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Italy and Europe have a significant amount of historical heritage buildings that mark their
cultural and social foundations and need to be protected. The majority of these buildings
have poor energy performance and significant energy consumption.

The particularity of this type of buildings is the high thermal inertia given by the thickness
of the massive walls, which should be taken into account when designing and controlling
the thermal system.

The purpose of this study is therefore to present a methodology to evaluate the effect of
thermal inertia and propose a solution of heating system control that takes into account this
aspect.

The building chosen as case study is the Ducal Palace of Modena, one of the most
emblematic and important historical buildings of Italy. The Palace is located in the city of
Modena, in northern Italy and the building is currently home of the oldest military academy
of Italy.

The results show that the use of a heating system control that takes into account the thermal

inertia of the building improves comfort and allows reducing energy consumption.

1. INTRODUCTION

Nowadays buildings account for about 40% of the total
energy consumption of the European Union (EU) and the share
is continuously expanding [1]. Around a quarter of the existing
buildings stock in Europe was built prior to the middle of the
last century [2]. The problem is particularly relevant in
countries like Italy, where about 20% of the existing buildings
were built before 1919 [3] and about 40% of world artistic
heritage can be found according to UNESCO estimates [4].
Over 4,000,000 of the 5,367,000 monuments worldwide are
located in Italy [5, 6]. These monuments often house public
administrations, offices and dwellings, which have the
common characteristics of poor energy performance and high
energy demand.

A significant number of historical and monumental
buildings are poorly insulated and use conventional inefficient
fossil-fuel-based energy systems, typically associated with
high energy costs and CO; emissions. Despite of the relatively
high energy need, indoor thermal comfort is often scarce. The
most common reasons for discomfort are related with
insufficient local thermal control, poor insulation, single
glazed windows with air infiltration, large vertical temperature
gradients and inadequate mean radiant and operative
temperatures perceived by the occupants. Many energy
retrofitting solutions are not compatible with historic buildings,
especially for listed or protected ones. In such cases, ‘‘non-
invasive” but often less performing solutions have to be
chosen [7], sometimes associated with a higher investment
cost than Best Available Technologies [8]. While this issue
seems to only marginally interest discontinuously occupied
historical buildings, it is particularly significant for historical
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buildings that are used for residential, working and educational
purposes, which actually represent the greatest part of the
historic buildings stock [8]. Most of historic buildings are
currently institutional buildings [9], like schools, universities,
town halls and administrative services.

To properly design and operate such buildings, a number of
parameters which characterize most of historic institutional
buildings, such as large thermal inertia and intermittent and
variable usage, should be taken into account [10-13, 28].
Different studies can be found in the literature on procedures
to assess and model the energy performance of historic
buildings [7, 14-16]. In most cases a need for dynamic
simulation of the building energy performance is identified,
which allows to properly take into account both the large
thermal inertia of such buildings and the effects of intermittent
usage and activation of HVAC systems.

In order to enhance thermal comfort and energy savings
without undermining cultural, architectural and historical
significance, only few solutions can be applied.

One of the main problems for this type of building is the
presence of a heating system that is ineffective because it often
lacks of an optimized HVAC control system.

The aim of this study is to understand the main
characteristics and the heating energy needs of this particular
type of buildings and to apply non-invasive energy efficiency
solutions. In particular, the proposed solution concerns the
improvement of the efficiency of the heating control system.

The aim of this study is therefore to evaluate the energy
performance of historical buildings in which a smart heating
system thermal control is installed.

The control system allows to take into account the thermal
inertia of the building and its intermittent and variable usage.



The calculation was made using a dynamic simulation
software. The building chosen as case study is a relevant
historical institutional building in northern Italy, which is used
for military and academic purposes. The analysis of the
proposed retrofitting solutions is carried out in terms of
economy and energy influence.

2. DESCRIPTION OF THE CASE STUDY

In this study, the Ducal Palace of Modena has been selected
as reference building. This building, home of the Este family
for two centuries, is one of the most important Sixteenth
Century princely palaces in the world (see Figure 1). The
Palace currently houses the Italian Military Academy, the
Military Museum and a library [19].
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Figure 1. External view of the Ducal Palace of Modena

The building has four floors for a total gross heated volume
of about 425,000 m3. The supporting structure is built with
rubble masonry and marble is used for the fagades decoration.
The windows are all wooden-framed and single glazed. The
wooden roof supporting structure is mostly covered by tiles.
Thickness and thermal transmittance of the envelope
components are shown in Table 1.

Table 1. Characteristics of the building envelope components

Component type s [m] U [W/m’K]
Wall 1.04 1.2
Window - 3.8
Roof 0.55 1.0
Floor 0.52 1.8

In absence of in situ measurements, the thermo-physical
properties of the envelope components were assessed by
means of on-site inspections and National Technical Standards
[20] indicating the material properties of existing Italian
buildings. Thermal bridges are not considered since their
effect is generally negligible in not-insulated masonry
buildings.

The existing heating system is a conventional hydronic one,
composed by three gas boilers and radiators often positioned
under the windows. The hydronic circuit is largely made by
poorly insulated steel tubes for an approximate length of 3000
m, leading to a significantly low distribution efficiency,
typical of such large historic buildings. Moreover, the control
system is only based on the external temperature, without any
room air temperature compensation.

The duration of the heating season is established from
October 15th to April 15th, according to the Italian law [21].
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A thermal discomfort is generally perceived by occupants,
especially during winter time.

Like most historical buildings, in absence of a smart control
system, the heating system is currently operated for a certain
fixed number of hours per day, as reported in Table 2.

Table 2. Heating operating hours of the Ducal Palace of

Modena
. M-T-W-  Hours per Hours per
Period T-F day S-S day
6:00 — 6:00 —
From 19/10 10:00 3 10:00 ]
to 8/12 18:00 — 18:00 —
22:00 22:00
6:00 — 6:00 —
From 9/12 to 12:00 10 10:00 3
23/12 18:00 — 18:00 —
22:00 22:00
From 24/12 7:00 — ] 7:00 — 4
to 08/01 15:00 11:00
6:00 — 6:00 —
From 09/01 14:00 12 14:00 12
to 30/03 18:00 — 18:00 —
22:00 22:00
6:00 — 6:00 —
From 31/03 8:00 7 8:00 7
to15/04 17:00 — 17:00 —
22:00 22:00

This plant management has two main problems: the
building heated volume is very large and it requires to consider
many different thermal zones with different uses and heating
needs. Furthermore, the current type of heating system
operation does not take into account the actual energy needs
of the building, which depend on the significant thermal inertia
of the walls and internal and solar gains.

3. DYNAMIC CONTROL OF THE THERMAL SYSTEM
AS RETROFITTING SOLUTION

3.1 Dynamic control of the thermal system

The dynamic control of the thermal system as a retrofitting
solution is based on a dynamic analysis of the building energy
performance.

The proposed control system may allow heating based on
the actual needs of each thermal zone. This operation allows
energy savings while guaranteeing thermal comfort for the
occupants.

4. METHODOLOGICAL APPROACH
4.1 Energy model and calibration

The simulations have been carried out using TRNSYS 17
dynamic thermal modelling software [24] (see Figure 2).

Given the complexity of the building, the heated volume
was divided into 33 zones (see Figure 3, Figure 4 and Figure
5) considering only the three main floors. The zones have been
defined by combining in rooms with the same intended use and
similar solar and internal gains, considering that they may
have similar needs in terms of required temperatures and
heating operating hours. Zone 10 of the first floor and zone 11



of the second one (see Figure 4 and Figure 5) have been
simulated with a single thermal zone.

Figure 2. Building simulation model
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Figure 3. a) Ground floor plan and intended uses. b) Thermal
zones of the ground floor in the simulation model
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In the simulation model the air changes per hour are
supposed to range from 0.5 to 1 vol/h, according to the rooms
different uses, as defined in ISO 13789 [25].

Internal gains, such as lighting, equipment and occupants
are defined according to the conventional opening hours of the
building. Air infiltration losses have been estimated with the
calculation method of ISO 13789 [25]. Such average values
are used due to the unavailability of more detailed information.

The simulations were conducted over the heating season.
The meteorological data used in the simulations were collected
by the University of Modena and Reggio Emilia weather
station, which is located in the selected building. The hourly
weather data include horizontal global radiation, dry bulb
temperature, wind speed and relative humidity [26].

Monthly building energy consumption data from utility
billing were used to calibrate the dynamic simulation model of
the building. In cases when hourly temperature and relative
humidity data are available, a more sophisticated calibration
can be carried out.

Once the model of the building envelope was considered
calibrated, internal gains were defined for each thermal zone
by considering the actual building uses. The heating system
efficiency has been estimated with the methods defined in
UNI/TS 11300-2 [20], which specifies the national
application procedure of different international technical
standards, such as EN 15316 [27].
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Figure 5. a) Second floor and intended uses. b) Thermal
zones of the second floor in the simulation model

4.2 Retrofitting solution

Different free floating simulations has been carried out on
the case study of the Ducal Palace of Modena, identifying the
heating energy saving due to the installation of a high
efficiency control system.

By having clearly identifiable thermal zones and with very
different thermal requirements, the control will make it
possible to significantly increase energy efficiency and
comfort within the various rooms and premises. The measure
consists in the supply and installation of an advanced
temperature control system with a PID control logic installed
in a thermal power plant complete with a Building Automation
system, digital controller, flow probe, room thermo-probe,
climatic probe, 3-way mixing valve complete with servomotor;
pre-adjustable thermostatic valves on the individual radiators
complete with motorization with knx wi-fi zone chrono
regulators connected to the control unit in the thermal power
plant.

5. RESULTS

5.1 Influence of thermal inertia
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Figure 6. Temperature profile in the ground floor of the
building in free-floating condition. Period considered: a
representative spring week
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Figure 7. Temperature profile in the first floor of the
building in free-floating. Period considered: a representative
spring week
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Figure 8. Temperature profile in the second floor of the
building in free-floating. Period considered: a representative
spring week

Figure 6, Figure 7 and Figure 8 show the diversity of free-
floating thermal behavior among thermal zones of the ground
floor, first and second floors of the Palace (defined in Figure
3, Figure 4 and Figure 5) during a representative spring week.
It is possible to notice how the zones analyzed sometimes have
a markedly different thermal behavior, even if they belong to
the same floor. The results of the simulations also make it
possible to observe the effect of the thermal inertia of the walls,
which represents the combined effect of thermal accumulation
and thermal resistance of the building envelope component.

5.2 Energy saving and payback period
Results are obtained in terms of energy saving and payback

period. Figure 9 shows the annual energy need of the existing
building and the simulation cases.
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Figure 9. Energy saving for the retrofitting solution



The results show that the use of a smart control system
allows to achieve average reductions in energy needs of about
12 %.

Considering an investment cost of about 235.000 € for the
retrofitting of the control system and a gas price of 0.65 €/mc,
the payback period is about 5 years.

6. CONCLUSIONS

This paper presents a methodology for assessing the
potential use of advanced thermal plant control systems for
historic buildings. The method is applied to a case study, the
Ducal Palace of Modena.

The effects of the retrofitting solutions on energy needs are
calculated with a dynamic building simulation model. In
absence of detailed measurements, monthly gas consumption
from energy billing has been used to calibrate the dynamic
model of the building.

The analysis allows to investigate the role of building
thermal inertia, as well as internal and solar gains, in
optimizing the system functioning.

It also shows the improvement in terms of energy
consumption with the installation of the regulation control
thermal system.

The results show that energy savings are significant and
economically advantageous.

The analysis can be extended to evaluate the impact on the
comfort for the occupants and to other climatic contexts to
evaluate further advantages and the convenience of the
solution in other climatic zones. Future work will also evaluate
the additional energy saving potential of the combined effect
with other energy efficiency strategies, particularly suitable
for historic buildings. The methodology will also be applied to
some historic buildings of the University of Modena and
Reggio Emilia within the University's Energy Plan.
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