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Abstract: For several decades now, the energy problem has been a matter of vital importance, both for the
very existence of human beings and for that of our planet. Real solutions are based on energy savings and
energy production through renewable energy sources (RES). The building industry, with consumption
corresponding to about 40% of global energy needs, is a sector of great interest for which to develop such
solutions. This article aims to present a study relating to the actual energy gains that can be obtained from
the construction of solar-tracking buildings. The study was conducted by taking into consideration a
standard single-family timber building, with a rectangular geometry and a flat roof, and making
calculations in correspondence for 21 Italian locations. This article presents the results of the 11 sites that
best represent the different climatic conditions present in Italy. Starting from astrophysics and heat
transfer studies, it has been demonstrated that the rotation of a building with a speed equal to the apparent
speed of the Sun, characterized by appropriate angles of incidence of the rays depending on the different
climatic conditions encountered during the year, makes it possible to obtain energy gains of great interest,
both in the autumn-winter heating phase and in the spring-summer cooling phase, without compromising
the conventional techniques used in the energy-saving sector. In addition, further energy increases are
obtained by photovoltaic and solar-thermal systems, located on the roof of the structure.
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1. Introduction

The availability of energy is one of the main conditions for the development of a society.

Unfortunately, most of global production worldwide originates from fossil fuels which, therefore, are
consumed millions of times faster than the rate at which they formed, by virtue of very slow natural
processes, and therefore are destined to be progressively depleted. In particular, oil reserves amount to
about 237 - 109 t (Our World in Data, 2020), those of gas to about 188 - 1012 m? (Our World in Data,
2020) and those of coal to about 1,074 - 109 t. Corresponding to these reserves there are the following
annual consumption levels: 55,292.08 TWh for oil (Our World in Data, 2020), 41,278 TWh for gas (Our
World in Data, 2020) and 45,850 TWh for coal (Our World in Data, 2020). At present, oil is expected to
run out in about 56 years, gas in about 49 years, and coal in about 139 years (Our World in Data, 2020).

Another problem arises from the fact that the most important deposits are in specific geographical
areas, not all of which are geopolitically stable, therefore it can be deduced that the tensions and conflicts
connected with energy sources may become increasingly acute. In addition, there is the possibility of
using the availability of raw materials as a source of blackmail in the management of politico-military
disputes (DIIS, 2024).

To aggravate these conditions, there is the fact that the same fuels have been shown to be the primary
cause for the environmental degradation, with serious consequences on human health, fauna, flora and
artistic heritage: the intensification of extreme meteorological phenomena and the damage they produce
is widely observed. There are countless studies that have addressed the problem, particularly in highly
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developed countries, analysing the current state and policies to improve present and future conditions
(Zhu, 2025).

The latest IPCC report (IPCC, 2023) underscored the need for action by all nations to reduce their
emissions. This requires investments in renewable energy sources (RES), in technologies and techniques
that reduce greenhouse-gas emissions as much as possible.

Over time, in addition to improving technologies within renewable energy sources (RES), more and
more original interventions have been identified such as, for example, solar dynamic-control devices
(Carbonari, 2025) and passive strategies (Suman, 2025). Other studies have addressed broader aspects
that include areas related to various needs, such as, for example, energy saving and people's well-being
(Zhang, 2025). In the construction sector, with varying fortunes, we have gone from overly restrictive
measures, particularly during the oil crises of the 70s (1970s), to a more balanced search for solutions
linked to a different vision of design, increasingly projected towards energy saving considered not only
in its specificity, but also in all aspects of life to which it is closely linked.

Abandoning attitudes that, for a long time, have been more a matter of fashion, disguised as ethical
issues, than a concrete ability and will to address, over time we have arrived at solutions that, in many
cases, even if they appear as a distortion of common design, have actually represented insights and
improvements of visions that have evolved over the years.

Far from seeking a description of the evolution in design of the last hundred years, it is appropriate to
point out the key points of this evolution.

The main actors of the Modern Movement, such as Mies Van der Rohe, Le Corbusier, Gropius,
although in the diversity of the various components which, however, interacted by influencing each other,
freed themselves from anachronistic formal constraints, turning their attention to the real needs of the
historical moment in which they lived, such as social, functional and practical needs, with design directed
toward addressing them. The elements of convergence between the various components had been well
codified by Bruno Taut in "Modern Architecture" (Taut, 1929).

The next phase, post-war, represented a reversal of the revolutionary vision of the previous phase,
moving design away from genuine human needs (Arieti, 2021). This trend has become more acute over
the years to the point that it became a matter reserved for an elite, increasingly devaluing the architecture
itself and abandoning the search for solutions to the need for building functionality (Arieti, 2021).

Over the years, the environmental emergency has increased, to the point of becoming an absolute
priority today. While not renouncing aesthetic requirements, the need to link the latter to the concept of
functionality that a building must have, with technical choices that go in this direction, has become
essential. In the face of the tendency in some contexts to solve energy problems by limiting themselves to
the use of renewable energy sources (RES) alone, the evolution of choices has been correctly oriented
towards the study of the building envelope. Technologies that rely on the production of energy from
renewable sources have been relegated to guaranteeing the energy needs of a building, once losses have
been limited as much as possible (Arieti, 2021; E.U., 2021). The design, in addition to the usual
architectural needs, was aimed at solving specific problems related to energy efficiency, such as the
elimination of thermal bridges, thermal insulation, airtightness, integrated design processes. In addition
to all this, particular attention was added, in the construction phase, to the installation of specific
components, in order to prevent imperfect construction from leading to losses not anticipated during the
design phase.

Together with the aforementioned experiences, concerning both the architectural-functional aspects
and those relating to energy efficiency, particular experiments have been carried out over the years such
as the construction of rotating buildings.

The first concrete case was realised in Italy between 1929 and 1935. This is Villa Girasole (Figure 1),
located in Mezzavilla di Marcellise (VR), built in the Art Deco style. It was designed by the engineer
Angelo Invernizzi, assisted, in some respects, by the architect Ettore Fagiuoli, as a holiday home (Galfetti,
2014).

It was not particularly successful because the idea behind its construction clashed with a more
classical vision of architecture, as it privileged the dominance of technology and amplifying the contrast
between old and new principles that characterized the idea of a building, in particular between stillness
and movement.

The idea of its creator was to free himself from the weight of the old structures to pursue a new
relationship with the environment, space, and time.

In addition, the innovative "V" (Figure 2) shape allowed outside observers a perception of concavity
or convexity depending on their position and the moment at which they looked at the building and, at the
same time, the building’s occupants inside Villa Girasole, to experience two diametrically opposed
sensations provided by the particular landscape of Marcellise: a wide valley on one side and a hilly
environment, enclosed and intimate, on the other.



Figure 2. Ground and first plan — 1931 c. Source: (Galfetti, 2014).

It should also be noted that, although not directly addressed at that time, the project of the engineer
Invernizzi anticipated, at least at the level of idea, the environmental needs, today increasingly
impossible to defer, presented previously.

Over time, other experiences of this type have been carried out. Just to name a few: the "D'Angelo
House", built in 1963 in the Snow Creek area near Palm Springs, California (USA); "The Round House",
built in 1968 near Wilton, Connecticut (USA); the "Rotating Girasole Home", completed in 2013 in the
suburbs of Canberra (Australia); the "Quadrant House", in the suburbs of Warsaw (Poland); the
"Heliotrope", in Freiburg (Germany); the "Sharifi-ha House”, in Tehran (Iran); the "Kiefer Technic
Showroom", Bad Gleichenberg (Austria); the "Kuggen" in Goteborg (Sweden); the "Suite Vollard",
Curitiba (Brazil); the "Rotating House" in San Diego, California (USA).

In particular, the D'Angelo House, the Round House, the Rotating Girasole Home, the Heliotrope,
Vollard Suite and the Rotating House are real rotating buildings or apartments, the rest are not rotating
houses but architectures whose mobile skin responds to the Sun; the others are not rotating buildings but
architectural designs whose movable skin responds to the sun.

Figure 3 presents the previous buildings in a collage, in the order just indicated.



Figure 3. Various examples of rotating buildings, Sources: (a) (Ward, 2012), (b) (Bahan, 2016), (c) (Eve,
2014), (d) (Ottolenghi, 2025), (e)—(i) (Cerizzi, 2024), (1) (McLaughlin, 2023), Edited by: Researches.

Another aspect addressed in relation to the building envelope was that connected to the so-called
Adaptive Dynamic Building Envelopes (ADBEs), capable of integrating different technologies and
components in order to improve the performance of a building (Nagy, 2022).

Starting from these experiences, particularly those involving rotating buildings, the study of the
present project has turned its attention not to merely panoramic issues but to the real possibility of
contributing to building energy savings.

Therefore, studies carried out over the years by researchers, such as Liu-Jordan, Page, Klein, Igbal,
and Lazzarin, just to name a few, based on the calculation of the energy due to solar energy incident on a
surface, have been taken into consideration. The purpose of these studies is driven by various factors,
minimizing energy demand for space heating and cooling, and maximizing the energy that can be
produced by photovoltaic and solar thermal panels.

For this purpose, starting from studies based on spherical geometry, we arrived at the determination
of an angle 0, called the angle of incidence, defined as the angle between the solar rays and the
perpendicular to a given surface (Igbal, 1983).

By correlating the solar constant Ics (1.367 W m) with this angle, it is possible to determine the
value of the intensity of solar radiation Iy incident on any fixed surface, located outside the Earth's
atmosphere, whatever its position and its orientation (Lazzarin, 1981; Duffie, 2013):

Iy =1+ Igg - cos(8) [Wm?] (D)

where r is the Sun-Earth distance (Lazzarin, 1981).

The optimal inclination of a fixed system depends on the specific needs for which the system itself
was designed. The conditions change depending on its function. For example, the need to heat a room
will be limited to the winter period whereas electricity or thermal energy production typically extends
throughout the year.

The angle of incidence makes it possible to carry out evaluations of this type in relation to the direct
component of the solar rays.

Many studies have led to results that take into account the passage of solar rays within the Earth's
atmosphere, allowing the determination of not only the direct component but also the diffuse and
reflected components (Goswami, 2015).

In particular, Hottel’s model (Hottel, 1976) allowed the determination of the direct radiation t, on
clear or cloudy days for four types of climates (Cucumo, 1994; Grassi, 2015).
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For diffuse radiation at ground level on a horizontal plane, Liu and Jordan developed an empirical
relation that allows the diffuse transmission coefficient t4 to be calculated once the direct transmission
coefficient tp is known (Liu, 1960).

As an alternative to these models, when experimental data are available on the monthly mean values
of the daily radiation incident on the horizontal surface, H, it is possible to proceed using the model
proposed by Liu-Jordan (Liu and Jordan, 1961) or that of Page (Page, 1961).

By determining specific factors, such as Ry, for the conversion from horizontal surface to inclined
surface, and the cloudiness index Kj,, it is possible to calculate the value of the components of the
radiation incident on a surface regardless of its orientation within the Earth's atmosphere: the direct (Hyp),
the diffuse coming from the celestial sphere (Hgg), and the diffuse coming from the ground reflection
(Hyp) (Lazzarin, 1980).

The sum of these three components will give the total value of the radiation incident on the inclined
surface.

These evaluations can be performed both for specific days of the year, and with reference to average
values of a month (Igbal, 1983).

Things become enormously complicated in the case of a surface azimuth angle different from zero
(walls not facing the equator), both for the determination of the sunrise and sunset angles and for the
calculation of Ry.

For the general case, Klein extended Liu and Jordan’s method to calculate Ry. (Klein, 1977).

These relations allow this physical quantity to be calculated under certain conditions (it is not
possible to determine its values in particular cases such as, for example, for vertical walls, or walls
oriented to the east or west).

The general scientific objective of the research project is to identify the conditions and
physical-technical parameters of solar gains on the facades of a wooden house with dynamic solar
tracking, in order to minimise energy consumption. Therefore, the project aims to develop a method to
determine the energy gains achievable through rotating buildings that follow the Sun’s apparent motion.

2. Methodology

Starting from the previous premises, within the study initially presented, a method was developed for
the determination of the energy gains that can be obtained through the construction of appropriate
rotating buildings with reference to the apparent motion of the Sun. In particular, a house made of wood
(150 m?, 450 m?) with a rectangular base and a flat roof was considered. Wood was chosen for a number
of reasons, in particular for its sustainability (its use in construction is less energy-intensive than many
other materials, waste can be used for other products or to produce energy, just as it is possible to reuse
the material at the end of the structure's life cycle), for its reduced weight given its load-bearing capacity
(the strength-to-weight ratio of structural wood is about 20% higher than that of structural steel and more
than four times that of unreinforced concrete) (Mazzucchelli, 2016), for its strength and flexibility, for its
insulation characteristics (thermal conductivity A between 0.13 and 0.18 W/m°K) (Thomas
Schrentewein, 2008).

As regards sustainability, a parameter of particular importance is that associated with CO-e emissions.
It should be noted that 1 m* of wood stores approximately 250 kg of carbon, which corresponds to about
1 t of CO:.. In light of this, and considering the key role of trees (and therefore wood) in carbon regulation,
it is worth noting that producing 1 t of cement releases approximately 1 t of CO: into the atmosphere;
producing 1 t of concrete releases about 0.8 t of CO: (without considering the additional issue of water
consumption). For 1 t of steel, approximately 1.8 t of CO: are generated; for copper, emissions amount to
about 3.3 t CO:ze per tonne of product; and for glass, about 0.57 t COze per tonne of glass.

It is therefore evident that construction using solid wood panels offers opportunities for carbon
engineering, for example by transforming buildings, and even entire districts, into “carbon sinks”.

Finally, the strong suitability of this material for prefabrication offers significant advantages in
construction-site organization, reducing on-site work and enabling a substantial reduction in execution
times. For these reasons, it is clear why wood has been used as a construction material for thousands of
years.

Figure 4 shows the plan and the corresponding elevation of the model considered in this study.
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Figure 4. Plan and elevation of the house model considered.

This first assessment would have had little practical significance without an evaluation of the energy
consumption associated with the motor required to rotate the building under study. To this end, a
calculation was performed under the assumption that the house is supported by three wheels running on a
circular rail, enabling it to rotate about its vertical barycentric axis. Considering the geometry (rail radius
of 7 m), the weight of the house (98 t), the low coefficient of friction between the steel wheel and the rail
(0.001), and the small angular velocity (0.0000727 rad/s), the power requirements are very modest
(approximately 5 W), and the annual energy consumption does not exceed 50 kWh.

With regard to costs relative to a static house, the rotation system (i.e., the steel structure as a whole,
the wheels, and the motor) results in an increase of slightly more than 3%. The total cost of the system is
approximately 6,000€.

The simplifying hypotheses were:

e The building is constructed using a CLT system (Eo = 11,000 N/mm?; fire resistance rating: 90
minutes; u = 12%; R’y > 50 dB; L', w < 63 dB; Dompnr,w > 45 dB; U = 0.18 W/m?K).

Double-glazed windows with argon gas filling and timber frames (Uy = 1.4 W/m?K).

Layout of the rooms considering the living room as a reference space.

Rectangular geometry with an aspect ratio of 1:2 (8,66 m x 17,32 m) and h =3 m.

Flat roof.

Specific weight of wood po = 500 kg/m?* (average value for larch).

Imposed load on floors: 200 kg/m?.

A very short time to reach steady-state angular velocity was assumed (1 s).

The same power was assumed for acceleration to the target speed and for maintaining it.

The imposed load was assumed to be concentrated on the perimeter walls.

The gains constitute a contribution to the heating of the rooms in the winter period while, in the
summer period, they determine a contribution to the cooling of the same rooms.

To all this must be added the further energy gains that can be obtained with a monocrystalline
photovoltaic system with a power of 3 kWp and a solar thermal system with collectors of 5 m? of collector
area, located on the roof of the house with an optimized tilt angle in relation to the location. The
phenomena that influence the irradiation of a building and, in particular, of a part of it, are many and
multifaceted and must be dealt with in depth for a correct evaluation of the energy inputs and for their
optimisation, in relation to the needs depending on location and seasonal variation.

The considerations set out above constitute the starting point for the present study.
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The project was developed in various phases, so that the feasibility of each of them served as the
starting point for subsequent phases, thereby ensuring their potential to deliver meaningful results, and
excluding, while also ensuring that the practical non-applicability of what had been determined up to that
moment, would not reduce the study to a mere theoretical question.

For this reason, the first step was carried out by comparing the energy incident on the static walls
outside the Earth's atmosphere, at more than 120 km from the ground, with that incident on the dynamic
surface. The coordinates of Genoa were considered as a reference.

Initially, an equation was derived that allows the calculation of the angle of incidence for dynamic
walls. For this purpose, by referring to a single wall and rotating it at a speed equal to the apparent speed
of the Sun, it was imposed, in the formula that allows the determination of the angle of incidence, that the
azimuthal angle y coincides with that of the Sun (y)

This condition corresponds to the fact that the wall is always facing the Sun.

The conditions under which an azimuthal offset between the two rotations must be imposed are
discussed below.

The following equation was derived from the above:

L s
cos(@) = sin (@) - cos [arcsin (%)] - cos(6) - cos(w) +
+ sin [arcsin (%)] - cos(6) -sin (w) + 2)

sinw - cosé

—cos (®) - cos [arcsin( )] - sin(&)

cosh

(2), in combination with (1), and taking into account all that has been explained in the introduction,
has made it possible to evaluate the irradiation on a solar tracking wall, with a zero azimuthal offset
between the wall and the Sun, a condition which is appropriate during the coldest periods of the year.

The study was carried out taking into consideration individual walls which, taken together, constitute
the external envelope of a building.

This building, as previously indicated, is assumed to have a rectangular plan, a geometry which
implies that the perimeter walls are orthogonal in pairs.

However, this simplification is overcome by the final equations obtained and by the methodology
adopted, which allows the development of the project regardless of the geometric characteristics of the
building envelope or, moreover, of the RES systems installed on it, which may have different
orientations.

For the evaluation of the static conditions, the vertical surfaces were oriented to the east, south, and
west.

Returning to the building envelope, the actual heat transfer through a wall depends on various factors,
including the type of material and the thickness of the surface, the temperature difference between its
inner and outer faces, and the heat exchange conditions.

In this phase, in order to avoid excessive calculations, reference was made to the part of the surface
facing the outside of the building, comparing the results both in absolute terms and in percentage terms,
with the assumption that these results provide a sufficiently accurate proxy for the values obtained after
heat transfer through the wall.

Furthermore, the surface was considered as a whole, regardless of differences between opaque and
transparent areas.

To address the second phase of the project, which concerns the study within the Earth's atmosphere,
the subsequent evaluations were carried out using experimental data from ENEA (Agenzia nazionale per
le nuove tecnologie, l'energia e lo sviluppo economico sostenibile, Italy). This agency collected and
processed data on global solar radiation at ground level on a horizontal plane for 242 locations in Italy
over a 17-years period (ENEA, 2023).

In the project, 21 locations were taken into consideration. They are distributed throughout the country,
so as to cover the various climatic characteristics present in Italy, i.e., located in the north, centre, south,
mountain, hill, and coastal areas, as well as the coldest and hottest sites in the country.

Finally, the monthly mean values of daily solar radiation incident on a horizontal surface H are
known.

Table 1 indicates the main characteristics of the 11 locations that are most representative of the
various Italian climatic conditions.



Table 1. Characteristics of the selected locations.

Latitude Al(tg:;de D(;: ag;:e Italia;o(lillgmate ’l;orgl)n 1;;3/:?32’5)
(average)

Aosta  PTIHH sg 2.850 E 32 26.7
Venezia 20" 26 2.345 E 11 2738
P £ 2.404 E 0.9 292
Genova 44° 213' 26" 18 1.435 D 5 27
Bologna 44 21\91' 38" 54 2.259 E 0.1 304
Firenze  © 07 50 1.821 D 1.4 311

Roma Py 1.415 D 2.1 31.7
Napoli 40 512' 09" 17 1.034 C 4 33
Palermo >0 01\6]' 36" 14 751 B 8.9 30.5
Livigno ¢ 31\2]' 7" 516 4.648 F -3 19

Lampedusa 413' 14 0025 568 A 12 29

With the values of H and those of H, (monthly mean value of daily solar radiation incident on a
horizontal surface outside the Earth's atmosphere) calculated for the chosen locations, the value of the K,
cloudiness index for the twelve months of the year for each site was determined.

The next step was to calculate, for each location and each month of the year, the fraction of scattered

radiation %, both with Liu-Jordan’s and Page’s models. Subsequently, with these values, the monthly

mean of the daily scattered solar radiation H; was determined, using the aforementioned models and the
results were compared.

For subsequent evaluations, Liu and Jordan’s model was adopted, which proved to be more suitable
for the locations considered.

The values determined in this phase were for horizontal surfaces.

In order to perform more general calculations, i.e., for any inclination of the wall and for any azimuth
angle, it was necessary to determine the relative transformation factor Ry, taking into account the
complications discussed above.

Having made these considerations, a first comparison was made by comparing the result of the
calculations obtained with (2), for a solar tracking vertical wall with zero azimuth offset between y and v,
with those for three vertical fixed walls facing E, S, and W.

Even under these conditions, we were faced with the problems previously anticipated because Klein’s
equation does not admit solutions for vertical walls (=90°).

Furthermore, for each location analysed, additional problems were found when the angle y exceeded
certain values for the various months of the year.

To overcome these problems and obtain valid results, the calculation of the global radiation and its
components was carried out numerically.

To simplify the procedure, given that monthly mean values are used, it is possible to obtain results
characterized with good accuracy by referring to a particular day of each month (Klein, 1977).

For all the cases under study, the daily and monthly irradiation values was calculated.

At this point, the Liu and Jordan’s model was used to obtain the results within the Earth's atmosphere.

In particular, the monthly average values of the daily radiation were calculated, for each of the three
components direct, diffuse from the sky and reflected from the ground, as well as the corresponding
global radiation.

In addition, for a complete evaluation, the monthly and annual values of solar radiation were
calculated. These data allowed the comparison between the various conditions and the determination of
the corresponding energy gains.



At the end of this phase, the analysis of the hottest periods of the year was undertaken / we addressed
the hottest periods of the year.

In this case, the goal is to cool the building’s rooms. To mitigate this need and, consequently, the
associated use of energy-consuming systems, it is necessary to reduce the heating of the walls as much as
possible.

For this reason, it is necessary that the walls, which correspond to the rooms most inhabited during
the day, be exposed as little as possible to the solar radiation.

The solution was to offset the angle of the walls with respect to solar radiation, i.e. to identify the
most appropriate azimuth angle offset between the azimuth of the Sun and that of the wall in question.

In the study, for the rotating wall, simulations were carried out with various values of the azimuth
angle offset (\y —y) by performing the same calculations described above for the solar tracking wall also
for these conditions. In particular, azimuth offsets of £20°, +70° and £90° were initially taken into
account.

Figure 5 shows these conditions applied to the studied house model.

bt

L)
Fap

Figure 5. Summer azimuth offsets applied to the home model.

This method can also be used to optimize the benefits of natural ventilation in buildings. The driving
force of natural ventilation, given by the pressure difference between any two points across the building
envelope, depends on the building's aspect ratio and its orientation (Ferrucci, 2018). The ability to
manage the latter parameter is a further contribution in this respect, thereby improving energy savings
and indoor comfort.

It should be noted that the simulations were carried out by comparing the optimal rotation of the
building with an ideal building whose walls are arranged according to the orientation described initially,
without going into the details of the best exposure of a static building. On the other hand, buildings are
not always, nor can they always be designed, with optimal arrangements in relation to the apparent
movement of the Sun.

In this regard, the importance of correctly distributing spaces and organizing their activities is
emphasized, and avoiding common errors that lead to unnecessary energy consumption (Ansari, 2018).

In this phase as well, the results, obtained numerically, allowed the verification of the actual energy
gains.



A final evaluation was carried out considering the real case of the detached house taken as a reference
in the previous calculations and, specifically, for the rotating wall, the facade corresponding to the most
frequently occupied rooms was used as the reference surface. Due to its size, its length is twice that of the
perpendicular fagades.

Considering the overall dimensions indicated above, the area of the reference fagade measures 51.96
m?. With respect to this facade, the results obtained with the Liu and Jordan method were applied.

Subsequently, in order to resolve the theoretical incompatibilities indicated above and to obtain
solutions through an analytical method, a new reference system was imposed and the following final
expression was reached:

cos(0) = cos(B) - sin(h) + [sin(B) -cos(h)] - [cos(y-y)] 3)

which, for example, for a rotating wall with rotational speed and azimuth equal to those of the Sun, is
simplified into:

cos(@) =sin(h + B) “4)

considerably simpler and more elegant than (2).

At the end of the computational phase, a calculation program was created using the VBA of Excel, in
order to enhance the possibility of performing simulations of various types and to develop further future
studies.

3. Results and Discussion

As previously mentioned, the study was developed in subsequent steps. The first evaluation was
performed outside the Earth's atmosphere and involved the comparison between the energy incident on a
solar tracking wall, with zero azimuth offset between the azimuths of the Sun and the surface under study
(the dynamic wall), and that incident on three fixed walls oriented towards E, S, and W. It should be
noted that the calculations refer to the external surfaces of the walls. In this phase, real energy gains were
already observed / were already evident.

The values of monthly average daily solar radiation (Wh m2 day™"), relating to each of the coldest
months of the year for each of the four types of surfaces, show that there are substantial differences, to the
detriment of energy saving, between each of the "static" and dynamic surfaces (Table 2).

Table 2. Monthly Average Daily Solar Radiation Values (Wh m2 day ™).

Dynamic wall Staticwall S A%  StaticwallE A% StaticwallO A%

September 14.051 6.781 —-107 5.388 —-161 5.365 —-162
October 13.372 8.883 —51 4.351 —223 4.329 —225
November 12.413 9.668 —28 3.389 -315 3.368 -317
December 11.803 9.705 —22 2.923 —381 2.903 —384
January 12.215 9.765 —25 3.192 —340 3.172 —343
February 13.200 9.382 —41 4.049 —247 4.026 —249
March 14.014 7.834 =79 5.075 —177 5.052 —178

It can also be seen that, for the east and west-facing walls, the energy reductions compared to the
dynamic one are more pronounced in the colder months, contrary to what happens for the south-facing
wall. The latter, moreover, generally has better irradiation conditions than the other two fixed walls. The
percentage differences range from a minimum of 22%, for the static south-facing surface in December, to
a maximum of 384%, for the static west-facing surface in December.

At this point, an evaluation was made of the consumption of the motor having the function of rotating
the building. Using the building characteristics reported in the previous paragraph (which also allow the
adopted simplifications to be verified), the motor consumption was found to be negligible compared to
the gains. Actually, given the very small angular velocity involved (7.27 - 107 rad/s in the case of
complete rotation of the building), the power required for the movement was extremely limited. The
condition of complete rotation of the building, in reality, is only required in the period between the spring
and autumn equinoxes, when the angle between sunrise and sunset is greater than 180°. For energy
purposes, in the remaining period of the year, once the Sun has set, it is more convenient to have the
building rotate in reverse, thereby covering a shorter angular distance.

After an initial rough assessment, the project took into account the real-world conditions within the
Earth's atmosphere.

Going into the details of the results of the calculations, it should be noted that, during the
development of the project, ENEA continued its work of measuring and processing data relating to solar

10



radiation. For the purpose of a correct analysis, it is important to point out that, in February 2022, the
values were obtained from a multi-year average for the period 2006-2020. In September 2023, the new
values relate to the average calculated over the period 2006-2022 (ENEA, 2023).

It is interesting to note that, by adding just two years of measurements and averaging over 17 years,
substantial increases have been obtained in general, and in particular for the locations considered in the
present project.

For the latter, the average annual percentage change ranges from a minimum of 5% to a maximum of
more than 17% (Figure 6).
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Figure 6. % changes in annual solar radiation in the period 2006-2022 compared to 2006-2020.

In particular, by analysing the larger percentage changes distributed over the twelve months of the
year (Table 3), it was verified that, for colder locations, the increases are more pronounced. Similar
results are obtained by considering the coldest periods when comparing the coldest and hottest periods of
the year.

Table 3. % changes in solar radiation in the period 2006-2022 compared to 2006-2020.

Jan Feb Mar Apr May June Jul Aug Sept Oct Nov Dec

Aosta 23.07 20.42 17.58 14.62 11.27 855 7.25 8.61 11.53 13.94 18.99 17.86
Venice 11.68 9.72 10.54 698 505 4.68 2.02 324 553 787 878 6.35
Milan 12.52 11.46 11.23 828 688 6.01 4.08 483 731 756 1024 8.84
Genoa 1049 9.27 10.56 7.64 641 546 381 3.70 650 6.75 8.79 537
Bologna  9.19 9.80 9.89 6.26 4.73 426 2.00 250 459 651 6.65 4.04
Florence 884 952 10.88 681 562 546 345 386 533 731 842 529
Rome 810 822 6.63 3.67 334 274 250 263 467 739 730 6.86
Naples 800 981 797 631 566 540 5.04 465 582 691 636 7.66
Palermo 818 989 449 401 320 477 549 552 601 674 6.67 986
Livigno  29.39 28.03 33.56 2493 1599 1299 9.66 11.12 16.55 20.73 23.80 23.74
Lampedusa 5.59 622 2.06 091 1.73 3.64 436 426 341 478 588 7.68

Given this premise, the average cloudiness index Kj was calculated using both the Liu-Jordan’s and
Page’s methods.

The first observation that can be made concerns the variations due to the update of the ENEA data: for
reasons strictly related to the definition of this parameter, the increases of K}, related to the two different
periods correspond directly to those previously presented for H. The second observation concerns the
results obtained with Page's method, which are systematically higher to those of Liu and Jordan’s.

The next step was the calculation of the diffuse radiation fraction %. As already mentioned, the

above methods were applied here as well.
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From the analysis of the results, it can be observed that, following the ENEA update, the parameters
computed with both methods decreased. This effect is due to the presence, in the equations of the two
models, of negative terms that include Kj,. In almost all conditions and locations, the decreases are more
evident for Page's model, with a maximum of —22% in Aosta in February.

Then the study determined the values of daily diffuse solar radiation Hy, as well as the direct,
reflected, and global components of daily solar radiation and the global one. It is possible to make a final
assessment related to the variation of the data measured at the sites: the direct and reflected components
have undergone noticeable increases, especially in the colder months, whereas the diffuse component has
shown limited variation on average.

For the final evaluations, Liu and Jordan’s model was preferred to Page's model. The choice was
made following a comparison between the values obtained using the two models. The data obtained by
calculating the diffuse radiation from the sky using Page’s method were systematically higher than those
obtained by the other method.

Calculations have shown that the diffuse component represents, in the coldest months (Oct-Mar),
about 10% of the total and, in the warmest months (Apr-Sep), during which an azimuth offset of 90° was
imposed between the rotating wall and the Sun exceeds 70% (Table 4).

Table 4. Ratio between diffuse and global component of solar radiation (%).

Jan Feb Mar Apr May June Jul Aug Sept Oct Nov Dec

Aosta 79 794 957 7647 77.51 7631 74.52 7481 74.59 8.69 8.18 7.50
Venice 10.02 10.52 10.78 76.68 76.58 74.96 74.07 74.94 76.10 10.28 11.11 10.76
Milan 8.68 10.10 10.44 76.89 76.80 75.20 73.41 74.73 75.73 11.10 11.05 10.18
Genoa 9.79 10.84 11.65 77.21 76.70 75.11 73.40 7431 75.63 11.11 10.80 11.18
Bologna  9.73 10.25 11.35 77.25 77.05 7520 74.17 7448 76.29 10.46 10.94 9.70
Florence = 9.60 10.61 12.01 77.14 77.08 75.01 7322 73.69 75.89 10.35 10.20 10.68
Rome 886 9.53 11.59 75.86 7522 73.10 71.14 7193 75.15 9.75 939 8.28
Naples 9.56 1035 11.83 75.44 7439 72.46 70.82 71.43 7448 9.85 10.21 8.69
Palermo  9.75 10.80 12.11 75.30 73.73 71.78 70.02 71.23 75.57 10.88 9.74 9.54
Livigno  14.12 1793 17.85 80.23 79.51 78.02 77.65 77.85 7733 9.49 11.87 14.38
Lampedusa 8.53 9.27 1045 73.80 72.32 70.89 69.69 70.86 74.25 10.25 8.99 8.65

Given that the aim of the project is to evaluate, also in absolute terms, the energy gain using a
rotating building, so as to determine, among other things, the economic feasibility of the option, for
precautionary reasons, as a precautionary measure, Liu and Jordan method was preferred.

Analysing the variations of the daily diffuse solar radiation H; following the update mentioned
above, it can be seen that, due to the presence in its calculation of the factors H (increased) and %

(decreased), the updated values are slightly lower than the previous ones (Table 5).

Table 5. Changes in monthly average of the daily diffuse radiation — Liu and Jordan model — kWh m™
day™! (2006-2022 compared to 2006-2020).

Jan Feb Mar Apr May June Jul Aug Sept Oct Nov Dec TTO

Aosta -00 -00 —-00 —-00 -00 —-00 —-00 -00 —-00 —00 -0.0 0.00 —0.0
04 22 44 41 28 40 58 53 54 22 01 2 30

Venice 000 -00 -00 —-00 -00 -00 —-00 -00 -00 —00 000 0.00 —0.0
5 01 19 24 23 38 22 75 21 06 5 4 18

Milan 000 -00 -00 —-00 -00 -00 —-00 -00 -00 —00 000 0.00 —0.0
2 03 24 25 27 44 47 35 29 03 6 5 19

Genoa 000 -00 -00 —-00 -00 -00 —-00 -00 -00 —00 000 0.00 —0.0
3 01 14 22 27 42 45 31 28 04 4 3 17

Bologn 000 —00 —00 —-00 —-00 —-00 -00 -00 -00 -0.0 0.00 0.00 -0.0
a 3 03 17 18 19 33 21 21 17 06 3 1 12

Florenc 0.00 -00 -00 -00 -00 -00 —-00 —00 —00 —0.0 000 000 —0.0
e 2 03 13 21 21 43 43 38 22 08 2 3 17

Rome -0 -00 -00 -00 -00 -00 -00 -00 -00 -00 -00 -0.0 -—0.0
02 11 16 20 25 37 47 38 25 15 02 02 20

Naples -0 -00 -00 -00 -00 -00 -00 -00 -00 -00 -00 -00 -—0.0
01 09 18 35 49 75 91 69 37 16 01 02 33

-0 -00 -00 -00 -00 -00 -01 -00 -00 -00 -0.0 -0.0 -—0.0

Palermo

03 11 14 26 35 76 09 83 29 14 05 01 34

12



0.03 005 006 001 -00 -00 -00 -00 —-00 —00 002 002 0.00

Livigno ¢ 5 0 5 03 24 25 21 25 12 1 8 9
Lamped -0.0 -00 -00 -00 -00 -00 -00 -00 —-00 -00 -00 —00 —0.0
usa 11 25 17 10 27 70 9% 72 26 19 12 09 33

Analysing the diffuse component, as seen above, acquires considerable importance in the hottest
months, during which it accounts for more than 70% of the radiation incident on the rotating wall.

The calculation related to R, represented the most difficult aspect from a mathematical point of view.

Its value is fundamental for the direct component of solar radiation on an inclined surface relative to
the horizontal plane within the atmosphere.

Taking into account the equation relating to the calculation of Hyj, a number of considerations can be
made. The first is that a greater value of R}, under the same conditions of H and H,, determines a greater
value of the direct component. The second is that a greater value of Hy determines a lower value of H, B

The direct component is dominant compared to the diffuse and reflected component (Hrﬁ), therefore
it is desirable to have higher values of the direct component in the coldest periods of the year. The
opposite is true for warmer periods. The H, p and ﬁrﬁ components are not entirely independent of
surface orientation and depend, in addition to its inclination, respectively, on H; and the reflectivity of
the soil p -H . Their contribution, therefore, is the same for any vertical wall only if
orientation-dependent terms are neglected or held constant.

Analysing the R, data for the colder months, the advantages, in percentage, of a solar tracking wall
compared to a fixed one oriented to the south, vary between 20% and 100% (Table 6).

Table 6. % differences between R, of the rotating wall compared to the fixed wall facing south.

Jan Feb Mar Oct Nov Dec
Aosta 23.40 39.38 76.50 48.69 26.79 20.21
Venice 23.63 39.41 76.96 48.83 27.10 20.36
Milan 23.65 39.40 76.92 48.81 27.11 20.39
Genoa 24.76 40.50 78.60 49.85 27.98 21.22
Bologna 24.34 40.49 77.68 49.81 28.03 21.31
Florence 25.26 41.59 79.64 50.71 28.63 21.57
Rome 26.48 43.50 83.56 53.43 30.25 23.29
Naples 27.34 44.82 85.62 54.71 31.35 23.91
Palermo 29.95 47.94 92.18 58.56 33.57 26.15
Livigno 22.64 51.56 74.75 47.33 26.32 19.67
Lampedusa 32.02 51.46 99.52 62.87 36.19 28.37
The advantages are even more evident when compared with fixed east- or west-facing walls (Table
7).
Table 7. % differences between R}, of the rotating wall compared to the fixed walls oriented to the east or
west.
Jan Feb Mar Oct Nov Dec
Aosta 293.97 232.00 180.61 213.08 275.48 316.75
Venice 292.37 230.41 179.95 211.87 274.28 314.59
Milan 292.66 230.56 180.01 211.98 274.52 314.94
Genoa 288.01 227.37 177.68 208.82 269.75 308.54
Bologna 287.42 227.84 176.69 209.18 270.51 309.64
Florence 284.91 226.48 176.29 207.42 267.40 304.45
Rome 275.24 220.73 173.07 203.42 259.77 295.19
Naples 270.56 218.01 170.75 200.54 256.07 289.17
Palermo 259.93 209.96 165.54 193.64 245.09 276.35
Livigno 297.93 265.81 181.46 214.21 279.79 322.24
Lampedusa 249.06 202.99 160.60 187.48 236.10 265.17

In Figure 7 and 8, the total energy gains (sum of the three components mentioned above) are shown
for both the coldest and warmest periods.
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Figure 7. Solar radiation gains for rotating wall compared to fixed ones (cold months).
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Figure 8. Solar radiation gains per rotating wall compared to fixed ones (warm months).

It should be remembered that the low values of the global radiation, for the solar tracking wall in the
hottest months, are determined by imposing an azimuth offset of 90° relative to the azimuth of the Sun.
This solution helps reduce the cooling demand of the rooms the need for room cooling.

The advantage of the first solution over the others is evident.

The total gains obtained over the entire calendar year were also calculated, through a higher energy
input in the coldest months, contributing to space heating, and a lower one in the warmer ones,
contributing to the need for cooling (Figures 9 and 10).
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Figure 9. Annual solar radiation gains for rotating versus fixed south-facing walls.

Annual gains - East/West

1,270.000
1,070.000

870.000

670.000

470.000

qnnnnnnn
70.000 I

-130.000
-330.000
Qo ¢ &

kWh/m? year

O ——
—
Q —

-530.000
NS 2 & o’b (\'b < (\O <
¢ & ¥ O & F LG
= AQ} @ QQJ %O\O <<\ C}Q & é’b Q (&Q) \.}4\ QQ’G
\3’(Q

m Cold months mWarm months mTotal

Figure 10. Annual solar radiation gains for rotating wall versus fixed east/west facing.

Finally, the results obtained above were applied to the rotating wall of the real building described
above, in order to determine the energy gain and estimate the real cost-effectiveness of the option. The
specifications of rotation and azimuth offset related to the solar azimuth are those mentioned above. The
surface area of the reference facade measures 51.96 m? (Table 8).

Table 8. Annual global radiation gains (kWh/y) for real wall (51.96 m?) compared to fixed walls.

South East-West

Aosta 28,877.42 52,406.50
Venice 26,455.01 46,319.19
Milan 26,669.24 47,027.98
Genoa 25,904.66 46,116.25
Bologna 25,968.53 46,677.49
Florence 26,079.71 47,246.46
Rome 28,132.52 53,156.95
Naples 27,910.36 52,978.65
Palermo 26,914.89 53,432.27
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Livigno 20,963.26 35,347.73
Lampedusa 28,859.36 58,937.39

As it is easy to observe, the gains are substantial, corresponding to more than 2,000 kg per year of
LPG or 2,000 m? of natural gas compared with the south-facing wall, and about 5,000 kg per year of LPG
or 5,000 m? of natural gas in the case of east- or west-facing walls.

For a broader assessment, it is necessary to take into account the losses or gains that the two walls
perpendicular to the rotating wall experience compared to the fixed walls oriented to the east and west.
Considering that the diffuse and reflected components are assumed to be independent of orientation, the
only component that comes into play is the direct one. For the above considerations, the walls at 90° from
the rotating one are never exposed to this component, both in the cold and in the hot months. The
comparison can therefore be made by analysing its calculated values for the east and west-facing walls.
These data must be distinguished in relation to the period of the year: in the cold months, energy gains
contribute to the heating of the rooms and represent an advantage; in the hot ones, whereas in the warm
months, they represent an increase in the cooling demand (Tables 9 and 10).

Table 9. Direct component for east- and west-facing walls (cold months) — kWh/m? day.

Jan Feb Mar Oct Nov Dec Tot
Aosta 0.98 1.48 2.00 1.59 0.98 0.77 7.79
Venice 0.69 1.12 1.80 1.36 0.71 0.52 6.20
Milan 0.80 1.17 1.85 1.25 0.71 0.56 6.35
Genoa 0.75 1.13 1.71 1.30 0.77 0.54 6.20
Bologna 0.75 1.20 1.75 1.38 0.76 0.63 6.48
Florence 0.80 1.19 1.68 1.43 0.86 0.59 6.54
Rome 0.97 1.43 1.81 1.61 1.03 0.89 7.73
Naples 0.94 1.36 1.82 1.64 0.99 0.90 7.65
Palermo 1.06 1.42 1.87 1.61 1.18 0.95 8.09
Livigno 0.42 0.50 0.98 1.43 0.61 0.33 4.26
Lampedusa 1.36 1.78 2.24 1.82 1.41 1.19 9.79

Table 10. Direct component for east- and west-facing walls (warm months) — kWh/m? day.

Apr May June Jul Aug Sept Tot
Aosta 2.25 2.28 2.55 2.80 2.59 2.28 14.75
Venice 2.22 2.43 2.77 2.86 2.64 2.08 15.00
Milan 2.18 2.39 2.73 2.96 2.59 2.13 14.99
Genoa 2.12 2.39 2.71 2.94 2.64 2.14 14.93
Bologna 2.12 2.33 2.70 2.82 2.61 2.05 14.63
Florence 2.13 2.31 2.71 2.94 2.71 2.10 14.91
Rome 2.31 2.58 2.95 3.17 291 2.20 16.11
Naples 2.36 2.68 3.01 3.18 2.95 2.28 16.45
Palermo 2.35 2.72 3.02 3.19 2.93 2.13 16.34
Livigno 1.64 1.93 2.26 2.29 2.11 1.91 12.14
Lampedusa 2.53 2.85 3.06 3.16 2.93 2.30 16.82

As can be seen, the gains that are obtained in the rotating wall(s) due to a lower need for cooling in the
warm months are greater than the losses that occur in the coldest months due to the increase in the energy
needed for heating.

No specific assessment is provided for the wall parallel to the rotating wall, relative to the fixed
north-facing wall. In fact, for cooling purposes, only diffuse and reflected radiation, assumed to be
independent of orientation, act on this surface. Furthermore, these are the only ones that affect the
rotating wall, given its azimuth offset, therefore the comparison is not meaningful.

At the end of this analysis, some evaluations were performed regarding the solar systems located on
the rotating building.

As regards photovoltaic solar systems, there are various types of solar trackers: one or two degrees of
freedom (Caffarelli, 2012; Alomar, 2023). In relation to the study, it is appropriate to refer to one degree
of freedom (yaw trackers), i.e. azimuth tracking. They are the ones which can take advantage of being
fixed to the building and, at the same time, while also exploiting the rotation of the structure in order to
produce more energy. Theoretically, the use of the other types cannot be excluded, but the potential
energy benefits do not justify the additional technical complexity. The use of azimuth trackers is quite
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common, and measured energy production data demonstrate gains of 20-25% compared to fixed systems
(Caffarelli, 2012). For a more accurate evaluation, calculations were performed in the project, for a 3
kWp photovoltaic system, using the Photovoltaic Geographic Information System (PVGIS) (JRC 2012).
The results indicate the annual energy production (kWh) for fixed photovoltaic panels, with an optimized
tilt angle and with azimuth equal to zero, and for solar tracking panels around a vertical axis and, also in
this case, with an optimized tilt angle (Table 11).

Table 11. Annual energy produced by a 3 kWp photovoltaic plant.

Fixed Solar tracker Gain (%) Gain (kWh)

Aosta 3,718.62 4,701.02 26.42 982.40
Venice 4,027.26 5,226.62 29.78 1,199.36
Milan 4,003.04 5,209.68 30.14 1,206.64
Genoa 4,090.93 5,357.59 30.96 1,266.66
Bologna 4,001.70 5,248.23 31.15 1,246.53
Florence 4,037.26 5,344.41 32.38 1,307.15
Rome 4,457.69 5,866.31 31.60 1,408.62
Naples 4,460.84 5,804.01 30.11 1,343.17
Palermo 4,547.72 5,959.51 31.04 1,411.79
Livigno 3,169.63 3,785.13 19.42 615.50
Lampedusa Data are lacking

It is possible to observe that, excluding only the case of Livigno, the gains are on average around 30%.
The values, expressed in kWh, are even more significant. It is clear from these values that, by properly
designing the photovoltaic system, it is possible, with the surplus of energy obtainable from rotation, not
only to make up for the consumption due to the electric motor that moves the building, but also to
contribute to building’s electricity demand.

A similar assessment can be carried out for solar thermal systems, which are now widely installed in
new buildings.

In short, the results obtained indicate that the gains that can be obtained from the designed choice
constitute a real basis for practical developments.

In light of the above, it is interesting to put forward some indications for future studies, which could
make a further contribution to the energy improvement of buildings:

e Optimization of the azimuth angle offset between rotating walls and the Sun by conducting
simulations using a larger set of angular values.

e Evaluation of heat transfer through the walls by accounting for the actual surface temperatures on
both faces over the entire calendar year.

e Application of the radiation laws for the appropriate use of:

o assessment of surface selectivity (materials and colours), including differentiated surface
properties across fagades, in order to identify the optimal associated conditions.
o  verification of the applicability of polarization-related laws to provide an additional
contribution to managing wall temperatures during the summer period.
e Optimization of the thermal phase shift in relation to the movement of the building.
e Optimization of the building’s rotation strategy to enhance natural ventilation, with the aim of
effectively harnessing external air currents.
e Application of the study to site-specific climatic conditions, including the analysis of environmental
scenarios more extreme than those considered in the present work.
e Study of the effects due to the presence of external obstacles.
e For multi-storey buildings, assessment of differentiated rotation across levels, analysing the specific
conditions arising from the distinct housing characteristics of each floor.

4. Conclusions

The challenges arising from energy production and consumption, including climate change,
environmental degradation, adverse impacts on human health, and geopolitical coercion, demand
integrated solutions that build upon and improve existing approaches. This research project sought to
identify the conditions and physical-technical parameters governing solar radiation on the facades of a
timber building equipped with a solar-tracking system, with the aim of reducing overall energy demand.
To this end, a method was developed to calculate (i) the solar energy transmitted through building
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envelopes and (ii) the potential energy gains achievable by optimizing the rotational motion of buildings
relative to the Sun’s apparent trajectory.

The study focused on rotating buildings, which have traditionally served primarily aesthetic purposes,
and demonstrated that appropriately selected rotational speeds and azimuth offsets can yield substantial
performance benefits. Specifically, optimized rotation can reduce energy requirements for both summer
cooling and winter heating while simultaneously increasing on-site renewable generation from
photovoltaic and solar-thermal systems.

Twenty-one locations across Italy were examined to represent the country’s full range of climatic
conditions. The theoretical framework was subsequently applied to a representative case study: a 150 m?,
450 m? single-family timber house sited in each location. Estimated annual gains averaged above 26,000
kWh relative to a fixed south-oriented fagcade and above 50,000 kWh relative to east- and west-oriented
fagades, excluding the coldest site and prior to accounting for rotational motor energy. For a 3 kWp
photovoltaic system, rotating configurations produced, on average, approximately 30% higher yields
than fixed systems, with comparable improvements for solar thermal. These findings suggest that
solar-tracking buildings can meaningfully advance energy efficiency and renewable production where
technically and economically feasible.
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