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Historic building heating and, in particular, church heating represents a challenging task because many
objectives have to be reached simultaneously; in facts, adequate thermal comfort levels have to be guar-
anteed for the occupants while ensuring an optimal internal climate suitable for the preservation of
valuable and often fragile building components and artworks. Moreover, current requirements for sus-
tainability impose to make efforts, where possible, to minimize the amount of energy needed and the
consequent environmental impact. For such reasons, the present work addresses in detail the church
heating topic, by analysing different feasible strategies and developing subsequently an original technol-
ogy, able to combine energy efficiency and cultural heritage preservation aspects. The application field
of the study is represented by the Basilica di Collemaggio (L'Aquila, Italy), a church of worldwide rele-
vance, currently under restoration. In detail, traditional heating strategies were compared with solutions
for the local-comfort, such as the pew-based heating, and a novel hydronic high-efficiency pew-based
system was proposed and deeply analyzed. The work demonstrated that such solution is able to combine
the advantages obtainable from electric benches with those of a hydronic heating system coupled with
ground-source heat pumps, combining good local comfort levels to significant energy savings and low
or no impact on the artworks and building structures. The system design was based on a local-comfort
assessment, supported by experimental and CFD analyses.
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1. Introduction

In the last 20 years, the debate on sustainability has been
implemented also about conservation and management of his-
toric buildings, according to different perspectives. In particular,
from the point of view of energy consumption the problem has
sometimes been reduced to the enhancement of insulation per-
formances, or to the problem of inserting technical systems in
sensitive artistic contexts. The impact of EU directives on energy
saving provoked many discussions [1,2], but a research line arose
looking for optimal solutions, taking into account also management
issues and the effects of climate change [3,4]. The complexity of
built cultural heritage allows to deal with all the four pillars of
sustainability, that is environmental, economic, social and cultural
sustainability [5-8]. Innovative technologies, which entail scien-
tific researches, applied in contexts of outstanding artistic value,
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can trigger positive cultural and social processes [9], besides saving
energy and money.

Within such context, among historic buildings, ancient churches
are those that most frequently have reached the present day prac-
tically unaltered. In this way the preservation of their considerable
artistic and architectural features was allowed, with particular ref-
erence to the artworks contained in them (paintings, frescoes,
sculptures, wooden panels, sacred objects, furnishings, organs,
etc.). However, even though the mode of use remained almost
unchanged over the centuries, in the meantime the comfort needs
of modern society have changed, and thus of the churchgoers. In
recent years, there is an increasing heating demand for churches,
which implies a number of critical issues, as most historic churches
were not designed to be heated [10] and it has been underlined
how an improper use of heating can even have adverse effects on
this particular kind of buildings, their state of preservation and
their occupants, such as, for example, thermal stratification, con-
densation, draughts, heat and humidity imbalances, soiling, fabric
and, in general, artefacts stress and deterioration [10-12]. More-
over, objects constituting the interior artistic heritage of a church
are generally quite sensitive to environmental factors such as air
and surface temperature, relative humidity, light, physical agents,
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whose balance is crucial in order to guarantee maintenance and
protection of artworks and materials [13-15]. In more detail, peri-
odic air temperature and relative humidity changes may cause dry
and wet cycles and air movements that are usually responsible for
deterioration and soiling procedures [10,16,17].

Heating can cause a more or less pronounced deviation from the
“historical climate” of the church (defined as its unaffected natu-
ral condition) to which artworks have become acclimatized, with
the result of causing even serious damage to the various artefacts,
depending on their vulnerability [18,19]. As a consequence, ther-
mal comfort achievement and artworks preservation often conflict
with each other, and a balance between the two needs must be
found in order to ensure the public use of the churches without
compromising their historical values [17].

In the present paper different technical options are analyzed in
order to ensure the most efficient and sustainable church heating
solution, with particular reference to a relevant case study, repre-
sented by the Basilica di S. Maria di Collemaggio.

In this sense, as it will be shown, the pew-heating concept has
been further improved with the matching to hydronic systems and
developed for the application purpose.

2. Church heating

Until recently, heating methods for churches were mainly
designed to fulfil only economy and thermal comfort requirements,
with scarce consideration for conservation issues [18], whereas
three factors should be properly considered: occupants’ satisfac-
tion, conservation of historic fabric and artefacts [10].

On the contrary, another option is represented by the so-called
conservation heating, which can be used to control relative humid-
ity continuously during the year in order to better preserve historic
interiors, but is generally characterized by poor comfort perfor-
mance and high energy demand, and it can hardly be obtained in
the huge volumes of many church buildings [20].

In light of the above considerations, it becomes extremely
important to identify the most appropriate solutions while design-
ing the heating system of a church, provided that this should have
the least possible impact on the local indoor micro-climate [10].

In general two main options have to be considered: central heat-
ing (heating the whole room) and local heating (warming people
with localized heating sources) [18]. Furthermore, the first option
can be divided into continuous and intermittent central heating.

First of all, it has to be noticed that a perfect choice does not
exist, as each system has its pros and cons, as well explained in
previous research works [13,17,18,21-24].

Although some research studies claim that heating the whole
church’s volume seems to be an effective way of achieving com-
fort conditions [10], it can be stated that central heating represents
the most problematic and expensive option. This conclusion arises
from the observation that the related components (air ducts,
radiant floors, radiators) are highly invasive with respect to the
existing historical structures and the operation modes have serious
impacts on the indoor climate, causing the unwanted fluctuations
in temperature and humidity mentioned above. It should also be
considered that churches are generally characterized by very high
room volumes, whose heating requires significant energy con-
sumption, even in intermittent mode. Nevertheless, a good solution
in this sense could be represented by radiant floors heating system,
which have been proven to meet thermal comfort and artistic her-
itage preservation needs, allowing at the same time high energy
savings [13]. However it should be noted that this option is fea-
sible only in case of significant restoration work which also affect
the church’s floors, and that is hardly compatible with the existing
artefacts, since often the floors themselves are artworks.

A more effective and less invasive method is to provide local-
ized comfort, by adopting heating systems able to provide direct
confined heat just to people sitting, without dispersing too much
heat inside the whole church and reducing temperature and rela-
tive humidity fluctuations (and thus the related damaging effects)
in the proximity of artworks [17]. This strategy could mainly be
based on the use of radiant heater placed on the pews, of IR
lamps, or else of warm air emission from the floor or footboard
[13,17,21,23,25]. These systems have the advantage of providing
heat only where necessary and not significantly impact on the over-
all microclimate of the church, although they are not completely
free from drawbacks. IR lamps, for example, can cause glare and
alsoirradiate nearby artworks, damaging them, while heating pews
or footboards can cause asymmetric comfort, as commonly only
feet and legs are heated [17]. An effective solution has been car-
ried out under the European project Friendly Heating [17,18,26],
using electrically heated foils strategically placed on kneelers, seats
and backrests of the pews to properly heat the various part of the
body. Among the various solutions analyzed, this appears to be defi-
nitely the best, both in terms of comfort and artworks conservation,
although the heat dispersed by Joule effect adversely affects the
overall energy efficiency. Given the quite low operating tempera-
tures, instead of electrical radiant systems, it would be preferable to
use hydronic systems, powered by high-efficiency generation sys-
tems, such as heat pumps. Of course, the passage of hydraulic pipes
is more difficult and invasive compared to wires and can be made
only when allowed by the boundary conditions (e.g. interventions
on the floor are possible without damaging it).

3. The Collemaggio case study

The Basilica di S. Maria di Collemaggio, L’Aquila, is a master-
piece of Abruzzese Romanesque and Gothic architecture and a very
important religious site for the original Papal Jubilee devised by
Pope Celestine V, who is buried there. The church is famous for
its pink and white stone facade; the interior includes a nave and
two side aisles, each one divided from it by a row of columns [27].
The austere character of the interior is due mainly to restoration
works completed in 1972, which aimed at restoring the mediaeval
appearance that had been changed by the baroque reconstruction
after the 1703 earthquake.

The earthquake that struck L’Aquila on April 6th 2009 caused
severe damages [28]. The restoration project has been developed
using advanced survey, modelling and design techniques, including
laser scanning and HBIM [29]. The works had to face many prob-
lems, one of them being the problem of heating, which is relevant
also because of the local climate: L'Aquila is located at an eleva-
tion of m 720 among the mountains and is characterized by severe
winters [30].

Given the austere character of the interior surfaces, the prob-
lem of their preventive conservation has been deemed less urgent
than the requirement of comfort for people. That’s why the target
of ensuring an artwork-friendly heating has not been dealt with
before the opportunity offered by the restoration works. Instead,
the presented research has been oriented to design a heating sys-
tem compatible with both the comfort needs and the preservation
requirements. The mediaeval image maintained through restora-
tions is very important in the local community sentiments, and
special attention has been paid to the floor of the nave, which is
made by the same red and white stone as the facade and abso-
lutely had to remain visible by visitors and churchgoers. For these
reasons, the main challenge was to design a heating system com-
prehensive of its connections and pipes without interfering in the
original appearance of the church, able at the same time to preserve
the cultural heritage of the Basilica.
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Table 1
Main climatic parameters [33].

Site Latitude Longitude Elevation Heating Annual Max. temp. [°C] Winter design Annual global
[m] degree - days external mean temp. [°C] irradiation on
air temp. [°C] horizontal plane
[kWh/m? year]
L'Aquila 42021 13223 714 2514 11.75 29.1 —5°C[34] 1436 [35]

According to the described context, in the present work the dif-
ferent feasible heating strategies for the Basilica di Collemaggio
are carefully analyzed in Section 4, carrying out energy perfor-
mance evaluations. Subsequently, the sizing and design of the novel
hydronic high-efficiency pew-based system was described in Sec-
tion 5 and the related performance analysis is explained in Section
6. Lastly, in Section 7 main obtained results are presented.

4. Heating strategies analysis

In this section the main feasible heating strategies analyzed
for the Basilica di Collemaggio are described and compared. In
detail, as a first analysis, the theoretical thermal energy demand
of the building has been calculated through dynamic energy simu-
lation, assuming a constant internal set point temperature during
the heating season. By means of the same energy model, the free-
floating behaviour of the church was then simulated and assessed,
in order to precisely understand the boundary conditions in which
the design had to be developed.

Secondly, each considered heating strategy was technically
defined and the related thermal and primary energy demand was
calculated, based on specific operating profiles; in detail, primary
energy was chosen to compare solutions using different energy
sources (e.g. natural gas, electricity) because it represents the
energy embodied in natural resources that has not undergone any
anthropogenic conversion or transformation [31]. According to this
principle, natural gas is considered primary energy (primary energy
factor equal to 1) while electricity, which is the product of a trans-
formation process, has to be multiplied for the electricity to primary
energy factor that is usually greater than 1 to take in consideration
the generation efficiency. Such factor is in fact related to the way
the electrical energy is produced in a certain context and for Italy is
equal to 2.18[32], therefore this value was assumed in the following
calculations.

The sizing of each proposed solution was carried out according
to boundary conditions described in Section 4.1. It must be noted
that only those heating strategies were analyzed which are actually
practicable in the specific context; as an example, under-floor heat-
ing and heated footboards were considered unviable in the church’s
aisles because of aesthetic and conservation requirements of the
historic flooring.

4.1. Theoretical thermal energy demand calculation and
free-floating behaviour

This section summarizes the data and assumptions used to per-
form the energy analysis of the Basilica. In particular, an assessment
on the climatic context was carried out; the main climatic data are
listed in Table 1.

Subsequently, an analysis of the geometrical and thermo-
physical characteristics of the Basilica was carried out. The
rectangular floorplan of the Basilica (26 m x 95m) is divided into
three areas (a middle nave and two side aisles) separated by arches
resting on columns. The middle aisle is 21 m high and the side aisles
and high altar (apse and presbytery) 15 m at their highest. Given
those dimension, the floor surface of the church is about 2120 m?
and its net volume is about 34,800 m3.

The outdoor walls of the church are made of limestone and have
a variable thickness from 1 to 2.6 m. The walls of the apses on the
indoor side are plastered and whitewashed. The windows in the
outdoor walls are made of single glass. The floor in the church is
covered with stone tiles. The roof is made of construction wood,
covered with roofing tiles. The thickness, thermal transmittance
and surface dimensions of the building components are shown in
Table 2. The total thermal dispersing surface is 8380 m? and the S/V
value is 0.24.

The energy and power demand as well as the free-floating
behaviour of the Basilica have been simulated using EnergyPlus
software, which represents a widespread and accepted tool in the
building energy analysis community around the world. This pro-
gramme models heating, cooling, lighting, ventilating, and other
energy flows as well as moisture in buildings [36]. EnergyPlus
does subhourly calculations and integrates the load and system
dynamic performance into the whole building energy balance
calculations which can provide more accurate simulation results
[37,38]. Moreover, this software is particularly suited to simulate
dynamic behaviour, strongly influenced by thermal inertia, of his-
toric buildings and was already adopted in the past for similar
projects by present authors [39].

In Fig. 1 the simulation model of the Basilica is shown. The
climatic hourly data used for simulation is corresponding to
a typical meteorological year (TMY) for the reference location
(L’Aquila).

The assumptions considered in the analysis are listed below:

e Church’s usage profile: 1 celebration per day from Monday to
Saturday and 2 celebrations per day on Sunday. Opening hours
from 9 to 19 every day. Each celebration lasts one hour.

¢ Heating set-point air temperature at 1 m above floor-level (in case
of all-air systems): 15°C [40], corresponding to an average air
temperature inside the church equal to 20°C and a maximum
temperature at roof level equal to 25°C [17,22].

e Heating period: from 15 October to 15 April (180 days).

¢ The internal electric loads were assumed negligible, while the
people occupancy was assumed equal to 500 persons during cele-
brations and negligible during the remaining time, with a specific
load of 108 W/person [41].

e Air change rate: considering the few openings in the building
envelope and the huge air volume, an average value equal to
0.1V/h due to natural ventilation was supposed [42,43], during
the opening periods. During celebrations, in presence of an all-
air system, an air change rate of 0.5 V/h was assumed considering
both literature values and the indication from Italian UNI 10339
standard [44].

Table 2
Characteristics of the building envelope.
Structure Thickness [m] Thermal transmittance, Surface [m?]
U[W/m?K]
Wall 1.0-2.6 0.63-0.26 3685
Windows 0.003 5.8 74
Floor 0.22 3.6 2205
Roof 0.20 0.93 2417
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Fig. 1. The simulation model of the Basilica di Collemaggio.

According to the energy simulations, the theoretical ther-
mal energy demand considering continuous heating is equal
to 562 MWh/year. The maximum needed thermal power in
design day conditions has been evaluated equal to approximately
500 kW.

In free-floating conditions the church’s indoor air temperature
during the heating season (October-April) has been evaluated com-
prised between 7.4 and 12.4°C, with an average value of 9.9°C;
analogously, the temperatures of internal surfaces have been calcu-
lated and are characterized by values similar to those of the internal
air. Unfortunately, indoor temperature measurements have not
been done in the past, before the earthquake, thus no experimental
data are available; a monitoring campaign is planned within the
restoration works.

Different feasible heating strategies are described hereafter; for
each scenario the thermal energy demand and the primary energy
demand calculation was performed considering specific technical
systems features, daytime operation and assumptions, as described
in each section.

4.2. All-air system

In this section the general features of all-air systems for church
heating are described and two different solutions are analyzed in
detail for the case-study application.

Hot and warm air systems have been commonly used for
churches’ heating [22,45,46], since they are able to rapidly increase
the internal air temperature. They are constituted by a hot-air gen-
erator fuelled by natural gas, LPG or diesel, typically placed outside
the church and connected to the internal environment with 2 or
more air ducts to recirculate and heat the internal air volume.
Unfortunately, because hot air tends to flow upwards, in traditional
hot air systems a large amount of hot air is forced to circulate in
the environment by means of blowers. This hot air flows quickly
towards the ceiling, heating that part first, and only later bringing
heat at human height, creating a significant thermal gradient along
the height of the church [47] and considerably changing relative
humidity level. At the same time cold air currents are formed, and
they can create discomfort among the occupants. It must also be
noted that with such heating systems the indoor air temperature
and relative humidity change rates can be higher than the limit
suggested in literature to preserve the interior of churches, equal
respectively to 2 K/hand 2%/h [48].In addition, fan operation and air
flows typically produce noise inside the heated environment; duct-
ing and grilles are furthermore invasive for historic building. For the
analyzed case study, two different all-air systems were analyzed:
the first one to be switched on continuously during the church’s
opening hours, and the second one to be used only when celebra-
tions are held. The specific descriptions and energy calculation are
reported hereafter.

4.2.1. All-air system with daytime operation

An all-air system with daytime operation was assumed for the
case study, sizing the plant according to the specific features of the
building and considering the assumed working profile.

It was assumed that the system is realized by a hot air generator
fuelled with natural gas, having a flow rate equal to 35,000 m3/h (of
which 15,000 m3/h of fresh air during celebration and 90% recircu-
lation during remaining hours), a nominal power of 500 kW and
an outlet air temperature from 35 to 40 °C. The flow rate and the
power are designed considering that every morning the heating
plant has to increase the internal air temperature from the free-
floating value to the set-point value, compensating the heat losses
through the envelope and the thermal energy accumulated by the
massive structure of the building. The system is thus turned on 1h
before church’s opening time at maximum power and flow rate, is
adapting the power and the flow rate to the thermal load during
the daytime, and is switched off at closing time, with a total daily
operating period of 11 h. The system’s installation in the Basilica
di Collemaggio would require the realization of at least four large
grillesin the external walls of the construction to be connected with
air ducts.

The total thermal energy demand with the above described
all-air system with daytime operation was determined through
EneryPlus simulation and the primary energy demand, equal to
410 MWh/year, was calculated considering a system overall effi-
ciency equal to 95% and an electric power of the fan of 4.5kW
[49].

4.2.2. All-air system with on-demand operation

A system similar to the one described in Section 4.2.1, but with
on-demand operation, was assumed for the case study. In detail,
it was assumed that the system is realized by a hot air generator
fuelled with natural gas, having a flow rate equal to 55,000 m3/h (of
which 15,000 m3/h of fresh air during celebration and 90% recircu-
lation during remaining hours), a nominal power of 700 kW and
an outlet air temperature from 35 to 40 °C. The flow rate and the
power are designed considering that before every celebration the
heating plant has to quickly increase the internal air temperature
from the free-floating value to the set-point value, compensat-
ing the thermal energy adsorbed by the massive structure of the
building. The system is thus turned on half an hour before each
celebration at maximum power and flow rate, is adapting the power
and the flow rate to the thermal load during the celebration, and
is switched off at the end of the event. Also in this case the sys-
tem’s installation in the Basilica di Collemaggio will require the
realization of at least four large grilles in the external walls of the
construction to be connected with air ducts.

The total thermal energy demand with the all-air system with
on-demand operation was calculated through EneryPlus simula-
tion and the primary energy demand, equal to 145 MWh/year, was
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determined considering a system overall efficiency equal to 95%
and an electric power of the fan of 7 kW [49].

4.3. Infrared heaters

An alternative solution to all-air systems in large-volume build-
ings like churches can be radiant heating systems using direct
radiant heaters suspended above the occupied zone, thus in this
section two different technical solutions based on infrared radi-
ant heaters were assessed for the case-study. In particular, systems
using direct radiant heaters reduce the problem that occurs with
convection heating, related to the upward movement of warm air
because people are heated by means of electromagnetic waves,
whereas the air in the room is heated indirectly, as a result of heat
emission by elements that have already been heated [48]. The radi-
ant heater systems also have little thermal inertia and should be
operated just during church’s occupation. The two main types of IR
heaters are described below.

4.3.1. Gas-fired infrared heaters

A gas-fired IR system was assumed for the case study, sizing the
heaters according to the specific features of the building and consid-
ering the supposed working profile. In detail it must be noted that,
in the gas-fired emitters, typically used in large buildings, the com-
bustion takes place directly in each heater, thus the exhaust gases
are typically discharged in the heated environment causing internal
pollution and possible vapour condensation on building surfaces.
Different sizing and designing criteria can be derived from liter-
ature for such systems [50,51], but in the specific evaluation the
sizing proposed within a previous feasibility study for the church’s
renovation was considered. According to such design, 20 gas-fired
infrared heaters with a nominal power of 19 kW each (380 kW
in total) were considered, homogeneously distributed along the
church and installed at 8 m above the floor level. The system is
thus turned on during each celebration at nominal power and is
switched off at the end of the event.

The total primary energy demand with gas-fired infrared
heaters, equal to 78 MWh/year, was calculated multiplying the total
installed power for the working period during the heating season,
without considering any electric auxiliaries.

4.3.2. Electric infrared heaters

Similarly to the configuration described in Section 4.3.1, also an
electric IR system was assumed for the case study. In this case the
source of thermal energy for radiant heaters can be also electricity
in case of quartz tube or quartz halogen heaters; the system config-
uration is very simple and there is no local emission of pollutant or
vapour, since each heater is simply connected to the grid; unfortu-
nately for large buildings the required electric power can be huge,
requiring a medium voltage connection. In the Basilica di Collemag-
gio, the same power designed for gas-fired heaters was assumed to
carry out energy evaluation (i.e. 380 kW), and the total primary
energy demand, equal to 168.5 MWh/year, was calculated multi-
plying the total installed power for the working period during the
heating season and taking into account the primary energy factor.

4.4. Pew-based heating

As previously introduced, pew-based heating is an interesting
technical solution for local thermal comfort, thus also such solu-
tion was assessed for the analyzed case-study; recent research [17]
demonstrated that novel technical solutions integrating electric
heating foils properly installed as under-seat, under-kneeler and
hand-warmer elements can ensure optimal comfort level while
minimizing the negative influence on the church and its artworks.

In general, heating can be generated with heating foils or with resis-
tances, with power ranging usually from 50 to 300 W/m?2 [52,53]
and the system can be switched on just a few minutes before cel-
ebrations thanks to its very low thermal inertia and warming up
period. Literature data demonstrate that significant savings are
achievable with such technical solution, typically higher than 70%
in comparison with on-demand all-air systems [54].

However, the sizing of a pew-based heating system requires
a detailed assessment on radiant surfaces positioning and related
view factors as well as specific local comfort analysis, in order to
ensure a proper functioning. In addition, it must be noted that the
heat generation with Joule effect could not be considered optimal
under an exergy point of view, relying on a strong energy degrada-
tion.

In order to overcome this drawback, in the present research
an innovative hydronic solution has been presented and assessed
in Sections 5 and 6; features and performances of such solution
are described below and a final energy comparison with the elec-
tric alternative has been carried out considering the same sizing
criteria, as described in Section 7.

5. Sizing and design of a high-efficiency hydronic
pew-based heating

Considering that pew-based heating requires low surface-
temperatures, the solution is fully compatible with hydronic
systems coupled with high-efficiency generators such as heat
pumps [55]. In the present work, a novel high-efficiency hydronic
pew-based heating system is thus proposed and specifically
designed for the Basilica di Collemaggio. In such technical config-
uration the heat transfer fluid (water) is heated at 35-40°C by the
generator, which is a water-to-water heat pump, and is distributed
through small pipes to the benches and the heated footboards. The
pews thus integrate hydronic radiant panels placed in order to max-
imize the heating surface and the related view factor in respect to
seated peoples. In the specific case-study, a detailed verification
of the existing constraints was carried out in order to ensure the
feasibility of such solutions. In detail, it was attested that different
groups of benches can be hydraulically connected with a heat pump
placed in atechnical room by means of small-diameter copper pipes
which can be placed underfloor by raising and then repositioning
few rows of tiles, without altering the state of conservation of the
floor. Then, it was proven that vertical boreholes can be realized
outdoor at the back of the church, allowing to use a geothermal heat
pump with high COPs. A general working scheme of the system is
proposed in Fig. 2.

In the following sections the sizing and design of the hydronic
pew-based heating system is described, according to the general
configuration as mentioned before. It should be noted that the sys-
tem integration in the benches and the layout of these in the aisle
does not prevent the view of the floor from visitors and churchgo-
ers, which was one of the main objectives of the project.

5.1. Local comfort evaluation and system preliminary sizing

Starting from the argumentation described in the introduction,
several technical aspects have been considered in the definition of
the technical systems for the Basilica di Collemaggio. First of all,
the two fundamental topics jointly considered in modelling and
design are, respectively, the dynamic hygro-thermal behaviour of
the building and the comfort perceived by churchgoers.

The computational models used to assess the local thermal
comfort have been developed within previous research related to
comfort conditions localized and customized for seated persons
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Fig. 2. General scheme of the high-efficiency hydronic pew-based heating.

[56], where specific evaluations have been carried out on the mech-
anisms of conduction, convection and radiation of the human body.

In detail, the adopted method is based on the subdivision of
the human body into segments, which correspond to the indi-
vidual parts of the model (body model used for simulating fluid
dynamics) and the calculation of the equivalent temperature (teq)
for each segment. The equivalent temperature is the temperature of
an imaginary enclosure with the mean radiant temperature equal
to air temperature, in which a person has the same heat exchange
by convection and radiation as in the actual conditions [41].

This subdivision allows to evaluate the sensation of comfort (or
discomfort) in detail in the different parts of the body of seated
person and also indicates the overall result obtained for the entire
body, which is the average weighted temperature in the different
points of the body. The representation of the level of comfort is
therefore a function of the position (segment of the body) and the
equivalent temperature, as shown in Fig. 3 [56].

More specifically, the methodological approach for the design
of the local heating system (pew heating) and the verification of its
effects in terms of thermal comfort are the following:

1. definition of the geometric characteristics (dimensions) of the
pew and of the radiant elements inserted in the pew (positions
in the space and dimensions); in detail, a 5-seats wooden bench
with dimensions equal to (Lx Hx W) 276 cm x 80cm x 70 cm
was designed in order to integrate hydronic radiant surfaces
placed behind the back of the bench and under the seat according
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Fig. 3. Example of winter comfort zones for different segments of the body. Abbre-
viations refer to L=left, R=right, U=upper.

to the arrangement shown in Fig. 4. As previously noted, the dis-
position of the radiant surfaces was decided in order to maximize
the radiant effect and the possibility for the churchgoers to see
the historic floor of the Basilica. The total radiant surface for the
5-seats bench in the proposed configuration is approximately
equal to 1.8 m2.

2. calculation of view factors of radiant surfaces with respect to the
body parts of a person seated in the pew;

3. calculation of surface temperatures of the different elements
constituting the pew (seat, back, etc.) using a model of a low
mass radiant heating system [57];

4, calculation of the local air temperature increase due to the con-
vective effect of the heating system;

5. calculation of the equivalent temperature on the parts of the
body of a seated person;

6. use of the calculated teq for the verification of the average
comfort index (whole body sensation) and the comfort in the
different body parts (local sensation);

7. verification of the comfort indexes for various operating condi-
tions, corresponding to different radiant temperatures.

Specifically, the calculations have been carried out for the
coldest month of the year (January), which represents the most
unfavourable climatic condition.

As regards the local comfort diagrams obtained with the simu-
lations, the supply water temperature to the system was supposed
to vary from 30 to 45°C in order to analyze different reasonable
scenarios, taking in consideration the maximum temperature for
radiant heating surfaces suggested by the UNI EN 1264 standard,
which is varying from 29 °C (floors) to 40 °C (walls).

radiant
surfaces

N

Fig. 4. Schematic of the radiant surfaces of the bench.




224 N. Aste et al. / Energy and Buildings 116 (2016) 218-231

Al

Back

Chest

R. Upper arm
L. Upper arm
R. Forearm
L. Forearm
R Hand

L. Hand

Top of head
Head

Pelvis
R.Thigh
L.Thigh

R. Low leg

L. Low leg

R. Foot

L. Foot

too hot

warm but
comfortable

neutral

cold but
comfortable

too cold

teq for water supply
temperature of:

30°C
35°C
40°C
} 45°C

Equivalent temperature, teq (°C)
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The value of clothing (clo=2.1) corresponds to typical winter
cloths with overcoat (open at front part around the chest, as is likely
for a person coming from outside and sitting in church).

The constraint regarding the possibility to leave free as possible
the view of the floor, which is a part of the artwork of the Basilica,
poses the problem of a reduction in the comfort level around the
foot area. This limitation is considered acceptable, however, in rela-
tion to the overall perception of comfort by the occupants (average
body) and the aesthetic value of the floor, which, otherwise, would
be hidden by other types of system solutions.

Fig. 5 shows the results of the calculation of the comfort level. In
detail, the body is divided in different segments (L=left, R=right,
U =upper) and the different colours indicate the expected comfort
level; considering different supply water temperatures, the solid
lines trace the equivalent temperature calculated for the analyzed
technical solution.

For all the analyzed supply water temperatures, the comfort
condition for most of the part of body is just below the level of
neutrality, however, still comfortable (except the foot area). In the
latter, there is a slight discomfort at lower part of the body and
around head.

Considering that the COP (coefficient of performance) of a
water-to-water heat pump is decreasing with the increasing of the
temperature difference between the heat source and the gener-
ated heated water, according to an exponential function related
with the Carnot efficiency [58], it is better to minimize the supply
water temperature of the system to obtain the maximum energy

performance and also to reduce the thermal losses of the distribu-
tion pipes. However, the equivalent temperature profile obtained
with supply water at 30°C was considered too close to the dis-
comfort zone for some parts of the body, therefore the minimum
optimal value was conservatively considered equal to 35°C. The
subsequent detailed system design and experimental analysis were
carried out assuming such value.

5.2. System final design

Considering the abovedescribed general system configuration
and the preliminary design of the radiant bench defined in Sec-
tion 5.1, the final design of the hydronic pews was carried out as
described hereafter. In detail, the radiant plates have been realized
with extruded aluminium profiles, specifically adapted for the pur-
pose. These elements are provided with internal ducts with circular
section, in which the heat transfer fluid flows, and can directly be
covered with a thin layer of wood as a finishing. Each radiating
element is equipped with a specific mechanical coupling system
that ensures the interconnection of different elements, forming one
modular radiant surface with high mechanical resistance, as shown
in Fig. 6.

The solution ensures optimal thermal performances, good
mechanical strength and easy assembly if compared with other
alternatives to obtain similar hydronic radiant surfaces (e.g. radiant
panels integrating plastic pipes).

OO

L 13

O O B0 O
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18

Fig. 6. Hydronic radiant plates realized by extruded aluminium profiles.
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For each bench, 4 hydronic plates having dimensions equal to
(LxHxW)255cm x 2cm x 18 cm are used: 2 of them are coupled
together and vertically placed behind the back of the bench, while
the other 2 are installed under the seat, one tilted forward and the
other backward, according to the scheme shown in Fig. 4.

All the plates are hydraulically connected in series and the first
plate at the top and the last one at the bottom of the bench are
attached with the inlet and outlet copper pipes which connect each
pew with the main hydraulic circuit. The wooden structure of the
bench is designed to fully integrate all the pipes and the joints, and
is provided with different openings in order to ensure an easy access
in case of maintenance. The hydraulic interconnection among dif-
ferent pews is realized with above-floor copper pipes hidden in a
wooden channel.

The thermal design of the system was carried out considering
to obtain a useful radiant surface thermal power of 120 W/m? with
an inlet water temperature of 35°C, an heat drop of 2.5°C and an
air temperature of 20 °C; the resulting flow rate is thus roughly of

10.55

10.51

10.41
10.39

9.87

75 kg/h. The corresponding maximum power with air temperature
equal to 10°C is calculated to be equal to approximately 220 W/m?
with heat drop of roughly 4.5°C. In order to define the design
conditions, an average useful thermal power equal to 220 W/m?
(approximately 400 W per bench) was considered as a reference
value; the water flow rate will be thus adjusted in order to ensure
such power in different boundary conditions. The whole heating
system was thus designed assuming an heat pump with a nominal
power of 30 kW (brine input temperature of 0°C and water output
temperature at 40°C) coupled with a geothermal heat exchanger
realized with 4 boreholes, 150 m-deep each. The total power of the
generator is the one conservatively needed for a total number of 64
benches.

With the aim to carry out energy evaluations, a seasonal coeffi-
cient of performance (SCOP) of the geothermal heat pump system
equal to 4 was assumed as a reference value [59]. It takes into
account also electric consumption due to required auxiliaries.
The entire system is supposed to be turned on 1h before each

F
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Fig. 8. Measured ambient and surface temperatures [°C].
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Fig. 9. IR acquisition.

celebration at nominal power and to be switched off at the end
of the event.

The total primary energy demand with the hydronic pew-based
heating, equal to approximately 6.7 MWh/year, was calculated by
dividing the total thermal energy demand, which is the product
of the reference thermal power of the plant (30 kW) and the sup-
posed working period during the heating season, for the SCOP value,
and taking into account the above-mentioned electricity to primary
energy factor of 2.18.

6. Performance analysis

In the following section, the experimental analysis carried out
on a prototype bench and the related computer simulation are
described. More in detail the performance analysis were performed
in three steps. First of all the thermal performance of a real proto-
type under controlled condition was evaluated at the environment
test chamber of M.R.T. laboratory (Laboratorio Misure Ricerche Ter-
motecniche) at Politecnico di Milano. Then, the evaluation was
enhanced by means of a virtual model which is calibrated according
to experimental results. Finally the calibrated model was applied
to a simulation of the benches installed in the church environment.
Analytical and experimental results are discussed in the followings
paragraph.

6.1. Experimental analysis

In order to verify the effectiveness of the proposed solution,
a prototype of the designed heating system was realized by the
Politecnico di Milano and tested according to EN 442-1/2:2014
[60,61] standard in a environmental test chamber. The main goal
of the experimental analysis is the evaluation of the radiant sys-
tem performance in term of power and heat delivery, verifying
at the same time the compliance with the surface temperatures’
constraints reported in the literature [62].

¢ The environment test chamber was equipped with a real time
monitoring system, which consists in:

e sensors able to measure the water temperature at inlet and outlet
of the heating system pipes;

e temperature sensor placed in the main bench surfaces (according
to Fig. 7);

e ambient temperature sensors (according to Fig. 7);

¢ IR camera to measure the surface temperature of the bench heat-
ing;

The prototype, placed next to a chamber’s wall as shownin Fig. 7,
was tested by setting an equal value for ambient temperature and
surfaces temperature approximately of 10 °C, according to the aver-
age free-floating values presented in Section 4.1. The flow rate of
the circulation water has been set at 75 kg/h, according to the design
value, with a resulting temperature drop between inlet and outlet
water flow equal to 5.1°C (inlet at 36.2°C and outlet at 31.1°C).

The experimental results show that, during operating condi-
tions, the heating system provides a power of 451 W equal to
250 W/m?, even slightly higher of the designed one.

As shown in Fig. 8, the bench temperatures measured respec-
tively at the seat and the seatback reaches a temperature slightly
lower than 15°C, while the radiant surfaces reach temperatures
over 30°C as also shown by IR measurement carried out on the
front side of the bench (Fig. 9).

Fig. 10. CFD model.
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Fig. 11. Air temperatures comparison between experimental (left) and simulated data (right).

It can be observed from Fig. 8 that the maximum air tempera-
ture monitored along the environmental test chamber is equal to
11.01°C, only about 1 °C higher than the set point.

The main advantage of the proposed system, in fact is that the
air is not heated towards high temperatures while the heat is radi-
ated to people directly, avoiding furthermore discomfort due to hot
surfaces in contact with the human body.

6.2. Computer simulation

In order to assess the actual performance of the bench heat-
ing system in the church, the related thermal comfort and hence
the air and the mean radiant temperature distribution, a CFD
analysis is necessary. As a first step, a simulation of the bench
placed in the environmental test chamber was performed. This
simulation allowed to calibrate the model according to the mea-
sured experimental values. The main results of the analysis are
described in the next section. After that, according to the model
set-up adopted in the calibrated model, the influence of the local

heating system placed in the church is shown and discussed in
Section 6.2.2.

Within this research, the CFD package Fluent (version 15), which
is one of the most widespread fluid dynamic software, was applied.

6.2.1. Model validation

The simulation model of the bench placed in the environmental
test chamber was realized using Cartesian coordinates, in which
an unstructured tetrahedral grid is applied. In order to reduce the
computational time, only a half of the model was realized and a
symmetric plane was applied as boundary condition. It was consid-
ered reasonable because, given the physical geometry under study,
the expected pattern of flow and the temperature distribution are
symmetrical considering the middle x-y plane shown in Fig. 10.

Within this CFD model, the following equations and the related
discretization schemes were considered:

e heat transfer: the convection-diffusion equations is solved with
the second Order Upwind discretization method;

10.00 10.85 11.70 1255 1340 1425 1510 15.95 16.80 17.65 18.50 19.35 20.20 21.05 21.90 22.75 23.60 2445 2530 26.15 27.00

s

Contours of Static Temperature (c)

Jul 09, 2015
ANSYS Fluent 15.0 (2d, pbns, ske)

Fig. 12. Air temperature distribution along the church.
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Fig. 13. Comparison between the air temperature and the radiant temperature distribution along the benches.

¢ radiative exchanges: the radiative exchanges modelled with the
Discrete Ordinates were solved with the first Order Upwind;

e viscosity: turbulence was considered in the k-& model with
standard wall functions and solved with the first Order Upwind;

The pressure-velocity coupling was evaluated according to the
SIMPLE algorithm which uses a relationship between velocity and
pressure corrections to enforce mass conservation and to obtain
the pressure field.

Because no forced ventilation is provided, while heat is supplied
by radiation and natural convection from the heating elements, the
Boussinesq approximation was used for the air density.

The radiant plates and the wooden structure of the bench were
modelled as a whole object, characterized by different surface

temperatures according to the measurements carried out in the
environmental test chamber and reported in Fig. 8. This approach
is considered reasonable since the scope of the analysis is to validate
the CFD model in order to obtain the air temperature distribu-
tion on the local environment due to the heating system, on the
basis of the measured surface temperatures of the bench. It must
also be noted that in the prototype system the heating plates are
directly coupled with the wooden structure, which is fabricated
with dried laminated wood that has a high resistance to ther-
mal stress. For this reason the temperature distribution inside the
wooden layers of the bench was not analyzed in this phase of the
research.

An emissivity of 0.94 was set in the simulations; such value was
defined through the experimental measurements by comparing
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the temperature measured by the IR camera and the temperature
measured by surface sensors.

The wall boundary conditions as well as ceiling and floor tem-
perature was set to 10 °C, according to the experimental analysis.

In Fig. 11, the air temperature measured in the experimental
analysis (image on the left) is compared to the one calculated with
the CFD simulation (image on the right). As already mentioned,
since the simulation model was considered symmetrical, the results
are related to an half of the room. The comparison shows a good
agreement between measured and simulation data, with an error
in air temperature from 0.5% to 6%.

It has already been noted that the proposed heating system does
not significantly increase the air temperature of the room, since the
main benefit is due to radiation effect, as shown in the next section.

6.2.2. Church’s CFD analysis

The effectiveness of the proposed heating system was simulated
also considering the whole church’s environment. The boundary
conditions as well as the solver method used were set according
to the simulation described in Section 6.2.1. However, due to the
huge dimension of the Basilica, the further model was realized in 2
dimensions.

Fig. 12 presents the simulation results, in terms of air tempera-
ture distribution in the main section of the church. It shows that the
increase in air temperature in the upper part of the church during
the heating system operations is about 2.5 °C, and thus it does not
cause abrupt or substantial changes in temperature.

As already said, the main advantage of the local heating system is
that the air in the church is not heated towards high temperatures,
but that the heat is directly radiated to people. Fig. 13 shows the
air temperature around the church benches in comparison with
the radiant temperature. Whereas the air temperature around the
benches only rises slightly (with a temperature of about 13 °C), the
radiant temperature at the positions where the people are seated
reaches alevel of 17 °C or higher. It can be considered an acceptable
level for providing human thermal comfort, according to the results
of the comfort analysis presented in Section 5.1.

7. Results and discussion

The presented work shows how it is possible to improve the
indoor comfort conditions of a sensitive historical building without
causing impacts on its conservation state and in an energy efficient
way. In this sense the local heating system developed proves to be
particularly effective.

The detailed performance assessment carried out through
experimental evaluations and CFD analysis described in Section
6 demonstrated that the proposed pew-based heating solution is
able to ensure the expected local comfort level in the considered
case-study, minimizing the influence on the church internal envi-
ronment and thus on its artistic heritage. Also under the energy
and environmental point of view, the hydronic pew-based system
was compared with the other feasible heating strategies analyzed
for the Basilica. In detail, the obtainable results for each case, in
terms of primary energy consumption during the heating season,
are summarized in Fig. 14, on the basis of the calculation meth-
ods previously described in Section 4 and the above-introduced
primary energy factors (1 for natural gas and 2.18 for electricity).

As stated before, for the electric and hydronic heating solutions
the same total thermal power delivered by the system (30 kW) was
assumed, while the operating period was set equal to 1.5 h for each
celebration for the electric version and to 2 h for the hydronic ver-
sion, in order to take into account the different warming-up periods.

As it can be noted, all on-demand heating solutions are in gen-
eral able to strongly reduce the energy consumption compared
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Fig. 14. Comparison of the primary energy consumption of the different feasible
heating solutions analyzed for the Basilica di Collemaggio during the heating season.
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Fig. 15. Comparison of the yearly CO, emissions of the different feasible heating
solutions analyzed for the Basilica di Collemaggio.

to a standard all-air system with continuous daytime operation.
In addition, the resulting primary energy saving related to pew-
based systems is substantial if compared with the consumption of
all the other analyzed alternatives, even limiting the confrontation
to on-demand heating solutions.

It has also to be noted that the proposed hydronic system
reaches a further reduction of the consumption by approximately
70% if compared to similar electric heating systems, thus mini-
mizing the primary energy demand, the operational cost and also
the environmental impact (due to the energy-related greenhouse
gasses emissions). In this respect, a comparison was carried out
also considering the specific yearly CO, emission of each solu-
tion, as reported in Fig. 15. The emission factors were considered
0.2 kg CO,/kWh for natural gas and 0.433 kg CO,/kWh for electric-
ity, according to the ones actually adopted in Italy [63,64]. It can be
observed that the trend of the CO, emissions follows approximately
that of the energy consumption.

8. Conclusions

In the present paper different strategies for church heating
considering a relevant case-study, the Basilica di Collemaggio
(L’Aquila, Italy) are analyzed and compared. The work allows to
confirm that pew-based friendly heating is an effective solution
for historic churches because it combines good local comfort levels
with significant energy savings and low or no impact on the art-
works and on the building structures. In particular, a novel hydronic
high-efficiency system, which is able to combine the advantages of
radiant benches with those of water-to-water ground-source heat
pumps, is presented.

In essence, the work demonstrates that such system is highly
sustainable [65] since it is able to:
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e significantly reduce the thermal energy need while providing
good local comfort;

¢ use high-efficiency energy solutions for thermal energy genera-
tion;

e cover a considerable part of the demand using renewable energy;

e reduce the amount of GHG emission related to heating needs.

In future developments the research will be deepened regarding
the experimental measurement of the comfort levels which the sys-
tem is able to ensure, in order to consider possible improvements
of the proposed configuration.

Furthermore, once implemented the project (currently under
construction), the novel heating system will be tested and veri-
fied in detail under actual operating conditions, in the Basilica’s
environment.
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