50 13.89 1147 945 20.65 939 30.14 1.55
Rotation 60 A-Elw2al 477 1797 1047 17.40 2696 11.64 4264 1165 5880 1.79
A-Elwlal 10.19 835 17.83 7.98 3493 448 5166 448 6789 0.16
A-Elw1la2 9.30 921 16.68 8.81 33.67 502 5017 504 6629 024
A-E2w1al 137 1412 3.79 13.86 1189 944 2118 940 30.73 1.53
A-E2w1a2 127 1456 3.63 14.30 1160 9.79 2079 9.75 3028 1.66
Rotation 90 A-Elw2al 459 1721 10.20 16.66 26.71 11.04 4237 1105 5852 159
A-Elw1lal 1005 8.06 17.67 7.69 3478 430 5152 429 6775 0.14
A-Elw1a2 9.16 888 16.51 8.48 3351 482 5003 482 6613 021
A-E2w1al 130 1372 3.67 13.46 1176 9.1 21.04 9.07 3059 142
A-E2w1a2 121 1414 350 13.89 1147 945 20.65 939 30.14 1.55
Rotation 120 A-Elw2al 479 1797 1048 17.38 2698 1165 4272 1166 5889 179
A-Elw1lal 1021 836 17.83 7.98 3493 449 5169 448 6793 0.16
A-Elw1a2 931 922 16.69 8.81 33.67 5.03 5021 505 6633 024
A-E2w1al 137 1413 3.80 13.85 1187 944 2122 940 3079 153
A-E2w1a2 128 1457 3.63 14.30 1161 981 20.83 9.76 3034 1.66
Rotation 0 A-Elw2al 11.34 26.61 2270 25.56 54.10 1728 80.89 17.31 108.66 3.04
A-Elwlal 2347 9.63 38.10 8.99 69.77 481 9820 478 12571 0.12
A-Elw1a2 21.27 11.16 3543 10.42 6693 571 9493 570 12224 0.20
A-E2w1al 259 2193 6.53 21.48 19.89 1523 3298 15.17 47.04 3.26
A-E2w1a2 2.39 2290 6.19 22.46 19.31 16.06 3221 1599 46.14 3.65
Rotation 60 A-Elw2al 11.78 28.02 23.29 26.97 54.68 1843 8146 1844 10928 349
A-Elw1al 23.79 10.17 38.44 9.50 70.11 512 9850 510 126.03 0.15
A-Elw1a2 21.61 11.77 35.78 11.02 6729 6.07 9524 6.09 12258 0.25
A-E2w1al 275 2278 6.79 22.32 20.17 1595 3328 1588 4735 3.57
A-F2w1a2 254 2380 6.45 23.31 19.59 16.80 3252 1673 4647 4.00

°

Q

°

Figure 10. Cont.
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Rotation 90 A-Elw2al 1134 2661 2270 25.56 54.10 17.28 80.89 1731 10866 3.04
A-Elw1lal 2347 963 38.10 8.99 69.77 481 9820 478 12571 012

- A-Elw1la2 2127 11.16 3543 10.42 6693 571 9493 570 12224 020
A-B2w1lal 259 2193 653 21.48 19.89 1523 3298 1517 4704 326

A-E2w1a2 239 2290 6.19 22.46 19.31 1606 3221 1599 4614 3.65

Rotation 120 A-Elw2al 11.78 28.02 2329 2697 5468 1843 8146 1844 10928 349
A-Elw1al 23.80 1021 38.42 9.52 70.06 514 9851 512 12604 0.15

0 A-Elw1la2 2161 11.80 35.77 11.04 6724 611 9527 611 12261 025
A-B2w1lal 276 2282 679 22.33 20.15 1598 3333 1592 4741 359

A-E2w1a2 255 2383 645 23.35 19.57 1685 3256 1677 4653 4.02

Figure 10. Meeting the PH standard requirements.

The first conclusion that can be drawn is that buildings located in climate zones C4, D3, and E1
deserve more detailed studies since their design according to basic passive design measures does not
allow meet the PH standard requirements. Looking closer, models A and B that present a shape factor
of 0.26 generally meet the PH criterion when considering climate zones A4 and B4. On the contrary,
model C does not meet the standards in such climates.

When the heating energy demand column is analyzed, it can be noted that in climate zones A4
and B4 most of the demand is below 15 kWhm™2. On the other hand, as long as climate zones become
more severe during the winter (i.e., climate zones D3 and E1), the heating energy demand is never
below 15 kWhm™2. If the shape factor is considered, models A and B (i.e., those models with a shape
factor of 0.26) do meet the PH standard, whereas the heating demand pertaining to model C is seldom
below 15 kWhm™2.

As for the cooling energy demand column, the opposite results are obtained. It is observed that in
climate zones E1 and D3 most of the cooling demand is below 15 kWhm™2. On the other hand, as long
as climate zones become more severe during the summer (i.e., climate zones A4 and B4), only few
models present demand values below 15 kWhm™2. As far as the shape factor is concerned, the same
behavior described above is found. Models A and B do meet the PH standard, whereas if considering
model C the cooling demand is seldom below 15 kWhm™2. According to Figure 10, in climate zones
such as those of Spain, heating must be the main focus with regard to the design of buildings in order
to comply with the PH standard.

5. Conclusions

This research work is intended to support building designers and professionals during the early
design stages of residential buildings located in Spain by providing an energy analysis of different
architectural strategies typically implemented in passive design.

Three building types representative of the multi-dwelling units (MDUs) stock are simulated
through a parametric analysis in Design Builder. For each typology, parameters such as orientation,
Window-to-Wall Ratio (WWR), shape factor, outer walls construction, color of the envelope, and
climate zones are evaluated, resulting in 300 simulations. Such parameters have been graphed and
related with the building design, so that the energy demand for space heating and cooling can be
directly related with the specific design parameters, and the communication gap between simulation
outputs and architects” understanding of them closed.

Regarding the heating demand, the best model turns out to be A-90°-E2w14; for all climates. It is
defined by using the thermal transmittance that meets the SCTB (U = 0.35 Wm‘zK‘l), as well as a low
WWR (20%) along with dark colors (a4, = 0.2). Regarding the worst model, it is found to be the C-60°
and 120° from the North when using a thermal transmittance that does not comply with the SCTB
(U =1.58 Wm2K™1), as well as the lowest percentage of WWR (20%) and light colors (a; = 0.64).

Regarding the cooling demand, the best model is not the same in all climate zones. In zones A4,
B4, C4, and D3, it is B-0° oriented 90° from the North when using a thermal transmittance that does
not comply with the SCTB as well as the lowest percentage of WWR (20%) and light colors (E1w1a1).
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As for the E1 climate zone, the best configuration is found when using external walls whose thermal
transmittance does not comply with the SCTB (U = 1.58 Wm™2K™!), having a low value of the WWR
parameter (20%) and light colors for finishing (4; = 0.64). Regarding the worst model, it always turns
out to be the same one in all climate zones, i.e. C—60° and 120° from the North-E1w?24;. In such
cases the thermal transmittance does not comply with the SCTB (U = 1.58 Wm™2K™!), the greatest
percentage of WWR (40%) is used and the colors considered are light (4; = 0.64).

Regarding the total energy demand, the best model in climate zones A4, B4, and C4is A-90°-E2w14;.
It is defined using the thermal transmittance that meets the SCTB (U= 0.35 Wm‘ZK‘l), as well as the
lowest percentage of WWR (W1 = 20%) when using light colors (a; = 0.64). On the contrary, the best
model in climate zones D3 and E1 is A-90°-E2w14,. It is defined using the thermal transmittance that
meets the SCTB (U = 0.35 Wm 2K 1), as well as the lowest percentage of WWR (W1 = 20%) when
using dark colors (4, = 0.2). Regarding the worst model in climate zones A4 and B4, it happens to
be the C-60° and 120° ones when using the thermal transmittance of the wall that does not comply
with the SCTB (U = 1.58 Wm™2K™1), as well as the lowest percentage of WWR (20%) when using light
colors (4; = 0.64). Regarding climate zones C4, the worst model is C-60°-E1w14;. It is defined using
the thermal transmittance that does not comply with the SCTB (U = 1.58 Wm™2K™1), as well as the
lowest percentage of WWR (W1 = 20%) when using light colors (4; = 0.64). As for climate zones D3
and E1, the worst model is C-120°-E1w1a;. It is defined using the thermal transmittance that does
not comply with the SCTB (U = 1.58 Wm™2K1), as well as the lowest percentage of WWR (W1=20%)
when using light colors (4; = 0.64).

Most parameters produce contradictory effects when comparing the heating and cooling demands.
As for the shape factor, if considering square building the heating energy demand reaches its minimum
value when the facades are oriented directly to the four cardinal points. In a rectangular building, the
heating demand is reduced as the fagade facing east is smaller. The reduction of the WWR causes the
heating demand to decrease and the cooling demand to increase; this is beneficial for climate zone E1
but harmful for A4. In addition, the reduction in the WWR when considering A4 climates helps the
users to reduce the cooling energy demand while the same action in cooler areas worsens the heating
energy demand.

Regarding the reflectance of the materials, in climate zone A4 the use of reflective and selective
cold materials is beneficial. When considering E1 (U = 1.58 Wm™2K™1), the use of absorptive materials
is definitely recommended. In cooler zones such as E1, it is instead recommended to use darker colors
while in warmer zones such as A4 it is recommended to use lighter colors (a; = 0.64).

Finally, those buildings located in climate zones C4, D3, and E1 require more detailed analysis
since their design does not meet the PH standard according to the basic passive design measures
discussed. It was demonstrated the importance to applying the passive house principles in early
design phases in order to reduce energy consumptions. The adoption of useful tool like dynamic
simulations software can help architects, designs, builders and stakeholders in the decision—making
process to recognize that the PH model is one of the most effective ways of reducing carbon emissions.

More efficient designs can be obtained by using appropriate passive strategies which will be
accomplished by building designers committed and aware of the current situation in order to comply
with the requirements of European energy policies. Although considering the users’” habits is still a
pending issue, using passive strategies is definitely a breakthrough in the design of efficient buildings.
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Abstract: In this paper, we evaluate passive and active strategies that can be used in solving the
heating problems in the residential sector of Northern Cyprus. In doing so, we propose the use
of photovoltaics as a shading device (PVSD). PVSD is known to produce clean energy from solar
radiation and it also reduces the energy consumed for cooling. We use an empirical method to evaluate
the performance of a typical family detached dwelling in Famagusta, Cyprus. The simulation result
derived from the study indicates that the strategic use of PVSDs for openings oriented towards the
east, west, and south can reduce its energy consumption by almost 50% in three months of the year
and cut down up to 400 kWh of energy consumption through the year, thus raising the comfort level
of the building by about 20%. It will also generate nearly 2800 W that can provide up to 50% of the
electricity demand.

Keywords: renewable energy integration; shading devices; BIPV; thermal comfort; energy
consumption; Northern Cyprus

1. Introduction

Currently, the world is using fossil fuels at an alarming rate that not only will strain the sources
in the near future but will result in a great amount of pollution as well. In fact, the effect of the over
dependency on the use of fossil fuel for energy generation is becoming more evident in our world
today. Global warming, climate change, large carbon footprints, decreasing fossil energy sources, etc.,
are some of the glaring effects resulting from the over use of fossil fuels.

According to the Statistical Review of World Energy (June 2016), about 33% of the total energy
consumed globally in the year 2015 was from oil, as shown in Figure 1 [1]. Buildings have been
identified as one of the largest energy consumers in the world today, accounting for approximately
40% of Europe’s energy consumption. This makes buildings a major contributor to greenhouse
emissions and climate change. In the case of Northern Cyprus, 70% of the energy generated is
consumed by buildings (KIB-TEK) [2,3]. Northern Cyprus has no oil or gas reserves, and imports
the gasoline and oil used in its entire energy generation. The state-run utility company known as the
Turkish Electricity Authority (KIB-TEK) and the private sector’s AKSA energy are responsible for the
generation, sales, and distribution of electricity; producing a total of about 403.2 MW (KIB-TEK), as
shown in Table 1 [2]. Industrial consumption of electricity is quite low in Northern Cyprus, therefore,
the bulk of the electricity generated is domestically consumed; used mainly for heating and cooling
buildings, or for powering electronic devices and lighting. In Cyprus, a number of residential buildings
are constructed without paying attention to certain basic bio-climatic principles which eventually lead
to an over-dependence on oversized active systems for cooling and heating of spaces [3]. In addition,
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the lack of insulation in most of the buildings” walls relatively increases the thermal discomfort within
the interior spaces.

m Coal 30%

= Naural Gas 24%

m Hydro 7%
Nuclear 4%

= Oil 33%

Figure 1. World total primary energy consumption by fuel in 2015 [1].

Table 1. Total installed capacity in Northern Cyprus at the first half of 2018 [2].

Location Type of Number and Fuel Total Installed
Technology Sizeof Units Capacity
Teknecik Steam Turbine 2 x 60 MW Heavy fuel oil 120 MW
Teknecik Gas Turbine 20 MW + 10 MW Diesel 30 MW
Teknecik Diesel Generator 8 x 17.5 MW Diesel 140 MW
Dikmen Gas Turbine 20 MW Diesel 20 MW
Kalecik Diesel Generator 8 x 17 MW Diesel 136 MW
Kalecik Steam Turbine 6 MW Heavy fuel oil 6 MW
Serhat Solar 1.2 MW - 1.2 MW
Total 4532 MW
Total without Gas Turbines 403.2 MW

On the other hand, there is an increasing awareness of the environmental problems caused by
the use of non-renewables [4], thus leading to a growing interest in the use of cleaner and renewable
sources of energy such as wind energy, solar energy, etc. Besides, it has become obvious that the use of
energy from renewable sources is the most effective way of combating climate change. Solar energy,
for instance, has been identified as the most popular source of renewable energy today. The energy
from solar irradiation on the earth can meet the daily energy consumption needs of mankind several
thousand times over [5]. There are two basic categories of solar energy: passive and active. Passive
solar energy is put into practice as a design strategy to accomplish direct or indirect space heating,
daylighting, etc. [6]. Active solar energy is implemented through technical installations, such as solar
collectors and photovoltaic (PV) panels.

Today, one of the most widespread technologies of renewable energy generation is the use of
photovoltaic (PV) systems which convert sunlight into electrical energy. Altin opined that “solar
energy is the most suitable and easiest renewable energy source that can be used in buildings” and the
most popular renewable energy source [7,8].

Several studies have been carried out globally that have focused on finding practical ways and
methods for conserving and optimizing energy within buildings. Some of the major practical strategies
used in conserving energy within building spaces include; good cross ventilation, allowing daylight
into the building, and cutting down on the excessive use of electricity [9-11]. Within the Mediterranean
region, several studies have also been conducted on how to use both passive and active measures to
improve the indoor environment [12,13]. Moreover, lots of researchers have endeavored to emphasize
the significance of housing quality and the need to establish well-designed buildings that are energy
efficient [12-17]. Therefore, since no two residential buildings are exactly the same, it is quintessential
to analyze the energy saving potentials of houses and their construction techniques at an individual
household scale and the result can then be replicated on a wider regional scale [18].

In this paper, we evaluate passive and active strategies that can be used in solving the heating
problems in the residential sector of Northern Cyprus. In doing so, the best design strategies for
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solving the overheating problem of a single-family detached house were identified and presented. The
study also presented the best way to integrate PVs as shading devices. This article is divided into six
sections. The first section provides a brief introduction and the aim of the study. In the second section,
building-integrated photovoltaics (BIPV) and photovoltaics as a shading device (PVSD) are discussed.
The third section of this study presents the context of the study location, while the methodology for the
study is discussed in the fourth section. Sections 5 and 6 contain the results/findings and conclusion
of the research, respectively.

2. BIPV and PVSD

BIPV: The term building-integrated photovoltaics (BIPVs) refers to the integration of photovoltaic
panels into the building skin [19], with the dual roles of replacing building components and of
simultaneously serving as electricity generators [20—22]. There have also been possibilities of BIPV
products being used as facade, windows, shading elements or awnings, curtain walls, and roofs [23-27].

PVSDs: Architects always endeavor to improve the quality of interior spaces by creating openings
for daylighting and views to the outside. This most often can result in excessive solar gains. Shading
devices are used as a passive strategy to reduce this effect. As indicated by Schittich, shading systems
help: prevent overheating in indoor spaces, adapt to different climates, reduce energy consumption
for cooling and heating, provide a glare-free environment, and help to control the ventilation of indoor
spaces [28]. Pester and Crick mention four different ways photovoltaic panels can be integrated on the
building skin [29], as shown in Figure 2.

BIPV product-type choices
I

[Photovotaic Window| Photovoltaic

(Hitioral iziie Feeles and Overhead Photivoltaic Roofs

: Sunshades
lazing

Figure 2. Four types of building-integrated photovoltaic (BIPV) product choices [29].

Although most literature focuses on the first three, the photovoltaic shading device is becoming
more and more relevant for integration in buildings. The use of PVSDs is in fact more technical than
the other three [30]. The use of PVSDs on buildings have economic and environmental advantages as
shown in Table 2.

Table 2. Advantages of photovoltaics as shading devices (PVSDs).

Sustainability Dimension Benefits References

Ability to produce clean energy by converting unwanted solar radiation
into electrical energy. There is no side effect to the ecosystem.

The cooling load is reduced when PVSDs are introduced.

When PVs are used as shading device, they generate energy and serve
as protection from glare, hence improving the visual comfort of the
users of the space,

enhancing specific architectural expression through the application of
colored and semi-transparent PV products.

The energy is generated in situ and not centrally, there are savings in
terms of the cost of distribution and greenfield. 34,35]
The cost of material is saved since the PV is serving as both an energy ’
generator and as a building component.

Environmental aspects [31-34].

Economical aspects

The outcomes of the shading study of Aksugur, in his paper on the potential of passive cooling
strategies in Cyprus, show that rooms with windows which are located on the south side of a building
become excessively hot in summer [36]. Oktay’s evaluation of vernacular housing in Northern Cyprus
suggests that orienting living spaces towards the south, as well as designing a narrow building plan
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with windows on the opposite sides for cross-ventilation, are essential passive design strategies that can
be used in Northern Cyprus [37]. The primary objective of using passive and active design strategies
is to create a soothing micro-climate which is cool in the summers and warm in the winters [38—42].

Over the years, several strategies have been proposed that promote the use of PV systems within
the residential housing stock. According to James et al., “declining module cost, growing consumer
interest in solar energy and policy schemes” are some of the key factors to put into consideration [43].
Other major factors that influence the generation and consumption of energy include the location and
climate data of the building, the orientation of the building, installed materials, building design, and
the selection of the technical systems [44—46].

3. The Context of the Study

The single-family housing type case study was located in Famagusta, Cyprus, as shown in
Figure 3. Cyprus is the third largest island in the Mediterranean Sea. The city of Famagusta is a coastal
town and is on the east side of the island, with a seven-meter elevation above sea level [47]. The
population of Famagusta is 42,526 according to the 2006 census [48].

The climate in Famagusta is a transitional one; it lies between a composite and a hot, humid
climate, however, because of its close proximity to the Mediterranean Sea, it has a hot and humid
climate [49,50]. According to the Cyprus meteorological station report about Famagusta, the
temperature of Famagusta rises to more than 30 °C in the summer months and drops to a low
of 3 °C in the winter months, as shown in Figure 4. The relative humidity for the city of Famagusta
is between 33% to 72% in the different months of the year. January records the highest and October
the lowest humidity in the year. Famagusta has an average of 9 h of sunlight each day, as shown
in Figure 4, and an average of 3328 h of sunlight in a year. The city also experiences an average of
403.5 mm of rainfall each year and an average of 33.6 mm each month [49].

Cyprus

Copyright & Ontheworidmap.com

Figure 3. Location of Famagusta city in Cyprus [51].

The most comfortable months of the year are the months of April, May, October, and November,
while the months of December, January, February, and March require heating. The summer months of
June, July, August, and September require cooling and ventilation [52]. According to [53], Famagusta
has high solar energy during the winter (5.26 kWh/m?/day), which rises to 7.12 kWh/m?/day during
the summer season, as shown in Figure 6. In addition, the total solar radiation in Famagusta usually
rises from 6 MJ/m? in December to a high of about 24 MJ/ m? in June and July. Besides, the energy
generation rises from 70 W/m? in December to 280 W/m? in June and July [54,55].
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Figure 4. Annual climate graph of Famagusta [53].

Figures 5 and 6 illustrate that the countrywide solar potential of Cyprus is the highest in Europe.
Moreover, studies have shown that a polycrystalline or monocrystalline solar PV system with nominal
power of 1 kW installed in the coastal region of Cyprus, with a 27¢ still angle of the panels and south
direction, produces on average more than 1500 kWh per year throughout the first 20 years of its
operation [56]. This is a clear indication of why the government should invest in solar energy as an
alternative source of energy.

‘Average annual sum of PYOUT, perlod 19942016

1900 1600 1700 KWhkWp

Figure 5. Photovoltaic power potential in Northern Cyprus [57].
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Figure 6. Photovoltaic power potential in Northern Cyprus [56].
4. Materials and Methodology

To achieve the objectives of this research, both qualitative and quantitative methodology were
employed, as shown in Figure 7. The qualitative method included a wide-ranging survey of relevant
literature, while the quantitative method involved a model set up. Firstly, a typical single-family
house was chosen for the simulation. A building simulation model was generated to reproduce the
interior and outside of the house, as well as the materials used for the construction of the building.
The computer program DesignBuilder was used. This software uses EnergyPlus™, a simulation
software developed by the US Department of Energy (DOE) to simulate heat transfer processes,
climate conditions, and other factors relating to energy consumption in buildings. EnergyPlus™ is a
whole building energy simulation program that researchers and professionals in the building industry
use to model both energy consumption for heating, cooling, ventilation, lighting, and plug and process
loads—and water use in buildings [58,59].

Furthermore, the Climate Consultant program and the weather file of Famagusta (epw) was used
to develop the best strategies for both passive and active design that would create a unique list of
design guidelines for the building. The building was simulated with and without shading devices,
and finally with the shading devices replaced with PVs. The ASHRAE Standard 55 was also used
as the comfort model in the Climate Consultant simulation. Milne describes Climate Consultant as
a graphic-based computer program that helps users create more energy efficient buildings, each of
which is uniquely suited to its particular location in the world [60].
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Figure 7. Illustration diagram of process and methodology of the research (drawn by authors).
Building and PVSD Case Study

For the model setup, a common single-family detached dwelling with a living room, a garage, a
kitchen, two bathrooms, and five bedrooms was evaluated using DesignBuilder software. The house
has a south orientation, a flat roof, and a total floor area of 149 m2. The details about the building
model are shown in Figure 8 and Table 3.

Tollet

Drarracm

(b)
Figure 8. (a) Ground first floor of the building model; (b) elevation of the building.
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Table 3. Information about the single-family building model.

s/n Building Information Description
1 Project Residential building
2 Type Single family detached house
3 Area of building 149 m?
4 Climatic region Mediterranean climate
5 Orientation: South
6 Number of floors Two floors
7 Window material pvC
8 Window configuration Double glazing
9 Windows type 3 mm cle;r glass + 6 mm air gap +
mm clear glass
10 Level above ground 1m
11 Orientation of the openings South, east, west, and north
12 Outside shading device Louver and cantilever
13 Door material Wood
14 Wall type Bearing and partition
15 HVAC system Slit unit

EnergyPlus operational and occupancy schedules default values for residential buildings were
used for the simulation. The building’s energy demand includes; lighting, domestic hot water (DHW),
air-conditioning system, and other household appliances. The DesignBuilder software’s default
residential operational schedule was used to determine the building’s electricity requirements. The
input parameters and boundary conditions for the EnergyPlus simulation used to determine the light,
DHW, and other appliances are given in Table 4. The heat transfer coefficients of the construction
elements of the building were obtained from [61] for the heating and cooling load calculations and are
tabulated in Table 5.

Table 4. Parameters for residential electricity demand. DHW: domestic hot water.

Lighting Illuminance (lux) 150
DHW Consumption rate (1/m2-day) 0.72
Delivery temperature (C) 65

Equipment Unit consumption (W/m?2) 3

Table 5. Heat transfer coefficient (U) for construction components [61].

U-Value (W/mZ?k)

City
Wall Roof Ceiling Floor Windows
Famagusta
Northern Cyprus 0.56 0.67 0.44 0.8

5. Result and Findings

This section of the paper presents the results from the simulation of the case study.

5.1. Sun Shading Chart

From the Climate Consultant program, the number of hours that shading is required for the
simulated building was derived. The result of the simulation presented in Figures 9 and 10 show the
annual number of hot, cold, and comfortable hours in the simulated building. Between the winter and
spring months (21 December to 21 June), shade would be needed for 174 h, the sun will be needed
for 1590 h, and 748 h are the comfortable hours within this period of the year. While for the summer
months as shown in Figure 10 (21 June to 21 December), shading will be required for 1203 h, direct solar
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radiation for heating is required in the building for 499 h, and the remaining 896 h are the comfortable
hours of the year.

LEGEND

© WARM/HOT > 27°C
(SHADE NEEDED)
174 Hours Exposed
0 Hours Shaded

(SHADE HELPS)
748 Hours Exposed
0 Hours Shaded

° COOL/COLD < 20°C

(SUN NEEDED)
1590 Hours Exposed
0 Hours Shaded

Figure 9. Sun shading chart in winter and spring (21 December to 21 June).

LEGEND

© WARM/HOT > 27°C
(SHADE NEEDED)
1203 Hours Exposed
0 Hours Shaded

(SHADE HELPS)
896 Hours Exposed
0 Hours Shaded
© COOL/COLD < 20°C
(SUN NEEDED)
499 Hours Exposed
0 Hours Shaded

Figure 10. Sun shading chart in summer and fall (21 June to 21 December).

Furthermore, from Figures 9 and 10, we can deduce that the two-floor single-family house, which
is classified as a low-rise residential building, needs shading devices for a total of 1218 h in a year.

5.2. Psychrometric Chart Results

One very important output of the Climate Consultant software is the psychrometric chart. Beyond
just representing the climatic data, the psychometric chart helps to organize the information in a way
that is plain and easy for people to understand the influence of climate on the immediate environment.
The Comfort Zone, as shown in Figure 11, is the psychrometric chart for the simulated house. It can be
clearly seen that the area of the comfort zone for the building is quite small (16.8%), implying that a
large amount of energy would be needed for heating and cooling. Therefore, very good passive and
active design strategies need to be developed to solve the heating problem.
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Figure 11. Psychrometric chart for Famagusta: Comfort Zone.

Figure 12 presents the best design strategies for building envelopes in Famagusta. The
strategies are able to modify or filter extreme external climate conditions to create comfortable indoor
environments in Famagusta.
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Figure 12. Psychrometric chart for Famagusta.

The design strategies for the simulated building are explained as follows:

58



Sustainability 2019, 11, 593

e Sun shading of windows: as presented in Figure 15, shading on the chart takes up to 15.2% that
is about 1328 h of the year. Through the use of shading devices, 1328 uncomfortable hours are
converted to comfortable hours.

e Two stage evaporative cooling: in the two-stage evaporative cooling strategy, first a thermal
converter is used to reduce the temperature, then the comfort condition is applied by direct
evaporative cooling. This process makes up 1.7% (146 h annually).

e Natural ventilation cooling: natural ventilation is required for cooling for about 102 h of the year
(1.2%).

e Internal heat gain: 36.4% of thermal comfort can be achieved by internal heat gained from within
the building from artificial lighting, electrical equipment, and indoor activities by occupants. This
is about 3188 h of the year.

e  Passive solar direct gain high mass: the is the number of hours in the year where thermal comfort
is achieved through passive solar gain. This includes a total of about 1713 h (19.6%).

e Wind protection of outdoor spaces: in this segment of the chart, building wind protection by
outdoor elements such as plants is required to achieve the comfort conditions. This includes 0.5%
making up a total of 43 h of the year.

e Dehumidification only: dehumidification is required to achieve thermal comfort in the building
for a total of about 984 h of the year, making up 11.2%.

e  Cooling, add humidification if needed: to achieve comfort, this strategy requires both cooling and
humidification at the same time. This includes a total of 1806 h of the year (20.6%).

e Heating, add humidification if needed: to achieve comfort, this strategy requires both
humidification and increasing air temperature by mechanical heating. This includes a total
of 772 h of the year (8.8%).

5.3. Solar Shading Performance Result

Solar shading performance was also assessed using Climate Consultant. Shading elements work
differently based on their orientation. Shading device strategies are usually tailored towards the
orientation of each window. Whilst some orientations are easy to shade, others are much more difficult
as the sun can be almost direct-on at certain times of the day. The number of hours exposed to the sun
that need to be shielded is also different based on the direction the facade is facing (north, south, east,
and west). From the simulation, the types of shading elements that should be used are also different,
as illustrated in Figures 13 and 14. The results from the simulation are that:

e  Windows directly facing the south would need more shading from the sun, and the horizontal
overhangs work better for southern facades. The east and west would require both vertical
fins and horizontal overhanging used in the passive design strategies, while on the northern
facade, shading is completely avoided as exposure to the sun is needed for the interior space of
the building.

By having shading devices with PV integrated retrofits, shading can be provided, and electricity
generated simultaneously, which is what this research seeks to achieve.

Having identified shading as one of the best strategies, the next step would be to identify what
shading system best fits the orientation of the building. Through the use of Climate Consultant, this
study has been able to identify the best shading strategy that best fits the single-family building
location, as shown in Figure 13.
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Figure 13. The Shading Calculator Overlay in eight different orientation cases by focusing on sun
exposure during June 21 to December 21.
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5.4. Cooling Design Strategy

The cooling design is aimed at solving the overheating problem of the building, especially in the
summer months. Figures 15 and 16 show the cooling design calculation, the size of the cooling plan
required in design during the summer condition, and the impact of the changing aspects of shading to
help find a design solution.

2000

e T T N N

25
20
15
0 e T T S T
- |
0
,_-__——- -——'—
TTL
etk 2002 Apr Jul Oct

Room Electricity (kWh) | 46.55 42.81 48.51 45.31 46.55 47.26 46.55 47.53 46.28 46.55 46.28 47.53

Lighting (kWh) | 16246 146.73 16246 157.22 16246 157.22 16246 16246 157.22 16246 157.22 16246

Heating (Gas) (kWh) | 343.34 23944  48.40 0.01 0.00 0.00 0.00 0.00 0.00 0.00 1.23 152.35

Cooling (Electricity) (kWh) | 29.44 29.24 3841 24569 741.21 134274 187847 2022.09 1540.53 75568 228.05  37.40

DHW (Electricity) (kWh) | 183.43 166.96 186.73 177.94 18343 18124 18343 18508 179.59 18343 179.59 185.08

Outside Dry-Bulb Temperature (°C) | 11.76 11.67 12.97 17.30 21.10 24.61 27.28 27.79 25.40 21.47 17.20 13.36
External Infiltration (kWh) | -747.53 -732.77 -783.68 -668.93 -486.26 -240.86 -6142 -33.32 -206.97 -483.24 -62552 -681.58

General Lighting (kWh) | 162.46 14673 16246 157.22 16246 157.22 16246 16246 15722 16246 15722 162.46

Miscellaneous (kWh) | 46.55 42.81 48.51 45.31 46.55 47.26 46.55 47.53 46.28 46.55 46.28 47.53

Occupancy (kWh) | 129.09 113.38 119.03  92.01 83.27 73.72 71.73 70.16 70.67 81.09 96.65 12347
Solar Gains Exterior Windows (kWh) | 1893.39 1949.18 2259.44 2331.47 2360.37 2413.94 2493.51 2570.52 2646.93 2520.38 2086.68 1897.13
Zone Sensible Heating (kWh) | 250.35 171.94  31.98 0.1 0.03 0.48 284 3.23 0.38 0.05 0.65 108.65

Zone Sensible Cooling (kWh) | -150.81 -155.89 -205.94 -557.55 -1148.85 -1956.40 -2555.11 -2724.68 -2263.99 -1286.45 -497.17 -171.85
Sensible Cooling (kWh) | -52.72  -5249  -68.65 -43545 -1064.35 -1926.97 -2568.90 -2749.71 -2247.06 -1204.13 -383.27 -66.13

Total Cooling (kWh) | -52.99 ~ -52.64  -69.14 -442.25 -1334.17 -2416.93 -3381.25 -3639.76 -2772.96 -1360.23 -41049 -67.32

Zone Heating (kWh) | 291.84 203.52  41.14 0.01 0.00 0.00 0.00 0.00 0.00 0.00 1.04 129.49

Figure 15. Simulation results without shading on a monthly basis: Temperature, Heat Gains, and
Energy Consumption—1, Building 1. EnergyPlus 1 Output 31 December (zone conditions reported for
occupied periods, defined by schedule) Monthly Evaluation.
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Room Electricity (kWh) = 46.55 4281 48.51 45.31 46.55 4726 4655 4753 46.28 46.55 46.28 47.53

Lighting (kWh) | 16246 146.73 16246 157.22 16246 157.22 16246 16246 157.22 16246 157.22 16246

Heating (Gas) (kWh) | 44061 330.14 110.32 0.62 0.00 0.00 0.00 0.00 0.00 0.00 3.57 211.80

Cooling (Electricity) (kWh) | 14.02 11.42 10.09  130.15 54007 1147.98 1664.87 176140 127563 55093 14586  19.60

DHW (Electricity) (kWh) | 183.43 166.96 186.73 177.94 18343 181.24 18343 185.08 17959 18343 179.59 185.08

Outside Dry-Bulb Temperature (°C) = 11.76 11.67 12,97 17.30 21.10 2461 27.28 27.79 25.40 2147 17.20 13.36
External Infiltration (kWh) -691.75 -666.24 -676.84 -575.85 -44264 -209.77 -28.78 664 -163.83 -438.73 -565.00 -621.03

General Lighting (kWh) | 16246 146.73 16246 157.22 16246 157.22 16246 16246 157.22 16246 15722 16246
Miscellaneous (kWh) | 46.55 4281 48.51 45.31 46.55 4726 4655 4753 46.28 46.55 46.28 47.53

Occupancy (kWh) = 13278 117.85 12648  99.50 87.00 76.53 74.83 74.02 7472 8496 10141 12767
Solar Gains Exterior Windows (kWh) ' 1562.89 1568.72 174596 1785.09 1857.37 1955.82 199041 1965.35 2006.64 1977.03 1694.34 1565.41
Zone Sensible Heating (kWh) = 325.34 238.53  73.80 0.73 0.08 0.81 4.56 5.50 0.85 0.10 216 151.34
Zone Sensible Cooling (kWh) | -105.43 -101.24 -124.47 -335.95 -820.43 -1629.34 -2196.93 -2292.34 -1811.65 -933.92 -344.76 -121.10
Sensible Cooling (kWh) = -25.03  -2047  -18.01 -230.33 -741.54 -1602.80 -2211.32 -2316.27 -1797.84 -857.17 -241.67 -34.34

Total Cooling (kWh) | -2523  -20.55 -18.16 -234.27 -972.13 -2066.36 -2996.77 -3170.52 -2296.14 -991.67 -262.54 -35.29

Zone Heating (kWh) = 374.52 28062  93.77 0.52 0.00 0.00 0.00 0.00 0.00 0.00 3.04 180.03

Figure 16. Simulation results with shading devices on a monthly basis: Temperature, Heat Gains, and
Energy Consumption—1, Building 1. EnergyPlus 1 Output 31 December (zone conditions reported for
occupied periods, defined by schedule) Monthly Evaluation.

Figure 18 shows that the amount of energy needed for cooling the sample building is very high,
especially in the summer months of June, July, August, and September. Implementing the shading
device strategies derived from the solar shading performance result of this research would lead to
a more than 400 kWh reduction, especially in some of the summer months, and the entire annual
cooling load reduced by almost half (total cooling load—Figure 16). From the simulation, the total
energy consumption that will be reduced in the summer months of June, July, August, and September
is 716.02 kWh. On the other hand, the heating load increases in winter but not in a significant measure.
The increase in the heating load for winter months of December, January, February, and March amounts
to 115.70 kWh. In this tradeoff, the reduction in energy consumption in the summer months still
outweighs the increase in the winter months.

5.5. Total Energy Generated by the PVSDs and Cell Type

The type of solar cell used for the simulation is the monocrystalline cell. One meter squared of
monocrystalline cell produces 160 watts as earlier mentioned. Since there is 20.4 m? available surface
for integration, the PV shading device will generate a total of about 3264 watts of electricity and from
due south with every 5°, the average deficiency drop is about 1.1% with the number of windows
oriented to both east and west.
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Total of surface area of shading devices on the ground floor that are exposed to the sun:
(1.8+1.4) x 0.4+ (23+14) x 04+32 x 04 +49 x 04+ (4.4 +20) x 04+ (23+14) x 04=1008m? (1)
Surface area of shading devices on the first floor that are exposed to the sun:

(26+19) x 04+ (1.8+14) x 04+ (23+14) x3.0x04+2.0x04+24x04+

) @
(29+1.2) x 0.4+ (2.8) x 0.4=10.28 m
Total surface area = 10.08 + 10.28 = 20.36 ~ 20.4 m?
Figures 17 and 18 show the layout and the perspective view of the simulated building. Figure 17a
shows the building without the PVSD, while 17b shows the building with the PVSD. Figure 19 shows
the PVSD system integrated into the simulated building.

Overhang and horizontal fins PVSDs on the east and west

Overhang PVSDs on

the south facade

(b)
Figure 17. (a) Without shading devices; (b) with shading.
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Figure 18. Building layout with the shading device. (a) Ground floor plan, (b) First floor plan.
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Projection with crystalline voltaic
system

Figure 19. PVSD system used on south fagade with mono crystalline photovoltaic system (authors).

Thus, the number of watts decreases. Also, according to the global formula calculation of the
solar PV energy output of a photovoltaic system [62]:

E=A xrxHxPR 3)
where

E = energy (kWh),

A = total solar panel area (20.4 m?),

r = solar panel yield (estimated to be 12%),

H = annual average irradiation on tilted panels (1800), and PR = performance ratio, coefficient for
losses (0.75). The energy becomes more than 3300 kWh/annum.

6. Conclusions

Openings and proper orientation for buildings within the Mediterranean region have always
played a critical role in enhancing the comfort level of users. Nevertheless, it comes with a price; it often
leads to overheating of the interior space in summer or inadequate penetration of sunlight in winter,
especially when the building lacks proper orientation. The result is high energy consumption for
heating and cooling. Therefore, developing good strategies that will conserve energy as well as generate
clean energy for buildings in Cyprus and other countries facing the Mediterranean Sea is critical. Today,
there are several strategies as well as new technology /products that have been designed to enhance
the architectural integration of PVs in buildings. Openings on the south fagade are often considered
most appropriate for integration. This research provides strategies for increasing the comfort level in
buildings through the integration of PVs into shading elements in the residential building. Having
conducted an empirical study on the use of PVs as a shading device through a simulation on a
typical single-family house, this study proposes the use of photovoltaic integrated shading instead of
reinforced concrete, which is the commonly used building material for shading devices.

Based on the aim and objectives of this research work, parameters analyzed, and the building
simulation, the following conclusions have been obtained:

The simulation result derived from the single-family detached house in Famagusta indicates that
the strategic use of PVSDs for openings oriented towards the east, west, and south can reduce its
energy consumption by almost 50% in three peak months of the year.

The integration of PVSDs cut down up to 400 kWh of energy consumption through the year and
raises the comfort level of the building by about 20%.
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PVSDs used as a shading device inclined at 0° will provide nearly 2800 watts that can provide up
to 50% of the electricity demand of the single-family building.

The cost of the substituted materials and greenfield that would otherwise have been used to
mount the panels will be saved.

The authors recommend the use of horizontal overhang on the south facade, while on the east
and west fagade, overhanded and fins are most appropriate.
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Abstract: Counterbalancing climate change is one of the biggest challenges for engineers around the
world. One of the areas in which optimization techniques can be used to reduce energy needs, and
with that the pollution derived from its production, is building design. With this study of a generic
office located both in a northern country and in a temperate/Mediterranean site, we want to introduce
a coding approach to dynamic energy simulation, able to suggest, from the early-design phases
when the main building forms are defined, optimal configurations considering the energy needs
for heating, cooling and lighting. Generally, early-design considerations of energy need reduction
focus on the winter season only, in line with the current regulations; nevertheless a more holistic
approach is needed to include other high consumption voices, e.g., for space cooling and lighting.
The main considered design parameter is the WWR (window-to-wall ratio), even if further variables
are considered in a set of parallel analyses (level of insulation, orientation, activation of low-cooling
strategies including shading devices and ventilative cooling). Finally, the effect of different levels of
occupancy was included in the analysis to regress results and compare the WWR with corresponding
heating and cooling needs. This approach is adapted to Passivhaus design optimization, working
on energy need minimisation acting on envelope design choices. The results demonstrate that it
is essential to include, from the early-design configurations, a larger set of variables in order to
optimize the expected energy needs on the basis of different aspects (cooling, heating, lighting, design
choices). Coding is performed using Python scripting, while dynamic energy simulations are based
on EnergyPlus.

Keywords: environmental and technological design; passive cooling systems; energy need
optimisation; passivhaus; massive simulation modelling; regression analysis

1. Introduction

Buildings are responsible for more than 40% of the total primary energy consumption in
industrialized countries [1-4], and roughly one third of the relevant GHG emissions. Considering
this great influence of the building sector on national energy balances, several actions have been
taken by government institutions in order to: firstly, reduce the building energy needs; secondly,
increase the efficiency of the installed equipment; and thirdly, increase the amount of energy produced
by renewable sources. At the European level, the EPBD directive and further upgrading—see the
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EPBD recast and the recent Directive 2018/844—have progressively acted on the reduction of energy
needs and consumptions, while other directives, such as the 2009/28/EC, have worked to promote
the usage of renewable sources. Nevertheless, while much attention was paid to reducing heating
energy consumption, the reduction of cooling energy needs has not elicited the same consideration.
Cooling energy needs have been constantly growing due to several causes, including climate change,
international building styles, and changes in the culture of comfort [5-7]. Furthermore, the adoption
of extended insulation levels may cause an increase in overheating effects—see for example [8,9].
The need to include in the design process low-energy cooling strategies in order to correctly balance
energy needs was also underlined by several authors [10,11].

1.1. WWR and energy needs — a short background analysis

Design optimization studies, considering both winter and summer effects, are essential to avoid
the adoption of flawed design decisions from the sustainable/environmental point of view. The impact
of envelope design choices on energy needs is evident. Among several design aspects related to
envelope definition, the ratio of transparent and opaque areas, i.e. the WWR (Window-to-Wall Ratio), is
recognized to have a high impact on building energy balances [12]. Since the 1970s, studies have been
conducted to define optimal WWR values corresponding to the minimal annual energy needs [13,14].
Nevertheless, these first analyses do not include the effect of passive cooling solutions (e.g., shading
systems or CNV) nor the impact of internal gain (occupancy) variations. The relationship between
WWR and energy needs was also studied in the 1990s within the EC-funded Project LT (lighting
thermal), wherein the influence of WWR on lighting, space cooling and heating in buildings, for
average southern European climate conditions, was analysed. Results showed that the minimum
yearly-balanced energy consumption in a residential building could be found at WWR values of: 8%,
10%, 15%, respectively for horizontal, East/West, and South/North window exposure, if windows
are not shaded; 10%, 15%, 20%, and 30%, respectively, for horizontal, North, East/West, and South
window exposure, with 65% of windows shaded [15]. However, this analysis was based on a simplified
calculation method and did not include the effect of occupancy nor the impact of passive cooling
solutions (e.g., CNV), nor the effect of different levels of insulation.

In 2010, the relation between WWR and thermal energy needs, was studied for a large office
building in Shanghai, China, including life cycle assessment results. Nevertheless, only thermal
results were included based on a spreadsheet calculation. In total, 63 cases were simulated showing
a positive correlation between an increase in the WWR and an environmental impact reduction [16].
Also, in this case, passive cooling solutions and internal gains were not considered, while the effect of
WWR on lighting was also not investigated. Another approach was presented in [17], focusing on the
effect that climate indicators, i.e. the ambient temperature amplitude, and envelope U-value have on
the definition of the maximum WWR for reaching thermal autonomy in buildings. 135 simulations
were carried out considering seven U.S. locations. For this analysis no HVAC systems were included
considering free-running operation. Results underline the need to define methodologies able to suggest
WWR values from the early-design approaches to consider local climates and different envelope
thermal transmittances. Authors further suggest the usage of statistical correlations in further studies.
No passive cooling solutions, nor internal gains or lighting needs are considered in this analysis.

Furthermore, geographical studies on optimal WWR definition were conducted in Ref. [18],
considering five Asian locations, and in Ref. [19], focusing on four locations, two in U.S. and 2 in Europe.
The first study investigated the relation between WWR and total energy performance, while the second
focused on energy needs for heating and cooling. In both cases no passive cooling solutions or internal
gain variations were assumed. Differently, a detailed analysis on optimal WWR definition in relation
to energy needs for heating, cooling and lighting was performed for four European locations [20].
This paper includes the effect of shading systems by also considering different activation flux thresholds.
A low energy office building was simulated in EnergyPlus considering one U-value configuration.
Internal loads were defined in compliance to standard values. A sensitivity analysis was also conducted
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considering building compactness, equipment efficiency and artificial light efficiency. In addition,
natural light analyses were performed considering the UDI and the DA indexes. The investigation is
based on five WWR in order to define potential correlation curves. Nevertheless, this study does not
include CNV, random internal gain variations, or the impact of different U-value on results.

Other recent studies [21,22] have also defined potential optimization levels for WWR. Interesting
graphical models for designers were produced referring to a middle European case study of a sample
shaped building simulated in EnergyPlus with average levels of insulation and no internal gains.
These graphs include cooling and heating energy needs for different orientations in the range E-S-W,
different building shapes and three WWR values [21]. Furthermore, an optimisation analysis to define
some envelope characteristics for a sample building within rural and urban contexts was also produced
in [22] considering dynamic energy simulations including heating, cooling and lighting energy needs.
In particular, this study refers to the number, dimension, position of windows and wall thickness.
A parametric investigation of Italian conditions was carried out in 2017 [23] considering 12 locations,
different U-values, i.e., low and high insulation, and for the latter, normal and spectral selective glazing
cases, and seven WWR steps for a total of 518 simulations. In this analysis, the shading effect was
also included considering electrochromic glazing, but not the effect of CNV or internal gain variations.
The authors underlined the high effect of climate on optimal WWR, while other aspects did not seem to
vary considerably this parameter, even if they suggested to analyse them more in details. In the same
year in Ref. [24], the relation between WWR and window orientation for an office building localize
in Tripoli, Libya, was investigated. The considered case study is simplified by a schematic box with
one non adiabatic wall confining with the external environment. Eight orientations and 10 WWR
steps were considered for this analysis conducted via EnergyPlus. The analysis focuses on cooling and
heating loads, while other aspects are fixed in accordance to ASHRAE suggestions. Results showed a
direct correlation between annual energy needs (cooling and heating) and WWR in all orientations,
even if this effect was higher for southern cases (SE, S, SW, W). This study did not include the effect of
natural light balance, passive cooling solutions (nor shading or CNV), nor internal gain variations or
the influence of different U-values or climates, even if some of these aspects are expected to be included
in future developments.

A method to map the suggested WWRs was investigated in [25] for 10 Japan locations. Three classes
were defined: (i) WWR directly related to CO, emission, (ii) optimal WWR minimizing CO, can
be defined, (iii) WWR and CO, are inversely correlated. A typical office building was used as
reference case study to perform EnergyPlus dynamic energy simulations. Results included cooling,
heating and lighting energy needs, considering they transposition in equivalent CO, emissions [kg].
Four orientations, two lighting powers (5 and 10 W/m?), and seven WWRs were included in the
proposed approach. Fixed thermal properties were assumed by national standards. This paper also
investigated the effect of three internal gain levels by varying together occupancy and equipment
densities. Results showed that internal gains principally effected CO, emissions levels, even if, in
some cases, they also influence the optimal WWR. Results suggested that this aspect may be further
investigated. Nevertheless, the effect of passive cooling strategies or different thermal envelope
characteristics were not included. Furthermore, the correlation between NZEB buildings and WWR
was investigated in [26], considering a severely cold China location (Shenyang). A simple building
was simulated in EnergyPlus to define heating and cooling energy needs in accordance with different
WWRs and three orientations. Considering the rigid climate condition, a direct relation between
the WWR and the energy needs was underlined for all orientations. Fixed thermal characteristics of
the building were adopted. No passive cooling solutions, U-value, internal gain variations, daylight
balance, or regression analyses were considered.

In 2019 the correlation between energy and daylight performance of a sample office room
south-oriented for different WWRs was tested considering different percentage of integration of CdTe
PV gazing in windows [27]. Five locations, representative of each Chinese climate zone, were selected.
A total of 28 cases were simulated for each of them, considering 4 WWR steps and different PV
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integration percentages. Results showed that PV windows can help in reducing energy needs in
office buildings starting from large WWR, >45%. This study is based on EnergyPlus and Radiance.
No thermal characteristics or internal gain variations are considered. Furthermore, the effect of passive
cooling solutions was not investigated. Finally, an optimization analysis of WWR in China low latitude
region were presented in 2019 [28] considering also the effect of fixed external sunshade systems
(overhang, vertical and comprehensive cases). Cooling, heating and lighting energy needs were
considered in this optimization analysis. A sample hotel building was assumed as a reference to
perform the simulations in EnergyPlus and Radiance considering four orientations. Results from both
software programs were used to optimize the WWR. These analyses aimed to correlate the minimal
WWR to reach daylight standards with energy consumptions.

The present paper focuses on the influence that specific fagade design choices have on the expected
building energy needs for heating, cooling and lighting in the preliminary phase, when the possibility
to change is higher and its cost lower, assuming an environmental and technological approach—see [29].
This approach is consistent with the “passive house” concept as developed by the Passive House
Institute of Darmstad, Germany [30]. In particular, the presented analysis deals with the influence of
WWR on the energy need of an office building, in combination to other parameters such as envelope
Uvalue [31], windows orientation, shading coefficient, and controlled natural ventilation (CNV) to
perform ventilative cooling, i.e., wind-driven and stack-driven airflow through openings controlled by
motorised actuators linked to microclimate sensors. The dynamic energy simulations were carried
out using EnergyPlus and Python for two reference locations. The proposed investigation not only
analyses the obtained results considering the proposed case studies, but is based on the elaboration of
a code that can be used to model the optimal WWR in different locations or for different configurations.
Furthermore, the reliability of results was checked under the influence of random internal gain
variations (occupancy level) in order to define the statistical correlation curves. The adoption of a
scripting simulation approach allows, in fact, to increase the number of performed simulations by two
or three orders of magnitude with respect to previous analyses. Thanks to the inclusion of all these
aspects, the followed approach can be considered innovative in comparison to previous research on
the topic.

1.2. The Research Objective and Structure

The main objective of this study was to develop an algorithm to optimise, from the early-design
phase, the WWR of an office building for reducing the expected energy needs for space heating and
cooling, and lighting to the levels required by the Passive House concept. This study was conducted
following a multidisciplinary approach, based on the collaboration between ICT Master Degree
students and researchers from different fields: architectural technology and environmental design,
telecommunication engineering, and data elaboration. The proposed approach is suited to the design of
new constructions as well as major building refurbishments, and it is applied here to two locations: one,
Helsinki, with a harsh winter climate; the other, Turin, with a temperate climate, located in the enlarged
Mediterranean area. Of course, the methodology of this paper can be applied to different climates in
order to demonstrate how design optimisation choices differs according to environmental conditions.

In addition to WWR, other parameters were considered in the energy optimisation analysis:
envelope thermal transmission (opaque and transparent); CNV; and window shading coefficient.
Two different European locations, Helsinki and Turin, representing, respectively, cold and temperate
climate conditions, were considered. Moreover, the effect of random changes in the occupancy level
was included in the analysis to improve the resilience of the proposed optimisation models in relation
to the impact of internal gains variations (i.e., the presence of people).

The paper is structured as follows: in Section 2 the proposed methodology is introduced; Section 3
describes the results of the WWR optimisation process; Section 4 is related to the discussion of results
including the effect of random occupancy and monthly evaluation of heating, cooling and lighting
energy needs; paper’s conclusions are described in Section 5.
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2. Materials and Methods

The proposed approach is based on the definition of a script to generate parametric analysis
outputs, e.g., graphs, showing the energy needs for the heating, cooling and lighting of a sample
office unit as function of WWR. The simulation programmes used are: Design Builder v5.5 (DB)
(DesignBuilder Software Ltd, Gloucs, UK), to generate the starting case study; EnergyPlus, to perform
dynamic energy simulations; and Python, to control the whole process, modify input data, collect
simulation results, and analyse output data including graph elaborations.

DB was used to create the 3D model of the reference office-building unit, described in Section 2.1.,
while EnergyPlus was used—via a Python script—to simulate its energy needs for various envelope
configurations, and for generating the relevant *.idf files. The Python library Geomeppy, allowed for
changing parametrically WWR as well as running directly simulations, without using the EnergyPlus
interface each time, was adopted.

Furthermore, a sensitivity analysis, able to consider the potential variation effect in energy needs
due to random variations in the internal loads, was carried out. These variations were based on the
occupancy levels, simulating real operation, without adding equipment, which will be the topic of a
future improvement of the method. In each simulation, the standard occupancy datum defined in DB
—standard office schedule—was let varying randomly according to a Gaussian distribution—G(,0),
with p = 0.09225 people/m? and ¢ = 0.14075 people/m?—in order to make a more realistic impact on
the energy needs of the internal-gain variations due to the presence of people. The variation domain
was adapted by [32]. A sample plot of 10,000 random values extracted by the adopted Gaussian is
reported in Figure 1 in order to show, considering the central limit theorem, that the chosen values are
statistically reasonable. The values reported in this figure refer to the net simulated office area of 80 m2.

Simulation outputs include heating and cooling, as well as annual lighting energy needs. The light
requirement was set to 400 lux at desk height, balancing illuminance requirements on task and
surrounding areas for offices according to UNI EN 12464-1 while the linear dimmer control was
assumed in EnergyPlus to balance the positive effect of natural lighting with the additional need for
artificial sources. Internal normalised light loads were assumed to be 5 W/m?-100lux. This value is of
course balanced by the software in accordance to the amount of natural light calculated by EnergyPlus.
The use of this dynamic simulation tool to also simulate natural/artificial balance was demonstrated to
be effective by several authors, see for example the discussion in [20]. Heating and cooling set points
were assumed to be respectively 20 °C and 26 °C.

Gaussian Distribution of number of people

P (Number of people)

25 50 75 10.0 125 15.0 175 235

Number of people (total office area)

Figure 1. Sample plot of 10,000 random occupancy values generated by the used Gaussian model —
total office area = 80 m?.

The analysis was carried out according to the following phases.

73



Sustainability 2019, 11, 3078

1. A simulation with occupancy level constant during the year and varying WWR from 1% to 95%,
by a step of 5%.

2. Simulations with variation of the occupancy level within a 16-values range for each configuration,
based on the above-mentioned Gaussian distribution; and 16128 runs for each location, considering
the 21 WWR variations and the 48 building configurations described in Section 2.1. This step
aimed at creating train and test datasets for statistical analyses.

3. Regression analyses of the output data, divided in train—to develop the regression—and test
sets by a ratio 70-30%, as well as a calculation of the RMSE of the regression with respect to the
independent test database.

Figure 2 shows a flowchart of the developed simulation engine.

orientations (4 cases)
insulation level (3}
CNV activation (2)

shading system (2) T
' Select
48 CASES (UM e g * jdf

Set
WWR

extract
occupancy

run
simulation

save

data

Y8

Figure 2. Sketch of the developed simulation engine.
2.1. The Case Study

The case study is an office space unit virtually included in a multi-storey building as shown in
Figure 3. The walls adjacent to the other space units and the floor are assumed as adiabatic, while one
wall and the roof are external surfaces. The net area of the space unit was set to 80 m? considering an
open office space, while the infiltration rate was fixed to 0.7 ACH
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Figure 3. Visualization of (a) the reference office unit (open office room + corridor), and (b) its virtual
position in a multi-storey building.

The configurations applied in simulation are the following;:

- Two locations, i.e., Helsinki (FIN) and Turin (ITA);

Three values of the envelope heat transmission coefficient (Uvalue) corresponding to low, medium,
and high insulation levels (see Table 1 for the opaque envelope, and Table 2 for windows);

- Four orientations of the external wall, i.e., South, East, West, and North;

Shading devices set according to the integrated shading control system of DB—see
below—(present/not present) and;
- CNV set to on and off.

Without considering locations, 48 configurations were assumed.

Figure 4 shows materials and layers of the opaque envelope (external wall and roof) in the three
considered configurations.

100mm-Brickwork-outer 100mm-Brickwork-outer 100mm Brickwork outer

(a) (b) (o)

Figure 4. Layers and materials for the 3 configurations of opaque envelope: (a) Low insulation (almost
null), (b) Medium insulation, (¢) High insulation.

Table 1. Insulation levels of the opaque envelope components (external wall and roof).

Configuration U-Value Walls [W/m?] U-Value Roof [W/m?]
Low insulation (non-insulated) 1.5 1.5
Medium insulation 0.18 0.18
High insulation 0.09 0.09
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Table 2. Insulation levels of windows and relevant materials.

Configuration Glass Type U-value Windows [W/m?]
Low insulation (non-insulated) Single glazing, clear 5.7
Medium insulation Double glazing, clear, LoE, argon-filled 1.49
High insulation Triple glazing, clear, LoE, argon-filled 0.78

The external wall has one window whose dimensions were changed automatically acting on the
WWR indicator. In addition, the effects of shading and CNV were considered, together or singularly.
In particular, for shading devices an integrated external located blind system with medium reflectivity
slats was assumed. The control type for this shading considers both an external air temperature
threshold and a solar radiation set point. The first was set to 18 °C, considering the effect of office
equipment [33] in comparison to the potential threshold for residential buildings of 21 °C suggested by
Olgyay [34], while the second was assumed as 120 W/m?, in line with the suggested set points—e.g., [33].
Differently, CNV was simulated considering summer activation with a maximal external air control set
to 26 °C and a fixed ACH of 6 vol/h in line with ACH values used in other references for early-design [8].
CNV is principally conceived to be naturally-driven, even if small fan-assisted extractors may be
activated when buoyancy or wind-driven flows are not sufficient for cooling purposes. In accordance
with other ventilative cooling approaches for early-design stages—e.g., early analysis of CNV climate
potential by IEA EBC Annex 62—CNYV evaluations were performed without including fan energy
consumption assuming the prevalent natural-driven force. This is in accordance with the definition of
the specific list of input parameters for programmed natural ventilation in EnergyPlus (early-design
option). Section 3 describes the simulation results for the 48 combinations assumed for each location.

3. Simulation Results and Analysis

The first analysis step was performed by running all the simulations considering a constant
occupancy schedule while changing the WWR. Here, “constant occupancy” means that the only
variation of the occupancy happens through the schedule of Design Builder and the mean occupancy
value remains constant throughout the year. The schedule used for simulating the occupancy during
the day is suited for an open plan office area as provided by the file OpenOff_Occ of DesignBuilder [35].

Figure 5 shows the results of simulations for all configurations and setups, including shading
and CNV settings, for the Helsinki case, while Table 3 reports the optimal WWR [%] and related total
energy needs [kWh/m?]. At a first glance, the minimum energy need corresponds to 95% WWR in the
high insulated scenario for the South window orientation when both CNV and shading are activated.
This is due to the high energy contribution of solar gains in winter, with an optimal control of the
potential overheating in summer, as allowed by the South window exposure at the considered high
Northern latitude [36,37]. Differently, with the North-facing window the minimum energy need is
reached at 55% of WWR with shading system set to off due to the prevailing need for reducing heat
losses in winter. East and West window orientations show similar behaviour.

In addition, the higher the WWR, the lower the energy needs for lighting. The above-mentioned
behaviours are even more apparent in the cases of “non-insulated” and “medium-insulated” scenarios.
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Figure 5. Annual energy need as a function of WWR for various envelope configurations—Helsinki case.
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Table 3. Optimal WWR [%] and related total energy needs [kWh/m?] for various envelope configurations.
Helsinki case.

Non-insulated

North South East West
Q Q Q Q
Case WWR pawim? YWR O pawiymz YYR O pwiymz YWR D pawiym?)
Shading and CNV on 30 175.03 55 161.17 40 172.01 35 171.84
Shading on, CNV off 30 176.84 45 164.12 40 174.09 35 174.40
Shading off, CNV on 25 170.45 30 161.45 25 168.62 25 168.12
Shading and CNV off 25 171.72 20 164.78 20 170.84 20 170.51
Medium-insulated
North South East West
Q Q Q Q
Case WWR nawymz YWRB O pawymz YR nowymz YR nowtym?)
Shading and CNV on 30 106.67 55 94.33 35 103.70 30 103.77
Shading on, CNV off 30 107.71 35 97.34 30 105.28 30 105.88
Shading off, CNV on 25 104.33 35 95.24 25 102.49 25 101.93
Shading and CNV off 25 104.69 25 98.75 25 104.42 20 103.67
High-insulated
North South East West
Q Q Q Q
Case WWR i) WWR ey WWR e WWR )
Shading and CNV on 95 76.79 95 62.76 95 73.42 95 73.11
Shading on, CNV off 75 79.10 55 72.13 55 78.46 45 79.57
Shading off, CNV on 55 76.1 70 67.26 60 74.55 60 7412
Shading and CNV off 40 77 47 35 74.07 35 78.36 30 77.84

Similarly, Figure 6 shows the final simulation results on the annual energy needs for heating,
cooling, and lighting of the reference office-building unit located in Turin in all envelope configurations,
while Table 4 reports optimal WWR and total energy needs for all considered cases. The following
comments could be made on these results

e Asexpected, in the absolute values, the energy needs are always higher with lower insulation
levels for any window orientation; the lowest amount of energy needs for each insulation level
is reached with a Southern window orientation, whereby it is easier to reduce solar radiation in
summer while solar gains contribute to space heating in winter.

e  Energy needs decrease with increasing WWR up to a certain %, with changes depending on both
window orientation and insulation level.

e If a window is shaded, this trend inversion occurs in the range of 60% to 90%, due to a negative
solar gains unbalance between winter and summer, in absence of heat dissipation by CNV; in fact,
a shift of the trend inversion towards lower WWR values, and lower energy needs occur in the
case of CNV on.

e In the absence of shading, an abrupt decrease of energy needs occurs up to 20-50% of WWR,
with an inversion of this trend afterword and always lower values if CNV is on; within the
above-mentioned range, the minimum values are shifted towards higher values of WWR in the
case of CNV on.

e Considering a WWR around 30% as a common average value in the current building design
practice, an optimal window configuration, corresponding to the lowest annual combined energy
need, is given by the case with shading off and CNV on for all orientations.
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Figure 6. Annual energy need as a function of WWR for various envelope configurations—Turin case.
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Table 4. Optimal WWR [%] and related total energy needs [kWh/m?] for various envelope configurations.

Turin case.
Non-insulated
North South East West
Q Q Q Q
Case WWR pawim? YWR O pawiymz YYR O pwiymz YWR D pawiym?)
Shading and CNV on 70 108.37 90 87.89 70 105.98 70 105.59
Shading on, CNV off 70 116.26 85 98.10 70 115.24 65 116.34
Shading off, CNV on 30 108.05 25 99.95 25 109.49 20 110.51
Shading and CNV off 25 116.33 25 110.83 25 119.70 20 120.52
Medium-insulated
North South East West
Q Q Q Q
Case WWR nawymz YWRB O pawymz YR nowymz YR nowtym?)
Shading and CNV on 60 65.98 85 42.55 60 62.29 55 62.93
Shading on, CNV off 55 73.93 60 56.60 50 72.68 45 75.70
Shading off, CNV on 35 65.88 40 53.83 30 65.90 25 66.33
Shading and CNV off 30 73.16 30 66.98 25 76.66 20 76.71
High-insulated
North South East West
Q Q Q Q
Case WWR i) WWR ey WWR e WWR )
Shading and CNV on 95 47.83 95 32.99 95 46.12 95 46.49
Shading on, CNV off 95 57.97 80 47.86 75 58.71 65 62.50
Shading off, CNV on 50 50.13 45 43.77 35 52.12 35 52.32
Shading and CNV off 35 58.63 30 56.30 30 63.22 25 62.94

The graphs of Figures 7 and 8 show that the higher the WWR, the lower the lighting energy needs
due to increased daylight, while it increases the risk of summer overheating. In winter, the increase in
solar gains due to a larger window is counterbalanced, in almost all cases, by an increase of thermal
losses, due to the higher-value of glazing in respect to opaque walls.

The graphs (a) in Figures 7 and 8 refer to the North position, in which the window receives
little or no direct solar radiation, while graphs (b) are related to the window exposed towards South,
intercepting solar radiation during the hours when it is most energy intensive. Considering the South
and North facing windows, the cases of Helsinki and Turin are differentiated, as expected, by higher
values of energy needed for heating and much lower values for cooling in the former location, while
lighting energy needs are similar in both cases. Heating energy need, which is not dependent of
shading and CNV in both locations and orientations, is affected by WWR for the North-oriented
window, according to the trend of a continuous increase in Helsinki and up to 60% WWR, with an
almost constant trend afterword, in Turin. For the South-oriented window, heating energy need
increases up to 25% WWR in Helsinki, and 15% WWR in Turin; above those values, an abrupt change
in trend occurs with a continuous decrease. Regarding cooling energy needs, which are negligible in
Helsinki for a North-facing window, shading is the most affecting condition with an abrupt change
in trend from a decrease to increase of energy need at 10% WWR in both locations for a non-shaded
South-oriented window. The addition of shading in the South-oriented window has an effect of keeping
the cooling energy need almost constant with WWR in Turin, while increases above 30% WWR in
Helsinki. Combining shading and opening for CNV in the South-oriented window, practically zeros
cooling energy in Helsinki and lower it to a negligible value in Turin.

Regarding graphs (c)—East-oriented window—and (d)—West-oriented window—in the case of
Helsinki, the trend of heating energy need is similar to the one of the North-facing window, while the
trends of cooling energy are similar to the ones of the South-facing window. In Turin, the trend of
heating energy need is similar to the one of the South-facing window, but with a shift of the inversion
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peak to 40% and 35% WWR for East and West orientation, respectively; while the trends of cooling

energy need are similar to the ones of the South-facing window.

The energy need for lighting decreases continuously with WWR by a non-linear trend in both
locations and it is affected only slightly by the shading condition, more so in Turin than in Helsinki.

Since lighting energy needs are particularly high in office buildings, they have a significant impact
on the definition of the optimal WWR configuration. In fact, a reduction of WWR, which could increase
energy efficiency if only heating and cooling needs were taken into account, would not have the same

effect if considering lighting energy needs as well.
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Figure 7. Heating, Cooling, and lighting annual energy needs as a function of WWR for different

setting of shading and CNV as well as window orientations in the high insulation scenario, in Helsinki:
(a) North; (b) South; (c) East; (d) West.
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4. Discussion

4.1. Monthly Energy Needs

The monthly energy need distribution as a dependent variable of WWR for each considered
window shading/opening configuration allows for a more detailed assessment of the simulation results.
These data are shown in Figures 9 and 10 for Helsinki and Turin, respectively, considering the heating
and cooling needs—using a variation range of WWR by intervals of 5%. As the graphs show, the
general trends follow the expected distributions: high heating values of energy needs during the winter
season and low or equal to zero values during the summer, while an opposite trend is highlighted for
cooling energy needs. However, it is possible to state that varying WWR has an effect on energy needs
as described in the general comments of Figures 7 and 8. Focusing on the high insulated scenario, in the
heating season, the distribution of monthly energy needs shows that for colder months: low WWR are
suitable, while during other winter months high WWR may perform better. This occurs mainly with
the South-facing window and not with the North-facing one due to the almost null potential of solar
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gains—see Figure 9. For example, in the Helsinki South-facing case, the reversal between high and low
WWR as an optimal configuration, occurs between January and February, and between October and
November, in the high-insulated scenario. Differently, for the cooling season, when shading and CNV
are not activated, high WWRs show the worst behaviour in all months—see Figure 10—while this

trend is counterbalanced when CNV is activated.
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Figure 10. Monthly distribution of the cooling energy needs with Shading and CNV “Off"—high
insulated scenario.

When both shading and CNV systems are activated—see Figure 11—the monthly cooling energy
needs decrease considerably due to the heat dissipation effect of ventilative cooling and the heat gain
prevention of shading. Moreover, this effect is not only apparent in terms of the intensity of the cooling
need, but also in the number of months where the cooling system has to be activated. In fact, as is
shown in Figure 11, it is possible to underline that these passive cooling systems may almost nullify the
cooling needs in the Helsinki case, passing from a peak of about 8.5 kWh/m? (WWR 95%) for the South
fagade, to a peak of 0.2 kWh/m?. Furthermore, the number of months interested by cooling needs,
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drastically reduces. Similarly, in the Turin case, the effect of shading and ventilative cooling more than
half the cooling energy needs in all fagade orientations. For the south fagade case, in particular, cooling
needs decrease from about 14.2 kWh/m?2 to about 6 kWh/m2 (WWR 95%). Considering the number of
cooling months, a reduction from the April-September period in the case without passive solutions,

and May/June-August period with these counteractions (south-facade) is evident.
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Monthly distribution of the cooling energy needs with Shading and CNV “On”—high

insulated scenario.
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This could be explained by the greenhouse effect happening during daylight hours, especially
for the highly insulated scenario. The differences between Helsinki and Turin, in term of cooling
intensity and number of months when cooling is needed, are related to local climate characteristics.
In a temperate climate such as Turin’s, overheating may occur also in winter months, particularly
in high insulated buildings [38]. CNV and shading do not affect heating needs due to the adopted
activation thresholds, except for a very little impact in some spring and fall months.
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Figure 12.  Monthly distribution of the heating energy needs with Shading and CNV
“Off”—not-insulated scenario.
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When the non-insulated scenario is considered, the general heating and cooling energy trends
are comparable to the ones of the high-insulated building, but with a difference in absolute energy
intensity values—see Figures 12 and 13. Nevertheless, small changes may be found for cooling energy
needs in the case of CNV and shading—see Figure 14—as demonstrated by the results of the annual

analysis—see Figures 7 and 8.
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4.2. Sensibility Analysis by Changing the Occupancy Value

In this section, the methodology and results of a sensibility analysis carried out with the changing
occupancy rate dynamically in every simulation are described in order to evaluate the impact of
the random presence of people on energy needs. Based on the daily schedule of an office building,
or general occupancy, each simulation was performed, inputting a random value of people density
derived from a Gaussian distribution, G(u,0), and assuming mean and variance values as described in
the methodological Section 2. Hence, combining all variables as described in Table 1, a total of 48 cases
for each location, resulting in 16,128 simulations were carried out.

Some results, expressed as the total energy needs as a function of WWR, are shown in Figures 17
and 18, in relation to the following configurations.

Heating season:

Insulation scenario: Highly Insulated
Exposure: South; North
Shading and CNV Setup: both “Off”

Cooling season:

Insulation scenario: Highly Insulated
Exposure: South
Shading and CNV Setup: both “Off; both “On”

For each value of WWR, 16 different values of energy need intensity [kWh/m?2] were calculated by
assuming relevant random occupancy variations. As expected, an increase in the number of people led
to a decrease of heating energy need and to an increase of cooling need. Nevertheless, the decrease of
heating energy need is not as sharp as the increase of the cooling need, partially due to the clothing
schedule used in the software.

The energy need for lighting does not have any random variation but is related to the illuminance
requirement set for an office and relevant schedule.

4.2.1. Heating Energy Need

Figure 15 reports the heating energy needs for Helsinki and Turin for the 2 defined configurations
(North and South facing window). In both cases, the heating energy need is highly influenced by
the occupancy variation, depending on the relevant internal gain variation; this is more apparent for
Helsinki due to the lower ambient temperature. Nevertheless, after an initial negative effect, when an
increase of the average fagade U-value is not sufficiently balanced by an increase of solar gains, the
increment of WWR allows for reducing the heating demand. This is true for Turin, due to temperate
climate conditions, while it is less apparent in Helsinki, in line with other studies [26]. When the
window is facing north, the smallest values of heating energy needs correspond to the lowest WWR
in both Helsinki and Turin, due to the limited amount of solar gains reaching north-facing facades
in winter.
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Figure 15. Heating energy needs for the highly insulated building, CNV and Shading off—for Helsinki
(a) North-facing case; (b) South-facing case; and for Turin (c) North-facing case; (d) South-facing case.

4.2.2. Cooling Energy Need

Cooling energy needs increase with WWR in both locations when CNV and shading are not
activated—see Figure 16. Their trend is similar in both locations, while their absolute intensity values
are remarkably different due to local climate conditions. When switching “On” both shading and CNV,
the energy need decreases considerably until about 55% of WWR in both locations. After this value,
the cooling need start to grow again because the cooling effect of CNV and shading is not sufficient to
counterbalance the heat due to solar and internal gains. Roughly speaking, the average trends are
similar to the ones shown in Figures 9 and 10, even if the effect of random occupancy on the internal
heat gain may slightly alter the results. Nevertheless, the random presence of people does not vary so
much the cooling energy needs for each WWR in comparison to its effect in the heating season (CNV
and shading set to Off)—the cooling variance is, in fact, smaller than in the heating case.
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Figure 16. Cooling energy needs for the highly insulated building, South-facing case—for Helsinki
(a) CNV and shading off; (b) CNV and shading on; and for Turin (¢) CNV and shading off; (d) CNV
and shading on.

4.2.3. Total Energy Needs

If CNV and shading are off, the optimum WWR for a South-facing window, corresponding to the
lowest energy need, is reached between 35-40% for Helsinki and at about 30% in Turin, considering the
random occupancy effect—see Figure 17. The ventilative cooling effect in reducing the cooling needs
as well as the shading effect in preventing the solar gains are apparent both in Helsinki and Turin, with
differences related to the local impact of cooling loads, higher in Turin than in Helsinki. When CNV
and shading are activated, the highest WWR corresponds to the lowest energy need in both cases due
to the possibility of balancing summer overheating without compromising the positive effect of winter
solar gain. In fact, thanks to the local climate conditions of the considered locations, summer outdoor
air temperatures are sufficiently lower than both the indoor and the comfort threshold temperatures.

If CNV and shading are off, the optimum WWR for a North-facing window is reached between
35-40% for both Helsinki and Turin—see Figure 18. Even in this case, the positive effect of shading
and CNV in reducing the cooling demand is apparent. In particular, for Helsinki the optimal WWR is
reached for values around 85%, while for Turin, values around 95% are suggested. This difference is due
to the yearly balance between heating and cooling energy needs according to local climate conditions.
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Figure 17. Total energy needs for a highly insulated building, South, Shading and CNV “On-Off".
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Figure 18. Total energy needs for a highly insulated building, North, Shading and CNV “On-Off”.
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4.3. Regression

Starting from the number of points derived from the simulations, a dataset was built in order to fit
a model that could predict the energy need based on WWR. An assumption is made that those points
are the independent variables (predictors), with values varying at every 5% interval, and as a dependent
variable the energy need intensity Q (kWh/m?). The polynomial curve fitting method implemented
in the Numpy Python library was used as regression technique. This technique approximates the
process of constructing a curve, or a mathematical function that has the best fit to a series of data points.
This technique works in both the case in which data on the y axis has shape (1,1) and the case where
shape is (N,1). Here, N = 16. A number of alternative curves, with a degree of the polynomial fitting
ranging from 1 to 6, were then elaborated and the relevant RMSE (root mean square error) calculated.
The RMSE values are useful to select the best fitting curve, i.e., choosing a polynomial degree
avoiding both underfitting and overfitting problems. If the degree of the fitting curve is too
low—underfitting—then the fitting curve is missing important features, while if the degree is too
high—overfitting—then the fitting curve is also modelling noise.
The formula used to calculate the RMSE is the following, where predicted and target are
N-dimensional vectors.
RMSE = (rnean((predicted-target)2)0'5 1)

The RMSE was calculated by comparing the mean of the Gaussian distribution, from which
the values used for getting the random occupancy points was derived (test set), against the curve
derived from varying the WWR while keeping the occupation density constant—no added random
noise—(training set). The obtained RMSE can be considered as an evaluation of the similarity of the
regressed curve over the training set, because the energy need for these WWR values was known since
they had been simulated.

In addition, for evaluating the accuracy of the regression model, it was also possible to simulate,
for a specific setup, the heating and cooling energy needs for different values of WWR that were not
considered in the training domain. This analysis was performed for the Helsinki case, even if the same
method may be applied to different locations.

4.3.1. Regression over the Train Set

Regression analyses were not performed on the lighting energy need because random occupancy
variations do not influence this specific value, being dependent on a fixed illuminance threshold and
on the percentage of natural light passing through the window, but independent of the intensity of
people present. Differently, cooling and heating energy needs are dependent on the random occupancy
variation due to people internal gain production. Nevertheless, the analyses on the total energy needs
are based on cooling, heating and lighting.

For the configurations shown in Figure 19, the polynomial degree that fits best the extracted points
is 4 for both heating and cooling. On the contrary, for the total energy, the polynomial degree that fits
best the extracted points is the highest—8—because of the behaviour of the dataset distribution.

As expected, the RMSE values are very small. In fact, the points used to fit the model and to
perform the regression can be considered as noised values of the curves that we use to calculate the
error. A test on an independent database is hence needed.
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Figure 19. Figure 17—Heating, Cooling, Total regressed energy needs, with the corresponding RMSE
for each degree (training).

4.3.2. Regression over the Test Set

In this second test analysis, a prediction of energy needs for heating and cooling was elaborated,
based on unknown values of WWR.

Starting from the model derived from the train dataset - WWR = [1, 5, 10, 15, ..., 95]—a
regression analysis on new test values—WWR = [2.5, 7.5, 12.5, ... |—was carried out. As can be
seen in Figure 20—with CNV and shading off, and in Figure 21 with CNV and shading on, energy
needs are well predicted also when using other values of WWR. Comparing these values to the ones
those derived from simulating the new values of WWR by EnergyPlus, the RMSE was calculated.
As expected, this RMSE is a little bit higher than the RMSE of the training set, even if is still very low.
The degree of the polynomial that better fits the points is again the fourth for the heating and the
cooling cases.
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In Tables 5 and 6, the values of RMSE for the training and testing of cooling and heating energy
are shown.

Table 5. RMSE Cooling for Training and Testing.

RMSE Cooling train RMSE Cooling test Deg Train
High Ins N Shading and CNV on 0.0076 0.1282 5
High Ins N Shading and CNV off 0.1004 0.9049 4

Table 6. RMSE Heating for Training and Testing.

RMSE Heating Train RMSE Heating test Deg Train
High Ins S Shading and CNV on 0.2417 0.3676 6
High Ins S Shading and CNV off 0.1500 0.2663 4

5. Conclusions

The analyses presented in this paper help to characterize, through hourly-based dynamic
simulations, the influence of the window-to-wall ratio (WWR) on the energy need for space heating
and cooling, and the lighting of an office building in two reference locations representing a cold and a
moderate climate zone of Europe. Various envelope and window characteristics were considered as
independent variables, namely: insulation level, orientation, shading, controlled natural ventilation.

Results of simulations at constant occupation rate show that an optimal WWR value, balancing
the three above-mentioned energy uses in terms of the least energy annual need, can be found around
30% for both locations.

A second type of study dealt with a regression analysis of data resulting from simulations carried
out by an algorithm developed for the purpose of allowing a changing occupation rate based on
random behaviour. This analysis aimed to simulate the reference case conditions in the way closest to
the actual dynamic context. In addition, several regression curves and the relevant RMSE were yielded
and compared in order to find the correlation factor which could best fit the analysed data sets.

In general, the analyses carried out have a methodological value in representing an innovative
approach to define the optimal configurations of building envelopes and window characteristics with
respect to the minimization of annual energy needs. Furthermore, this study’s purpose is consistent
with the minimum requirements of a passive house and includes the potential effects of random
variation in occupancy. This approach allows for supporting design choices from the preliminary
phase while considering perturbation phenomena that may occur in real situations.
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Abstract: Indoor Air Quality (IAQ) issues have a direct impact on the health and comfort of building
occupants. In this paper, an experimental low-cost system has been developed to address IAQ issues
by using a distributed internet of things platform to control and monitor the indoor environment in
building spaces while adopting a data-driven approach. The system is based on several real-time
sensor data to model the indoor air quality and accurately control the ventilation system through
algorithms to maintain a comfortable level of IAQ by balancing indoor and outdoor pollutant
concentrations using the Indoor Air Quality Index approach. This paper describes hardware and
software details of the system as well as the algorithms, models, and control strategies of the proposed
solution which can be integrated in detached ventilation systems. Furthermore, a mobile app has been
developed to inform, in real time, different-expertise-user profiles showing indoor and outdoor IAQ
conditions. The system is implemented in a small prototype box and early-validated with different
test cases considering various pollutant concentrations, reaching a Technology Readiness Level (TRL)
of 3-4.

Keywords: indoor air quality index; smart ventilation; IoT; microservice; mobile app; fan-assisted
ventilation; indoor air quality

1. Introduction

Sick Building Syndrome (SBS) affects people who are subject to extended exposure to chemical,
biological, and/or physical agents found in buildings with a low Indoor Air Quality (IAQ) level which
is generally related to bad ventilation. Moreover, the World Health Organization (WHO) reported
that IAQ is generally from 2 to 5 times worse than outdoor air quality thus increasing the risk of both
short term effects, e.g., eye irritation or a decrease in productivity, and long term effects, e.g., increased
risk of headaches, damage to central nervous system, or even cancer [1]. Furthermore, current life
styles cause an increase in the number of hours spent indoors, taking up about 90% of our time [2,3].
Bad IAQ levels are related to several factors, including dampness and mould—see also [4]—and other
pollutant concentrations in enclosed spaces. In Iceland, Switzerland and Norway the number of people
affected by dampness was estimated to be about 80.4 million [3], while the WHO confirms that about
3.8 million people died annually due to household air pollution at a world level [5]. The study of low
cost technologies to monitor IAQ levels and prevent, by actuating actions, the persistence of critical
conditions is an essential part of this research. Especially in highly insulated buildings, such as the
ones that use the passivehaus approach, a mechanical/hybrid ventilation system is needed [6], while
a smart activation of the same is suggested to prevent excessive consumption. Furthermore, when
this approach, principally adapted for cold locations, is extended to temperate climatic conditions,
solutions to guarantee low-cost ventilation are needed to reduce overheating [7]. The solution proposed
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in this paper is adapted to face this challenge and can be integrated with detached and traditional
mechanical systems or used alone in a hybrid, natural prevalent ventilation solution, with special
regard to residential properties and small offices or to public buildings (e.g., school rooms).

The sources of indoor pollution include combustion of solid fuels in indoor environments,
especially in developing countries; tobacco smoke; outdoor air pollutants; construction materials
and furnishing sources [8]; bad maintenance of ventilative and air conditioning systems; but also
cleaning products, cosmetics, and equipment (e.g., printers)—see also [9]. The main indoor pollutant
substances are Carbon dioxide (CO,), Carbon monoxide (CO), Nitrogen oxides (NOx), Ozone (O3),
Pentachlorophenol (PCP), Polycyclic Aromatic Hydrocarbon (PAH), Tobacco smoke, and Volatile
Organic Compounds (VOCs), but also PM values inherited from outdoor air or from indoor fuel
combustion, e.g., [10], polycyclic aromatic hydrocarbons; radon and other similar pollutants are
considered in health guidelines, e.g., [11]. The Harvard School of Public Health recently published a
new study about the negative impact of CO,. The study found that high concentrations of CO, can
reduce decision-making performance [12]. On the other hand, VOCs are emitted as gases from certain
solids or liquids that include a variety of chemicals, some of which may have adverse short and long
term health effects. Focusing on relative humidity, and referring to [13], it should be remembered that
“Relative humidity also affects the rate of gassing of formaldehyde from indoor building materials, the
rate of formation of acids and salts from sulphur and nitrogen dioxide, and the rate of formation of
ozone”. The influence of relative humidity on the abundance of allergens, pathogens, and noxious
chemicals suggests that indoor relative humidity levels should be considered as a factor of indoor
air quality.

Among studies on monitoring solutions for IAQ, it is worthwhile noting previous theoretical
research which was aimed at defining a metadatization approach to develop real-time sensor networks
based on diffuse semi-open platforms for to connect and share low-cost Internet of Things (IoT)
nodes—e.g., Arduino or RaspberryPi driven ones [14]. This study defines a method to classify and
describe in diffused networks the nodes used that allow users to easily include metadata which are able
to define the sensor accuracy, errors, monitored variables, etc. Furthermore, a sample application of
three nodes in different parts of a city was tested—see also [15]. Nevertheless, commercial applications
are now available on the market, such as the Netatmo series of sensors and the related open weathermap
service, with which it is possible to access real-time monitored environmental parameters, including
outdoor temperatures, relative humidity, atmospheric pressure, and wind direction and velocity [16].
This data source principally shares environmental data. Furthermore, other solutions, including IAQ
variables, were developed by the Libelium Company. In particular, the SmartGases Pro system [17] is
noteworthy as it involves a plug and sense platform to monitor most air quality parameters including
CO, COy, Oy, 03, NOy, SO,, NHy, Hy, ETO, luminosity, relative humidity, atmospheric pressure, and
temperature. Each station can act as a node of a network which communicates according to several
protocols including Wi-Fi and 4G radio. Other configurations are possible, including smart city ones,
e.g., analyzing PM, levels, noise and other additional variables [18]. Specific applications were also
defined in other references, such as [19], in which a modular IoT platform for IAQ is presented in
consideration of the mentioned sensor interface board (Gas Pro) while detecting CO,, CO, SO,, NO,,
O3, Clp, temperature and relative humidity. These solutions are devoted to air monitoring and are not
directly coupled with actuators.

Furthermore, with regard to the connection between IAQ variable level detection and ventilation
system activation we should mention the study [20] which refers to a control strategy for
demand-controlled ventilation systems (DCV) based on CO, detection in multi-zone office spaces. The
approach was tested on a very large office building in Hong Kong and works in combination with air
handling units (AHU) using an intelligent building management and integration platform. Similarly,
in Ref. [21] a study on the automatic activation of an energy recovery ventilation (ERV) system based
on a CO, detection system was introduced. Generally, ERV are manually controlled, causing potential
risks of both insufficient ventilation rates, especially during night time (users’ sleeping time), and/or
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overventilation with consequent heat losses in the cold season. For these reasons, the authors of this
study [21] developed a solution to automate the ERV system based on CO; levels. An analysis of CO,
sensor localization in residential apartments was performed, and suggested using the living room to
control the entire flat. Another study focuses on the reduction of requested airflow in DCV systems
based on CO; level detection in indoor spaces to avoid excessive energy consumption when IAQ levels
are at the comfort threshold [22]. Furthermore, this research focuses on the usage of simple motor flaps
instead of more widely-used variable air volume boxes. Pressure drops are here defined with respect
to a developed model and coupled with a CO; concentration model, showing a good potentiality in
reducing energy consumption, by defining air exchanges in compliance with the model. Another
interesting work on a CO,-based control approach for ventilation systems was proposed in [23]. This
reference, unlike other approaches, considers outdoor CO; levels as not constant, but fluctuating
around daily quasi-periodical variations. In this case, ventilation rates are estimated without directly
monitoring CO; in the building, showing high-resolution results. Nevertheless, outdoor pollutants
may affect the potential of ventilation under certain conditions—see for example [24].

All these studies demonstrate, on the one hand, continuous attention to the development of
solutions to control ventilation systems for IAQ purposes, and on the other hand, that the majority
of the efforts involve mechanical integration solutions with potentially high installation costs or
advanced modelling approaches to avoid sensor usage. Considering residential houses and small
offices, only a few commercial solutions adopt IAQ sensing (e.g., CO,) coupled with ventilation
control systems—e.g., detached mechanical ventilation—and include a user interfaces. An example is
the mechanical ventilation system Healthbox® produced by RENSON, which connects a multi-zone
extractor system with CO, zone detection. Inlet air supply is driven naturally in this solution—see [25].
Nevertheless, in the current era of information, with increased access to low-cost sensors the need to
develop correlated platforms to integrate sensing with actuating in simple low cost systems is evident,
especially if they can be connected to user interfaces to inform and receive feedback.

1.1. Paper’s Objectives

This paper focuses on CO,, Total VOC, and relative humidity, which are some of the main
pollutants produced indoors which influence IAQ. Furthermore, the temperature is also detected and
used as a risk index to combine IAQ ventilation purposes with ventilative cooling ones, see for example
IEA EBC Annex 62 reports [26,27]. In order to act on IAQ levels to maintain acceptable conditions, it
is important to have a real-time measurement of the indoor air quality to avoid and prevent related
problems in time. The visualization and storage of historical environment data enables understanding
and anticipation of current and future situations. Also the use of both environmental and indoor
measurements leads to a faster dilution of pollutants thus leading to better comfort levels by knowing
air mixing conditions. All these aspects are considered in the proposed system.

The main objectives of this project are as follows:

e  todevelop an IoT system for to monitor and visualize indoor air quality;

e  toadopt a user-friendly approach to present monitored data by using an Indoor Air Quality Index
(IAQI) which is able to process different pollutants at the same time and which can be represented
on a user-friendly colour scale.

e to carry out a proper ventilation action, by activating a fan-assisted ventilation system, to improve
indoor air quality and maintain the desired IAQI level;

e to control fan velocity for IAQI by balancing the external and internal conditions of all pollutants
thanks to monitored data;

e  todevelop devoted user interfaces by using app mobile visualization and data storage for different
user profiles (simple users, color scale index; and expert ones, sensor monitored levels);

e  to test the IoT system under prototype conditions to reach a Technology Readiness Level (TRL)
between 3 to 4.
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Additionally, the described approach faces a didactical and methodological issue related to
teaching and learning multidisciplinary issues in the building and ICT fields in the context of smart
city and smart society problem solving. The Authors come from different backgrounds including
telecommunication engineering, data analysis, and environmental and technological building design,
under the Interdisciplinary Project activity of the Master Degree in ICT for SmartSociety of the
Politecnico di Torino University.

1.2. Paper’s Structure

Section 2 of the paper describes the materials and methods adopted to develop the proposed IoT
system. In particular, the backend approach is detailed in Section 2.1, the hardware components are
introduced in Section 2.2., the mobile app in Section 2.3, and the adopted IAQI index in Section 2.4.
Meanwhile, Section 3 is devoted to describing system design and implementation. Section 3.1 focuses on
detailing the system architecture, while Sections 3.2 and 3.3 focus respectively on the system’s Hardware
and Backend definitions. Furthermore, Section 3.4 describes the developed Mobile application and
Section 3.5 the developed control strategy. Section 4 focuses on early experimental testing of the
system using a prototype based on two-nodes, one outdoor and one indoor and a platform backend
which are all connected to the cloud. This section is sub-divided into (i) early validations on single
aspects of the platforms (Section 4.1), (ii) prototype box testing considering each pollutant individually
under high concentrations, and (iii) continuous prototype box testing producing different pollutants in
realistic concentrations. The TRL reached with these tests is between 3 and 4. Finally, Section 5 reports
discussions and conclusions, focusing on potential further development steps and details the main
outcomes of the paper.

2. Materials and Methods

As shown in Figure 1, this project implements an IoT system to be installed in residential or
small office spaces to control IAQ levels based on monitored data. A sample IoT application was also
developed to be tested in a small room prototype box. The proposed solution monitors the indoor and
outdoor environmental conditions by considering the following parameters: CO,, VOCs, atmospheric
pressure, relative humidity, and temperature. Using these measurements, the IAQI index is computed
and the obtained values are used in a ventilation control algorithm to provide the best indoor comfort
level. Moreover, a mobile app is developed which provides functionalities of device management, real
time measurement observations, and analytics of environmental measurements. The system consists
of four main components: Backend, Hardware, Mobile App, and IAQI computation. The following
sub-sections are devoted to introducing the methods and materials used for these four components.
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Figure 1. Overview of the developed system, considering the sample test case.
2.1. Backend

The backend should be developed for the distributed internet of things platform in order to handle
the sensor data, perform visualization issues, and manage control algorithms. For the purpose of this
paper, the considered backend main features are listed here below:

e Device management

e  Sensor microcontroller interface
e  Sensor data communication

e  Control algorithms

e Data storage and aggregation

2.1.1. Design Methodology

The Micro-service architecture approach was selected for the backend design to achieve the
objective of a distributed and scalable system. This architecture allows us to structure the proposed
application as a collection of loosely coupled services. Modularity makes the application easier to
understand, develop, and test. Furthermore, it becomes more resilient to architectural erosion. All
the backend features are defined as independent services that can communicate with each other and
provide the required functionalities for the other system components.

2.1.2. REST APlIs

Using the MicroService design methodology, the system’s features are provided as REST Web
APIs using HTTP requests. Each Application Programming Interface (API) will provide a feature
and can be accessed using HTTP requests to either get, edit or manage operations and data. Python
language was chosen to develop the APIs due to the wide availability of required libraries and the
simplicity, and scalability of its code. In order to implement the functionalities of the HTTP requests,
CherryPy can be used [28]. CherryPy is an object-oriented web application framework which uses
the Python programming language. It is designed for the rapid development of web applications by
wrapping the HTTP protocol but stays at a low level.
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2.1.3. Sensor Data Communication Protocol

Environmental data generated by the sensors are transmitted to calculate the air quality index and
to feed control algorithms. Furthermore, the monitored data are also used in the mobile application
for real-time data visualization, and they are stored in the database for further aggregations. To
achieve these requirements, MQTT communication protocol was used. MQTT is an extremely
simple and lightweight publish/subscribe messaging protocol, designed for constrained devices and
low-bandwidth, high-latency, or unreliable networks [29]. The design principles of the proposed system
are to minimize network bandwidth and device resource requirements whilst also attempting to ensure
reliability and some degree of assurance of delivery. These requirements make the protocol MQTT
ideal to enable the sensor to publish the data to different subscribing MicroServices in a reliable way.

The implementation of the MQTT protocol requires an MQTT broker, Eclipse Mosquitto Broker [30]
was used since it supports MQTT protocol versions 5.0, 3.1.1 and 3.1. It is lightweight and suitable for
use on all devices from low power single board computers to full servers. As for the programming of
the MQTT clients, Eclipse Paho MQTT library was used to provide all the functions and classes needed
to configure a subscriber or publisher application.

2.1.4. Database

The developed IoT platform functionalities require the storage of (i) system configuration; (ii) device
information; and (iii) sensor data. MongoDB is a cross-platform document-oriented database program
that allows for these functionalities [31]. Classified as a NoSQL database program, MongoDB uses
JSON-like documents with schemata. MongoDDb supports large volumes of structured, semi-structured,
and unstructured data models, allowing us to perform the needed requirements for the proposed IoT
application considering data storage functionalities to be used in the micro-services’ architecture.

2.2. Hardware

The following hardware components were used for the embedded system and the sensor network.

2.2.1. The Embedded System

RaspberryPi and Arduino. Raspberry Pi—see Figure 2a—is a credit card sized single board
computer running Linux Raspbian and is used in the developed IoT system to allocate all microservices
and processing power into one stand-alone unit. In particular, the Raspberry Pi 3B+ board was chosen
as the master unit to control the operation of the whole system. Moreover, the need for a unit which is
compatible with several communication protocols and digital and analog I/O pins has led to the choice
of using Arduino Uno R3 shields—see Figure 2b. This specific microcontroller board is compatible
with all used sensors and is powerful enough to handle all the acquisition and pre-processing tasks for
the slave units, both localized indoor and outdoor.
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(a) (b)

Figure 2. (a) a view of the master unit used (Raspberry Pi 3B+) (b) one the used slave unit board used
(Arduino UNO R3).

Ventilation system: Artic P12 PWM—see Figure 3a. The Artic P12 is a PC fan controlled by pulse
width modulation (PWM) signal. It has a speed range of 200-1800 RPM and can generate an airflow of
95.65 m3/h (@1.800 RPM). For the purpose of this paper, this fan was used to simulate the assisted
ventilation system implemented in a prototype box.

LCD05—I2C/Serial LCD—see Figure 3b. The LCDO5 is a LCD display that adds additional
features in comparison with other displays, being fully compatible in both software and pin-out. For
the purpose of the developed IoT system, it was used to display useful messages to support the
development phases.

N
)

() (b)

Figure 3. (a) Ventilation device used to simulate the controlled ventilation system in the prototyping
box used(b) the LCD display screen used for development phases.

2.2.2. Sensors

BME680. The DFRobot BME680 Environmental Sensor (DFRobot, Shanghai, China)—see
Figure 4a—is a lowpower sensor based on the BOSCH BME680 (Bosch Sensortec, Reutlinger, Germany).
It is a 4-in-1 environmental sensor, which integrates a total VOC (Volatile Organic Compounds) sensor,
a temperature sensor, a relative humidity sensor, and a barometric pressure sensor. This specific
hardware component is characterized by a large availability of libraries which facilitate the acquisition
of data and the development of the specific code. Pressure absolute accuracy is +0.6 hPa, relative
humidity one +3%, temperature +0.5 °C (at 25 °C), =1 °C (full range), VOC 2-5% depending on specific
VOCs [32].
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(a) (b)

Figure 4. (a) the BME680 Temperature, Relative Humidity, Barometric pressure, and TVOC (Total
Volatile Organic Compounds) gas sensor used; (b) the used Gravity Analog CO, gas sensor used.

The CO, Gas Sensors used are illustrated in Figure 4b. Two of them are used to detect the CO,
levels of the indoor air and of the environmental air. This specific device is based on the MG-811 gas
sensor (DFRobot, Shanghai, China), which shows high sensitivity to CO, levels and less sensitivity to
alcohol and CO presence. It is characterized by low relative humidity and temperature dependencies.
The industrial quality of this component makes it sufficiently robust and stable despite its low-cost.
Moreover, it is characterized by a measurement range of 350-10000 ppm, while its accuracy is within
the range of 1% of the measurement scale. The proposed system is, however can also be connected to
different sensors, such as the analogy infrared CO, Gravity sensor for Arduino, which is more accurate
(50 ppm + 3% reading).

2.3. Mobile App

An Android application was designed to allow users to monitor and control the system. Two
main user profiles were adopted: on the one hand, users with limited technical knowledge of IAQ
indexes and parameters; on the other hand, operational users with specific technical backgrounds. The
former access to a colored graphical interface which classifies the IAQI value for each parameter on a
scale based on four classes—see the following Section 2.4. For the latter the app reports the monitored
values for each variable by considering temperature [°C], relative humidity [%], atmospheric pressure
[hPa], CO; levels [ppm], and TVOC (Total Volatile Organic Compounds) concentration [ppm]. Both
user profiles may have access to indoor and outdoor data, even if for the non-technical profile indoor
conditions are of most interest.

The main features of the app are listed below.

e Device management: it allows us to create a list of the installed devices for each specific application
(e.g., a specific building, a specific zone) and to set a desired ventilation time to report indoor
conditions in threshold value for each device;

e  Real time data visualization: data from all sensors of a connected device are visualized on a single
screen, thus permitting the users to always have an overview of the quality of the air, be they
expert or non-expert users

e  Statistical data: daily or weekly data graphs for each sensor are shown for both user profiles.

Figure 5 shows the developed mobile app navigation flow between main app components.
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Figure 5. Mobile app navigation map.

2.4. Indoor Air Quality Index Computation

Considering the variables monitored in the proposed system, each has its own specific unit of
measurement. Hence, relative humidity is measured in percentages [%], temperature is measured on
the Celsius scale [°C], the concentration of CO, and of TVOC are converted into parts per million
[ppm]. If these values can be easily read by the expert user profile, the non-expert user may have
difficulty in understanding these results. For instance, if the concentration of CO, is 700 ppm, it’s hard
to understand if the air quality is good or not when users are not experts on specific standards. For this
reason, it is necessary to make the measurements more readable and understandable for people who
do not have specific background knowledge. To face this challenge, the developed system labels the
concentration of CO, and of the other considered variables by using intuitive categories (good, bad,
very bad, etc.) in line with the Air Quality Index (AQI) approach. This index was developed by the
United States Environmental Protection Agency (US EPA) in 2006 focusing on outdoor conditions [33].
Nevertheless, an indoor version of this index was recently presented [34] and is here adopted to compute
the IAQ level. The AQI approach converts measurements of different pollutants in consideration of
their specific unit of measurement into the AQI code—see for example [33,35]. In particular, for the
purpose of this study, the break point table for indoor environment IAQI classification reported in [34]
was adopted—see Table 1. IAQI is, in fact, a numerical classification scale ranging from 100 (perfect
condition) to 0 (worst condition) and also a color code, which divides the numerical classification into
several specific ranges (good, moderate, unhealthy, hazardous). AQI index describes not only the
pollution level but also the potential risk level for people’s health, such as was illustrated in [33]. The
adopted threshold values were defined in accordance with reference standards [34]. For example, for
carbon dioxide, the same ranges are proposed by [36], while 1000 ppm is assumed as a limit by [37],
which also introduces a lower class for optimal (below 800 ppm), by [38], and is used as reference
by [21]. ASHRAE standard 62-1989 also consider 1000 ppm as target concentration level even if it
does not consider this threshold as a standard requirement—see also [39]. Furthermore, 1500 ppm is a
breakpoint for schools in the UK [40]. Nevertheless, potential variations can be considered for local
standard adaptations or to adopt specific thresholds. For example, the temperature thresholds can
follow an adaptive comfort approach when the system works in non-conditioned buildings—see for
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example [41]. In addition, the IAQ standard EN 13,779 classifies the CO,-related IAQ level into four
classes while considering a carbon dioxide concentration which is above that of the outdoor air (i) less
than 400 ppm, (ii) in the range 400-600 ppm, (iii) between 600-1000 ppm, and (iv) above 1000. The
same standard suggests typical CO, outdoor air ranging from 350 ppm in rural areas to 450 ppm in
city centres. AS is illustrated in Table 1, the IAQI values and status are divided into four categories:
Good (100-76), Moderate (75-51), Unhealthy (50-26) and Hazardous (25-0). Depending on different
IAQI values for each pollutant, proper control strategies will be adopted to improve IAQ.

Table 1. Classification scale adopted for relative humidity, temperature, CO,, and TVOC detected
levels. The considered thresholds are based on [34], but are in line with reference standards. Potential
variations due to local standards may be included by varying specific variable ranges acting on the
user interface setting function.

CO, [ppm]  VOC [ppm] Temfleé?t“re H:::};::;e[/] IAQIIndex  IAQI Status
340600 0.000-0.087 20,0260 100700 10076 Good
601-1000  0.088-0.261 26.1-29.0 70.1-80.0 7551 Moderate

1001-1500  0.262-0.430 29.1-39.1 80.1-90.0 51-26 Unhealthy

1500-5000  0.431-3000 39.1-45.0 90.1-100.0 250 Hazardous

Formulas to Support System Control and Analysis

The proposed IoT system uses simple well-known expressions to support the decision process
of the algorithm. In order to define the proper action to control the ventilation system, two main
parameters are considered: the time span chosen to reach a sufficient IAQ level (ventilation system
operation time) and the airflow rate. Users will directly set the optimal time threshold to reach a
good IAQ level by activating the ventilative system and thus releasing pollutants from the inner
environment. For this reason, only the airflow rate has to be set automatically by the platform.
Firstly, the ventilation rate Q [m3/s] needs to be calculated. Referring to [21-23,42], the following
expressions—see Equations (1) and (2)—were adopted to calculate the required Q to obtain, within the
set time, sufficient pollutant dilution.

(Q-1t) - varey + V- vary, = (V+Q't)'varfinnl @

where t is the ventilation time [s], V is the zone volume (e.g., the prototype box) [m3], Qis the ventilation
rate [m3/s], and var is the considered variable (temperature [°C] or relative humidity [%]). Subscripts ;;,
refers to current indoor environmental conditions, and o, refers to current environmental (outdoor)
conditions, while g, refers to the final required condition.

Cfinal = Cout + (Cin - Caui) ‘ei(%) + g ! (1 - 37(%)) (2)
where C is the concentration value of the considered pollutant (TVOC or CO;) expressed in [ppm], G is
the indoor generation rate of pollutant [m3/h], Q the ventilation rate in [m3/h], and t the ventilation
time in [h]. Furthermore, V is the zone volume [m?], while subscripts are the same as in Equation (1).
Nevertheless, the pollutant emission rate is not commonly known, especially if human occupancy is
not fixed or monitored. For this reason, for the sample prototype box, the generation rate of CO, is
set to zero, and the generating rate G for VOC is negligible, fixed emission sources not being present.
The adopted testing approach focuses on dilution of high level of quickly produced pollutants to
demonstrate the effect of the system under stressful conditions rather than under the continuous
production of a small amount of them, such as under fixed human occupancy profiles where CO,
production can be predicted. In fact, when pollutants are placed inside the prototype box, the generation
rate will vary all the time, and it is hard to calculate the correct value, unlike under real conditions. In
this case, the generation rate is not considered for further analysis. On the other hand, calculations are
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based on conditions where indoor and outdoor air mix to reach the desired indoor IAQ in the given
time.

For temperature, CO, and TVOC, the required ventilation rate Q can be calculated directly by
applying Equations (1) and (2). Nevertheless, for relative humidity (RH), the measurements should
be converted before performing calculations because RH is a function of temperature, atmospheric
pressure, and moisture content (X) [kg/kg]. For this reason, indoor and outdoor measured values
cannot be directly compared to define the airflow needed to reach the desired threshold, considering
that indoor temperature and/or moisture content could be different from those outdoors. Relative
humidity is defined as the ratio of the water vapour pressure (Py) [Pa] to the saturation water vapor
pressure (Pys) [Pa] at a given temperature:

RH = (ﬁ) 100 3)
ws

Psychrometric expressions are used to define saturation water vapour, water vapour, and moisture
content. Cetiat tables of the humid air or other comparable approaches may be used—see for
example [43].

Pys = EXP(((A-9)/(B+9)) +C) 4)

where 9 is the monitored air temperature [°C], while A, B, and C are constants. In the -0 °C ... +40 °C
domain A, B and C were assumed to be respectively 17.438, 239.78, and 6.4147, in line with Cetiat
suggestions [43]. The moisture content may be calculated according to the well-known expression (5):

RH - Py

X =0.662 ——————
Pgjy — RH - Pys

®)
The reverse formula (6) allows us to estimate the RH by knowing the air moisture content and the
air temperature. This expression can be used to roughly estimate the RH that the outlet air would
reach if sensibility treated, such as under the effect of high efficiency heat recovery systems, like the
ones installed in passivehauses.
X Pajy
0.622 - Pyys + X - Pys

Then the required ventilation rate for relative humidity is calculated through Equation (1) by

RH = 6)

using indoor measurement and the converted outdoor measurement. According to these formulas, the

required ventilation rate for each pollutant can be calculated within the expected ventilation time.
According to the required ventilation rate Q [m?/s], it is possible to define the required air velocity,

qfan, to be performed by the fan [m/s]. This can be calculated by applying the following expression (7):

qfan = Q/Afan @)

where Ay, is the net opening area of the fan [m?2].

To control the fan speed, different PWM signals should be fed to the device (fan). Pulse width
modulation (PWM) is a method which reduces the average power delivered by an electrical signal. The
delivered average power is controlled by changing the duration of the pulse, which leads to different
duty cycles. The higher the duty cycle, the larger stronger the average power [44]. In order to feed a
proper PWM signal to the fan, the relationship between the set PWM and the produced air velocity is
very important. An anemometer was employed to correlate the produced air velocity of the fan with
different PWM signals in the prototype box. Figure 6 shows the values obtained, while the conversion
between the fan air velocity and PWM signal is achieved based on the plotted graph.
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Figure 6. The relation between pulse width modulation (PWM) and air velocity measured in the
prototype box.

3. Design and Implementation

3.1. System Architecture

The developed IoT system consists of four main levels as is shown in Figure 7. The User Interface
level is represented by the mobile application that manages all devices and configurations, and
furthermore displays sensor data. The Backend level provides functionalities of data storage, APIs
for platform management, analytics, and real time sensor measurement storage. Meanwhile, the
gateway level is responsible for controlling and accessing the hardware level and connecting it with
the backend. On this level, control strategies are implemented to process the environmental data and
apply algorithms to calculate the IAQI index and control fan operation.

User .
Interface Mobile App
Platform API Analytics API
Backend
Data Storage MQTT broker
Gateway Indoor Sensor & Outdoor Sensor
Actuator
Devices Fan Sensors

Figure 7. The four defined Backend levels.
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3.2. Hardware

3.2.1. Wired and Wireless Connections

For the main unit (Raspberry Pi 3B+), the most used functionalities were the GPIO pins, WiFi, and
USB ports. The GPIO pins supporting I12C protocol are used to connect the board with a LCD screen,
the screen is employed to show actual indoor conditions (Figure 8c). As regards the software, different
Python scripts are run on the board to manage, monitor, control, process, and store data. Moreover,
Arduinos are used to collect and pre-process the raw data from sensors while the processed data are
further transmitted to the master unit (the Raspberry Pi) through serial communications. Outdoor
unit connections are shown in Figure 8a. Through a pin socket, the fan is supplied up to 12 V DC by
an external source and is controlled by one of the PWM pins of the indoor Arduino. It reacts to the
master’s order by adjusting the speed signal. The deployment of sensors, fan, and Arduino board for
an indoor unit is shown below in Figure 8b.

(a) (b) (0)

Figure 8. (a) Outdoor unit hardware connections; (b) indoor unit hardware connections; (c) raspberry
Pi connection (master unit).

The WiFi functionality of Raspberry Pi is used to create a hotspot to connect microservices with
an external device which runs the mobile application. The application is used to show the state of all
the environmental conditions (indoor and outdoor) and to set up the user parameters for the operation
of the system.

3.2.2. Working Flowcharts of the Indoor and the Outdoor Units

Figure 9 shows the working flowchart of indoor and outdoor units for raw data acquisition, data
pre-processing, and serial communication. Indoor and outdoor units will pre-process sensor readings
and transmit these data to the master unit. In the case of the indoor unit, the master unit (Raspberry Pi)
sends back the control signal (PWM) in order to achieve the target established by the control strategy
(implemented on the master unit) to maintain the indoor air quality at a good level.
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Figure 9. Embedded software flowcharts (a) Indoor unit processing flowchart; (b) outdoor unit
processing flowchart.

3.3. Backend

The backend follows the Microservice architecture—see the backend overview in Figure 10.
Therefore, an initial service “Resources/Services catalog” was implemented in order to manage events
and data flow between microservices. Initially, each microservice should contact the Resources/Services
catalog to get the list of available microservices and find the way to access these resources. The
communication between microservices happens through REST and MQTT. As for the databases, the
communication is managed through the Mongodb communication tunnel.

Resources and
Platform S .
Database
________________ Mabile app AP ] ...
' Resource/Services __ Platform Analytics Readings Storage
Catalog : REST API REST API : Bridge
. Sensor &
Mobile App Actuator
— REST ! :
MQTT
MONGODB

Figure 10. Backend overview.
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3.3.1. Database

The developed system consists of two independent databases based on Mongodb. Each database
can be accessed independently through the Mongodb python connector from another microservice.
The connection is guaranteed by using TCP on the port 27,017 and by specifying the installation IP
address of the database. The two databases are described here below.

Resources and Platform Database: this database is used to store information about platform
services and resources such as mobile application user management, devices, configuration profiles,
and available services. The database is schematised in Figure 11. This figure shows the relations and the
structure of each collection process. The house collection stores the information about the house/room
in which the sensors are installed. The services” collection stores information about the available
system microservices and the related addresses for contact. Profile collection contains predefined room
profile(s) of thresholds that provide the best comfort levels. Sensor settings” collection stores the device
configuration(s) and threshold(s) for a selected sensor. Device collection stores the information about a
device how to access its resources. Finally, the sensor_house and user_house collections are responsible
for defining the parent data collection to which the entity belongs.

Resources and Platform
Database User_House

{  er S
“house_id™"String", _f( _USeUd H S!Ill_ﬂg -
“user_id""String" user_name":"String",
y “pwd""String"

}

—

<

“sensor_id":"String",

{ “settings":]
“sensor_id":"String", {type™"String”
“house_id™:"house_id" 'desc“:"Sn'ing",‘

“value™"Float/Int"

}
| S
i

Device

(== )
{ {

“service_id": "Integer”, ‘dewv_id"'String’, S I .
“name":"String", ‘dev_type'int/ext’, prof_id": "Integer",
“address”:"String", ‘resources"[{},{}], i

“port™"Int " ‘endpoints’;

)pu nteger’ }en points":[{1.{}] “type"String”,

\ J "dese""String",
“value™"Float/Int"

m

| ——

Figure 11. Resources and Platform database schematic view.

Sensor Data database: this database is used to store all sensor measurements inside the platform.
It consists of only one collection called “data”. In this collection, the sensor measurements are stored in
a consistent format as shown in Figure 12. The “bn”, “bt”, “n”, “u”, “v” expressions define the sensor
id, time of measurement, type, unit and value. This format makes the platform more amenable to the

introduction of new sensor types without impacting on the database structure.

"_id" : Objectld("5c8b7b8eae5098231a798fas5"),
"B : "SS1",
ODate("2019-03-15T10:16:46.000Z"),

"v" 1 0.202906692557987

Figure 12. Measurements data structure.
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3.3.2. Microservices

Microservices are python scripts which run independently and they can be accessed using REST

calls provided by cherrypy. In particular, the following list of microservices was implemented.

Resource and service catalog: the resource and service catalog microservice is the entry point
to the system. It mainly provides the functionalities of device management as well as the list
of services.

Readings storage bridge: the main functionality of this microservice is to preprocess the incoming
sensor measurement messages and store them in the sensor_readings database. It subscribes MQTT
topic “Readings/#”, loads the incoming messages, pre-processes data into the proper format, and
stores them in the database.

Analytics API: this microservice provides sensor measurements from the database to the mobile
app. The measurements are filtered by sensor type and aggregated by week or day. Instead of
sending all the sensor measurements, the microservice allows us to access average aggregations
to return average data value per hour or per minute of the day.

Platform API: this microservice provides the main functionalities of the mobile app for user, house,
and device management.

Sensor and actuator: on the one hand, the sensor device is running a microservice that
reads the measurement from the sensor and publishes it through MQTT to be stored in the
database. On the other hand, this microservice requests the configurations and settings from the
resource/service catalog.

3.4. Mobile Application

Android Studio IDE is used to develop the mobile application using Java programming language.

The application communicates with the backend through a REST API and receives data from the
devices through MQTT protocol as it is connected to Raspberry Pi hotspot.

To implement these communications, two libraries were used: Android Asynchronous HTTP Client

for REST requests and Paho Java Client for MQTT communication. Furthermore, MP Android Chart
library was used for the visualization of the graphs. Furthermore, the list of all mobile application
functionalities is given here below.

Service Catalog setting: during the first access to the app, users must insert the IP address of
service catalog, so that the IP address of the platform can be retrieved and the app can connect to
this platform. It is possible to access this setting at any time both from the list of houses and from
the device list.

Registration: Users can register themselves by defining username and password.

Login: users may log into their system. If correct credentials are inserted, the list of
profile-connected houses is retrieved.

House management: the list of houses is the home page of the app. Users can register a new
house or access an existing house (based on house id) in their lists.

Device management: both internal and external devices are listed on the same screen. There
are specific buttons to add a new device, to show statistics, and to change settings. During the
registration of a device, a room profile (e.g., Kitchen, Bathroom, etc...) based on those available
must be chosen. By clicking on an element in the list, the real time data page is visualized.
Real-Time data visualization: Users can always monitor the quality of the air for both indoor and
outdoor sensors. All the readings of a device are shown on a single screen, and different colors give
an indication of the pollution levels in the air. This part of the app is based on two user typologies,
as mentioned above in the paper. While non-expert users will access a coloured visualization
screen which indicates current IAQI status, an expert user interface will show monitored data
in consideration of the specific data in the devoted unit of measurement (e.g., ppm for CO; and
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TVOC; hPa for pressure; °C for temperature, % for RH). To simplify these, two user profiles are
shown one over the other in the current version of the mobile application—see Figure 13a.

e  Statistics visualization: statistics for daily or weekly measurements can also be visualized.
A spinner menu allows users to choose the specific measurement to be analyzed. See for example
Figure 13b.

e Logout: from the main page or from the device page, users can logout from the system and get
back to the login page.

17:33 LiTRA A 14:29 in$4G.4 &

Real time statistics Statistics

:
Cco2

DAY WEEK
Tue Tue Tue Tue Tue Tue Tue

460,00 ppm 460
TEMP IAQ

440,00 ppm i 440

48,00
420,00 ppm 420
TEMPERATURE

400,00 ppm 400
PRESSURE

380,00 ppm T 380
HUMIDITY

(a) (b)

Figure 13. Mobile application screenshots: (a) real-time visualization, at the top the not-expert user
view, at the bottom the expert user view; (b) Statistics visualization.

3.5. Control Strategy

Depending on different pollution levels, indoor air quality (IAQ) can be improved by activating
the mechanical ventilation system to let external air enter the living space. Ventilation time is quite
an important parameter to be taken into account for ventilation activity. In fact, it not only affects
the efficiency, but also the comfort level of people. If the required ventilation time is very short, the
ventilation system could produce strong airflow velocity, which may not be comfortable for people.
On the contrary, if the ventilation time is too long, the efficiency of the ventilation system may not
be enough to guarantee sufficient pollutant dilution and to avoid stagnation and high pollution
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exposure. In the proposed system, the expected ventilation time can be set by users through the mobile
application, while the fan speed is regulated dynamically with respect to different monitored pollution
levels and the set ventilation time.

Figure 14 illustrates the ventilation decision process which compares the IAQI indexes of indoor
and the outdoor air. If ventilation activity is computed to be necessary (e.g., the prototype box shows a
high level of one/more pollutant/s), the calculation process will be activated in order to find the proper
ventilation rate in order to set the fan system and dilute pollutants. According to expressions listed in
Section 2.4., the system will compute the required ventilation rate for each pollutant. When the system
gets different ventilation rates for different pollutants, it always selects the maximum ventilation rate
from among these values to prevent insufficient ventilation. According to the selected ventilation
rate Q [m®/s], the system calculates the airflow rate [m/s], and then the desired PWM value for fan
activation is derived from the corresponding airflow rate by using room characterization—see Figure 6
for the considered prototype box. Finally, the PWM signal is transmitted to indoor units through serial
communication to control the action of the fan.

Get measurements
and user settings

Convert measurements
1o AQI index

Allindoor AQIs are good No ventilation

At least one indoor
AQls are unhealthy
or hazardous

All Qutdoor AQIs
are good

Some outdoor
‘AQls are unhealthy
or hazardous

No ventilation

No

Qutdoer AQls are better
than indoor AQIs

Calculate the required
ventilation rate

Convert the value to
PWM

Transmit PWM
signal to Arduing

L

Figure 14. Flowchart of the analysis algorithm.

4. Experimental Functioning of the System (TRL 3-4)

This section focuses on proving the feasibility of the developed IoT systems, with special regard
to (i) testing single component’ functionalities, (ii) system early-validation in a prototype box which
tests the system under high-pollutant concentration condition, and (iii) Prototype box test to check the
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system’s ability to constantly deal with a series of uncomfortable IAQI conditions in consideration of
stressful situations that may arise in buildings, with special regard to residential and small office spaces
with no mechanical ventilation systems. All of these tests are conceived to reach a TRL (Technology
readiness levels) of 3 to 4, representing the first important step in order to plan for further development
of the system.

4.1. Single Components’ Testing

To ensure the proper functioning of each component of the IoT system, several test cases were
performed individually for each part. Each test focuses, in fact, on a specific step. The performed test
cases are shown in Table 2. After these specific tests, the components were integrated together to check
the behavior of each part when included in the whole system.

Table 2. Test cases for single components’ testing.

No. Test Case Expected Results Pass/Fail
1 Hotspot and bootup Hotspot and system scripts start Pass
scripts automatically
Automatic restarting in The hardware scripts should return if
2 A . Pass
case of hardware failure hardware is reconnected
3 Storage of sensor data in The sensor readings should appear on Pass
the database the database
Real time sensor readin. The sensor readings should be received
4 . ng through MQTT on the mobile app and be Pass
on the mobile app ) .
displayed accordingly
5 CO; sensor reading Test on different environmental conditions Pass
6 VOC sensor reading Test on different environmental conditions Pass
7 Humidity sensor reading  Test on different environmental conditions Pass
8 Temperah{re sensor Test on different environmental conditions Pass
reading
Fan should turn on with the correct speed
9 Fan actuation from the actuation function (tested for all Pass
pollutants independently)
Exter‘n-al unhealthy The fan should turn off and prevent
10 conditions stop fan R Pass
. pollutants immission
activation

Firstly, sensors were connected to the Arduinos, and then the sensibility and the performance of
each Arduino slave unit was tested with respect to different pollutants. In parallel, the script running
on the master unit was probed. The master unit was connected to a laptop to check and correct the
issues when they appeared. Furthermore, a wireless connection was created between the mobile
application and the master unit to check both outputs of the stand-alone script, and the performance of
the application once it got the data.

Following these implementations and tests, all the parts were connected together to perform
the final test before deployment. For example, during this phase, one unit was found to be sending
incorrect data to the master unit when it was plugged in, due possibly to a production problem in the
analog input connectors. The problem was solved by substituting the board.

4.2. Sistem Tests Using a Prototype Box under High-Pollutant Concentrationsusing

After solving these issues, the whole system was deployed in the prototype box to test its efficiency
in pollutant dilution when different stress conditions were simulated (e.g., release of TVOC, increase
in RH%). The prototype box used for these tests was built in plywood (1.5 cm) and insulated with
polystyrene panes (3 cm) which were positioned externally all along the box surface—see Figure 15.
The ventilation system is made up of the extractor fan and an inlet mouth with the same net opening
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area positioned at the bottom of the fagade opposite. The net box dimensions are 57 x 60 x 120 cm.
Finally, a polycarbonate permanently sealed window for visual inspection is installed (29 x 39 cm).

(@) (b) ©

Figure 15. (a) The prototype box (note that to take this picture the inspection-side was removed);
(b) box interior view (detail); (c) the prototype box in the testing location with inspection-side removed.

In Figure 16a the system was tested for relative humidity variations. For this test the prototype box
was moved to an external courtyard in a central urban area (North of Italy) position—see Figure 15c.
Outdoor conditions were monitored to be 406 ppm of CO,, 0.03 ppm of VOC, 27.2% of RH, and 26.4 °C.
The indoor RH level was stressed by boiling a kettle. When the value of relative humidity exceeds
the threshold of “good level” for a given amount of time (activation risk time threshold e.g., 30 s), the
assisted ventilation system starts working to get back to the “good” level according to the related IAQI
index. The test demonstrates that the threshold was reached again within about 150 s, which was 30 s
quicker than the expected time.

Then the system was tested under uncomfortable VOC concentration conditions. Very high
VOC concentrations were produced by burning a large amount of incense in the prototype box. AS
illustrated in Figure 16b, once the ventilation system was activated, the ventilation time to reach the
“moderate” IAQI level of VOC was approximately 125 s. Because the fan used was not powerful
enough to provide the required level of airflow rate to reach the “good” level under uncomfortable
VOC concentration conditions, the system could not bring the level of VOC to a good level within the
considered activation time (180 s). Nevertheless, as is illustrated in the Figure, the ‘moderate’ level is
reached in the desired time, thus guaranteeing a healthy level of VOC gases.

Both tests showed the correct functioning of the system under typical conditions of high
concentration of VOC gases and high relative humidity. The CO, test was not performed in this phase
since CO; and VOC are treated in a similar manner by the IoT system.
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Figure 16. Pollution tests: (a) relative humidity evolution over time; (b) Volatile Organic Compounds
(VOC) gases concentration over time.

4.3. Prototype Box Continuous Test (Realistic Conditions)

Once the system was completely checked, realistic test cases were performed. During this
demonstration phase, different domestic potential conditions were reproduced in the prototype box.
To demonstrate the impact of the IoT system, its behavior was shown over a test time of 1 h and during
this period several pollutants were placed inside the box to simulate real-life situations, such as a CO,
concentration of about 1000 ppm (a value often found in an occupied room after a period of system
deactivation—e.g., a double room with two adults in less than 1 h—adult CO, production rate of
0.0052 L/s, ASHRAE Standard 62.1 and ASTM D6245 [45]), or a RH% higher than 85% coupled with
temperature increase—as may arise in a bathroom after a hot shower. In particular, three pollutants
were released in sequence: CO,, VOC, and RH. VOC and RH are produced in the same way as in
the tests for high concentration dilution (incense and kettle), while CO, was generated by burning
acetone inside the box. During these tests lower levels of pollution were produced in comparison to
high-concentration tests.

Figure 17 shows the results of the monitored indoor conditions expressed in terms of IAQI levels
during the entire testing period. Each line indicates the IAQI of a specific pollutant, and each color
band represents a different IAQI level based on the classification reported in Table 1. During this
test, external measured conditions were almost stable with a CO, concentration of 400 ppm, a VOC
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concentration of 0.02 ppm, pressure of 999.73 hPa, a RH% of 24.8%, and a temperature of 31.3 °C. With
the exception of temperature, all other outdoor variables reached a good IAQI level.

CO2

vocC : HUMIDITY

-
o
o

8 8 2

Air Quality Index

3

— Temperature
== CO2
—iVOC

~—— Relative Humidity

hour of day [h] ' - 17pm

Figure 17. System evolution under different pollutants.

Firstly, at approximately 4:10 PM (16.15 h), acetone was burned to simulate a potential CO,
concentration of about 1000 ppm. The observed result (Purple Line—IAQI CO,) was an increase in the
concentration of CO, which led to lower IAQI. Once the ventilation system was automatically turned
on, the concentration of CO; decreased drastically. The prototype box was prevented from reaching
unhealthy levels of this specific pollutant. The temperature curve (Turquoise Line) showed the impact
of the system though this test does not include IAQI temperature control, but rather focuses on on IAQ
variables for fan activation.

Secondly, VOCs were produced inside the prototype box (around at 4:25 pm, 16.4 h) to simulate
the situation that can be experienced when using some personal hygiene products or simply burning
incense. The VOC curve (Blue Line—IAQI VOC) showed that this pollutant concentration did not
reach an unhealthy level. However, once the fan was turned on, the VOC level improved quickly from
moderate to good. The performance of the system was then satisfactory

Finally, the system was tested by placing a humidifier to simulate the conditions of a bathroom
during and after a shower with hot water (see approximately at 4:40 pm, 16.7 h). As is to be expected
the IAQI of relative humidity decreases when humidity is produced (Orange Line—IAQI Humidity)
thus activating the fan which is controlled by the system to bring this index back again to a good TAQI
Level. However, the IAQI of VOC is also reduced. In this specific case, this the increase in VOC is
thought to be related to the previous VOC emission the wood in the internal walls of the prototype
box may have absorbed a portion of the contaminants previously presented in the air, and, with the
increase in water vapor, these are probably released. Nevertheless, in spite of being subject to all
different pollutants independently, the system acted in the expected way. The levels of all pollutants
were controlled through effective ventilation to provide a healthy indoor environment by correctly
setting the fan operation.

Figure 18 shows some pictures taken during this experiment and illustrates both the monitored
values on the app and the release of pollution inside the box.
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Figure 18. Test conditions and related monitored level of Indoor Air Quality Index (IAQI) on the
developed app at the beginning of fan activation and immediately after it being turned off considering
(a) COy; (b) VOC; and (c) RH. Picture are taken though the inspection not-openable window.

5. Discussion

This paper describes the development of a real-time IoT platform to monitor indoor air quality
(CO,, TVOC, Temperature, and Relative Humidity) and optimize it air exchanges. The proposed
system is primary conceived to be used in residential spaces and in small offices to guarantee TAQ
levels. Even if the proposed control methodology can be adapted to existing mechanical ventilation
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systems, by defining the minimal amount of required air exchanges for IAQ in accordance with internal
monitored values, comfort thresholds, and external monitored conditions, its main application is in
those spaces where no mechanical ventilation systems are installed. The low cost of this solution and
the ease with which it can be integrated into buildings, e.g., not needing distribution channels, makes
the system adaptable to existing and new buildings. Unlike other systems, the proposed one is a fully
IoT solution in which each unit (e.g., external monitoring, internal monitoring and fan activation) is
connected to the cloud infrastructure.

The modularity of this system is, in fact, very important, since it allows us to include more units
and to be open to future improvements, thus providing adaptability and failure tolerance to the system.
In addition, the IoT infrastructure can easily be adapted to be used in controlling current commercial
detached mechanical ventilation systems. Furthermore, the proposed solution adopts the IAQI to
indicate pollutant levels and by developing a mobile application, it raises user awareness of indoor
air conditions, supplying a user-friendly and graphic interface, which makes the user a protagonist
and guarantees user wellness. Early results from experimental tests show that the system can handle
indoor air quality and keep it at good levels, by controlling indoor pollutants.

Future developments of this system are planned, including the possibility to implement
machine-learning approaches to make the control strategy more effective and to forecast outdoor air
quality evolution to adjust the ventilation schedule and prevent critical environmental conditions.
Another important aspect to upgrade this system in future is its potential integration with existing
models that define the passive moisture sorption/desorption potential of materials, by assuming, for
example, the approaches to moisture buffering effects on IAQ proposed in Ref. [45-47]. In addition, the
system has already been conceived to define different priorities for each pollutant in order to define
personalized activation plans for each connected ventilation unit (e.g., fan). Specific analyses on this
topic will be conducted in future. For example, target CO, values may be differentiated in accordance
with indoor activities, such as between an adult’s bedroom and a child’s one. Moreover, the possibility
to control each pollutant threshold independently will also be tested in real operational conditions. For
example, CO, may be controlled to reach a good IAQI level, while RH% maintained at a moderate
level. This can be done by acting on the settings of the mobile user interface—see Figure 5. It should be
noted that, at present, the system has not been implemented to consider the IAQI temperature index
when controlling fan activation, while in the future, additional considerations about thermal comfort
thresholds and ventilative cooling modes will be included in order to give users more customizable
options when setting the system. As regards cooling, the system will be implemented to guarantee a
proper fan-driven ventilative cooling action. In this case, the system will be activated when outdoor
temperatures are lower than those indoor in free-running buildings, or below the comfort threshold
in conditioned spaces, see for example [27]. As regards heating, the system may be implemented in
future to define a balance-control algorithm. This algorithm will consider ventilation requirements for
acceptable pollutant levels, and heat losses through ventilation. With respect to fixed standardized
air ventilation rates, the proposed system allows us to activate the fan in winter only to move the
monitored-based airflow by supporting a smart ventilation approach which prevents over-ventilation.
Nevertheless, an extended analysis is planned at a further developmental stage, which will relate IAQI
index requirements and ventilation energy losses considering internal-external differences to suggest
optimal balance points.

Finally, separate sensors included in the indoor/outdoor units should be integrated to a single
circuit board to achieve high integration and guarantee the application of the Plug and Play style.
The code has already been prepared for this further step, as it is the list of connected devices read by
the device connector using the service catalog. In this way, the system is already ready to work on
different pollutant sources in each room, e.g., by controlling the IAQI indexes of RH% in a bathroom,
or CO, and TVOC in a living room. The elaborated IoT infrastructure is primed to be able to take into
consideration additional pollutants. At present, the solution system has reached a TRL of 3 to 4, while
higher levels of TRL are expected to be reached during further developmental stages. In particular, it
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is planned to test the system in real environments, with special regard to school rooms, including a
comparison with a room which is not equipped with the IoT system, both in terms of heat loss due
to ventilation and the ability to maintain the room in the best IAQI class. These further tests, in fact,
will include validations in cold winter conditions. It must be remembered, however, that, this second
developmental phase is subject to devoted funding being available to raise the system from a TRL 34
toa TRL 6.

6. Conclusions

The paper presents a new IoT system composed of different units (slaves) which are connected
with the cloud and that communicate with a building control unit (master). The system focuses on
both monitoring IAQ levels and guaranteeing IAQ comfort levels in building spaces at a low cost. The
approach is fully scalable, and is able to connect, for example, different indoor microcontroller units to
monitor the IAQI levels and activate independently different connected ventilation units.

The main outcomes are listed here below:

e The definition of a low-cost IoT system to monitor and guarantee optimal IAQ levels in building
spaces without the need to install large mechanical ventilation systems;

e The proposed system is able to balance indoor and outdoor IAQ levels to define the proper airflow
rate to reach the desired indoor IAQI index value;

e  The system in the meantime, is able to process different pollutant sources by monitoring different
sensors, and consequently set the minimal air exchange rate to guarantee optimal IAQI levels
for all pollutants (Section 4.3). This approach is of course scaled in order to consider a different
set of pollutants or to include priority lists, by modifying the desired levels of each pollutant
independently as confirmed by early tests on single pollutants (Sections 4.1 and 4.2);

e  The adoption of a full IoT infrastructure connecting each unit to the cloud to allow for different
control levels and define a fully-scalable platform which is able to connect and control different
independent units;

e  The system, being based on monitored levels, is able to adapt to specific emission rates, to different
environmental conditions, by adjusting the fan speed (PWM);

e  The definition of simple user interface by the development of a mobile app, which is able to
inform users and permit setting control. Two user interfaces were developed for non-expert users
and for expert ones.

Current TRL is 3 to 4 though further developments are planned to implement the proposed
solutions in order to develop it till commercialization.
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