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Preface to ”Volume II: Thermal Behaviour,

Energy Efficiency in Buildings and Sustainable

Construction”

As is well known, energy and sustainability are two of mankind’s major concerns at present.

Given the share of energy consumption belonging to the buildings sector, it is very important to search

for innovative design solutions and the optimal thermal performance of buildings to reduce energy

bills and greenhouse gas emissions, while maintaining the occupants’ comfort levels. Additionally,

given the environmental burdens of the construction sector, the search for more environmentally

responsible processes and a more efficient use of resources is currently attracting attention.

This second volume of this Special Issue (SI), published in the Energies journal, is dedicated

to the analysis of recent advances in the following main issues: (1) improvements in the thermal

behavior of a building’s elements (walls, floors, roofs, windows, doors, etc.), (2) energy efficiency

in buildings, and (3) sustainable construction. The main goal is to compile scientific works within

these topics, making use of different possible research approaches, such as: experimental, theoretical,

numerical, analytical, computational, case studies, and mixtures of these. This book compiles a set of

original research works with academic excellence and scientific soundness.

The Guest Editor would like to express their sincere and deep gratitude for all the scientific

contributions from authors among prestigious worldwide scientists, as well as to the reviewers who

significantly improved the quality of these manuscripts. Moreover, I would like to acknowledge

the research project Tyre4BuildIns: “Recycled tyre rubber resin-bonded for building insulation

systems towards energy efficiency”, supported by FEDER funds through the Competitivity Factors

Operational Programme (COMPETE) and by national funds through Foundation for Science and

Technology (FCT), within the scope of the project POCI-01-0145-FEDER-032061, which contributed

three scientific articles to the first volume and one paper to this SI (Volume II). Additionally, the

Guest Editor also wants to acknowledge the support provided by the following companies, who were

partners of the research project Tyre4BuildIns: Pertecno, Gyptec Ibéria, Volcalis, Sotinco, Kronospan,

Hulkseflux, Hilti and Metabo.

Paulo Santos

Editor

ix





Citation: D’Amico, A.; Ciulla, G.;

Buscemi, A.; Panno, D.; Zinzi, M.;

Beccali, M. Road Thermal Collector

for Building Heating in South

Europe: Numerical Modeling and

Design of an Experimental Set-Up.

Energies 2022, 15, 430. https://

doi.org/10.3390/en15020430

Academic Editor: Paulo Santos

Received: 19 November 2021

Accepted: 1 January 2022

Published: 7 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article
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* Correspondence: marco.beccali@unipa.it

Abstract: The combination/integration of renewable energy and storage systems appears to have
significant potential, achieving high-energy results with lower costs and emissions. One way to
cover the thermal needs of a building is through solar energy and its seasonal storage in the ground.
The SMARTEP project aims to create an experimental area that provides for the construction of a
road solar thermal collector directly connected to a seasonal low-temperature geothermal storage
with vertical boreholes. The storage can be connected to a ground-to-water heat pump for building
acclimatization. This system will meet the requirements of visual impact and reduction of the
occupied area. Nevertheless, several constraints related to the radiative properties of the surfaces
and the lack of proper thermal insulation have to be addressed. The project includes the study of
several configurations and suitable materials, the set-up of a dynamic simulation model and the
construction of a small-scale road thermal collector. These phases allowed for an experimental area to
be built. Thanks to careful investigation in the field, it will be possible to identify the characteristics
and the best operation strategy to maximize the energy management of the whole system in the
Mediterranean area.

Keywords: road thermal collector; borehole thermal storage; alternative energy system

1. Introduction

The exploitation of traditional energy resources has, to a large extent, led to a critical
point, where it is now critical to reconsider the terms of energy and focus on sustainable
energy reasonableness, so that energy satisfies the energy of the present without com-
promising the ability to meet the needs of future generations. Currently, the energy sector
is strongly committed to a policy of replacing fossil fuels with renewable and low-impact
energy carriers; the transition is needed, by increasing energy consumption around the
world. Renewable energy, such as wind, solar, and geothermal energy, can replace the
current primary energy supply sources, especially if improvements can be made to energy
conversion, transport, and distribution systems. Thanks to the great efforts of the scientific
community, these systems have been optimized in order to function as efficiently as possible
in terms of cost and CO2 emissions. In particular, there seems to be great potential, in
achieving the same results with lower costs and low emissions, through the combination
and integration of renewable energies with storage systems. There is great theoretical
potential for the use of solar energy capable of covering the heat demands of buildings; the
technical potentials at the latitudes of the Sun Belt are greatly influenced by the possibility of
storing heat from the summer to the heating period. One way to cover the heating demands
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of a building is represented by the use of solar energy and its seasonal accumulation in the
ground, where the stored energy can be reused when necessary [1].

The collection of solar energy is commonly entrusted to solar collectors installed on a
roof or ground. An alternative solution is represented by road thermal collectors (RTC),
i.e., installation of pipes embedded in paved surfaces such as asphalt surfaces, sidewalks,
roads, and parking lots. Asphalt, being a material with high thermal capacity, represents an
alternative low-cost heat storage system. These surfaces are already present, and since the
road surface must be resurfaced periodically, the energy system can be installed very easily
during a generic maintenance phase. From the point of view of energy production, the
significantly larger areas of the asphalt collectors can compensate for their expected lower
efficiencies, justifying the investment for the power produced per unit. In addition, asphalt
surfaces can continue producing energy, even during the night. The solar energy captured
in this way can be used for different applications: in combination with accumulation
systems (wells), for road safety and maintenance, keeping the roads free from snow during
the winter period, reducing the cost of regular roofing road, or for the decrease in surface
temperatures by reducing the effect of the heat island. Unlike traditional manifolds, this
system meets the needs of reducing visual impacts, not occupying surface areas that
are not always available where necessary. Finally, this system will make it possible to
exploit the absorption capacity of the road surface in areas characterized by high sunshine,
energetically redeveloping areas that are generally dedicated to something else (roads and
parking lots).

Based on these considerations, the University of Palermo, through the SMARTEP
project “sustainable model and thinking of renewable energy parking” [2], is creating an
experimental area, where, in addition to the development of an innovative intelligent en-
ergy parking system, it envisages the construction of a road thermal collector for collection
of solar energy, directly connected to seasonal low-temperature geothermal storage, with
vertical probes. This research project’s various objectives include being able to investigate
the best solution and boundary conditions for a commercial diffusion of an RTC system
with geothermal storage in the Mediterranean area, maximizing the accumulation phase in
periods of greater sunshine. In this research, we experimented in the field of a thermal RTC
integrated with a geothermal storage system in the Mediterranean area. In particular, after
careful analysis of the sector bibliography, thanks to the SMARTEP experimental area, it
will be possible to investigate, in the field, the best solution, configuration, and main bound-
ary conditions that can maximize the efficiency and effectiveness of an alternative solar
system, and innovativeness, such as solar collectors embedded in paved surfaces (asphalt,
sidewalks, roads, parking lots), integrated with a geothermal seasonal storage system.

Creating favorable conditions for solar absorption and thermal accumulation leads to
a local increase of surface and air temperature, exacerbating hazardous phenomena, such
as urban heat islands and overheating [3]. It is, thus, important to identify surface materials
that are able to optimize this complex task: ensuring high enough thermal gains for the
collectors without comprising the outdoor thermal quality. Crucial parameters include
the thermal emissivity, the solar reflectance, and the color, which is an indicator of the
visible component of the latter. Several construction materials and natural stones, such
as concrete and marble, have higher solar reflectance compared to asphalts, which can
enhance thermal mitigation; new technologies, such as near-infrared reflecting coatings,
dynamic coatings, and phase change materials, can also be applied to the purpose [4].
For this reason, a research group from the University of Palermo, with collaboration from
Enea [5], are simultaneously studying a solution that attempts to counter this phenomenon.
In particular, the possibility of using road surfaces in an alternative color to the traditional
black, to be used on the RTC, is being evaluated, in order to guarantee high efficiency
of the collection system, and at the same time be able to mitigate the heat island effect.
Simultaneously, special cool materials could be used in the remaining areas surrounding the
RTC areas in order to balance the heating effects with the cooling of the surrounding areas.

2



Energies 2022, 15, 430

Indeed, experimentation in the field will allow calibrating the RTC system with
geothermal storage in a highly sunny area in the summer in order to make it competitive
with other renewable technologies and, therefore, replicable in other contexts. The results
of the proposed research will provide valid support for the design and implementation
of sustainability and circularity actions, based on a holistic and life cycle approach that
integrates the three spheres of sustainability, which will allow a systemic assessment of
energy—environmental, economic, social, and circularity.

2. State-of-the-Art

The solar collectors on asphalt consist of pipes embedded in the road surface in which
the pipes are crossed by a heat transfer fluid. Thanks to a process of heat transfer from
the flooring to the fluid, a lowering of the temperature of the flooring occurs, which miti-
gates the heat island effect, simultaneously reducing the risk of permanent deformations.
However, what makes asphalt solar collectors interesting is the capability of exploiting
the temperature increase by the circulating fluid to collect the thermal energy. In general,
RTCs are coupled to low temperature geothermal heat pumps, achieving the right balance
between efficiency and running costs. As already mentioned, the energy obtained from an
RTC system is generally used for snow melting systems, to decrease the temperatures of the
heat islands that are generated in large metropolitan cities, to maintain thermal comfort in
the buildings adjacent to the alternative energy system. These collectors can also be placed
at the top of a concrete surface, such as pavement, but since the black color increases the
absorption coefficient; it has been estimated that higher performance is linked to manifolds
made positioned in the asphalt road pavement.

The patent of 1979, entitled “Paving and solar energy system and method” [6], is one
of the first works, which describes a system with pipes embedded in the pavement of a
roadway or a roof. The inventor, Ion L. Wen-del, says that the fluid circulating in the duct
is heated by the flooring, cooling it at the same time, extending its useful life, and reducing
the transmission of heat through the roof to the interior of the building. Furthermore,
this application, if installed in a large parking lot, could also represent the preheating of
the water of some systems, such as swimming pools or spas. The Swiss SERSO system is
one of the pioneering applications of this system applied to melt, and consisted of tubes
embedded in the deck of a bridge of the Swiss motorway network on road 8 to Därligen
in Bern. This project was carried out by Polydynamics SA, Zurich (Swiss), to collect the
heat from the road surface of the bridge in the summer, storing the heat produced in an
underground heat sink, and using the heat in the winter to heat the road surface of the
bridge by providing any ice formation. It has been shown that, in the summer, the system
can store 20% of the solar radiation incident on the road surface [7].

The GAIA Snow-Melting system, installed in 1995 in Ninohe, Japan, uses a thermally
insulated inner tube and reverse circulation to increase heat extraction efficiency, i.e., cold
fluid flows along the ring and hotter fluid flows upward through the inner tube. This
apparatus features a control center that manages the system when road conditions meet
specific criteria for snowmelt or heat charge [8]. In this system, the heat absorbed by the
road pavement is recovered and stored in the ground during the summer period, to then
be used to melt snow in winter.

Following these evolutions, many companies have specialized in the construction
and installation of systems, capable of producing energy by exploiting the solar radiation
collected from road surfaces, and many of these are commercialized systems, such as Dutch
Ooms International Holding with its Road Energy Systems (RES) and Winner Way [9]. One
of these is the ICAX™ Ltd. Company (London, UK), which has designed and installed
a system capable of melting road snow in a playground of a school, and the thermal
energy collected is used to improve the indoor comfort condition of the building [10].
The latter was designed using the playground as a surface, where the heat collectors are
positioned underneath, formed by reinforced plastic tubes, and the heat-carrying liquid
circulates inside, which, once heated by the surface of the park, is transferred to two heat
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accumulations positioned under the school floor (skins of power—buildings as energy
collectors—Bill Holdsworth). The alternative companies and Novotech, Inc. (USA), in
collaboration with the Worcester Polytechnic Institute, have developed a system called
Roadway Power System, which uses manifolds, embedded in the asphalt road pavement,
connected to a turbine system to create electric energy [11]. In order to provide a more
complete explanation, some of the main applications and studies of the RTC system from
the 1980s to today, are listed below.

In 1981, Sedgwick and Patrick experimentally designed a swimming pool heating
system in the summer using a grid of plastic pipes laid 20 mm below the surface of a tennis
court in the UK. In general, a classic heating system for a swimming pool environment
reaches temperatures of 20–27 ◦C in the summer. In particular, in the summer, due to the cli-
matic conditions typical of the United Kingdom, the pools reach comfortable temperatures
with an air temperature of 22 ◦C and a solar radiation of 610 W/m2. The system designed
by Sedgwick and Patrick was technically feasible and cost effective, as it was capable of
providing a temperature of 22 ◦C [12]. Around 1986–1987, Turner developed a theoretical
study—a simple 1D model in the stationary field used to analyze the performance of a
road collector in both the winter and summer. In the first case, it envisaged the reaching
of the maximum road temperature of 15 ◦C, necessary for the defrosting of roads and
bridges; in the second case, it assessed the achievement of the road temperature of about
70 ◦C, i.e., a temperature such as to guarantee the heating of the water for heat pumps and
swimming pools [13]. Nayak et al. in [14] experimented with a solar system embedded in a
layer of concrete and placed on a roof. The collector is made of 10 mm polyvinyl chloride
(PVC) pipes and the roof surface has been painted black to increase its solar absorption
capacity. The results showed that solar collectors, placed on a concrete surface, could be
used as a valid and economically feasible alternative to conventional systems when the
air temperature is 35 ◦C and solar radiation is 1000 W/m2 [12]. In 2009, Mallick et al.
in [15] published a work in which they studied the heat-treated and experimented asphalt
pavements for the collection of energy in order to reduce the heat island effect. Using a
finite element model, they showed that, in a system with recessed pipes and placed about
40 mm below the pavement, the surface air temperature could be reduced by up to 10 ◦C.
Furthermore, some laboratory tests showed that to increase the system efficiency can be
painted the pavement with the black acrylic paint and/or replace limestone aggregates
with aggregates containing quartz (increase in water temperature) by 50%, respectively,
and 100%. Similar to the previous case, Wu et al. [16] experimented with the installation
of road collectors embedded in a bituminous conglomerate and observed that the surface
temperature of the pavement could be significantly reduced. Furthermore, in order to
improve thermal conductivity and energy exchange efficiency, they also experimented with
the use of graphite powders in asphalt pavements. The addition of graphite may slightly
increase the leaving water temperature, but to increase the temperature, longer piping and
a larger area are required.

Recently, the authors in [17] developed a solar collector made of ordinary and vanadium–
titanium black ceramic. For ordinary ceramic, raw materials mainly refer to feldspar, quartz,
and porcelain clay, etc. Black vanadium–titanium ceramic, on the other hand, was used as
a solar absorbing coating material with a stable solar absorption value of 0.93–0.97. Three
systems were developed in this study: a metal plate solar collector system, an all-ceramic
solar system, and a glass vacuum tube solar collector system. Maximum thermal efficiency
has been verified for the all-ceramic solar system. The all-ceramic solar system could find
the right application in a roof of a building where the roofing must feature a structure made
of concrete, a waterproof layer, and the insulating layer. Furthermore, the integral ceramic
solar collectors being characterized by excellent thermal stability, long life, high thermal
efficiency, and compatibility with building materials, can integrate well with buildings, to
produce domestic hot water [17].

4



Energies 2022, 15, 430

3. Pavement as Thermal Collector

The high absorption capacity of classic road pavement (temperatures up to 70 ◦C
is reached [18]) has prompted the scientific community to investigate the possibility of
using these surfaces as large star collectors. In fact, the absorbed solar energy can be
used to heat a collector positioned below the road surface. The collected heat can be
used for various applications, such as storage in an underground tank [19] or under the
pavement structure [20], to heat adjacent buildings, to defrost streets in winter, to provide
hot water [12], or to convert energy using a thermoelectric generator [21]. Furthermore,
this type of system would respond simultaneously to two impact phenomena, such as the
lively impact and the overheating effect. In fact, the installation of a collector under the
road pavement on the one hand would avoid the occupation of large surfaces, not always
available near the site of interest; on the other hand, it would guarantee a reduction of the
urban heat island (UHI) effect [15,18].

3.1. Energy Balance

The balance equation of an asphalt solar collector takes into account the presence
of asphalt and pipes, the air, and the fluid flowing in the pipes [22]. In general, the first
heat exchange is in the pavement–atmosphere interface, where are simultaneously present
the convection and thermal radiation. This heat flow causes a temperature difference
between the asphalt surface and a point located in the pavement at a certain depth, trans-
porting the heat by conduction from the pavement surface to the interior. Inside of the
asphalt pavement, the heat transfer is represented by the conduction exchange between the
pavement-pipe and the pipe wall. Then, due to the difference between the temperature
of the inner surface of the tube and the fluid, the convection transmission causes the fluid
temperature to rise.

According to Fourier’s law, in an RTC, the heat transfer by conduction occurs from
the pavement surface towards the interior; that is to say:

qcond = −λn ∇Tn (1)

where along the n direction, qn (W/m2) is the specific heat flux; λn is the thermal conduc-
tivity (W/mK), and ∇Tn is the temperature gradient (K/m). The phenomenon of heat
transmission by convection occurs in two different conditions: between the surface of the
flooring and the air above it and between the fluid circulating inside the collector and the
walls of the collector itself [23]. The two equations are:

Convection heat flux at the pavement surface:

qconv,pav = hc (Tair − Ts) (2)

where hc is the average convection coefficient of the surface (W/m2 K); Tair is the air
temperature (K), and Ts is the surface temperature (K).

Convection heat flux inside the collector

qconv,col = h (Ts − Tf) (3)

where h is the average convection coefficient of the surface (W/m2 K) and Tf is the fluid
temperature (K).

To reduce heat losses, the best condition is represented by a natural convection between
air and pavement, but, obviously, this condition depends on atmospheric conditions and
wind speed.

On the other hand, to achieve the maximum heat transfer rate in the collector, the
system must be designed for slow flow. There are several empirical models, published in
the sector bibliography, for the calculation of the transfer coefficient (hc) [24]. Table 1 shows
the most used empirical equations to predict the temperature profiles in pavements.
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Table 1. Empirical equations to determine the pavements temperature profiles’ [25].

Equations Model Reference

hc = 698.24((0.00144(Tave)0.3)(vw)0.7) + 0.00097(T0 − Tair)0.3
Vehrecamp

[26]

Tave = (T0 − Tair)/2 [27]

hc = 5.6 + 4 vw For vw ≤ 5 m/s
Jurges

[28]

hc = 7.2 + vw
0.78 For vw > 5 m/s [29]

hc = (k × Nu)/Lc
Horizontal flat
plate approach

[30]

Nu = 0664 × Re0.5 × Pr0.33 [31]

Re = (vw × Lc)/v [32]

3.2. Concreate and/or Asphalt Pavements

In the literature, there are Pavement Heat Collector (PHC) applications with asphalt
pavements and concrete pavements. In general, concrete is made up of a mixture of
aggregates (large and fine), water, and cement; a concrete floor is therefore composed of a
base and/or a substrate with a cementitious concrete slab or pavement quality concrete
(PQC) on top. Concrete flooring is a valid solution if it represents a durable, weather-
resistant, robust, and economical surface [33]. As indicated in [34], in tropical countries,
this type of pavement is often used in airport aprons, taxiways, and on the runways and
pavements of busy highways. Asphalt, on the other hand, is made up of aggregates that are
linked together by a binder (e.g., bitumen) and have a viscous behavior at high temperature
and elastic behavior at low temperature. Due to this “viscoelastic” behavior, asphalt
pavements are very susceptible to permanent deformations linked to high temperatures
and/or longer loading times. However, in particular conditions, asphalt pavement can
be an alternative to the concrete pavement; in [35] the PQC mix design parameters are
collected. A typical asphalt pavement, on the other hand, consists of a compacted surface,
in which there is a subgrade build, a, base and a surface layer directly in contact with traffic
loads. In addition, the surface layer, besides ensuring the right friction, smoothness, noise
control, and drainage, protects the underlying layers.

Compared to solar collectors embedded in concrete pavements—asphalt surfaces,
despite having poorer conductive and thermal storage capacity (thanks to the high ab-
sorption coefficient), are able to capture more solar energy; an aspect that can be partially
resolved in concrete pavements by painting the surface with dark paints in order to increase
the absorption coefficient. Generally, there are surface absorption/emissivity values of
0.9/0.91 for asphalt and 0.65/0.91 for concrete. A disadvantage of using asphalt and not
concrete is that is that the high temperatures of the mixture reached during installation
can damage the piping system, especially for plastic piping. For this reason, metal pipes
were previously used, mainly made of steel (43–54 W/mK), iron (80.4 W/mK) or copper
(372 W/mK), however subject to corrosion [25]. In the literature, it is possible to find a
comparison among four types of materials that are currently used for the piping in radiant
heating systems or road collectors used for melting snow:

• PEX-AL radiant (0.43 W/mK). Pexal® is the system composed of a multilayer pipe
made of cross-linked polyethylene (PE xb external layer) and butt-welded aluminum
for water conduction (intermediate layer), and another entire layer in PE.

• PEX radiant (0.43 W/mK).
• ONIX radiant (0.29 W/mK). Onyx is a composite of nylon and short carbon fibers that

gives 3D printed parts greater strength and a matte black finished surface. Compared
to traditional nylon, this new material is approximately 3.5 times stronger, has greater
hardness, and an HDT of 140 ◦C.

• Copper.
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Obviously, the greatest temperature difference between the inlet and the outlet was
obtained from the copper piping, followed by that of radiant PEX-AL [23]. In this case,
a difference between the two systems of only 3 ◦C was measured, justifying the opportunity
to use PEX-AL as a cheaper material [23]. An aspect of fundamental importance for the
realization of an efficient system is the identification of an adequate depth of installation of
the piping system; that is, one that is able to maximize the temperature increase of the heat
transfer fluid, and at the same time does not compromise the integrity of the pipe itself and
the surface of the pavement. In order to avoid negatively affecting the durability and the
floor covering without damaging the drowned piping, it is necessary to consider as the
laying depth the one in which the “reflective cracks” no longer occur under traffic load.
From an analysis of existing commercial systems and literature studies, this depth generally
varies from about 40 mm to about 120 mm. If, on the one hand, the installation of the
piping network at a depth of less than 50 mm, i.e., very close to the surface layer, obviously
guarantees the achievement of higher temperatures of the carrier fluid, on the other hand it
presents structural problems related to surface cracks, due to stresses concentrated near the
pipes, and technical problems for the remaking of the road surface.

To prevent cracking, a three-dimensional reinforcement grid has been developed in
the Ooms Avenhorn Holding commercial system to secure and protect during the laying
and compaction of the bituminous conglomerate and to reduce the stresses of the pipes.
In addition, a special polymer-modified bitumen known as Sealoflex® [36], a polymer-
modified bitumen (PMB), it was developed to improve the quality of the asphalt mix
between the pipes and the grid; this mix strengthens the asphalt, doubling its durability
over time even if subjected to intense use [23].

Currently, Ooms Avenhorn Holding states that resurfacing is a practical problem when
the pipes have been installed to a depth of 40 mm. In order to guarantee an efficient PHC
system with pipes installed at a safe distance, it will therefore be necessary to modify the
asphalt mixture normally used in order to maximize the temperatures in the heat extraction
layer. In particular, the laying of the pipe between a lower layer with high resistance and
an upper layer with high thermal conductivity, can increase the transmission of heat by
increasing the temperature of the pipes and the water at the outlet.

As an example, in [23], the subsoil temperatures are analyzed using three asphalt
mixes and two installation depths of the polyethylene piping at 40 mm and 120 mm,
in which the main aggregate of the mixture is limestone. In detail, the reference blend has
the following specifications (Table 2):

Table 2. Principal parameters of some aggregates or elements of the road pavement.

Parameters Recommended Values

Bitumen content 4.9 ± 0.4%
Type of bitumen 100/150
Air voids 4 ± 1.5%
Aggregate classification Table 5.2 of [23]

An alternative solution is represented by the total replacement of the limestone aggre-
gates with quartzite aggregates in the surface layer and the replacement of the limestone
aggregates with a nominal size of less than 10 mm with Lytag for the layer under the pipe.
The quartz and Lytag setup has been shown to achieve the same temperatures at a depth of
120 mm as those obtained from the unmodified reference pavement at a depth of 40 mm.
The presence of a layer of flooring with high thermal conductivity above a depth of 120 mm,
combined with a layer of flooring with high thermal resistance, considerably increases
the temperature in the installation area of the pipes. In particular, it was verified that the
temperature of the fluid in the pavement at 40 mm and 120 mm depth, compared to the
reference pavement, increased by approximately 8 ◦C and 10 ◦C, respectively. In fact, in [23]
the analysis of the temperature trend of the pavement surface shows that the reduction of
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the surface temperature of the flooring is greater in the case in which the pipe has been
positioned at a depth of 40 mm compared to that laid at 120 mm. In general, it is evident
that increasing the conductivity reduces the temperature of the asphalt surface regardless
of the heat removed from the fluid; this effect must be taken into consideration for the
reduction of the phenomenon of heat islands. However, the authors of the study [23] found
a lower efficiency of the experimental system compared to the simulated model, due to the
presence of an imperfect connection at the interface between the pipe and the asphalt. This
problem could be solved by a possible layer of concrete in correspondence with the pipe.
The concrete, due to its greater fluidity during positioning compared to asphalt, shows a
good bond with the copper and polyethylene pipes and no signs were observed on the
interface area. Therefore, it is probable that, due to its solar absorption capacity, a concrete
pavement characterized by a low heat transfer at the pipe/pavement interface and by a
higher conductivity, shows better performance than asphalt. Furthermore, the addition of
highly absorbent colored surface coatings, a bituminous layer, or a dark additive (fly ash)
could guarantee an increase in the solar absorption phenomenon by the pavements.

On the other hand, the construction of concrete solar collection surfaces would move
away from the objective of the following work, namely that of exploiting existing low-cost
surfaces. In fact, the asphalt surfaces are already present and since the road surface must
be resurfaced periodically, the energy system can be installed very easily during a generic
maintenance phase. From the point of view of energy production, significantly larger areas
of asphalt collectors can compensate for their lower expected efficiency and improve their
efficiency in terms of investment for the power produced per unit. Furthermore, asphalt
surfaces can continue producing energy even during the night when the solar collectors
are not working. Solar energy, captured by asphalt surfaces, can be used for different
applications, e.g., in combination with accumulation systems (wells), for road safety and
maintenance, keeping the roads free from snow during the winter period and reducing
the cost of regular road surfacing; and, finally, the heat island effect can be improved by
decreasing the temperatures of the asphalted surfaces.

Additives to Improve the Conductivity of Asphalt Mixes

An improvement of the energy properties of an asphalt RTC is certainly obtained by
the correct addition of the solar system. It has been shown that in addition to quartz, which
has optimal properties, it is possible to use other aggregates and or additives to improve
the thermal conductivity of the asphalt. In [37], the thermal properties of asphalt mixtures
with additives with graphite and carbon black (a pigment, produced by the incomplete
combustion of heavy petroleum products). Thermal testing indicated that graphite and
carbon black improve the thermal properties of asphalt mixes and that combined conductive
fillers are more effective than single fillers. Four graphite and carbon black contents of 5,
10, 15, and 20% by volume of the asphalt binder were used to produce the asphalt mix.
For all mixes in the study, PG 64–22 asphalt binder was used. Graphite and carbon black
are added to replace the traditional aggregate (dimensions of the sieve through 0.075 mm).
From the results it is clear as the thermal conductivity increases if increases the content of
graphite or carbon black. The mixing was carried out, both dry and wet, showing that a
slightly increased thermal conductivity is achieved by the wet process compared to the
dry process.

Graphite apparently appears to be better than carbon black from a thermal conductivity
point of view, but it has been noted that using a conductive filler mixed with carbon fibers
is more beneficial than using a single conductive filler. However, the rheological properties
of the modified asphalt binders have indicated that both graphite and carbon black can
increase tear resistance on the one hand, and on the other reduce their resistance to thermal
cracking. In fact, the two substances at high temperatures increase the shear parameter, but
reduce the resistance to cracks at low temperatures.

From study [38], it is evident that the variation in the conductivity of the bituminous
conglomerate can be influenced by the content of the binder and the air gap, remaining in
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any case unchanged for air gap dimensions between 0.5 and 2 mm in diameter. Instead,
the addition of graphite with different percentages, from 10 to 40% by the mass of binder,
shows an increasing trend in the value of thermal conductivity, almost tripling the value
from 0.39 to 0.95 W/mK.

The bibliography illustrates how many and varied experiments and analyses have
been in the field for the evaluation of the best configuration to be used to maximize the
efficiency of an RTC system. In summary, the analysis of [37–44] made it possible to
state that:

• The addition of graphite to asphalt binders causes an increase in the thermal conduc-
tivity of the bituminous concrete, resulting in an increase of 24%.

• An increase in thermal conductivity of about 50% of dense bituminous concrete (4%
air gap and 6% bitumen) is guaranteed when mixing aggregates, such as diabase and
quartzite. This increase is attributed to the thermal conductivity of quartzite, which is
approximately twice that of diabase.

• Asphalt mix with high void content has lower thermal conductivity and a lower
specific heat capacity than with low void content, because the air has a lower thermal
conductivity than the asphalt mix. The conductivity values of bituminous concrete
decrease by 3% as the vacuum content increases by 1%.

• A dense asphalt mix is characterized by an high heat conductivity and specific heat
capacity, and has a lower heating and cooling rates than porous asphalt mix.

• It has been shown that thermal conductivity is also influenced by the degree of
humidity and frost; in particular, in conditions of humidity saturation and freezing,
they respectively have a thermal conductivity of 5% and 7% higher than that of its dry
state. In general, the thermal conductivity of saturated asphalt concrete is higher than
that in the dry state, while the thermal conductivity in the freezing state is higher than
in conditions saturated with moisture.

• The higher the volute content of an asphalted surface, the higher the operating tem-
perature. The average temperature of the asphalt mixture during heating and cooling
is almost independent of the air gap content in the mixture.

• The total amount of energy accumulated in asphalt mixes with different content of air
voids, but made from the same materials, during heating and cooling depends only
on the density of the mixes.

3.3. Pavement Types and Characteristics

In general, from a technological point of view, asphalt pavement from the road surface
to the inner layers is structured as follows:

1. Surfacing: (a thin asphalt surface and a binder course): it is divided into surface and
binder layers; it is the layer in contact with traffic loads and protects the lower layers
from bad weather;

2. Base (asphalt/unbound granular material) represents the main structural layer that
provides most of the strength and load distribution properties of the flooring;

3. Sub-base (unbound granular material/Bitumen or cement stabilized material): located
between the base and the sub-base serves as structural support, particularly when
building upper layers;

4. Subgrade: in situ compacted material/cement stabilized/ unbound granular material;
usually natural ground or artificial ground;

5. The asphalt, present in the first layers of the pavement, is generally made up of
aggregates that are bonded together by means of a binder (bitumen);

From a thermo-physical point of view, the typical values of the thermal properties of
asphalt surfaces are [25]:

• Thermal conductivity between 0.74 and 2.89 W/mK;
• Specific heat between 800 and 1853 J/kgK;
• Thermal diffusivity between 1.2 and 16.8 10−7 m2 s.

9



Energies 2022, 15, 430

While, as regards the mixture of bituminous materials, it is possible to distinguish
mainly two types:

• Hot asphalt (hot macadam asphalt: HMA);
• Cold asphalt.

HMA is a blend in which all materials are mixed at a high temperature; there is the
asphalt concrete (AC) (known as Dense Bitumen Macadam (DBM)) and hot rolled asphalt
(HRA). As it is known, the mixing method affects the thermal performance of the flooring
itself. In Table 3, there are some specifications of the aggregates normally used.

Table 3. Thermal conductivity of most used aggregates of the road pavement.

Aggregates Thermal Conductivity [W/mK]

Quartzite 5.5–7.5
Granite 3.0–4.0
Limestone 1.5–3.0
Basalt 1.3–2.3
Bitumen 0.15–0.17
Cement 0.29
Waterfall 0.6
Air 0.024

4. Case Study

To evaluate the feasibility of an RTC system integrated with a geothermal storage
system installed in the Mediterranean area, to accumulate thermal energy in the summer for
winter air conditioning—at the University of Palermo campus, a theoretical-experimental
study was launched, which involved the installation of a small-scale RTC prototype, in
which to investigate some alternative scenarios and a large-scale prototype that will see the
installation of an RTC system directly connected to a geothermal field. In particular, the
entire development of the work involved:

Phase 1: identifying some possible solutions for laying an RTC system by varying the
stratigraphy and the solar reflectance;

Phase 2: designing an experimental set-up for small-scale laboratory testing;
Phase 3: implementing the experimental set-up in the small-scale laboratory;
Phase 4: designing an experimental set-up for large-scale field verification;
Phase 5: developing a dynamic model of the RTC system in TRNSYS (Transient

Systems Simulation Program) environment [45];
Phase 6: implementing an experimental set-up in the field on a large scale;
Phase 7: validating the model with data monitored in the field;
Phase 8: identifying the best RTC system solution to maximize performance in the

field coupled to a BTES (Borehole Thermal Energy Storage).
The research carried out so far has allowed us to develop the project from Phase 1

to Phase 5. In this work, after a careful bibliographic analysis, the authors illustrate the
main results obtained so far, while in the paragraph “Future Objectives” briefly explain the
continuation of the work whose results will be published in a second work.

4.1. Identification of Some Possible Stratigraphy (Phase 1)

Based on what has been analyzed above, it is obvious how the activation of the surface
layers, or in which the pipes are installed, leads to an increase in the performance of the RTC
system. The activation of these surfaces, on the other hand, leads to a significant increase in
costs and to greater attention in the installation and management phase of the RTC system.
To identify the best solution that in energy, environmental, and economic terms is the most
effective and sustainable, the first analyses were based on the performance of the RTC, in
which the surface layer is formed of asphalt or concrete, and the geometric configuration
of the drowned pipe is made to vary. In detail, the first analyses included the following
three configurations:
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First configuration

Hydraulic configuration: serpentine piping with a pitch of 12.5 cm.
Stratigraphy:

• Layer 1 mat, made of asphalt about 4 cm;
• Layer 2 binder in bituminous conglomerate of about 7 cm;
• Layer 3 reinforced concrete screed of about 7 cm;
• Layer 4 of 20 cm cement mix;
• Layer 5 of the drainage system of about 25 cm, made in such a way as to convey the

water collected during the rain in the central and lower part of the caisson;
• Layer 6 of 10 cm insulation.

Second configuration

Hydraulic configuration: parallel piping with 12.5 cm pitch.
Stratigraphy:

• Layer 1 mat, made of asphalt about 4 cm;
• Layer 2 binder in bituminous conglomerate of about 7 cm;
• Layer 3 reinforced concrete screed of about 7 cm;
• Layer 4 of 20 cm cement mix;
• Layer 5 of the drainage system of about 25 cm, made in such a way as to convey the

water collected during the rain in the central and lower part of the caisson;
• Layer 6 of insulation of 10 cm.

Third configuration

Hydraulic configuration: parallel piping with 12.5 cm pitch.
Stratigraphy:

• Layer 1 reinforced concrete screed of about 18 cm;
• Layer 2 of 20 cm cement mix;
• Layer 3 of the drainage system of about 25 cm, made in such a way as to convey the

water collected during the rain in the central and lower part of the caisson;
• Layer 4 of 10 cm insulation.

Table 4 shows the main thermophysical characteristics of the project and the thick-
nesses of the RTC system to be built in the experimental area within the UNIPA (University
of Palermo) campus.

Table 4. Thermophysical characteristics of the RTC system.

Layer
λ

[W/mK]
cp

[J/kgK]
ρ

[kg/m3] ε α
s

[m]

Asphalt 0.85 850 2400 0.9 0.9 0.11
Binder
Reinforced concreate 1.4 840 2100 0.07
Cement mix 1.2 840 1700 0.2
Drainage 0.4 1500 0.25
Eps 0.034 1130 30 0.2

In all three configurations, the piping will be installed in the middle of the third layer.
The radiative properties of the external layers are crucial to collect the impinging

solar irradiation: the lower the solar reflectance (either the higher the solar absorptance),
the higher the solar gains. Conventional materials exhibit favorable properties, the solar
reflectance of the new asphalt is about 5%, increasing to 15% after ageing; concrete is about
25%. Materials with high solar absorptance and very low water permeability, equally,
create favorable conditions for Urban Heat Island (UHI), taking into account that urban
pavements account for 29–45% of the city footprint [18]. The UHI mitigation thus calls
for the application of high reflective urban materials, for pavements as well [46]. With
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the objective of balancing these two opposite design requirements, some solutions were
developed and optically characterized.

Spectral reflectance measurements were carried out, three 21 × 21 cm samples, colored
in black, brown, and dark brown. The measurements were conducted using a Perkin Elmer
Lambda 950 dual-beam spectrophotometer, equipped with a 6-inch Spectralon coated
sphere. The measurement was of relative type and it was performed against a calibrated
Spectralon reference; the measurement uncertainty was 1%. Spectral measurements and
the calculation of the broadband parameters solar (sol), visible (vis), and near infrared (nir)
ranges were carried out in accordance with the relevant standard [47]. Given the texture of
the material and the geometry of the incident beam (about 15 × 5 mm), three measurements
were made on each sample to evaluate the repeatability of the measurement. Since the
difference between each single measurement and the average of the three was always less
than 1%, the latter was assumed sufficiently accurate. The reflectance values in the relevant
spectral regions, referring to the 0–100% range, are presented in Table 5. The emissivity was
also measured using a broadband emissometer in the 2.5–40 micron range. Measurements
were carried out at 80 ◦C; the three samples scored the same emissivity value: 0.88.

Table 5. Experimental reflectance measurements of road surfaces.

Reflectance (%) Black Brown Dark Brown

Sol 7 11 10
NIR 10 17 16
Vis 4 6 6

The proposed solutions fall within the conventional (5–15%). In general, the samples
have higher reflectance in the near infrared than in the visible: 6% for black and 10–11%
for browns, thus exhibiting a modest band selectivity. In this sense, the tested materials
are of potential interest for road solar collectors because of the high solar absorptance but
do not exhibit suitable performances for UHI mitigation purposes. For these applications,
however, the solar reflectance (absorptance) might not be the only parameter shaping
the thermal performance of the finishing layer. As explained above, the whole covering
package of the system should create favorable conditions to transfer the absorbed heat to
the buried pipes with consequent reduction of the surface temperature. The complexity
of the system, thus, calls for accurate identification of the solar properties of the external
layer able to optimize the solar collector performances as well as the mitigation of the
urban overheating.

4.2. Design of an Experimental Set-Up for Small-Scale (Phase 2)

The research work soon led to the development and realization of a prototype set-up
for the measurement of temperatures in three different configurations. The experimental
set-up involves the measurement of physical quantities within a wooden tank structure,
hereinafter referred to as a box. The experimental set-up includes, in addition to the box, to
be built according to the following diagrams and descriptions, a hydraulic and measuring
system. In order to be able to experiment at the same time with different configurations
and different boundary conditions, it was decided to design a system capable of containing
three different stratigraphy (Figure 1).

The system provides for the construction of the box with the presence of internal
insulating partitions, in each of which a previously waterproofed layer of insulation will
be inserted. The waterproofing, which will be carried out by bagging the insulation in
polyethylene sheets, must also be guaranteed in the contact surfaces between the wooden
panel and the material present in the three configurations.
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Figure 1. Experimental set-up schema configuration.

In each tank, the installation of the three configurations previously foreseen were
analyzed. Figure 2 shows the three stratigraphy, i.e., tank 1 refers to the first configuration;
tank 2 refers to the second, and the last tank to the third configuration.

Figure 2. Experimental set-up schema geometrical configuration.

For the project to be successful and since the system will be exposed to atmospheric
agents, the following specifications are expected:

• Wooden panels for the construction of formwork for reinforced concrete framed
structures, Resistant to water and bad weather according to the En 13353 standard
(SWP/2). In particular, a 27 mm thick wooden panel is foreseen for the external and
bottom surfaces and 21 mm thick for the internal separating baffles.

• The panels were treated with a suitable resin-based paint or similar to give lasting
resistance to atmospheric agents, according to the En 13353 (SWP/2) standard.

• The box is not in direct contact with the floor, but is placed on a wooden support base
for outdoor use.

• The insulating panels (sections in yellow) are rigid PIR type (polyiso polyurethane
foam), i.e., rigid high density insulated material with conductivity between 0.02 and
0.03 W/mK

• The use of a vapor barrier polyethylene sheets) for waterproofing the contact layer
between wooden panels and the insulation layer

• At the base of each tank, there is a light draining layer of 25 cm. Furthermore, to
ensure water drainage from this Section, it was necessary to prepare a through-hole
(as per drawing), in each centerline of the three tanks, in which to house a rigid PVC
drainage pipe included in the supply.

• The installation of the exhaust pipe guarantees the seal with the vapor barrier.

Geometry was designed for the body; the gross body dimensions are as follows:

• Length: 2.445 m;
• Width: 1.796 m;
• Height: 0.627 m;
• Total area: 4.41 m2;
• Total volume: 2.76 m3.
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The hydraulic system that is being built will follow the following system scheme
(Figure 3).

Figure 3. Hydraulic schema.

As indicated in the picture, there is also a measurement system with temperature
sensors on the cold side and hot side of the system and flow meter, which will be installed
during the implementation of the experimental set-up. Furthermore, the climatic data in
the field at the same time will be monitored.

4.3. Experimental Set-Up in the Small-Scale Laboratory (Phase 3)

In order to validate the results and to be able to hypothesize the best design solution
that maximizes the efficiency of the RTC system installed in Palermo, it is necessary to
carry out an experimental campaign. For this reason, at the same time as the theoretical
study and after the design, a small-scale experimental prototype installed at the University
of Palermo campus is being installed. The test bench faithfully follows the previously
designed schemes and stratigraphy. Below are the photos of some phases of the installation
to date (Figures 4 and 5).

Figure 4. Some phases of the installation of the RTC Box.
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In particular, the insulation layer, the drainage layer, and the first layer of lean concrete
were put in place. Two constantan copper thermocouples were embedded in the latter for
each single tank. In fact, the entire system will be monitored along with all the layers up to
the surface where it will be laid the road mat. At the same time, the air temperature, wind
speed, direction, and horizontal global solar irradiation will be collected.

 
Figure 5. Some phases of the installation of the RTC Box.

The prototype will be the experimental base in which to experiment in the field and
on a small scale all the alternative solutions previously hypothesized and others that
will be considered appropriate, in this way, it will be identified as the best solution to be
implemented in the Mediterranean area. In detail, the small-scale prototype was born
from the idea of being able to experiment on a reduced model with different geometric
configurations, materials and alternations of stratigraphy’s that can represent an alternative
and improved solution to the model envisaged on a large scale. In detail, the research
group decided to develop a dynamic model that is calibrated with the data monitored in
the field. A dynamic model, created with the TRNSYS software (Thermal Energy System
Specialists, LLC, Madison, USA) with data in the field will then be validated, guaranteeing
the reliability of the results. In this way, the effects of the application of alternative solutions,
configurations, and/or materials to the basic configuration will be predicted numerically,
also allowing a parametric analysis for the identification of the best solution. In order to
assess whether a solution, configuration, and/or choice of alternative material packages
highly reliable in the field, a small-scale field trial is necessary. This set-up, thanks to its
small size, will allow one to experiment with various solutions, to select those that make the
system more efficient, reducing time and, above all, costs. For example, the step of adding
a small area of road pavement, which may not lead to expected results, does not impact
economically as that of adding the entire experimental area. Figure 6 presents some stages
of laying of the RTC system at the UNIPA experimental area; this phase is being completed.

Figure 6. Experimental area in the UNIPA Campus.
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4.4. Design of an Experimental Set-Up for 1:1-Scale (Phase 4)

The study of the RTC system, the object of the research in the Mediterranean area, has,
as its final aim, the subsequent integration with a BTES system to create a seasonal thermal
energy storage system. In this case, the RTC plant system will in fact be aimed at collecting
thermal energy from the solar source through the piping system embedded in the ground,
to be directly connected to a geothermal storage system. In fact, the project involves the
installation of the entire RTC + BTES system in an experimental area within the university
campus of Palermo. The area, identified for the realization of the large-scale experimental
set-up, is represented in the following Figure 6.

For the large-scale set-up, on the basis of what has been indicated above, and of the
available area, 15 pipes 20 m long connected in parallel, with 25 cm spacings, intercepted
by two collectors (intake manifold and delivery manifold). The piping supplied is of the
PE-Xa type Rehau Rautherm S type characterized by an external diameter of 32 mm and a
thickness of 2.9 mm (Figure 7).

 
Figure 7. RTC + BTES schema of the experimental set-up.

The entire collection system is buried at a depth of about 14 cm (axis of the pipeline).
For the correct sizing of the system, pure water was considered as working fluid (Table 6)
and a turbulent motion with Re equal to 10,000 was imposed.

Table 6. Specific characteristics of the thermal fluid (Water).

Thermal Fluid Unit

ρ 1000 kg/m3

cp 4189.99 J/kgK
μ 0.00089 kg/ms
λ 0.5944 W/mK
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The chosen pipe has a diameter of 0.0291 m, or an area of 6.65 × 10−4 m2; based on
these data and the hypothesis of turbulent motion, the value of the estimated optimal flow
rate is equal to

m = Re·μ·(A/d) = 0.204 (kg/s) (4)

which corresponds to a volumetric flow rate of

V = m/1000 = 0.000204 (m3/s) (5)

and with a speed of
v = V/A = 0.307 (m/s) (6)

Assuming an RTC area of 80 m2, i.e., 4 m wide and 20 m long, it is possible to place
15 pipes with 0.25 m pitch, for a total mass flow rate of 3.058 kg/s, or approximately
11,008.84 kg/h. The piping system must be positioned and anchored to the depth, as
planned, by means of a 6/8 mm electro-welded metal mesh, which will be previously
placed on top of the mixed cement layer. Downstream of the RTC system, a temperature
probe (PT100 type), an automatic vent valve, and a safety valve are installed on the delivery
pipe to the BTES system. The BTES plant system is aimed at storing thermal energy from
a solar energy source through a system of 24 “U” probes. It will consist of eight head
probes connected in parallel (one per circular sector) and three probes arranged in series in
each branch of the circuit. Each probe is characterized by a length of 15 m each (30 m of
pipe) and a starting depth of 0.58 m. Each pipe is characterized by an external diameter of
28 mm corresponding to an internal diameter of 26.2 mm. The entire BTES storage system
is intercepted by two collectors, as shown in Figure 8. The stratigraphy of the ground above
the BTES system is shown below in Table 7.

Table 7. Thermophysical properties of the stratigraphy to be carried out in the experimental area
above the BTEES.

λ

(W/mK)
cp

(J/kgK)
ρ

(kg/m3])
ε α

s
(m)

Wear mat 0.85 850 2400 0.9 0.9 0.11
Binder 0.85 850 2400 0.11
Mixed cement 1.2 840 1700 0.2
EPS 0.034 1130 30 0.2
Ground 0.85 800 1890 20

The total mass flow will be sent to eight geothermal probes, corresponding to a head
mass flow of 0.328 kg/s per probe. For a hypothesized pipe with a diameter of 0.0262 m, or
with an area of 5.39 × 10−4 m2, we obtain a Reynolds number equal to 20,825.3. The piping
that connects the manifolds of the two systems is characterized by an external diameter
of 40 mm corresponding to an internal diameter of 36.3 mm in multilayer coated with a
suitable layer of insulation. In this Section, the operating conditions are characterized by a
total mass flow rate of 3058 kg/s, a speed of 2955 m/s and a Re number equal to 120,247.93.

The following components will be installed on the return pipe from the BTESS to
the RTC:

1. Dry cooler;
2. Circulation pump;
3. Expansion vessel;
4. PT100 temperature meter;
5. Flow rate adjustment valve;
6. Flowmeter;
7. Two ball valves with cock for filling and discharging the hydraulic circuit;
8. Shut-off valves.
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The final circuit also includes a By-pass branch of the BTESS system. Below, in Figure 8,
a detail of the RTC + BTES system.

 

Figure 8. A detail of RTC + BTES of the experimental set-up.

4.5. Development of a Dynamic Model of the RTC System (Phase 5)

In order to evaluate the operation and management of the thermal loads of the RTC
system, a model was created with TRNSYS software [47]. Figure 9 shows the scheme of the
model built and implemented on the TRNSYS dynamic simulation platform.

In this first phase, the 1:1 scale model of the RTC system was created with the ther-
mophysical characteristics of the stratigraphy indicated in Section 4.4, taking into account
the stratigraphy considered in Table 7 and all the geometric and thermophysical parame-
ters, the boundary conditions, and the management system envisaged for the 1:1 model,
faithfully respecting the provisions of the experimental area.

Obviously, this model will be calibrated with the data that will be monitored in the
field. Furthermore, thanks to the experimental set-up on a small scale, alternative and
improvement solutions of the entire RTC system can be evaluated and then proposed in
the large-scale system.
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Figure 9. TRNSYS model schema.

The results of the first simulations, from April to October, are illustrated below
(Figure 10); in more detail, the first graph shows the trend of temperatures inside the
soil in ordinary conditions, i.e., in the absence of an RTC that removes heat.
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Figure 10. Temperature trend of the surface pavement and at the depth where the pipeline is located
without the RTC system.

Table 8 shows the data related to the surface temperature and into the soil at the depth
where the pipeline is located, indicating the maximum, minimum, and average values.

Table 8. Temperature value in the surface of the pavement and in the soil.

Temperature Pipe Depth (◦C) Surface (◦C)

Max 56.86 81.88
Average 40.91 42.54

Min 22.79 16.41
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In order to respect the evaluations previously carried out in Section 4.4, the tempera-
ture trend was evaluated for Re = 10,000 (Figure 11). In this case, the RTC system influences
the trend temperature, decreasing the values.
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Figure 11. Temperature trend of the surface pavement and the pipeline for the RTC system with
Re = 10,000.

The maximum, minimum, and average values of the water temperature at the outlet
of the pipe are indicated in the Table 9.

Table 9. Temperature value in the surface of the pavement and in pipeline with Re = 10,000.

Temperature Pipe (◦C) Surface (◦C)

Max 22.53 74.08
Average 18.63 13.64

Min 18.06 36.18

The comparison between the solar and RTC power trend is illustrated in Figure 12.
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Figure 12. Solar and RTC power trend for the RTC system with Re = 10,000.
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Generally, a maximum power of 14.3 kW and an average power of 6.17 kW have been
evaluated, compared to an incident solar energy of 105,096 kWh, 31,529 kWh have been
removed from the RTC system, for an overall efficiency of 30%.

This evaluation was carried out considering an inlet temperature to the system of
18 ◦C and setting a double control system that stops the circulation pump when:

• The temperature gradient between the surface and the ground, at the pipe laying
depth, is less than and/or equal to zero.

• The temperature of the pipes is lower than the water inlet temperature, which is 18 ◦C.

In the first case (Figure 10), the trend of temperatures inside the soil in ordinary
conditions is show, i.e., in the absence of an RTC that removes heat, while Figure 11
describes the trend temperature of the RTC system in ordinary conditions (Section 4.4).
The comparison underlines as the RTC system reduces the temperature of the surface of
about 10 ◦C; on the contrary, the RTC system deeply influenced the temperate in the soil,
reducing all values even more than half.

This model will subsequently be calibrated with the data monitored in the field
and then hypothesize alternative solutions to those identified in the first phase. In this
way, it will be possible to choose the solution that will allow optimizing the system and
identifying the best configuration. At the same time, this solution will be integrated with
the contemporary study that will be carried out on the BTES system.

4.6. Future Objectives (From Phase 6 to Phase 8)

The possibility of being able to install a 1:1 scale system of an RTC system directly
connected to a BTES at the Palermo campus, will allow to investigate this technology and
evaluate its performance in the field.

The simultaneous field experimentation in a small-scale system will allow identifying
the best geometric, technical, and thermophysical choices that can improve the efficiency
and effectiveness of the system and, therefore, identify the best solution to be applied in
the system on a real scale.

In this way, it will be possible to investigate the use of an RTC for the construction
of a low temperature geothermal field, in order to explore the potential for seasonal heat
storage and subsequent use in heat pump systems or for pre-heating of the water. The
integration between a useful energy source and a storage medium is the real challenge
of this research, especially in a highly sunny area in the summer, such as southern Italy;
that is, the identification of the best solutions to be adopted to maximize the efficiency of
the system in the Mediterranean area, and the identification of the best practices for the
development of a renewable system that is competitive with today’s market.

5. Conclusions

The collection of solar energy is commonly committed to solar collectors installed on
roofs or the ground. An alternative solution is instead represented by the installation of
solar collectors embedded in paved surfaces, such as asphalt surfaces, sidewalks, roads,
and parking lots (road thermal collector). Solar energy, captured by asphalt surfaces, can
be used for different applications, e.g., in combination with accumulation systems (wells),
for road safety and maintenance, keeping the roads free from snow during the winter
period and reducing the cost of regular road surfacing. Furthermore, the heat island effect
can be improved by decreasing the temperatures of the asphalt surfaces. The present
research proposes investigating the use of an RTC for the construction of a low-temperature
geothermal field, in order to explore the potential for seasonal heat storage and subsequent
use in heat pump systems or pre-heating of the water. This system makes it possible to
exploit the absorption capacity of the road surface in areas characterized by high sunshine,
energetically redeveloping areas that are generally dedicated to something else (roads and
parking lots).

21



Energies 2022, 15, 430

The study, design, and validation of a RTC with seasonal geothermal storage could
guarantee the development of an alternative, sustainable, and low global impact renewable
energy system. Preliminary results deduced from numerical analysis, carried out using a
model developed in TRNSYS, show that an RTC (with a capturing surface of about 80 m2)
can produce thermal energy from the sun, with an annual average global efficiency of about
30%. On average, in correspondence of a total water flow rate of about 3.06 kg/s distributed
over 15 exchanger pipes, having a length of 20 m and spaced 25 cm, it is possible to reach a
water temperature rise of about 2 ◦C. Moreover, the same numerical results show that, with
an inlet water temperature of 18 ◦C, it is possible to reduce the average pavement surface
temperature from 42 ◦C down to 14 ◦C during the operation period of the RTC (from April
to October).

The entire study, which refers to the SMARTEP project, involves the design and
construction of an experimental area within the University of Palermo (Italy), unique in the
whole panorama of the Mediterranean area.
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Nomenclature

A area [m2]
cp specific heat [J/kgK]
d diameter [m]
h average convection coefficient of the surface [W/m2 K];
n direction of vector
q specific heat flux [W/m2]
qconv,coll Convection heat flux inside the collector [W/m2]
qconv,pav Convection heat flux at the pavement surface [W/m2]
m flow rate [kg/s]
Nu Nusselt Number
Re Reynolts Number
s Thickness [m]
Tair air temperature (K)
Tf fluid temperature (K)
Ts surface temperature (K)
v fluid speed [m/s]
V volumetric flow rate [m3/s]
α Absorption coefficient
ε Coefficient of emissivity
λ Thermal conductivity [W/mK]
μ Dynamic viscosity [kg/(m s)]
ρ Density [kg/m3]

22



Energies 2022, 15, 430

Acronyms

AC Asphalt Concrete
BTES Borehole thermal energy storage
DBM Dense Bitumen Macadam
HMA Hot Madacam Asphalt
HRA Hot Rolled Asphalt
PCM Phase Change Materials
PHC Pavement Heat Collector
PQC Pavement Quality Concrete
RES Road Energy Systems
RTC Road Thermal Collector
SMARTEP Sustainable model and thinking of renewable energy parking
UHI Urban Heat Island
UNIPA University of Palermo Campus
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Abstract: Climate change has a strong influence on the energy consumption of buildings, affecting
both the heating and cooling demand in the actual and future scenario. In this paper, a life cycle
assessment (LCA) was performed to evaluate the influence of both the occupant behaviour and the
climate change on the environmental impact of the heating and cooling systems of an apartment
located in southern Italy. The analysis was conducted using IPCC GWP and ReCiPe indicators as
well as the Ecoinvent database. The influence of occupant behaviour was included in the analysis
considering different usage profiles during the operational phase, while the effect of climate change
was considered by varying the weather file every thirty years. The adoption of the real usage profiles
showed that the impact of the systems was highly influenced by the occupant behaviour. In particular,
the environmental impact of the heating system appeared more influenced by the operation hours,
while that of the cooling system was more affected by the natural ventilation schedules. Furthermore,
the influence of climate change demonstrated that more attention has to be dedicated to the cooling
demand that in the future years will play an ever-greater role in the energy consumption of buildings.

Keywords: life cycle assessment (LCA); ReCiPe indicator; global warming potential (GWP) indicator;
environmental impact; heating and cooling systems; occupant behaviour; climate change

1. Introduction

According to the Sustainable Development Goals Report 2021 of United Nations [1],
global efforts made so far were insufficient and there still is much progress to be made
for reaching the objectives of Agenda 2030 [2]. Additionally, the authors of the Sixth
Assessment Report of the Intergovernmental Panel on Climate Change pointed out that
global warming of 1.5 and 2 ◦C will be exceeded during the twenty-first century unless
significant actions are taken to reduce CO2 and other greenhouse gases (GHG) emissions
in the coming decades [3].

At the European level, new ambitious targets were set with the European Green
Deal [4] to reduce GHG emissions and becoming the first climate-neutral continent by 2050.
Most of the European buildings present low energy performance and inefficient heating
and cooling systems [5,6]. Thus, the building sector still constitutes an important issue to
be addressed, being responsible for more than 40% of the worldwide energy consumption
and 36% of global GHG [7–10].
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1.1. Life Cycle Assessment Applied to Buildings

Life cycle assessment (LCA) is a quantitative method widely known to assess the
environmental impacts of products or systems.

The literature on LCA applications to buildings is very extensive, and there is broad
agreement in recognizing the importance of the operational stage during the entire cycle of
the buildings. Ramesh et al. [11] reviewed 73 buildings across 13 countries and showed that
the operational stage is responsible for around 80–90% of the life cycle energy demand of
buildings. Similar results were obtained for the Italian context by Asdrubali et al. [12] that
assessed to 77% the contribution of the operational stage in the case of detached houses,
and up to 85% for office buildings. Sartori and Hestnes [13] analysed the results of 60 LCA
of buildings found in the literature highlighting that there is a linear regression between
their operational and total energy. Furthermore, a review conducted by Cabeza et al. [14]
reported that most of the LCAs are conducted for buildings designed and constructed as
low-energy buildings while the percentage of LCA for traditional buildings is lower.

Different authors focused the attention to the environmental impact of the heating
and cooling systems because they are the most responsible for emissions during the entire
life cycle of a house [15].

Vignali [16] conducted a comparison of the environmental impact of a traditional gas
boiler and a condensing gas boiler in three Italian cities obtaining that the impact of the
condensing boiler is 23% on average lower than that of the traditional boiler. Additionally,
the operational stage of both the systems was responsible, on average, for more than 90%
of the total impact. Greening and Azapagic [17] compared the life cycle environmental
impacts of domestic heat pumps (air, ground, and water-source) and a gas boiler for the
UK context. The impact of the heat pumps was always higher than that of the gas boiler
due to the use of electricity. The results showed that the total impact of heat pumps could
decrease as the percentage of renewable energy sources in the UK electricity mix increases,
while still exceeding the impact of the gas boiler. Llantoy et al. [18] performed an LCA for
a lifespan of 30 years to compare the environmental impact of an innovative hybrid energy
storage system for heating and domestic hot water production in continental climates with
the environmental impact of a traditional system. The results of the analysis, performed
through the ReCiPe and the IPCC global warming potential GWP indicators, showed
that the total impact of the innovative hybrid energy storage system was lower than the
reference one. Zsembinszki et al. [19] compared the environmental performance of an
innovative compact hybrid electrical-thermal storage system and a traditional system for
cooling, heating, and domestic hot water production in the Mediterranean context. The
authors obtained a relevant reduction in energy consumption during the operational stage
with the innovative system, despite the environmental impact during its entire life cycle
(30-years lifespan) being almost double than that of the traditional system. Shah et al. [15]
likened the life cycle impact of three heating and cooling systems (warm-air furnace and
air conditioning, hot water boiler and air conditioning, and air–air heat pump) in four
cities of the USA considering a lifespan of 35 years. In general, the impact of the heat pump
was always higher than that of other systems in a percentage strictly related to the diverse
energy mix of the four considered cities. Similar results were obtained by Karkour et al. [20]
that performed an LCA to assess the impact of residential air conditioners in Indonesia.
The results suggested that the impacts are strongly dependent on the energy mix of the
country but could be reduced with diverse solutions, such as introducing refrigerants with
low global warming impact and encouraging the recycling of units.

1.2. Problems Related to Climate Change

Among all the mentioned studies, it can be noticed that the attention was mainly
focused on the energy demand of buildings by considering the same climatic scenario
and the impact of climate change was usually neglected. However, climate change is
currently recognized as the most important and critical challenge to mankind globally [21].
Nowadays, just because of climate change, buildings are facing new climatic conditions
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for which they were not designed [22]. Thus, the impact of climate change on the energy
performance of buildings and the environmental impact of the heating and cooling systems
cannot be undervalued [23].

For example, Tootkaboni et al. [24] analysed the impact of climate change on the
future energy performance of residential buildings in the most populated Italian climate
zone. The authors found a decrease of around 30.9% of the heating energy demand and a
significant increase in cooling demand up to 255.1%. Similar conclusions were reached by
Ciancio et al. [25] that, simulating the energy performance of a building located in three
European cities, assessed for 2080 a reduction of the heating energy demand from 36%
to 80% and an increase of cooling energy needs from 142% to 2316%. The authors in [26]
assessed the influence of climate change on the heating and cooling energy demand of
different building prototypes located in Toronto. By 2070, they estimated an average
decrease of 18–33% for heating energy use and an average increase of 15–126% for cooling
energy use.

Regarding the effect of climate change on the environmental impact of the cooling
system in residential buildings of Qatar, Andric and Al-Ghamdi [27] prevised an augmen-
tation of the CO2 emissions as well as more consumptions of water and fossil fuel, and an
increase of the impact on the already strained local marine ecosystem due to the increase
of the energy demand for cooling.

1.3. Problems Related to Occupant Behaviour

Another aspect usually overlooked in the studies on LCA is occupant behaviour,
whose influence on the energy performance of buildings, and specifically on the heating
and cooling systems, is well known [28,29]. Moreover, the AR5 report of the Intergovern-
mental Panel on Climate Change (IPCC) [30] highlighted that occupant behaviour, such
as different thermal control of the indoor environment and natural ventilation usages,
determines factors of differences from 3 to 10 worldwide in residential energy use, also in
similar dwellings. The literature focused on understanding how people use a space and
how their behaviour influences the energy performance of the buildings increased in the
last decades [31]. For example, a recent study [32] investigated the impact of occupant
behaviour on heating energy consumption and indoor temperature in residential buildings
finding that there were outstanding differences in the resulting energy consumption and
in the percentage of time in which thermal comfort conditions were met for the different
user scenarios.

Fajilla et al. [33] introduced a novelty by analysing the influence of both occupant
behaviour and climate change on the energy performance of buildings. The authors showed
how the occupant preferences through the control of heating, cooling systems, and natural
ventilation impact the energy needs, and how climate change can amplify this impact.

Now, however, a step forward is needed to understand how people influence the
environmental impact of the heating and cooling systems.

In fact, despite the importance of the operational stage, it seems that not enough
efforts were dedicated to analysing how occupants’ behaviour influences the environmental
performance of these systems, and the literature in this field is very scarce.

For example, Su et al. [34] performed an LCA to assess the environmental performance
of the cooling and heating systems among different houses in China focusing on the
families dimension and the age of families’ members. The results showed that the larger
households, and the families with elderly people or children are more likely to have a
higher environmental impact due to the higher cooling and heating demand. The authors
highlighted the importance of carrying out further studies to better address the influence
of occupant behaviour.

Negishi et al. [35] proposed a framework for a dynamic LCA applied to building
systems to discover the influence of the parameters time variation of the building systems
such as occupant behaviour, technical performance degradations of the systems, and the
variation in the energy mix. Results suggested the need for further investigation for a
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deeper understanding of the influence of occupant behaviour. Su et al. [36] came to similar
conclusions and pointed out that traditional LCA methods have two drawbacks consisting
in not considering the time variance of parameters over the entire life cycle of the buildings
(e.g., climate), and the behaviours of occupants.

1.4. Aim and Objectives of the Study

As emerged from the literature review, the operational stage is the most influencing
phase during an LCA of heating and cooling systems or of an entire building. Despite
the importance of this stage, it was generally treated with a standard approach and not
all influencing factors were investigated. The common procedure of conducting an LCA
analysis was to examine the operational stage of the systems considering usage profiles
suggested by national standards, with a consequent underestimation of the impact of
occupant behaviour [37]. Moreover, the simulation of energy consumption was usually
conducted by not considering climatic scenarios, overlooking the effect of climate change
that will cause a decrease in the heating energy demand and an increase in the cooling
energy demand [25,26]. To fill this gap in the literature, the aim of this study lies in to
jointly analyse the effect of occupant behaviour and climate change on the environmental
impact of the heating and cooling systems through an LCA analysis. The influence of
occupant behaviour and climate change on the energy performance of buildings was
already investigated in the literature, but the influence of both these two factors in an LCA
analysis has been never explored. This combined investigation is the main novelty of the
paper, especially in the study of the environmental impact of heating and cooling systems.

More in detail, chosen an existing building as a case study with heating and cool-
ing systems installed, an environmental analysis is performed by comparing the results
obtained conducting firstly an LCA including the influence of occupant behaviour, and
secondly an LCA that considers both occupant behaviour and climate change. To achieve
these objectives, the paper aims to answer these research questions:

• RQ1: How does occupants behaviour affect the environmental impact of heating and
cooling systems’ operation phase?

• RQ2: Can occupants behaviour mitigate or amplify the effect of climate change on the
total environmental impact of heating and cooling systems? In addition, vice versa?

The approach used in the investigation wants to highlight the importance of con-
sidering new and actual variables in the energy simulation and environmental impact
evaluation of building systems. In particular, the environmental impacts of heating and
cooling systems are analysed by considering the occupant behaviour to bring the evalua-
tions closer to the reality, and climate change to test the validity of technical solutions in
future contexts. The findings of this proposed approach could provide new insights to
scientists and practitioners for the improvement of design criteria, and also to policymakers
for future regulations.

2. Methods

2.1. Case Study

The heating and cooling systems of an apartment located at Rende (Southern Italy),
characterized by Mediterranean climate conditions and defined as “Csa” according to
the Köppen climate classification [38], were considered for the study. The heating system
consists of an autonomous 24 kW wall-mounted gas boiler that works with natural gas.
The cooling system is composed of two heat pumps installed in the living room and the
bedrooms with a design capacity of 4 kW and 6 kW, respectively.

The apartment has a gross floor area of 80 m2 and is located on the second floor of a
six-story building built in 2008. The rooms of the apartment are south and west facing, with
a floor-to-ceiling height equal to 2.7 m and a window-to-wall ratio of 30%. The structure of
the building is reinforced concrete, while the external walls (U-value of 0.6 W/m2·K) are
made of double hollow bricklayers with an internal air gap partially filled with expanded
polystyrene. The windows consist of double glazing and a frame with thermal break (U-
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value 2.72 W/m2·K). The horizontal and vertical overhangs were modelled using standard
component blocks considered by the software in shading calculation. Upstairs there is
an adiabatic block where there is another heated apartment, while downstairs there is an
unconditioned thermal zone. Three thermal zones (living area, bedrooms, and bathrooms)
were considered, and the characteristic parameters were changed in terms of management
of the heating and cooling systems, as both activation period and setpoint temperature,
and ventilation hourly profiles. The internal heat loads (ϕint) were determined through the
following relation provided by the Standard UNI/TS 11300-1 [39]:

φint = 7.987 A f – 0.0353 A2
f (1)

where Af is the usable floor area of the house [m2]. The calculated value amounts to
5.56 W/m2 and groups all contributions of occupancy, miscellaneous equipment, catering
process, and lighting.

The calibration of the building model was verified in previous work [40] according
to the ASHRAE Guideline 14-2002 [41] through the Normalized Mean Bias Error (NMBE)
and the Coefficient of Variation of the Root Mean Square Error (CVRMSE). Errors lower
than the limit values were obtained for both metrics (NMBE < 5%, CVRMSE < 15%).

2.2. Energy Simulations

Typical hourly profiles of heating (h1, h2, and h3), natural ventilation in winter (v1,
v2, and v3), cooling (c1, c2, and c3), and natural ventilation in summer (v4, v5, and v6)
were obtained from a questionnaire survey [33]. The profiles are summarised in Table 1
and shown in Tables 2–5.

Table 1. Daily heating, cooling, and natural ventilation schedules summary.

Heating Natural Ventilation in Winter

h1: Continuous for 24 h v1: Continuous from 07:00 to 15:00
h2: Limited to the evening (from 19:00 to 22:00) v2: Limited to the morning hours (from 08:00 to 13:00)
h3: Discontinuous during the day (from 07:00 to 09:00 and from
19:00 to 22:00) v3: Intermittent but prolonged throughout the day

Cooling Natural Ventilation in Summer

c1: During the hottest hours of the day (from 12:00 to 18:00) in
the living zone, and in two-time ranges (from 08:00 to 11:00, and
from 14:00 to 17:00) in the bedrooms

v4: Continuous from 07:00 to 19:00

c2: Limited to the afternoon (from 14:00 to 17:00) in the living
and bedrooms zones, and the late evening (from 22:00 to 01:00)
only in the bedrooms

v5: Concentrated in the coldest hours of the day in the living
and bedrooms area, and continuous for 24 h in the bathrooms

c3: Limited to the late afternoon (from 19:00 to 22:00) in the
living zone, and from 22:00 to 07:00 in the bedrooms

v6: Prolonged use in the coolest hours in the living and
bedrooms area, and continuous for 24 h in the bathrooms

More details about the schedules can be found in a previous work published by the
authors [33]. By combining these usage schedules, nine profiles for the heating (h1v1,
h1v2, h1v3, h2v1, h2v2, h2v3, h3v1, h3v2, and h3v3) and cooling (c1v4, c1v5, c1v6, c2v4,
c2v5, c2v6, c3v4, c3v5, and c3v6) season were adopted to represent different occupants’
behaviour. Dynamic energy simulations were conducted for the heating season from
1 October to 30 April with a setpoint temperature of 20 ◦C, and for the cooling season from
1 May to 30 September with a setpoint temperature of 26 ◦C (Table 6). Further energy
assessments were obtained by varying the heating and cooling setpoint temperatures of
±2 ◦C. The simulations were conducted through DesignBuilder (v. 6.1.6.008) [42] by using
the METEONORM weather data [43] for the current climate (2020) and the data of future
climate scenarios (2050 and 2080) obtained with the climate change world weather file
generator (CCWorldWeatherGen) [44]. More in detail, CCWorldWeatherGen is a Microsoft
Excel-based tool commonly used in this field [9,22,25,26,45] to obtain weather files for
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future scenarios. It implements the morphing procedure on the current weather file and
provides weather files for future scenarios using outputs from the UK Hadley Centre
Coupled Model (v.3, HadCM3) [46].

Table 2. Daily heating schedules (On = 1, Off = 0). Adapted from [33].

Profile All Rooms

h1

 

h2

 

h3

 

Table 3. Daily natural ventilation schedules in winter (Open = 1, Close = 0). Adapted from [33].

Profile Living Zone Bedrooms Zone Bathrooms Zone

v1

   

v2

   

v3

   

2.3. LCA Methodology

Life cycle assessment (LCA) is a tool widely common for assessing the environmental
impact of a product, process, or system through its complete life cycle [47], including the
manufacturing, operational, and disposal stage. The analysis was performed following
the four main steps suggested by the ISO 14040 and 14044 guidelines [48,49], as shown in
Figure 1.
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Table 4. Daily cooling schedules (On = 1, Off = 0). Adapted from [33].

Profile Living Zone Bedrooms Zone

c1

  

c2

  

c3

  

Table 5. Daily natural ventilation schedules in summer (Open = 1, Close = 0). Adapted from [33].

Profile Living Zone Bedrooms Zone Bathrooms Xone

v4

   

v5

   

v6

   

The study was carried out through the indicators IPCC 2013 Global Warming Potential
for long-term effect (GWP 100 a) and short-term effect (GWP 20 a), and ReCiPe extracted
from the Ecoinvent 3.7.1 database [50] by considering data related to the European context.
These two indicators were selected based on the evaluation made by the Joint Research
Commission of European Union that indicated the GWP indicator as the only indicator
representative for all midpoint models currently used in LCA studies [51], and the ReCiPe
indicator as the best method for the European context in comparison with EPS2000, Eco-
indicator 99, and IMPACT2002+ [52].

2.3.1. Goal and Scope Definition

The goal of the analysis was to assess if and how the occupants’ behaviour related to
the use of the heating and cooling systems affects the environmental impact of these systems.
Consistent with the aim of this paper, the cooling system was considered composed of a
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single heat pump with a design capacity of 10 kW. The details of the systems are given
below in Table 7.

Table 6. Energy consumption [kWh/year] for heating and cooling with setpoint temperatures of
20 ◦C (heating) and 26 ◦C (cooling).

Season Profiles
Consumption [kWh/year]

2020 2050 2080

Heating

h1v1 2299 1756 1220
h1v2 2099 1600 1103
h1v3 2287 1751 1220
h2v1 720 534 350
h2v2 682 505 328
h2v3 771 572 380
h3v1 1196 906 620
h3v2 1073 809 544
h3v3 1185 899 615

Cooling

c1v4 233 367 479
c1v5 205 310 403
c1v6 198 314 414
c2v4 202 312 405
c2v5 184 271 343
c2v6 178 276 356
c3v4 196 322 445
c3v5 192 343 492
c3v6 179 323 463

 

Figure 1. Life cycle assessment framework. Adapted from [48].

Table 7. Heating and cooling systems.

Component Variable Value Unit

Gas boiler Nominal heat output 24 kW
Air-source heat pump Capacity 10 kW

Since the reference building is the same in all cases, the study was focused on the
systems (operational stage) and not on the building materials; thus, only the gas boiler
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and the heat pump available in Ecoinvent were included in the LCA study. Failure to
consider the individual materials that constitute the systems is the cause of an error. On
the other hand, this approximation is reported throughout the analysis and, since it is a
comparison, the error is compensated. The lifetime of the entire analysis was assumed to
be 90 years, while the lifespan and the number of replacements of each system during the
90 years were calculated according to the lifetime of the various systems. Conventionally,
the LCAs of products or buildings are performed with a lifetime ranging from 30 to
50 years [12,18,19,53,54], without considering any external variations (e.g., climate change)
to the system boundary that could alter the environmental impact of the systems or the
buildings. Following the conventional methodology, the LCA for 90 years (hereinafter
referred to as LCAb) was assessed by considering the same weather data for the entire
period, as shown in Figure 2a. LCAb was considered as a benchmark to compare the results
of the LCA proposed in this analysis.

(a) 

(b) 

Figure 2. Life cycle assessment: (a) Considered as a benchmark (LCAb); and (b) proposed in this study (LCAcc).

This investigation was performed by considering the influence of both occupants’
behaviour and climate change by varying the weather data every 30 years. In the end, the
LCA for the entire lifetime of 90 years (hereinafter referred to as LCAcc) was calculated as
the sum of three contributions: LCA 1, LCA 2, and LCA 3, as shown in Figure 2b.

Based on previous studies carried out in this field [12,18,19,53], the functional unit
of 1 m2 of usable floor area was adopted in this analysis. The scope of the study is from
‘cradle to grave’.

2.3.2. Life Cycle Inventory (LCI)

The life cycle inventory (LCI) is the phase of LCA destined to quantify all the inputs
and outputs of a product system through its life cycle [48] and consists of three stages,
manufacturing, operational, and end-of-life (disposal).

The inventory for the manufacturing stage of the systems is shown in Table 8. For both the
gas boiler and heat pump, the disposal stage was included during the manufacturing stage.

Table 8. Inventory of the heating and cooling systems.

Element Quantity
Unit of

Measurement
Lifespan
(Years)

Replacement Total Amount

Gas boiler 1 Unit 20 4.5 4.5
Heat pump 1 Unit 20 4.5 4.5

The input data for the operational stage are the annual energy consumption for the
heating and cooling systems shown in Table 6. The energy consumption of the heating and
cooling systems was presented separately to consider the different impacts of electricity
and natural gas.
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2.3.3. Life Cycle Impact Assessment (LCIA)

The life cycle impact assessment (LCIA) is the phase of LCA in which the results
of the LCI are associated with specific indicators to assess their potential environmental
impacts [48]. Table 9 shows the LCIA during the manufacturing and disposal stage for both
gas boiler and heat pump calculated with the GWP [kgCO2-eq/m2] and ReCiPe indicators
[Impact point/m2]. It can be noticed that the impacts for LCAb and LCAcc during the
manufacturing and disposal stage are the same.

Table 9. Impact assessment during the manufacturing and disposal stage.

Element Unit
GWP 20a GWP 100a ReCiPe

[kgCO2-eq/m2] [kgCO2-eq/m2] [Impact Point/m2]

Gas boiler 4.5 29.92 25.89 7.83
Heat pump 4.5 179.81 80.99 16.53

The LCIA during the operational stage of the heating and cooling systems calculated
with both LCAb and LCAcc is presented in Tables 10 and 11.

Table 10. Impact assessment during the operational stage for 90-year lifetime (LCAb).

Season Profile
GWP 20a GWP 100a ReCiPe

[kgCO2-eq/m2] [kgCO2-eq/m2] [Impact Point/m2]

Heating

h1v1 856.55 694.39 67.04
h1v2 782.13 634.06 61.21
h1v3 852.15 690.82 66.69
h2v1 268.33 217.53 21.00
h2v2 254.12 206.01 19.89
h2v3 287.11 232.75 22.47
h3v1 445.65 361.28 34.88
h3v2 399.82 324.13 31.29
h3v3 441.40 357.84 34.55

Cooling

c1v4 119.20 109.38 22.33
c1v5 104.94 96.30 19.66
c1v6 101.35 93.00 18.98
c2v4 103.25 94.74 19.34
c2v5 93.92 86.18 17.59
c2v6 90.95 83.46 17.03
c3v4 100.24 91.98 18.77
c3v5 97.94 89.87 18.34
c3v6 91.67 84.12 17.17

Table 11. Impact assessment during the operational stage for 90-year lifetime (LCAcc).

Season Profile
GWP 20a GWP 100a ReCiPe

[kgCO2-eq/m2] [kgCO2-eq/m2] [Impact Point/m2]

Heating

h1v1 655.08 531.06 51.27
h1v2 596.45 483.53 46.68
h1v3 653.05 529.42 51.11
h2v1 199.24 161.52 15.59
h2v2 188.20 152.57 14.73
h2v3 213.95 173.45 16.74
h3v1 338.14 274.12 26.46
h3v2 301.31 244.27 23.58
h3v3 335.16 271.70 26.23
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Table 11. Cont.

Season Profile
GWP 20a GWP 100a ReCiPe

[kgCO2-eq/m2] [kgCO2-eq/m2] [Impact Point/m2]

Cooling

c1v4 183.79 168.65 34.42
c1v5 156.54 143.64 29.32
c1v6 157.88 144.88 29.57
c2v4 156.24 143.37 29.26
c2v5 135.82 124.64 25.44
c2v6 138.03 126.66 25.85
c3v4 164.09 150.57 30.73
c3v5 174.92 160.52 32.76
c3v6 164.48 150.93 30.81

3. Results and Discussion

The last step of the LCA, namely the interpretation of the results, is presented in
this section.

3.1. Manufacturing and Disposal Stage

Figure 3 shows the impact of the gas boiler and the heat pump during the manufactur-
ing and disposal stage calculated through the indicator IPPC GWP for short-term (GWP
20a) and long-term (GWP 100a) (Figure 3a), and the ReCiPe indicator (Figure 3b).

  
(a) (b) 

Figure 3. Results per m2 of floor area during the manufacturing and disposal stage using the indicators: (a) IPCC GWP 20a
and GWP 100a; and (b) ReCiPe.

In general, the impact of the heat pump appears to be always higher than that of the gas
boiler. It is in accordance with previous studies, such as [17,19]. In fact, the environmental
impacts of the heat pump ranged from 180 kgCO2-eq/m2 (GWP 20a) to 81 kgCO2-eq/m2

(GWP 100a), far higher than those of the gas boiler that reached 30 kgCO2-eq/m2 for GWP
20 and 26 kgCO2-eq/m2 for GWP 100a. Regarding the ReCiPe indicator (Figure 4b), around
16 and 8 impact point/m2 were obtained for the heat pump and the gas boiler, respectively.
More in detail, the impact of the heat pump mainly affects the ecosystem quality (around
7 impact point/m2), while the gas boiler has a higher impact in the category of resources
with an environmental impact of around 3 impact point/m2. The higher damage of the heat
pump to the ecosystem could be caused by the presence of refrigerant in the system. The
heat pump found in the Ecoinvent database includes the R134a refrigerant that is one of the
most damaging, by varying the typology of the refrigerant it could be possible reducing
the impact of the heat pump [18]. Additionally, the damage due to the gas boiler may
be reduced by decreasing the quantity of material used for manufacturing. The impacts
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obtained for the manufacturing and disposal stage are in line with the values of existing
researches, e.g., [18,19].

  
(a) (b) 

  
(c) (d) 

Figure 4. Comparison of the results per m2 of floor area during the operational stage using the indicator IPCC GWP 20a
and GWP 100a calculated: For heating with (a) LCAb; and (b) LCAcc; and for cooling with (c) LCAb; and (d) LCAcc.

3.2. Operational Stage

The results of the impacts of the heating and cooling systems during the operational
stage calculated with the GWP indicator are shown in Figure 4.

LCAb and LCAcc provided different results: the impacts of the heating were higher
for LCAb (Figure 4a) than those calculated with LCAcc (Figure 4b), and opposite trends
were observed for the cooling (Figure 4c,d). These results can be explained by the fact that
climate change, which will cause a decrease in heating consumption and an increase in
cooling consumption [33,45], was included only in the LCAcc analysis. Moreover, it can
be seen how a different occupant behaviour can influence the impact of these systems, at
first glance.

Regarding the heating environmental impact, it was possible to observe variation
mainly among the heating profiles. Maximum impact variations equal to −70% and −53%
were obtained between the profile h1v1 and the profiles h2v2 and h3v2. For the LCAb,
the highest impact was obtained for the profile h1v1 (857 kgCO2-eq/m2 for GWP 20a and
694 kgCO2-eq/m2 for GWP 100a), while the lowest impact was observed for the profile
h2v2 (254 kgCO2-eq/m2 for GWP 20a and 206 kgCO2-eq/m2 for GWP 100a). With LCAcc
the maximum and minimum impacts were also found for h1v1 and h2v2, with values 24%
and 26% lower than those found with LCAb.

The environmental impact of the cooling system varied among the three cooling
usage profiles and from one ventilation profile to another. Additionally, while the impacts
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calculated with LCAb decreased moving from c1 to c3 and from v4 to v6, this trend was
not found with LCAcc. The maximum impact was due to the profile c1v4 with both LCAb
(Figure 4c) and LCAcc (Figure 4d); the minimum impact was obtained for the profile c2v6
with LCAb and the profile c2v5 with LCAcc. The discrepancy between the results of LCAcc
and LCAb was caused by climate change that influenced the energy consumptions of the
profiles and engendered a different augmenting of the hours of operation of the cooling
system during the considered 90 years. LCAb provided the maximum and minimum
impact values equal to 119 and 91 kgCO2-eq/m2 for the short-term effect GWP 20a and
equal to 109 and 84 kgCO2-eq/m2 for long-term effect GWP 100a, respectively. With
LCAcc, values equal to 184 kgCO2-eq/m2 (GWP 20a) and 169 kgCO2-eq/m2 (GWP 100a)
for the profile c1v4 and equal to 136 kgCO2-eq/m2 (GWP 20a) and 124 kgCO2-eq/m2

(GWP 100a) for the profile c2v5 were obtained. Figure 5 shows the results of the impacts
during the operational stage of the two considered systems calculated with the indicator
ReCiPe. The trends observed among the usage profiles with the GWP indicator were also
encountered with the indicator ReCiPe. According to the results of Figure 3b, the damage
caused during the operational stage of the heating system (Figure 5a,b) mainly affects the
resources category, while the impact of the cooling operation (Figure 5c,d) was particularly
damaging for the ecosystem quality.

  
(a) (b) 

 
(c) (d) 

Figure 5. Comparison of the results per m2 of floor area during the operational stage using the indicator ReCiPe calculated:
For heating with (a) LCAb; and (b) LCAcc; and for cooling with (c) LCAb; and (d) LCAcc.

The impact caused by heating in the category of resources reached peaks of 33 and
25 impact point/m2 with LCAb and LCAcc, respectively. Regarding the cooling operation,
maximum impact points per m2 of about 13 and 20 were obtained from LCAb and LCAcc
in the ecosystem quality category.
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The effect of climate change produced a reduction of the total impacts caused by
the heating system for LCAcc, if compared with those obtained with LCAb. In particular,
impact values from 20 to 67 impact point/m2 (Figure 5a) and from 15 to 51 impact point/m2

(Figure 5b) were obtained through the indicator ReCiPe.
An opposite effect was produced to the impact of the cooling system that was higher

for LCAcc. Impact values from 17 to 22 impact point/m2 and from 25 to 34 impact point/m2

were obtained with LCAb and LCAcc, respectively.

3.3. Total Impact (Manufacturing, Operational, and Disposal Stage)

The total impacts of the heating and cooling systems, namely the impact caused
during the manufacturing, operational, and disposal stage, calculated through the GWP
indicator are shown in Figure 6.

  
(a) (b) 

 
(c) (d) 

Figure 6. Comparison of the total results per m2 of floor area (manufacturing and disposal + operational stage) using
the indicator IPCC GWP 20a and GWP 100a calculated: For heating with (a) LCAb; and (b) LCAcc; and for cooling with
(c) LCAb; and (d) LCAcc.

It is interesting to notice that, while for the heating system (Figure 6a,b) the total
impact is almost completely due to the operational stage (more than 90%), the impact
related to cooling (Figure 6d) changed between GWP 20a and GWP 100a. In fact, for
all the nine cooling profiles the impact for short-term effect (GWP 20a) is mainly due to
the manufacturing and disposal stage, while for the long-term effect the environmental
damage related to the operational stage is predominant.

Similar results were obtained with the indicator ReCiPe (Figure 7a–d). The total
impact due to heating was mainly caused by the operational stage.
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(a) (b) 

  
(c) (d) 

Figure 7. Comparison of the total results per m2 of floor area (manufacturing and disposal + operational stage) using the
indicator ReCiPe calculated: For heating with (a) LCAb; and (b) LCAcc; and for cooling with (c) LCAb; and (d) LCAcc.

Regarding the cooling system, the operational was also the most damaging stage.
Only for human health and resources categories, manufacturing appeared to be the most
impacting stage. This can be explained by the fact that the impact of the cooling system in
these categories was very low if compared with that of the ecosystem quality category.

3.4. Annual Impact of the Two Systems

Figures 8 and 9 show the comparison between the annual results per m2 of floor area
calculated with LCAb and LCAcc through the indicators GWP and ReCiPe.

In general, LCAb provided impact values ranging from 1185 to 558 kgCO2-eq/m2

with GWP 20a (Figure 8a) and from 911 to 419 kgCO2-eq/m2 with GWP 100a (Figure 8c).
The results obtained with LCAcc (Figure 8b,d) were always lower than the previous, in a
measure ranging from −3% (with profiles h2v1c2v4 and h3v2c3v5) to −12% (with profiles
h1v1c1v4, h1v2c1v5, and h1v3c1v6).

Analysing more in depth the results, for LCAb the impact due to heating operation
was always higher than that caused by cooling. In contrast, the cooling impact appeared to
be predominant in three profiles (h2v1c2v4, h2v2c2v5, and h2v3c2v6) with LCAcc.

Regarding the annual results obtained with the ReCiPe indicator, it should be noticed
that LCAb provided impacts higher than those of LCAcc only for the first three profiles.
Furthermore, LCAb (Figure 9a) attributed to the heating system the main percentage of
the total impact for six out nine profiles (h1v1c1v4, h1v2c1v5, h1v3c1, h3v1c3v4, h3v2c3v5,
h3v3c3v6). In the case of LCAcc (Figure 9b), the impact of the heating system is the major
contributor of the total impact only for the first three profiles (h1v1c1v4, h1v2c1v5, and
h1v3c1v6).
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(a) (b) 

(c) (d) 

Figure 8. Comparison of the annual results per m2 of floor area (manufacturing and disposal + operational stage) for
heating and cooling calculated: using the indicator IPCC GWP 20a with (a) LCAb; and (b) LCAcc; and using the indicator
IPCC GWP 100a with (c) LCAb; and with (d) LCAcc.

  
(a) (b) 

Figure 9. Comparison of the annual results per m2 of floor area (manufacturing and disposal + operational stage) for
heating and cooling using the indicator ReCiPe calculated with: (a) LCAb; and (b) LCAcc.

3.5. Influence of Occupant Behaviour by Varying the Setpoint Temperature

As already mentioned in Section 2.2, energy simulations were also performed by
varying the heating and cooling setpoint temperatures of ±2 ◦C and, hence, considering
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occupants preferences in thermal comfort. The energy consumption obtained by varying
the setpoint temperatures during the three climatic scenarios is shown in Figure 10.

  
(a) (b) 

Figure 10. Energy consumption [kWh/year] by varying the setpoint temperatures of ±2 ◦C for (a) heating; and (b) cooling.

These changes in energy consumption will have a consequence on the environmen-
tal impact of the heating and cooling systems. The impact variations, expressed as the
percentage difference between the impacts calculated with setpoint temperature at 20 ◦C
(heating) and 26 ◦C (cooling) and the impacts with a setpoint variation of ±2 ◦C, are shown
in Table 12.

Table 12. Impact variations by varying the setpoint temperatures of ±2 ◦C.

Season Profiles

LCAb LCAcc

−2 ◦C +2 ◦C −2 ◦C +2 ◦C

[Variations (%) of Both GWP and ReCiPe]

Heating

h1v1 −48 +62 −53 +72
h1v2 −50 +64 −54 +75
h1v3 −48 +61 −52 +71
h2v1 −54 +75 −58 +87
h2v2 −55 +77 −59 +90
h2v3 −53 +72 −57 +84
h3v1 −50 +66 −54 +77
h3v2 −52 +70 −56 +82
h3v3 −50 +66 −54 +77

Cooling

c1v4 +62 −49 +47 −42
c1v5 +62 −48 +47 −42
c1v6 +66 −50 +49 −43
c2v4 +62 −47 +44 −40
c2v5 +68 −49 +57 −42
c2v6 +67 −51 +51 −44
c3v4 +68 −50 +47 −40
c3v5 +75 −56 +51 −48
c3v6 +77 −57 +53 −48

It can be inferred that LCAb provided percentage variations of the heating impacts
lower than those obtained with LCAcc, opposite trends were found for the environmental
impact of the cooling system. In general, the reduction of 2 ◦C of the heating setpoint
temperature led to a reduction of the heating impact ranging from −48% to −55% with
LCAb and from −52% to −59% with LCAcc. In both cases, the maximum reduction was
obtained for the profile h2v2. This profile registered the maximum variation also with the
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increase of setpoint temperature of +2 ◦C. In this case, impact variations from +61% to
+77% and from +71% to +90% were obtained for LCAb and LCAcc, respectively.

With cooling, percentage variations of the impact from +62% to +77% and from +44%
to +57% were encountered by reducing the setpoint temperature of 2◦C with LCAb and
LCAcc. Additionally, an augmentation equal to +2 ◦C of the cooling setpoint temperature
produced an impact drop ranging from −47% to −57% and from −40% to −48%, for LCAb
and LCAcc, respectively.

Unlike heating, the maximum variations were found for different profiles: c3v6 with
LCAb, and for c2v5 (−2 ◦C) and the profiles c3v5 and c3v6 (+2 ◦C) with LCAcc.

4. Conclusions

A life cycle assessment was conducted for the heating and cooling systems of a
residential building located in southern Italy. The indicators IPCC 2013 Global Warming
Potential for short and long-term effect (GWP 20a and GWP 100a) and ReCiPe were adopted
to perform the study, for a functional unit of 1 m2 of usable floor area.

The novelty of the paper consists in the consideration of the effect of two factors
usually neglected in such studies. In particular, the analysis was carried out for a lifetime
of 90 years by considering the influence of both occupant behaviour and climate change on
the operational stage of the systems (LCAcc). The comparison was made with the results of
an LCA conducted in a conventional way (LCAb), namely ignoring the external influences
such as climate change. In general, the percentage differences encountered with the GWP
during the different stages were also found with the ReCiPe indicator.

Concerning the manufacturing and disposal stage, the results of the LCAb and LCAcc
were the same. For both indicators, the environmental impact of the gas boiler was lower
than that of the heat pump. This result is in accordance with that of previous studies
(e.g., [17]). In particular, with the ReCiPe indicator, the heat pump appeared to be more
degrading for the ecosystem quality, while the gas boiler for the resources category.

Nine usage profiles for the heating season and the same for the cooling were adopted,
and significant differences were observed from one profile to another in both LCAs, with
similar trends but different magnitude. The impacts caused by the heating operation were
highest for LCAb, while those of cooling resulted greatest for LCAcc. These results can be
justified by the fact that the effects of climate change were not considered in LCAb leading
to an overestimation of the heating impacts and an underestimation of those caused by
cooling. Regarding heating, the differences were more among the heating profiles (h1, h2,
h3) than between one natural ventilation profile to another (v1, v2, v3). Impact values of
the order of 800 kgCO2-eq/m2, 400 kgCO2-eq/m2, and 200 kgCO2-eq/m2 were found with
LCAb for h1, h3, and h2, respectively. Maximum and minimum variations were observed
between h1v1 and h2v2 (−70%), and between h1v1 and h3v1 (−48%). With LCAcc the
maximum and minimum impacts were also found for h1v1 and h2v2, with values 24%
and 26% lower than those found with LCAb, respectively. Unlike the heating system, the
environmental impact of the cooling system varied among the three cooling usage profiles
and from one ventilation profile to another. Only with LCAb it was possible to observe
a decreasing trend of the impacts moving from c1 to c3 and from v4 to v6. Additionally,
while the maximum impact with both LCAb and LCAcc was encountered for the profile
c1v4, the minimum impact was found for the profile c2v6 with LCAb and the profile c2v5
with LCAcc. In general, the impact caused by the cooling operation with LCAb was always
lower than that calculated with LCAcc in a measure ranging from −33% to −44%.

Regarding the total impact calculated during the entire lifetime, there is a huge
difference between the cause of the heating and cooling impacts. In fact, while more than
90% of the heating impact is sourced from the operational stage, that of the cooling is
mainly due to the manufacturing and disposal stage for the short-term effect (GWP 20a)
and due to operational stage for long-term effect (GWP 100a). With the ReCiPe indicator,
the operational stage was predominant for both heating and cooling systems.
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The analysis of the annual impact of the system allowed a better understanding of the
differences between LCAb and LCAcc and between the results of GWP and ReCiPe.

According to the GWP indicator, the annual impact provided by LCAb was always
higher than that obtained with LCAcc. Impact variations between LCAb and LCAcc ranging
from 3% to 14% were found. Additionally, the environmental impact of the heating was
the main contributor of the annual impact for all the nine usage profiles with LCAb, and
for six out nine profiles with LCAcc. With the ReCiPe indicator, the total impact calculated
with LCAb was higher than LCAcc only with the first three profiles. Additionally, while
with LCAb the impact of the heating was greater than the cooling impact for the first
and last three profiles, with LCAcc the heating impact was predominant only for the first
three profiles.

This study was the first attempt of including the influence of occupant behaviour
and climate change on the assessment of the environmental impact of the heating and
cooling systems. Both occupants’ behaviour and climate change appeared to highly affect
the environmental performance of the systems. With the ongoing concern with climate
change, more attention needs to be dedicated to the cooling demand that showed an
increasing impact during the LCA analysis. These findings are important and informative
for scientists and policymakers for future regulations and design criteria. A limitation of
this investigation consists in the fact that one system typology for heating and cooling were
considered and the energy simulations were carried out for a building. Moreover, the study
was developed on a real case and conducted for its location in terms of climatic conditions.
On the other hand, the outcomes of this study can be considered indicative of what could
happen in other Mediterranean countries with similar systems. Moreover, the results of
this study encourage further studies to analyse more in deep the influence of the occupant
behaviour and consider different typologies of heating and cooling systems, the integration
of renewable energy sources, and more climatic zones. As a consequence of these results,
future studies on the environmental impacts of heating and cooling systems will have to
carefully analyse the operational phase, adopting more realistic and contextualised usage
profiles and also considering the influence of climate change.
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Abstract: The socioeconomic reality and the energy retrofit potential of the social housing neighbour-
hoods in Portugal are stimulating challenges to be addressed by research to pursue suitable energy
efficient strategies to be integrated into these buildings. Therefore, this study explored a stochastic-
based optimisation approach towards the integration of photovoltaic (PV) panels, considering
different scenarios that combine the occupancy rate, the internal gains, the envelope refurbishment
and the heating system efficiency. The optimisation approach has as its objective the minimisation
of the life cycle cost of the photovoltaic system while using a limited space area on the rooftop for
its installation. This study allowed concluding that the use of passive measures such as improving
the thermal performance of the building envelope is essential to attain a lower optimal-sizing of a
photovoltaic installation. The results reveal a decreasing trend in the PV optimal sizing, attaining
a reduction up to 30% of the total number of PV panels installed on the sloped rooftop in several
scenarios with 50% of occupancy rate. However, the impact can be greater when passive measures
are coupled to more efficient heating systems, with higher COP, which result in a decrease up to 64%
of the number of PV panels. Thus, the approach proposed is of paramount importance to aid in the
decision-making process of design and sizing of photovoltaic installation, highlighting the practical
application potential for social housing and a contribution for mitigation of the energy poverty of
low-income families that live in these buildings.

Keywords: social housing; energy demand; energy refurbishment; internal gains; occupation rate;
life cycle cost

1. Introduction

The European building stock from the 1970s to the 1990s represent the largest share
of the existing buildings and are considered the least energy-efficient, thus presenting
enormous potential for intervention. The energy consumption of the built environment
over the next 50 years will be mainly dominated by the existing older building stock
and their rate of refurbishment and renewal over time. Some projections indicate that
without a significant change of practice, the non-retrofitted building stock is estimated by
2050 to represent around 80% of the total energy consumption in the building sector [1].
The massive construction of new buildings and infrastructures has been progressively
slowed down, giving priority to the rehabilitation of existing buildings and built heritage.
According to this tendency, new challenges and funding programs have emerged across
Europe [2–6], focusing on the integration of renewable energy sources into the existing
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energy systems and new building technologies and more recently the New European
Bauhaus Initiative [6].

Building refurbishment has been pointed as a big economic and social challenge that
Europe will face over the following decade. In fact, the enormous potential to decrease
energy consumption and the advances in renewable energy technologies were two of
the main drivers for the implementation of nearly zero energy buildings (nZEB) over
the last decade and have led member states to outline new measures and guidelines
at the national scale to encourage the refurbishment of existing building stock [7]. The
European Commission (EC) published the Directive 2018/844/EU [7] amendment, which
includes guidelines and defines strategies that will help accelerate the rate of building
renovation towards more energy-efficient systems. This Directive defines that an annual
average of 3% renovation is needed to achieve the Union’s energy efficiency ambitions
cost-effectively, considering that every 1% increase in energy savings reduces gas import
by 2.6%. These numbers confirm that the objectives of renovating the existing building are
extremely important in the decarbonisation and resource efficiency of cities. Recently, the
EC published the Regulation (EU) 2021/1119 [8] of the European Parliament and of the
Council of 30 June 2021 establishing the framework for achieving climate neutrality and
amending Regulations (EC) n◦ 401/2009 [9] and (EU) 2018/1999 [10]. In this scope, the EC
adopted a comprehensive and interconnected package of proposals for the acceleration of
greenhouse gas emission (GGE) reductions in the next decade. Two of those proposals are
building-related: increased the use of renewable energy and greater energy efficiency [11].

In Portugal, as in other European countries, social housing plays an important role in
ensuring adequate living conditions for the population. About 2.5% of the urban population
live in social housing complexes, which represent approximately 118,000 dwellings. A
large part of these buildings is in need of refurbishment measures [12]. The lack of
adequate interior thermal comfort conditions of flats is often reported and the main cause
is linked to energy poverty of the families [13]. In a recent publication, Gouveia and
Palma [14] gathered information regarding possible approaches to address this issue,
namely: development of building management system for social housing [15]; application
of energy social tariff for electricity and natural gas [16]; both imply the improvement of
measuring and monitoring as well sharing knowledge and best practice on energy poverty
mitigation [17].

Some examples of refurbishment interventions in social housing are described in the
literature, mostly integrating measures pointing towards a better indoor environmental
quality and reduction of the energy consumption, such as increased thermal insulation,
new windows and doors with enhanced thermal characteristics, and new energy-efficient
HVAC systems [18–22]. The cost-effectiveness of these interventions is important to ensure
housing affordability, minimising the risk of tenants being unable to cover energy costs [23].
The lack of financial resources makes the refurbishment interventions in social housing a
challenge, either if focused on the improvement of the external envelope thermal proper-
ties [24], or in the implementation and operation of more efficient renewable energy-based
systems [25,26].

Recent research studies have focused on the relationship between the buildings’ oc-
cupancy patterns, the energy consumption and indoor thermal comfort, thus concluding
that social housing buildings energy consumption is impacted by a significant variation of
building occupancy profiles [18,27]. Another key factor with high influence on the build-
ings’ energy consumption and thermal discomfort is the negative impact of the presence
of several unoccupied flats in the multi-residential social buildings [28]. Furthermore, the
study by Haldi and Robinson [29] point out a non-negligible impact on internal gains as a
consequence of the occupant behaviour in the use of lighting and appliances.

Another group of recent research studies have been carried out regarding the incorpo-
ration of renewable energy production systems in the context of social housing [30–32], de-
spite all the barriers such as financial, structural, social, and organisational constraints [25].
Lee and Shepley [30] investigated the impact of the installation of photovoltaic panels
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within the framework of a governmental initiative scheme to support low-income families
in Korea. A significant reduction in electricity costs was reported, positively impacting
the mitigation of energy poverty. Another study analysed the potential of a photovoltaic
installation in a small social housing neighbourhood in Portugal. The results of this latter
study pointed to a reduction of energy costs of around 15% and a great potential for energy
storage as more than 79% of surplus generated energy [33]. Almeida et al. [34] have been
studying several renovation scenarios to be implemented in social housing buildings,
based on the effect of embodied energy on cost-effectiveness. The results revealed that
a significant reduction of non-renewable primary energy consumption can be achieved
using photovoltaic systems, despite the still unattractive installation cost. In fact, sev-
eral authors [35,36] have reported the impact of the inclusion of PV panels in both new
and renovated social housing. Nevertheless, a lack in the literature was identified as no
consideration of the variability of the occupation rate was taken into account.

Based on the literature and focusing on the retrofit potential of social housing, a lack
of studies regarding the impact of different occupancy rate and consequent uncertainty
in quantification of internal gains has been scarce. Combining these issues with the
potential for the use of renewable energy sources in social housing context and its practical
application potential, constitutes a challenge and is the major aim of this study. Therefore, a
novel approach is proposed based on current simulation tools to aid in the decision-making
process of design and sizing of photovoltaic installation in the social housing.

The uncertainty in the occupancy of social housing buildings is a well-known issue,
which can lead to an oversizing design of the systems with important impact in the
operation and maintenance costs, sometimes even jeopardising their use throughout the life
cycle. In addition, the proposed methodology can be useful in an early stage of the decision-
making process, providing the designer with relevant information. Methodologies that use
stochastic design are common in the literature, however, the inclusion of uncertainty in the
occupancy-related input parameters are new.

2. Methods: Case Study Definition and Manuscript Organisation

2.1. Building Characterisation

The case study is a multi-residential building located in Aveiro, in the North-Centre
region of Portugal. Based on previously conducted studies [28,37], the main characteristics
of the building are herein highlighted. The building belongs to a large social housing
neighbourhood (see Figure 1) built in the final of 80’s, comprising 38 buildings, representing
the main public housing complex of the city and more than five thousand habitants.
Figure 1 shows the case study building.

Figure 1. General view the social housing neighbourhood with the case study building highlighted in red.
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The building is composed by four floors above the ground level. It includes six flat
units per floor with an average treated area of 72.4 m2 by flat. The total treated floor area
of the building is 1737.2 m2. Two types of flats configurations exist: T2, composed of two
bedrooms, living room, kitchen, and bathroom; and T3, composed of three bedrooms,
living room, kitchen, and two bathrooms. The building geometry is depicted in Figure 2.

Figure 2. Geometry of the case study: (a) west facade; (b) typical floor.

The constructive solutions of the building were designed considering low require-
ments in respect to energy efficiency, a consequence of the regulations at the time of
construction. Two different configurations of the external walls were identified, neither
including insulation. The external walls of the ground floor are constituted by double leaf
brick masonry while the walls in the elevated floors are concrete prefabricated panels. The
roof is pitched and composed of a highly ventilated crawl space above the prefabricated
lightweight concrete slab. Windows are single glazed with an aluminium frame with
exterior roller-shutters. The ground slab consists of a concrete floor. A detailed description
of the building solutions can be found in the previous works [28,37].

Flats are naturally ventilated with the outdoor air admission due to window open-
ings and infiltration through the roller shutter boxes and open balconies. Air extraction
grids are installed in the bathrooms. However, the users tend to close the ventilation
grids and insufficient ventilation is commonly frequent as reported and discussed by
Oliveira et al. [37]. No heating or cooling systems were installed, with rare exceptions in
which electric portable devices were seen in some flats and the domestic hot water was
supplied by a condensing boiler.

2.2. Climate Regions

To increase the relevance of the findings, the numerical simulations considered two
different locations representative of the less and the most severe climates of Portugal.
Therefore, besides Aveiro (mild climate conditions), Bragança (severe winter) climate was
also simulated [38]. The hourly weather files used in the simulations were extracted from
the Portuguese climate database provided by DGEG [39]. The average air temperature,
relative humidity, and solar irradiation of the two regions is depicted in Figure 3. Aveiro
is characterised by having a heating degree-day (HDD) of 1297 ◦C while in Bragança is
2015 ◦C (HDD values are defined with the base temperature of 20 ◦C). The relative humidity
of both regions is balanced in the winter but lower in Bragança during the summer. The
solar irradiation values are similar in both regions. Figure 3 shows the main climate details
for both regions under the study.
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Figure 3. Climate information for Bragança and Aveiro: (a) winter map classification; (b) outdoor monthly average air
temperature and relative humidity [40]; and (c) monthly average daily solar horizontal irradiation [40].

2.3. Numerical Design and Sizing Approach

This research work proposes a methodology for the optimisation of the number of
photovoltaic panels to be integrated into a multi-residential social housing building taking
into account different scenarios. A stochastic approach is implemented to consider the
uncertainty of occupancy rate and internal gains in the optimisation procedure and the
impact of previous refurbishment actions on the building envelope (opaque and glazed)
are also taken into account. The methodology is tested in two different climate regions
of Portugal as previously described. The minimisation of the life cycle cost is the main
objective. Figure 4 depicts a graphical description of the methodology involving the use of
three different software tools (EnergyPlus® (EP) (version 8.9, United States Department
of Energy (DOE), Washington, DC, USA), JEPlus® (version 2.0, Energy and Sustainable
Development (IESD), United Kingdom, Leicester) and HOMER® (version 3.14.4, National
Renewable Energy Laboratory, Boulder, CO, USA)), which can be summarised in the
following steps:

• Detailed model definition using the Sketchup software for geometry definition and
the Euclides plugin to export for EnergyPlus;

• Definition of the simulation premises to implement in EnergyPlus, such as:

(i) climatic regions (Aveiro and Bragança);
(ii) energy refurbishment of the building envelope based on the introduction

of thermal insulation and new windows (original envelope and improved
envelope);

(iii) heating system coefficient of performance (COP = 1.0 and COP = 3.4);
(iv) occupancy rate of the building (100%, 75% and 50% of occupied flats).

• Definition of three levels of internal gains (2.0, 3.0 and 4.0 W/m2) and random sam-
pling using the Latin Hypercube Sampling (LHS) algorithm of JEPlus. Energy simula-
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tion of the different scenarios, using JEPlus as a parametric tool within the EnergyPlus
environment. The main output of the simulations to feed into the next step is total
energy consumption of the building for the different scenarios.

• Optimisation of the number of PV panels using the HOMER Pro® software by min-
imising their life cycle cost with a maximum limit 86 photovoltaic panels (rooftop area
and shading restrictions).

Figure 4. Schematic diagram of the methodology.

2.3.1. Building Energy Model Simulations and Scenarios

The geometry of the building was defined as the 3D view depicted in Figure 5. For
modelling purposes, the building is divided into several thermal zones, which correspond
to the main compartments of the 24 flats. The building geometry was created in Sketchup®

(version 2019, @Last Software and Google Trimble Inc., Boulder, CO, USA) software and
automatically converted into EnergyPlus input files for defining further modelling settings.
Figure 5 presents the geometry of the building model of the study.

Figure 5. 3D-Geometry of the building model.
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The model was previous calibrated by Oliveira et al. [28], resorting to monitoring data
collected in-situ, including interior environment data, airtightness evaluation and external
envelope characterisation. The model calibration was performed using data from seven
flats (14 thermal zones), and the accuracy was evaluated by comparing the goodness of fit
(GOF) index (see Figure 6) with the ASHRAE Guideline limits [41].

Figure 6. Calibration results of seven flats of the building. Adapted from [28].

To accurately simulate the energy refurbishment of the building envelope, the sim-
ulation plan includes two base models, differing in terms of the constructive solutions:
(1) original envelope, and (2) improved envelope. In addition, the base models were
combined with a heating system varying in terms of COP index and with three occupancy
rates, leading to a total of 24 combinations. Figure 7 presents the layout of the building
energy models.

Figure 7. Layout of the building energy models.
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The original building characteristics referred to Section 2.1 were considered as the
reference scenario (models with original envelope—Id. 1 to 12). The improved envelope
(models Id. 13 to 24) includes a set of passive measures, namely: the addition of a thermal
insulation layer for vertical and horizontal opaque envelope and the substitution to double-
glazing window systems. For the horizontal elements, thermal insulation was applied
over the ground floor slab and the roof was thermally isolated on the horizontal slab of the
ventilated crawl space. The thermal insulation thickness defined has a thickness range of
5–12 cm, in order to comply with the requirements defined by the Portuguese thermal code
for the climate regions [38]. The same criterion was used in the selection of the new double
glazing systems. Table 1 lists the main thermal characteristics of the building elements.

Table 1. Thermal characteristics of the improved building envelope.

Thermal Transmittance
U (W/m2 ·◦C)/Thermal

Insulation Thickness (cm)

Aveiro (Zone I1) Bragança (Zone I3)

Ground
Floor

External
Walls

Roof Glazing
Ground

Floor
External

Walls
Roof Glazing

Original
Scenario * 1.24 2.19 2.98 4.80 1.24 2.19 2.98 4.80

Improved
scenario

0.49
(5 cm)

0.39
(8 cm)

0.35
(10 cm) 2.80 0.49

(5 cm)
0.33

(10 cm)
0.30

(12 cm) 2.20

* no thermal insulation.

Regarding the active measures, the simulation will consider an improved heating
system with a COP of 3.4, which corresponds to an air-conditioning class B (minimum
requirement established by the Portuguese regulation [38]). The COP of 1.0 was also
considered in the improved envelope scenarios, in order to evaluate the influence of
keeping a less efficient heating system. Only the installation of heating systems was
considered as typically no cooling systems are used in the Portuguese social housing
building stock [37]. Table 2 presents the COP index used in EnergyPlus simulations.

Table 2. COP index of heating systems input.

Heating Systems COP Efficiency Classification

Electrical heaters 1.0 G
Air-conditioning 3.4 B

The impact of unoccupied flats can be relevant for the thermal and energy perfor-
mance of multi-familiar buildings, as shown in a previous study [28]. In the context of
social housing, due to their temporary and intermittent occupation rates, this phenomenon
can be particularly important. Herein, besides the two fully occupied situations (100%
flats occupied), two additional occupancy scenarios of the building were considered (75%
flats occupied and 50% flats occupied). No internal gains were considered in the unoccu-
pied flats.

The internal gains are another important source of uncertainty in building simulation.
In residential buildings, using a lumped value to simulate all the internal gains is the most
common approach. In the framework of this research, three plausible values were defined
for the internal gains: 2, 3 and 4 W/m2. These values were randomly distributed within the
building flats and the LHS algorithm was applied to generate a 50 cases samples for each of
24 models, leading to a total of 1200 simulations in both locations. The sampling algorithm
assumes an equal probability for all parameters, i.e., a uniform distribution. Regarding the
used software’s EnergyPlus and HOMER Pro®, each annual simulation was performed
with a computational time associated of approximately 139 s and 70 s respectively, both
resourcing to an Intel Core i7 5820 K with eight cores working on a 3.30 GHz processor
equipped with 16 GB of RAM.

The model’s thermal properties (weather file data, heating system, occupancy rate,
etc.) were defined in EnergyPlus and to simplify the automatization of the procedure, the
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building energy simulation is initiated using the JEPlus add-on for LHS. The samples were
thus generated and simulated by JEPlus, using EnergyPlus as the engine. Once determined
the energy consumption outputs, these are prepared through a python script to be fed into
and processed with HOMER Pro® software (see Section 3.2).

2.3.2. HOMER Pro-Building Energy Production Optimisation

The final goal of the methodology is the optimisation of the number of photovoltaic
panels to be integrated into a multi-residential social housing building, using the mini-
mization of the life cycle cost as the ultimate objective. For the optimisation process, the
photovoltaic system was configured and modelled in HOMER Pro® software and hourly
simulations of its operation were performed to assess the life cycle cost of each solution.

The photovoltaic panels were simulated on the rooftop of the building and the follow-
ing constraints were defined: not exceeding the sloped rooftop available area (86 panels)
with South orientation and avoiding the self-shading of the panels due to their proximity
(see Figure 8).

Figure 8. 3-D rooftop view of photovoltaic panels.

The photovoltaic panels were modelled, considering a peak power of 260 Wp, 16.2%
efficiency, a tilt angle of 35 degrees and no tracking system. The input values for the
inverters were as follows: 1 kW size, 20 years lifetime and 95% inverter efficiency.

Figure 8 shows the rooftop view of full photovoltaic installation and Table 3 the
specifications and properties of the PV panels considered in HOMER Pro® software.

Table 3. Technical specifications of photovoltaic panels.

Photovoltaic Properties Photovoltaic Costs (by Panel)

Maximum power (Wp) 260 Replacement (€) 200
Open circuit voltage (V) 38.7 Operation & Maintenance (€/year) 1.75

Maximum power point voltage (V) 31 NPV details

Short circuit current (A) 9.1 Electricity cost (€/kWh) 0.215
Maximum power point current (A) 8.6 Discount rate (%) 3
Module efficiency (%) 16.2 Project lifetime (years) 20
Panel dimensions (m) 1.65 × 0.99
Cell type Polycrystalline
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The weather data used in the simulations was collected from the DGEG [39] database,
as described in Section 2.2. The input data required by the software are the daily solar
irradiation on a horizontal plane, the hourly mean values of outdoor temperature, wind
speed, and the hourly energy consumption for the whole year taken from the energy
simulations previously carried out in EnergyPlus (see Section 3.1).

In the optimisation procedure, the calculations of the optimal sizing were made using
the Net Present Value (NPV) as the base criterion. HOMER Pro® computes the life cycle cost
of the photovoltaic system based on the NPV, taking into consideration all costs that occur
within the project lifetime, including the effect of a pre-defined discount rate. Therefore, the
NPV includes the installation cost of the system and its operating costs and maintenance,
which occur during the project lifetime. The project lifetime considered in the analyses of
HOMER Pro® was 20 years and it was assumed a unitary cost of 200€ for the photovoltaic
panels. A discount rate of 3% was considered and the energy costs were calculated using a
unitary electricity price of 0.215 €/kWh.

3. Results and Discussion

3.1. Optimisation Results

The proposed methodology was applied to the entire dataset and thus a large number
of results were produced. Therefore, the detailed results of only one model are presented
in this section as an example case. Figure 9 shows the results of the 50 energy simulations
carried out for the improved envelope scenario, located in Bragança considering a heating
system with a COP of 3.4 and with 100% of occupancy rate (Model Id. 22). The effect
of the internal gains is evident as the total energy demand varies between 48,000 and
59,000 kWh/year.

Figure 9. Results of the energy simulation for Model Id. 22.

The total energy demand is then used as input for the calculation of the NPV value
associated with the integration of photovoltaic panels. This calculation is carried out in
HOMER Pro assuming that the number of photovoltaic panels ranges between 0 and
86. Figure 10 shows the results of this procedure, highlighting the optimum solution of
each sample, which corresponds to the minimum NPV value. For this particular set-up
(Model Id. 22), the optimum number of photovoltaic panels ranges between 68 and 86.
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Figure 10. Optimum number of photovoltaic panels for Model Id. 22.

3.2. Impact of the Energy Refurbishment of the Building

To evaluate the impact of the energy refurbishment of the building envelope based on
the introduction of thermal insulation and double glazing windows, Figure 11 shows the
results of the optimisation procedure for the models with a COP of 1.0, separately for the
original envelope and improved envelope scenarios. Moreover, the effect of considering a
different number of unoccupied flats is also depicted in the graph. The optimum number
of photovoltaic panels are grouped into classes for readability purposes and both figures
(Figures 11 and 12) show the share of optimum occurrences (red dots of Figure 10) within
each class, considering the entire dataset (24 Models Ids).

Figure 11. Envelope improvements analysis for heating system with COP 1.
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Figure 12. Envelope improvements analysis for heating system with COP of 3.4.

The impact of the energy refurbishment obvious leads to a decreasing trend in the
optimum number of photovoltaic panels. In fact, in the scenarios with the original envelope
and a COP of 1.0 (see Figure 11), the optimum number of photovoltaic panels results in the
maximum (86 panels) in both locations, except for the situation with 50% occupancy rate
in Aveiro, where the optimum solution decreases to the range between 60 and 75 panels.
On the other hand, in the scenarios with the improved envelope, the optimum number
of photovoltaic panels is lower, reaching the minimum range between 30 to 45 panels,
once again in the situation with 50% occupancy rate of flats in Aveiro. Regarding the
impact of the unoccupied flats, the results show that this situation is even more relevant
in the scenarios with the improved envelope. In Aveiro with the improved envelope, the
optimum number of photovoltaic panels can vary between 30 and 85, depending on the
percent of unoccupied flats and, obviously, on the uncertainty related to the internal gains.

The results for a heating system with a COP of 3.4 are shown in Figure 12. It is
noteworthy that the efficiency of the heating system has a high influence on the optimum
solutions, generally leading a lower number of photovoltaic panels when compared with
the solutions with a COP of 1.0. This situation is more evident in the scenarios with the
original envelope.

3.3. Effect of the Uncertainty in the Internal Gains

To highlight the variability associated with the uncertainty in the quantification of
the internal gains, Figure 13 shows the box-plot representation of the optimum number of
photovoltaic panels, separately for each Model Id. The analysis of the results evidences
that the initial premise regarding the available roof area for which the number of PV panels
is limited to 86, is predominant in the results. Obviously, in these scenarios, the uncertainty
associated with the quantification of internal gains is not felt, since all scenarios lead to
an optimal solution of 86 panels. However, when the efficiency of the heating systems
is changed, or when the energy performance of the building envelope is improved, or
when the two are combined, the relevance of the internal gains is reflected in the results,
corresponding to a dispersion of the optimal solutions.
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As expected, 100% and 75% occupation rate scenarios are the most influenced by the
uncertainty in the internal gains. On the other hand, the impact of the uncertainty is less
obvious in the 50% occupation rate scenarios.

In short, the results confirm the importance of internal gains in the optimal design of
the number of photovoltaic panels. Considering that in social housing, the variability of
internal gains tends to be greater, due to the socio-economic context of the owners/tenants
of the buildings, the importance of a probabilistic approach is needed to reduce the perfor-
mance gap prevision in retrofitting design scenarios. These stochastic approaches can in
fact be a powerful tool, supporting the designer in the decision-making process, avoiding
oversizing solutions as frequently reported in the literature and that consequently cost and
maintenance wise are a long-term issue [42].

Figure 13. Optimum number of photovoltaic panels: (a) Aveiro region with original envelope; (b) Aveiro region with
improved envelope; (c) Bragança region with original envelope; (d) Bragança region with improved envelope.

4. Conclusions

This study has highlighted the need to define a robust approach to assess the impact of
improvement measures, both active and passive, on the energy efficiency in social housing
buildings, specifically tackling the optimisation approach for photovoltaic energy system
design, as a contribution for mitigation of the energy poverty of low-income families that
live in these neighbourhoods.
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Social housing buildings differ from the typical multi-residential building, due to
the more pronounced impact of the uncertainty of the occupation and the internal gains
that can cause a significant impact on the photovoltaic design for these buildings. Facing
the growing trend of photovoltaic systems across the world, this paper develops a novel
methodology with a strong practical application potential to minimise the uncertainty in
sizing these systems as a paramount issue that has not been thoroughly studied and builds
on previous works of the authors [28,37].

The combination of a group of parameters, such as the available rooftop area for PV
installation, thermal quality of the external envelope (opaque and glazed), energy efficiency
of heating or cooling devices, occupancy rate of the whole buildings, internal gains that
implicitly are linked to flat occupation profiles, should be considered in the definition of
renewable energy strategies and optimal design of PV installations. A methodology for
optimal sizing of photovoltaic energy systems was proposed to support the selection of the
optimal area of the number of PV panels, taking into account a number of constraints and
variables/parameters based on the minimisation of the life cycle cost. The following main
conclusions can be drawn:

• Severe winter regions, as the case of Bragança, can cause space restrictions for an
on-site production, since they have major energy consumption for heating and con-
sequently, optimal solutions can led to a maximum area (86 panels) allowed in the
building;

• Renovation and improvement measures over the building external envelope reduce
the total energy consumption, herein this study referred as improved envelope, leading
to lower optimal-sizing PV solutions. In some cases a reduction up to 30% of the total
number of photovoltaic panels allowed on the rooftop is attained. However, the impact
can be greater when coupled to more efficient heating systems, with higher COP;

• The occupancy rate has a significant impact on the energy consumption for heating,
having a more significant consequence in the scenarios with the improved envelope
leading a lower PV design (number of panels). As an example, a reduction up to 64%
of the number of PV panels was attained in the scenario with 50% occupancy rate;

• To the previous findings the variability associated with the uncertainty in the quan-
tification of the internal gain is more notable in the cases of higher occupation rates
(75 and 100%) revealing the importance of the definition of internal gains in the
optimal design of the number of photovoltaic panels.

• Renewable energy production is growing continuously, and consequently supported
by the investments and funding sources to intensify the implementation of renew-
able energy for 2030 horizon and also by the decreasing costs of renewable energy
technology, namely in the case of photovoltaics and their components.

• At this stage of its development, the proposed methodology includes some limitations,
namely: the inclusion of uncertainty in the definition of the economic scenarios, the
definition of the range of variation for internal gains, and the compatibility with
HVAC systems, including the possibility of cooling in summer, responding to future
scenarios arising from climate change.

• In future developments, the optimisation of PV should be complemented with battery
storage systems scenarios, in order to optimise the surplus energy production and
off-peak demand, as well as the potential increasing energy costs.
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Abstract: This paper proposes the analysis of real monitored data for evaluating the relationship
between occupants’ comfort conditions and the energy balance inside an existing, nearly zero-energy
building under different operational strategies for the heating, ventilation, and air-conditioning sys-
tem. During the wintertime, the adaptive comfort approach is applied for choosing the temperature
setpoint when an air-to-air heat pump provides both heating and ventilation. The results indicate
that in very insulated buildings with high solar gains, the setpoint should be decided taking into
consideration both the solar radiation and the outdoor temperature. Indeed, when the room has
large glazed surfaces, the solar radiation can also guarantee acceptable indoor conditions when a
low setpoint (e.g., 18.7 ◦C) is considered. The electricity consumption can be reduced from 17% to
43% compared to a conventional setpoint (e.g., 20 ◦C). For the summertime, the analysis suggests the
adoption of a dynamic approach that should be based on the outdoor conditions and differentiated
according to room characteristics. Considering the indoor comfort and the maximization of renew-
able integration, the direct expansion system has better performance than the heat pump; this last
system should be integrated with a pre-handling unit to be energy convenient.

Keywords: nZEB; HVAC management; monitoring campaign; indoor comfort; load matching;
computational fluid dynamics

1. Introduction

A key element in order to achieve energy-efficient buildings with high integration
of renewable sources is the adopted strategy of nearly zero-energy buildings (nZEBs).
According to the European Directive 2010/31 [1], starting from 31 December 2020, all new
buildings must be nZEB, and the goal of a zero energy balance is also promoted [2] for the
refurbishment of existing stock. The design of high-performance buildings requires us to
fully understand the connection between indoor comfort and energy use [3], because the
low energy demand should not compromise the occupants’ wellness. At the same time, the
analysis of operational behavior is important for understanding the connection between
indoor comfort and energy use, as well as between on-site generation and the building’s
self-consumption. Therefore, as was underlined by Butera [4], the comfort conditions and
the real-time energy balance are two key research fields.

With regard to the first aspect, some numerical analyses indicated that energy use
could be reduced by choosing appropriate setpoints [5,6]; conversely, the adoption of only
one thermostat may be deficient in certain occupancy cases [7,8]. Controller tuning by
setpoint regulation often provides relatively low- or no-extra-cost solutions for existing
buildings [9]. With the aim of reducing energy demand and mitigating energy poverty,
adaptive thermal comfort should be considered rather than fixed or tightly specified
parameters [10].
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Most scheduling methods lack a systematic approach to ensuring consumption re-
duction and occupant comfort [11]. As shown by Guillén et al. [12], the heating energy
saving that can be achieved by moving the set temperature from 20 ◦C to 19 ◦C is between
30% and 46% for a nZEB and between 13% and 23% for a traditional dwelling. Reda
et al. [13] have found that the adoption of information and communication technologies for
setting heating setback and indoor setpoint temperatures and for controlling mechanical
ventilation can ensure consistent reductions of energy demand.

Thermal comfort is always affected by the energy efficiency of buildings and vice
versa [14], but it is also indisputable that the adoption of extended comfort ranges can cause
significant energy saving [15,16]. For an office building, Sánchez-García et al. [17] have
found that daily setpoint temperatures based on the adaptive thermal comfort approach can
cause a 74.6% reduction in energy demand and a 59.7% drop in energy consumption. For
different climatic conditions, Ming et al. [18] have shown how the use of a dynamic comfort
range can reduce the cooling demand by around 34% compared with a static temperature
setpoint. Similarly, Mui et al. [19] have found that demand-controlled ventilation and
an adaptive comfort temperature setpoint have energy-saving potential between 21.4%
and 24.3% in a subtropical climate zone. With surveys in mechanically ventilated offices,
Roussac et al. [20] have found a reduction of daily heating, ventilation, and air-conditioning
energy use of about 6% when a static control strategy is applied; on the other hand, a
dynamic control approach causes an energy saving of around 6.3%. Data analytics applied
to an office building have found that an alternative HVAC (Heating, Ventilation, and
Air-Conditioning system) schedule that can reduce energy consumption by, on average,
2.7% [21]. A new controller based on occupancy prediction makes energy savings up to
75% possible [22]. Traylor et al. [23], by means of EnergyPlus simulations, have found that
savings up to 5–15% could be achieved by modulating indoor temperatures in cooling
applications. The results of Kim et al. [24] have demonstrated that with a controller based
on the temperature and humidity, the use of the HVAC system can be reduced due to
the human capability to thermally adapt after reaching the comfort range of temperature.
Jazizadehet et al. [25] have shown the potentials of integration of diffuser-level adaptive
actuation with improvements in thermal comfort satisfaction and energy savings of around
25%. Recently, the role of the key enabling technologies has been experimentally verified
by Lourenço et al. [26]. Moreover, Kalaimani et al. [27] have shown how energy use could
be reduced during periods of low occupancy by choosing appropriate thermal setpoints.

Briefly, the interest in adaptive models has led to the definition of different theories for
the management of the heating and cooling system based on the relation of the operative
indoor temperature [28] with the mean outdoor temperature, also considering an extended
monitoring of buildings with high performance [29]. However, these studies are mainly
focused on tertiary buildings during the cooling period. Although wider acceptable
temperature ranges have been included in international standards, adoption of the adaptive
principles into design practice is still limited, mainly with reference to the winter period [30]
and for residential high-efficiency buildings. Some in situ analyses [31] have shown that
the performance of natural night ventilation depends highly on the external weather
conditions, and especially on the outdoor temperature. However, some monitored data
indicate that active and passive ventilation and shading systems, if manually controlled,
cannot guarantee a high-quality indoor environment [32].

Findings from O’Donovan et al. [33] show that passive control strategies maintained
comfortable internal conditions between 57% and 95% of the occupied hours, without the
need for mechanical cooling. However, variable setpoints could favor a match between the
load and productivity curves [34] with minimal loss in comfort [35].

Perhaps the gaps in the current literature suggest that one of the most important
omissions in the current literature is the limited availability of real applications that testify
the implications and improvements of an adaptive and dynamic control of the heating,
cooling, and ventilation system in a nearly zero-energy building, as well as the evaluation
of occupant’s perceptions. Indeed, with reference to this aspect, there are no studies based
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on in situ monitoring campaigns that evaluate the influence of a comfort control strategy
on the building energy balance and the effect on local renewable sources adoption, or
in other words, on the matching between energy demand and renewable production.
More generally, there is a lack of data regarding the operational behavior and the energy
performance of nZEBs in a real context. The available scientific literature is mainly focused
on design strategies and not on the post-occupancy performance evaluation of this type of
building. Instead, the occupants’ behavior is widely recognized as a major factor in the
disparity between predicted and measured building performance [36]. Therefore, hourly
and sub-hourly analysis can give more accurate information compared with measured
peak values [37]. The comparative analysis of O’Donovan et al. [38] has highlighted the
need to consider diverse occupancy schedules and opening control strategies for evaluating
the performance of nearly zero-energy buildings. In another study [39], the same authors
have found that grey box modelling with an automatic model-calibration technique can
reduce the human labor input for simulating the internal air temperature of a naturally
ventilated nZEB by approximately 90%.

Considering that the integration of renewable energy sources is the key factor for
achieving zero-energy performance, the second important issue is the evaluation of the
impact of the uncertainty of renewable sources also in consideration of occupants’ behavior.
Indeed, the large-scale diffusion of nZEBs can affect the stability of the existing power grid
with consequences on operational costs and environmental impacts. Real-time energy mon-
itoring devices are significant tools for improving the load-matching between production
and consumption [40]. Tumminia et al. [41], through some indicators, have underlined how
the designing of a photovoltaic system able to cover the yearly estimated energy use has
negative implications on the power grid. Aelenei et al. [42] have investigated the potential
of increasing the load-matching by means of battery energy systems for improving the
grid interaction. Demand-side management could bring various benefits such as: reduc-
tion in electricity cost, reduction in peak demand, and improvement in load factor [43].
Monitoring data from a real case study investigated by Stasi et al. [44] indicated that the
energy performance gap concerning energy production on a yearly basis is equal to 9.1%,
while on a monthly basis, the performance gap ranges from 3.5% to 27.1%. Demand-side
management is one possible approach for reducing the electricity cost and peak demand,
and for improving the load factor [43,45]. Moreover, because of extensive variations in
occupancy patterns and their use of electrical equipment, accurate occupants’ behavior
detection is valuable for reducing a building’s energy demand and carbon emissions [46].

This paper analyzes the interaction between these two aspects, and it proposes a critical
post-occupancy analysis of a building designed to be nearly zero-energy, considering
both the aspects connected to indoor thermal-hygrometric comfort and to the hourly
energy balance between consumption and renewable production. With this aim, the
results of a monitoring campaign and some numerical analysis are discussed, considering
different HVAC settings. This kind of discussion is not available for other existing studies
because research and national or international legislation are usually focused on long-term
energy balances (based on annual or monthly time step), without considering that the
energy exchange at a short time scale is often more critical. This case study is a single-
story dwelling built in Benevento (South Italy, Mediterranean climate), named BNZEB
(Benevento Nearly Zero-Energy Building).

2. Case Study and Method

2.1. Case Study Building: BNZEB

Figure 1A shows the BNZEB, outcome of an Italian project named “SMARTCASE”
developed under the umbrella of the European Regional Development Fund. The net
conditioned area is 70 m2, the window/wall ratio is 22.5%, and the surface-to-volume ratio
is equal to 1.03 m−1.
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Figure 1. BNZEB: (A) external view, (B) layout, and (C) accuracy of main sensors.

The BNZEB is, at the same time, a research laboratory, suitable for testing and measur-
ing energy, and indoor and outdoor conditions, but also a dwelling in which a comfortable
life is allowed. In addition, as it has a small size, the BNZEB can be considered represen-
tative of a new design method aimed at reducing, as much as possible, the adoption of
active systems and covering all of its energy needs entirely with available on-site renewable
sources. The size does not influence the type of proposed analysis, which is contextualized
to the type of occupation and external conditions.

The detailed design phase [47] and in situ characterization [48] have already been
described by the authors, but some details are summarized here to improve the readability.
Herein, it was also demonstrated that the building is classified as a nearly zero-energy one
according to Italian standards; thus, it has the best energy class, and more than 50% of the
energy consumed in the building is covered by on-site renewable production.

The BNZEB has been built in a west-facing area of the University of Sannio, in
Benevento (lat. 41◦7′55′′, long. 14◦46′40′′, elevation 135 m), which is inside the Italian
climatic zone “C”, characterized by 1315 heating degree-days (baseline 20 ◦C). Benevento
has a typical Mediterranean climate, characterized by warm to hot, dry summers and mild
to cool, wet winters.

Cross-laminated wood makes up the structural frame, and it is coupled with two
layers of fiber-wood insulation, with an overall thickness of 33 cm for the external walls,
and about 50 cm for the roof. The measured thermal transmittance is equal to 0.19 W/m2K
and 0.22 W/m2K, respectively, for the wall and the roof. Double-glazing systems with
low-emissivity treatment and polyvinyl chloride frame are installed. The measured thermal
transmittance for the window glass is 1.5 W/m2K.

The layout is almost a square (Figure 1B), with the main entrance in the living room
(22 m2), a kitchen with openings to the north-west, and west exposures and two bedrooms.
The living room, oriented south-west, has two large windows, one of which (5.8 m2), on
the south exposure, is permanently shaded by the wooden porch. The second window
(5.3 m2), on the west exposure, has an external shading system (Figure 1A) made of vertical
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wooden slats that can be automatically moved by means of a temporal program or by
means of the monitored incident radiation. Bedroom 1 has two windows with an internal
white curtain. One of these is a smart window (1.7 m2), but during the monitoring, it was
clear all of the time; the other one has a net surface area of 2.1 m2. Bedroom 2 (Figure 1B)
has two windows (2.4 m2 and 2.1 m2) shaded by a white curtain and by the porch; this
room borders the technical room on the north side.

For the heating and cooling needs, there are two systems. The first one is an aerother-
mal heat pump with a nominal heating power of 3.18 kW and cooling power of 2.14 kW. It
provides hot water, heating, cooling, dehumidification, and mechanical ventilation, with an
active thermo-dynamic heat recovery. The second one is a direct expansion heating/cooling
system with two internal units. Moreover, to improve the overall performance of the HVAC
system, a pre-treatment section for the outdoor ventilation air has been added. In detail, a
heat exchanger may pre-cool the ventilation air during the summer period and pre-heat it
during the winter before it reaches the aerothermal heat pump. The intermediate water-to-
water heat exchanger is linked alternately to a horizontal ground-to-water heat exchanger
or a solar collector. The horizontal geothermal probes (earth-to-water heat exchanger)
are positioned at a depth of 2 m, with a total linear length of 100 m. The solar thermal
collector (2.16 m2) is also used for the domestic hot water stored in a tank (196 L). Finally, a
photovoltaic system is installed on the roof. This is composed of 16 monocrystalline silicon
panels, each with an area about 1.63 m2 and a peak power of 330 Wp. The photovoltaic
(PV) modules are oriented to the south (i.e., azimuth angle of 0◦) with a tilt angle of 5◦.
Moreover, there is a lithium battery of 6.5 kWh for electricity storage.

2.2. Methodology

This study is organized in two main sections aimed at evaluating the indoor comfort
condition with different approaches. The wintertime investigation is based only on the
results of a monitoring campaign performed from November 2019 to January 2020, and it
is aimed at evaluating the effect of different setpoint temperatures when the heat pump is
operating in heating and ventilation mode with the intermediate heat exchanger turned
off. On the other hand, during the summertime, different possible configurations for the
HVAC systems are monitored during July in order to calibrate a numerical model of the
building; this energy model is used for establishing the most adequate configuration to
meet the comfort conditions. In both seasons, the building energy balance will be discussed
considering the monitored values.

All information about the energy consumption, the generation from renewable sources,
and the indoor microclimate conditions, like air temperature and relative humidity, have
been collected with a time step of 15 min. The sensors available in the building have been
adopted (see Figure 1B), and their accuracy is reported in Figure 1C.

To carry out the measurement campaign, air temperature and relative humidity
sensors were installed in each room at 1.1 m (the head-height for a man sitting for typical
studying work) near the table of the living room and kitchen and near the desks in the
bedrooms. This does not always mean they are in the center of the room, but rather in a
representative position with respect to the position mainly occupied by the students. At
the center of the room, a globe-thermometer (emission equal to 0.95 and diameter of 15 cm)
is positioned, and also an air temperature and relative humidity sensor (1.1 m), as well
as the anemometer. The measurement of globe temperature with knowledge of the air
temperature allows us to obtain the mean radiant temperature starting from a non-linear
equation.

The monitoring campaign is performed in real operational conditions, when the build-
ing is occupied during the weekdays by two students from 9:00 to 18:00. For a complete
analysis, the carbon dioxide (CO2) concentration has been continuously monitored by the
sensors located in each room. However, it is not discussed, because it was verified that
for all configurations and setups the CO2 concentration is 500 ppm above the outdoor
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concentration, as required by considering the category II of comfort in residential buildings
according to the EN 15251 standard [49].

2.2.1. Wintertime Investigation

During the wintertime, the monitoring campaign is based on the application of the
adaptive theory for establishing the setpoint value for the air temperature starting from
the monitored value of the outdoor temperature. The base rule for the adaptive comfort
is a linear equation, Tc = a·Text + b, where Tc is the expected indoor comfort temperature,
Text is the outdoor reference temperature, a indicates the degree of adaption, and b is the
y-intercept [50]. The a and b values are different for each adaptive thermal comfort model,
and these are usually found by means of experimental data. Starting from the study of
Dear and Brager [51], the ANSI/ASHRAE 55:2004 has included the adaptive model in the
reference comfort standard; the standard was updated in 2020. In the same year, ISSO 74
was adopted in Netherlands [52], and revised in 2014. Later, in 2007, the new European
standard EN 15251 was introduced, and updated by UNI EN 16798-1 [53]. Most recently,
it was introduced in China [54]. The following table summarizes the main equations
proposed in the mentioned standard. In the table, Text is usually calculated starting from
the daily mean external air temperature (ted) for a time d of a series of equal intervals (day).
In its equation, α is a constant ranging between 0 and 1, and in some cases, it is recommend
to use 0.8. For the standard ANSI/ASHRAEE and in the case of UNI EN 16798-1, only
the optimal expected indoor comfort temperature is reported; instead, the first standard
provides two ranges for Tc, namely 80% and 90% acceptability, and in the second case, an
upper and lower limit of category are provided. For the other two models, equations of
the normal level of expectation are considered (this category refers to the design of new
buildings or to substantial renovation).

According to the reference standard, the proposed equations can be applied only to
occupant-controlled naturally conditioned spaces. Only in the case of beta spaces (ISSO 74)
can the model be used for centrally controlled environments in the summer period.

Thus, the application of the adaptive theory for the wintertime is worthy of investi-
gation. Moreover, it is also proposed for the selected case study because the building is
characterized by a high level of insulation, and it is interesting to evaluate if the thermal-
hygrometric conditions are comfortable when the setpoint temperature is different from
the threshold value (20 ◦C) indicated by the Italian standards [55]. The proposed approach
is based on a linear equation, as seen in the models summarized in Table 1. In particular,
the setpoint temperature (Tset) has been fixed according to an empirical relation reported in
Equation (1). It is calculated taking into account the reference outdoor temperature (Text):

Tset = 20 ± a ∗ Text (1)

Herein, a is the adaptation coefficient that ranges, arbitrarily, between 0 and 0.15,
and Text is the average value of the external temperature recorded during the seven days
preceding the one to be heated. The equation indicates that for finding the setpoint, a factor
that is a function of external conditions can be added or subtracted to the reference value
of 20 ◦C. This approach is different from the models proposed in Table 1, where starting
from the reference external temperature, a minimum comfort temperature is added or
sometimes subtracted.
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Table 1. Equations of adaptive models from literature.

ANSI/ASHRAE 55: 2010 [51]
Tc = 0.31·Text + 17.8

Text = (1 − α)·[ted−1 + α·ted−2 + α2·ted−3 + α3·ted−4

UNI EN 16798-1:2019 [53]
Tc = 0.33·Text + 18.8

Text = (1 − α)·[ted−1 + α·ted−2 + α2·ted−3 + α3·ted−4 + ..
]

ISSO 74:2014 [52]

ALFA spaces

Upper limit

{
Tc = 0.33·Text + 18.8 + 2 10 ◦C ≤ Text ≤ 25 ◦C

Tc = 24 − 5 ◦C ≤ Text < 10 ◦C

}

Lower limit

{
Tc = 0.2·Text + 18 10 ◦C ≤ Text ≤ 25 ◦C

Tc = 20 − 5 ◦C ≤ Text < 10 ◦C

}

Text = 0.2·[ted−1 + 0.8·ted−2 + 0.82·ted−3 + 0.83·ted−4 + ..
]

BETA spaces

Upper limit

⎧⎪⎪⎨
⎪⎪⎩Tc =

Tc = 24 − 5 ◦C ≤ Text < 10 ◦C

0.33·Text + 18.8 + 2 10 ◦C ≤ Text ≤ 16 ◦C

Tc = 26 16◦C < Text ≤ 25◦C

⎫⎪⎪⎬
⎪⎪⎭

Lower limit

{
Tc = 0.2·Text + 18 10 ◦C ≤ Text ≤ 25 ◦C

Tc = 20 − 5 ◦C ≤ Text < 10 ◦C

}

Text = 0.2·[ted−1 + 0.8·ted−2 + 0.82·ted−3 + 0.83·ted−4 + ..
]

GB/T 50785:2012 [54]

Cold climates

{
Tc = 0.73·Text + 15.28 18 ◦C ≤ Text ≤ 28 ◦C

Tc = 0.91·Text − 0.48 16 ◦C ≤ Text ≤ 28 ◦C

}

Hot and mild climates

{
Tc = 0.73·Text + 12.72 18 ◦C ≤ Text ≤ 30 ◦C

Tc = 0.91·Text − 3.69 16 ◦C ≤ Text ≤ 28 ◦C

}

Text = (1 − α)·[ted−1 + α·ted−2 + α2·ted−3 + α3·ted−4 + ..
]

However, it should be noted that this relation has not been found in the literature
or in the international standards, and it is not validated. The proposed analysis is the
first attempt to verify the effectiveness of changing the setpoint temperature in a building
designed to be very insulated and with a high contribution of solar gains during the winter.
After this step, a deeper work will be done with the aim of validating the equation, while
also considering different types of occupation.

Based on the monitored data, the most used thermal comfort indices have been
calculated with the aim of comparing a quantitative variable with the occupants’ subjective
judgment. In particular, the predicted mean vote (PMV) and the predicted percentage
of dissatisfied (PPD) are evaluated according to the definition proposed in [56] in two
representative rooms at different times: 10:00, 13:00, and 17:00. The analysis is reported for
the living room, representative of high solar gains during the winter, and Bedroom 1.

Moreover, an hourly energy balance is performed, and some assessment indices are
discussed for evaluating the incidence of the renewable electricity source. The first index
(RenEl) is the ratio between the amount of electricity from a renewable source used to
satisfy the request and the total daily consumption of the building. The second one (PVin)
is the ratio between the generation from the PV system and the daily consumption. The last
one is the Load Match Index, defined in Equation (2). It quantifies the ability to temporally
match a building’s load and the in situ energy generation, and thus it indicates the ability
to work beneficially with respect to the needs of the grid infrastructure.

Floadmatch =
1
N

∗ ∑
p

min
[

1,
g(t)
l(t)

]
(2)

In more detail, g(t) is the on-site electricity generation, l(t) is the load, and t is the time
interval (e.g., hour, day, or month). Meanwhile, p is the evaluation period, and N is the
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number of data samples (i.e., if p is equal to 1 year, this value is 12 for a monthly time
interval and 8760 for an hourly time interval, respectively).

2.2.2. Summertime Investigation

The summertime investigation starts from a previous work of the authors, where it
was demonstrated that the coupling of a ground-to-water heat exchanger with the two
available cooling systems had great potential to achieve the nZEB target, with reference to
the energy requirement for space cooling [57]. Instead, in this paper, the effect of the HVAC
configurations, reported in Table 2, on indoor comfort conditions is evaluated by means of
numerical simulations with EnergyPlus [58] though the DesignBuilder v.6.0 interface [59].

Table 2. Information about tested HVAC configurations.

Conf.
Monitoring

Period
People Presence

and Thermal Load
Ventilation

System
Pre-Cooling
Activation

Cooling
System

Indoor
Setpoint

C1
8–11 July Yes Packaged heat pump Off Packaged heat pump 25 ◦C
12 July No

C2 15–18 July Yes Packaged heat pump On Packaged heat pump 25 ◦C

C3 22–25 July Yes Packaged heat pump On Direct Expansion heat
pump 25 ◦C

C4
27–28 July No Packaged heat pump Off

Direct Expansion heat
pump 25 ◦C

29–30 July Yes

The numerical model of the BNZEB has been already created and calibrated in another
work [48], but for the purpose of the present study, it has been upgraded, also using a
new version of the software interface. The numerical simulation needs a weather file
as input. In this case study, it was defined with outdoor data monitored on the roof of
the building during the same days during which the energy balance is evaluated and
the indoor conditions are monitored. This procedure allows evaluation of the calibration
indices for reliable internal and external forcing. In more detail, the meteorological datasets
contain climatic data with hourly frequency based on measurements of the external air
temperature and relative humidity, the global horizontal radiation, the wind speed, and
direction, and so on.

The calibration of the numerical model has been performed according to the method-
ology proposed by M&G Guidelines [60]. The statistical indices are the Mean Bias Error
(MBE), Equation (3), and the Coefficient of Variation of Root Mean Square Error (CvRMSE),
Equations (4)–(6).

MBE =
∑p(S − M)daily

∑p Mdaily
(3)

RMSE =

√
∑

(S − M)daily
2

Ninterval
(4)

Ahourly =
∑p Minterval

Ninterval
(5)

CvRMSE (%) =
RMSEperiod

Aperiod
∗ 100 (6)

In the equations: S is the simulated data, M is the measured data, and N is the number
of sampling. Obviously, the lower the value of these indicators, the better the quality and
the predictive capacity of the numerical model.
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The calibrated model is used for a CFD (Computational Fluid Dynamics) analysis
aimed at verifying the thermal comfort indicators at some critical points. The CFD tech-
nique is used for the analysis of the heat transfer by following these two steps:

• discretization of the governing differential equation using numerical methods;
• solving of the discretized version of equation with high-performance computers.

Unlike an energy simulation that gives results in which the investigated variables
assume different values over time (i.e., hourly results), before running a CFD simulation, a
precise time instant must be fixed. In this study, CFD simulations are carried out in the
days reported in Table 1, and the results will be shown for three different times, that is,
10:00, 14:00, and 18:00.

CFD analysis is a space-variant analysis. The calculation method requires that the
geometric space across which the calculations are conducted is firstly divided into a number
of non-overlapping adjoining cells, which are collectively known as the finite volume grid
(or mesh). The grid used by DesignBuilder CFD is a non-uniform rectilinear Cartesian grid,
and the adopted grid has been generated with 0.15 m grid spacing.

The equations are solved considering the 2-k-ε turbulence model that involves replac-
ing the instantaneous velocity in the Navier–Stokes and energy equations with a mean
and fluctuating component. The calculation process involves replacing the defining set of
partial differential equations with a set of finite difference equations. The upwind scheme
has been used. It allows the convective term to be calculated assuming that the value of the
dependent variable at a cell interface is equal to the value at the cell on the upwind side of
the interface.

In more detail, 2D distributions of indoor air temperature and 3D distributions of PPD
and PMV inside the building will be shown.

In this season, the energy balance between the generation from the PV system and
the overall energy consumption allows us to understand the potential daily energy saving
and the best management strategy for the trade-off between the energy requirements and
production.

3. Results

3.1. Wintertime Assessment Results

In this section, firstly, the characterization of thermo-hygrometric conditions inside
the building during the wintertime is discussed; subsequently, the energy consumption
and the energy balance are shown. During this period, the air-to-air heat pump provides
temperature control and mechanical ventilation with an internal filter that purifies the air
before supplying it into the building. That system is also provided with active thermody-
namic heat recovery, and this means that part of the exhaust air interacts with the outdoor
heat exchanger (evaporator in winter), so that the thermal level of the ambient air is more
suitable to discharge or supply energy. Another part of return air is recirculated, mixed
with primary (outdoor) air, filtered again, and handled in the packaged heat pump before
the new supply into the rooms.

3.1.1. Indoor Comfort Analysis by Means of Measured Variables

Figure 2 shows the monitored values of relative humidity inside and outside the
building for the considered periods with variable setpoint temperatures (indicated in the
orange boxes), taking into consideration the living room and Bedroom 1 for the first week.
These trends allow us to conclude that the setpoint temperature does not influence the
value of relative humidity, which varies between 30% and 60% in both rooms; it seems
mainly influenced by the outdoor value and its interaction with the recirculated flow.
In more detail, considering 12 January and 8 December, when the setpoint is 20 ◦C and
the outdoor relative humidity varies respectively from 48% to 87% and 62% to 96%, in
the living room, the recorded values vary between 35% and 42% in January (with lower
outdoor values) and between 46% and 56% in December.
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Figure 2. Relative humidity trend: (A) setpoint lower that 20 ◦C and (B) upper 20 ◦C.

The influence of solar gains on the humidity value is also notable. Indeed, considering
the same days between 12:00 and 15:00, in the living room there is a sensible increment of
the indoor temperature and a decrement of the relative humidity. In this time interval, the
maximum solar gains are achieved, and during 12 January, the temperature passes from
18.3 ◦C to 21.4 ◦C, and the indoor humidity from 41% to 36%. Similarly, during 8 December,
the temperature goes from 19.8 ◦C to 21.4 ◦C, and the indoor humidity from 54% to 50%.

Moreover, when the setpoint is increased (14 January, 20.8 ◦C) and the outdoor relative
humidity is comparable to the 12 January (48–85%), the indoor value varies from 33%
to 39%, as in the case of a setpoint of 20 ◦C. The same observation can be made for
12 December, with a lower setpoint.

Figure 3A reports the monitored air temperature during 7–13 December. In this period,
the external temperature varies in the range between 4 ◦C and 14 ◦C, and in all days, the
temperature monitored in the bedroom is more uniform. It is some tenths higher than
the living room value, and thus closer to the setpoint. It is due to the higher percentage
of glazed surfaces in the living room. Even by using a setpoint lower than 20 ◦C, the
temperature inside the building is within 17.5 ◦C and 19.5 ◦C. Only in some conditions,
when the solar radiation gives an important contribution, does the air temperature rise up
to the setpoint value. For instance, during 11 December, the setpoint is 18.7 ◦C, but inside
the living room, during the afternoon, the sensor recorded 21.6 ◦C. However, the occupant
perception is not positive for this management strategy, because they have described the
indoor condition as “slightly cold” for all days.
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Figure 3. Air temperature trend: (A) setpoint lower that 20 ◦C and (B) upper 20 ◦C.

In the period 9–15 January, the setpoint was increased; meanwhile, the outdoor
temperature varied between 0 ◦C and 14 ◦C. For all days, the value of the air temperature
is usually lower than the setpoint, except during the afternoon, when in the living room
the temperature rises up 20 ◦C, with a maximum value of 28 ◦C during 15 January that is
characterized by a solar radiation (monitored on the roof) of around 400 W/m2.

It is interesting that when the outside temperature decreases during the night, the
temperature inside the building drops about two degrees, even if the setpoint is settled at
20 ◦C. For these days, the occupants have affirmed they are in comfort conditions. This is a
notable conclusion that underlines how the occupants are influenced by the knowledge of
the test to which they are subjected, and how the comfort has a significant psychological
component. Indeed, it can be objectively observed that the indoor trends of the two periods
are comparable.

This conclusion is also supported by comparison of the temperature trend in three
days with extreme setpoints: 9 December, 11 December, and 14 January. Indeed, with 20 ◦C
and mild external conditions (09/01, outdoor temperature from 6.3 ◦C to 14.7 ◦C) in the
living room, the temperature ranges between 18.5 and 21.5 ◦C, with the maximum value at
14:00, when there is the maximum outdoor temperature and the solar radiation on south
wall; in Bedroom 1, this range is 19.3–20.9 ◦C (maximum at 11:45). For comparable outdoor
conditions (11/01, outdoor temperature from 5.6 ◦C to 15.2 ◦C) and the lowest setpoint, the
temperature varies between 17.6 ◦C and 21.6 ◦C, with maximum value at 14:00 in the living
room, and between 18.4 ◦C and 21.6 ◦C (maximum at 12:00) in Bedroom 1. Finally, with the
higher setpoint and extreme variable conditions (14/01, outdoor temperature from 0.9 ◦C
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to 15.2 ◦C), in the living room the recorded temperature varies between 17.6 ◦C and 22.9 ◦C
(maximum at 13:30), and in Bedroom 1 between 18.4 ◦C and 22.2 ◦C (maximum at 11:15).

Two main conclusions can be found. Firstly, the design of glazed elements assures
comparable peak values of indoor temperature during the early afternoon when the
setpoint temperature is different, and thus it seems to be the main force of the energy
balance. Secondly, for the case study, the solar contribution mainly regards the window
on the south-west exposure of the living room (in the early afternoon); meanwhile, the
designed porch reduces the effect of solar gains on the south window during the late
morning. Instead, Bedroom 1 receives the benefits of solar radiation during the late
morning.

Table 3 shows the value of the comfort indices calculated with the monitored values
during the days with occupants. These have been calculated according to the model pro-
posed in [56] with the implementation of the equations for PMV and PPD in a mathematical
sheet. Herein, the measured parameters are used as input data as explained in the previous
section. The metabolic rate of individuals in this study was assumed to be uniform at
1.1 met (corresponding to work office); winter clothing resistance of 1 clo was also assumed.

Table 3. PMV and PPD calculated indices.

PMV (%) PPD (%) PMV (%) PPD (%)

Living Room Bedroom

9 December 2019
10:00 −0.5 10.2 −0.3 6.9
13:00 −0.3 6.9 −0.3 6.9
17:00 −0.2 5.8 −0.1 5.2

10 December 2020
10:00 −0.6 12.5 −0.4 8.3
13:00 −0.5 10.2 −0.4 8.3
17:00 −0.6 12.5 −0.4 8.3

11 December 2019
10:00 −0.7 15.3 −0.5 10.2
13:00 −0.4 8.3 −0.5 10.2
17:00 −0.5 12.5 −0.5 10.2

12 December 2019
10:00 −0.8 18.5 −0.6 12.5
13:00 −0.7 15.3 −0.5 10.2
17:00 −0.6 12.5 −0.5 10.2

13 December 2019
10:00 −0.8 18.5 −0.6 12.5
13:00 −0.8 18.5 −0.6 12.5
17:00 −0.8 18.5 −0.6 12.5

9 January 2020
10:00 −1.3 40.3 −1.3 40.3
13:00 −0.6 12.5 −0.9 22.1
17:00 −0.9 22.1 −0.8 18.5

10 January 2020
10:00 −0.9 22.1 −0.8 18.5
13:00 −0.2 5.8 −0.5 10.2
17:00 −0.6 12.5 −0.5 10.2

13 January 2020
10:00 −0.9 22.1 −0.7 15.3
13:00 −0.2 5.8 −0.5 10.2
17:00 −0.7 15.3 −0.6 12.5

14 January 2020
10:00 −0.5 10.2 −0.4 8.3
13:00 0.0 5.0 −0.3 6.9
17:00 −0.4 8.3 −0.4 8.3

15 January 2020
10:00 −0.6 12.5 −0.4 8.3
13:00 0.0 5.0 −0.2 5.8
17:00 −0.3 6.9 −0.3 6.9
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Considering the obtained results, for the bedroom, the PMV values are not really
different in the considered weeks, with a presumable opinion of “slightly cold”, except
during 9 January, which is really cold according to the calculated indices. Considering the
living room, during 9 December, 11 December, and 14 January, the analytical calculation
of the PMV and PPD indicates comparable conditions, with a setpoint of 20 ◦C or higher
(14 January). The main difference is at 13:00, but this is attributable to the direct solar
radiation and not to the heating system; indeed, at this time, the HVAC is turned off,
because in both days the setpoint has been exceeded. In Bedroom 1, the indices for
9 December are even better than 14 January. Instead, when the lower setpoint is set,
the conditions are more critical in both rooms, but these are quite acceptable according
to [51,52,57], since the PMV is 0.5. The values in the living room, once again, underline
the important role of solar gains. Indeed, in the morning the heating system is not able
to meet comfort conditions, but at 13:00, the comfort indices indicate pleasant conditions,
comparable to the other days. When the sun has set, the living room is colder, and the PPD
is higher than the threshold value.

When the setpoint is 18.7 ◦C, at 10:00, the living room seems to be more comfortable
according to PMV, and this happens also at 17:00; on the other hand, during the early
afternoon at 13:00, the higher setpoint causes only 5.8% of people to be dissatisfied and
results in a lower value of 8.3%. However, in both cases the indoor conditions could be
considered acceptable. Regarding the external conditions, the solar radiation monitored
both on vertical and horizontal surfaces was higher during 13 January. This condition may
have contributed to different occupants’ perception.

More generally, the proposed analysis suggests that the occupants, in their envi-
ronmental assessment, are affected both by the external weather conditions and by the
knowledge of the test being carried out. Indeed, the second week was characterized by an
average value of solar radiation higher than the considered week in December, and the
sky was usually clear. Probably, this condition led the occupants to consider the rooms
more comfortable, due to the solar gains, and also because the indoor temperatures were
comparable. Moreover, it can be remarked that when the room is characterized by large
glazed surfaces, the contribution of solar radiation also allows one to balance the indoor
conditions when a low setpoint is considered. For the case study, the temperature inside
the room can exceed the setpoint by even more than 3 ◦C. The proposed data suggest that
for reducing the heating demand in highly insulated buildings, the setpoint can be decided
starting from the external conditions, but it could be better to take into account the solar
radiation and not only the air temperature for the formulation of an analytical relation for
the setting.

3.1.2. Building Energy Balance from Monitored Data

The impact of the selected setpoint on the energy balance can be found in Figure 4;
it reports the monitored daily energy consumption for both selected weeks. The overall
energy consumption and the separated contributions of the main loads are plotted. The
slight difference is attributable to the energy consumption for the monitoring system
(sensors and computer) with which the BNZEB is equipped.

The results show that the HVAC system covers around 63–72% and 72–85% of the total
building energy consumption, respectively, for the first and second week. The artificial
lighting accounts for around 2% of the overall energy consumption. The analysis is
not easy, and it needs to consider the global external conditions. For 11 December and
13 January, with comparable outdoor temperature and relative humidity (e.g., average
daily temperature respectively of 7.2 ◦C and 6.9 ◦C), the adoption of a lower setpoint
assures a reduction of heating consumption of 43%, while also maintaining comfortable
conditions according to the previous analysis. On the other hand, when the comparison is
done with 9 December, characterized by milder external conditions, the reduction is 17%.
In this case, the heating demand is influenced by lower heat losses and high solar gains
during the day, with a setpoint of 20 ◦C, and thus the benefit of the adoption of 18.7 ◦C is
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lower. Considering 8 January, with an average daily temperature of 6.7 ◦C and minimum
and maximum peak values of 3 ◦C and 14 ◦C, the heating consumption increases by 65%,
passing from 20 ◦C to 20.3 ◦C, and it is more than three times higher than the case with
18.7 ◦C.

 

Figure 4. Energy consumption trend: (A) setpoint lower that 20 ◦C and (B) upper 20 ◦C.

The variation of the energy consumption cannot be charged only to the adopted
setpoint; the evaluation of external conditions that can positively (solar gains) or negatively
(heat losses due to colder conditions) influence the heating request is also important.
For instance, considering 13 December, with 19.0 ◦C as setpoint and an average daily
temperature of 7.3 ◦C, if the comparison is done with 9 December (mild climate, average
daily temperature of 9.7 ◦C), it is found that the heating request increases by 26%; if it is
compared with 13 January instead, the heating request is lower by around 14%.

These data, based not on simulations but on monitoring of real conditions, confirm
that the management strategy of the heating system has a great influence on the building’s
energy balance. However, the adopted strategy can be decided taking into consideration,
dynamically, the external conditions for reaching the energy-saving and the thermal comfort
objectives.

Figure 5 shows the daily energy balance considering the electric energy consumption
and the generation from the PV system. Table 4 reports the introduced hourly indices.
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Figure 5. Daily energy balance between energy consumption and PV generation: (A) setpoint lower
that 20 ◦C and (B) upper 20 ◦C.

Table 4. Hourly indices regarding energy balance.

RenEl PVin Floadmatch

9 December 2019 17.8% 17.8% 17.4%
10 December 2019 10.1% 10.7% 11.21%
11 December 2019 35.8% 35.8% 34.8%
12 December 2019 12.0% 11.0% 10.9%
13 December 2019 9.28% 9.28% 8.73%

9 January 2020 30.9% 30.9% 35.7%
10 January 2020 30.1% 30.1% 36.2%
13 January 2020 41.2% 41.2% 52.0%
14 January 2020 32.3% 32.3% 39.1%
15 January 2020 35.4% 35.4% 48.4%

During the winter period, the renewable electricity generation cannot satisfy the
energy need of the building, and the selected setpoint does not significantly change the
balance. Indeed, the RenEl indicates that the renewable energy used for the electricity
request cannot reach 50% during the analyzed days. More generally, the comparison of
RenEl and PVin indicates that thanks to the energy storage, the used renewable energy
coincides with the production in almost all days. This testifies that the BNZEB has been
designed to maximize self-consumption, but the production is usually lower than the
expected, and for this reason the building requires for more time using electricity from
the energy grid. The Load Match Index results are within 11% and 56%, and thus the
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percentage of electrical demand covered by on-site generation at the hourly level is very
low.

There is not a unique interpretation for the incidence of the adopted setpoint. Indeed,
the effect on the renewable integration requires us to take into consideration the global
external conditions. Globally, the first considered week was cloudier that the second one,
and this justifies the lower value of the indices if the adopted setpoints were lower. In more
detail, for 11 December and 13 January, also with comparable conditions, it is not possible
to compare the results. Indeed, during both days, all produced electricity has been used by
the building (RenEl is equal to PVin), but thanks to higher solar radiation on the roof, the
production during 13 January is almost double compared to 11 December; thus, the results
seem better than the case with the lower setpoint. However, 11 December, with the lowest
setpoint, is characterized by a higher percentage of integration during the first selected
week, and this is due to both the lower consumption and the higher production of all other
days.

In the second considered week, the producibility of the PV system is comparable in
all days; thus, some comparisons can be made. Looking at 13 January, with the lower
setpoint, it is characterized by the maximum integration, since the renewable production
(9450 Wh) can satisfy 41.2% of the consumption, and the match between the request and
the production is higher than in the other cases (52%). With a comparable production
(9415 Wh) and a setpoint of 20.3 ◦C, the integration becomes 35.4%.

The proposed data indicate that it is difficult to establish a relation between the utiliza-
tion of renewable in situ production and the adopted setpoint, because the production is
related to the solar radiation captured by the panels, which is a variable that does not influ-
ence the needs of the building. However, when the renewable production is comparable, a
decimal variation of the adopted setpoint greatly influences the integration rate.

Based on the obtained results, it can be concluded that the external temperature
monitored in the days before the setting could be used for deciding the setpoint in a
high-performance building. However, the solar radiation in the most glazed room should
be used for selecting the management strategy. The analytical evaluation of comfort
parameters demonstrates that there is not a notable variation in the people dissatisfied,
and the integration of renewable adoption can be increased if the external conditions are
not favorable.

Other tests are needed for evaluating the incidence of external conditions on the
occupants’ perception.

3.2. Summertime Assessment Results

As explained in the methodological section, four different configurations of HVAC
system were tested and compared by means of simulations as well as monitoring results.

3.2.1. Simulation Analysis of Indoor Comfort Conditions

The simulation model has been verified for the variables that are used during the
CFD investigations. The output of simulations performed in all different configurations
were compared in terms of indoor air temperature and relative humidity with the mea-
sured data. Table 5 shows the evaluated indices for the air temperature and the relative
humidity in Bedroom 1 (Figure 1B). The results are always within the admitted tolerances;
in particular, the M&G Guidelines [60] require for the MBE a value ≤ 10% and for the
CvRMSE ≤ 30% when the validation is performed with hourly data. All indices are below
the threshold value provided by [60]; thus, the model can be considered well calibrated
and well representative of the real conditions inside the building for all configurations.
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Table 5. HVAC system configurations and corresponding calibration indices for one building room.

HVAC System MBE (%) CvRMSE (%) MBE (%) CvRMSE (%) Evaluation
PeriodCooling System Pre-Cooling Activation Air Temperature Relative Humidity

C1 Heat pump Off −1.55 3.11 5.94 11.56 8–12 July
C2 Heat pump On 1.86 −1.91 −7.79 10.74 15–18 July
C3 DX system On −3.66 −1.87 −6.38 8.95 22–25 July
C4 DX system Off 3.04 3.08 0.23 5.91 27–30 July

The calibrated numerical model of the building has been used with the purpose
of investigating the air temperature and the distribution of global comfort indices by
means of the CFD tool of DesignBuilder. In more detail, before running the simulation,
all boundary conditions have been fixed by using the measured values for surface and
window temperatures, HVAC supplies, extracts, and so on. In the various rooms, the
cooled air is introduced by means of vents, which are reproduced by boundary-defining
conditions such as the minimum velocity of the air jet, the supply temperature, the supply
angle, and the flow rate; then, the air is extracted by extraction vents. Moreover, CFD
calculations have been performed by selecting the values for metabolic rate and clothing
thermal resistance of 1 met (light-intensity activity) and 0.5 clo for the clothing insulation
(a typical summer value), respectively.

Table 6 shows the selected days and the indication of the HVAC configuration. During
these days, the setpoint temperature inside the building is 25 ◦C, and the simulations are
carried out at three different times, that is, 10:00, 14:00, and 18:00. Table 5 shows the values
of external temperature and the average indoor temperature for each day.

Table 6. Investigated hours: outdoor temperature and average indoor temperature.

HVAC Configuration and
Investigated Day

Investigated
Hours

Outdoor
Temperature (◦C)

Average Indoor
Temperature (◦C)

C1—12 July
10:00 27.9 24.5
14:00 31.9 24.9
18:00 24.2 24.1

C2—17 July
10:00 26.6 25.1
14:00 38.7 24.6
18:00 33.6 24.3

C3—24 July
10:00 31.3 24.3
14:00 37.9 24.8
18:00 39.5 24.5

C4—30 July
10:00 27.6 24.2
14:00 33.6 24.4
18:00 30.7 24.1

Considering 12 July, at 10:00, Figure 6A shows the 2D distribution of the indoor air
temperature; the 3D distributions of PPD and PMV inside the building are reported in
Figure 6B,C, respectively. The distribution of indoor air temperature varies around the real
average indoor value indicated in Table 6.
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Figure 6. CFD results on 12 July at 10:00: (A) air temperature 2D distribution; (B) PMV and (C) PPD
3D distribution.

In particular, the bedrooms are characterized by rapid temperature equalization,
mainly in Bedroom 2, which is disadvantaged in terms of solar gains due to the prevalent
exposure. As indicated in Figure 6B, the temperature distribution in Bedroom 1 determines
a “slightly cold” sensation, according to PMV distribution, except at the vent where the air
volume is associated with a cold flow, which corresponds (Figure 6C) to a PPD higher than
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the threshold value of 10% [59]. The punctual value of these indices in the room center at a
height of 1.1 m (man sitting at a table) is reported in Table 7 for the coldest (Bedroom 2)
and the hottest (kitchen) rooms and for the living room. The PPD is 20%, and this indicates
that without the contribution of inner and solar gains, the temperature of the supply air is
low for Bedroom 2. This could be maintained in comfort conditions with a higher setpoint
and thus lower cooling consumption.

Table 7. PMV and PPD values calculated on 12 July.

12 July
Bedroom 2 Kitchen Living Room

10:00 14:00 18:00 10:00 14:00 18:00 10:00 14:00 18:00

Operative temperature (◦C) 24 23.7 23.6 26.4 26.2 25.5 25.2 26.3 25.3
PMV (%) −0.83 −0.94 −0.98 0.05 −0.03 −0.28 −0.39 0.01 −0.36
PPD (%) 20 24 25 5 5 7 8 5 8

In the living room, the cold flow is neutralized by the solar gains and the volume
assumes a higher temperature mainly near the windows, despite the presence of two
vents. Figure 6B also indicates that the PMV is near a judgment of “slightly warm”
in correspondence of the vents; indeed, as reported in Table 7, the PMV is 8%. The
selected setpoint and the diffusion strategy are adequate for balancing the solar gains in
the morning.

The kitchen is characterized by a higher level of temperature due to the absence
of cooling vents, which also causes a stratification of the air due to a lack of significant
convective flows and air speed. In this room, according to PMV and PPD (Table 6), the
conditions are acceptable and more adequate than the other rooms.

Figure 7 shows the 2D distribution of air temperature inside the BNZEB, resulting
from two CFD simulations concerning 12 July at 14:00 and 18:00, when the outside mean
temperature was 31.9 ◦C and 24.2 ◦C, respectively.

At both times, the bedrooms are characterized by lower and more uniform values
of temperature, and the path of the cold air introduced by the HVAC to the floor is also
evident, mainly in Bedroom 2. The solar radiation, due to the two south-facing windows
in Bedroom 1 and in the living room, enters inside the room, and it causes an increment of
the air temperature. In the living room, the temperature is even higher than in Bedroom 1,
despite the presence of two vents that provide cooled air. The kitchen is the hottest room
of the dwelling, due to the absence of cooling vents, which also causes air stratification.
However, according to values reported in Table 6, the indoor sensation complies with the
comfort standard, except in the morning.

The values of PPD and PMV (Table 7) confirm that Bedroom 1 should be managed
with a different setpoint, because the percentage of dissatisfied persons increases until it
reaches 25% in the evening, and thus the room could also assure comfortable conditions
without the active system due to effect of thermal inertia and lower inner solar gains
during the night. On the other hand, the supply conditions (flow rates and temperature)
are optimal for the living room, where the PPD is also always lower than 10% during
the early afternoon when the solar radiation is incoming. The shading system is able to
intercept the radiation; thus, the design of BNZEB seems to be adequate for reducing the
overheating problem.

Figure 8 reports the 2D distributions of air temperature during 17 July. These values
are the result of CFD simulations when the HVAC configuration was C2, and thus the heat
pump worked to provide cooled air, and the ventilation air was pre-cooled by crossing the
water-to-air heat exchanger.
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Figure 7. 2D distribution of air temperature on 12 July: (A) 14:00 and (B) 18:00.

The temperature on 17 July was warmer than 12 July, with a maximum temperature
of 38.7 ◦C compared to 32 ◦C, but with comparable global solar radiation of 670 W/m2 and
617 W/m2, respectively. These conditions have led to comparable temperature distributions
for both HVAC configurations. However, in this case, it can be noted that the bedrooms
have more comparable conditions, and assuming as reference the PMV and PPD calculated
for Bedroom 2 (see Table 8), a cold feeling could be experienced in the morning, with perfect
conditions in the other investigated hours. In comparison with configuration C1, the living
room is characterized by higher values of temperature; the temperature difference between
the center surface and the window is around 6 ◦C. Thus, if the PPD is also lower than 10%
in the afternoon and evening, considering the center of the room, some local discomfort
phenomena could occur near the glazed surfaces. The kitchen, during the three considered
hours, is characterized by a higher level of temperature compared to 12 July, due to both
the absence of cooling ceiling diffusers and to the adjacency to the living room. Even in
these cases, there is a stratification of the air in the kitchen. However, the comfort indices
(Table 8) indicate that the room has acceptable conditions in the afternoon and evening.
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Figure 8. 2D distribution of air temperature on 17 July at (A) 10:00, (B) 14:00, and (C) 18:00.
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Table 8. PMV and PPD values calculated on 17 July.

17 July
Bedroom 2 Kitchen Living Room

10:00 14:00 18:00 10:00 14:00 18:00 10:00 14:00 18:00

Operative temperature (◦C) 24.3 26.4 26.0 24.0 26.7 26.3 24.1 26.8 26.4
PMV (%) −0.72 0.05 −0.1 −0.83 0.16 0.01 −0.80 0.19 0.05
PPD (%) 16 5 7 20 6 5 18 6 5

Briefly, the temperature profiles and the calculated indices are comparable to the
previous case, and thus it can be concluded that considering thermal comfort, the pre-
handling of the ventilation air does not make significant differences. What happens in
terms of energy consumption has to be evaluated.

Moreover, it can be underlined that the selected setpoint as well as the temperature
and flow rate of HVAC are suitable for the management of indoor conditions when the
outdoor conditions are very warm. Starting from the temperature distribution until 10:00,
for reducing the consumption without compromising the indoor comfort, it is probably
possible to operate with a higher setpoint or supply conditions. The findings about the
kitchen are also interesting; indeed, thanks to the designed architectural distribution, the
selected glazed surfaces and the building’s thermal mass assure comfortable conditions
without direct cooling.

In Figure 9, the 2D distributions of air temperature inside the BNZEB are shown
during 24 July for the selected hours. In these cases, the HVAC configuration was C3, and
thus the heat pump worked only to provide ventilation, while the backup DX multi-split
system worked to supply cooled air, and the outdoor air was pre-cooled by crossing the
water-to-air heat exchanger.

At 14:00, the living room is the warmer room, but globally, the temperature distribution
indicates lower values than 17 July, and the PPD is 6%. In this case, the supplied cold air
is able to neutralize the effect of solar gains, and the more uniform distribution suggests
that local discomfort phenomena should not occur. Bedroom 2 is the coldest room, and
considering that the PPD is 25% both in the morning and in the evening, it is clear that less
cold supply air could be used, or a lower flow rate.

According to Figure 9, Bedroom 1 is less affected by solar gains compared to the living
room, and the temperature distributions are comparable in the three hours as reported in
Table 9.

Table 9. PMV and PPD values calculated on 24 July.

24 July
Bedroom 2 Kitchen Kitchen

10:00 14:00 18:00 10:00 14:00 18:00 10:00 14:00 18:00

Operative temperature [◦C] 23.6 25.2 23.6 24.1 25.4 24.8 24.3 25.7 25.0
PMV [%] −0.98 −0.39 −0.98 −0.80 −0.32 −0.54 −0.72 −0.21 −0.47
PPD [%] 25 8 25 18 7 11 16 6 10

Finally, in Figure 10 the 2D distributions of air temperature inside the BNZEB are
shown for 30 July when the heat pump worked only to provide ventilation, while the
backup DX multi-split system worked to supply cooled air. The outdoor conditions are
similar to 12 July, with temperature variation between 20.0 ◦C and 33.6 ◦C, and maximum
solar radiation of 622 W/m2. In addition, during this day, it is clear that the average indoor
temperature is lower compared to those obtained with C1 and C2 (12 and 17 July).
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Figure 9. 2D distribution of air temperature on 24 July at (A) 10:00, (B) 14:00, and (C) 18:00.
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Figure 10. 2D distribution of air temperature on 30 July at: (A) 10:00, (B) 14:00, and (C) 18:00.
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In more detail, Bedroom 2 is always the coldest room, due to its exposure and supplied
air. In the living room, the management of HVAC system assures uniform and slightly cold
conditions, which is also due to the induced cooling effect by the vent of the kitchen. The
hottest room in these cases is also the kitchen, where due to the cooling vent, there is no
stratification of the air; however, at the most critical time (14:00), the PPD is 8%. Really, the
indoor conditions are quite uniform in the whole building, but at the most favorable times,
the perceived sensation would be slightly cool, and this means that the cooling system
provided too much cooled air. Detailed results are reported in Table 10.

Table 10. PMV and PPD values calculated on 30 July.

30 July
Bedroom 2 Kitchen Living Room

10:00 14:00 18:00 10:00 14:00 18:00 10:00 14:00 18:00

Operative temperature (◦C) 24 25.4 24 24.2 25.2 24.2 24 25.3 24
PMV (%) −0.83 −0.32 −0.83 −0.76 −0.39 −0.76 −0.83 −0.36 −0.83
PPD (%) 20 7 20 17 8 17 20 8 20

In general, the monitoring results coupled with the CFD analysis have indicated
that in the summertime as well, the management of the HVAC system could be decided
with a dynamic approach based on the outdoor conditions. Indeed, for buildings such as
the BNZEB with good passive control of indoor conditions, the supply variables and the
setpoint could be changed during the day following the variation of outdoor temperature
and solar radiation. Moreover, the analysis suggests that in residential buildings as well,
the indoor comfort could benefit from adoption of differentiated microclimate control in
each room. When the building envelope is designed with bioclimatic criteria, each room
is characterized by different conditions during the day, and thus, higher energy savings
could be obtained with an adaptive regulation system.

The CFD analysis performed according to the four different configurations allowed us
to verify that the pre-handling system has no effect on the indoor comfort. Indeed, it only
guarantees a lower temperature of the air supplied to the heat pump; therefore, a saving of
the energy demand and costs are expected, while the supply temperature, operated by the
A/C vents, does not change. Moreover, it can be noticed that during the summertime, the
pre-handling of the ventilation air, based on air pre-treatment, does not make substantial
differences in terms of indoor comfort, or in terms of energy consumption.

3.2.2. Building Energy Balance from Monitored Data

Figure 11 shows the daily energy balance, and thus the electricity consumption, the
generation from PV system, and the electricity available in the battery. Table 11 reports
the calculation of the introduced hourly indices for evaluating the incidence of production
from the photovoltaic system at a smaller time scale.

Globally, it can be found that the most convenient configuration is C4, because in
each day the energy consumptions are lower than the other configurations. A further
optimization is also possible according to the CFD analysis, because the DX system could
be managed with a higher setpoint or higher supply temperature with a reduction of the
energy consumption. Instead, the comparison between C1 and C2 highlights that the
adoption of the heat pump requires the integration of a pre-handling unit to be convenient
in terms of energy request.
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Figure 11. Daily energy balance between energy consumption and PV generation.

Table 11. Hourly indices concerning energy balance in the building.

RenEl (%) PV (%) Fload match (%)

9 July 63.0 62.5 60.9
10 July 57.0 53.3 50.4
11 July 85.7 111.8 61.8
12 July 80.4 82.60 54.2

15 July 81.9 96.3 60.5
16 July 86.4 97.8 73.6
17 July 95.5 114.8 90.8
18 July 80.4 103.0 56.8

22 July 80.9 101.3 72.2
23 July 81.6 139.8 72.4
24 July 89.2 135.2 81.1
25 July 85.3 126.3 75.0

27 July 87.2 145.0 79.5
28 July 85.8 126.3 84.2
29 July 95.4 156.6 91.8
30 July 95.7 134.8 92.1

With regard to the renewable production, the PVin index is always high and, starting
from 17 July, it is always more than 100%, meaning that the PV production, from 16
to 27 kWh/day, exceeds the daily electricity demand of the building. This value does
not indicate that the energy request is completely covered by the generation from the
PV system as represented through the RenEl index, which is between 56% to 97%. This
finding is important. Indeed, with a monthly or daily approach, it could be said that the
renewable production is able to satisfy the entire energy demand of the building within the
considered period. Instead, with a short timestep, the unbalance between the demand and
the production and the importance of working on a more adequate management strategy
for maximizing the matching on an hourly basis is clear. The indication of the load match
for the case study by means of the Fload match is quite satisfactory, being between 50% and
92%.
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For a better understanding of these considerations, the days analyzed in terms of
thermal comfort can be compared. The measures indicate that for 12 July, the energy
consumption for air conditioning is 15.7 kWh, while, on 17 July, this is equal to 12.9 kWh,
and thus about 18% lower. This result confirms that with the same indoor conditions and
comparable thermal comfort indices, the pre-handling unit allows one to reduce the energy
consumption. This finding is even more interesting taking into consideration that 17 July
is characterized by warmer conditions. The configuration C2 also increases the matching
between the renewable production and the energy demand, with the Fload match that passes
from 54% to 91%.

The comparison between 24 and 17 July, with comparable outdoor conditions, indi-
cates that the C3 configuration is characterized by lower consumption (around 6%). The
energy saving could be higher taking into consideration the findings of the CFD analysis.
Indeed, with the DX system, the supply conditions or the setpoint can be set at a higher
level without compromising the comfort, and this management action could assure lower
requests. However, it is also important to understand that the configuration C2 guarantees
higher integration of the renewable source. Indeed, despite the higher production of 24 July
(PV equal to 135%), the Fload match is 81%.

Moreover, the daily energy consumption of the configuration C3 is higher by around
46% compared to C4, considering 24 and 30 July. Although this result seems predictive
of the inconvenience of the pre-handling system, it must be considered that 24 July has
been characterized by more heavy external weather conditions than 30 July. This last day
assures a higher load match (92%), and almost the entire energy demand (95.7%) is covered
by in situ production.

The comparison between C1 and C4 suggests, again, that with comparable external
conditions, the energy request of the DX system is lower (23%). Finally, for this case study,
the configuration C4 is the best one from the points of view of both energy consumption
and the load-matching problem. Different management of the DX system could increase
this convenience.

4. Conclusions

Starting from monitored data in an nZEB in a Mediterranean climate during the
wintertime, how the variation of the setpoint temperature affects the comfort conditions
and the energy consumption was evaluated. The results are encouraging for further
analysis. Indeed, it was found that energy savings (from 17% to 43%) are achievable
by lowering the setpoint with respect to the Italian legislation threshold and through
the utilization of on-site renewable electricity, which can be maximized during the day
with the lowest productivity. The comfort indices suggest that the indoor conditions are
also acceptable with lower setpoints, mainly when the room is characterized by a large
glazed surface. However, the perception of people does not always agree with analytical
evaluations; the judgment seems closely related to the external conditions, mainly in term
of sky clearness.

Moreover, for the summertime, the CFD analysis indicates that the pre-handling
system does not affect indoor comfort. It only guarantees a lower temperature of the air
supplied to the heat pump, and therefore a saving of the energy demand and costs, but
the supply temperature does not change. Globally, considering all available data, the most
convenient configuration is the operation of the DX system with a reduction of energy
consumption near 20%. In this case, management with a higher setpoint or higher supply
temperature is also possible; this strategy can determine a further reduction of the energy
consumption and the increment of load matching. Moreover, it was shown that although
currently, the energy balances on nZEBs are usually based on annual or monthly data,
what happens at lower scales of time (daily or hourly) should be considered, in order
to have profitable designs oriented towards maximizing the self-consumption of energy
production. This would assure economic profitability and a better interaction with the local
grid infrastructure.
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Obviously, all presented data are strictly related to the building application and to the
climate zone under investigation. However, the adopted solutions and the learned results
could be useful guidelines for building and system design in areas with similar boundary
conditions, and thus climates, living styles, and construction types.
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Abstract: In this paper, the energy performance of a university campus in a tropical climate is
assessed, and four mixed classroom buildings are compared using benchmarking methods based
on simple normalization: the classic Energy Use Intensity (EUI), end-used based EUI, and people-
based EUI. To estimate the energy consumption of the case studies, building energy simulations
were carried out in EnergyPlus using custom inputs. The analysis found that buildings with more
classroom spaces presented higher energy consumption for cooling and lighting than others. In
comparison, buildings with a greater percentage of laboratories and offices exhibited higher energy
consumption for plug loads. Nevertheless, differences were identified when using the people-based
EUI since buildings with larger floor areas showed the highest values, highlighting the impact of
occupant behavior on energy consumption. Given the fact that little is known about a benchmark
range for university campuses and academic buildings in hot and humid climates, this paper also
provides a comparison against the EUIs reported in the literature for both cases. In this sense,
the identified range for campuses was 49–367 kWh/m2/year, while for academic buildings, the
range was 47–628 kWh/m2/year. Overall, the findings of this study could contribute to identifying
better-targeted energy efficiency strategies for the studied buildings in the future by assessing their
performance under different indicators and drawing a benchmark to compare similar buildings in
hot and humid climates.

Keywords: Energy Use Intensity; higher education buildings; energy consumption; benchmarking;
hot and humid climates; EnergyPlus

1. Introduction

The assessment of the energy performance of existing and new buildings is of paramount
importance for minimizing the energy consumption of this sector. This is due to the fact
that buildings and their related sectors consume about 35% of the global energy and are
responsible for about 38% of global greenhouse gas (GHG) emissions [1]. The latter makes
this sector the largest source of carbon dioxide emissions [2]. The energy use in a building is
directly influenced by its physical characteristics such as geometry, envelope, and systems [3].
Several studies have shown that about 70% of energy consumption in buildings comes from
HVAC systems (around 50%) and artificial lighting (around 20%) [4–8]. In hot and humid cities,
the use of air conditioners considerably increases the energy consumption of buildings,
and this can also be exacerbated by the urban heat island effect [3,9].

Within the building sector, educational buildings worldwide have evidenced high
energy consumption. For instance, university buildings in the USA account for about 13%
of the total building energy consumption, with teaching buildings being key drivers of
this due to their schedules and occupancy densities [10]. Similarly, in China, Liu and Ren
reported that colleges and universities use 8% of the total energy consumed by Chinese
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society [11]. They also mentioned that university students consume four times more energy
than the average Chinese citizen. To overcome this issue, higher education institutes are
investing in improving the energy efficiency (EE) of their campuses through implementing
sustainability programs, pursuing a low carbon economy [12], and enhancing their prestige
in the national and international context [13].

Among the strategies that higher education institutes are implementing to improve
the sustainability of their campuses are those related to EE and those for energy conserva-
tion [14]. Nevertheless, measures should not only involve technical improvements such as
those mentioned above but should also focus on scheduling and occupancy, which vary
from campus to campus. In this sense, changing the academic calendar from semester to
trimester resulted in a reduction in annual energy consumption of about 5%, as observed
at Griffith University [15]. However, regardless of the selected strategies to improve en-
ergy use in buildings, indicators are required to measure building performance against
a reference.

Energy Use Intensity (EUI) is one of the most used indicators to evaluate the energy
performance of buildings [16,17]. It results from the ratio between the annual energy
consumption of the building and its total floor area [18]. Using the EUI, it is possible to
perform benchmarking analysis, which refers to comparing buildings from the same uses
and located in similar climate zones [19]. In this sense, building energy benchmarking is a
reference point for how efficient the buildings are, enabling the possibility of proposing
energy efficiency strategies. In the context of educational buildings, there are several
references worldwide. In the USA, the mean EUI for educational buildings from climates
1A (very hot and humid) and 2A (hot and humid) is about 420 kWh/m2/year [20]. If only
electricity use is considered, they account for a mean index of about 130 kWh/m2/year [20].
In Europe, the EUI of these buildings ranges between 150 and 250 kWh/m2/year [21].
In the Ecuadorian Coast, a study carried out in 123 primary schools determined a median
EUI of about 14 kWh/m2/year [19].

Several methodologies on building energy benchmarking have been proposed in the
pursuit of finding better alternatives for comparison among buildings [17,22]. For instance,
Li and Chen investigated the correlation between the EUI of 24 higher education buildings
and the percentages of the areas destined for different uses [23]. Through a regression
model, the authors found that laboratory spaces were major contributors to energy con-
sumption compared to public and school spaces. A similar approach was performed by
Khoshbakht et al. [13], where the authors compared 80 higher education buildings using
an EUI based on their different academic activities. Their findings indicated that research
buildings were more energy-consuming than others, presenting a maximum EUI of more
than 200 kWh/m2/year. Furthermore, other benchmarking methods have focused on
comparing buildings by the disaggregation of their EUIs [2] or normalizing the annual
energy consumption by people instead of floor area [24,25].

In this study, the energy performance of the ESPOL campus located in the tropical
climate of Guayaquil, Ecuador was evaluated, and the results from the energy modeling of
four existing classroom buildings were introduced. The research aims to compare these
buildings using different Energy Use Intensity (EUI)-based indicators. The conclusions of
this paper are relevant to establishing a benchmark for university buildings since, in general,
little is known about this topic in hot and humid climates, particularly for the case of the
Ecuadorian Coast. Hence, better-targeted energy efficiency measures could be proposed
for these buildings in the future, considering the results that emerge from the evaluation
with the different indicators.

This paper is structured as follows. In Section 2, the case study and the analyzed build-
ings are described, the procedure to perform the building energy models in EnergyPlus
is explained, and the benchmarking methods to compare the buildings under study are
introduced. In Section 3, the obtained results are presented, including the assessment of the
energy performance of the case study, the estimation of the annual energy consumption,
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and the benchmarking analysis. In Section 4, the results are briefly discussed. Finally,
in Section 5, some conclusions about this work are drawn.

2. Methodology

In this section, the case study is described, and the inputs for assessing the energy
performance of the selected buildings are reported in more detail. Furthermore, the three
methods used for the building energy benchmarking analysis are presented.

2.1. Case Study

ESPOL is an Ecuadorian Public University located on the south coast of Ecuador [26],
in the city of Guayaquil (2◦8′51.08′ ′ S, 79◦57′52.21′ ′ W). Guayaquil has a very hot and
humid climate, presenting more than 5000 cooling degree days (CDD 10 ◦C) [27]. This
climate is also included within the group Aw of the Köppen–Geiger classification [28].The
latter corresponds to a tropical savannah climate characterized by having two seasons:
wet (January–April) and dry (May–December). The typical meteorological conditions
in the surroundings of the case study are depicted in Figure 1. The monthly minimum
temperatures are greater than 18 ◦C, the monthly average oscillates between 23.4 ◦C and
26.5 ◦C, and the monthly maximum is above 30 ◦C. Monthly average humidity values
range from 63% to 76%. The monthly average solar radiation values are over 3.4 kWh/m2

and below 5.4 kWh/m2.

Figure 1. Climate conditions in Guayaquil, Ecuador for the typical meteorological year (TMY, source: Meteonorm 7.3.4).

The ESPOL campus spreads over an area of about 703 ha (see Figure 2). It consists of
106 buildings of different types, including classrooms, laboratories, restaurants, and other
spaces, as listed in Table 1, accounting for a total building area of about 154,564 m2.
The primary energy source used on campus is electricity. On this basis, the monthly
electricity consumption of the last four years is summarized in Table 2 and includes the
energy for street lighting (around 2% of the total) and buildings. In 2020, the total campus
electricity consumption decreased by about 40% due to the COVID-19 pandemic; therefore,
this year was not considered for the analysis.
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Figure 2. ESPOL campus area in Guayaquil and its buildings.

Table 1. Number of buildings in ESPOL campus according to their type and total built-up area.

Building Type Number of Buildings Building Area (m2)

Classrooms and teaching areas 36 60,956
Laboratories 28 26,749

Sport facilities 5 27,698
Administrative offices 18 27,304

Residences 3 1123
Restaurants 8 4901

Others (storage and small spaces) 8 5832

Table 2. Monthly electricity consumption of ESPOL campus from 2017 to 2020.

Energy Consumption (kWh)

2017 2018 2019 2020

January 1,058,148 1,143,828 1,050,000 1,385,857
February 1,199,520 968,184 1,163,400 976,681

March 1,053,864 1,079,400 982,800 819,613
April 921,060 932,400 1,062,600 563,711
May 1,216,656 1,184,400 1,226,400 584,262
June 1,190,952 1,012,200 1,226,400 552,691
July 1,130,976 1,071,000 1,134,000 559,621

August 1,109,556 1,058,400 1,071,000 588,479
September 1,019,592 861,000 970,200 288,305

October 1,053,864 1,045,800 907,200 626,674
November 1,152,396 1,104,600 1,134,000 577,420
December 1,216,656 1,157,000 1,155,000 357,298

TOTAL 13,323,240 12,618,212 13,083,000 7,880,611

To assess the energy performance of the ESPOL campus, available data from 2017 to
2020 were collected. In this sense, Table 3 lists the total number of occupants, the electricity
consumed by buildings, and the CDD per year. The annual CDD was calculated using
Equation (1). The plus symbol (+) indicates that only positive values are considered for the
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calculations of the CDD. In this case, Tb was defined as 18.3 ◦C, which agrees with the base
temperature recommended for different hot climates [29] and by IEA [30].

CDD =
N

∑
i=1

(Td − Tb)
+ (1)

where Td is the daily mean temperature; Tb is the reference or base temperature, which
indicates that cooling is required when outdoor temperatures are above it; and N is the
number of days in a year.

Table 3. Annual cooling needs, building electricity consumption, and number of occupants of ESPOL campus from 2017
to 2020.

Year
CDD for

Tb = 18.3 ◦C
Number of
Students

Number of Professors
and Administrative Staff

Number of
Occupants

Building Electricity
Consumption (kWh)

%
Savings

2017 2904 12,323 1470 13,793 13,143,660 Base year
2018 2815 11,949 1462 13,411 12,438,632 5.4
2019 2935 11,599 1453 13,052 12,903,420 1.8
2020 3264 11,595 1387 12,982 7,701,031 41.4

ESPOL started its sustainability program in 2018, intending to contribute to the UN’s
Sustainable Development Goals (SDGs) [31]. The action plan is focused on reducing the
carbon footprint of the campus through the implementation of diverse initiatives such as
the construction of a bike lane, the replacement of fluorescent lighting with LED systems,
and the use of renewable energies [32]. According to Criollo et al. [33], 66% of the GHG
emissions source in the ESPOL campus comes from electricity, which is mostly used to
supply air conditioners in buildings. Currently, the ESPOL administration has started
the installation of energy meters in every building since before there was only a general
meter for the whole campus; therefore, the consumption of each building is unknown yet.
In this regard, the development of energy models of the most energy-intensive buildings
on campus is key to determining rapid actions to improve their energy efficiency.

2.2. Energy Models: Classroom Buildings

In order to evaluate the performance of the campus buildings in more detail, four
mixed classroom buildings were selected on the basis that these are among the most energy-
consuming buildings that include teaching areas. Figure 3 shows the four classrooms that
were modeled and compared in this study. Building 1 (Figure 3a) has an area of about
983 m2, with 70% being classrooms and the remaining area corresponding to public spaces
such as corridors and bathrooms. Building 2 (Figure 3b) has an area about 1912 m2, of which
40% is classrooms, 15% is laboratories, 8% is offices, 31% is public spaces, and 6% is others
(storage rooms). Building 3 (Figure 3c) has an area of about 5800 m2, of which 23% is offices,
13% is laboratories, 10% is classrooms, 38% is public spaces, and the remaining is included
within other spaces. Building 4 (Figure 3d) has an area about 7086 m2, of which 46% is
classrooms, 5% is laboratories, 7% is offices, 36% is public spaces, and the rest corresponds
to other spaces. Besides, the buildings under study presented similar building materials
based on masonry construction. In this regard, the external walls are formed by 10 cm
thick concrete blocks. Exterior windows are composed of single-pane glasses and metal
frames, with a typical U-value of 5.8 W/m2-K. Roofs are from reinforced concrete in all
cases. Building 1 has a window-to-wall ratio (WWR) of 17%, Building 2 has a ratio of 5%,
Building 3 has a ratio of 5%, and Building 4 has a ratio of 11%.

Internal heat gains of the buildings—i.e., lighting, plug loads, and people—were
defined based on observations made during on-site inspections. Figure 4 summarizes the
total installed power by story of each building. As observed, the lighting load is composed
of LED and fluorescent technologies in all cases. Similarly, plug loads result from the
sum of the office equipment, appliances, and miscellaneous loads. Office equipment
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refers to computers, printing machines, and other related devices. Appliances encompass
devices such as microwaves, coffee makers, or similar. Miscellaneous loads include Wi-Fi
devices, audio equipment, and others. All loads in Figure 4 were collected during on-site
inspections. Table 4 summarizes the total installed power in terms of lighting and plug
loads in each building. Moreover, the maximum occupancy for each case is also included in
the table and was estimated assuming that classrooms and laboratories are 80% occupied.
Regarding office spaces, the number of people is fixed and corresponds to the workers that
occupy these spaces.

Figure 3. Classrooms under study (a) Building 1, (b) Building 2, (c) Building 3, and (d) Building 4.

Figure 4. Lighting and plug loads. Installed power in (a) Building 1, (b) Building 2, (c) Building 3, and (d) Building 4.
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Table 4. Building internal heat gains: total installed power and people.

Description Building 1 Building 2 Building 3 Building 4

Lighting (kW) 8.5 16.2 44.2 58.6
Plug loads (kW) 9.3 17.2 85.1 59.9

People (#) 358 432 450 1132

Different schedules were set considering the space types and their activities. For in-
stance, schedules in office spaces were fixed from 8:00 to 16:30 during the weekdays. On the
other hand, schedules in classrooms and laboratories varied between 7:30 and 20:30 during
the weekdays. Spaces classified as others did not present uniform schedules due to the
fact that they are usually storage or mechanical/electrical rooms with low occupancy and
use. Overall, lighting, plug loads, and occupancy schedules were built according to the
indications of the users.

Due to its high temperatures and humidity, Guayaquil has a cooling-dominated
climate. Therefore, HVAC systems for cooling are required during the whole year of
operation of the buildings. The air-conditioners installed in the case studies are from the
direct expansion (DX) technology, divided between splits and central units. During the
inspections, it was observed that air-conditioners, both centralized and decentralized, are
usually set by their users at 21 or 22 ◦C in all buildings. The air-conditioners’ operating
hours in office spaces extend to 8 h. In classrooms and laboratories, this depends on
the lecture schedules, as mentioned above. Table 5 lists the total installed capacity in
each building.

Table 5. Conditioned loads: total installed capacity by building.

Building Installed Capacity (BTU/h)

1 516,000 (151.2 kW)
2 855,000 (250.6 kW)
3 3,324,000 (974.2 kW)
4 3,438,000 (1007.6 kW)

Considering the above, simulations were carried out in OpenStudio v. 2.7 and En-
ergyPlus v. 9.1 software using a TMY weather file. Spaces and schedules were created
using custom inputs, depending on each area. The thermal properties of building materials
were established based on OpenStudio libraries and following previous works [34,35].
Lighting and plug loads were defined according to Figure 4 and Table 4. The thermostat
set-points were set between 21 and 22 ◦C, and the coefficient of performance (COP) of
the air-conditioners was set to 3. The air infiltration rate was assumed to be 0.54 ACH
as in previous works [34,35]. Since all users are assumed to be performing light office
activities while remaining seated, their activity level was set to 100 W/person. The ac-
curacy of the EnergyPlus software has been previously validated through the BESTEST
procedure [36]. The expected results should be consistent with the energy consumption
estimated in previous studies conducted on the Ecuadorian coast [19,34,35].

2.3. Benchmarking

This study proposes three methods for building energy benchmarking: the classic
Energy Use Intensity (EUI), an EUI based on the final end-uses, and an EUI based on
the number of people in each building. All of these approaches correspond to a simple
normalization method [17]. To calculate the EUI, Equation (2) is used.

EUI =
∑12

i=1 Ei

Abuilding
(2)
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where Ei is the monthly total energy consumption, and Abuilding is the total building
floor area.

Similarly, the end-use-based EUIs are estimated via Equations (3) and (4) [2], while
the people-based EUI is calculated via Equation (5).

For cooling,

EUIcooling =
∑12

i=1 Eci

Abuilding
(3)

where Eci is the monthly total energy consumption for cooling.
For base loads,

EUIbase loads =
∑12

i=1
(
El + Ep

)
i

Abuilding
(4)

where (El + Ep)i is the monthly total energy consumption for lighting and plug loads.
For people,

EUIpeople =
∑12

i=1 Ei

npeople
(5)

where npeople is the total number of people in the building.

3. Results

In this section, the energy performance evaluation of the ESPOL campus and the
results of the building simulation models are presented. Then, the building energy bench-
marking analysis is conducted based on the three criteria proposed in the previous section.

3.1. Energy Performance of ESPOL Campus

The relationship between the annual energy consumption of the ESPOL campus
buildings, the cooling requirements, and the number of occupants is shown in Figure 5 and
expressed in Equation (6). As observed, the energy consumption is strongly dependent
on these two parameters, similar to the results found in [37], which implies that every
change in the number of occupants and climate can impact this. In this sense, the highest
electricity consumption was reached in 2017 (13,143,660 kWh), when both parameters
presented high values, and the sustainability program had not been launched. On the
other hand, in 2018, energy consumption was lower, and savings of 5.4% were achieved (in
reference to 2017), mainly due to the lower cooling requirements associated with a lower
CDD. Based on the available data, the average EUI calculated for the ESPOL campus is
83 kWh/m2/year. In terms of the normalized consumption per user, the average EUI is
about 1073 kWh/student, while the EUI of an average Ecuadorian citizen was estimated as
1517 kWh per capita in 2019 according to the National Energy Balance [38].

Y = 5536X1 + 556X2 − 10, 599, 324 (6)

where Y is the annual energy consumption in kWh, X1 is the CDD (18.3 ◦C), and X2 is the
number of occupants.

3.2. Estimated Annual Energy Consumption of Modeled Buildings

The estimated annual energy consumption of the four case studies was obtained
after running the building energy models in EnergyPlus. Table 6 summarizes the results
obtained in each case. In this sense, Building 4 presented the highest energy consumption
compared to the other buildings, accounting for about 752,994 kWh per year. On the
other hand, Building 1 exhibited the lowest energy consumption, with 86,114 kWh per
year. The obtained results from these models are within the expected energy consumption
range determined for different building types located on the Ecuadorian coast; that is,
on average, from 14 to 340 kWh/m2/year [19]. Similarly, these results agree with what
was previously estimated for other buildings from the ESPOL campus, which is around
90 kWh/m2/year [34,35].
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Table 6. Annual energy consumption of each building.

Building Year of Construction Conditioned Area (%) Energy Consumption (kWh)

1 1986 70.4 86,114
2 2008 60.9 151,533
3 2006 73.7 384,106
4 2010 63.7 752,994

Figure 5. Contour plot of the relationship between the energy consumption, CDD, and number of occupants.

Figure 6 shows the results of the estimated annual energy consumption by end-use of
each building. As can be observed from Figure 6a, air-conditioners were responsible for
72% of the total energy consumption in Building 1. Lighting and plug loads occupied 16%
and 12% of the total, respectively. Likewise, in Building 2 (Figure 6b) more than 60% of
its total energy was used to power air-conditioners, while plug loads consumed 20% and
lighting 15%. The results for Building 3 can be observed in Figure 6c. In this case, 63% of
the total energy consumption was used for cooling, 30% for plug loads, and the remaining
for lighting. Finally, in Building 4, 62% of the energy was used for cooling, 23% for lighting,
and 15% for plug loads, as depicted in Figure 6d. Overall, the energy consumption for
air-conditioners corresponded to a share of more than 60% in all buildings. In contrast,
the energy consumption for plug loads increased in buildings with a lower proportion of
classrooms as observed in Buildings 2 to 4.

3.3. Energy Performance Indicators and Benchmarking

Figure 7 shows the EUI disaggregated by end-use for each analyzed building. As ob-
served, the cooling EUI presented higher values during the months with higher tempera-
tures in all cases. Additionally, Buildings 1 and 4 had similar cooling EUIs, and in both
cases, lighting systems were more energy-consuming than plug loads. These buildings
have in common the fact that the classroom area accounts for the largest floor area. On the
other hand, Buildings 2 and 3 showed higher energy consumption for plug loads, which
can be attributed to their larger office and laboratory spaces. Lighting and plug loads are
considered to be base loads since they are almost constant throughout the year. In contrast,
cooling loads vary according to the climate and exhibit higher values when the outside
temperature and humidity are higher.
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Figure 6. Energy models and estimated annual share of energy by end-use: (a) Building 1, (b) Building 2, (c) Building 3,
and (d) Building 4.
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Table 7 shows the results from the three proposed energy performance indicators.
From the point of view of the classic approach, Buildings 1 and 4 exhibited higher values for
the EUI. This could indicate that these buildings are the most energy-consuming. However,
this indicator does not consider the building loads, use, or occupancy, and therefore it
is not easy to draw a general conclusion. Thus, introducing other indicators would be
relevant to the development of better-targeted energy efficiency strategies since it has been
observed that lighting and plug loads consume 12–50% of the energy in buildings [39]
while air-conditioners consume 40–60% [40,41]. On the other hand, the building defines the
activities and needs of the building and its occupants, playing a critical factor in total energy
consumption [42]. Considering the above, end-use-based and people-based indicators were
estimated to examine the energy performance of the studied buildings in more detail. In the
case of the cooling-based EUI, Buildings 1 and 4 presented the highest values. Regarding
the base load, EUI values indicated that Buildings 2 and 4 were the most consuming in
terms of lighting and plug loads. Finally, the people-based EUI showed a different pattern
since, in this case, Buildings 3 and 4 were the most energy-consuming.

Figure 7. EUI disaggregated by end-use: (a) Building 1, (b) Building 2, (c) Building 3, and (d) Building 4.

Table 7. Results from the three proposed indicators.

Classic End-Use-Based People-Based

Building
EUI

(kWh/m2/year)
EUIbase load

(kWh/m2/year)

EUIcooling

(kWh/m2/year)

EUIperson

(kWh/person/year)

1 87.61 24.16 63.45 240.54
2 79.25 27.97 51.28 350.77
3 66.22 24.33 41.89 853.57
4 106.26 40.60 65.66 665.19
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4. Discussion

Building energy benchmarking methods are widely used to evaluate the energy
performance of related buildings from similar contexts. To be effective, the comparison
must be between buildings of the same type due to their use and occupancy. Nevertheless,
it is quite common to find mixed-use buildings in practice. If this is the case, those spaces
could be analyzed independently according to their operation. An example of this is shown
by Li and Chen [23]. Using regression analysis, the authors formulated an equation that
allows the inclusion of the contribution of each space to the final EUI of the building. In this
study, data limitations prevented a similar analysis. However, it was inferred that the space
uses of the four buildings could explain the differences between their EUIs. The context in
which the case study is located is also relevant and should be considered in the analysis.
In fact, it has been observed that regional tariffs can influence the EUI, as reported by
Chung and Yeung [43]. However, as stated by the authors, the results require careful
analysis using more robust methods than simple normalization to draw final conclusions
on this.

The potential of using EnergyPlus models for benchmarking has also been proved in
the literature. As stated by Shabunko et al., these models have the advantage of generating
time-series outputs of energy consumption, which are in agreement with observed data [44].
This could serve as an alternative when lacking actual disaggregated load data, and there
is a need to start a pilot energy efficiency plan, as shown in this study. The resulting EUIs
provide valuable information for the rapid identification of energy efficiency strategies
that could be addressed in future retrofit projects or the modification of current operating
settings in buildings. For instance, it is essential to change the temperature set-point of
the air-conditioners in Buildings 1 and 4, since these presented higher cooling EUI values
(see Table 7). Studies on this are available and should be taken into account to avoid com-
promising the thermal comfort of users when applying this measure [45]. Similarly, more
efforts should be devoted to improving the occupants’ behavior in buildings with larger
floor areas (Buildings 3 and 4) by implementing energy policies. In general, the estimated
EUIs reported in this work set an upper limit for new buildings on the ESPOL campus,
as these indexes can be expressed within the terms of reference of new projects.

As observed in Figure 5, energy consumption in buildings depends on several param-
eters related to their design and systems, but also on the number of occupants and their
behavior [46,47]. In this sense, universities account for a large number of users, mainly
students, which vary from one year to another. The latter not only increases the latent
loads of the buildings and therefore the energy for cooling, but also makes it difficult to
predict and control the possible actions executed by the users that directly affect the energy
consumption (i.e., opening windows, turning on/off lights or fans, and others). Particularly
in classrooms, there may exist a hierarchical environment in which the teacher influences
the general energy consumption of the space. This topic requires further exploration,
as significant energy savings could be obtained by improving occupant behavior. Overall,
it has been estimated that improving occupant behavior can result in energy savings of up
to 20% [48].

Furthermore, this study supports evidence from earlier observations in hot and humid
climates. When comparing these results with other studies, they were found to be in
agreement. As observed in Table 8, most of the studies reported EUIs for different academic
buildings and campuses. In general, we can note that the resulting ranges from our study
are within the range of their studies: 49–637 kWh/m2/year for university campuses and
47–628 kWh/m2/year for academic buildings. Although the obtained results for ESPOL are
close to the minimum in both ranges, this does not imply that this campus is more energy-
efficient than the others, as each higher education institution differs in its administration
and planning. Besides, studies in Table 8 rely only on the classic EUI, which complicated
the comparison between indicators based on the number of people or energy end-uses.
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5. Conclusions

In this study, the energy performance of a university campus and four existing uni-
versity classrooms was evaluated. For this purpose, the available data of the campus
electricity consumption were analyzed, and four classrooms were modeled in EnergyPlus,
considering custom inputs. Subsequently, buildings were compared using three simple
benchmarking approaches: the classic EUI, end-use based EUI, and people-based EUI.
Through this comparison, a substantial difference was found in the energy performance of
the studied buildings when considering different aspects.

Regarding the classic EUI, buildings with predominant classroom spaces (1 and 4)
were found to be the most energy-consuming. Likewise, these buildings presented higher
cooling and lighting EUIs than others, which can be attributed to their operating schedules.
On the other hand, buildings with more extensive laboratory and office spaces (2 and 3)
exhibited higher EUIs from plug loads compared to the others. The latter finding is due
to the more extended use of equipment with higher loads in these areas. Finally, if we
consider the people-based EUI results, Buildings 3 and 4 appeared less energy-efficient,
having the characteristic in common that both have larger total floor areas than others.
Overall, the results of this paper demonstrate that the energy efficiency of a building can
be evaluated from different perspectives.

Identifying the most consuming space types within buildings could allow better-
targeted energy efficiency measures to be proposed on a case-by-case basis and the elab-
oration of energy policies for buildings on campus. Similarly, the estimated EUIs can
be set as an upper limit for new buildings, as these values can be expressed within the
terms of reference of new projects. Moreover, when actual measurements are not available,
these methods could be used as benchmarks to compare with related buildings located in
similar contexts.
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Abbreviations

The following abbreviations are used in this manuscript:

CDD Cooling degree days
COP Coefficient of performance
DX Direct expansion
EE Energy efficiency
EUI Energy Use Intensity
GHG Global greenhouse gas
HVAC Heating, Ventilation, and Air-Conditioning
IEA International Energy Agency
LED Light-emitting diode
SDG Sustainable Development Goal
UN United Nations
WWR Window-to-wall ratio

106



Energies 2021, 14, 7013

Nomenclature

Abuilding Total building floor area, m2

Eci Monthly total energy consumption for cooling, kWh
Ei Monthly total energy consumption, kWh
El Monthly energy consumption for lighting, kWh
Ep Monthly energy consumption for plug loads, kWh
N Number of days in a year
npeople Total number of people in the building
Tb Reference or base temperature, ◦C
Td Daily mean temperature, ◦C
X1 Annual CDD (Tb = 18.3 ◦C)
X2 Number of occupants
Y Annual energy consumption, kWh
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Abstract: This article presents comparative results on the energy performance of buildings in the
Mediterranean. Many buildings in the Mediterranean exhibit low energy performance ranking.
Thermochromic windows are able to improve the energy consumption by controlling the gains
from sunlight. In this article, reference buildings in 15 cities around the Mediterranean are inves-
tigated. In this work, a dynamic building information modeling approach is utilized, relying on
three-dimensional geometry of office buildings. Calculations of the energy demand based on com-
putational simulations of each location were performed, for the estimation of heating and cooling
loads. The presented study highlighted the need for high-resolution data for detailed simulation of
thermochromic windows in buildings of Mediterranean cities. Temperature is one of the main climate
parameters that affect the energy demand of buildings. However, the climate of Mediterranean
cities nearby the sea may affect the energy demand. This was more pronounced in cities with arid
Mediterranean climate with increased demand in air-conditioning during the summer months. On
the other hand, cities with semi-arid Mediterranean climate exhibited relatively increased heating
demand. With this parametric approach, the article indicates the energy saving potential of the
proposed measures for each Mediterranean city. Finally, these measures can be complemented by
overall building passive and active systems for higher energy reductions and increased comfort.

Keywords: thermochromic coatings; solar transmittance; solar reflectance

1. Introduction

The Mediterranean climate is characterized by mild winters and cool summers, es-
pecially in insular areas. The temperature in winter rarely falls below 0 ◦C, while the
temperature during summer days varies around 30 ◦C, due to sea wind. These winds
may, however, be absent in cities near the eastern Mediterranean basin and north Africa.
These mild climate conditions result to moderate heating and cooling loads of buildings in
Mediterranean cities. These loads are limited during the peak winter and summer seasons,
reducing the conditioning requirements during the spring and autumn [1].

Nevertheless, buildings in Mediterranean cities exhibit considerable energy consump-
tion. A significant effort is given to improve the energy performance of residential as well
as commercial buildings with a number of innovative systems.

1.1. Existing Building Energy Consumption

An important building sector includes office and school buildings, as well as the
evaluation and upgrade of their energy performance. School buildings represent a high
percentage of public buildings with the number of school buildings in the Mediterranean
estimated at 87,000 [2]. Many schools operate at low thermal comfort, while a heating
strategy is absent [3].

The introduction of possible passive measures was examined by [4,5] for warm and
cold Mediterranean climates in Greece and Spain, respectively. The insulation, as well as the
replacement of openings and the use of shadings were evaluated. Both reports concluded
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that the achieved saving can be up to 65%, while the reduction on annual CO2 emissions can
be higher than 70%. By applying passive measures in school buildings, an annual reduction
of 17.7 and 15.9% in heating and cooling demand can be achieved, respectively [2].

A crucial parameter affecting the energy consumption for heating and cooling is air
infiltration. The contribution of air infiltration on the total final energy specific consumption
was reported between 2.43 and 16.44 kWh/m2 for heating and between and 3.06 kWh/m2

for cooling [6]. The consumption depends on three major parameters: (1) the location
of the building whether this is built in urban, rural, high or low altitude environments,
(2) the climate classification, and (3) the performance of the openings. Increasing the
number of glazings can reduce the infiltration; however, this is a trade-off for the window–
wall ratio, especially in the summer months in Mediterranean climates [7]. In addition,
increasing the number of glazings reduces the environmental impact as reported in life-
cycle assessment analyses [8]. There is, however, an optimum window–wall ratio for the
best energy performance of buildings. Extensive studies limit the optimum window–wall
ratio between 0.3 and 0.45 [9]. However, depending on the climate of the building’s location,
the optimum may vary to lower values down to 20% [10]. Changing either the number of
glazings or the window–wall ratio is not always possible due to limitations related to cost
or preservation of a building [11].

Reducing the window–wall ratio may increase the requirements for artificial lighting.
Considering a lighting power density between 10 and 30 W/m2, a commercial building may
have annual electricity consumption between 20 and 25 kWh/m2 [12]. This consumption
can be reduced by optimizing the use of natural lighting. By adopting a building orientation
that maximizes natural lighting during the day, electricity savings between 40 and 80% can
be achieved in commercial buildings [13].

1.2. Reducing Energy Needs by Passive Measures

Green roofs constitute an attractive passive measure originating from traditional
architecture approaches [14,15]. In Mediterranean climates, green roofs in office buildings
in Cyprus [16] and residential buildings in Catania, Sicily [17] were investigated. Annual
energy savings of 25% for heating and 20% for cooling were reported for the office building
in Cyprus. In Sicily, the annual energy saving varied between 31 and 35% for cooling, while
for heating was between 2 and 10%. Thermochromic coatings applied on building roofs
were shown to decrease the energy consumption of the building by 7.7% [18], while annual
energy savings up to 19% were reported for Mediterranean cities [19]. The solar reflectance
of the reference thermochromic coating increased from 22 ± 4% to 47 ± 12% when titania
was added. When idealized spectra are considered, a low transition temperature and a
sharp hysteresis exhibit the highest energy savings [20]. The width of the hysteresis and
the transmittance of thermochromic coatings can be modified by increased nitrogen flow
rates during deposition [21], while the temperature of the window can be modified by
controlling the incident irradiance by means of geometric concentration [22]. In addition
to the thermochromic material, the matrix can be modified to obtain lower temperatures,
as for example in nanocomposites and conjugated polymers that exhibit low transition
temperatures down to 30 ◦C [23], making them promising matrices for application in
windows. A temperature gradient of 6.9 ◦C resulting at 396 W/m2 cooling power at
3 W/cm2 was reported with hollow network nanoparticle nanocomposite [24], while the
cooling power could be increased to 928 W/m2 in a nanocomposite paint consisting of
silica aerogel and titania nanoparticles [25].

1.3. Scope of the Study

Although thermochromic coatings exhibited considerable savings applied on roofs,
their report and application as windows in buildings of Mediterranean climates is limited.
Thermochromic coatings can be applied in new windows, but can be more important
in existing building windows [26] with limitations in window adaptations. With this
possibility in mind, we examine the performance of singly-glazed thermochromic windows
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in Mediterranean locations. A dynamic simulation is performed in this article to evaluate
the performance of buildings with thermochromic windows. The evaluation is based on
the heating and cooling energy consumption in heated and air-conditioned office buildings.
The energy requirements after implementation of thermochromic windows in buildings of
15 Mediterranean cities with diverse climate conditions is evaluated and compared.

2. Methodology

2.1. Mediterranean Cities

The following cities in the Mediterranean were studied in this report. These are dis-
played in Figure 1. The main criteria for selection were their proximity to the Mediterranean
sea and the availability of weather data. Cities as broadly as possible were chosen, across
the Mediterranean coasts as well as further in continental areas.

 
Figure 1. Locations of the Mediterranean cities investigated in this study.

To aid the analysis of the results, the cities in this study can be grouped according to
the future Köppen-Geiger classification to (a) cold semi-arid (BSk) in semi-arid cities, (b)
hot-summer Mediterranean (Csa) in insular cities, and (c) dry subtropical desert (BWh) in
arid cities. Accordingly:

a Jaen, Marseille, Thessaloniki, Lisboa, and Izmir share semi-arid climate,
b Cyprus, Palma, Heraklion, Cagliari, and Catania share insular climate,
c Algiers, Alexandria, Beersheva, Tripoli, and Tunis share arid climate.

Figure 2 shows the annual statistics for the evolution of the air temperature in different
Mediterranean locations. It can be seen that the temperature in all cities in this study varies
between −10 and 40 ◦C during the coldest and warmest days of the year, respectively.

Figure 2. Annual temperature variation of the investigated Mediterranean cities.
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2.2. Building Case Study

The simulations were performed on Energy Plus developed by the Lawrence Berkeley
National Laboratory and the US Department of Energy. The simulation tool models the
thermal and electrical loads and performs energy analysis of the entire building, enabling
the user to use variable building geometries, envelope properties, lighting, heat, ventilation
and air-conditioning (HVAC) systems, as well as set-point schedules. The American Society
of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) extreme dry- and
wet-bulb temperature conditions were considered in simulations for heating and cooling
design days, respectively.

In this study, an office building model with an area of 510 m2 was considered. The
window–wall ratio was 21.20% with windows distributed across all the walls of the build-
ing. This window–wall ratio is in good agreement with the 20–35% value for optimized
energy performance of buildings in hot and dry regions [10,27]. Although this metric
is adequate for one- and two- floor buildings, the window-to-floor-ratio should also be
considered in multistory and high-rise buildings [28]. Tables 1 and 2 present the properties
of the materials used in Energy Plus. Typical meteorological data were introduced to
simulate the conditions of each location. To highlight the impact in energy consumption by
the introduction of thermochromic windows, simulations in the absence of thermochromic
coating were performed for the cities exhibiting the highest energy demand in each climate
group, that is Larnaca, Tripoli, and Izmir. No dirt correction factors were applied and the
windows were considered not diffusing over the solar spectrum.

Table 1. Construction materials and their properties as utilized in simulations.

Material
Thickness

(m)
Conductivity

(W/m·K)
Density
(kg/m3)

Specific
Heat

(J/(kg·K)
Roughness

Thermal
Absorp-

tance

Solar
Absorp-

tance

Visible
Absorp-

tance

Wood Shingles 0.0178 0.115 513 1255 Very Rough 0.9 0.78 0.78
Wood Decking 0.0254 0.1211 593 2510 Medium Smooth 0.9 0.78 0.78
Roof Insulation 0.2216 0.049 265 836.8 Medium Rough 0.9 0.7 0.7

Gypsum 0.0127 0.16 784.9 830 Smooth 0.9 0.92 0.92
GP01 1/2 GYPSUM 0.0127 0.16 800 1090 Smooth 0.9 0.7 0.5

Stucco 0.0253 0.6918 1858 837 Smooth 0.9 0.92 0.92
Heavyweight Concrete 0.2033 1.7296 2243 837 Medium Rough 0.9 0.65 0.65

Wall Insulation 0.0339 0.0432 91 837 Medium Rough 0.9 0.5 0.5
Heavyweight Concrete 0.1016 1.311 2240 836.8 Rough 0.9 0.7 0.7

Floor Insulation 0.0464 0.045 265 836.8 Medium Rough 0.9 0.7 0.7
MAT-CC05 8 Heavyweight

Concrete 0.2032 1.311 2240 836.8 Rough 0.9 0.7 0.7

Gypsum Top 0.0127 0.16 784.9 830 Smooth 0.9 0.92 0.92
Attic Floor Insulation 0.2379 0.049 265 836.8 Medium Rough 0.9 0.7 0.7

Gypsum Bottom 0.0127 0.16 784.9 830 Smooth 0.9 0.92 0.92
Roof Membrane 0.0095 0.16 1121.3 1460 Very Rough 0.9 0.7 0.7
Metal Decking 0.0015 45.006 7680 418.4 Medium Smooth 0.9 0.7 0.3

METAL Door Medium
18Ga_1 0.0013 45.3149 7833 502.08 Smooth 0.8 0.5 0.5

METAL Door Medium
18Ga_2 0.0013 45.3149 7833 502.08 Smooth 0.8 0.5 0.5

Std Wood 6inch 0.15 0.12 540 1210 Medium Smooth 0.9 0.7 0.7
Std 1.5 MW CONCRETE 0.038 0.858 1968 836.8 Rough 0.9 0.7 0.7

Std AC02 0.0127 0.0570 288 1339 Medium Smooth 0.9 0.7 0.2
Std MAT-CC05 4 MW

CONCRETE 0.1 0.858 1968 836.8 Rough 0.9 0.7 0.2

Std Very High Reflectivity
Surface 0.0005 237 2702 903 Smooth 0.9 0.05 0.05

Std PW05 1.91E-02 0.115 545 1213 Medium Smooth 0.9 0.78 0.78
Std Steel_Brown_Regular 1.50E-03 44.9696 7689 418 Smooth 0.9 0.92 0.92

Std Steel_Brown_Cool 1.50E-03 44.9696 7689 418 Smooth 0.9 0.73 0.73
Plywood3/4_in 0.0191 0.115 545 1213 Medium Smooth 0.9 0.7 0.78
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Table 2. Properties of glazing layers used in simulations.

Magnitude Glass
Thermochromic

Layer
Clear Acrylic

Plastic
Diffusing

Acrylic Plastic

Thickness (m) 0.003 0.0075 0.003 0.0022
Solar transmittance 0.2442 0.92 0.9

Front solar reflectance 0.7058 0.05 0.08
Rear solar reflectance 0.7058 0.05 0.08
Visible transmittance 0.3192 0.92 0.9

Front visible reflectance 0.6308 0.05 0.08
Rear visible reflectance 0.6308 0.05 0.08
IR Transmittance at 0

◦
0 0 0 0

Front IR Emissivity (2π) 0.9 0.84 0.9 0.9
Rear IR Emissivity (2π) 0.9 0.84 0.9 0.9

Conductivity (W/(m·K)) 0.0199 0.6 0.9 0.9

3. Results

The monthly energy demand of the buildings studied are shown in Figures 3–5,
alongside the respective temperatures and seasonal solar radiation. It is clear that the
temperature profiles of each city affects the energy consumption of the building. It can be
seen that the Mediterranean cities can be grouped in three categories according to their
energy demand. That is (a) insular, (b) semi-arid, and (c) arid. It can be seen that the
monthly energy demand in all cities during winter months varies from 4.5 to 5 MWh. There
is a broader variation, however, during spring and autumn. There is increased energy
demand of buildings in insular and arid climates, that can be higher by 500 W. In summer
months, the energy demand of buildings in insular and arid climates can be up to 1000 W
higher than in semi-arid climates. The annual energy demand of the building without
thermochromic windows was increased by 104.83, 93.92, and 97.39 kWh for Larnaca, Tripoli,
and Izmir, respectively.

Comparing the temperature in these cities, most of them have the warmest month
in July and August. All of them have the coldest month in January. Among insular
cities, it can be seen that Heraklion has the coldest winter season with the minimum
temperature of −15.9 ◦C. This leads to an annual energy demand of 132.05 kWh/m2,
while the average annual energy demand of the locations under study was 130 kWh/m2.
Optimized thermochromic coatings applied in other Mediterranean cities yielded annual
demand between 60 and 80 kWh/m2 for south- and north-facing walls, respectively [29].
This difference in energy indicates (a) the requirement for optimization with regard to the
orientation of the windows, becoming important when cost is introduced in the model,
and (b) the requirement for thermochromic coatings with higher solar selectivity properties
compared to the coatings utilized in this study.

Among semi-arid Mediterranean cities, in Marseille, the coldest winter with tem-
peratures reaching minima of −15.4 ◦C. Tunis and Be’er Sheva have the hottest summer
season with the maximum temperature of 40 ◦C. It can be seen that the energy demand
of Tripoli peaks during June, July, and August, despite the fact that its temperature is the
lowest among the investigated cities with arid climate. During these months, the energy
demand increases to satisfy air-conditioning requirements and is presented in detail in the
following section.

3.1. Arid Mediterranean Climates

The energy demand of the building is distributed across HVAC, lighting, and other
needs including energy source equipment, that is fans and pumps.

As shown in Figure 6, the most energy demanding building in arid Mediterranean
cities can be seen in Tripoli with 491.97 MJ/m2, followed by Be’er Sheva and Alexandria
with 485.32 and 483.21 MJ/m2, respectively. Algiers and Tunis have the lowest demand
among arid climate Mediterranean cities with 465.78 and 474.99 MJ/m2, respectively. It can
be seen that the use of thermochromic windows have a limited effect in lighting and other
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energy demands. There is, however, difference in HVAC demand of about 2% between the
buildings in arid climate cities.

The heating consumption can be seen in Table 3. Algiers and Tunis have the highest
consumption with 24 kW, followed by Be’er Sheva and Tripoli with 23 kW, while Alexandria
has the lowest consumption with 20 kW.

Figure 3. (a) Monthly energy demand of buildings, (b) temperature, and (c) seasonal global solar
radiation in insular cities of the study.
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Figure 4. (a) Monthly energy demand of buildings, (b) temperature, and (c) seasonal global solar
radiation in cities of the study with semi-arid climate.
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Figure 5. (a) Monthly energy demand of buildings, (b) temperature, and (c) seasonal global solar
radiation in cities of the study with arid climate.
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Figure 6. Annual building utility performance in arid Mediterranean climate.

Table 3. Heating consumption and hours of unmet comfort of buildings in arid climates.

City Heating, Gas (W) Unmet Comfort (h)

Algiers 24,854 1460
Alexandria 20,638 1085
Be’er Sheva 23,416 953

Tripoli 23,326 942
Tunis 24,067 1079

The remaining demand, shown in Figure 7, is distributed among fans (blue), cooling
(purple), lighting (yellow), and other equipment (red). The demand of fans, lighting, and
other equipment are the same regardless of the city. The cooling demand, however, varies
considerably. Tripoli is the most demanding in cooling with 12.9 kW. Alexandria, Algiers,
and Tunis require approximately 9 kW for cooling, while the least demanding of the cities
is Be’er Sheva with 8.1 kW. This is in agreement with the highest energy demand depicted
in Figure 5a. It can be seen that Tripoli exhibits the highest requirements among the studied
cities in arid Mediterranean climate. This is largely due to the cooling requirements which
are two times the cooling demand in Be’er Sheva and approximately higher by 1/3 than
Algiers, Alexandria, and Tunis, see Figure 7. The extreme dry- and wet-bulb temperature
conditions were utilized to simulate heating and cooling design days, respectively. This
extreme scenario is commonly employed in HVAC sizing and accordingly, the demand
may be overestimated due to fluctuations in local conditions. This suggests that in addition
to temperature, climatic conditions such as relative humidity and wind speed may affect
the energy demand of a building and should be further considered.

Figure 7. Demand end-use of components of buildings in arid Mediterranean climate. Components include fans (blue),
cooling (purple), lighting (yellow), equipment (red).

These profiles result in several hours that comfort is not met. These hours are dis-
played in Table 3. In Algiers, 1460 h are not met, followed by Alexandria and Tunis
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with approximately 1000 h. Be’er Sheva and Tripoli share approximately 950 h of unmet
comfort time.

3.2. Semi-Arid Mediterranean Climates

The most energy demanding building in semi-arid Mediterranean cities can be seen,
in Figure 8, in Izmir with 219.45 MJ/m2 followed by Jaen and Thessaloniki with 217.04 and
215.77 MJ/m2, respectively. Marseille and Lisboa have the lowest demand among arid
climate Mediterranean cities with 213 MJ/m2. Again, lighting and other energy demand
are similar; however, the demand of HVAC varies by 1% between the buildings in semi-arid
Mediterranean climate cities.

 
Figure 8. Annual building utility performance in semi-arid Mediterranean climate.

The heating consumption can be seen in Table 4. Jaen, Marseille, and Thessaloniki have
the highest consumption with 26 kW, followed by Izmir with 24 kW and Lisboa with 23 kW.

Table 4. Heating consumption and hours of unmet comfort of buildings in semi-arid climates.

City Heating, Gas (W) Unmet Comfort (h)

Jaen 26,175 1185
Marseille 26,367 1930

Thessaloniki 26,320 1798
Lisboa 24,581 950
Izmir 25,331 1300

The remaining demand is shown in Figure 9. The cooling demand of Izmir is the highest
with 10 kW. Jaen and Lisboa follow with 8.5 and 8.3 kW for cooling, respectively, while the
least demanding cities are Marseille and Thessaloniki with 7.1 and 7.6 kW, respectively.

Figure 9. Demand end-use of components of buildings in semi-arid Mediterranean climate. Components include fans
(blue), cooling (purple), lighting (yellow), equipment (red).
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The unmet hours in this case are displayed in Table 4. In Marseille, 1930 h are not met,
followed by Thessaloniki with almost 1800 h and Izmir with 1300 h. Jaen has 1185 h, while
Lisboa has 950 h of unmet comfort time.

3.3. Insular Mediterranean Climates

The most energy demanding building in insular Mediterranean cities can be seen,
Figure 10, in Larnaca with 484.56 MJ/m2 followed by Heraklion and Palma with 474.28
and 462.83 MJ/m2, respectively. Cagliari and Catania have the lowest demand among
insular climate Mediterranean cities with 450 and 459 MJ/m2. The demand of HVAC in
this case varies by 3% between the buildings in semi-arid Mediterranean climate cities.

Figure 10. Annual building utility performance in insular Mediterranean climate.

The heating consumption can be seen in Table 5. Palma, Cagliari, and Catania have
the highest consumption with 26 kW, followed by Heraklion and Larnaca with 25 kW.

Table 5. Heating consumption and hours of unmet comfort of buildings in insular climates.

City Heating, Gas (W) Unmet Comfort (h)

Larnaca 25,488 1206
Palma 26,342 2067

Heraklion 25,055 928
Cagliari 26,437 1407
Catania 26,411 1379

The remaining demand is shown in Figure 11. The cooling demand of Larnaca is the
highest with nearly 10 kW. Catania has slightly lower cooling demand at 9.3 k. Palma and
Heraklion follow with 8.1 kW for cooling, while the least demanding insular city of the
study is Cagliari with 7 kW.

Figure 11. Demand end-use of components of buildings in insular Mediterranean climate. Components include fans (blue),
cooling (purple), lighting (yellow), equipment (red).
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The unmet hours in this case are displayed in Table 4. Palma has more than 2000 h
unmet. Cagliari and Catania share approximately 1400 h of unmet comfort, while Larnaca
follows closely with 1200 h. Finally, Heraklion has 928 h of unmet comfort time.

The HVAC equipment and the addition of thermochromic windows can optimize to a
great extent the heating and cooling needs of buildings. However, in all cases there is a
number of unmet hours of comfort. The number of hours was minimum in Be’er Sheva,
Tripoli, Lisboa, and Heraklion. It is more likely that this is mainly due to the set of typical
meteorological data used in this study and not an effect related to the local climate.

The study utilized the same building structure and construction materials. Depending
on the micro-climate of each location, however, additional measures may be required
to reduce the heating and cooling demand even further. Such measures can be shading
as well as insulation with thermal capacity higher than what was utilized in this study.
Furthermore, different thermochromic coatings with transition temperatures optimal to
the peak temperatures of the location can lead to further reduction in energy consumption.

4. Conclusions

In this article, the potential for energy performance improvements in buildings was
highlighted in cities sharing the Mediterranean climate. The operation of the building leads
to considerable high energy consumption for space conditioning of buildings. Annual
energy consumption can be reduced by introducing thermochromic windows, in particular
for controlling the indoor space conditioning. The availability of high solar radiation
in the Mediterranean region makes for a favorable technology for potential upgrades to
zero energy buildings. The article also demonstrated the potential of energy saving in
Mediterranean cities with significantly varying climate. This was highlighted by comparing
the energy consumption of buildings in cities with insular, semi-arid, and arid climate.

The presented study highlighted the need for high resolution data for detailed sim-
ulation of thermochromic windows in buildings of Mediterranean cities. Temperature
is one of the main climate parameters that affects the energy demand in buildings. The
climate of Mediterranean cities nearby the sea may affect the energy demand. This was
more pronounced in cities with arid Mediterranean climate with increased demand in
air-conditioning during the summer months. On the other hand, cities with semi-arid
Mediterranean climate exhibited relatively increased heating demand. It is expected that
by optimally mixing and sizing energy saving systems, considerable energy savings can
be achieved.
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Abstract: The reduction of unwanted heat losses across the buildings’ envelope is very relevant to
increase energy efficiency and achieve the decarbonization goals for the building stock. Two major
heat transfer mechanisms across the building envelope are conduction and radiation, being this
last one very important whenever there is an air cavity. In this work, the use of aerogel thermal
break (TB) strips and aluminium reflective (AR) foils are experimentally assessed to evaluate the
thermal performance improvement of double-pane lightweight steel-framed (LSF) walls. The face-
to-face thermal resistances were measured under laboratory-controlled conditions for sixteen LSF
wall configurations. The reliability of the measurements was double-checked making use of a
homogeneous XPS single panel, as well as several non-homogeneous double-pane LSF walls. The
measurements allowed us to conclude that the effectiveness of the AR foil is greater than the aerogel
TB strips. In fact, using an AR foil inside the air cavity of double-pane LSF walls is much more
effective than using aerogel TB strips along the steel flange, since only one AR foil (inner or outer)
provides a similar thermal resistance increase than two aerogel TB strips, i.e., around +0.47 m2·K/W
(+19%). However, the use of two AR foils, instead of a single one, is not effective, since the relative
thermal resistance increase is only about +0.04 m2·K/W (+2%).

Keywords: thermal performance; experimental assessment; double-pane; lightweight steel frame
(LSF); partition walls; aerogel thermal break strips; aluminium reflective foils

1. Introduction

The most relevant energy consumer in European Union (EU) is the buildings’ sector [1].
In fact, during 2019, forty percent of the EU27 final energy consumption was spent in
buildings [2]. Within this share, almost 50% are used for space heating and cooling [1].
These facts are related to reduced energy efficiency of buildings and consequent wasted
energy. Indeed, in the EU three out of four buildings are classified as inefficient [2]. To
make Europe’s building sector compatible with the Paris Agreement, two goals need to be
achieved: (1) reduce energy demand through energy efficiency measures, and; (2) increase
the use of renewable energy sources [3].

As is well known [4], the reduction of undesirable heat losses is one of the possible
strategies to improve energy efficiency. This heat loss reduction could be achieved by
mitigating each heat transfer mechanism across the building envelope: radiation, convec-
tion, and conduction. The most forthright and simplest approach to increase the thermal
resistance of building envelope components is the usage of thermal insulation, reducing
significantly the heat transfer by conduction. Nevertheless, the effectiveness of the ther-
mal insulation depends also on their position within the building element, as previously
demonstrated by Roque and Santos [5]. Additionally, this insulation material also endorses
sound insulation, principally when porous batt insulation materials are used inside the air
cavities [6].
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Currently, extremely efficient insulation materials (sometimes designated by SIMs—
super insulating materials) are emerging in the market, having very small thermal conduc-
tivities [7]. Aerogels [8] and vacuum insulating panels (VIPs) [9] are nowadays two of the
most common examples of SIMs. Notice that increasing discontinuous thermal insulation
along building envelopes may rise the relevance of thermal bridges, being this effect even
more significant in steel structures, given the huge thermal conductivity of steel [10]. In
fact, as concluded by Erhorn-Klutting and Erhorn [11] up to near one-third of the heating
energy needs could be originated by thermal bridges in traditional buildings (reinforced
concrete and masonry).

During the last years, the lightweight steel frame (LSF) construction system is being
more used, mainly for low-rise residential houses [12], due to their intrinsic benefits. Some
of these advantages are: fast construction, high mechanical strength, and low weight,
high potential for recycling and reuse, reduced on-site disruption, great suitability for
retrofitting, high architectural flexibility, economical transportation and handling, easy
prefabrication, precise tolerances, superior quality, insect damage resistance, and humidity
stability shape [4].

Nowadays, several techniques could be used to mitigate thermal bridges in LSF buildings’
elements, such as slotted thermal steel studs [13–15], thermal break (TB) strips [13,16,17], and
continuous thermal insulation layers (e.g., ETICS—external thermal insulation composite
system) [18–20]. Moreover, the steel frame is so important that even minor changes in the
stud flanges shape and size could have a relevant effect on the thermal performance of LSF
walls [21].

Moreover, when there is an air cavity inside the wall, one effective way to improve
the thermal performance is by reducing the heat transfer by radiation. This could be
achieved by using reflective low-emissivity paint or foil inside the air gaps of the building
components [22,23]. This thermal performance improvement solution has supplementary
benefits, such as easy installation and low cost.

As recently mentioned by Bruno et al. [23], there is a very small number of research
works related to thermal resistance improvement due to low-emissivity materials placed
inside air cavities. This fact is even more perceptible in LSF double-pane building elements.

Recently, Santos and Ribeiro [24] studied the thermal performance of double-pane
lightweight steel-framed walls with and without a reflective foil. This assessment was
mainly experimental under laboratory-controlled conditions, but the measurements were
compared with 2D finite element numerical simulations. Several air cavity thicknesses
(0 mm up to 50 mm, with an increment of 10 mm) were evaluated, but only one aluminium
reflective (AR) foil was considered (on the outer surface of the air cavity). It was concluded
that “the use of a reflective foil is a very effective way to increase the thermal resistance of
double pane LSF walls, without increasing the wall thickness and weight”. However, when
using an AR foil, it is not worthy to have an air cavity higher than 30 mm. One research
gap that was not investigated in this work was if it is worthy to use two low-emissivity
aluminium foils (one in each air-gap surface). Moreover, another interesting question is
if the performance of the AR foil is similar when used in the outer or inner surface of the
air cavity.

Regarding the use of TB strips, there is also a lack of scientific research works avail-
able. Perhaps the most relevant is the experimental campaign completed by Santos and
Mateus [17] for the assessment of thermal break strip performance in load-bearing and
non-load-bearing LSF walls. They concluded that an outer or inner TB strip has very
similar thermal performances, being the best performance achieved for two TB strips (one
on each steel stud flange) and for the aerogel TB strip material. Notice that these walls
were single-pane LSF walls, not found in the literature any research work related with the
use of TB strips in double-pane LSF walls, or in combined use with AR foils.

In this work, the authors seek the answers for some of these research gaps and
questions, by assessing the thermal performance improvement of double-pane LSF walls
using thermal break strips and reflective foils. The strategy was to start with a reference

126



Energies 2021, 14, 6927

double-pane LSF wall (30 mm air gap) and compare the thermal resistance increase only
due to aerogel TB strips and only due to AR foils, by performing measurements under
laboratory-controlled conditions. Moreover, on the next set of measurements, the combined
effect of both aerogel TB strips, and AR foils was evaluated. Notice that the aerogel
was selected as the material for the TB strips since it is one of the highest performant
materials available in the market, having a very reduced thermal conductivity (in this case,
0.015 W/m K). Moreover, aluminium was selected as the material for the reflective foil
since it is the most currently used for this purpose, having a very reduced emissivity value
(below 0.05).

This article is structured as follows. After this small introduction and contextualization,
it is presented a section with the materials and methods, where the LSF walls and used
materials are characterized. Moreover, the experimental lab tests are described, including
the experimental setup, as well as the set-points and test procedures. Additionally, to ensure
the reliability of the measurements and to check the test procedures, two verifications were
performed: (1) comparison between the measured thermal conductivity of a homogeneous
XPS panel with the value provided by the manufacturer, and; (2) comparison between the
measured thermal resistance of four double-pane LSF walls, namely: (1) reference; (2) with
a single TB strip; (3) with a single AR foil, and; (4) with both two TB strips and two AR
foils, with the predictions provided by numerical simulation models. The obtained results
are presented and discussed next, being grouped into three sets: (1) only TB strips; (2) only
AR foils; (3) combined TB strips and AR foils. Finally, the main conclusions of this research
work are summarized. Notice, that the various scenarios evaluated in this research work
were based on previous papers from authors, namely reference [24] for the aluminium
reflective foil scenarios and reference [17] for the thermal break strips.

2. Materials and Methods

In this section, the tested double-pane LSF walls are described, and the respective
materials are characterized. Furthermore, the explanation about the lab tests is performed,
through the presentation of the experimental setup and the description of the test proce-
dures. Finally, to ensure the accuracy and reliability of the achieved experimental results,
the test procedures are verified using numerical simulation results for comparison.

2.1. Walls and Materials Characterization

A representative horizontal cross-section of the reference double-pane LSF wall used
in the lab tests is displayed in Figure 1. The frame structure of each LSF wall pane is
composed of steel studs (C48 × 37 × 4 × 0.6 mm) spaced 400 mm apart and filled with
mineral wool (MW) panels with a thickness of 48 mm. The LSF wall panes are separated
by a 30 mm thick air cavity and its most superficial layers are made up of two gypsum
plasterboards (GPB) panels with a total thickness of 25 mm, on each side.

The thickness and the thermal conductivities of the materials that composed the
reference double-pane LSF wall used in the experimental tests are displayed in Table 1.

Figure 1. Geometry and materials of the reference double-pane LSF wall: horizontal cross-section.
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Table 1. Reference double-pane LSF wall materials, thickness (d), and thermal conductivities (λ).

Material (Inner to Outer Layer) d [mm] λ [W/(m·K)] ρ [kg/m3] Reference

Gypsum plasterboard (2 × 12.5 mm) 25 0.175 600 [25]
Mineral wool 48 0.035 60 [26]
Steel stud (C48 × 37 × 4 × 0.6 mm) - 50.000 7860 [27]
Air cavity 30 - - -
Mineral wool 48 0.035 60 [26]
Steel stud (C48 × 37 × 4 × 0.6 mm) - 50.000 7860 [27]
Gypsum plasterboard (2 × 12.5 mm) 25 0.175 600 [25]

Total Thickness 176 - - -

In this research work, the thermal performance improvement due to thermal break (TB)
strips and/or reflective foils was experimentally evaluated. The TB strips tested are 50 mm
wide and 10 mm thick, and the material used was aerogel with thermal conductivity
of 0.015 W/(m·K) [16]. Three configurations for the localization of the TB strips were
considered (Figure 2): (i) along the inner steel stud flange (inner wall pane); (ii) along the
outer steel stud flange (outer wall pane); (iii) on both steel stud flanges. Furthermore, the
reflective foils tested are made of aluminium with an emissivity equal to 0.05 [23,24].

Figure 2. Wall configurations tested using aerogel thermal break (TB) strips and aluminium reflective foils.
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Regarding the localization of the reflective foils, three configurations were considered
(Figure 2): (i) along the inner side of the air cavity; (ii) along the outer side of the air cavity;
(iii) along both sides of the air cavity. These two elements (aerogel TB strips and aluminium
reflective foils) were tested separately, as well as combined, resulting in a total of fifteen
wall configurations, as schematically illustrated in Figure 2.

2.2. Experimental Lab Tests
2.2.1. Experimental Setup

The lab measurements were performed using a mini hot box apparatus, as illustrated
in Figure 3a. This equipment is composed of two climatic chambers: (i) a hot box heated by
an electric resistance; (ii) a cold box cooled by a refrigerator. The double-pane LSF wall test
sample was placed between these two chambers, as displayed in Figure 3b,c. To minimize
the amount of heat that is lost through the lateral surfaces of the sample, its perimeter was
covered with 80 mm thick polyurethane foam insulation (Figure 3a).

  
(a) (b) 

 

(c) 

Figure 3. Mini hot box apparatus: (a) global view of the equipment; (b) LSF wall test sample; (c) LSF
wall test sample with TB strips and a reflective foil.

The air cavity within the test frame was ensured by using a 30 mm thick EPS frame,
separating the two LSF wall panes (Figure 3b,c), whose edges match the thickness of the
thermal insulation of the climatic chambers’ envelope (Figure 4b). The frontal view of the
LSF wall pane (hot side) is displayed in Figure 4a, where it is possible to visualize the
steel structure constituted by three vertical studs and filled with mineral wool. Despite
the three vertical studs, when the sample is placed in the mini hot box apparatus, only the
central stud is exposed to the temperature gradient provided by the climatic chambers.
Figure 4b illustrates the EPS frame and the respective dimensions of its edges, as well as
the aluminium reflective foil localization (in this case, on the hot side). The aerogel TB
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strips were applied covering all the steel profiles of the test sample (three vertical studs
and two horizontal tracks), as displayed in Figure 4c. Inside each climatic chamber, small
interior fans were used to promote internal air circulation and reduce the probability of
air temperature stratification. Furthermore, on each side of the LSF wall sample (hot and
cold), a black radiation shield was placed 10 cm apart from the wall surface.

  
(a) (b) 

  

(c) (d) 

Figure 4. Double-pane LSF wall test sample: (a) LSF wall pane (hot side); (b) EPS frame and reflective
foil; (c) aerogel TB strip; (d) arrangement of the monitoring system (cold side).

The arrangement of the monitoring system, constituted by heat flux meters (HFM)
and thermocouples (TCs), is displayed in Figure 4d. To measure the heat flux through the
test sample, four heat flux meters (Hukseflux model HFP01, precision: ±3%) were used,
being two of them applied on the hot wall surface and another two on the cold wall surface.
On each wall surface, since the LSF wall sample presents two distinct thermal behaviour
zones, two locations for the heat flux meters were considered: (i) nearby the central vertical
steel stud (HFM1); (ii) in the middle of the insulation cavity (HFM2).

Temperature measurements were performed using twelve type K (1/0.315) PFA in-
sulated thermocouples (TCs), certified with class 1 precision. These TCs were calibrated
within the temperature range [5 ◦C; 45 ◦C], with a 5 ◦C increment, by immersing them
in a thermostatic stirring water bath (Heto CB 208). The measurements were performed
using six TCs on each side of the wall sample, considering the following configuration:
two of them measured the wall surface temperature (TC1 and TC2), another two measured
the air temperature between the radiation shield and the wall surface (TC3 and TC4), and
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the remaining two measured the environment air temperature inside the climatic chamber
(TC5 and TC6).

The temperature and heat flux data measured during each test were recorded using
one PICO TC-08 data logger (precision ±0.5 ◦C), on each side of the wall test sample
(hot and cold). The management of the data recorded was performed by connecting the
two data loggers to a laptop and using the PicoLog version 6.1.10 software. In Table 2,
the equipment used in the lab measurements is characterized in terms of brand, model,
measurement range, and precision.

Table 2. Characteristics of the measurement equipment used in the lab experiments.

Equipment Brand Model Measurement Range Precision

Thermocouple LabFacility Type K * (1/0.315) −75 to +260 ◦C ±1.5 ◦C
Heat flux meter Hukseflux HFP01 −2 to +2 kW/m2 ±3%

Data-logger PICO TC-08 −270 to +1820 ◦C ±0.5 ◦C
* Tolerance class 1 certified.

2.2.2. Set-Points and Test Procedures

The thermal performance of the double-pane LSF test samples was evaluated using
the heat flux meter (HFM) method, adapted to measure, simultaneously, at both wall
surfaces (hot and cold), as suggested by Rasooli and Itard [28]. Comparatively to the
measurement on only one side (as prescribed by ISO 9869-1 [29]), the measurement at
both wall surfaces allows to increase the precision and reduce the test duration. Regarding
set-point temperatures, the values of 40 ◦C and 5 ◦C were programmed for the hot and
cold boxes, respectively, being the measurements performed in a quasi-steady-state heat
transfer condition.

The minimum duration of each experimental test performed was 24 h and the mea-
surements were recorded at each 10 s. This recorded data was averaged to hourly values,
allowing to obtain the hourly thermal resistance (R-value). Following the convergence
criteria prescribed in ASTM C1155-95 [30], only the estimated hourly R-values with an
absolute difference, in relation to the previous value, lower than 10% were considered in
the measurements.

The application of the HFMs in two locations on the test sample with different thermal
behaviour, allows the determination of two distinct conductive local R-values: (1) a lower
value in the central vertical steel stud zone (Rstud); (2) a higher value in the middle of the
insulation cavity zone (Rcav). The overall surface-to-surface value of the wall is calculated
using an area-weighted average of these two conductive local R-values. Furthermore, for
each wall sample, three tests were performed to ensure the repeatability of the measure-
ments. The three tests correspond to three high locations (top, middle, and bottom), as
illustrated in Figure 4d, and the measured overall conductive R-value of the LSF wall was
considered equal to the average of these three tests.

2.3. Numerical Simulations

These numerical simulations were performed making use of bidimensional models
built in the THERM [31] finite elements software. The main idea was to compare the
measured conductive R-values with the results provided by these simulations, as presented
later in Section 2.4.2. In these models, only a representative part of the double-pane LSF
walls (400 mm wide) were simulated, as previously illustrated in Figure 1 for the reference
LSF wall. The thermal conductivities of the materials used in these numerical simulations
were previously displayed in Table 1. The finite element mesh was refined to achieve a
maximum 3% error in these computations and the mesh void tolerance was 1 mm2. The
maximum number of iterations was 100 and the used quad-tree mesh parameter was set
to 6, while the convergence tolerance was equal to 1 × 10−6. Using this mesh configuration,
the maximum number of finite elements was 15,429.
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Regarding the boundary conditions, the air temperature was set to 5 ◦C and 40 ◦C, for
the outer and inner environments, respectively. Notice that these values are equal to the
set-points defined for cold and hot boxes, as previously described in Section 2.2.2.

Furthermore, the surface thermal resistances were modelled using the average values
measured for each LSF wall surface and for each test, considering the air and surface tem-
perature differences and the surface heat fluxes. The measured surface thermal resistances
vary within the interval [0.06; 0.13] m2·K/W, thereby respecting the range defined by
EN ISO 6946 [32] for horizontal heat flow, i.e., between 0.04 m2·K/W for external surface
resistance (Rse) and 0.13 m2·K/W for internal surface resistance (Rsi).

In a previous work, a similar procedure was implemented for a double-pane LSF
wall with and without one AR foil for different air cavity thicknesses [24]. Regarding the
simulation of unventilated airspaces, it was concluded that both “CEN simplified“ and
“NFRC 100” models were able to reproduce with reasonable accuracy (around ±5%) the
thermal behaviour of the air cavities. However, for larger thicknesses of the air cavities
(greater than 20 mm) the “CEN simplified” model exhibited a better accuracy. Thus, in the
present work, this calculation model was selected since the air cavity was 30-mm thick.

2.4. Verification of the Test Procedures and Measured Values

The authors already have a large experience in measuring the thermal performance
of LSF walls under controlled laboratory conditions [17,19,21,24,33]. Nevertheless, some
verifications were performed to check the test procedures and ensure the reliability of the
measured values, as briefly explained in the next two subsections.

2.4.1. Homogeneous XPS Panel

The first verification was made using a homogenous XPS panel (Topox® Cuber SL),
having a thermal conductivity of 0.034 W/(m·K) and a thickness of 60 mm, which were
tested under the same conditions of the evaluated double-pane LSF walls. It was measured
an XPS conductive thermal resistance equal to 1.748 m2·◦C/W. Knowing the XPS panel
thickness, easily it was computed the laboratory-measured thermal conductivity, which is
equal to the value provided by the manufacturer, ensuring this way the good accuracy and
working conditions of the data acquisition system and sensors.

2.4.2. Nonhomogeneous Double-Pane LSF Walls

Besides the previous verification for a homogeneous XPS panel with known thermal
conductivity, it was performed another set of accuracy confirmation tests for some of the
double-pane LSF walls assessed, since they are very heterogeneous regarding their thermal
properties (e.g., mineral wool and steel).

Thus, besides the reference LSF wall without any thermal break (TB) strip nor alu-
minium reflective (AR) foil, additional selections included an LSF wall with one aerogel
TB strip, a LSF wall with a single AR foil, and another LSF wall containing two TB strips
(inner and outer) as well as double AR foils (inner and outer), embracing in this way the
two thermal performance improvement strategies and a combined LSF wall configuration.

The measured thermal resistances of the four representative double-pane LSF walls are
displayed in Table 3, as well as the R-values predicted by the THERM [31] bi-dimensional
models (see previous Section 2.3). The differences between the measured and the predicted
thermal resistances range from −0.059 m2·K/W (−2%) and +0.062 m2·K/W (+3%). Given
all the simulation and experimental uncertainties involved, this comparison denotes a very
good agreement between measurements and numerical simulations. Therefore, it was
concluded that the implemented test procedures are adequate and the measured values
are reliable.
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Table 3. Predicted and measured conductive thermal resistance of double-pane LSF walls. Absolute
and percentage differences.

Wall Description
R Value [m2·K/W] Differences

Predicted Measured [m2·K/W] [%]

Reference LSF wall 2.394 2.456 +0.062 +3%
Outer TB strip 2.744 2.749 +0.005 +0%
Outer AR foil 2.993 2.934 −0.059 −2%
Double TB strips and AR foils 3.821 3.808 −0.013 −0%

Besides the R-values comparison previously displayed in Table 3, an additional verifi-
cation was performed making use of the finite elements THERM models, as illustrated in
Figure 5. These plots exhibit the predicted heat flux distribution along the cross-section of
four double-pane LSF walls formerly presented in Table 3.

  
(a) (b) 

  
(c) (d) 

 
Figure 5. Predicted heat flux distribution within the LSF walls’ cross-section: (a) reference LSF wall;
(b) outer TB strip; (c) outer AR foil; (d) double TB strips and AR foils.

In Figure 5a, the higher heat flux is very well visible (thermal bridge effect) along
the section containing the steel stud (nearly 50 mm wide). Within the air cavity, this
increased heat flux is mainly related to convection and radiation mechanisms of heat
transfer. Additionally, another mechanism of heat transfer (conduction) is well visible on
both sides of the sheathing layers around the flanges of the steel studs, which diffuses heat
to the surroundings. Moreover, within the two mineral wool insulation layers (one for
each LSF wall pane) there is also an increased heat transfer (thermal bridge), also due to
conduction heat transfer mechanism, which is concentrated within the steel web of both
vertical studs.

When there is an aerogel TB strip placed in the outer steel flange (Figure 5b), there is
a significant decrease of the heat conduction through the steel flange to the surrounding
sheathing layers (gypsum plasterboard). However, the heat flux within the remaining parts
of this steel stud’s related thermal bridge, remained quite high, even with a small decrease
in comparison with the reference LSF wall (Figure 5a).

As expected, when using an AR foil (Figure 5c) there is a significant decrease in
the heat flux, mainly within the air cavity between the two steel studs, but also, as a
consequence, within the gypsum plasterboard near the steel flanges. This feature illustrates
quite well the importance of the radiative heat transfer across these double-pane LSF walls.
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Finally, Figure 5d illustrates the heat flux distribution when both 2 TB strips and
2 AR foils are used in the double-pane LSF wall. As expected, this way the heat transfer
by radiation is mitigated within the air cavity due to the existence of the AR foils, and
the conductive heat transfer is also mitigated due to the existence of the TB strips (one
near each steel flange). Consequently, the heat flux values are higher only within the
2 steel studs, being very reduced within the sheathing layers, the thermal insulation and
the air-gap, confirming this way the best thermal performance previously mentioned in
Table 3.

3. Results and Discussion

This section is divided into three parts. First, the measurement results related with the
thermal resistance improvement of double-pane LSF walls, due to aerogel thermal break
strips, are presented and discussed. After, a similar discussion is presented regarding the
thermal performance enhancement due to aluminium reflective foils. Finally, the measured
R-values for combined aerogel thermal break strips and aluminium reflective foils, in
double-pane LSF walls, are displayed and discussed.

3.1. Thermal Performance Improvement Due to Aerogel Thermal Break Strips

Table 4 displays the measured thermal resistance values of the double-pane LSF walls,
as well as the thermal performance improvement due to aerogel thermal break (TB) strips,
providing the values graphically displayed in Figure 6.

Table 4. Measured thermal resistance of double-pane LSF walls and thermal performance improve-
ment due to aerogel thermal break strips.

Wall Description Abbreviation
R ΔR ΔR

[m2·K/W] [m2·K/W] [%]

Reference wall (without thermal
break strip) NoTB 2.456 — —

Inner thermal break strip TB-In 2.746 +0.290 +12%
Outer thermal break strip TB-Out 2.749 +0.293 +12%
Inner and outer thermal breaks TB-x2 2.928 +0.472 +19%

Figure 6. Measured thermal resistance improvement due to aerogel thermal break strips.

When there are no thermal break strips (reference LSF wall) the measured ther-
mal resistance is 2.456 m2·◦C/W. Adding an inner or an outer TB strip provides similar
R-values (around 2.75 m2·◦C/W), corresponding to a thermal resistance increase of about
+0.29 m2·K/W (+12%). This R-value increase is similar to the one achieved by adding
10 mm of continuous mineral wool (MW). The higher measured R-value (2.928 m2·◦C/W)
is achieved when using two TB strips (inner and outer), allowing a thermal resistance
improvement of +0.472 m2·K/W (+19%). Notice that the combined effect of these two TB
strips (R-value increase of +19%), is smaller than the summation of two single TB strips
(+24%), i.e., inner (+12%) and outer (+12%).
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3.2. Thermal Performance Improvement Due to Aluminium Reflective Foils

The measured thermal resistance values and thermal performance enhancement due
to aluminium reflective foils are displayed in Table 5, while Figure 7 exhibits a plot of
these values.

Table 5. Measured thermal resistance of double-pane LSF walls and thermal performance improve-
ment due to aluminium reflective foils.

Wall Description Abbreviation
R-Value ΔR ΔR

[m2·K/W] [m2·K/W] [%]

Reference wall (without aluminium foil) NoAlum 2.456 — —
Inner aluminium reflective foil Alum-In 2.911 +0.455 +19%
Outer aluminium reflective foil Alum-Out 2.934 +0.478 +19%
Inner and outer aluminium foils Alum-x2 2.972 +0.516 +21%

Figure 7. Measured thermal resistance improvement due to aluminium reflective foils.

Notice that the reference R-value (wall without aluminium reflective foil) remains
the same, as in the previous subsection (2.456 m2·K/W). Adding an inner or an outer
aluminium reflective foil provides similar R-values (around 2.92 m2·K/W), corresponding
to a thermal resistance increase of about +0.46 m2·K/W (+19%). This R-value increase is
similar to the one achieved by adding 16 mm of continuous mineral wool (MW). The higher
measured R-value (2.972 m2·K/W) is achieved when using two reflective foils (inner and
outer), allowing a thermal resistance improvement of +0.516 m2·K/W (+21%).

Comparing these values with the previous ones for the TB strips (Table 4), it can be
concluded that the thermal performance improvement due to aluminium reflective (AR)
foils is more effective, allowing to achieve higher thermal resistances of the double-pane
LSF wall. In fact, the R-value improvement due to a single AR foil (inner or outer) is similar
to the R-value improvement provided by two aerogel TB strips (+19%).

Another interesting conclusion is that the use of two reflective foils is not so effective,
since the thermal performance improvement, in comparison with only one aluminium
reflective foil, is very reduced (about +2%).

3.3. Thermal Performance Improvement Due to Thermal Break Strips and Reflective Foils

Table 6 exhibits the measured R-values for combined aerogel thermal break (TB)
strips and aluminium reflective (AR) foils, as well as the corresponding thermal resistance
increase. Figure 8 displays a graphical representation of these values, being grouped into
three sets of R-values, depending on the number and location of TB strips (inner, outer, and
both inner and outer). Notice that the reference R-value remains the same (2.456 m2·◦C/W)
for all three sets of measurements.
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Table 6. Measured thermal resistance of double-pane LSF walls and thermal performance improve-
ment due to aerogel thermal break strips and aluminium reflective foils.

Wall Description Abbreviation
R-Value ΔR ΔR

[m2·K/W] [m2·K/W] [%]

Reference wall (No TB Strip) NoAlum 2.456 — —

Inner TB Strip
Inner aluminium reflective foil Alum-In 3.334 +0.878 +36%
Outer aluminium reflective foil Alum-Out 3.298 +0.842 +34%
Inner and outer aluminium foils Alum-x2 3.476 +1.020 +42%

Outer TB Strip
Inner aluminium reflective foil Alum-In 3.308 +0.852 +35%
Outer aluminium reflective foil Alum-Out 3.296 +0.840 +34%
Inner and outer aluminium foils Alum-x2 3.458 +1.002 +41%

Inner and Outer TB Strips
Inner aluminium reflective foil Alum-In 3.667 +1.211 +49%
Outer aluminium reflective foil Alum-Out 3.699 +1.243 +51%
Inner and outer aluminium foils Alum-x2 3.808 +1.352 +55%

Figure 8. Measured thermal resistance improvement due to aerogel thermal break strips and aluminium reflective foils.

The combined thermal resistance improvement, due to a single TB strip (inner or
outer) and a single AR foil (inner or outer), is around 0.85 m2·K/W (+35%), being this
value slightly higher than the summation of individual R-values increase (+31%), obtained
from Table 4 (+12%) and Table 5 (+19%).

Looking to the LSF walls with inner or outer TB strip, having two AR foils (inner and
outer), the R-value increase is around +1.01 m2·K/W (+41%). Again, this thermal resistance
improvement (+41%) is higher than the summation of individual R-values increase (+33%),
obtained from Table 4 (+12%) and Table 5 (+21%), evidencing a bigger synergy outcome
between the TB strips and the AR foils.

As expected, the higher measured thermal resistances are provided by the LSF walls
with two TB strips. In this circumstance, when having an inner or an outer AR foil, the
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R-value increase is about 1.23 m2·K/W (+50%). Once more, the summation of individual
thermal performance improvement due to double TB strips (+19%) and due to one (inner
or outer) AR foil (+19%) is smaller (only +38%) than their combined effect (about +50%).

The use of two AR foils, instead of a single one, only improved the thermal resistance
by an additional 5%, i.e., +55% (+1.352 m2·◦C/W) in relation to the reference LSF wall. The
synergy effect remains, being even higher since this value (+55%) is considerably bigger
than the summation (+40%) of individual improvement contribution from two TB strips
(+19%, Table 4) and from two AR foils (+21%, Table 5). The R-value increase measured for
double TB strips combined with double AR foils (about +1.35 m2·◦C/W) is similar to the
one achieved by adding 47 mm of continuous mineral wool (MW).

4. Conclusions

In this paper, the thermal performance improvement due to the use of aerogel thermal
break (TB) strips and aluminium reflective (AR) foils in double-pane lightweight steel-
framed walls were experimentally assessed. The lab measurements were performed
using two mini climatic chambers (hot and cold) and the double-sided heat flow meter
technic. Three sets of measurements were performed, considering the thermal performance
improvement due to: (1) only aerogel TB strips; (2) only AR foils, and; (3) both TB strips and
AR foils. Taking into account the three TB strips and AR foils locations, namely: (i) inner;
(ii) outer; (iii) double (i.e., both inner and outer), as well as the reference LSF wall (without
TB strips and AR foils), sixteen LSF walls’ configurations were measured.

As expected, the key findings address the research questions of this research work,
being the main conclusions summarized as follows:

• Both aerogel TB strips and AR foils allowed to improve the thermal performance
of a reference double-pane LSF wall, which has a conductive thermal resistance of
2.456 m2·K/W.

• Placing the aerogel TB strip on the inner or outer steel stud flange provides similar
conductive R-values, being the thermal resistance increment of about +0.29 m2·K/W
(+12%).

• The use of inner or outer AR foils inside the air cavity also provides similar R-values,
but the effectiveness of this improvement measure is higher, exhibiting a thermal
resistance increment of about +0.47 m2·K/W (+19%).

• In fact, using an AR foil inside the air cavity of double-pane LSF walls is much more
effective than using aerogel TB strips along the steel flange, since only one AR foil
(inner or outer) provides similar thermal resistance increase than two aerogel TB strips,
i.e., around +0.47 m2·K/W (+19%).

• However, the use of two AR foils, instead of a single one, is not effective, since the
relative thermal resistance increase is only about +0.04 m2·K/W (+2%).

• The combined effect of both TB strips and AR foils allowed to achieve a maximum
R-value increase of +1.35 m2·K/W (+55%).

• When combining these two thermal performance strategies, it was found a synergy
effect between them, since the measured combined R-value increase, when using
both TB strips and AR foils, is bigger than the summation of individual R-values
increments.

• This synergy effect ranged from only +0.10 m2·K/W (+4%) for the thermal resistance
increase due to a single TB strip and a single AR foil, up to +0.37 m2·K/W (+15%)
when using two TB strips and two AR foils.

Notice that the higher effectiveness of the AR foils in comparison with the aerogel TB
strips could be justified by the continuous air cavity (3 cm) and reflective foil, while the TB
strips are restricted to the steel studs’ flanges. Moreover, the steel studs in the double-pane
LSF wall are separated in two different frames (inner and outer wall panes), not crossing
the wall and, this way, the related steel thermal bridge effect is very reduced.

The main practical applications and implications of the research findings are related
the design of double-pane LSF walls, or refurbishment, whenever their thermal perfor-
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mance is not satisfactory. As mentioned above, the use of AR foil is more efficient than
TB strips, even when they are made with a super insulation material (aerogel). Moreover,
adding this AR foil to the inner or outer side of the air cavity originates a similar thermal
performance increase. Furthermore, the use of two AR foils, instead of a singleone, is
not effective.

Cost assessment is not within the scope of this research, being an interesting research
idea for future work. However, the acquisition cost of aerogel TB strips is much higher than
the cost of an AR foil. For example, the cost of an aerogel Spacetherm® CBS (Cold Bridge
Strip) is around 3.80 €/m (50 mm wide and 10 mm thick), while the cost of a Space-Reflex®

AR foil (4 mm thick) is around 2.35 €/m2. Assuming an LSF wall with a stud spacing equal
to 400 mm and a high of 2.70 m, the unit consumption of a single TB strip is 3.30 m per
wall square meter. Thus, the unit cost of this TB strip is around 12.54 €/m2 for this LSF
wall. Therefore, the unit cost of the AR foil is around five times lower than the aerogel TB
strip. Consequently, it can be concluded that besides the higher thermal efficiency of the
AR foil, this performance improvement strategy is also much cheaper.

The main limitations of this research are: only one air cavity was assessed (30 mm
thick); only one TB strip material was assessed (aerogel); only one reflective foil was
assessed (aluminium); the measurements were performed in a double-pane LSF wall test-
sample (without any wall ties, connectors or other bridging elements inside the air cavity)
under controlled lab conditions in a near steady-state regimen (not having into account
any transient effects due to daily temperature variations).

Energy consumption is not within the scope of this research, being a good research
suggestion for future work. Nevertheless, the achieved thermal resistance increments
(maximum absolute increased value of +1.35 m2·◦C/W, corresponding to +55%) will allow
for sure to reduce the heat losses across the building opaque envelope during the winter
season and, consequently, to reduce energy consumption for space heating. This energy
consumption reduction will be larger for colder climates.
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Abstract: Huge efforts have been made in recent decades to improve energy saving in the building
sector, particularly focused on the role of façades. Among the explored viable solutions, climate-
adaptive building shells [CABS] consider promising solutions to control solar radiation, both in
terms of illuminance and heating levels, but are still piloting these solutions due to their complex
designs and necessary costs. The present study aims to provide a speedy but reliable methodology
to evaluate the potential impacts of adopting active/passive CABS systems during the preliminary
design stage. The proposed methodology allows the evaluation and comparison, when multiple
options are considered, of the effects of each solution in terms of the energy needs, thermal comfort
and lighting, while reducing the required effort and time for an extensive analysis of the overall
building level. This is based on the use of a “virtual test room” where different conditions and
configurations can be explored. A case study in the city of Bologna is included for demonstration
purposes. The achieved results support the decisions made regarding energy behavior (over/under
heating), indoor comfort, lighting and energy at an early design stage.

Keywords: climate-adaptive building shells; sustainable design; energy efficiency; shape-memory
alloy; climate change

1. Introduction and Background

The ever-increasing evidence regarding the potential impacts of climate change on
the building sector is strictly related to not only to the recurrence of extreme events, such
as heatwaves, flooding, wildfires, but also to the structural alterations of local climate
conditions, which affect the population in everyday life and remarkably influence the
expected response of buildings and cities [1–3].

The 2018 IPCC report “Global warming of 1.5 ◦C” warned about the potential conse-
quences of temperature increase, considering several interrelated and variable parameters
on key sectors [4–6], especially those linked to United Nations Sustainable Development
Goals [UN SDGs]. The data observations over the last decades showed a relevant increase
in the average temperature in many cities in different regions and a related growth of
energy demand for air conditioning (AC) can be easily detected both in terms of intensity
and diffusion across the EU and other countries [7,8].

Additional studies have been provided by the scientific community to explore the
sector-based analyses of energy demand and supply options to achieve a large reduction
in GHG emissions: Creutzig [9], Jacobson [10], and Clack [11] analyze a 100% renewable
energy transition by 2050. However, most of the investigated measures differ for several
reasons, such as political and socio-economic implications, and they are often randomly
adopted within the same country without having a clear perspective of the extent to which
the conditions will evolve in the future. The broad scientific literature documents the
achievements gained in meeting the highest expected standards in terms of energy savings;
however, it also reveals the minor attention given to the interrelated phenomena and
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citizens’ wellbeing; see Ferrao and Fernandex [10] and European Environment Agency [12].
Meanwhile, other studies specifically focused on the mitigation strategies to cope with
more specific issues, such Urban Heat Island [UHI] [13–15].

Nonetheless, despite the huge efforts made in recent decades to develop effective
measures to support the transition towards a low-carbon society, as described in European
Commission Environment Directorate-General [15], in 2015, the level of greenhouse gases
[GHG] in most of the projections will show a dramatic rise in the coming years [16].

Therefore, the progressive understanding and awareness raised about climate change
and sustainable development are leading to calls for groundbreaking and innovative design
approaches in architecture [17–20] to concretely contribute to facing this huge challenge.

A wide range of architectural solutions developed in recent years mainly focus on
decreasing the demand for heating [21], and adopting more efficient insulation material
and systems to comply with the Energy Performance of Buildings Directive [22], the
EPBD Recast III [23] and the Directive 2012/27/EU [24]. However, the achievement of a
building sector which is more resilient to future climate conditions [25,26] also requires the
appropriate decisions about orientation, as well as effective mitigation solutions, exploiting
both natural ventilation and shielding options against overheating.

Among the possible answers to these issues, the use of the so-called adaptive solu-
tions [27] (able to change their configuration according to the variation of temperature or
solar radiation) [28] can be considered very promising solutions to reduce the thermal load
on the building envelope.

The scientific literature groups these solutions into the family of climate-adaptive
building shells (CABS) which can be classified according to different criteria, from the
climate response to the activation agent, and from their geometrical configuration to
the adopted actuator. Their common element is that the system is essentially designed
to dynamically vary the façade configuration as a response to environmental changes
according to the detection of specific parameter variations [29].

1.1. CABS in the Scientific Literature

Designed to primarily meet a sustainable design in terms of provided performances,
the very first generation of CABS was mainly based on electro-mechanical actuators driven
by a centralized CPU, which processes the outdoor condition variations [30–33].

This enables a real-time optimized response to external variations and does not require
any manual action to be performed by the end users, although this limits the end user’s
own preferences.

The development of the so-called smart materials are defined as: “A material which
has built-in or intrinsic sensor(s), actuator(s) and control mechanism(s) whereby it is capable
of sensing a stimulus, responding to it in a predetermined manner and extent, in a short
appropriate time and reverting to its original state as soon as the stimulus is removed” [34].
The smart materials enlarged the opportunities of kinetic characterization [35].

Much more relevant are the deriving solutions, which are generally highly responsive
and can be considered energetically autonomous, concretely contributing to the develop-
ment of innovative low-energy design concepts with very limited mechanical devices. The
more frequently used deriving solutions are: magnetorestrictive materials, piezo electric
materials, shape-memory polymers, phase-change materials, photochromic glasses, and
shape-memory alloys. These materials can be used as actuators to passively drive the
shielding system due to their own capacity to autonomously and reversibly adapt to cli-
matic variations without computerized remote control. This typology remarkably reduces
several maintenance and economic problems related to electro-mechanical solutions.

Passive systems typically react to environmental parameters such as temperature, humid-
ity, and light, etc., providing an instant response to their variations. Some studies [17] consider
the use of smart materials as no longer separable from adaptive building envelope design,
supported by advances in technologies, production methods and simulation capacities.
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When the adaptive capacity is an intrinsic feature of the building envelope sub-system
and does not require an external decision-making component, it is usually classified as
an intrinsic control system, self-adjusting according to temperature, humidity, light, and
stimuli, etc. [27,36], providing a classification via the related energy (radiant, thermal, po-
tential, and kinetic). Depending on the properties of materials and on their responsiveness
to the environmental stimuli, technological solutions can be classified with several nuances:
unpowered kinetic [36], energy-free adaptability [37], zero-energy adaptability [28], and
auto-reactive [36] or intrinsically controlled adaptability [29].

For the scope of this study, the more inclusive definition of the self-sufficient ki-
netic building envelope [38], referring to both the capacity to autonomously control the
dynamism and the independence from supplied energy sources, is adopted.

The passive actuators, more frequently adopted in the current market, are those based
on bi-metallic components, a change of state wax and shape-memory springs. This study
investigates the use of shape-memory springs, defined with the acronym SMA: “shape-
memory alloy”, with a relation to two intrinsic advantages of these materials: the pseudo
elasticity and the shape-memory effect. This type of spring is composed of two elements,
nickel and titanium, commonly called nitinol, and responds to temperature variations
through an elongation of 10%. The shape-memory effect (EMS) allows SMAs a dual process
that combines a stored physical shape with a transition from a malleable to a rigid state.

At room temperature, SMAs, in the martensitic phase, are malleable and can be bent
into various shapes; when heated at a certain temperature they reach the austenitic phase,
becoming rigid and remembering their stored shape [39].

1.2. CABS Based on a Shape-Memory Alloy

Shape-memory alloys (SMAs) have a dual solid phase actuated by a specific environ-
mental trigger. In the first phase the material is inert and easily deformed. In the second
phase it recovers the initial molecular structure and the related shape that can be set “at
will” according to a predefined layout. This is achieved through a “training” process of
the phase transition that can also influence some mechanical characteristics of the material
such as stiffness.

SMAs ensure the advantage of an on-off function, which behaves like a switch that
allows a specific configuration to be obtained. However, the main problem often lies in
creating the counteraction bias to bring the actuator back to its original shape [40,41].

The main limitation of such intrinsically controlled systems is that they cannot be di-
rectly controlled by the occupants, influencing the satisfaction level. A dedicated study [42]
pointed out that this is not connected with thermal comfort (which is generally achieved)
but mostly with visual requirements, as the optimization of the shading element position-
ing often reduces external views from the interior. The other relevant limitation deals
with the system’s responsiveness, which is “programmed” during the fabrication process
which cannot be changed during the time. This capacity is tuned during the design process,
making the system dependent on the precise environmental parameters fluctuation.

The actuator can be localized, meaning that the kinetic component has an actuator
triggering a pre-defined movement, or can be distributed, meaning that the system has
several actuators. A combination of several actuators, intended as the mean to move the
system components, can of course increase the kinematic complexity.

2. Goals

The scope of the study is to develop and test a methodology to evaluate the effective-
ness of adaptive façade solutions during the preliminary design stage, with relation to
indoor microclimate conditions: temperature, thermal comfort, and daylight. The proposed
methodology is then applied to a shielding solution based on SMA technology. In the
following section the methodology, calculations and output are described, followed by a
case study application. The same process can be replicated with other adaptive options,
which compare the different performance levels and the possible effects on the façade.
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3. Methodology

This study provides a rapid and comparative methodology to assess the impacts of
shielding systems in terms of energy and lighting levels. The related workflow includes
three different typologies of input data regarding: (a) climate data: to properly consider the
context in which the system is expected to operate; (b) building configuration: to adequately
consider the influence of geometry and architectural choices and possibly define a repre-
sentative standard room to be adopted as test room; and (c) building shell design: to set the
geometrical and technical features of the system. The use of a standard virtual test room
allows for the investigation of several variations, limiting the complexity of interaction
for replicating the process and extending the results to a full-scale building when one
(or more) specific solution(s) is selected. Figure 1 provides a graphical representation of
the workflow.

Figure 1. Methodology workflow.

With reference to the geometrical characteristics of the system, the following config-
uration options must be considered: totally shading the solution, partially shading the
solution, simply filtering the solution. The rotation angle and the incident solar radiation
must also be carefully taken into account. The standard virtual test room is modeled to be
adiabatic, with no energy exchange with surrounding spaces except for the façade, n, for
which the shielding system is installed. Internal walls have a reflection coefficient equal
to 0.90 corresponding to a white plaster and a very similar floor finishing. The standard
virtual test room is designed like a physical test laboratory.

The definition of the thermophysical properties of the shielding system is very de-
pendent on its design and this is strictly connected with the architectural concept which
underlines the design, as well as with the choice of the actuator, which can be based on an
electromechanical device or on SMA component, as in the specific case study. Once these
elements are preliminary decided, the related data are input for the model in Grasshopper,
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the software adopted for simulation purposes. As is the standard with most simulation
processes, a check phase is required to assess the input/output data accuracy and reliability
before the results can be successfully obtained.

The other relevant part of the process deals with the activation rules that influence the
dynamism of the shielding system (if any) and may depend on the daytime, the lighting
level, the indoor/outdoor temperature, or other factors. In the case of SMA, which is
adopted for the demo case study, the activation criterion is the outdoor temperature, which
determines the rotation angle based on the incident solar radiation. Depending on the
rotation angle, the percentage of obstruction of the incoming solar and luminous radiation
is defined for the shielding element and the indoor microclimate (temperature, illuminance,
and radiation, etc.), for the standard virtual test room varies accordingly.

The final stage of the process deals with the simulation output which is intended to
support a more detailed and in-depth design of the shielding system and actuator, once the
preliminary choices are addressed. The simulation output regards:

(A) Overheating/underheating hours: the simulation allows the evaluation of the re-
sponse with respect to comfort expressed as Predicted Mean Vote (PMV);

(B) Thermal Comfort Autonomy: measures the percentage of hours of the year that fall
within the comfort parameters, without the aid of heating and cooling systems;

(C) Radiant temperature: measures the radiant temperature in ◦C at a specific time of
the year, through points of a grid built inside the 3D room under study. The radiant
temperature influences local thermal comfort and discomfort conditions;

(D) Parametric Daylight Analysis: it provides the illuminance level (lux) to evaluate the
correct natural lighting of the interiors.

4. Case Study

In this section the proposed methodology is concretely applied to a case study for
testing purposes on a building at the design stage, located in the city of Bologna (Figure 2).
The building is under development and a specific study to achieve the highest efficiency
and comfort level is required to support the design process during the different stages.

Figure 2. Italy and Bologna city.

Bologna is a city located in the mid-northern part of Italy, (lat. 44.31 N, long. 11.17 E),
in the middle of the Po valley. Following the Koppen classification [43,44], the weather is a
Humid Subtropical Climate(Cfa) and it is characterized by a range of latitudes from 20◦ to
35◦. It is mildly cold in winter and hot and sunny in summer, with weak wind and focused
rain occurring particularly during the autumn and spring seasons.
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4.1. Building Design and Test Room

The case study is a free-standing residential building with a south-oriented main
façade (Figure 3) where the living area of all the flat typologies is located. The overall
shape is a quite compact and has a regular volume, with east-oriented bow windows on
the north side and wide loggias along the entire length of the south side. The 1.8-m depth
of the loggia partially shades the largely glazed façade during the summer period to avoid
overheating, while ensuring a suitable solar gain during winter. However, without any
shielding element, loggias cannot be used during the summer due to the exposure and
high temperature of the location. Additionally, the south orientation may cause unsuitable
glaring effects regardless of the loggia proportion. Therefore, during the preliminary design
stage, the opportunity to add a shielding system was discussed and then which of the
available options would best fit the design brief requirements was explored. During the
preliminary discussion, some concern about the possible reduction in natural lighting and
the possible user difficulties with managing the actuation mechanism emerged. This led
to a chance to concretely apply the proposed methodology to select the most appropriate
solution and optimize its configuration. After a preliminary evaluation, a self-sufficient
solution was agreed upon (to avoid any energy dependency and to make the shielding
system operating) and an SMA-based actuator was chosen, as described in the follow-
ing paragraphs, to meet both the architectural design ambition and the expected indoor
comfort levels.

Figure 3. Building design: typical floor, axonometry of the building block and the typical apart-
ment layout.

The standard virtual test room corresponded to the living room of a typical flat and
was 5.10 m wide and 4.10 m long with an internal net height of 2.70 m. The loggia had a
depth of 1.8 m (Figure 4).

4.2. Building Shell

The investigated adaptive shell solution is a frontal shielding screen of metal mesh
aimed at filtering the incident solar radiation. Figure 5 shows the different shielding system
configurations according to the different rotation angles of its vertical axis and the related
effects on light inflow. The choice of using a metal mesh is mainly due to the façade
orientation and the need to filter solar radiation, letting only part of it enter into the loggia.
At the same time this material ensures an adequate resistance to the rotation impressed by
the system’s dynamism and offers less resistance to wind pressure on the façade surface
(reducing the structural sections); despite this, the latter factor is not at the core of the
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present study. The use of rotating screens is to meet architectural preferences and does
not influence the methodology testing process, which can be replicated with any other
technical option. Specifically, in this case study, the torsion allows the element to shift from
a flat configuration, parallel to the façade, to one in which its upper part is rotated 180◦.
This ensures a free visual perspective from the indoor spaces and the loggia. Furthermore,
compared to other systems based on a rigid movement, the torsion of a light element
requires less energy for system implementation and perfectly fits into passive actuation
systems, which allow a change of configuration without the contribution of energy from
the grid.

Figure 4. Typical flat layout with the test room evidenced.

Figure 5. Building shell geometry and configuration of the different filtering conditions in relation to the angle of rotation.

Therefore, the lower weight, less material, and lower energy required to activate the
torsion are the key design elements which emerged during the decision-making process
and led to adopting a “passive” activation system.

4.3. Activation Rules

The chosen activation system is an actuator operating by means of two springs, one of
which is a shape-memory alloy (SMA) positioned inside a “thermal box” (Milan Polytechnic
patent) [45,46]. The upper end of the system is positioned on the actuator, while the lower
part is fixed and keeps the shielding module under tension. When the shape-memory
spring is elongated due to heating (at an air temperature of 25 ◦C and thermal chamber
temperature of 50 ◦C), it is in its original form and causes the actuation system to move
upwards. This upward movement is transformed into rotation by pins, which move a
cylinder with a spiral hole to which the single façade module is connected. In this state,
the shielding system assumes the maximum shielding configuration and covers 100% of
the surface. When the temperatures decrease, even within the same day, the spring (in the
martensitic phase) becomes malleable and is compressed downwards. The lower spring
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increases its elongation at the same time, causing a downward movement of the system,
which means that the actuator triggers a rotation of the cylinder to which the shielding
module is connected. This, albeit gradually, reaches a rotation of 180◦. The rotation of the
actuation system corresponds to a torsion of one end (in our case the upper end) of each
shielding module.

The system is activated in relation to the external temperature and the solar radiation
that comes into contact with the thermal box. The SMA spring stretches with a radiation
of 300 W/m2, which corresponds to a temperature of about 50 ◦C, and reaches inside the
metal box with a dark glass in which the spring is placed. The box allows the spring to
reach higher temperatures than those corresponding to current outdoor conditions.

With the solar radiation on a vertical plane higher than 300 W/m2 (and beyond) the
spring stiffens and overcomes the tension of the normal spring, recovering the original
shape. The system transforms the compression generated by the spring into a rotational
movement by means of a notched rod which transmits the axial force to a flange making it
rotate. The ropes are attached to this latter element which rotates when the flange assumes
a cylindrical configuration (maximum shielding in conditions of high incident radiation)
or an hourglass configuration (opening the maximum possible area below the activation
threshold). The system and possible shielding configurations are shown in Figure 6.

Figure 6. Configuration of the activation system (SMA) as a function of the solar radiation incident
on the vertical plane (Irr, measured in W/m2).

5. Outcomes

The following paragraphs summarize and comment on the outcomes of the application
of the proposed methodology, as obtained by Grasshoper software according to the output
listed (A-B-C-D) in Section 3.

148



Energies 2021, 14, 6231

5.1. Overheating

The simulation output shows the number of hours, expressed as a percentage, during
which the indoor temperature is higher or lower than the standard value, conventionally
fixed to 20 ◦ C and the PMV comfort condition is equal to zero; therefore, representing a
neutral comfort.

The results (Figure 7) show that the percentage of hours of overheating, in red, are
about 30% (evidencing that the distribution is very close to the windows) with a significant
positive reduction compared to the condition without shielding. For underheating, in blue,
the lowest value is around 5%. In other words, in a building with an adaptive façade, the
need for cooling energy decreases at approximately 30% less than the value during the
summer and the heating energy requires a minor reduction of 5% during the winter season.

Figure 7. Overheating/underheating hours. Overheating (1a) summer season without shielding,
(1b) summer season with adaptive shielding. Underheating (2a) winter season without shielding,
(2b) winter season with shielding.

In terms of the activation of the shielding during the year, this controls and ensures
solar gains during the winter regime (blue) and attenuates the solar radiation inflow during
the summer regime (red).
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5.2. Thermal Comfort Autonomy

The simulation output dealing with Thermal Comfort Autonomy (TCA) (Figure 8)
allows an evaluation of how many hours, as a percentage, the environment is able to
ensure the conditions of thermal comfort without activating any heating/cooling systems.
Figure 8 shows that this percentage is around 25%, meaning that for approximately 25% of
the hours during a year it is necessary to activate the heating or cooling system to keep the
building air conditioned.

Figure 8. Thermal Comfort Autonomy, (a) without shielding, (b) with shielding.

5.3. Radiant Temperature

The output represents the distribution of the average radiant temperature value,
expressed in degrees centigrade, within the room. Figure 9 reports the results for a rep-
resentative day, in this specific case 5 August at 3 pm, which was selected as it was the
peak day during the heat waves of summer 2018, and historically one of the hottest days of
summer in Bologna.

Figure 9. Radiant temperature: (a) without shielding, (b) with shielding.
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The role of the façade in reducing the radiant temperature is evident, with a more
marked approximate decrease of 3–4 ◦C near the window (Figure 9).

5.4. Daylight Analysis

The output displays the distribution of illuminance, measured in lux, within the
building environment on 21 December and 21 July at 2 pm analyzing the configurations
with and without shielding.

The results show that at 2 pm, both during the winter and summer solstices, the
unshielded room shows an excessive level of lux, almost exceeding 1000 lux on the entire
surface. By applying the shielding, this exceeding level of illumination is dimmed and
generally remains at a satisfactory level. In summer conditions, the external cantilevered
balcony largely intercepts the solar radiation that reaches the room’s windows. However,
the application of the shielding does not negatively affect the general conditions, having a
value higher than 300 lux across almost the entire surface (Figure 10).

Figure 10. Daylighting Analysis. Above: without shields, below: with shields.

6. Discussion

The diffusion of adaptive façades in contemporary architecture is currently quite
limited due to different factors. On the one hand, operating costs and maintenance costs are
often generally considered unsustainable in the mid- to long-term; however, these factors
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can be greatly reduced by adopting self-sufficient systems such as SMA and avoiding the
use of electro-mechanical systems. On the other hand, a common level of uncertainty is
perceived around their real effectiveness, particularly during the early design stages.

Adaptive solutions are often driven by architectural and aesthetic choices, aiming
to make the sustainable attributes of the building visible, rather than by their real per-
formances and potential impacts on users’ wellbeing. The very limited availability of
methods or tools, in common design practice, to observe and evaluate the potential ef-
fects of adopting an adaptive solution, led to the exploration of a methodology, based on
relatively simple steps, to support the fast preliminary evaluation of the adaptive façade
performance. This led to the development of a feasible and reliable workflow whose results
allowed for the assessment of the achievable performance level that, in the case of an SMA
solution, based on a passive system, was adopted. However, this is not to be considered a
foregone conclusion. The passive actuator significantly reduced the maintenance cost while
optimizing the use of services and comfort levels with remarkable energy savings (which
were not the specific focus of this article), but sometimes did not meet the users’ preferences
whose customization level was limited (override is often possible, but negatively affect the
overall performance). Thus, having a clear projection of the potential effects, benefits and
limitations during early design stages could be very helpful in addressing the architectural
choices using an approach that best fits the investor and target users’ expectations.

The advantages of the proposed method deal with a significant reduction in the time
required to evaluate the potential effects and benefits of adopting the adaptive façade
solution to the single investigated unit, according to a multidimensional approach regard-
ing energy, comfort, and daylight. The conducted study demonstrated that the proposed
methodology and the related outcomes could be successfully replicated in further research
and design activities. Limiting the analysis to the single investigated unit could be con-
sidered a weakness of the study, but this approach was based on the same concept of a
laboratory test: once the sample unit and the specific performance to be investigated were
selected, the process allowed the selection of the most promising options. Yet, it was still
necessary to deepen their behavior at the building scale in a further stage. This meant
improvements and additional details could be explored without significantly changing the
selected technologies.

According to the specific concept, CABS required a simulation phase, which was
performed during the construction design phase and the proposed method avoided a time-
and resource-consuming process which applied to multiple options. It was discovered only
at the end of the flow that many of these options did not fit the scope properly.

The proposed methodology refers to the very preliminary design stage when there
is a choice to apply a CABS, as well as a typology, and is still under discussion. It can be
observed that the proposed methodology does not focus on the potential influence of the
surrounding buildings, which is discussed in a second stage when the choice concerning
the appropriateness of the solution is made. Furthermore, CABS are usually adopted to
protect the façade in case of direct insulation, considering that the narrow construction of
the urban fabric is not able to provide any kind of direct or indirect shading.

7. Conclusions

The proposed methodology can be easily applied to any kind of adaptive façade and
the required resources and time can be considered as compatible with design activities
and comparable to other consultancy typologies. This study required some additional
time and resources due to the trial and error phase, but, once the workflow was fixed,
the process could be replicated in a relatively smooth way. The adopted perspective
was to reduce the effort required, focusing on a significant (recurrent) portion of the
building to investigate the potential effect and scaling up of the outcomes, in order to
obtain a reasonable projection of the effects on the overall building performance during
the preliminary design, saving time and money. Once one or more options were explored
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and the suitable option was identified, the solution could be detailed and modelled to the
entire building for construction purposes.

The study contributes to the building energy performance and building comfort with
reference to adaptive solutions, which can provide a valuable response to the effects of
climate change if applied to the retrofitting actions on existing buildings. These can also
be included in policy recommendations for renovation actions, as well as new building
initiatives. The current literature review, as well as the authors’ previous studies in this
filed [19], demonstrate that research and prototyping are particularly active in this sector.
However, the concrete application of the tested pilots still remains episodic in the current
conventional market due to two main reasons. On the one hand the technological solutions
are often quite sophisticated and sometimes not cheap (this was the case during the 1960s
with the first curtain wall applications). On the other hand, the effort, time and the costs of
simulations during the early design stage still affects the decision-making process.

The adoption of rapid methods for achieving a comparative multidimensional ap-
proach to selecting the most appropriate options, can significantly reduce the required
time and, consequently, can facilitate the diffusion of adaptive solutions with a potentially
progressive cost reduction. Since this happened in the past with ventilated façades, it may
also happen with adaptive façades considering that the frontiers of architectural design
are very close to creating a building capable of sensing the surrounding environmental
conditions and adapting to them, optimizing users’ comfort and livability.
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Abstract: Experimental studies on internal convective (CHTC) and radiative (RHTC) heat transfer
coefficients are very rarely conducted in real conditions during the normal use of buildings. This
study presents the results of measurements of CHTC and RHTC for a vertical wall, taken in a
selected room of a single-family building during its everyday use. Measurements were performed
using HFP01 heat flux plates, Pt1000 sensors for internal air and wall surface temperatures and a
globe thermometer for mean radiant temperature measured in 10 min intervals. Measured average
CHTC and RHTC amounted to 1.15 W/m2K and 5.45 W/m2K, compared to the 2.50 W/m2K and
5.42 W/m2K recommended by the EN ISO 6946, respectively. To compare with calculated CHTC,
14 correlations based on the temperature difference were applied. Obtained values were from
1.31 W/m2K (given by Min et al.) to 3.33 W/m2K (Wilkes and Peterson), and in all cases were
greater than the 1.15 W/m2K from measurements. The average value from all models amounted
to 2.02 W/m2K, and was greater than measurements by 75.6%. The quality of models was also
estimated using average absolute error (AAE), average biased error (ABE), mean absolute error
(MAE) and mean bias error (MBE). Based on these techniques, the model of Fohanno and Polidori
was identified as the best with AAE = 68%, ABE = 52%, MAE = 0.41 W/m2K and MBE = 0.12 W/m2K.

Keywords: convection; radiation; heat transfer coefficient; correlation

1. Introduction

Heat transfer by convection and radiation plays an important role in numerous appli-
cations from nanoscale [1–3] to large industrial installations [4]. Among these, buildings
are of special interest because of their important contribution to global energy consump-
tion [5]. Therefore, for economic and environmental reasons, it is common for the energy
performance of buildings to be legally regulated in many countries [6].

Heat transfer by convection and radiation plays important role in the internal envi-
ronment of a building, influencing thermal comfort, the operation of heating, ventilation
and air conditioning (HVAC) systems, and energy consumption [7–10]. Heat transfer by
convection and radiation can be derived both theoretically and experimentally, however
the latter method prevails when considering non-typical and more complex cases, or for
proving theoretical investigations.

Energy performance assessments for buildings are usually based on the energy usage
for the heating and cooling of the space [11], calculated using various computer tools.
These tools employ different models to compute radiative and convective heat transfer
coefficients. The nature of the physical phenomenon for a given heat transport mechanism
determines the parameters necessary to compute the appropriate coefficients. Heat transfer
by radiation is simple to describe, as it depends on the temperature, emissivity and position
of the considered body and its surroundings. Moreover, numerous studies have proven
that the difference between the air and mean radiant temperatures inside the building zone
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is relatively small, typically below 2 ◦C [12], and in practice, constant values of radiative
heat transfer coefficients (RHTCs) are commonly used [13,14] to simplify calculations.

In terms of heat transfer by convection, the aforementioned temperatures, flow condi-
tions, and physical properties of the fluid (air) are needed. Hence, mathematical description
is more complex than in the previous case, and analytical solutions are available mainly
for relatively simple cases. For these reasons, over the past few decades, experimental
correlation models of the convective heat transfer coefficients (CHTCs) have been devel-
oped. They significantly reduce computation effort by combining an unknown coefficient
with the main driving physical factors in given conditions within the studied case. Usually,
these models are subdivided into correlations of dimensionless numbers or temperature
differences [15,16]. The first type links Nusselt with Grashof and Prandtl numbers in the
form of the power equation Nu = C (Gr Pr)n with constant C and n. In the second case,
an equation of the type hc = C (ΔT)n is used. The latter form is simpler to use because it
is founded on an easily measurable quantity, which is temperature and, in certain cases,
geometrical parameters (length, area or height of a surface) and air velocity.

Initially, a lack of detailed data forced the use of results from various physical ex-
periments in buildings’ thermal calculations. The similarity of buildings’ partitions to
typical geometric figures resulted in the use of both theoretical and experimental results,
obtained mainly for horizontal, vertical, and inclined planes. Many such studies have been
developed in recent decades, and different flow regimes have been studied under natural
and forced convection.

Fishenden and Saunders [17–19] investigated convective heat transfer for metal (alu-
minium, copper, platinum, or steel) vertical plates in air, water and mercury. To study
the impact of air pressure on that phenomenon, the measurements were conducted in a
cylindrical steel test chamber. The temperature difference was up to 55 ◦C. Finally, the
authors gave experimental correlations with dimensionless numbers, with n = 1/4 and
n = 1/3 for laminar and turbulent flow, respectively.

McAdams [20] summarised the results of several previous works of various re-
searchers on natural convection and presented correlations for vertical and horizontal
plates and cylinders in the form of dimensionless equations with n = 1/4. In quoted
experiments, metal plates were used (aluminium, copper or platinum). He also presented
an alignment chart to derive a heat transfer coefficient for the turbulent flow of various
gases on vertical surfaces. In the case of so-called ordinary temperatures and atmospheric
pressure, simplified dimensional equations with n = 1/3 and n = 1/4 for turbulent and lam-
inar flow, respectively, were given. The same exponent was used by Lewandowski [21,22]
for copper plate in glycerine or for water [23].

Based on previous theoretical and experimental works, Churchill and Usagi [24]
developed empirical dimensionless correlations with n = 9/4 and n = 8/3 under laminar
free and forced convection, respectively, for an isothermal vertical plate. No information
on the temperature difference range was given.

As the interest in building modelling has grown, experimental research on heat
transfer phenomena in this group of objects has gained increased importance. Related
studies commonly test chambers with dimensions similar to typical rooms in buildings.

Correlations for interior surfaces of buildings for vertical glazing (with no radiator
under the window), vertical walls (non-heated or near the heat source) and horizontal
surfaces (heated floor or cooled ceiling) were presented by Khalifa and Marshall in [25].
Using a two-zone test cell they performed nine experiments covering the most popular
heating configurations in buildings under controlled steady-state conditions, as follows:
forced convection on the interior surface using a fan, a cell heated by a 1 kW fan heater,
a uniformly heated floor, a uniformly heated vertical wall and a uniformly heated edge
using a metalized plastic foil, a cell heated by a 1.5 kW oil-filled radiator located opposite
the test wall and adjacent to the test wall, and finally with a single glazed window in a test
wall with a radiator located beneath and opposite the window.
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The larger hot zone represented a large enclosure (such as a living room). It had one
vertical wall common with a smaller cold zone built to control the outdoor temperature
of the hot zone. A total of 142 tests were conducted. Vertical walls and the roof were
covered with aluminium foil to minimise the impact of internal longwave radiative heat
exchange on temperature and heat flux measurements, and to neglect it in heat transfer
calculations. To reach the steady-state conditions between two consecutive tests with
different configurations, a 24 h pre-run period was applied, and then 12 h data logging
between 22:00 and 10:00 was undertaken. The CHTCs obtained for each of the different
studied elements were presented as dimensional correlations against the internal air to
wall surface temperature difference. For the heated vertical wall n = 1/4 was obtained.

Alamdari and Hammond [26] used the model of Churchill and Usagi to derive em-
pirical correlations for buoyancy-driven convective heat transfer for the internal surfaces
of naturally ventilated buildings, covering laminar, transitional, and turbulent airflows.
They noticed that the experimental results related to buoyancy-driven convection given in
the literature were often given for fluids, surface dimensions, and temperature differences
not found in buildings. Based on Churchill and Usagi considerations and experiments
presented by other researchers, they developed several correlations of different complexity
and applicable for vertical and horizontal partitions.

Natural convection from heated surfaces in a room was examined by Awbi and
Hatton [27]. Experiments were conducted in a test chamber and a small box. The first
experiment was of a similar concept as presented in [25]. The internal layer of vertical
walls, ceiling, and floor was of varnished plywood. Five heating plates (0.5 m per 2.3 m)
covered with a 2 mm thick aluminium plate (to minimise radiative heat flux) were used to
provide surface heating to each tested wall. To minimise the effect of internal longwave
radiation, temperature sensors were shielded by small steel tubes. The small test box was a
cube with sides of approximately 1 m made of the same materials. Each test was conducted
for several hours to reach steady-state conditions. Obtained equations for CHTCs were in
the form of power functions of temperature difference. Correlation coefficients were above
0.90, indicating strong dependences.

Delaforce et al. [28] investigated convective heat transfer at internal surfaces using
a rectangular test cell with sides of approximately 2 m each. The cell was located on
an exposed grassland site and experiments were conducted during winter conditions.
External walls were made from bricks and an external layer of expanded polystyrene.
Their internal surface had no additional covering layer, so indoor radiative heat transfer
was monitored using a radiometer. Temperatures were measured at 5-min intervals.
Heating was provided by a 1 kW fan heater. Continuous heating, intermittent heating, and
unheated operation were examined separately for the west wall, floor, and ceiling. Before
each experiment, authors used a two-day warm-up period with continuous heating. Finally,
they did not provide any empirical correlations, but only averaged the numerical values of
the calculated CHTCs and compared them with values recommended by the Chartered
Institute of Building Service Engineers (CIBSE) Guide. The greatest discrepancies were
noticed for a floor and vertical wall, where the measured CHTC was 0.5 and 1.6 W/m2K
compared to 1.5 and 3.0 W/m2K from CIBSE, respectively.

Test chambers can be also used to analyse the performance of selected buildings
components under various conditions. Sukamto et al. [29] used this method to investigate
the thermal performance of the ventilated wall. Because of forced airflow, the obtained
CHTC was about 20 W/m2K.

Furthermore, several authors studied the impact of the heating, ventilation and air
conditioning systems (HVAC) on internal heat transfer in buildings. A more detailed review
of embedded radiant heating/cooling systems is given in [30]. Cholewa et al. [31,32]
investigated heated/cooled radiant floor and radiant ceiling using a test chamber. A
similar method was used by Acikgoz and Kincay [33] for radiant cooling walls. Hydronic
radiant heated walls in a climatic test chamber with a window were investigated in [34].
Guo et al., investigated convective heat transfer for night cooling with diffuse ceiling [35]
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and mixing [36] ventilation in a guarded hot box used as a test chamber. To evaluate the
dependence of CHTC on ventilation conditions, they used several correlations linking
them with ventilation air changes per hour (ACH). Various cases of CHTCs for different
building partitions in the form of empirical correlations are given in reviews [10,16,37–40].
For example, in the review by Khalifa, with CHTC correlations derived in 1, 2 and 3-
dimensional enclosures [39,40], the author presented 13 studies performed for the latter
case. The author concluded that large differences may arise between the presented models.

Recently, and in addition to the aforementioned methods, various computer-based
techniques have been developed, and simulation tools used, in convective heat transfer
analyses [41–45]. Despite their abilities to deal with complex problems that are not possible
to solve analytically, they are used for proving experimental results rather than to formulate
mathematical relationships to obtain convection heat transfer coefficients in building
applications. For these reasons, in energy auditing, energy certification, or in other similar
applications requiring relatively low computational effort and a limited number of input
parameters, constant CHTC and RHTC values are commonly used [46,47]. These are
given in various standards, such as EN 1264 [48], ISO 11855 [49], EN ISO 6946 [50] and
guidebooks [51] providing relevant formulas to obtain CHTC or their constant values in
different cases.

The presented methods and techniques more or less accurately reflect the nature of
heat transfer phenomena in buildings. They allow the separation of noise, stabilisation,
and control of thermal conditions, and so on [52]. On the other hand, the applicability
of the theoretical models should be verified in real conditions. For this reason, the best
research object seems to be a real building.

Cost, practical problems, and limitations for building users resulting from the presence
of measuring equipment in the building during its everyday use are the probable reasons
for so few tests being carried out in these conditions. Hence, there are few CHTCs from
experiments in realistic situations [53]. Most measurements have been made in special
test chambers where internal surfaces were metal coated. Therefore, it seems reason-
able to address indoor convective and radiative heat transfer in buildings during their
everyday use.

Wallentén [53] experimentally analysed internal convective heat transfer at an external
wall with a window in a room with and without furniture, located in a single-family house
built in a sandwich construction of light-weight concrete and polystyrene. The room had
the dimensions of 3 × 3.6 × 2.4 m. Internal surfaces of walls and floor were painted with
a mat white and light brown colour, respectively. Two electric radiators with 500 W and
1000 W heating power were used. T-type thermocouples were used to measure indoor
air and partition temperatures. Longwave radiation was calculated from diffuse grey
surface temperatures. A total of 14 different experiments (radiator placement, presence of
furniture, wall and window analysis, ventilation schedule), each lasting approximately one
week, were performed across four years. A sampling time of 1 min was assumed and then
measurements were averaged in 4, 10, 30 and 60 min intervals. The author did not provide
any conclusions on the impact of the averaging time on final results. Several graphs with
CHTC depending on the surface (vertical wall or window) and indoor air temperature were
presented, but no correlations were given. As far as the wall is concerned, the data from
measurements were quite scattered and showed little correlation. The spatial distribution
of internal air temperature was also presented. An impact from the radiator or ventilation
was visible, but the maximum difference between the floor and ceiling did not exceed 3 ◦C.
Only near the window, at a distance of several cm, it reached 5 ◦C.

The review presented here shows several important outcomes. Thermal conditions
in climatic chambers during the aforementioned tests were controlled according to the
requirements necessary to perform the assumed tests. Noises could be easily limited using
selected construction materials or HVAC system components. On the other hand, heat
transfer in buildings during everyday use is influenced by different environmental factors,
such as occupation, solar radiation, air ventilation, and so on. The very low number
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of studies dedicated to this issue makes it worthy to compare the models developed
theoretically or on a basis of experiments in test chambers, with those derived from real
conditions in a building during its normal operation. The identification of the most
significant limitations during such an experiment is also a possibility, and could indicate
possible improvements to similar studies in the future.

The environmental conditions during measurements and experimental setup are given
in the next section. Calculation procedures to obtain CHTC and RHTC and uncertainty
analysis are then presented. For comparative purposes, 14 theoretical and empirical
correlations to obtain CHTC for a vertical wall under free convection are used. The results
are then presented and compared with relevant studies. Finally, concluding remarks
are given.

2. Materials and Methods

2.1. Introduction

The research was conducted from 30 January to 10 February 2021 in a residential
building located in southern Poland, equipped with a hydronic heating system.

During the studied period the outdoor air temperature (Figure 1) varied from −15.1 ◦C
(at 3:50 on 1 February) to 10.1 ◦C (at 9:30 on 4 February). Global solar irradiance (Figure 2)
incident on the external surface of the considered wall was from 0 to 113.3 W/m2 (at 13:20
on 31 January).

Figure 1. External air temperature during measurements.

Figure 2. Global solar irradiance on the west-facing wall during measurements.

2.2. Experimental Setup

The west-oriented wall (strictly—its north part) in a living room was chosen for the
measurements (Figure 3). Also located in this corner of the room are wooden stairs. The
room is on a rectangular plane of 6 m × 4 m and has a height of 2.50 m.
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(a) (b) 

Figure 3. (a) View of the room selected for experiment; (b) View of the measurement equipment during assembly.

The measured data was recorded in 10 min intervals with a MS6D Comet data logger.
Periods from 4 to 60 min have typically been used in other studies [25,28,53].

In the experiment, two HFP01 heat flux sensors and three Pt1000 temperature sensors
were mounted on the internal surface of the wall, while two Pt1000 internal air temperature
sensors, one sensor of indoor radiant (ø 150 mm TP875.1 globe thermometer with the Pt100
sensor) and one Pt1000 of outdoor air temperature (mounted in a radiation shield) and a
CMP11pyranometer for global solar irradiance incident were placed on the external wall.
Their main parameters are given in Table 1.

Table 1. The main metrological parameters of the measuring sensors used.

Sensor Measured Variable Measurement Range Accuracy

Pt1000 platinum resistance sensor Air temperature −50 ◦C ÷ +150 ◦C Class A 1

Pt1000 platinum resistance sensor Wall surface temperature −50◦C ÷ +150 ◦C Class A 1

TP875.1 with the Pt100 sensor Radiant temperature −30 ◦C ÷ +120 ◦C ±0.2 ◦C
CMP11 Kipp&Zonen Solar irradiance 0 ÷ 4000 W/m2 Spectrally Flat Class A 2

HFP01 Hukseflux Heat fluxdensity −2000 ÷ 2000 W/m2 ±3%
1 According to EN 60751. 2 According to ISO 9060 and IEC 61724.

2.3. Calculation Procedure

The conduction heat flux flowing through the wall (qw) and measured by the heat flux
sensors (Figure 1) is the sum of radiative (qr) and convective (qc) fluxes entering an interior
space of the room:

qw = qr + qc. (1)

The radiative heat flux is given by the relationship:

qr = hr(Ts − Tr), (2)

Within the building enclosure, the considered wall at temperature Ts is exposed to
remaining walls and heat transfer by radiation occurs between them. The mean radiant
temperature of the given wall surroundings is measured by the globe thermometer [28–30].
Then, based on the Stefan–Boltzmann law and at the given emissivity of the wall, ε, the
following equation can be written [31]:

qr = εσ
(

T4
s − T4

r

)
. (3)

Comparing Equations (2) and (3) we obtain:

hr = εσ
T4

s − T4
r

Ts − Tr
= εσ(Ts + Tr)

(
T2

s + T2
r

)
. (4)
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Equation (4) shows that hr can be obtained without direct measurement of radiative
heat flux.

Convective heat flux is given by:

qc = hc(Ts − Ti). (5)

With qr known, qc can be obtained from Equation (1), and then, from Equation (5) an
unknown convective heat transfer coefficient can be computed.

2.4. Uncertainty Analysis

Experimental investigations inevitably have associated measurement errors. Both
RHTC and CHTC are computed in the present study indirectly from formulas given by
Equations (4) and (5), respectively.

In cases where the indirect measurement of a physical quantity, y, is a function of
independent measurements x1, x2, . . . , xn:

y = f(x1, x2, . . . , xn) (6)

the standard combined uncertainty uc of y can be calculated applying the propagation
model of uncertainty from the formula [54–59]:

uc(y) =

√(
∂y
∂x1

u(x1)

)2
+

(
∂y
∂x2

u(x2)

)2
+ . . . +

(
∂y
∂xn

u(xn)

)2
. (7)

In the next step, the expanded uncertainty of the measured quantity is calculated from
the equation:

U = k uc(y) (8)

where k—coverage factor; k = 2 for 95% confidence level of the uncertainty.
Following the calculation procedure presented in the previous section, the uncertainty

of RHTC is derived. From Equation (4) we obtain:

hr = εσ
(

T3
s + TsT2

r + TrT2
s + T3

r

)
. (9)

Inserting Equation (9) into Equation (7) we get an expression to obtain the standard
combined uncertainty of the measured RHTC. Three independent variables can be distin-
guished, namely: ε, Tr and Ts. Hence, Equation (7) can be written as:

uc(hr) =

√(
∂(hr)

∂ε
u(ε)

)2
+

(
∂(hr)

∂Tr
u(Tr)

)2
+

(
∂(hr)

∂Ts
u(Ts)

)2
. (10)

Then, partial derivatives in Equation (10) are computed, as follows:

∂hr

∂ε
= σ

(
T3

s + TsT2
r + TrT2

s + T3
r

)
, (11)

∂hr

∂Tr
= εσ

(
2TsTr + T2

s + 3T2
r

)
, (12)

∂hr

∂Ts
= εσ

(
3T2

s + T2
r + 2TsTr

)
. (13)

The uncertainty associated with the measurement of emissivity, mean radiant tempera-
ture and surface temperature can be derived based on sensors and measurement equipment
data presented in Section 2.2.

The estimation of emissivity uncertainty is a very difficult task. Several authors have
presented methods to address this issue, involving different approaches. Ficker [60] used
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two precise black body etalons of different emissivities heated to the same temperature to
develop a comparative method to estimate virtual emissivity of infrared (IR) thermometers.
Chen and Chen [61] determined the emissivity and temperature of construction materials by
using an IR thermometer and two contact thermometers. For this purpose, they developed
empirical regression equations. Höser et al. [62] found unknown emissivities of rock
samples by comparing the temperature of the tested samples with a reference sample at
a known temperature. They concluded that the relative uncertainty in rock emissivity is
proportional to the relative uncertainty in the rock temperature (T) in the absolute sale. It
can be written as:

u(ε) =
∣∣∣∣−4

u(T)
T

ε

∣∣∣∣, (14)

This method seems to be the most appropriate in the considered case and was ap-
plied here.

The remaining uncertainties of two temperatures, Tr and Ts, are both comprised of
two elements. The first results from the accuracy of a temperature sensor. The latter is the
effect of the data logging device accuracy [55,63]. Hence, we obtain:

u(Tr) =
√
(usens,r)

2 + (udev,r)
2, (15)

and:
u(Ts) =

√
(usens,s)

2 + (udev,s)
2, (16)

where “sens” and “dev” subscripts refer to sensor and measuring device, respectively. Subscripts
after a comma, r and s, refer to radiant temperature and surface temperature, respectively.

Similar considerations should be made to obtain CHTC uncertainty. Firstly, Equation (5)
is rearranged to the form:

hc =
qc

Ts − Ti
. (17)

In the above formula, three independent variables can be distinguished that influence
measured CHTC, i.e., qc, Ti and Ts. Then, the uncertainty of CHTC is given by:

uc(hc) =

√(
∂(hc)

∂qc
u
(
qc
))2

+

(
∂(hc)

∂Ti
u(Ti)

)2
+

(
∂(hc)

∂Ts
u(Ts)

)2
. (18)

Subsequent partial derivatives are as follows:

∂hc

∂qc
=

1
Ts − Ti

, (19)

∂hc

∂Ts
=

−qc

(Ts − Ti)
2 , (20)

∂hc

∂Ti
=

qc

(Ts − Ti)
2 . (21)

The uncertainty associated with the measurement of indoor air temperature u(Ti)
and surface temperature (Ts) can be derived similarly, as in the previous case on the
basis of Equations (15) and (16). However, a measurement of heat flux density requires
some additional explanation. In this case, according to the manufacturer’s manual [64],
measurement uncertainty consists of several components. These are calibration uncertainty,
the difference between measurement and reference calibration conditions, the duration of
sensor employment, and application errors resulting from working conditions. They can
be included in the relationship:

u
(
qc
)
=

√
n

∑
i=1

u2
i , (22)
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where n is the number of uncertainty components and ui is the i-th component.

2.5. Selected Correlations for CHTC Calculations

During the test, there was no measured air velocity near the wall. A gravity ventilation
system is present in the building, but the ventilation register in the room, however, is
located far from the studied wall and was closed, and it was assumed that it has no
impact on the flow regime near the wall. Hence, for further consideration, 13 correlations
were chosen to obtain convective heat transfer coefficients for vertical walls under natural
convection [10,16,37,65,66]. In all following relationships, it is assumed that:

ΔT = Ts − Ti. (23)

The model of Wilkes and Peterson (quoted from [16]) is given by:

hc = 3.05(ΔT)0.12. (24)

In [19] it was stated that that model was developed on the basis of a test for tempera-
ture difference between 4.5 to 15.5 ◦C with two heated plates 2.4 × 0.8 m with 0.1 m air
space. The resulting correlation was derived on the three data points only.

Khalifa in his review [39] quoted the relationship developed originally by Hottinger:

hc = 2.50(ΔT)1/4. (25)

Min et al. [40] determined natural convection coefficients by using three different
sized rectangular test chambers. Hence, they are not applicable in the considered case. For
the vertical wall, they obtained correlations in the case of the heated ceiling and heated
floor. They also referred to other correlations from various other studies. The first of these,
presented here, was developed using a 0.60 m square plate, the temperature difference up
to 555 ◦C and the height H. For laminar flow:

hc = 1.368
(

ΔT
H

)1/4
. (26)

The second correlation was developed during tests with a 1.2 m square plate. Apart
from the temperature difference up to 100 ◦C, no additional information on the application
range was given. The model was given by two equations, as follows:

hc = 1.776(ΔT)1/4 (27)

and for the turbulent flow:
hc = 1.973(ΔT)1/4. (28)

The third is the correlation from King. Unfortunately, no data related to the test details
or applicability ranges were provided. It is given by:

hc = 1.517(ΔT)1/3. (29)

Alamdari and Hammond [26] derived correlations for convective heat transfer from
the internal surfaces in naturally ventilated buildings. Using data from other studies,
and applying the mathematical model of Churchill and Usagi [24], they proposed the
following relationship:

hc =

⎧⎨
⎩
[

1.5
(

ΔT
L

)1/4
]6

+
[
1.23(ΔT)1/3

]6

⎫⎬
⎭

1/6

. (30)
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In addition, they provided a simplified formula valid within the limited range of
temperatures and applicable to naturally ventilated buildings, given by the expression:

hc = 0.134L−1/2 + 1.11(ΔT)1/6, (31)

where L is a hydraulic diameter expressed as:

L = 4A/P (32)

Fohanno and Polidori [67] analysed laminar and turbulent heat transfer modelling at
uniformly heated internal vertical building surfaces. The resulting correlations for CHTC
were derived theoretically and compared with other models. Their model is given by
the equation:

hc = 1.332
(

ΔT
H

)1/4
. (33)

Musy et al. [68], quoting the work of Allard, presented the following equation for
walls with natural convection:

hc = 1.5(ΔT)1/3. (34)

Churchill and Chu [65] investigated uniformly heated and cooled vertical plates. Their
correlation is given by:

hc =
0.0257

H

(
0.825 + 7.01(ΔT)1/6H3/6

)2
. (35)

Khalifa and Marshall [25] investigated internal convection in a real-sized indoor test
cell. Various combinations of relative positions of a heater, radiant panels and wall were
studied. Two cases similar to that studied in the present paper were chosen. The first one
is the case with a room heated by a radiator located adjacent to the test wall:

hc = 2.20(ΔT)0.21. (36)

The second is a room heated by an oil-filled radiator located under a window:

hc = 2.35(ΔT)0.21. (37)

Rogers and Mayhew [69] presented the correlation for vertical plates under laminar
or transitional flow conditions:

hc = 1.42
(

ΔT
H

)1/4
. (38)

2.6. Statistical Analysis

Additionally, various statistical measures can be used to perform error analysis of the
presented models against measured CHTC [70]. Among them, there is an average absolute
error (AAE), average biased error (ABE), mean absolute error (MAE) and mean bias error
(MBE) [71,72]. Assuming that hm,i is a i-th measured value of CHTC, hp,i is a i-th value of
CHTC predicted by the model and m is a total number of conducted measurements, they
are given by the following equations:

AAE =
1
m

m

∑
i=1

∣∣hp,i − hm,i
∣∣

hm,i
× 100%, (39)

ABE =
1
m

m

∑
i=1

(
hp,i − hm,i

)
hm,i

× 100%, (40)
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MAE =
1
m

m

∑
i=1

∣∣hp,i − hm,i
∣∣, (41)

MBE =
1
m

m

∑
i=1

(
hp,i − hm,i

)
. (42)

The average absolute error (AAE) is the average of all the absolute errors calculated
for the consecutive measurements in a given dataset, and indicates the average error of a
correlation. The average biased error (ABE) shows the degree of overestimation (ABE > 0)
or underestimation (ABE < 0) of the considered correlation. The mean absolute error (MAE)
shows the average magnitude of deviations of a modelled variable against the reference
values. Low MAE indicates the high accuracy of a model. MBE is used to determine the
overall bias of the correlation. Positive MBE means the overestimation of the model.

3. Results and Discussion

3.1. Radiative Heat Transfer Coefficient
3.1.1. Introduction

The radiative heat transfer coefficient was computed from Equation (4). During the
whole period, the radiant temperature was higher than that of the wall surface (Figure 4).
This difference varied from 1.54 ◦C (at 13:10 on 7 February) to 0.28 ◦C (at 6:50 on 6 February),
with an average of 0.91 ◦C.

Figure 4. Average wall surface temperature (Ts) and radiative temperature (Tr).

RHTC, calculated under the aforementioned conditions, varied during the measure-
ment period (Figure 5) from 5.373 W/m2K (at 16:40 on 3 February) to 5.516 W/m2K (at
21:00 on 31 January), with an average of 5.445 W/m2K. The EN ISO 6946 standard [50]
gives the value hr = 5.7 W/m2K for the blackbody at 20 ◦C. Consequently, for ε = 0.95
resulting hr = 5.415 W/m2K is very close to that average value.

Figure 5. Radiative heat transfer coefficient from measurements.

Assuming that:
Tm = 0.5 (Tr + Ts) (43)

167



Energies 2021, 14, 5953

For cases with small Tm values, Equation (4) can be linearised [73,74] to the form:

hr = 4εσT3
m. (44)

Despite the nonlinear dependence of the RHTC on Tm, given by Equation (44), hr
almost linearly changes with Ts (Figure 6). This occurs primarily because of the relatively
narrow range of Ts variation within the range below 2.5 ◦C. Similar observations were
reported by Evangelisti et al. [65].

Figure 6. Radiative heat transfer coefficient from measurements.

3.1.2. Uncertainty Analysis

Before the calculations were made, the emissivity of the internal walls was assumed
at ε = 0.95. This value was confirmed using a DIT-130 IR-thermometer (declared accuracy
±1.5% of a measured value + 2 ◦C) and the reference DFT-700 thermometer with a K-type
thermocouple probe (accuracy ±0.2% of a full scale). Because of its low variation under
the conditions considered here, it was reasonable to assume a constant emissivity value of
the wall surfaces [75].

Based on the manufacturers’ manuals, and assuming a temperature of 25 ◦C, relevant
uncertainties were computed (Table 2). The resultant uncertainty of RHTC measurements
is uc(hr) = 0.18046 W/m2K. Applying coverage factor k = 2 (see Equation (8)) we obtained
the expanded uncertainty U(hr) = 0.36 W/m2K. Assuming a temperature of 20 ◦C the value
of U(hr) = 0.34 W/m2K was obtained.

Table 2. Uncertainties in RHTC measurement.

Uncertainty Value Unit

u(ε) 0.030 —
u(Tr) 0.200 K
u(Ts) 0.200 K
∂(hr)

∂ε
0.18033 W/m2K

∂(hr)
∂Tr

0.004788 W/m2K2

∂(hr)
∂Ts

0.004788 W/m2K2

3.2. Convective Heat Transfer Coefficient
3.2.1. Introduction

The measured internal air temperature varied from 20.44 ◦C (at 16:40 on 3 February)
to 23.40 ◦C (at 22:10 on 30 January), with an average of 21.98 ◦C. It was higher than that of
the wall surface (Figure 7). This difference varied from 1.54 ◦C (at 13:10 on 7 February) to
0.28 ◦C (at 6:50 on 6 February), with an average of 0.91 ◦C.
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Figure 7. Wall surface temperature (Ts), internal air temperature (Ti) and their difference.

The calculated CHTC varied throughout the whole period (Figure 8) from 0.069 W/m2K
(at 6:30 on 5 February) to 3.027 W/m2K (at 14:10 on 2 February), with an average of
1.153 W/m2K. The EN ISO 6946 standard gives the value hc = 2.5 W/m2K for the inter-
nal surface of the vertical wall. The recommended internal surface resistance in such a
case is Rsi = 0.13 m2K/W. Taking the measured average hr = 5.445 W/m2K we obtain
Rsi = 0.15 m2K/W.

Figure 8. Convective heat transfer coefficient from measurements.

3.2.2. Uncertainty Analysis

At first, the uncertainty of the heat flux density measurement should be determined
(Equation (22)). In the present study, two HFP sensors were used. Several authors have
presented various experimental studies on the thermal performance of buildings using that
sensor [76–78], but none of them discussed the problem of heat flux density measurement
uncertainty. In some cases, the measurement accuracy of the HFP01 heat flux plate was
assumed from 5% [79] to 20% [80]. For this reason, this issue is presented here in detail.

Following recommendations given by the manufacturer [64], the following factors
were distinguished:

• calibration uncertainty given by the manufacturer: <3% (k = 2),
• non-stability uncertainty: <1% for every year of operation,
• correction of the resistance error,
• correction of the deflection error,
• error from the temperature dependence: <0.1% per 1 ◦C deviation from the 20 ◦C.

The calibration, non-stability and temperature errors are relatively easy to estimate be-
cause of clear criteria given by the manufacturer. The first is given as expanded uncertainty
(see Equation (8)), and for uncertainty budget calculation it was assumed as 1.5%. The
latter should be estimated for the worst conditions during measurement, i.e., the greatest
temperature measured during the test: Ti = 23.40 ◦C.

The resistance error is related to the influence of the sensor thermal resistance added
to the resistance of a given partition on the resultant heat flux density. While the manu-
facturer does not recommend the use of thermal paste because it tends to dry out, it was
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applied here because of the relatively short measurement period and moderate tempera-
ture. Assuming an average thickness of this paste of 0.1 mm and a thermal conductivity of
1.5 W/m·K it gives the additional thermal resistance of 6.67 × 10−6 m2K/W in comparison
to 71 × 10−4 m2K/W of the sensor specified by the manufacturer. Hence, the resulting
resistance is 0.93%.

Deflection error (called operational error in ISO9869) appears as a result of the differ-
ence between the thermal conductivity of the surrounding environment and that of a sensor.
The sensor thermal conductivity is 0.76 W/m·K and is in the same order as values typically
met in buildings materials: 0.3–0.4 W/m·K for ceramic blocks and 0.7–0.9 W/m·K for
cement-lime plaster. Assuming a thermal resistance of the wall of approximately 4 m2K/W,
we can see that the deflection error is at a negligible level. The average measured heat flux
density of 7.42 W/m2 calculated u(qc) = 0.1526 W/m2.

The derivative components, given by Equations (19)–(21), were computed for the most
unfavourable conditions during the experiment, i.e., the smallest Ts—Ti, which amounted to
1.23 ◦C for qc = 2.54 W/m2. Results are given in Table 3. Calculated uc(hc) = 0.475218 W/m2.
Taking k = 2 (see Equation (8)) we get a resulting U(hc) = 0.95 W/m2K. On the other hand,
for the maximum temperature difference of 2.77 ◦C and qc = 2.11 W/m2 the resulting
uncertainty is U(hc) = 0.16 W/m2K. Other authors estimated the accuracy of experimentally
measured CHTCs from approximately 20% [22,26] to 30% or even 35% at ΔT ≈ 1 ◦C [53].

Table 3. Uncertainties in CHTC measurement.

Uncertainty Value Unit

u(qc) 0.05224 W/m2

u(Ti) 0.200 K
u(Ts) 0.200 K
∂(hc)
∂qc

0.81169 W/m2K
∂(hc)
∂Ti

0.65884 W/m2K2

∂(hc)
∂Ts

0.65884 W/m2K2

3.2.3. Comparison with Other Models

It can be noticed that fluctuations of the CHTC were connected with variations in the
difference between internal air and wall surface temperature (Figure 9), but this relationship
was rather weak (calculated coefficient of determination R2 = 0.2498). Some authors
recommended the use of nonlinear correlations [81,82], but they did not improve the
quality of the fit. In case of the logarithmic, exponential, quadratic function and 4-th order
polynomial, R2 = 0.2252, 0.2459, 0.2308, and 0.2323, respectively.

Figure 9. Convective heat transfer coefficient versus indoor air temperature.

There are several reasons for this. In the experimental studies performed in test
chambers [7,25,27,39,40], thermal conditions during the measurements were stable. As
noted in Section 2.5, the ventilation register in the room was closed, however, and located
far from the studied wall, and it was assumed that it has no impact on the flow regime
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near the wall. The hydronic heater was located approximately 4 m from the measurement
equipment. Solar irradiance incident on the external wall was very low (Figure 2), and
that falling on internal surfaces could be neglected without any doubt, due to its reduction
through windows and curtains. On the other hand, because of the everyday use of the
building during the experiment, there could be disturbances in the airflow due to the
movement of people in the building, however, indoor air temperature variation was below
3 ◦C. Hence, to find a solution to this problem, technical factors should be taken into
account. Considerations presented in Section 2.4 indicate that an error of CHTC estimation
results from uncertainty of heat flux density and air and surface temperature measurement.
In the present case, the most important influence was that of the Ts—Ti temperature
difference (Table 3). Both temperatures were measured by accurate sensors (Table 1).
However, their difference is in the denominator of the fraction to calculate their uncertainty
(Equations (19)–(21)). Hence, not only is the uncertainty of temperature measurement
important, but the uncertainty of the temperature difference is as well. In the present
study, ΔT varied from 1.23 ◦C to 2.77 ◦C. These were low values, difficult to measure with
high accuracy and which, in certain cases, may lead to unacceptable uncertainties [83].
Numerous studies have pointed out this problem [84–86], and a common practice is to
filter out the data when ΔT was lower by several Celsius degrees (typically 2–5 ◦C). This
problem should be, however, investigated in more detail in the next experiment.

Several studies have presented the results of experiments on convection at verti-
cal walls at temperature differences below 3 ◦C. In [26], the heat transfer coefficient for
buoyancy-induced airflow near vertical surfaces for ΔT of 1 to 10 ◦C was between 1.5 to
4 W/m2K. Khalifa [40] presented the results of numerous experimental and theoretical
works on convection at various surfaces. For a vertical wall at ΔT = 2 ◦C, CHTC was
between 1.2 to 3.0 W/m2K. CHTC in a wall with an intermittently heated room [28] was
between about 0.2 to 1.5 W/m2K during the non-heating period. At continuous heating,
the average CHTC was 1.6 W/m2K, with a variation between maximum-minimum values
of about 1.5 W/m2K. CHTC for the temperature difference below 2 K was between 0.2 to
2.5 W/m2K. The author did not provide any empirical correlation for hc, and only com-
pared averaged values with that recommended by the relevant standards. This significant
dispersion of experimental results in a real building was also confirmed in [53]. CHTC was
measured in that study at a wall with a radiator at the back wall and no ventilation, and
varied from approximately 0.3 to 5.0 W/m2K at ΔT < 2 ◦C. The dominant results for a wall
temperature measured at half of its height ranged between 0.5 and 2.0 W/m2K.

CHTC calculated from the 14 correlations presented in Section 2.5 varied from 1.305 W/m2K
(Equation (26)) to 3.328 W/m2K (Equation (24)). In all cases, it was greater than measure-
ments by 1.153 W/m2K (Figure 10). The average value from all models was hc = 2.024W/m2K
and was greater than measurements by 75.6%. The results closest to the measured value
were obtained for models given by the Equations (26), (31), (33) and (38) and they were
greater than measurements by 13.4%, 14.9%, 10.2% and 17.5%, respectively.

Six correlations, given by Equations (26), (30), (31), (33), (35) and (38), included
geometrical parameters of the considered wall (hydraulic diameter or height). The rel-
evant columns in Figure 9 were filled with hatching. CHTC in this group of models
varied from 1.271 W/m2K (Equation (33)) to 1.829 W/m2K (Equation (35)), with an aver-
age of 1.313 W/m2K. The remaining eight models produced results from 1.912 W/m2K
(Equation (34)) to 3.328 W/m2K (Equation (24)), with an average of 2.446 W/m2K, i.e.,
more than twice the measured CHTC. The results presented here indicate that better com-
pliance with measurements was obtained for models that take into account the geometry
of the wall.
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Figure 10. Average CHTCfor different models for measurement conditions.

The theoretical calculation of CHTC revealed that various models provide similar
results for ΔT up to 10 K (Figure 11). These can be gathered into several groups. The first
consists of models given by Equations (26), (31), (33) and (38). All except for Equation (31)
have an (ΔT/H)1/4 element. In Equation (31), (ΔT)1/6 was used along with L−1/2 and
resulted in a slightly lower rise in CHTC with ΔT. Similarities can also distinguished
between models given by Equations (27) and (28), by (36) and (37), and by (29), (30),
(34) and (35).

Figure 11. CHTC for different models.

All the models studied here had low coefficients of determination against measure-
ments (Table 4). Their value in the case of the 10 min sampling time did not exceed
R2 = 0.0437 for the linear regression equation. In the next step, hourly averaged values of
CHTCs (the typical length of the simulation time step in the building simulation tools) were
computed from 10 min variables. The R2 increase was negligible, in the third decimal place.

172



Energies 2021, 14, 5953

Table 4. Convective heat transfer coefficients from presented models and coefficients of the determi-
nation referred to measured values.

Model
(Equation)

hc

[W/m2K]
R2

[-]
AAE
[%]

ABE
[%]

MAE
[W/m2K]

MBE
[W/m2K]

24 3.328 0.0409 298 298 2.18 2.18
25 2.999 0.0426 258 258 1.86 1.86
26 1.305 0.0426 70 56 0.42 0.16
27 1.938 0.0409 132 132 0.80 0.79
28 2.153 0.0409 158 157 1.01 1.00
29 1.933 0.0437 131 131 0.81 0.79
30 1.692 0.0437 105 102 0.61 0.55
31 1.324 0.0415 72 58 0.42 0.18
33 1.271 0.0426 68 52 0.41 0.12
34 1.912 0.0437 129 128 0.79 0.77
35 1.829 0.0436 119 118 0.71 0.69
36 2.563 0.0421 206 206 1.42 1.42
37 2.738 0.0421 227 227 1.60 1.60
38 1.355 0.0426 74 62 0.43 0.21

The results presented here show significant differences between measurements and
models. The best degree of convergence between predicted and measured results, given by
AAE, was obtained in models given by Equations (26), (31), (33) and (38). MAE ranged
from 0.41 W/m2K (Equation (33)) to 2.18 W/m2K (Equation (24)), showing relatively high
deviations from the modelled CHTC versus measurements. The average bias in the models
given by MBE varied from 0.12 W/m2K (Equation (33)) to 2.18 W/m2K (Equation (24)).
From these results, it can be stated that the best match with measurements was obtained
by the model of Fohanno and Polidori given by Equation (33).

Such discrepancies were also reported in other studies. For example, Kalema and
Haapala [7] analysed the impact of interior heat transfer coefficient models on the thermal
dynamics of a two-room test cell with radiator heating. Experimental results from the
tests under steady-state and dynamic conditions were compared with that simulated in
the thermal analysis program TASE. ASHRAE, Alamdari and Hammond, and Khalifa and
Marshall correlation equations were used in the calculations of convective heat transfer
coefficients. Measured air and surface temperatures were within the simulated minimum-
maximum range of 4 ◦C. Only the window surface temperature was 0.7 ◦C greater than
the calculated maximum temperature. All calculated heat fluxes were within the 10% error
band of the measured values.

The discrepancies presented here may have an impact on simulation results when
using computer tools for the dynamic simulation of buildings [10]. Commonly in such
cases, constant values of internal CHTC and RHTC are assumed. If vertical walls are of
interest, in the first case the values within the range from 2.0 W/m2K to 5.0 W/m2K [87–89]
are met.

In the energy auditing of buildings, when monthly calculation methods are applied,
constant values of total combined convective and radiative heat transfer coefficient (or
internal surface resistance) are normally used [90–92].

In contrast to measured RHTC, it is not easy to present any recommendations on
CHTC values to be used based on this study. Further detailed analyses are needed to
find and minimise measurement uncertainties. The presented analysis shows that the
most important contribution to CHTC uncertainty is the measurement of the temperature
difference between internal air and wall surface.

4. Conclusions

In the present study, convective (CHTC) and radiative (RHTC) heat transfer coeffi-
cients for the internal surface of a vertical wall were calculated from measurements. For
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comparative purposes, in the first case, 14 correlations were used to obtain CHTC from
temperature difference and, in several cases, the height of a wall.

The results showed significant differences between measurements and mathematical
models. This was likely because in the presente study measurements were taken during
the everyday use of a building. Hence, it was not possible to obtain the stable thermal
conditions possible in the test chambers used in other experimental studies. Moreover, the
internal surfaces of the test chambers were covered with materials different from those
used in the building. For example, in the study of Khalifa and Marshall [10] authors
used aluminium foil on the internal and external surfaces of the external partitions of
their climatic chamber. This was employed to minimise the effect of longwave radiation
exchange on the temperature and heat flux measurements, and meant that only convective
heat transfer was studied. In the present study, combined convective and radiative heat
transfer was considered.

It should also be noted that aluminium foil has different physical properties (especially
roughness influencing the flow of air) than the cement-lime plaster used as the surface
layers of ceramic walls. The flow of air could be also influenced because of stairs located
near the sensors. The stairs are about 2 cm away from the wall and their construction
allows air to flow, but its presence cannot be excluded from the measurement results.

Model quality was estimated using four statistical goodness-of-fit criteria: AAE,
ABE, MAE and MBE. On this basis, the model of Fohanno and Polidori was chosen as
the best, with AAE = 68%, ABE = 52%, MAE = 0.41 W/m2K and MBE = 0.12 W/m2K.
The resulting hc = 1.217 W/m2K. The worst model was that of Wilkes and Peterson,
for which AAE = 298%, ABE = 298%, MAE = 2.18 W/m2K, MBE = 2.18 W/m2K and
hc = 3.328 W/m2K.

The experiment could be repeated over an extended period to avoid possible tem-
porary disruptions and with the addition of airflow velocity measurement near the wall.
Moreover, a shorter sampling time could be used and then time averaging in longer periods
could be applied for comparison with hourly values calculated from other models.

The study showed, however, that calculated total surface resistance is close to that rec-
ommended by EN ISO 6946 standard, commonly used in energy auditing and certification
of buildings. However, it is a rather crude estimation applied in less accurate, annual or
monthly methods.

Because of the noticeable impact of a temperature difference between internal air and
wall surface on CHTC uncertainty, in future studies, emphasis should be given to this issue.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

Symbols

hc convective heat transfer coefficient, W/m2K
hm measured value of heat transfer coefficient, W/m2K
hp predicted (by the certain correlation) value of heat transfer coefficient, W/m2K
hr radiative heat transfer coefficient, W/m2K
k coverage factor, —
m the total number of measurement samples, —
qc convective heat flux density, W/m2

qr radiative heat flux density, W/m2

qw wall conductive heat flux density, W/m2

uc combined uncertainty, —
R2 coefficient of determination, —
Ti internal air temperature, ◦C
Tr mean radiant temperature, ◦C
Ts wall surface temperature, ◦C
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U expanded uncertainty, —
ε surface emissivity, —
σ Stefan–Boltzmann constant, σ = 5.6697 · 10−8 W/m2K4

AAE average absolute error, %
ABE average biased error, %
MAE mean absolute error, W/m2K
MBE mean bias error, W/m2K
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Abstract: In times of unprecedented climate change and energy scarcity, the design and delivery of
energy-efficient and sustainable buildings are of utmost importance. This study aimed to design
a hotel building for hot and dry climate conditions and perform its energy performance analysis
using energy simulation tools. The model of the hotel building was constructed by a graphical tool
OpenStudio and EnergyPlus following the ASHRAE Standard 90.1. To reduce the energy demand of
the hotel, parametric analysis was conducted and building envelope parameters such as the thickness
of insulation layer in the exterior wall and the roof, thermal conductivity of insulation layer, rate of
infiltration, U-factor of windows, and thermal resistance of air gap in the interior walls (R-value),
window-to-wall ratio, and orientation of the building were tested and the impact on the energy use of
the building was analyzed. It was found that most of the design assumptions based on the ASHRAE
standard were already optimal for the considered locality, however, were still optimized further to
reach the highest efficiency level. Apart from this, three sustainable technologies—thermochromic
windows, phase change materials, and solar panels—were incorporated into the building and their
energy consumption reduction potential was estimated by energy simulations. Cumulatively, these
sustainable technologies were able to reduce the total energy use from 2417 GJ to 1593 GJ (i.e., by
824 GJ or 34%). Calculation of payback period and return on investments showed that thermochromic
windows and solar panels have relatively short payback periods and high return on investments,
whereas PCM was found to be economically nonviable. The findings of this study are deemed to
be useful for designing a sustainable and energy-efficient hotel building in a sub-tropical climate.
However, the overall design and energy performance analysis algorithm could be used for various
buildings with varying climate conditions.

Keywords: energy performance; design parameters; energy simulation; building envelope

1. Introduction

Globally, buildings account for about one-third of the final energy use, and the major
part of that energy is consumed, among others, by heating, ventilation, and air conditioning
systems [1,2]. Thus, buildings offer a significant potential to reduce the energy consumed
by the building sector and thus mitigate the effects of climate change and the ongoing
energy crisis [3]. Therefore, it is imperative for all the new buildings to satisfy the highest
standards of energy efficiency and to operate at the lowest possible energy consumption
(EC) levels. The up-to-date research findings refer to a combination of measures that could
increase the energy efficiency of the buildings such as, for example, design optimization
and integration of sustainable energy technologies and sustainable materials [4]. Generally,
solutions for achieving net-zero energy buildings (NZEB) can be broadly categorized into
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three groups—passive efficiency strategies, integration of renewables, and active energy
technologies [5,6].

Design optimization includes addressing such measures as the window-to-wall ratio
(WWR), building orientation, shadings, cool roofs, modifications to buildings’ envelope
and thermal mass, etc. There is a wide consensus among the scientific community that
early actions taken with optimizing the above-mentioned parameters yield substantial
improvements in the efficiency of buildings, which will eventually impact the sizing of
HVAC equipment and help to achieve a higher-performing building [7–9]. In this study, the
following design parameters were considered: building envelope optimization (thickness
and conductivity of insulation layers, infiltration rate, U-factor of windows, and thermal
resistance of interior walls), WWR, and building orientation.

Several studies have been conducted by researchers to determine the most energy-
efficient options for optimization of building design at a preliminary stage. Tuhus-Dubrow
and Krarti [10] used a genetic algorithm to determine optimum building shapes, orientation,
wall and roof construction, window type, window area, foundation, infiltration rate,
insulation thickness, and shading of residential buildings. Ascione et al. [11] optimize
the annual energy consumption of buildings in the Mediterranean climate zone by using
optical properties of external plastering, wall insulations properties, and composition of
outer walls as design parameters. Wang and Wei [12], on the other hand, focused on the
composition of walls, number, type, dimensions, and material of windows to optimize
energy consumption and cost of office buildings using a quantum genetic algorithm.
Similarly, Carlucci et al. [13] used multi-objective optimization by the non-dominated
sorting genetic algorithm to enhance the thermal comfort of a building with U-values
of walls, roofs, and floors as well as U-value and visible transmittance of windows as
design variables.

Apart from design optimization, the overall energy efficiency and general sustain-
ability levels of buildings were found to be improved by integrating various sustainable
energy technologies and materials. Since the hotel buildings tend to have a great number
of windows due to the nature of the room allocation as well as the potential impact on
solar gain and overheating, the study paid significant attention to the selection of window
types. The study also considered integrating phase change materials (PCMs) and solar
energy technologies.

There is a wide consensus among the scientific community and industry practitioners
that windows and skylights are building elements with the lowest energy efficiency [14–16].
Owing to their relatively smaller thickness compared to exterior walls and roofs, windows
have a much higher rate of thermal heat transfer [16]. As there are already a number of
heat generators inside the building, such as equipment and people, extra heat gain through
windows is often unwanted, especially in moderate climates.

Thermochromic windows are one of the promising technologies intended to address
this issue that has drawn particular attention among researchers in recent years [17]. These
are a type of smart windows with a special glazing that can passively modulate infrared
transmittance from sunlight and alter its optical and thermal properties depending on the
intensity of solar heat gain [16]. By reflecting infrared and near-infrared lights while still
transmitting visible light, thermochromic windows can reduce cooling energy demand by
up to 81.7% and maintain healthy indoor conditions with visual and thermal comfort [16].

Thermochromic windows can be manufactured from various materials, including
mercury (II) iodide, chromium (III) oxide, and lead (II) oxide, but so far, the most researched
material with thermochromic properties is vanadium dioxide (VO2) [14,16,18]. Tradition-
ally, pure VO2-based coatings were used for manufacturing thermochromic windows as
this material provides adequate luminous transmittance and solar modulation properties.
However, it has a number of shortcomings, such as relatively low stability of properties,
cost inefficiency, and color alterations [16]. To resolve these issues, VO2 is usually doped
with additional chemical elements or various organic and inorganic nanomaterials.
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Phase change materials (PCMs) are a group of materials that could be considered
as sustainable materials that help with energy savings in buildings. PCMs have a high
latent heat that can passively store and release thermal energy by undergoing a solid-liquid
phase transition. By doing so, PCMs can decrease heating and cooling energy consumption
of buildings, reduce indoor temperature fluctuation, shift peak times of energy demand
and thus reduce grid load and assist intermittent renewable energy sources, and maintain
comfortable indoor temperature conditions [19]. The model of PCM in EnergyPlus was
analytically validated by Tabares-Velasco et al. [20], who states that for the accuracy of
the model, (1) Conduction Finite Difference algorithm should be used, (2) the number of
timesteps per hour should be higher than 20, and (3) space discretization value should be
set to at least 3.

Usually, due to partial charging and discharging, PCMs are not exploited to their
full potential. Moreover, PCMs cause an additional problem by discharging heat into
indoor spaces during cooler times of the day [21]. Therefore, various means of assisting
discharge of PCMs, such as natural ventilation, night ventilation, mechanical ventilation,
were actively investigated in recent years. One of them is temperature-controlled natural
ventilation demonstrated by Prabhakar et al. [21] and Pisello et al. [22], which is reported
to significantly improve the energy efficiency of PCMs.

Solar panels or photovoltaic PV panels are devices made of semiconductors that
convert energy from photons into electricity by displacing electrons from the semiconductor
material’s atoms. It has such advantages as carbon neutrality, low maintenance cost, and
relatively low environmental footprint among others. However, it is intermittent and
significantly dependent on ambient weather conditions, set aside such challenges as large
space requirements and the necessity of energy storage systems. Nevertheless, solar energy
technologies are generously subsidized in many parts of the world, which, together with
technological advancements, help lower their capital costs and foster their widespread
installation [23]. For instance, in the United States, prices of solar panels have dropped by
half since 2008, while the capacity of installed panels increased by 35 times [24].

As it can be seen from the literature review, various studies address the impacts
of design parameters on the energy use of buildings in general [10–13]. Some studies
separately study the impacts of the integration of renewable energy technologies [5].
However, it was also noted that most articles are concerned about residential buildings
and tend to consider only impacts of either design parameters or integration of sustainable
energy technologies as standalone solutions. This study, however, is aimed to adopt a
systems-based approach and to provide a combined energy performance analysis of both
aspects at the same time.

For the purposes of this research, a hotel building was selected. Hotel buildings are
quite common around the world and a significant number of them are located near holiday
destinations which are known by their tropical and sub-tropical climate conditions [25].
They usually have high comfort levels and, thus, heavily rely on HVAC systems. This
motivated the authors of the research to investigate the hotel buildings as their energy
optimization and energy efficiency could potentially make a significant contribution to
the overall sustainability of the built environment. Thus, this study conducted an energy
performance analysis of a hotel building. The primary objectives of this study are:

(1) To optimize thermodynamic properties of a hotel’s building envelope and compare
the resultant performance with the baseline model configured as per ASHRAE 90.1.

(2) To investigate the extent to which PV panels, PCMs, and thermochromic windows can
improve the energy efficiency of a hotel and subsequently check their economic feasibility.

The results of the study would contribute to the existing body of knowledge at least in
two important ways. First of all, it will provide practical insights into the effect of envelope
optimization and the performance of the above-mentioned sustainable technologies on the
energy efficiency of a hotel building in the subtropical climate zone, which, to the best of the
authors’ knowledge, has not been well studied yet. Moreover, the following paper would
suggest a methodology for optimization of building envelopes and green technologies at
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the preliminary stages of building design. Although a case study was shown for a high-rise
hotel building only, the application of the methodological flow can readily be extended to
other building types as well. A simulation model of a theoretical hotel building was created
using graphical and energy simulation tools, and then six potential energy performance
improvement measures were considered. Subsequently, a basic cost-benefit analysis was
performed to evaluate the economic viability and financial attractiveness of the building
optimization options. The findings of the study were collated to a set of recommendations
for designing and building an energy-efficient hotel building in a sub-tropical hot and dry
climate. The steps undertaken in this study are presented in Figure 1.

Development of the 
building energy model

Optimization building 
envelope composition, 

insulation levels, and air 
tightness

Identification of optimum 
window-to-wall ratio

Incorporation of Phase 
Change Material (PCM) 
into exterior walls and 

inclusion of temperature-
controlled natural 

ventilation

Installation of 
thermochromic windows

Optimization of the 
building orientation

Determination of energy 
generation potential of 

solar panels installed on 
the rooftop of the hotel

Cost-benefit analysis

Recommendations based 
on parametruc and cost-

benefit analyses

Figure 1. The flow of the research work.

2. Methodology

The adopted methodology in this study is based on energy performance simulation
using a combination of graphical and energy simulation tools which were built based on the
relevant standards and codes used in the United States. Building energy efficiency levels
have to comply with International Energy Conservation Code. All the analysis presented
in this section will be in accordance with ASHRAE [26]. To optimize building envelope
characteristics, window-to-wall ratio, building orientation, and characteristics of three
sustainable technologies considered in the following study, a simple parametric analysis
will be performed and the optimization will be carried out sequentially considering each
variable separately. The advantage of adopting this method is that it is simple and quick
to perform, which may come at the cost of possibly overlooked interactions between
some parameters, such as properties of the building envelope, building orientation, and
PCM melting temperature. To account for this kind of interdependencies between various
parameters, one may want to use more mathematically rigorous optimization methods,
such as the genetic algorithm or stochastic gradient descent.

Development of the Building Energy Model

The energy model of the building was created using the OpenStudio plugin in
SketchUp and improved in OpenStudio. The energy simulation of the model was then
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performed separately in EnergyPlus v9.3. For the validity of the PCM model, the number of
timesteps per hour was set to 20 and the Conduction Finite Difference (CondFD) algorithm
was used following the recommendations of Tabares-Velasco et al. [20].

Each floor was divided into separate spaces (for guest rooms, bathrooms, lobby,
corridors, kitchens, etc.) and each room was set to be a distinct thermal zone. The material
composition of walls, slabs, roof, and windows in the initial baseline model was assigned
by using templates provided by ASHRAE Standard 90.1 [26] taking into account that the
hotel is to be located in climate zone 3B according to the IECC Climate Zone Map [27]. The
material composition of exterior walls and roof are shown below in Table 1.

Table 1. Material composition of exterior walls and roof.

Thickness
[m]

Conductivity
[W/m·K]

Density
[kg/m3]

Specific Heat
[J/kg·K]

Exterior wall

Stucco 0.0253 0.692 1858 837.0
Concrete 0.2032 1.311 2240 836.8

Wall Insulation 0.0623 0.049 265 836.8
Gypsum 0.0127 0.160 785 830.0

Roof

Roof Membrane 0.0095 0.160 1121 1460.0
Roof Insulation 0.1701 0.049 265 836.8

Moreover, space types and schedules for occupancy loads, lighting, and electric equip-
ment were also assigned referring to ASHRAE Standard 90.1. For heating, cooling, and air
conditioning of spaces in the hotel Packaged Terminal Air Conditioning (PTAC) system
with direct expansion cooling and electric heating was selected due to the following reasons:

• Individual control and a separate air conditioning unit are needed for each hotel room
• The hotel comprises many small rooms and is located in a relatively moderate climate
• The surface area of the building is relatively large and thus different sides of the

building may experience different air conditioning needs.

Thermostat set points of different space types have some variations, but for guest
rooms, setpoints were selected to be 21 ◦C and 24 ◦C of mean air temperature for heating
and cooling, respectfully, all days of the week and round-the-clock.

The model was initially built having all 24 floors (see Figure 2), but later, to reduce the
simulation time, the number of residential floors was reduced and a zone multiplier of 19
was set for the eleventh floor. Floor and roof surfaces exposed because of this were set to
be adiabatic. For simulation, the Conduction Transfer Function algorithm with 6 timesteps
per hour was used for all retrofits except for PCMs.

In general, there is no exact scientific reason for choosing this particular type of
building other than an attempt to make it representative of common hotel buildings. The
hotel is rectangular with an aspect ratio of 2 with rooms arranged along its perimeter and
an atrium at the center, which is a common practice for accommodating hotel floors with
as many rooms as possible, while also ensuring that indoor areas are well lit.
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Figure 2. Energy simulation model of a hotel building.

3. Results and Discussions

3.1. Building Envelope

As was mentioned earlier, the baseline composition of exterior walls and roof were
assigned based on the type of building and the climate zone. With this initial configuration,
the building consumes an annual heating and cooling energy of 2557.82 GJ. To reduce
this value, a parametric analysis was conducted to optimize some key parameters of the
building envelope, namely thickness of insulation layer in the exterior wall and the roof
(Di, wall and Di, and roof, respectively), the thermal conductivity of the insulation layer (ki),
rate of infiltration (I), U-factor of windows, and thermal resistance of air gap in the interior
walls (R-value). All six variables control the rate of heat transfer through the envelope of a
building and significantly influence its energy demand. Table 2 summarizes the range and
increments of these parameters used in the parametric analyses:

Table 2. Parametric analyses for optimization of the building envelope.

Parameters Values Used in the Parametric Analyses

Di, wall, m [0.005:0.005:0.075]
Di, roof, m [0.05:0.05:0.40]

ki, W/m-K [0.010:0.005:0.060]
I, m3/s-m2 [0.00005]ˆ[0.0001: 0.0001: 0.0005]

U-factor, W/m2-K [0.3:0.5:5.8]
R-value, m2-K/W [0.1:0.05:0.4]ˆ[0.4:0.1:0.8]ˆ[1:1:4]

To reduce the number of simulations required while still accounting for interdepen-
dencies between these parameters, two cycles of “multi-objective” optimizations were
conducted first involving only parameters of insulation layers, followed by the inclusion of
infiltration, U-values of windows, and thermal resistance of air gap.

From Figure 3, it can be noticed that the original building envelope has already been
quite energy-efficient and that in most cases, further alterations of building envelope
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properties tend to cause negative energy savings. The parametric analysis also reveals
that for all six properties, higher values are preferable and the bottom line for all the
analyses performed in this section is—the building should be well insulated yet adequately
ventilated. The magnitude of energy consumption is the most sensitive to the U-factor
of windows and thermal resistance (R-value). Ultimately, the building envelope was
optimized as follows, Table 3.
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Figure 3. Parametric analysis of building envelope properties.

Table 3. Resultant building envelope parameters.

Di,wall,
m

Di,roof,
m

ki,
W/m-K

I,
m3/s-m2

U-Factor,
W/m2-K

R-Value,
m2-K/W

ECtotal,
GJ

ES,
GJ

%Savings

0.045 0.400 0.030 0.0005 5.8 4.0 2438.3 119.5 4.67%

Here, energy savings (ES) and the percentage-based savings (%savings) refer to en-
ergy savings relative to the baseline model expressed respectively in terms of absolute
magnitude and percentage.

3.2. Window-to-Wall Ratio

Windows and skylights are usually components of building envelopes that have the
least thermal resistance, therefore the window-to-wall ratio (WWR) plays a crucial role
in improving buildings’ energy efficiency. In the original design, the WWR of different
sides of the building are non-uniform, but for the sake of simplicity, optimization will be
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carried out assuming that WWR will be the same for all sides of the hotel. Table 4 shows
the original window-to-wall ratios:

Table 4. Original window-to-wall ratios of the building.

Total
North

(315◦–45◦)
East

(45◦–135◦)
South

(135◦–225◦)
West

(225◦–315◦)

Gross Wall Area, m2 17,197.80 5712.45 2886.45 5712.45 2886.45
Window Area, m2 2400.80 882.40 265.20 988.00 265.20

Gross WWR, % 13.96 15.45 9.19 17.30 9.19

WWR was varied from 5% to 70% with an increment of 5%. Figure 4 below shows
how the energy consumption of the building is affected by these changes (Note: percent
savings indicated on the graph are relative to the baseline model):
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Figure 4. Effect of window-to-wall ratio on building energy consumption.

As it is shown in Figure 4, the higher WWR, the higher the energy demand of the
building. However, having very small windows would be impractical for hotel buildings
both from the point of view of aesthetics and the impact of insufficient daylighting on the
physical and mental well-being of tenants. Therefore, considering these factors, it was
decided to keep the WWR close to the original value, i.e., 15%.

3.3. Building Orientation

Since the building has an aspect ratio of 2, the orientation of the building has a
significant influence on the energy consumption of the building mostly owing to the amount
of solar irradiation (refer to Figure 2, to see how the building is originally orientated). In
fact, from the annual sun path diagram in Figure 5, it is evidently clear that throughout
the year, the northern face of the building is exposed to the direct solar irradiation less
compared to other sides of the building:
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Figure 5. Sun path diagram for the city of Los Angeles, USA [28].

To find how the energy demand required for heating and cooling of the hotel is
affected by the orientation, the orientation of the hotel relative to the north direction was
varied from 0◦ to 355◦ with an increment of 5◦. The result of these simulations is provided
in Figure 6:
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Figure 6. Effect of building orientation on heating and cooling energy demand.

As can be seen in Figure 6, the energy demand of the hotel is the lowest when its longer
side is oriented perpendicular to the North direction. In terms of energy required for air
conditioning, there is not much difference between orienting it at 0◦ or 180◦ relative to the
north. Therefore, architectural considerations would prevail in this case: since an open-air
restaurant is to be located on the top floor, it is preferable to have it oriented towards the
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southern direction—where several landmark buildings are located—to offer guests a better
view. Thus, the building will be oriented at 180◦ relative to the North direction.

3.4. Thermochromic Windows

For the purposes of the hotel project, properties of double-layer VO2 glazing covered
by aluminum-doped zinc oxide (ZnO:Al) described by Kang et al. [17] were used for
modeling of thermochromic windows. Kang et al. [17] and Kamalisarvestani et al. [14]
reported properties of this material at 20 ◦C and 90 ◦C, therefore, referring to Giovannini
et al. [18], it was assumed that optical and thermal properties vary linearly between these
two temperatures (Figure 7).
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Figure 7. Optical properties of the thermochromic windows [17].

Figure 8 shows changes in energy consumed by cooling, heating, and fan of the
original building and energy consumption before and after installation of thermochromic
windows. As can be seen from this figure, heating energy demand decreased by 160 GJ
(11.9%), and cooling energy demand increased by 33 GJ (22.4%) due to the installation of
thermochromic windows. The fan energy changes proportionally to the total cooling and
heating energy consumption, therefore its share in total energy consumed by the HVAC
system remains practically unchanged.
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Figure 8. Energy consumption of the hotel in its original design and before and after installation of
thermochromic windows.

3.5. PCM with Temperature-Controlled Natural Ventilation

The energy model of the hotel building and heat balance algorithms were configured
following recommendations in the literature described in the introduction section [19,20].
A homogenous PCM layer with a 0.020 m thickness was installed into the exterior wall
between the insulation layer and gypsum board (refer to Table 5). Density (ρ), conduc-
tivity (k), latent heat (Hf), and specific heat (Cp) of organic PCM A28 manufactured by
PlusICE® [29] will be taken as a basis for thermophysical properties:
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Table 5. Properties of PCM A28 (PlusICE®) [29].

Properties Values

ρ [kg/m3] 789
k [W/(m·K)] 0.21
Hf [kJ/kg] 265

Cp [J/(kg·K)] 2220
Tm [◦C] 20–30

To find the optimum PCM, melting temperature (Tm) will be varied from 20 ◦C to
30 ◦C and enthalpy curves will be generated using Feustel’s model [30]:

h(T) = Cp,constT +
Hf

2

{
1 + tanh

[
2β

τ
(T − Tm)

]}

where T is the temperature (◦C), β is the inclination of enthalpy curve (–), τ is the width
of the phase transition zone (◦C). Figure 9 shows enthalpy curves of PCMs for the entire
search domain used in optimization, which were generated using Feustel’s model:
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Figure 9. Enthalpy-temperature curves of PCMs for search domain used in optimization.

For the building energy analysis of the hotel, the temperature-controlled natural venti-
lation described by Prabhakar et al. [21] and Jacobson and Jadhav [31] was adopted with
some minor modifications. To model this type of natural ventilation, the airflow network
model (AFN) in EnergyPlus was used. In this model, algorithms can take into account
wind, buoyancy, and pressure differences created by natural and forced movement of air for
calculations of airflow [32]. In case of temperature-controlled natural ventilation, windows
were opened by 50% at any time during the day and nighttime, if (1) outdoor temperature
will be above HVAC heating setpoints and (2) temperature difference between indoor and
outdoor temperatures were more than 1.5 ◦C (originally, in the above two papers, 3 ◦C
temperature difference was used). Airflow network control was set to multizone without
distribution and wind pressure coefficients were calculated by surface averages. Figure 10
below demonstrates the results of simulations:
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Figure 10. Optimization of PCM melting temperature.

As can be seen in this graph, the highest savings are achieved by PCM with a melting
temperature of 24 ◦C, which yields 222 GJ (10.03%) of energy consumption reductions.

3.6. Photovoltaic Panels

Several photovoltaic (PV) panels shall be installed on the rooftop of two kitchens and
bathrooms on the 24th floor. According to Jacobson and Jadhav [31], in Bakersfield (Kern
County, CA, USA), a city located 112 km from Los Angeles, the optimal tilt angle of solar
panels is 29◦. Using this tilt angle and taking one solar panel with the unit area, the effect
of panels’ orientation relative to the North was checked. The results of these simulations
are presented in Figure 11:
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Figure 11. Effect of orientation of PV on electricity generation potential.

As can be seen from this figure, the energy generation potential of photovoltaic panels
is maximum if they are oriented at 190◦ relative to the north direction, i.e., when the panel
is facing towards the southern direction. Therefore, a total of ten PV panels were fit onto
the rooftop with dimensions and interspacing as shown in Figures 12 and 13 (the total
area of all solar panels is 273.0 m2). Their annual electrical energy generation capacity was
estimated via energy simulation to be 397.86 GJ.
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Figure 12. Dimensions and tilt angle of photovoltaic panels.

 

Figure 13. General overview of solar panels.

4. Cost-Benefit Analysis

To summarize the results of previous sections, due to the installation of thermochromic
windows and PCMs, energy savings of 204 GJ and 222 GJ were obtained. Additionally,
398 GJ of electricity is to be generated by solar panels installed on the rooftop. Collec-
tively, these three technologies are estimated to reduce the total energy consumption from
2417 GJ to 1593 GJ (i.e., by 824 GJ or 34%). In this section, a dynamic payback period,
net present value (NPV), and a rough estimate of return on investments (ROI) due to the
installation of these three sustainable energy technologies are provided. Optimization of
building envelope properties, window-to-wall ratio, and building orientation were not
considered during economic analysis since all these energy analyses are being considered
at the preliminary stages of building's design, and as such investments required for their
implementation are virtually nonexistent. However, it is still important to consider these
parameters to improve the energy efficiency of the design and to reduce the operational
costs required for heating and cooling the building during its lifetime.
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Unit prices of thermochromic windows, PCMs, and solar panels are obtained from
manufacturers. They are shown in Table 6 together with material costs, their design life, and
energy-saving potential over their lifetime. For simplicity, transportation and installation
costs were ignored at this stage.

Table 6. Material quantities, costs, and energy savings by thermochromic windows, PCMs, and solar panels.

Construction Quantity Unit Cost
Total Material Cost,

USD

Design Life,
Years

Energy Savings

per Year over Lifetime

TC window a 2497.5 m2 50 USD/m2 124,875 >12 204 GJ 2448 GJ
PCM b 344.0 m3 4572 USD/m3 1,572,768 >27 222 GJ 5994 GJ

Solar panels c 37.5 kW 2710 USD/kW 101,625 ~25 398 GJ 9950 GJ
a [33], b [29], c [34].

According to the U.S. Bureau of Labor Statistics [35], the average electricity price in
Los Angeles from January to September in 2020 was 54.44 USD/GJ. Assuming that the
electricity prices in Los Angeles will follow the national average over the last 20 years,
which, according to statista.com [36], is 2.30% per year, and taking MARR to be 6%,
dynamic payback period, NPV, ROI, and revenue per available room (RevPAR) can be
calculated for each of these three technologies, Table 7:

Table 7. Payback period and return on investments for TC window, PCM, and solar panels.

Construction
Dynamic Payback

Period, Years
Net Present Value,

USD
Return on

Investments, %
RevPAR,

USD/Year

TC window 14.8 −16,264 −13.0 4.9
PCM — −1,346,990 −85.6 254.9

Solar panels 5.6 177,866 175.0 N/A

Here, dynamic payback period, NPV, ROI, and RevPAR were calculated using the
following formulas:

Dynamic payback period =
log
{[

1− Initial Investments×MARR
Annual Cost Savings−Maintenance Cost

]−1
}

log{1+MARR}

NPV = (Annual Cost Savings − Maintenance Cost)
[

(1+MARR)design life−1
MARR(1+MARR)design life

]
−Initial Investments

ROI = NPV
Initial Investments × 100%

RevPAR = Total Room Revenue
Number of Available Rooms

As the above results show, to finance TC windows and PCMs, 4.9 USD and 254.9 USD
have to be allocated annually from each room.

As can be seen from Table 7, TC windows and solar panels have relatively short pay-
back periods and high returns on investments, whereas PCM seems to be not economically
viable at all. Overall, among the considered technologies, only PV panels have positive
NPV, meaning that only this technology yields profits by the end of its lifetime. Neverthe-
less, it should be taken into account that these calculations did not take into account various
other overhead costs and the fact that these technologies may significantly deteriorate over
their lifetime and thus have an annual energy saving potential that is cardinally different
from what was estimated in this section. In addition, 25 years is a long enough period for
significant climate change events to occur, therefore energy performance analysis of PCMs
and solar panels under future weather conditions is advised for higher accuracy.
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5. Conclusions

The study aimed to identify ways of improvement of the building energy efficiency of
a newly designed hotel building developed in accordance with ASHRAE Standard 90.1. To
minimize heating and cooling energy demand of the model building, building envelope
properties (thickness and thermal conductivity of insulation layers, U-factor of windows,
thermal resistance of air gaps, and infiltration rate), window-to-wall ratio, and building
orientation were optimized. Moreover, the energy-saving potential of thermochromic
windows, phase change materials, and photovoltaic panels were estimated along with the
economic feasibility of their installation. Based on the performed parametric analysis, the
study found that while some of the assumptions made in the design model were already
optimal, other design considerations could be improved. Specifically, the parametric
analysis indicated that all 6 properties were optimal in terms of energy efficiency which
indicates that the ASHRAE Standard 90.1-2019 is quite strict and allows achieving good
results in terms of the building envelope. The parametric analysis also indicated that
the energy consumption is the most sensitive to the U-factor of windows and thermal
resistance (R-value) of building envelope components. Therefore, the optimal set of values
for designing hotel buildings for the climate conditions of the considered locality was
provided. In addition, the energy performance analysis also showed that the window-to-
wall ratio and orientation of the hotel building had an impact on the energy use levels. It
was found that the higher the WWR is, the higher the energy demand of the building was.
Keeping WWR close to the original value, i.e., as 15% was also the most optimal solution.
In terms of orientation, the energy demand of the hotel was found to be the lowest when
its longer side was oriented perpendicular to the North direction.

The integration of thermochromic windows, phase change materials, and photovoltaic
panels allowed to increase the energy efficiency of the building. After installing the
thermographic windows heating energy demand decreased by 160 GJ (11.9%) and cooling
energy demand increased by 33 GJ (22.4%) due to the installation of thermochromic
windows. The energy-saving is significant. It was also the case with the PCMs as the
highest savings were achieved with a melting temperature of 24 ◦C, which yielded 222 GJ
(10.03%) of energy consumption reductions. Finally, the solar panels were able to generate
398 GJ of electricity. Cumulatively, these three technologies were able to reduce the total
energy use from 2417 GJ to 1593 GJ (i.e., by 824 GJ or 34%). These findings indicate
that the initial design considerations were optimal after minor adjustments but adding
extra sustainable energy solutions brought notable energy use reductions. Since design
parameters stayed close to the original values, the cost-benefit analysis of these three
technologies only was carried out. It was found that windows and solar panels have
relatively short payback periods and high returns on investments, whereas PCM was
found to be economically nonviable in the given climate zone. Therefore, the designers
and relevant stakeholders should weigh the benefits and costs of the sustainable measures
and adopt only feasible ones.

These analyses may be extended further to include HVAC with model predictive
control and analyses of the future energy demand of the building.
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Abbreviation

AFN Airflow network model
ASHRAE American Society of Heating, Refrigerating and Air-Conditioning Engineers
CondFD Conduction Finite Difference
EC Energy consumption
ES Energy savings
HVAC Heating, Ventilation, and Air Conditioning
IECC International Energy Conservation Code
MARR Minimum Acceptable Rate of Return
NPV Net present value
NZEB Net-zero energy buildings
PCM Phase change materials
PTAC Packaged Terminal Air Conditioning
RevPAR Revenue Per Available Room
ROI Return on investments
TC Thermochromic (windows)
WWR Window-to-wall ratio
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Abstract: The building sector continues to register a significant rise in energy demand and environ-
mental impact, notably in developing countries. A considerable proportion of this energy is required
during the operational phase of buildings for interior heating and cooling, leading to a necessity
of building performance improvement. A holistic approach in building design and construction
represents a step to moderate construction costs in conjunction with reduced long-term operating
costs and a low impact on the environment. The present paper presents an experimental evaluation
of the energy efficiency of a building under real climate conditions; the building, which represents
a holistically designed modular laboratory, is located in a moderate continental temperate climate,
characteristic of the south-eastern part of the Pannonian Depression, with some sub-Mediterranean
influences. Considerations for the holistic design of the building, including multi-object optimization
and integrated design with a high regard for technology and operational life are described. The
paper provides a genuine overview of the energy efficiency response of the building during six
months of operational use through a monitored energy management system. The energetic analysis
presented in the paper represents an intermediary stage as not all the energetic users were installed
nor all the energetic suppliers. However, the results showed a reliable thermal response in the
behaviour of recycled-PET thermal wadding used as insulation material in the building and for the
intermediary stage in which the building has only secondary energy users, the energetic balance
proves its efficiency, keeping the buffer stock of energy high values over 90%.

Keywords: holistic; energy management system; sustainable; building performance; thermal perfor-
mance; indoor comfort

1. Introduction

1.1. Context

The built environment with its different forms (residential buildings, workplaces,
educational buildings, hospitals, libraries, community centres, and other public buildings)
is the largest energy consumer and one of the largest emitters of carbon dioxide (CO2) in the
European Union (EU). Buildings caused 41.3% of the EU27 final energy consumption in the
last decade (Figure 1), and are responsible for approximately 36% of the EU’s greenhouse
gas emissions [1]. Aiming to help address these issues, the EU agreed with new rules for the
energy performance of buildings directive; in 2010 it established a legislative framework
that includes the Energy Performance of Buildings Directive 2010/31/EU (EPBD) [2] and
later, in 2012, the Energy Efficiency Directive 2012/27/EU [3], promoting policies that help
to achieve a highly energy-efficient and zero-emission building stock in the EU by 2050, to
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combat energy poverty, and to encourage more automation and control systems in order
to make buildings operate more efficiently. Later, in 2018 and 2019, both directives were
amended, as part of the new energy rulebook called the Clean Energy for all Europeans
package (2018/844/EU) [4], through which the EU improved its energy policy framework
to encourage the migration from fossil fuels to cleaner energy, while also delivering on the
EU’s Paris Agreement [5] commitments in reducing greenhouse gas emissions and tackling
global warming. At the same time, building and renovating is part of the European Green
Deal [6]; an action plan striving for Europe to be the first carbon-neutral continent.

Figure 1. Final Energy consumption by sector in 27 Member States of the European Union (average
from final energy consumption registered in 2010–2019). Adapted from [1].

Two issues need to be addressed to make Europe’s building sector compatible with the
Paris Agreement: reducing the energy demand by employing energy efficiency measures,
alongside increasing the use of renewable energy sources.

Besides the building’s envelope, human behaviour is also a key factor in defining
energy demand in a building. Both intelligent use of building automation technologies and
improved awareness-raising contribute to diminished energy consumption [7].

Implementing building automation technologies, adopting renewable energy sources,
and providing energy-efficient envelopes are deficient in meeting important sustainability
objectives, if the design stages of the buildings are contrived successively and indepen-
dently, leading to an unalterable variable selection starting with the first steps of the design
process, which highly shortens the ability to find optimal solutions of a sustainable ap-
proach in the end [8]. By consequence, embodying a holistic approach in building design,
considering cross-disciplinary analysis and multi-object optimization is essential in the
building sector [9]. Addressing concerns such as embodied GHG emissions (GHG emis-
sions from the energy that is used to extract raw materials, produce and transport materials
and components during production and construction phases, as well as the energy used
for the maintenance, renovation and building’s deconstruction/demolish) and operational
GHG emissions (GHG emissions from the energy consumed in buildings during operation
phase) are equally important [10]. Many studies [11,12] emphasize the circumstance that
reaching net-zero emissions of carbon dioxide is an impossible objective to attain simply by
reducing the energy consumption of end-users, which necessitates a more holistic approach
in the construction field by means of using environmentally friendly materials on a large
scale and adopting a mix of solutions in replacing the fossil demand.

Improving the connection between the end-of-life (EOL) of the products and the
beginning-of-life (BOL) of the products despite the barriers encountered by the circular
economy (CE), such as developing circular product design guidelines or identifying the
needed assortment, categorizing and recovery infrastructure is another important process
in reducing the carbon dioxide emissions [13].
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1.2. Aim of the Research

The achievement of energy-efficient buildings requires an integrated design con-
cerning various factors such as climate, occupant behaviour, technology, operation and
maintenance, etc [14].

The literature review [15,16] shows that the current body of knowledge shows atten-
tion towards the economic values of sustainable construction and towards case studies
(from the methodological point of view), which demands additional research in the environ-
mental and social context of constructions, as well as in the experimental and quantitative
research. The present work aims to investigate and confirm multiple sustainable factors
gathered in a holistically designed building through an experimental evaluation of the
energy efficiency of a modular laboratory.

2. Building and Equipment

2.1. Site and Climate

The case study is located in Timişoara, the capital city of Timiş County, western
Romania (Figure 2).

(a) (b)

Figure 2. Location of the case study: (a) country context, (b) Timis, oara’s urban layout on topographic map and location of
the Experimental Module. Reprinted from [17].

Located on the Bega River, the city of Timis, oara is considered the informal capital
of the historical Banat region, being the country’s third most populous city, with almost
320,000 inhabitants and close to half a million inhabitants in its metropolitan area [18]. At a
geographical level, Timis, oara is located at the intersection of the 21st meridian east with
the 45th parallel north, being almost an equal distance from the north pole and the equator
and in the eastern hemisphere. Timis, oara lies at an altitude of 86–102 m (Figure 2b) on the
southeast edge of the Banat Plain which is part of the Pannonian Plain.
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According to the Köppen-Geiger climate classification [19], the Banat region exhibits
a Cfb climate; a marine climate with mild summers and cool but not cold winters. The
average annual temperature in Timis, oara is 11.1 ◦C, having the warmest month, on average,
in July, with an average temperature of 21.7 ◦C (average high 27.8 ◦C) and the coolest month
on average, January, with an average temperature of −1.7 ◦C (average low −4.8 ◦C) [20,21].
Figure 3 shows calculated values for the dry bulb temperature ranges for each month
and the full year, enclosing the recorded high and low temperature (round dots), the
design high and low temperatures (top and bottom of green bars), average high and low
temperatures (top and bottom of yellow bars), and average temperature (open slot). The
majority of the recorded hours are below the comfort zone, both during the warm and cold
periods of the year.

Figure 3. Temperature range for Timis, oara (IWEC Data, 152,470 WMO Station). Reprinted from [21,22].

The annual average relative humidity is 80% in Timis, oara, where June is the month
with the highest rainfall (76 mm average rainfall) and February is the driest month (36 mm
average rainfall) [20].

Recent studies [23–25] over climate and bioclimatic conditions in Romania show
changes in the bioclimatic indices over the period 1961–2016 in terms of frequency of
occurrence considering the number of days for each class of bioclimatic indices and in
terms of duration of their occurrence period. For the stated period, bioclimatic indices
such as the universal thermal climate index (UTCI), the effective temperature (ET), the
equivalent temperature (TeK), the temperature-humidity index (THI), and the cooling
power (H) reveal a shift from cold stress conditions to warm and hot conditions, as the
climate in the big cities of Romania (Timis, oara being among them) became hotter during
the warm periods of the year and milder during the cold season. In terms of thermal
sensation, a general negative trend was noticed in the number of comfortable days [21].
Figure 4 shows a psychrometric chart for the Timis, oara location, based on IWEC weather
data [18] and ASHRAE 55 standard [23] and shows that in residential buildings only 14% of
the hours (1226 h) during a year are indoor comfortable hours for a human being when no
design strategies (such as cooling, heating, humidification, dehumidification, sun shading
of windows, natural ventilation cooling, fan-forced ventilation cooling, etc.) are considered.
Every hour of registered climate data is shown as a dot on this chart.

The colour of each dot represents whether the hour is comfortable (green dots) or
uncomfortable (red dots). To reach more than 90% of indoor comfortable hours during a
year, one must consider design strategies such as heating and humidification for 7047 h
(from a total of 8760 h annually) and cooling along with dehumidification (when needed) for
387 h annually which leads to significant energy use during the year and for the building’s
life span. In this specific location, the same achievement of more than 90% of indoor
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comfortable hours during a year can be reached when integrating holistic and passive
design strategies in building design, such as internal heat gain, sun shading of windows,
direct gain passive solar, night flushing of high thermal mass, etc. This reduces heating
and humidification needs to 4424 h annually (almost 38% less heating hours annually) and
cooling and dehumidification needs to 31 h annually (92% less cooling hours annually), as
shown in Figure 5.

Figure 4. Psychrometric chart for Timis, oara location (IWEC Data, 152,470 WMO Station): comfort indoors without design
strategies. Reprinted from [22].

Figure 5. Psychrometric chart for Timis, oara location (IWEC Data, 152,470 WMO Station): comfortable indoors hours using
both active and passive design strategies. Reprinted from [22].
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Integrating passive design strategies in building design and concurrent engineering
(CE) overall is the necessary to meet the climate change milestones related to keeping the
global temperature rise for this century well-below two degree Celsius, to achieve a climate
neutral world by mid-century within zero-carbon solution targets [5] in current bioclimatic
conditions with the context of a future weather shift and to provide a more resilient future
for our built environment.

Based on IWEC data [21], the representative concentration pathway 4.5 [26] emissions
scenario (RCP of an additional 4.5 W/m2 of heating in 2100 compared with preindustrial
conditions representing moderately aggressive mitigation that requires that carbon dioxide
(CO2) emissions start declining by approximately 2045) and a warming percentile of 50%,
the local weather previsions over the course of the 21st century due to the impact of climate
change, shows a continuous shift in decreasing number of colder days in a typical year and
an increasing number of hotter days (Figure 6). For example, the number of days with an
average temperature of 26.9 ◦C will increase from 3, registered at the present, to 10 days by
2035, to 21 days by 2065 and will reach a number of 30 days annually by 2090, while the
number of days with an average temperature of −0.2 ◦C will decrease from 70, which are
registered at present, to 57 days by 2035, to 52 days by 2065 and 47 days annually by the
year 2090.

Figure 6. Projected weather data for Timis, oara location based on RCP 4.5 and 50% warming percentile representing the
shift of the number of days of average daily temperature. Reprinted from [27].

As RCP 1.9 is the pathway that limits global warming to below 2 ◦C, as the Paris
Agreement specifies, which is significantly below the greenhouse gas concentration tra-
jectory of RCP 4.5, which is considered to be a possible scenario for 2100 (in which global
temperature rises between 2 and 3 ◦C, over the 21st century and many plants and animal
species will be unable to adapt to its effects). Integrating a holistic concept in sustainable
building design proves to be important.

2.2. Construction of the Experimental Module

The modular laboratory, illustrated in Figure 7, on which the experimental measure-
ments were performed was constructed based on a selection of structural systems and
materials under constituent factors of sustainable building principles, such as material
efficiency, resource efficiency, health and well-being or cost-efficiency.
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Figure 7. LSF experimental module.

The structure is a lightweight steel-framed (LSF) construction with cold-formed ele-
ments. The structural system was chosen on the account of the sustainable characteristics
of steel, essentially, small weight with high mechanical strength, tremendous potential for
recycling, deconstruction and future reuse, onsite reduced severance, speed of construction,
flexible structural system for modular design, economic in transportation and handling,
reduced foundation costs, [28–30]. The LSF structure is a two-story, modular construction,
with a 5 m long span, 5 m long bay, 3.80 m eave height (on the southern side), 6.10 m eave
height (on the northern side), and 6.95 m ridge height.

The eastern façade has two 0.76 m × 0.96 m window openings, the southern façade
integrates a 3.56 m × 2.73 m glass curtain opening, while the western façade has a 0.76 m
× 0.96 m window opening and a 0.97 m × 2.73 m door opening. There are no openings on
the northern side of the building. The access to the second floor is ensured by a 1 m × 1 m
attic scuttle door.

Using an LSF structure allowed the adoption of a precast wedge foundation system,
designed as a quick foundation system, easy to handle and install, fully recoverable
at the end-of-Life of the building and suitable for reuse [31]. The foundations’ design
was part of the holistic approach design of the experimental module, adopted regarding
environmentally conscious design, modular and standardized design, reusable/recyclable
element design, life cycle design, waste generation assessment, environment-friendly
demolition method, working conditions, safety design and consideration of costs for
materials, waste disposal and life cycle [9].

The southern side of the roof was designed with a roof pitch of 42 ◦, in the pursuit of
gaining an optimal performance of a roof-mounted solar energy system.

The materials used in the experimental module’s construction were selected in the
same approach of holistic design and ease for deconstruction and future reuse of the
components. Table 1 presents the thermal conductivities of the materials used in the LSF
experimental module.

The structure is proper for various envelope configurations. The current envelope
configuration (Figure 8) was carefully selected with consideration for the local sourcing of
building materials to keep transport emissions and associated costs to a minimum.
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Table 1. Thermal conductivity (λ) of the materials used in the LSF experimental module.

Material λ [W/(m·K)/]
Specific Heat

[J/kg·◦C]
Density
[kg/m3]

Steel profiles (C150/2, C200/1.5) 50.00 420 7800
OSB 1 0.130 1700 620

Recycled-PET 2 thermal wadding 0.048 1350 20
Wood fibreboard 0.050 2100 270

Vapor barrier 0.22 1700 130
Aluminium sheet 160 880 2800

XPS 3 0.035 1450 35
PIR 4 sandwich panel 0.023 1400 30

Glass (door and windows) 0.024 840 838
1 OSB: oriented strand board; 2 PET: polyethylene terephthalate; 3 XPS: extruded polystyrene; 4 PIR: polyisocyanurate.

(a) (b)

(c) (d)

Figure 8. LSF construction elements stratification: (a) roof; (b) floor; (c) northern wall; (d) eastern and western wall.

As an inner sheathing layer of walls, ceiling, and floor, the LSF experimental module
was designed to have oriented strand board (OSB) panels (24 mm thick). In between the
steel frame, recycled-PET thermal wadding (150 mm or 200 mm thick, by the case) was
used as batt insulation. For walls, the thermal insulation system was completed in the
exterior with an overlaid layer of wood fibreboards (22 mm thick) and finished by a layer
of rectangular aluminium panels (4 mm thick). In order to avoid moisture from the ground,
the floor was 400 mm elevated. In between the steel frame of the floor, recycled PET
thermal wadding was used (200 mm thick) as batt insulation. Below the thermal insulation
wadding, was installed a layer consisting of trapezoidal steel sheets (4 mm thick), and
beneath, an exterior continuous layer (40 mm) of extruded polystyrene (XPS). Both the
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floor and roof were waterproofed by poly-vinyl chloride (PVC) membranes. On the roof,
the thermal insulation system was completed in the exterior with PIR sandwich panels
(120 mm thick).

The LSF envelope elements (materials, thicknesses, number of layers) are displayed in
Table 2.

Table 2. Materials, thicknesses (d) and thermal transmittances (U) of the experimental module ele-
ments.

Element Material (Layers from Inside to Outside)
d

[mm]
U-Value

[W/(m2·K)]

Floor

OSB 24

0.272

Vapor barrier 0.5
Recycled-PET thermal wadding 200

Steel sheet 4
XPS 40

Total thickness 268.5

Walls (north)

OSB 24

0.314

Recycled-PET thermal wadding 200
Wood fibreboard 22

Vapor barrier 0.5
Rear ventilated level (outside air) 30

Aluminium cladding 4
Total thickness 280.5

Walls (east and west)

OSB 24

0.355

Recycled-PET thermal wadding 150
Wood fibreboard 22

Vapor barrier 0.5
Rear ventilated level (outside air) 30

Aluminium cladding 4
Total thickness 230.5

Roof

OSB 24

0.192

Vapor barrier 0.5
Recycled-PET thermal wadding 200

Stationary air 50
PIR sandwich panel 120

Total thickness 394.5

Door and windows
Glass with argon filling 24

0.880PVC casement 92

Glass Curtain
Glass with argon filling 44

0.740PVC casement 92

Thermal Insulation Fabricated from Recycled Post-Consumer PET Bottles

The thermal insulation layers of the envelope elements (Figure 9), consisting of a
thermal insulation wadding, are fabricated of polyester fibre, recycled from post-consumer
polyethylene terephthalate (PET) bottles. The insulation material is produced entirely
from recycled PET bottles, which withholds CO2 emissions and ensures environmental
benefits. Besides the significantly low environmental impacts shown by the product [32],
the recycled-PET thermal wadding provides high mechanical and physical properties [33],
which remain unaffected by time passing and ensures acoustic insulation properties as well.

Since there are no chemical or textile agents used in the production process, the
product contains no harmful substances for human health [34]. Another property of the
recycled-PET thermal wadding is the material circularity: at the end-of-life of the building
where it was installed, the product can be recycled in a proportion of 100% and used as
a raw material for new thermal insulation wadding. The eco-efficiency of this specific
thermal insulation is also from the proximity of the production place to the construction
site of the laboratory: a transportation distance of only 15 km contributed to the created
value of the product system, along with other factors, such as reusing post-consumer PET
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bottles as a raw material in the production stage, the absence of chemicals in the production
process, the lack of wastes resulted from production or installation of the product.

(a) (b)

Figure 9. Recycled-PET thermal wadding: (a) installation phase at the construction site; (b) layers of insulation before
installation.

2.3. Experimental Installation and Data Acquisition

The primary function of a building is to provide a suitable, comfortable, inner envi-
ronment, according to the building’s functions. A holistic design of an energy-efficient
building regards the installation of renewable energy sources and energy conservation and
an integrated design with regard towards technology, operation, and maintenance. In a
building’s lifetime, the greatest amount of energy is required during the operational phase,
therefore the building’s envelope has a pivotal impact on the building’s behaviour.

2.3.1. Passive Design Strategies

The holistic design of the building regarded a series of passive strategies for the design
of the LSF experimental module. Natural illumination is granted by a 3.56 m × 2.73 m glass
curtain, installed on the south façade of the building, which also provides passive solar
heating during daylight. When additional artificial light is necessary, LED light sources are
available. The sun shading of the glass curtain, provided by external photo-voltaic shading
lamellae, ensures passive cooling of the first floor (not yet installed during the six months
of monitoring).

The renewable sources of energy are based on harvesting solar and wind energy:
twelve 250 W polycrystalline cell panels intake solar energy, with an estimated amount of
solar energy produced on-site of 1269 kWh/year (the potential production of the installed
polycrystalline cell panels under ideal conditions is 3427.29 kWh/year [32]), and a 1 kW
vertical wind turbine.

2.3.2. Monitored Energy Management System

The design of the LSF experimental module, in pursuance of having an authentic,
factual overview of the building’s performance during the operational phase, included
a monitored energy management system. The LSF experimental module is a non-grid
connected building, matching its own energy needs by on-site generation, fully based
on renewables. The monitored energy management system consists of an electric power
distribution representing a direct current (DC) grid, similar to a smart nano-grid (SN).
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The electric power distribution integrates wind and solar sources of energy, elements
for conversion and storage of the electrical energy, and a distributed control and energy
management system through a SCADA system. Common electrical appliances (fridge, TV,
PC) are used and adapted for DC supply, in order to reproduce residential application.

The architecture of the SN, presented in Figure 10, consists of a high voltage DC bus
(HVDC), with a value of 350 V, and a low voltage DC bus (LVDC), with a level of 24 V. For
alternating current (AC) loads and as a backup solution, the SN owns an AC bus with a
voltage of 230 VRMS.

Figure 10. The architecture of the implemented smart nano-grid (adapted from [9]).

A synchronous generator (SG) coupled through a gearbox ensures the harvest of the
wind energy from the vertical wind turbine. The electrical power provided by the SG is
injected into the LVDC bus using the SG controller. A maximum power point tracking
(MPPT) charge controller through which the LVDC is connected to the photovoltaic panels,
helps to convert solar energy into electrical energy. A smaller MPPT charge controller is
used for the louver photovoltaic panels. The energy is stored in four 12 V/220 Ah valve
regulated lead-acid gel batteries, which can store 10 kWh of electrical energy, enough for
2–3 days of usual household operation without recharging. The connection between the
HVDC bus and LVDC bus is performed through a bidirectional hybrid switched capacitors
converter (BHSC) [35].

High efficiency and low cost of high ratio voltage conversion are viable due to the
BHSC converter’s capabilities. The entire flow of electrical energy is controlled by a SCADA
system which ensures the data acquisition of all parameters.

2.3.3. Data Acquisition Infrastructure

The LSF experimental module’s data acquisition infrastructure consists of 3 CO2
sensors, 14 humidity sensors and 53 temperature sensors distributed as presented in
Figure 11. A measuring station, composed from 12 so-called intelligent relays (IR) is
used for acquiring the data from the sensors [36], providing digital inputs and outputs,
which can be used in small automation such as residential automation [9]. The sensors
(Figure 12a) distributed on the walls are located on the outer face of the interior walls,
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between the insulation layers and on the inner face of the exterior walls, as illustrated in
Figure 12b.

The SCADA interface was designed with the LabView 2021 software development
platform provided by National Instrument (11500 N Mopac Expwy Austin, TX 78759-3504,
USA), and it is supported by a dedicated station server. For redundancy, a second SCADA
system was designed with the Logo Web Editor V1.0 software (Siemens AG, P.O. Box 48
48 90026 Nuremberg, Germany) development platform [36] which is supported by the IR.
Unlike other SCADA systems which run over a dedicated station (server or desktop), this
second SCADA system is accessible using a web page. The acquired data are stored on the
server station and backup is also stored on the IR which is equipped with a micro-SD card.

Figure 11. Sensors’ distribution on LSF experimental module: (a) north façade (b) southern façade and roof (c) interior
(d) east façade (e) west façade (f) in slabs (adapted from [9]).
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Figure 12. (a) Humidity and temperature sensor configuration (b) sensors’ distribution between thermal insulation layers.

3. Results and Discussion

3.1. Thermal Monitoring

Figures 13–18, illustrated below, show the information provided by the monitoring
management system registered during a supervision interval of six months (02 December
2020–17 May 2021). The recordings transferred from the sensors reveal the behaviour of
the experimental module’s envelope and indoor comfort conditions. In the temperature
graphics, data provided from the sensors located on the outer face of the interior walls are
shown in yellow, data provided from the sensors located between the insulation layers are
shown in blue while data provided from the sensors located on the inner face of the exterior
walls are shown in purple (Figure 12b). It should be noted that at the time of monitoring the
external photo-voltaic shading lamellae were not installed yet, nor any other HVAC system;
therefore, no mechanically cooling, heating or dehumidification system contributed to the
indoor comfort. The interior temperature was influenced only by solar gain, electrical
appliances, and human interaction during maintenance and observation interference.

No doubt, the building occupancy has a direct influence on the thermal performance
of the building. The building was only used sporadically during the recording period,
human interaction during maintenance and observation was the only interaction.

During the winter period (from 1 December 2020 to 21 March 2021), the outdoor
minimum air temperature was ranging from −1 to 2 ◦C, while the maximum one from
5 to 9 ◦C. During the spring period (from 22 March 2021 to 15 May 2021), the outdoor
minimum air temperature was ranging from 3 to 8 ◦C, while the maximum one from 11 to
21 ◦C. In both periods, the daily maximum and minimum outdoor air temperatures had
significant variations during the monitoring period. Looking to the middle and interior
sensors, it is very easy to see they are following those from the exterior with a difference
of 2–3 ◦C (Figures 13–16). The differences are a bit higher in the case of north and west
facades, especially from the sensors located on the ground floor. The temperature profiles
for both floors were quite similar, but due to the presence of the larger glazed area on the
southern facade, higher temperatures were recorded for the interior sensor. These highlight
the effect of the glazed area as a strategy to capture solar gains. In the spring, a difference
of 2–3 ◦C was observed between the indoor air temperatures of the space located on the
ground floor and the one the upper floor. Figures 13–16 show thew indoor temperature
does not remain stable in the rooms. The situation was expected to be like this due to the
missing systems for indoor comfort and human interaction.
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Figure 13. (a) Temperature data provided by the sensors for southern façade first floor.

Figure 14. Temperature data provided by the sensors for the eastern façade first floor (above) and ground floor (below).

Figure 15. Temperature data provided by the sensors for the western façade first floor (above) and ground floor (below).
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Figure 16. Temperature data provided by the sensors for the northern side of the building: roof (above), first floor façade
(middle), and ground floor façade (below).

Regarding the outdoor relative humidity, two different periods can be identified,
i.e., from 1 December 2020 to 21 March 2021, where the outdoor relative humidity varies
between 90 and 95% and from 22 March 2021 to 15 May 2021, where the outdoor relative
humidity varies between 74 and 78% (Figure 17).

The humidity sensors placed on the internal sides of the walls shows there was a
10–20% daily variation, reaching maximum values of around 70% during the night and
lower figures of 40% during the day in the winter, while in spring values from 45 to 25%
are observed. Slightly higher values for the relative humidity were obtained for the sensors
S13U placed on the west ground floor corner and S14U placed on the east ground floor
corner, close to the north facade. The reduced ventilation rate, due to the lack of occupancy,
might be the main reason for the high indoor relative humidity levels.

The LSF module is also equipped with a CO2 sensor, whose provided data are reflected
in Figure 18. The carbon dioxide (CO2) concentration was evaluated and classified accord-
ing to the categories defined by EN 15,251 [37]. The CO2 concentrations were measured
during the same period of time. Higher values of CO2, between 300 and 350 parts per
million (ppm) were recorded during human interference in the building for maintenance
or observation. However, even the top values of CO2 concentration remain in the normal
CO2 concentration of air quality, which corresponds to category I according to EN 15251.

As the LSF experimental module is completely off-grid and during the monitorisation
period the wind turbine was not yet installed, there were two intervals (10 January 2021–
08:02 AM to 14 January 2021–01:42 PM and 23 April 2021–07:18 AM to 30 April 2021–
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02:11 PM) in which the energy production of the roof PV was insufficient (due to heavy
cloud cover), and the sensors could not provide data (as the graphics show).

Figure 17. Humidity data provided by the sensors from various locations of each façade.

Figure 18. Carbon dioxide (CO2) concentration within the experimental module.
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3.2. Analysis of the Energy Production

The next section presents an energy analysis report of the LSF module. The energy
shown in the following diagrams is provided only by the roof PV. The wind turbine and
PV louver were not integrated into the physical system during the monitoring period.
For comparison, a winter month, December (Figure 19), and a final spring month, May
(Figure 20), were chosen. The blue line represents the state of charge of the storage system,
the orange bars represent the energy production of the roof PV, while the red bars represent
the energy consumptions by the LSF module. Against expectations, the higher energy
production is in December, due to the necessary energy to charge the batteries.

Figure 19. Energy analysis report of the LSF module during December 2020.

Figure 20. Energy analysis report of the LSF module during May 2021.

It can be observed that there are periods of up to 10 kWh energy production/day,
which compensate for cloudy and snowy days when the energy is assured from the batteries.
In normal operation, the LSF module energy consumption is constant and is approximately
2.6 kWh/day (Figure 21); however, to not discharge the batteries more than 40% to extend
the batteries life, the consumption was reduced and only the essential equipment was
powered. Figure 21 presents the hourly energy analysis for two summer days. Over the
nights, the batteries are discharged up to 92–93%, which covers eight–nine hours without
solar radiation. The essential equipment consists of the SCADA system and the measuring
system. In the end, if we want to assume the total energy that can be generated by the three
renewable energy sources (roof photovoltaic panels, louver photovoltaic panels, and wind
turbine), we can state that the energy provided is around 5 kWh during peak production.
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Figure 21. Energy analysis report of the LSF module, two days overview.

3.3. Conditions and Limitations of the Study

The outcomes of this study are based on the analysis of only six months of thermal
behaviour, it was not possible to statistically analyse and compare the behaviour of this
building during large periods of time. The results presented are particular to the Banat
zone due to the particular type of climate. However, the benefits of holistically designed
buildings and of the recycled-PET thermal wadding insulation can be extrapolated to
other areas.

Another limitation of this study is the fact that the building is an experimental lab-
oratory that was not constantly inhabited during the monitorisation period. Since this
building is mainly used for short periods of time (maintenance or observation), potential
actions of building occupants who could alter in any way the indoor environmental quality
were not addressed.

Furthermore, at the time of monitorisation, the external photovoltaic shading lamellae
were not installed, a fact which led to the lack of sun shading of the glass curtain and a lower
rate of indoor comfortable hours in the days with a clear sky and outside temperatures
above 20 ◦C. Another equipment that was not yet installed at the time of the monitorisation
period was the wind turbine, which could have been helpful with the energy production
during the two periods of heavy cloud cover of the sky when the energy production of the
roof PV was insufficient.

4. Conclusions

Given the EU’s commitment in the Paris Agreement to limit the increase in global
average temperature to less than 1.5 ◦C above pre-industrial levels and the significant
contribution of GHG emissions of the building sector, it is imperative to minimize both
the embodied GHG emissions and the operating GHG emissions from the construction
and renovation of buildings. The weight of embodied GHG emissions varies with the
design, the origin of energy, the mix of materials used, and with the construction of the
buildings, while the operating GHG emissions are determined by the building performance
and the amount of renewable energy in building energy consumption in correlation with
fossil-based energy sources.

To achieve buildings with a reduced impact on the environment (either from the
construction or operational phase) and moderate construction costs, one needs the embody
a holistic approach, integrating cross-disciplinary analysis and multi-object optimization.

The holistic design approach of the LSF experimental module presented in the pa-
per involved the adoption of various criteria regarding a sustainable building, such as
resource efficiency, material efficiency, ecology preservation, environmentally conscious
design, life cycle design, reusable/recyclable materials, modular and standardized design,
environment-friendly demolition method, waste recycling and reuse, safety design, con-
sideration of life cycle cost, materials cost and health and well-being. Besides assigning
renewable energy sources, conservation sources of energy, and inclusion of passive design
strategies, to meet energy efficiency targets, the holistic design of the modular laboratory
required an integrated design with consideration for technology and operation.
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The monitored energy system included in the design of the LSF experimental module
brings an important contribution in having a genuine overview of the building’s perfor-
mance during the operational phase.

Thermal performance monitoring included the assessment of air temperature and
relative humidity. These parameters were evaluated over six months, from 1 December
2020 to 15 May 2021. The results showed that it is difficult to obtain adequate thermal
comfort conditions without an active heating system.

Despite the fact that the building does not have any mechanically cooling, heating
or dehumidification systems to augment the indoor comfort conditions, the recordings
showed for the monitored period that during mid-season, the rooms had adequate com-
fort conditions.

However, the presented results highlight the importance of the occupants’ actions
that will influence the thermal performance of the building through heating/cooling and
ventilation, useful for removing air pollutants and heat loads.

Not controlling the solar radiation (as the shading PV lamellae were not installed yet)
increased the risk of overheating hours, as the results showed for the last two weeks of
monitorisation. The future use of an external solar shading device will be more efficient in
reaching thermal comfort conditions within comfort limits, reducing the risk of excessive
solar gains and overheating. The use of an external solar shading device, such as the PV
louver, will be more effective to reduce the risk of excessive solar gains and overheating
during summer.

Furthermore, additional studies are needed to complement and understand the bene-
fits of improving thermal comfort conditions and reducing energy requirements for heating,
to validate the effectiveness of the research presented and to disseminate the assets on a
holistic design approach. In future works, a main issue of the model should be addressed,
i.e., human behaviour interaction with the building in defining energy demand. Another
important aspect is the energy production from renewable sources. The wind turbine and
PV louver are now integrated into the physical system. From September 2021, a one-year
monitoring period will start including all these missing components.
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Abstract: Knowing the properties of vernacular materials is crucial to heritage conservation and to
develop innovative solutions. Reed, considered to be a carbon-neutral and a carbon dioxide sink
material, has been used for centuries for diverse uses. Its high availability and properties made it a
popular building material, including in Portuguese vernacular architecture. An experimental investi-
gation was conducted to evaluate the physical performance, thermal performance, and durability
of the reed found in Portugal since the characterisation of this material was not found in previous
studies. The influence of geometric characteristics and the presence of nodes on these properties
were also analysed, and the results showed that they are irrelevant. The studied reeds were found to
have an adequate thermal performance to be used as thermal insulation. Their thermal resistance
(1.8 m2·◦C/W) and thermal conductivity (0.06 W/m·◦C) are under the requirements defined by Por-
tuguese regulations on thermal insulation materials. Overall, the physical characteristics (moisture
content, density, and retraction) are compatible to its use in the construction. Concerning durability,
there was only a trend for mould growth in particular environments. The results provide valuable
data to be considered in the development of new construction products based on this natural and
renewable material. Additionally, considering the studied samples, the reed found in Portugal has
characteristics suitable for use as a building material, especially as a thermal insulation material.

Keywords: reed (Arundo donax); material characterisation; sustainability; natural materials; vernacu-
lar architecture

1. Introduction

Reed has been used for thousands of years in diverse uses by many cultures [1–3].
The reed has been a conventional construction material since ancient times. It was used
to make baskets, fences, windbreakers, building walls, roofs, floors, shading barriers,
and temporary shelters for men and animals; music instruments; paper; and bio-fuel. Its
characteristics, such as its high availability, lightweight stem, and fair mechanical strength
and high flexibility (due to the tubular shape of the stem), has allowed for different uses of
reed and made it a popular component as a construction material [2–5].

Its low mechanical strength and easy combustion have made it difficult to use in
building structures, being more commonly used in ceilings or supports for covering roofs,
wall panelling to improve their thermal performance, or to complement the earthquake
resistance of internal and external walls [3]. However, the solution adopted in the construc-
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tion of the external walls of earthquake-resistant buildings with mats of Arundo donax L. in
Calabria, Italy, has shown good durability since many examples are still perfectly intact [3].

Around the world, it is possible to see vernacular buildings entirely built out of
reeds, just with some construction elements (walls and ceilings), and using reeds together
with other materials [6]. In Portuguese vernacular architecture, the reed was also used
as a construction material, particularly in the southern region, probably due to its high
availability. However, since it is spread throughout the Portuguese territory [7], its use
in vernacular architecture can also be found in other regions of mainland and island
Portugal [8,9].

Reed was used mainly as an element for thermal insulation in walls [10] and roofs.
The encaniçado is an example of the use of reeds in the construction of roofs (Figure 1).
This technique allows for a roof to achieve better thermal performance [11], and it is widely
used in the vernacular buildings of the Alentejo and Algarve regions in noble and common
buildings. The encaniçado consists of rows of reeds tied together [12] and to the structural
timber beams. In some cases, a layer of mortar is applied over the reeds to flatten the
surface and connect them to the roof tiles that are placed over the mortar.

Figure 1. Use of reed for roof construction: (a) common gable building [8] and (b) section of a roof [8].

Concerning the use of reed as an element for thermal insulation in walls, the walls
of palheiros, and the tabique technique are important examples of Portuguese vernacular
architecture using reeds. Palheiros are palafitic timber buildings, and although their timber
walls usually just have an air cavity, there are records of palheiros in Leirosa (near Figueira
da Foz) in which the cavity of the external wall was filled with reeds to improve thermal
insulation [8,13] (Figure 2). Reed is also found in earth-filled timber frame walls such as
the tabique. The tabique technique can be found almost everywhere in Portugal [14]. It
is part of the Portuguese heritage, and similar techniques are applied worldwide [15]. In
brief, a tabique is formed by a regular timber frame covered with an earth mortar [14,15].
In Algarve, more specifically in the cities of Lagos and São Brás de Alportel, there are
examples where the wooden structure of the tabique walls was replaced by reed panels [16].
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Figure 2. Use of reed for wall construction: palheiro in Leirosa [13].

Similar solutions are used worldwide. For example, in Italy, there is a building system
uses a timber-framed supporting structure and a sheathing composed of two mats made
of Arundo donax L. fixed to the walls and then covered with a layer of lime and cement
plaster [3].

Knowing the properties of the natural materials used in vernacular architecture is
crucial to ensure successful heritage conservation, optimise the use of these materials,
and develop innovative solutions. In general, the characterisation of natural materials
is a challenge for researchers. The high variability in their properties and the absence of
specific standards are the main barriers to these materials characterisation [17]. In the
particular case of reeds, from the literature review, it was verified that only a few studies
have presented their characteristics.

Regarding physical characteristics, the research results are even scarcer. Phragmites
australis (PA) (common reed) and Arundo donax (AD) (giant reed) are frequently mentioned
in these studies on natural building materials. However, it is important to note that
these species have a marked difference in their geometry, particularly in average diameter:
around 1.0–2.5 cm for PA [18,19] and 2.5–5.0 cm for AD [19,20]. In this sense, the comparison
of results from different studies should be made with caution.

Concerning thermo-acoustic properties, different approaches to characterisation have
been identified. Some studies have evaluated the thermo-acoustic potential of panels
where the reed is the main material, and others have evaluated panels made only with
reed [6,21–23]. Both approaches highlight the thermal insulation potential of the reed.
Regarding the panels made only with the reed, the review research carried out by As-
drubali et al. [24] showed thermal conductivity values for the reed of between 0.045 and
0.056 W/m·◦C. Asdrubali et al. [22] presented a thermo-acoustic characterisation of reed
panels (PA) while considering different geometries, densities, humidity rates, and stems
shapes in experimental research. The maximum diameter of the used reed was 1.5 cm.
The thermal characterisation was carried out in a guarded hot plate and hotbox appa-
ratus. According to the authors [22], the layout and characteristics of the reeds did not
strongly influence the equivalent thermal conductivity, reaching values between 0.055 and
0.065 W/m·◦C. However, the acoustic behaviour was strongly affected by the stem config-
uration. Since there was a significant difference in the average diameter of the different
reed species, it is essential to understand whether these conclusions apply, for example, to
panels made with AD.

Regarding a panel where the reed is the main material, the AD harvested in Por-
tugal was used in a prototype of a building solution based on earth and reeds (stem
and fibres) [25]. The prototype built in Lisbon had its indoor and outdoor temperatures
monitored during the different seasons. The researchers [25] concluded that the solution
contributed to controlling the interior air temperature, given the thermal amplitudes that
were registered outside.
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Molari et al. [26] used the same bamboo standards to evaluate the mechanical prop-
erties of reed (AD). According to the results, the reed’s compressive strength (127.4 MPa)
was 20% higher than the tensile strength (103.7 MPa) and almost twice the axial compres-
sive strength (57.0 MPa). On the other hand, the axial Young’s modulus under tension
(15.3 MPa) was similar to that under compression (13.4 MPa) and about three times higher
than the shear modulus (2.96 MPa). According to the authors [26], the results showed
good mechanical properties of the reed that were similar to those of various species of
bamboo used in constructions. However, it is important to note that, given the small
reed dimensions compared to bamboo, variations concerning the bamboo standards were
carried out. Therefore, caution is needed when comparing these results with the results of
other research.

Furthermore, the water content was not considered in the discussion of the results.
Conte et al. [27] studied the effect of water content on the structural and mechanical
properties of reed (AD). The researchers used a combination of different analytical tech-
niques (such as calorimetry and fast field cycling NMR relaxometry). They concluded that
reed bending properties are strongly affected by the presence of bound water. Thus, it is
important to consider the physical properties of the reed when studying its mechanical
properties.

There is an important gap in the knowledge of the physical properties of reed. In
recent literature, there has been no research focused on these properties. Some research
with mainly thermo-mechanical objectives included the determination of some physical
characteristics of the reed. Soliman [28] studied reed (AD) use in thermal insulation and, in
parallel, also determined its water absorption and moisture content. After three months
of drying the reed, they found 12.11% of moisture and 52.60% of water absorption (after
immersion in water for 24 h at a room temperature of 23 ◦C). The moisture content was
higher than values achieved in other research [26,29]. This difference could have been
related to the test methodology.

In their study focused on mechanical characterisation, Molari et al. [26] determined the
moisture content of reed, reaching values between 7.09% and 8.96%. Ortunõ [29] carried
out a reed (AD) characterisation for use as a construction material and determined its
moisture content and density. After one year of drying, they determined the reed density
as received (583 kg/m3), the density of anhydrous reed (537 kg/m3), and the density of
saturated reed (1040 kg/m3). Since the reed used as a construction material does not
receive any treatment, they considered the density equal to 583 kg/m3 and determined its
moisture content to be 8.63%. This value was similar to moisture content value found by
Molari et al. [26].

Since the properties of natural materials can be site-dependent [29,30] and no charac-
terisation of reed from Portugal was found in previous studies, this research fills a gap in
this area of knowledge, thus assuming an innovative position. In the present paper, the
characterisation results of Portuguese reed are presented and discussed. This experimental
investigation assessed the physical and thermal behaviour of reed and its durability, aim-
ing to produce knowledge that can be used to design new solutions for more sustainable
construction and the conservation of vernacular buildings.

2. Materials and Methods

2.1. Specimens

The giant reed (Arundo donax) used in this research was harvested in Serpa, inland
Southern Portugal. The location was chosen due to the abundance of the reed [7] and
proximity to areas where the reed has an important presence in vernacular architecture, as
mentioned in the previous section.

The harvest took place in winter. In winter, the plant has less sap (it is drier), and,
therefore, it can regenerate quickly. The cut stems have less moisture, dry faster, and are
less susceptible to biological agents. According to Alentejo’s locals, “reed harvested in
January lasts all year” [18].
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The harvested reeds were stored in a laboratory environment (20 ± 2 ◦C and 50 ± 2%
RH) in a vertical position, and they remained there for six months in the drying process.
After the dying process, the reeds with cracks or other anomalies were discarded, and the
others were identified and classified according to their external diameter. To characterise the
reeds, they were divided into three groups: G0—diameter less than 11 mm; G1—diameter
between 11 and 15 mm (average thickness of 1.6 mm); and G2—diameter between 15 and
22 mm (average thickness of 2.5 mm). G0 was discarded because it showed insufficient
mechanical resistance, often breaking during the works. G1 and G2 were characterised in
three ways: physical properties, thermal properties, and durability.

2.2. Physical Properties

Since there are no normative procedures for the characterisation of reeds, the methods
used were adapted from other materials. Due to the differences between the complex reed
node structure and the reed stem, it was decided to assess the node influence on the results.
Thus, in the physical tests, reed samples with and without nodes were studied. For each
test, five samples were used (5-cm-length stems).

2.2.1. Moisture Content

The moisture content (MC) test was carried out based on the Portuguese Standard
NP—614 [31] for wood. The test consisted of drying the sample in an oven (103 ± 2 ◦C)
until it reached a constant mass. The moisture content was the difference between the wet
mass (m0 (g)) and the dry mass (m1 (g)) divided by the dry mass, according to Equation (1).

MC =
(m0 − m1)

m1
× 100, (1)

2.2.2. Apparent Density

The apparent density (ρ) test was carried out based on the Portuguese Standard NP—
616 [32] for wood. The test consisted of determining the specimen mass and volume at
a specific moisture content. The graphic program AutoCAD was used to determine the
specimen’s volume. The apparent density was the mass (m (g)) divided by the volume (ν
(m3)), according to Equation (2).

ρ =
m
ν

, (2)

2.2.3. Dimensional Stability—Retraction

The linear retraction (ε) test was carried out based on NP—615 [33] for wood. The
test consisted of determining the variation in studied dimensions after saturation and
drying. The linear retraction was the difference between the saturated specimen dimensions
(l1 (mm)) and the air-dried specimen dimensions (l2 (mm)) divided by the oven-dried
specimen dimensions (l3 (mm)), according to Equation (3).

ε =
(l1 − l2)

l3
× 100, (3)

Reed walls’ dimensional variations in length, diameter, and thickness were monitored
during the test. Concerning diameter, two directions were monitored: 1–3, 2–4 (Figure 3a).
Concerning thickness, four points were monitored: 1, 2, 3, and 4 (Figure 3a). Concerning
the length, four directions were monitored: 1–1, 2–2, 3–3, and 4–4 (Figure 3b).
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Figure 3. Markings used in the reeds to carry out the retraction test: (a) diameter and (b) length.

2.2.4. Capillary Water Absorption

The principle of the capillary water absorption (A) test consisted of determining the
amount of water absorbed by porous materials over a certain time. A dry specimen was
placed in an oven at a controlled temperature, and the amount of water absorbed through
only one surface of a non-saturated specimen immersed in a water film of 5 ± 1 mm was
measured. The absorption of water through capillarity was the difference between wet
mass (mi (g)) that had one surface in contact with water during a time (ti) and the dry mass
(m (g)) divided by the superficial area that was in contact with water (a (mm2)), according
to Equation (4).

Ai =
mi − m

a
, (4)

The samples were dried over 24 h in an oven at 100 ± 5 ◦C. Afterwards, the reed
base (external and internal wall) was isolated with silicone to ensure a unidimensional
penetration of the water (Figure 4a). A steel wire support was built to prevent the reeds
from floating during the test (Figure 4b). The samples were immersed in a water film of
5 ± 1 mm, and the water level was monitored (Figure 4c). The amount of absorbed water
was measured after 15, 30, 60, 90, 120, 150, 180, 210, 240, 300, 360, 1440, and 2880 min
(Figure 4d).

Figure 4. Cont.
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Figure 4. Capillary water absorption test steps: (a) sample preparation, (b) steel wire support, (c) samples immersed in
water, and (d) weighing the sample on a precision balance.

2.3. Thermal Properties

The characterisation of the thermal properties of the reed was based on the analysis of
its thermal transmittance, thermal resistance, and thermal conductivity. Reed panels were
built to analyse these properties using the hotbox test.

2.3.1. Reed Panels

Reed panels of 15 cm × 15 cm (Figure 5a) were built to carry out the calibrated hotbox
tests. The reed stems were overlapped to create a 10-cm-thick panel (Figure 5b). In order to
contain the reed stems, the panels were tied with steel wire. A steel wire was applied in the
borders of the panel to decrease the influence on the heat flux during the hotbox test. Two
types of panels were built: type 1 (only G1 reeds stalks) and type 2 (only G2 reeds stem).
Their main characteristics are presented in Table 1.

Figure 5. Reed panels used in hotbox test: (a) horizontal dimensions and (b) thickness.

Table 1. Characteristics of the panels used in the hotbox test.

ID
Quantity
of Reed
Stems

Reed Stems
with Nodes

(%)

Quantity
of Nodes

Average
Diameter

(mm)
SD 1

Average
Thickness

(mm)
SD

Steel
Wire

Mass (g)

Panel Mass:
Reed and
Wire (g)

Density
(kg/m3)

Type 1 84 92.31% 103 13.25 0.93 1.70 0.29 19.50 489.70 208.98
Type 2 56 100% 65 16.83 1.57 2.29 0.52 19.50 479.34 204.37

1 Standard deviation (SD).
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2.3.2. Hotbox Test

The thermal properties of the reed were evaluated in a calibrated hotbox [34] designed
and built at the Department of Civil Engineering of the University of Minho, following
the recommendations of ASTM C1363-11:2014 [35]. The hotbox comprised two five-sided
chambers (external dimensions: 2.0 m × 1.4 m × 1.6 m)—a cold one and a hot one—and
one mounting ring placed between the two chambers. The envelope was well insulated
and made of extruded polystyrene (thickness: 0.20 m; U = 0.21 W/(m2·◦C)).

The reed panel was placed in the mounting ring set between the two chambers. It
was enclosed between two medium density fibreboards (MDFs) in order to provide a flat
surface for installing the flux meter and thermocouples (Figure 6). The reed panels were
tested in a horizontal position because the reed accommodation in this position achieved a
lower thermal transmittance than the vertical position [21].

Figure 6. Set up of reed panel in hotbox test: (a) horizontal view and (b) vertical view.

The temperature difference between the hot and cold chambers was maintained at
around 10 ◦C. The tests were carried out by the thermal flux meter methodology, according
to ISO 9869-1:2014 [36], where the heat flux was measured through a heat flux sensor
installed in the central part of the reed panel and the temperature was measured by four
thermocouples (two in each chamber: one in the middle of the chamber and the other on the
surface of the reed panel). With the values of the heat flux (q) and the surface temperatures
(T) while using Equation (5), it was possible to determine the thermal resistance (Reset)
of the set (reed panel and MDF), where ΔT is the difference between the surface MDF
temperature in the hot and cold chambers.

Reset

[
m2◦C/W

]
=

ΔT
q

, (5)

The thermal resistance of the reed panel (Rereed) was determined using Equation (6),
where ReMDF is the thermal resistance of the MDF used.

Rereed

[
m2◦C/W

]
= Reset − (2∗ReMDF), (6)

The thermal transmittance (Ureed) and thermal conductivity (λreed) of the reed panel
were determined using Equations (7) and (8), where e is the thickness of the panel.

Ureed

[
W/m2◦C

]
=

1
Rereed

, (7)
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λreed[W/m◦C] =
e

Rereed
, (8)

2.4. Durability—The Mould Development Test

Reed is an organic material. As a natural building material, reed becomes mouldy
like wood or wood-based products in favourable conditions [37]. Mould is often an early
indication of increased moisture levels in buildings. Problems caused by mould are mainly
discolouration, odours, and health problems.

In order to evaluate the resistance of the reed for mould growth, an exploratory
overstress test was carried out for the samples. The assessment of the emergence and
development of mould in the reed samples was made visually with images collected using
binocular materials microscope LEICA DM 750 M from Leica Microsystems, a 5 MP HD
Microscope Camera Leica MC170 HD (sourced by Leica Microsistemas Lda., Microscopia e
Histologia, Carnaxide Portugal) and Leica Application Suite (version 4.12.0).

Four samples in each reed group (G1 and G2) were placed in a Petri dish, visually
evaluated, and laid in ARALAB FitoClima 1000EC45 climatic chamber (22 ± 2 ◦C and
90 ± 5% HR) for 42 days. The chamber conditions were appropriate for mould development
in reed [38]. One reed dried in an oven (103 ± 2 ◦C) until reaching a constant weight (G1—
Dry and G2—Dry), was studied too. The samples were evaluated weekly. To reduce the
time the samples were outside the chamber and to avoid changes in the final results, the
visual analysis was performed in the shortest possible time of less than 20 min.

During the visual analysis, the quantification of mould growth was based on the
mould index used in the experiments for visual inspection (Table 2). To minimise the
margin of error, the visual inspection was made independently by two persons.

Table 2. Mould indexing classifications (adapted from [39]).

Mould Index Coverage Description of Classification

0 0 No growth

1 0 Some growth detected only with microscopy

2 >10% Moderated growth detected with microscopy

3 0–10% Some growth detected visually

4 10–50% Visually detected

5 50–80% Visually detected

6 80–100% Visually detected

3. Results and Discussion

3.1. Physical Properties
3.1.1. Moisture Content

Figure 7 shows the mass loss as a time function. Similar behaviour was observed in all
studied samples, regardless of node presence and group. The samples reached a constant
mass after around 240 min. There was a marked mass loss during the first 30 min of the
test, followed by a residual loss up to 24 h. The verified mass loss was related to the water
evaporating during the drying process.
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Figure 7. Mass loss of reed as a function of test time.

The results of the moisture content test are presented in Table 3. After six months
in the natural drying process (Section 2.1), the reeds showed similar moisture content,
regardless of group (G1 or G2). According to the results, the reed diameter (and thickness)
had no significant influence on the moisture content. Despite the difference between
used methodologies, Molari et al. [26] and Ortunõ [29] studied reed (AD) and found
similar moisture content values of 8.96% and 8.63%, respectively. Nevertheless, they did
not evaluate the differences between regions with and without nodes. Concerning node
presence, G2 with node showed a higher moisture content than G2 without node. That
was not the case with the G1 reed. The presence of the node likely only had an influence
on the moisture content for larger diameters. Conte et al. [27] studied node influence on
the moisture content of reed (AD), and they also found a higher moisture content in reeds
with nodes. The research did not show the diameter of the studied reed. According to the
authors, the largest moisture content of the reed with a node could be explained by the
presence of a larger amorphous cellulose fraction inside the node compared with the reed
without the node.

Table 3. Moisture content of reeds.

Identification Moisture Content (%) SD 1

G1 9.463 0.195
G1—node 9.432 0.056

G2 9.495 0.242
G2—node 10.28 0.150

1 Standard deviation.

The values present in Table 3 are close to the moisture values for wood showed in
Portuguese standard (12% [31]) and those expected for bamboo after the natural drying
process, i.e., between 10% and 15% [40]. In this sense, it is possible to say that, after six
months of natural drying, regardless of the diameter and node presence, the reed could
reach moisture levels close to the reference values for wood and bamboo.

3.1.2. Apparent Density

Density is related to most physical properties of materials. Therefore, it becomes an
indicator of the quality of natural materials and their possible applications. The higher
the density, the higher the resistance and the better the quality [29]. Reed density can
vary between its base and its tip, and it depends on its age: the more mature the reed,
the denser it is [41]. The studied stems were from the middle part of the reed and were
between one and two years of age. The graph presented in Figure 8 shows the density
values found in this study and their comparison with bamboo and other wood materials
used in construction.
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Figure 8. Density of the studied reed (G1 and G2), bamboo, and other wood materials used in the
construction.

From the comparison of the different groups, it is possible to observe a slight difference
between the density values. G1 at 0.524 g/cm3 (SD 0.063) showed a greater density than G2
at 0.476 g/cm3 (SD 0.011). These values were in accordance with other studies, namely that
of Molari et al. [26], 0.577 g/cm3, and Ortunõ [29], 0.583 g/cm3. Regarding bamboo, for
example, the density varies according to the species (0.6 and 1.0 g/cm3 [40]). No studies
were found on the relationship between reed’ physical properties and its different species.
Regarding the wood used in construction, reed density (G1 and G2) is close to the density
of stone pine: 0.645 g/cm3 [42].

3.1.3. Dimensional Stability—Retraction

Because it is a hygroscopic material, reed changes its moisture content according to
the relative air humidity, expanding with increasing humidity levels and retracting with
decreasing levels. Thus, the dimensional stability of reed plays an important role in its use
in construction, whether in the renovation interventions of heritage or new applications.

The results of the linear retraction in length, diameter, and thickness of the reed are
shown in Figure 9. The observed retraction values revealed a specific behaviour for each
studied part from the reed stem. For example, regardless of the group and node presence,
the thickness of the reed had the highest retraction percentage and the length had the
lowest, always less than 1%. Concerning length, the found values were similar to those of
bamboo from Portugal retraction (0.23%) obtained in [43].

Figure 9 shows that the presence of the node had a more significant influence on
G2 than G1, particularly in the reed thickness retraction. The node’s influence was more
significant in point “1” (G2), where the reed with node showed a retraction in thickness that
was 1.80 times greater than the reed without node. Regarding the retraction in diameter,
the node presence had no influence in G1 but had a slight influence in G2. Regarding the
retraction in length, the values were negligible regardless of the group.

In general, the results showed that the reeds with larger diameters tended to present
greater retraction, despite their nodes being less vulnerable to this phenomenon. The
thickness retraction reached significant values for G1 and G2. Nevertheless, this behaviour
must be considered when reeds are used in situations that require greater geometric
stability. This high retraction can also influence cases where reeds are used with joints and
accessories.
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Figure 9. Linear retraction percentage: (a) G1 and (b) G2.

3.1.4. Capillary Water Absorption

The curves shown in Figure 10a illustrate the variation of capillary water absorption
as a function of the square root of test time. Figure 10b shows the first stage of the test (first
360 min) in detail.

Figure 10. Capillary water absorption as a function of the square root of test time: (a) complete curves and (b) detail.

According to Figure 10a, until 48 h, none of the samples reached a saturation stage.
This behaviour may have been related to the hygroscopic nature of the material and showed
that the reed could absorb a high amount of water. This high water absorption was in
accordance with the results of a study by Soliman [28]. Though they used another method
to assess water absorption (total immersion of reed in water during 24 h), they also found
a high water absorption value of 52.60%.

Concerning the node presence, it was observed that the samples with nodes absorbed
less water than samples without nodes. This “difficulty” in water transport may be related
to the dense and complex structure of the node. Reed nodes are likely to be similar to
bamboo nodes. In bamboo, the fibrovascular bundles (which transport water and nutrients)
are parallel in the stem region, but have a random distribution in the node region [44].
This complex arrangement can make the transportation of water difficult. The retraction
test also presented results that corroborated this difference in behaviour between regions
without and with nodes.
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Concerning groups, G2 absorbed less water than G1. In addition, the lower slope of
the curves (Figure 10b) shows that the capillary absorption of G2 was also the slowest. As
such, it is likely that the fibrovascular bundles of G2 were smaller than those of G1. Though
the capillary water transport in G1 was faster than G2, the transport occurred throughout
the reed stem regardless of diameter and resulted in a very similar moisture content for
both groups of around 9% (Table 3).

3.2. Thermal Properties

An infrared camera (ThermaCAMTM T400, FLIR Systems AB, Danderyd, Sweden)
was used to evaluate the distribution and homogeneity of the temperatures in the hotbox
during the test, as well as to detect the presence of thermal bridges or discontinuities.
Figure 11 shows the uniformity of temperatures in the cold chamber and no thermal
bridges. It is also possible to observe the hot air outlet in the upper ventilation grid.

Figure 11. Infrared image from the cold side of hotbox during the test with the reed panel.

The parameters monitored during the hotbox test are shown in Figure 12. Figure 12a
refers to the results of panel type 1 (G1), and Figure 12b refers to the results of panel type 2
(G2).

Figure 12. Measurements of the heat flux and hot and cold superficial temperatures in the set: (a) panel reed G1 and MDF;
(b) panel reed G2 and MDF.

From Figure 12, it can be seen that despite the heterogeneity of this natural material,
the temperature and the heat flux remained stable during the test period (72 h). In the
type 1 (G1) test, the cold chamber remained very stable, maintaining a temperature of
24 ◦C and the hot chamber temperature remained near 34 ◦C. In the type 2 (G2) test, the
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cold chamber showed an average temperature near 26 ◦C and the hot chamber showed an
average temperature near 36 ◦C.

Based on the results from Figure 12 and the application of the equations presented in
Section 2.3.2, Table 4 summarises the average values obtained for the thermal properties of
the studied reed panels.

Table 4. Parameters monitored during the hotbox and the thermal properties of the studied reed panels.

Panel
Superficial Temperature (◦C)

Heat Flux
(W/m2)

Reset

(m2·◦C/W)
ReMDF

(m2·◦C/W)
Rereed

(m2·◦C/W)
λreed

(W/m·◦C)Hot Chamber Cold Chamber

Type 1 34.66 24.66 5.61 1.834 0.147 1.540 0.064
Type 2 36.37 26.37 5.88 1.886 0.147 1.592 0.063

According to Table 4, type 1 (G1) and 2 (G2) panels showed similar thermal behaviour.
From the results of the performed measurements, two main aspects can be discussed. First,
the type 1 (G1) panel had almost twice as many nodes as the type 2 (G2) panel (Table 1).
Thus, the number of nodes had no significant influence on the thermal behaviour of the
reed panels. Second, the panels were built with similar densities to assess the influence of
reed diameter (Table 1). For the studied diameter range (11–22 mm), the reed diameter had
no significant influence on the thermal properties of the reed panels. These results were in
accordance with those of Asdruballi et al. [22], a study where reeds (PA) with diameters
between 3.6 and 8.8 mm were analysed using a guarded hot plate and hotbox test, and
conclusions showed that the diameter did not influence thermal conductivity [22]. The
studied reed panels showed a good thermal behaviour regardless of the studied group.

Considering the thickness of the reed panels (100 mm), their thermal resistance values
represented 60% of the thermal resistance value of some commercially used insulation
materials such as rock wool, XPS, and cork (approximately 2.60 m2·◦C/W). The obtained
thermal conductivity values were similar to those presented in other studies (using reed
from different origins) [22,44] and corroborated this type of reed potential for use as a
thermal insulation material.

3.3. Durability—The Mould Growth Test

To analyse the moisture content’s influence on the durability of the natural materials,
reed (without nodes) was subjected to two drying processes: the natural process (G1 and
G2) and the oven drying process (G1—Dry and G2—Dry). The quantification of mould
growth is shown in Figure 13.

Figure 13. The mould index of the reed as a function of the test time.
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From Figure 13, it can be seen that the growth of mould was detected in all studied
situations. The mould growth intensity was different depending on the reed group and
drying process. G2 had a more intense mould growth than G1 during the entire test period,
regardless of the drying process. This behaviour could have been related to the G2 thickness.
Its greater thickness than G1 could provide a larger surface for mould development. Since
the moisture content of the two groups was similar (Table 3), it is believed that this variable
did not influence this specific behaviour.

Concerning the drying process, it is possible to say that reference samples (G1—Dry
and G2—Dry) had a less intense mould growth than those subjected to the natural drying
process (G1 and G2). In this specific behaviour, moisture content was found to play an
important role since the higher moisture content (G1 and G2) provided a more favourable
environment for mould development. Tables 5 and 6 show mould growth observations
for the larger (G2) and smaller (G1) mould growth intensities observed in this study. In
Tables 5 and 6, it is possible to compare the mould index and the images of the samples at
four different test moments: 0, 14, 28, and 42 days.

Table 5. Development of surface moulds in G1 dry reed.

Test Period Mould Index Bare Eyes Microscope (10×)

14 days 3.5

28 days 4.5

42 days 4.5
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Table 6. Development of surface moulds in G2 reed.

Test Period Mould Index Bare Eyes Microscope (10×)

0 day 0

14 days 5

28 days 5.5

42 days 6

The general aspects of the samples presented in Tables 5 and 6 are quite different. In
the photographs corresponding to the bare-eyes analysis, it is possible to observe intense
dark areas in the G2 sample, while in the G1—Dry sample, a generalised brown colour was
observed. The microscope images show the evolution of the mould in the sample at the
same point of the test.

In the G2 sample, the fifth stage of growth (index 5) was reached after 14 days of
testing. The bare-eyes analysis showed that almost 80% of the sample was covered with
grey and black mould. After 14 days, the mould growth was moderate, and the last stage
of mould growth (index 6) was reached at the end of the test. In this stage, it was possible
to see, in the microscope image, a high density of mould in the sample. In the G1—Dry
sample, the third stage of growth (index 3) was reached after 14 days of testing, and the
maximum growth stage did not exceed index 4. Grey and black mould was observed in
the microscope image only after 28 days, and the sample showed a low density of mould
growth until the end of the test.

These results show the trend in the development of mould in the studied reeds. The
interior surfaces of the reeds were studied individually, but the results were in accordance
with the study of [37]. In this research, [37] reeds tied with steel wire were subjected to
the overstress test (22 ◦C and 90% HR), and at the end of 42 days, the external surfaces of
the reeds showed a mould development index between 5 and 6. The results of this study
also showed the important role played by moisture content in the durability context. Drier
reeds lead to less intense and slower mould growth.
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These results confirmed the trend in the development of mould in the studied reed.
However, these results must be carefully analysed. There are two main aspects to consider.
First, the chamber conditions were the ones that maximise mould growth in reed [38].
Similar conditions could occur in particular natural environments. In Portugal, for example,
only the coastal region reaches temperature and humidity conditions similar to those
studied. This situation can happen during the summer for a short time, usually at night [10].
Second, the reed was studied while considering the resistance to the mould of the inner
face, i.e., the most vulnerable one. This area is the less dense side of the reed [41] and is
therefore more vulnerable to aggressive agents.

4. Conclusions

To reduce the environmental impact of the construction sector, preserve and renovate
vernacular buildings, and create commercial value for locally available natural materials
such as the giant reed (Arundo donax), it is necessary to know a material’s physical and
thermal proprieties.

Reed is considered to a carbon-neutral raw material and a carbon dioxide sink, and
it has been used for centuries for diverse uses. Its high availability and properties made
it a popular building material, including in the construction of Portuguese vernacular
buildings.

In the present paper, an experimental study was carried out to characterise the giant
reed (Arundo donax) that is most common in Portugal. Considering the uses of reed in
Portuguese vernacular architecture (as for thermal insulation) and the absence of data on
the physical properties of the reed, its thermal and physical properties were assessed in
this study. The durability of natural materials plays an important role in this context, so it
was also evaluated in this study. The results were presented and discussed in the previous
sections, and the main conclusions are as follows:

(1) Based on the studied thermal parameters (thermal resistance, thermal transmittance,
and thermal conductivity), it is possible to conclude that reed from Portugal, under the
studied conditions, has an adequate thermal performance. Furthermore, its thermal
resistance (1.8 m2·◦C/W) and thermal conductivity (0.06 W/m·◦C) were found to be
in accordance with the requirements defined by Portuguese law for thermal insulation
materials. The thermal resistance of reed is almost 60% of the insulation materials
used in Portugal (e.g., rock wool, XPS, and cork). The geometric characteristics
(diameter) and node presence were found to have no influence on the studied thermal
properties.

(2) The physical characteristics of reed from Portugal are compatible with its use as a
construction material. The reed’s density and water content were found to be similar
to the organic materials conventionally used in the construction sector. The reed
has satisfactory dimensional stability, making it compatible with rigid connection
accessories. However, attention should be paid to aspects such as retraction in
its thickness. The hygroscopic nature of reed could be related to the high water
absorption reached in the tests.

(3) There is a trend for mould growth under favourable conditions (22 ± 2 ◦C and
90 ± 5% HR). Nevertheless, these specific temperature and humidity conditions
are uncommon in Portuguese climatic conditions. Therefore, the durability of this
material will not hinder its use as a building material.

The presented characterisation provides valuable data to be considered in the ren-
ovation of vernacular buildings. In addition, regarding the studied samples, the reed
found in Portugal has characteristics suitable for use as a building material, especially as a
thermal insulation material. Additionally, considering the abundance of reed throughout
the Portuguese territory, this is a sustainable, eco-friendly, and low-cost option.
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Abstract: One of the main elements for increasing energy efficiency in large-scale buildings is
identified in the correct management and control of the Heating Ventilation and Air Conditioning
(HVAC) systems, particularly those with Heat Pumps (HPs). The present study aimed to evaluate
the perspective of energy savings achievable with the implementation of an optimal control of
the HVAC with HPs. The proposed measures involve the use of a variable air volume system,
demand-controlled ventilation, an energy-aware control of the heat recovery equipment, and an
improved control of the heat pump and chiller supply water temperature. The analysis has been
applied to an academic building located in Pisa and is carried out by means of dynamic simulation.
The achieved energy saving can approach values of more than 80% if compared with actual plants
based on fossil fuel technologies. A major part of this energy saving is linked to the use of heat
pumps as thermal generators as well as to the implementation of an energy efficient ventilation,
emphasizing the importance of such straightforward measures in reducing the energy intensity of
large-scale buildings.

Keywords: energy efficiency improvement; HVAC operation; dynamic optimization; sustainability

1. Introduction

The civil and residential sector is responsible for about 40% of the total final energy
consumption and for about 30% of greenhouse gas (GHG) emissions. The major possibil-
ities of reducing the energy consumption lie in non-residential buildings for public use,
which are characterized by higher energy intensities (EI) compared to residential ones [1].
The specific consumption of these buildings is strongly dependent on climate but also on
other variables such as the building’s use and the energy systems in place. A lot of scien-
tific contributions have demonstrated this occurrence. In a paper recently published [2],
the authors have shown the significant variability of the energy intensity associated to
different public non-residential buildings located in the same city. Comparing the total
energy consumption intensity of several large public buildings (such as offices, educational
buildings, hotels, shopping malls), the authors evidenced the range of available values
from 50 kWh/m2 per year up to 500 kWh/m2 per year, and a range from 50 kWh/m2 up
to 200 kWh/m2 in the case of office and educational buildings. This relevant variability
suggests the evidence of an “energy performance gap”, that is due to faults in building
design, construction, but, in particular, in the operation stages of the Heating, Ventilation
and Air Conditioning (HVAC) systems [3]. To reduce this problem, improvements both
in the building structure and in the energy systems’ management and control are pos-
sible [4], pursued with the aim of energy efficiency enhancement and the integration of
renewable energy sources (RES) in the pool of energy systems serving the building. Both
these approaches can play a relevant role, as shown in recent papers considering strategic
perspectives [5,6].

Considering the HVAC system, measures for reducing the energy intensity are cor-
related both with the systematic use of specific components, like the Heat Pump, and to
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the optimal control of HVAC systems. Heat pump (HP) systems are considered a strategic
technology with which to increase the efficiency of heat generation and the penetration
of electricity produced with renewable energy systems in buildings, as was discussed
in some recent papers [7–9]. Moreover, HPs are considered relevant elements in smart
microgrids and nearly Zero Energy Buildings (nZEB), adding flexibility to the system and
allowing shifts in energy demand from heat to electricity, as well as from fossil fuels to
renewables [10,11].

Concerning the problem of management and control, it has been estimated that about
90% of the Heating, Ventilation and Air Conditioning are not operated optimally [12]. In
fact, while the single components are carefully controlled to satisfy the building demands,
a supervisory control able to provide the optimal solution has still not been developed
on a full-scale [13]. The development of supervisory control of HVAC systems could lead
to the possibility of both reducing the energy consumption and improving occupants’
comfort. Supervisory control could shift the HVAC operation from the simple pursuit of
acceptable environmental conditions, considered as constraints as in technical standards,
to an accurate consideration of all the targets involved. For example, in [14], the authors
of this paper achieved an improvement of 25% in terms of the occupants’ comfort, while
simultaneously reducing the building ideal energy demand up to 30% by optimizing
ambient air setpoints in an academic building.

The development of advanced Building Energy Management Systems (BEMS), avail-
able thanks to the widespread use of smart metering systems and pieces of equipment able
to modulate their output without degrading their performance, is leading buildings into a
transition phase in which they can interact with occupants, with other buildings, and with
a grid [15,16].

Another possibility of obtaining supervisory control is represented by Model Pre-
dictive Control (MPC), which is based on the selection of an optimal time sequence of
operation [17–20]. The advantages that can be obtained with this technology are directly
dependent on the test case they are applied to, and especially on the type of control they
are compared to. In [18], the authors provided possible reduction in energy usage between
30% and 80%, while in [19] the authors provided energy savings up to 75%.

Moreover, the development of supervisory control is paramount when considering
the integration of RES in the HVAC system. On one side, it can help to successfully manage
the different energy sources of the building and, on the other, it can provide the optimal
operation of storages, thanks to evaluations made on future predictions. These elements
can both be seen in the operation of electrically driven HP, which have been identified as
one of the favored technical solutions, in combination with photovoltaics (PV), to obtain
all-electric solutions [21] and achieve the feature of nearly-Zero Energy Buildings [22]. In
fact, the combination with PVs requires an accurate selection of the energy source favoring
renewable electricity when available, to reduce costs and environmental impact connected
to the energy use, while the presence of thermal storages requires an accurate prediction
of energy demands. Thus, thanks to an advanced control, these machines are expected to
become fundamental in future HVAC systems [23].

The aim of this paper was both to highlight the gap in the current operation of HVACs
and to analyze the energy savings that can be achieved in the field of large-scale, non-
residential buildings, with a shift from fossil fuel-based technologies to the application of
HVAC systems based on a systematic use of HPs. The study focused both on measures
which do not require supervisory control and that are already available on the market,
but are not sufficiently implemented on the field, such as Demand-Controlled Ventilation
(DCV), as in [24], and on opportunities given from a supervisory control, as an energy-
aware control of the heat recovery (HR) equipment or the optimal control of the heat
pump and chiller supply water temperature. The methodology was applied to a test case
represented by an educational building in Pisa, Italy.

The novelty of this study is that of emphasizing a hierarchy in the importance of
the various measures that can be applied to HVAC systems to improve their overall
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performance in addition to highlighting that the main energy savings can be achieved with
the use of low-complexity and at-hand interventions, represented especially by the use
of HPs.

2. Energy Intensity of Large-Scale Public Buildings: The Perspectives of the Use of
HVAC with HP

In a recent paper [2], the authors presented a method to evaluate building energy
consumption based on an energy use index of different functional sectors in China. The
study testified that the average value of buildings for public use is in general quite high,
but the relevant spread among similar structures demonstrates how it could be possible to
pursue relevant reduction of energy consumption.

Considering the large-scale public buildings, in general, the relevant part of energy
consumption is connected to the lighting systems, to the various electricity loads, but in
particular, to the operation of the HVAC system, used for maintaining adequate internal
conditions inside buildings. HVAC systems, developed in various layouts, involve many
components that can be arranged in several ways, obtaining different configurations [25].
In general, five different processes can be considered to achieve all the air-conditioning
services [26], namely heating, cooling, humidifying, dehumidifying, and ventilation [27].

To realize these processes, typical HVAC systems can be thought of as divided in
five different sections, shown in Figure 1, which in turn can be divided in localized and
non-localized sections. The pre-treatment, the treatment, and the generation sections
belong to the former type, and can therefore be represented showing their interconnections;
the transport and the control section belong to the latter type, as they rather represent
functional sections.

Figure 1. HVAC functional sections.

At the beginning, the incoming air is sent in the pre-treatment section, in which energy
recovery measures and mixing with exhaust air are obtained. Later, in the treatment section,
air is processed until it reaches the desired supply conditions; then, the generation section
is present. The transport and the control section are also present in the HVAC system.

The pre-treatment section is represented by two different elements, in which the
interaction between outdoor air and exhaust air occurs: energy recovery and mixing.
Energy recovery is recommended by technical standards [28], with the aim of reducing
energy consumption. Many technologies have been developed for this purpose, such
as sensible or total energy recovery and active or passive techniques [29]. Plate heat
exchangers, rotary wheels, heat pipes, and run-around loops can be used.

In the treatment section, a series of transformations occur. These transformations can
include pre-heating, cooling and dehumidifying, humidifying, and re-heating, and are
usually performed by means of coils and humidifiers.

The generation section, which is a relevant part, can be characterized by different
devices, such as, in general, a boiler for heating and a chiller for cooling. However, as
stated above, electric HP are gaining attention for their improved performance compared
to classical generation systems and their possible integration with RES as PV systems. The
transport section consists of all the fans, pumps, ducts, dampers, and loops which allow the
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movement of the fluids present in the plant. The control section consists of all the devices
with the function of equipment regulation, namely sensors, controllers, and actuators.

2.1. Heat Pump Potentialities for HVAC Generation Section and Real Operation

One of the main advances regarding the generation section of HVAC systems proposed
in the present paper was represented by a systematic use of HPs. The use of this technology
is considered today a very efficient way for increasing energy efficiency, but if, and only if,
they are properly sized and operated. The HP system performance can be highly reduced
under many circumstances, such as high temperature lift, defrost operation, partial loads,
and frequent on-off cycles. These conditions often occur when the HP must match variable
heating demands in response to the building thermal dynamics.

Considering the coefficient of performance (COP), four different indexes can be defined
to take into account and compare the different operational modes of the same HP systems:

• COPnom, or nominal full-load COP, provided by the HP manufacturer at the reference
sources temperature, according with technical standards (e.g., [30]).

• COPDC, the full-load performances provided by the manufacturer at the different
external and supply temperatures provided by [30,31]. The data are marked with the
subscript DC and are evaluated at maximum compressor speed.

• COPop, or the HP operative part-load COP, experimentally measured or simulated
through a validated HP model. This index accounts for both external and supply
temperatures, together with the effects of the capacity control.

• COPsys, or the HP overall system performance, calculated as the ratio between the

heat provided to the building by the emission system,
.

Qu, and the electric input used
by the HP,

.
WHP. This value considers HP performances and all the thermal losses in

the other pieces of equipment (e.g., pipework, thermal inertial storages, or puffers).

The just-mentioned indexes refer to the instantaneous thermal or electrical power
exchanged by the HP unit or system. In general, it seems to be particularly interesting to
analyze their average value over a reference period, τ (e.g., a month, a year, a season). Some
of the most common time-integral coefficients of performance are the seasonal coefficient of
performance SCOP and the capacity ratio. The seasonal coefficient of performance, SCOP,
is defined as the ratio between the thermal energy output and the electrical energy input of
the HP device (SCOPHP) over the considered operational time, τ.

SCOPHP =

∫
τ

.
QHP dτ∫

τ

.
WHPdτ

=

∫
τ

.
mHPc f (Tw,out,HP − Tw,in,HP)dτ∫

τ

.
WHPdτ

=
QHP
WHP

(1)

The capacity ratio, defined as CR, is a parameter that allows the analysis of the real
operation of the HP unit or system. It can be evaluated according to the delivered heat,
QHP, and the maximum available energy output at nominal full-load power at the given
external and supply temperatures over the considered time (off periods included):

CR =
QHP∫

τ

.
QDC(Tw,out,HP; Tair,ext)dτ

(2)

According to the above-mentioned technical standards, it is possible to evaluate a
penalization factor, fCR, as a function of CR and its capacity control system, that assumes
values in the range between 0 and 1. This penalization factor should be applied to the
full-load COPDC at the specific external and supply temperatures to obtain the operative
part-load COPop.

2.2. HVAC Control System

Due to the high number of elements present in the HVAC system, HVAC control plays
a very important role by coordinating the operation of the elements in the different sections,
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primarily with the aim of satisfying the building demands, but also to do that in an efficient
way if a supervisory control is applied [32].

Three main categories of variables are involved in HVAC control: Firstly, the con-
ditioned space variables; Secondly, the weather and occupancy variables; Finally, the
operational variables. The monitored conditioned space variables can be the internal
temperature, relative humidity, and pollutants’ concentration, usually represented by car-
bon dioxide concentration; the monitored weather and occupancy variables can be the
external temperature and relative humidity, solar irradiance, and number of occupants; the
monitored operational variables can be flow rates, fluid temperatures and pressures, and
components’ state. The conditioned space variables represent the objective of control, the
operational variables represent the controlled variables, and the weather and occupancy
variables represent the disturbances. A detailed consideration of these disturbances can
help to determine the operational variables able to satisfy the objective of control at the
minimum cost possible.

3. HVAC with HP for Large-Scale Buildings: Modelling of the Real Operation and
Optimized Control Strategy

The objective of this analysis was to evaluate the positive effects on the overall energy
efficiency of the building that can be obtained by using a HVAC system with HPs and
an optimal control of the HVAC system operation through a real-time control of real
occupation of the building.

The control practices that were developed represented both the best available tech-
niques and at-hand techniques that have still not been implemented in real systems but
that could lead to a significant increase in the building energy efficiency at minimal com-
plexity and cost. The techniques proposed were the demand-controlled ventilation, an
energy-aware control of the energy recovery system, and a control of the HP and chiller
supply water temperature.

The first measure aimed to introduce the energy perspective when dealing with indoor
air quality (IAQ) and works by minimizing outdoor air flow rate when not justified by IAQ
requirements. The second measure works by selecting the best configuration for the use of
the heat recovery based on an energy-based criterion. It points out the importance of a su-
pervisory control able to select the best working state of some of the components involved
based on performance of the overall system. Finally, the third measure works by adapting
the operating temperature of the generation section to reduce energy consumption. The
above-mentioned measures only represent some of the possibilities that can be obtained
with supervisory control. This also highlights the complexity of developing a comprehen-
sive supervisory control. In fact, since the number of components and interactions among
them are very high, it is common practice to apply it only to some elements.

All the measures proposed were applied in cascade to a Variable Air Volume (VAV)
system, representing the energy savings that can be achieved with an increased complexity
of the HVAC control system. Moreover, all the Control Strategies (CS) were compared
to a Constant Air Volume (CAV) system to show the improvements that have already
been achieved with the implementation of VAV systems. The strategies analyzed are
summarized in Table 1. Strategy CS 1 represents an outdated configuration based on a CAV
system; CS 2, considered as a benchmark for its wide spreading, involves the use of a VAV
system; CS 3 adds DCV for the outdoor flow rate; CS 4 adds an energy-aware controller for
the pre-treatment section to CS 3; CS 5 adds an exact supply water temperature control of
the generation section to CS 4.

In order to evaluate the real advantages in terms of energy saving obtainable in a
specific application, the methodology proposed has been traduced in a mathematical model
in which both the building under analysis and the HVAC, with all the components involved,
were considered. The simulation was carried out using physically based models [33]. The
components’ models were complex enough to represent the main phenomena involved
and catch the interactions between the different pieces of equipment, but quite simple
enough to be able to provide insights on the energy savings [34].
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Table 1. Control strategies of the proposed HVAC.

Strategy Supply Flow Rate Outdoor Flow Rate
Pre-Treatment Section

Control
Generation Section

Control

CS 1 Constant (CAV) Based on peak occupancy Temperature-based Weather-based
CS 2 Variable (VAV) Based on peak occupancy Temperature-based Weather-based
CS 3 Variable (VAV) Based on real occupancy (DCV) Temperature-based Weather-based
CS 4 Variable (VAV) Based on real occupancy (DCV) Energy-aware Weather-based
CS 5 Variable (VAV) Based on real occupancy (DCV) Energy-aware Optimized

Concerning the HVAC system layout, the analysis was applied to a single zone VAV
system, which represented a step forward compared to the more classical CAV systems.
The difference is based on the presence of variable speed drive (VSD) fans able to reduce the
airflow, when possible, without degrading their performance. The CAV system nominal
flow rate is 35,000 m3/h, and the VAV system flow rate can modulate up to 25% of
this value.

The pre-treatment section was equipped with a sensible plate heat exchanger with
a nominal flow rate of 17,000 m3/h and a mixing chamber, which can both be bypassed.
The treatment section was equipped with a preheat, a cooling and dehumidification, and a
reheat coil, all using water as heat transfer fluid along with an adiabatic humidifier. The
generation section was equipped with a chiller serving the cooling and dehumidifying
coil, and a HP serving the reheat and preheat coils. Both the chiller and the HP considered
were air-to-water machines, meaning that they exchanged with outdoor air on the external
side and with a water loop on the internal side. The heat pump size was 310 kW with a
nominal COP of 3.2, while the chiller size varied for the different CSs and ranged from
96.9 kW to 190 kW. The transport section had variable speed drive motors for the supply
and return fans, each with a nominal input power of 15.5 kW. The system performance
was evaluated by means of the integration of the HVAC model with a building model. The
building energy demand was calculated based on the setpoints suggested from technical
standards, namely 20 ◦C for heating, 26 ◦C for cooling, and 1000 ppm for carbon dioxide
concentration [35].

4. Building and HVAC Components Modelling: Specific Details

In this subsection, the models for the building and HVAC components, according to
the illustration of Figure 2 are discussed and presented in detail in the next subsections.
All the models involved are written in MATLAB code to ensure easy intercommunication
between them.

4.1. Building Model

To define the interaction between the HVAC system and the control system, a relevant
part was represented by the model of the building. It consisted of a resistance-capacitance
thermal network, which models the building through several nodes for the envelope and
one node for the indoor air, assumed as a single thermal zone [36]. Opaque capacitive
walls were modeled as a series of multiple resistance-capacitance nodes, while glazed
elements were modeled as solely resistive. Various heat transfer modes were considered:
the conductive heat transfer among the capacity layers of opaque walls; the convective
and the radiative heat transfer between the envelope surfaces and the indoor/outdoor
environments; radiant heat transfer with the sky; absorption of solar radiation; radiant heat
transfer among internal surfaces; and radiant heat transfer with internal gains (e.g., the
number of occupants for each hour). The sensible energy demand of the internal air node
was calculated, accounting for all the mentioned energy exchanges, ventilation fluxes, and
internal gains, using an hourly timestep. The latent heat energy demand was evaluated
through the vapor mass balance of the indoor air.
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Figure 2. HVAC system components and details of the model.

4.2. Model of the HVAC and of the Various HVAC Components

The model of the HVAC was represented by the equations that describe the behavior
of the various components: in particular, plate heat exchanger, mixing chamber, coils,
humidifier, HP, chiller, and fan, according to the scheme provided in Figure 2.

The model consists in all the balance equations and in the definition of the various
heat transfer coefficient. The analysis of the heat exchangers was carried out using the
ε-NTU method, available in all the textbooks about heat exchangers, such as [37]. The
heat transfer coefficients on the two sides were defined using the typical correlations for
the Nusselt (Nu) number as a function of the Reynolds (Re) number, using the typical
correlations available in [37], or developed by one of the authors of the present paper with
reference to a similar kind of heat exchangers [38].

In case of finned surfaces, the typical analysis based on the definition of the efficiency
of the finned surfaces was used, as largely discussed in the textbook [39]. Concerning
the HP and chiller, their performances were based on the data obtained from a technical
catalogue from the manufacturer. The modulating capacity for both the components was
obtained by means of an inverter, which allows the performance not to be degraded until a
capacity ratio of 0.3 is reached. Under this threshold a penalization factor was evaluated
for the normalized capacity ratio, as described in [31].

fCR =

{
CR/0.3

0.1+0.9CR/0.3 i f CR < 0.3

1 i f CR ≥ 0.3
(3)

This penalization factor must be applied to the declared COP of the HP or efficiency
energy ratio of the chiller to represent the degradation of the performance at part load
and obtain the operative coefficient of performance or energy efficiency ratio. In the non-
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optimized situation, the chiller supply water temperature has been considered 5 ◦C, while
HP supply water temperature (in ◦C) was defined as:

Tw,HP =

⎧⎨
⎩

45 i f Tair,ext ≤ 45
45 − 3(Tair,ext − 15) i f 15 < Tair,ext < 20

30 i f Tair,ext ≥ 20
(4)

Finally, the fan was described by means of a cubic equation evaluated on rated
conditions considering a minimum required power, equal to that corresponding to 20% of
nominal flow rate:

.
W f an =

.
W f an,RC

(
max

( .
mair, 0.2

.
mair,RC

)
.

mair,RC

)3

(5)

.
W f an,RC and

.
W f an are the power at rated conditions and at reduced flow rate, and

.
mair,RC and

.
mair are the flow rate at rated conditions and reduced flow rate, respectively.

The determination of the minimum outside air ventilation rate was based on the balance of
carbon dioxide concentration within the control volume and considered human breathing,
which acts as a source with a production rate of 0.3 L/min per person, and natural and
mechanical ventilation, which acts by means of the renewal of ambient air with external
air, assumed at a concentration of 400 ppm. The analysis was based on the methodology
discussed in [40] by one of the authors of the present paper. Considering the building
volume, the carbon dioxide concentration, the human production rate of CO2 for each
occupant, and the real number of occupants, the model operated the discretization of the
time derivative, and allowed us to obtain the ventilation rate for maintaining the carbon
dioxide concentration under the value of 1000 ppm [40].

5. Application to Specific Test Cases and Evaluation of Energy Saving Potentialities

In this section, the application of the HVAC control strategies described in Table 1
and defined in the previous sections are evaluated with reference to a specific test case, an
educational building. After a short description of the building, the results achieved are
shown by analyzing the estimated values of the overall energy consumptions.

5.1. Test Building: Detailed Description and Main Geometrical Data

The building used for testing the proposed methodology and to evaluate the possible
energy demand reduction was an academic building located in Pisa (1694 Heating Degree
Days), used by the University of Pisa. The considered building had five levels, a total floor
surface of about 1560 m2, and a gross volume of approximately 6200 m3, of which about
4540 m3 were occupied by classrooms. A total number of 12 classrooms were present in
the building; the sizes ranged from 18–25 seats (3 classrooms), 36–38 seats (3 classrooms),
65–72 places (3 classrooms), 160 places (2 classrooms) to 180 places (1 classroom).

Figure 3 provides the typical layout of one on the five levels, in which two different
classrooms can be well identified: one of quite high size and one of the smallest. The exter-
nal building surface was approximately 2000 m2 (both opaque and glazed), corresponding
to an aspect ratio (surface/volume) of about 0.33 m−1. The glazed surface represented
about 16% of the total surface. The envelope was characterized by stone walls with face
bricks and a reinforced concrete structure, which resulted in a total transmittance of about
1.1 m2K/W, while the windows were double-glazed. At a full occupancy level, the number
of students present inside the building was estimated in the number of 878. Concerning the
climatic conditions typical of Pisa, which can be derived by common databases available
online; for example, in the proposed case, the reference data are presented in Table 2 and
were all derived from a specific database [41], while solar radiation was obtained from [42].
Concerning the test case, it has been connected to the typical occupancy level observed
before the COVID-19 pandemic experience.
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Figure 3. The test building with details about one of the five levels.

Table 2. Reference outdoor climatic data used for the analysis of the test case.

January February March April May June July August September October November December Year

G [kWh/(m2d)] 1.6 2.3 3.3 4.3 5.9 6.4 6.8 5.9 4.4 2.6 1.9 1.4 3.9
Tavg [◦C] 5.9 8.4 10.5 12.7 14.1 22.8 25.2 25.1 21.3 17.5 12.5 9.5 15.5

RHavg [%] 77.7 77.3 75.3 75.5 78.5 65.1 64.3 65.6 68.5 77.4 87.1 86.6 74.9

The building was open from 8 a.m. to 8 p.m. during weekdays (Monday to Friday),
from 8 a.m. to 1 p.m. on Saturdays, and closed on Sundays. The occupancy of the
twelve classrooms was organized in four periods, two trimesters of lessons (March–May
and October–December) and three periods of examination (January–February, June–July,
and September); these were characterized by different occupancies, with the major ones
occurring during the period of lessons. The predicted hourly occupancy was determined,
based on the real building schedule, by multiplying classroom capacities, using a reduction
coefficient, different for considering period of lessons (1 October to 20 December and
1 March to 30 May) and exams (7 January to 28 February, 1 June to 30 July, and September).
The reduction coefficients considered were 0.8 for the period of lessons and 0.5 for the
period of examination, respectively. The effective hourly occupancy has been obtained by
multiplying the predicted hourly occupancy with a randomization coefficient, obtained by
a uniform distribution between 0.5 and 1.

5.2. Overall Energy Saving and Comparison with Fossil Fuel-Based HVAC System

In this subsection, the overall energy saving is presented comparing all the control
strategies of the HVAC system obtained considering the five different possibilities described
in Table 2. The comparison with the use of conventional boiler, based on fossil fuel (as
natural gas), common in Italy, is evaluated later. Figure 4 provides the correspondent
electric energy intensity referred to in the application of the five different control strategies,
moving from the less structured one (CS 1) to the more complex one (CS 5). Considering the
first case represented by the control strategy CS 2, it is shown how the energy consumption
was significantly reduced by 50%, from 118 to 69 kWh/(m2y), with respect to the basic
one (CS 1), mainly due to the fan energy consumption but also to the heating and cooling
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energy consumption to a lesser extent. This was due to the reduction of the supply air flow
rate when the heating and cooling demand were not the nominal ones. This comparison
represents the energy savings achievable thanks to the use of a VAV system instead of a
CAV system, a measure already implemented today.

Figure 4. Overall energy consumption intensity obtained with the different control strategies.

Comparing the effect determined by control strategy CS 3 to CS 2, it is shown how the
overall energy consumption can be reduced by up to 35% due to a lower heating energy
consumption and fan energy consumption, especially in the HR one. This is due to the
reduction of the outside air flow rate when the occupancy is low and thus carbon dioxide
concentration can be maintained under the threshold of 1000 ppm with a reduced air flow.
This comparison represents the energy savings arising from the implementation of DCV in
a VAV system. Comparing CS 4 to CS 3, the overall energy consumption can be reduced
by an additional 8%, thanks to a reduction in the HR additional fan and cooling energy
consumption, which face a slight increase in the heating energy consumption.

Comparing the two strategies CS 5 and CS 4 involving heat recovery, it is shown how
the overall energy consumption can be reduced by another additional 9%, summing up to
a total of 52% of energy savings, with respect to option CS 2. This is due to the reduction in
the heating and cooling energy consumption for the improved performance of both HP
and chiller. The energy saving is clearly evident in the graph of Figure 5, which shows,
for each day of the year, the different electricity consumption for the basic control strategy
(CS 1) and for the optimal control strategy (CS 5). The X-axis illustrates the working days,
representing the daily total energy consumption for the system using the basic control
strategy CS 1. The corresponding daily total energy consumption in the case of the more
advanced control strategy, CS 5, resulted in an oscillating trend, because the energy saving
is dependent on the meteorological and occupancy-related conditions, and therefore on the
variable building energy demand. This graph shows how the improvement is guaranteed
throughout all of the HVAC system operational days, highlighting the relevance of the
proposed measures.

The implementation of the real occupancy profile of the building can lead to relevant
energy savings for the academic building analyzed. In addition, it seems appropriate to
underline the importance of shifting from a conventional boiler, using natural gas, to a
HP as a generation unit in HVAC, which is highlighted by its use of energy, as reported
in Table 3. For making the comparison with the HP performance, a steam boiler seasonal
efficiency of about 0.85 has been obtained by considering the characteristics of the building
and the degree days of Pisa: The advantages in terms of energy saving coming from the
use of HP, which were in the range of 60% for every CS, are clearly apparent. Moreover,
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the use renewable energy (e.g., PV power), permits a reduction of the carbon footprint of
the building.

Figure 5. Comparison between daily electricity consumption for control strategies CS 1 (basic) and CS 5 (optimized).

Table 3. Comparison between energy intensity in case of using conventional gas-fired boiler and HP
with the different control strategies.

CS 1 CS 2 CS 3 CS 4

HP [kWh/m2] 118.1 69.0 45.3 39.3
Conventional boiler [kWh/m2] 272.3 197.5 118.6 114.2

Energy saving with HP [%] 56 65 62 66

All the remarks about energy savings should be further integrated with economic
considerations of the operational costs by comparing the use of fossil fuels and of electricity
and the investment costs for the different control strategies.

6. Consideration about the Measure of Energy Saving with Reference to the Specific
Building and General Perspectives

In this section, the proposed measures are discussed individually, using as reference
data those derived from the simulation, to gain insights about the various energy saving
strategies and discuss their extensibility to other types of buildings and climates.

6.1. The Beneficial Effect of Demand Controlled Ventilation

One of the most relevant elements of the control strategy that permits relevant reduc-
tion of energy consumption is the application of DCV based on the effective occupation of
the building. Let us start by analyzing in detail the positive effect of application of DCV,
thus comparing, in terms of annual total energy intensity, the two strategies evidenced
as CS 3 and CS 2. This measure can be available if the effective number of occupants is
controlled, or by means of specific counters based on smart systems like smartphones or
other devices, as described in [16], or by direct measurement of CO2 concentration and the
inclusion of carbon dioxide concentration in the conditioned space monitored variables.
This measurement was used to decrease the amount of outside air processed by the HVAC
system when indoor air quality can be guaranteed with limited air renewal because of the
small number of occupants inside the building. The energy saving achievable with DCV
is shown in Figure 6 on a monthly and daily horizon. Considering the various months, it
is shown how during periods of exams, when the level of occupation was reduced, the
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energy saving was significant, reaching a maximum value of 48% and a mean value of
40%, while when the building was used for lessons, the energy savings were quite lower,
with a maximum value of 32% and a mean value of less than 30%. Higher values of energy
savings were obtained in months in which the real occupancy is much smaller than the
peak one, because of greater reductions in the air flow rates. Considering the various days
of the week, it is evident how energy saving could be almost constant during the weekdays,
with a slightly lower (<7%) value on Mondays, and are relevant on Saturdays due to the
reduced number of occupants.

Figure 6. Monthly and daily cumulative energy savings with DCV (strategy CS 3).

In general, according to the relevance of the present analysis, it is possible to affirm
that DCV could be more helpful in buildings with long opening hours—academic buildings
which are open in the afternoon but also until midnight surely represent a better choice
than scholastic ones which are open only in the morning. Event-related buildings such as
theaters or sports halls do not represent a good choice, as their use is limited to the hours
in which the event takes place. Following from the considerations about Figure 6, the ideal
building should be characterized by a large discrepancy between peak occupancy and real
occupation; this must be considered on different time horizons, as for the test case. Based on
this consideration, buildings such as supermarkets and shopping centers, besides academic
ones, could heavily benefit from the implementation of demand-controlled ventilation, for
they have long opening hours, and their occupancy assumes very different values, based
on the day of the week but also on periods. Since the simulation has been carried out on a
single zone, the balance of carbon dioxide represents an average value on the total volume,
which does not consider the different occupancy in each classroom. The energy savings
obtained in this study suggest a great convenience of implementing these type of measures,
even if they should be adapted and tested for each specific application.

6.2. Considerations about Heat Pump and Chiller Operation

The analysis of this measure regards the comparison between the two control strate-
gies named CS 4 and CS 5. There was an observed decrease in the cooling and heating
consumption amount to 13% and 18%, respectively. HP and chiller performances are
shown in Figure 7, sorted in ascending order for CS 4 coefficient of performance and
presenting the oscillating trend for CS 5 due to the variability of the energy achievable in
the different working hours. For both the components, when the working conditions were
more favorable than those provided in the catalogue, e.g., request of reheat temperature
lower than external air temperature, they have been adjusted to the ones in which the
performance data are provided. In Figure 7, it is shown how a more dynamic control of
both HP (Figure 7a), referred to the operation in heating mode, and chiller (Figure 7b),
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referred to the operation in cooling mode, can lead to improved performances during
all the operating hours, including about 3000 h for heating period and about 1400 h for
cooling period.

 
(a) (b) 

Figure 7. Comparison between typical operation and optimal control for HP and chiller in terms of COP and EER
duration curves.

For the chiller, this is because the optimal supply water temperature is always higher
than the standard operation one, leading to a smaller temperature difference between the
source and the sink, and therefore to a better energy efficiency ratio (EER). Instead, for the
HP, the optimal supply water temperature is always lower than classic one, leading to a
better COP. The improvements achieved with this solution, but also the overall chiller and
HP performances, are strongly dependent on the climatic conditions, so that an extension
to other case studies should consider the reference climate of the site.

The proposed optimal supply water temperature control strategy relies upon the exact
knowledge of the building energy demand and the possibility of varying the machine’s
working condition according to these needs. This has been proposed to overcome the
actual standard operation which is blind to this context, and which results in continuous
on-offs and performance degradation. However, even with accurate predictive models and
advanced components, the working conditions required for following the demand could
lead to performance degradation and the measure should therefore be experimentally
tested to evaluate the actual performance on the field.

To overcome this problem, a feasible solution could be the integration of thermal
storages to adjust the performance at part load, and to eliminate the continuous on-offs
which strongly degrade the performance of these machines. The presence of a thermal
storage would decouple the demand and the generation, allowing for a more continuous
operation, limited to the most favorable hours. Regarding HP operation, the presence
of a thermal storage could in fact shift the energy generation during daylight hours, in
which the external temperature is closer to the supply water one due to the daily oscillation,
leading to better COP. The same applies for the chiller during night hours. However, this
would bring the need to produce water at a higher temperature to face the additional heat
losses of this system, and requires a specific evaluation.
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7. Conclusions

In this study, a set of measures to improve the overall energy performance of HVAC
systems used for climatic control of large buildings subjected to variable occupation was
proposed and examined. The main idea has been that of analyzing solutions which could
be easily implemented without expecting technological improvements in future HVAC
system controls, without considering overly-advanced controllers based on predictive and
adaptive strategies. The paper has analyzed the energy consumption obtainable when
operating HVAC systems with HPs under five different control strategies and different
levels of complexity. The application to a specific building located in Pisa with HPs
as thermal generators has shown that the electric energy intensity of the building can be
reduced by over 60%, from 118 to 45 kWh/(m2y), simply by changing the basic control logic
that is based on the peak occupancy (CAV) with a logic that considers the real occupation
of the building (DCV). Operating a more structured control, the energy intensity can be
reduced even further, reaching a promising level 33 kWh/(m2y), which is about 30% of the
energy consumption required without specific attention to the real occupation profile of
the building.

Among the various elements considered in the analysis, we can state that the in-
stallation of HP has been proven beneficial compared to the use of conventional boilers
using fossil fuel. The energy savings achievable with the implementation of heat pumps
reached about 60%, showing a great importance of these machines in increasing the energy
efficiency. Considering that a reference in terms of primary energy consumption for the
building in object is about 270 kWh/m2 per year, calculated for the building energy label
prior to the implementation of heat pumps as generation system, even with the simpler
control strategy (CS 1), it is evident that the installation of HPs can be highly beneficial for
these systems, especially with the increasing share of electric energy from renewables.

Considering the use of HVAC with HPs and the specific effects of the different control
strategies, since the achieved energy savings are mainly due to the implementation of DCV,
which represents the less advanced of the measures proposed, a certain hierarchy of these
approaches is emphasized. In fact, the lack of the energy perspective in dealing with IAQ
has been proven to be more critical than considering optimal operation at a supervisory
control level. This simple insight should be put at the center of both engineering design and
policy actions, because it represents the major weakness in the HVAC control. Since many
technologies for the occupants’ monitoring are currently available on the market, ranging
from indirect measures by means of carbon dioxide concentration to direct techniques as
infrared cameras or personal device counting systems, its large-scale deployment for HVAC
control and the consequent significant energy saving are within reach in the next years.
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Nomenclature

cf Water specific heat [kJ/(kg K)]
COP Coefficient of Performance [-]
CR Capacity Ratio [-]
EER Energy Efficiency Ratio [-]
fCR Capacity ratio penalization factor [-]
G Daily solar radiation on horizontal surface [kWh/m2]
.

m Flow rate [kg/s]
Q Thermal energy [J]
.

Q Thermal Power [W]
RH Relative humidity [%]
T Temperature [◦C]
τ Time period [s]
vwind Wind velocity [m/s]
W Electric energy [J]

.
W Electric power [W]
Subscripts
air Air
avg Average
DC Full-load condition different temperatures
ext External
fan Fan
HP Heat pump
in Inlet
int Internal
nom Nominal full-load condition
op Operative part-load condition
out Outlet
RC Rated conditions
sys System
w Water
Abbreviations
BEMS Building Energy Management System
CAV Constant Air Volume
COP Coefficient of Performance
DCV Demand-Controlled Ventilation
CS Control Strategy
EER Energy Efficiency Ratio
EI Energy Intensity
GHG Green-House Gas
HP Heat Pump
HR Heat Recovery
HVAC Heating, Ventilation, and Air Conditioning
IAQ Indoor Air Quality
MPC Model Predictive Control
nZEB nearly-Zero Energy Building
PV Photo-Voltaic
RES Renewable Energy Source
SCOP Seasonal Coefficient of Performance
VAV Variable Air Volume
VSD Variable Speed Drive
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