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EXECUTIVE SUMMARY 

 

This report presents the objectives, the approach and the findings of a simulation-based study for 

retrofitting an educational heritage building located in the historic centre of Rome, Italy. The building was 

modeled using several tools to abstract the geometry, the systems and operation.  

The study aims to identify a set of measures that leads to enhancing the energy performance of the 

building along side improving occupants’ thermal and visual comfort. Retrofitting options were selected 

based on an extensive sensitivity analysis followed by an optimization process.  

Detailed energy and daylight modelling were performed to assess the existing conditions of the building. 

Then, three main performance criteria were identified as a focus for further investigation and improvement: 

(1) reducing heating energy use, (2) reducing lighting energy use, and (3) reducing excessive indoor 

operative temperature during the summer.  

Reducing heating energy use was generally approached through envelope upgrades and changing indoor 

temperature setpoint. Reducing lighting energy use was achieved through using more efficient light fixtures 

and deploying daylight controls. Reducing excessive indoor operative temperature was accomplished by 

controlling solar gains through high-performing windows and interior window shades in addition to 

upgrading roof thermal resistance. Furthermore, the use of efficient light fixtures (i.e. LED lights) 

contributed to lower internal gains. 

The optimization results indicated a 69% reduction in heating energy use, 88% reduction in lighting 

energy use, 9.8℃  reduction in the maximum operative temperature (TOPMax), and the number of 

uncomfortable hours were reduced by more than 50%. Based on these results, a list of retrofitting 

recommendations was generated and ranked. Changing setpoint temperatures during unoccupied hours, 

installing daylight controls, and more efficient light fixtures were identified as low-cost and high impact on 

building performance while having minimal intervention on the historic building.  

The study showed that the changes of occupant behavior, indoor controls and comfort ranges can 

provide significant energy savings. Therefore, energy savings can be often achieved with zero or low-capital 

investment. Moreover, the optimized retrofitting measures emphasize that the selection of a retrofit measure 

(or set of measures) is a multi-objective optimization problem, subject to many constraints, such as the 

specific building historic characteristics, the efficiency and thermal comfort targets and the economical 

availability. 
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1. INTRODUCTION 

In response to the sustainability challenges that society faces today, the European Union (EU) has issued the 

20-20-20 initiative: relative to 1999, by 2020, 20% reduction of energy consumption, 20% reduction of CO2, 

and 20% introduction of renewable energy [1]. Since the energy use of buildings is around 40% of the total 

EU energy consumption, and they generate almost 36% of greenhouse gases in Europe, the built environment 

has a primary role in helping the decarbonisation of the European economy [2]. 

Given the relative low volume of new building projects (in Europe only around 10% per year of the total 

building stock), it is evident that the refurbishment of existing buildings plays a significant role in reaching 

the assumed sustainability targets [1]. In this context, the EU Energy Efficiency Directive 2012/27/EU [3] 

includes several proposals, to exploit the potential of decreasing the energy use of the building sector. Among 

the provisions are the followings: 

• the increase of the renovation rate of buildings (private and public); 

• the improvement of components and appliances used in buildings;  

• the emphasis on the outstanding (exemplary) role of public buildings. 

According to the last point, starting with January 2014, 3% of the buildings owned and/or occupied by public 

institutions must be renovated annually. Moreover, Member States must promote a long-term strategy for 

mobilizing investment in the renovation of the national stock of residential and commercial buildings [2]. 

Although retrofitting offers significant opportunities for reducing global energy consumption and greenhouse 

gas emissions, the identification of the most cost-effective measures for specific retrofit projects is still a 

major technical challenge [4]. In addition to these higher sustainability requirements, the retrofit projects 

should also deliver significant improvements in indoor environment quality (temperature, air quality, lighting 

and acoustical levels) [5].  

The primary goal of the project is to design the most efficient energy retrofit of an historic building 

located in Rome, Italy, while respecting its heritage values. The building is a 17th century palace now hosting 

classrooms and offices. Located in the historic center of Rome, the building is composed of 5 floors: a ground 

floor, three floors with the same plant and an attic. The whole historic centre of Rome was first inscribed on 

the World Heritage List in 1980. The property (see Appendix 1), marked by a complex stratification, includes 

some of the most important artistic achievements in the history of humanity [6]. Consequently, the whole 

historic centre is subject to specific protection and management requirements, making the retrofitting process 

even more challenging. The selection criteria for designation as World Heritage Site and some of the 

protection and management requirements are presented also in Appendix 1.   

 

 

2. BUILDING ENERGY SIMULATIONS 

2.1. Modelling assumptions 

Geometry and Zoning 

The geometric realism of a building is very important, especially for daylight and visual comfort modelling 

[7]. Since these tasks are among the requirements of the project, the strategy used for developing the model 

of the building was to represent the geometry as closely as possible to the given architectural drawings 

(representing the exact geometry and position of the windows), with some minor simplifications, as Figure 

1 illustrates.  
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Figure 1. Perspective view of energy model (looking at East facing corner) 

Due to the high thermal mass of the building and thickness of exterior walls, the model of the building 

was created by tracing the geometry from scaled architectural drawings to the centre of walls [8]. To facilitate 

the input of complex geometry, the model was developed using the SketchUp plug-in for OpenStudio. As 

Figure 1 illustrates, the adjacent buildings were abstracted as large rectangular shapes, casting shadow on 

building. Since the pitched roof would add unnecessary complexity to the model, the geometry of the roof 

was also simplified, considering the roof to be flat with equivalent volume. The change in pitch of the roof, 

changes the view factor of the roof to the sky and therefore the radiation heat transfer to the sky. It will also 

decrease the surface area of the roof. The assumption introduces some uncertainty in the model, but this 

might not be significant due to the small slope of the roof.  

After abstracting the geometry of the building, the next step of the modelling process is deciding the 

number of zones. The thermal zones were grouped taking into account the following criteria: similar internal 

gains, ventilation requirements, schedules and occupancy. For this reason, the interior space of the building 

was divided first in three main types of thermal zones: (1) classrooms, (2) offices, and (3) corridors, stairs, 

restrooms, utility closets, and elevators. Considering the orientation of the building, the thermal zones were 

further divided based on similar solar gains and airflow pathways. Taking into account that the zones with 

same type of occupancy have same conditioning requirements for both ground floor and typical floor, those 

spaces were grouped as a single thermal zone for each type of space. The basement was modelled as one 

large unconditioned zone below grade, with the assumption that the space underneath the courtyard is not 

included. Although the basement does not require energy supply (assumption for our model), it was included 

in the model because the physical space will impact the heat transfer from the ground to above spaces. The 

interior space of the building was divided into 13 thermal zones in total. Further modelling was done in 

EnergyPlus by exporting the model geometry to an idf file. Details illustrating the thermal zoning used for 

the ground floor, three typical floors and the attic are presented in Appendix 2.  
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Material properties and other modeling assumptions 

Some material properties were provided but other sources of information and assumptions were employed to 

obtain all the data required by the EnergyPlus model to perform the simulation. Table 1 provides a list of all 

inputs assumed for the modelling and the source of these data.  

Table 1. Modelling assumptions 

Parameter Value assumed Source of data 

Thermal properties of 

main construction 

materials  

Conductivity, 

density, specific heat 

The thermal properties provided were used for the main 

constructions of the exterior walls and roof. Additional 

material properties were collected from ASHRAE 

Handbook Fundamentals 2016 [9], similar case studies 

presented in literature and ESP-r material data base.  

Longwave emissivity 

of internal and 

external surfaces 

Interior plaster: 0.7 

Ceramic tiles: 0.8 

Gypsum board: 0.85 

Exterior plaster: 0.8 

Clay tiles: 0.85 

Data from ASHRAE Handbook Fundamentals 2016 [9], 

Thermal Radiation Heat Transfer (2016, Table B1) [10] 

and ESP-r material properties data base.  

Absorptivity of 

internal and external 

surfaces 

Interior plaster: 0.35 

Ceramic tiles: 0.7 

Gypsum board: 0.3 

Exterior plaster: 0.35 

Clay tiles: 0.65 

Data from ASHRAE Handbook Fundamentals 2016 [9], 

Thermal Radiation Heat Transfer (2016, Table B1) [10] 

and ESP-r material properties data base. 

Ground reflectivity 
Default value in 

EnergyPlus: 0.2 

Based on the information provided by the typical 

weather year and considering that the building is located 

in the city, the reflectivity was assumed to be constant 

throughout the year.  

Internal heat gains 

Clothing level, heat 

gains from lights, 

small plugs and 

people, radiative and 

convective fraction 

Clothing level, heat gains from lights, appliances and 

people were provided. The default in EnergyPlus was 

used for the radiative and convective fractions. 

  

2.2. Modelling techniques 

The model development involves the approximation of several inputs and the use of various modelling 

techniques in order to successfully run the simulation and to obtained reliable results. Building performance 

simulation (BPS) tools have various default models implemented and the selection of the most appropriate 

model should be carefully considered since they may impact both the simulation run-time and the accuracy 

of results. However, since the EnergyPlus model is used only for comparing different retrofit options, some 

of the assumed values/models are the default ones. In the case of model calibration more research is warranted 

in order to select the most appropriate values and models. The main modelling approaches employed for 

predicting the performance of the building are presented below. 

Internal and external surface convection 

The convective heat exchange between internal building surfaces (walls, windows, floor) and indoor air 

significantly affects the energy balance of a specific zone. The convective mechanism, for example, 
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determines the timing and degree to which solar gains absorbed by internal surfaces warm the zone air 

[11].The comprehensive natural convection model used is called “TARP” (default in EnergyPlus). When the 

calibration of the model is required, various algorithms should be tested to select the one providing results 

close to the measured data.  

The convective heat exchange between the external surfaces of the building and the outdoor air is another 

important factor which significantly affects the thermal behavior of the building. The convective heat transfer 

varies from one surface of the building to the other, as well as with time, in response to local air flow patterns 

(mostly driven by wind). The calculation of convection coefficients must respond to local flow conditions in 

a dynamic fashion in order to accurately capture this effect [11]. For the reasons presented in the case on 

internal surface convection, the default algorithm of the EnergyPlus, DOE-2, was considered appropriate. 

Distribution of solar heat gains to internal surfaces 

By default, EnergyPlus assumes that all solar irradiance hits the floor and is then reflected equally to other 

surfaces based on area-weighting [12]. It was noticed that changing the way the solar gains are distributed to 

internal surfaces does not have a significant impact on the heating load and operative temperature. Based on 

these observations the default method was determined as appropriate. 

Longwave radiation exchange at internal and external surfaces 

The traditional model for this source is to define a radiative/convective split for the heat introduced into a 

zone from equipment. The radiative part is then distributed over the surfaces within the zone based on the 

emissivity of the surfaces and their area. This is not a completely realistic model, and it departs from the heat 

balance principles [12]. However, the change in the interior walls absorptivity and longwave emissivity did 

not have a significant impact on the simulation predictions for the base case and this approach was considered 

satisfactory. A more detailed treatment would require knowledge of the placement and surface temperatures 

of all equipment and is beyond the scope of this project.  

Based on previous experience, it was noticed that the solar absorptivity of the exterior surfaces may have 

noticeable influence on the heating/cooling load of a building. However, in this case, average values 

referenced in literature were considered for the longwave emissivity and absorptivity of the exterior surfaces. 

The default algorithm of EnergyPlus was employed in this case too.  

Heat transfer to the ground 

Since the basement is not conditioned, modelling 3D heat transfer to the ground is not warranted. The 

basement walls and slab were modelled as typical masonry walls with 2 m of soil added to the exterior. 

Monthly ground temperatures from the Rome .ddy file were input into the model as an outside boundary 

condition.  

Heat transfer through windows, including frames 

The window frame can significantly influence the overall thermal resistance of the window assembly, and 

when the properties are not provided, a substantial uncertainty is associated with the prediction. For example, 

glazing coatings, internal shading from blinds, and even the state of cleanliness can alter optical properties.  

The original windows, as well as the window types considered for retrofitting were modelled in LBNL 

WINDOW to determine their optical and thermal properties. The information from LBNL WINDOW were 

used as inputs for EnergyPlus, using the complex fenestration modelling method (layer-by-layer) and the 

frame object. As Figure 1 illustrates, the size and geometry of the windows were accurately represented to 

be able to perform daylight and visual comfort modeling. 
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Air infiltration and inter-zone air flow 

An airflow network with operable windows was modelled to simulate natural ventilation. All windows were 

modelled as hung windows which with a maximum opening equal to half of its area. The perimeters of the 

windows were given an Air Mass Flow Coefficient When Closed to simulate an imperfect seal. Operability 

was determined when temperatures exceeded a certain threshold. Doorways were included to allow for 

crossflows between zones. All exterior surfaces were given an effective leakage area with wall sections being 

twice as leaky as roof sections. It is difficult to prescribe an effective ACH at 50 Pa for the building when 

using Airflow Networks. The flow coefficients and effective leakage areas were calibrated to achieve 

approximately 3 to 6 ACH at 50 Pa airtightness when all windows in a zone were closed. 

Thermal mass 

The thickness of both the exterior and interior masonry walls will have a modulating effect on temperatures, 

reducing peaks. The thermal properties of the masonry were provided in the specifications with the thickness 

of the exterior walls between 0.7 – 0.9 m. The interior walls were assumed to be load-bearing masonry and 

based on elevation drawings, and approximately 0.45 m thick. This inclusion had the effect of reducing peak 

temperatures in the zones. The roof is a lightweight wood and tile system which has low thermal inertia. We 

felt that the prescribed 30 mm thickness of the wooden board layer did not adequately account for the 

additional thermal mass of the wood rafters. Therefore, we chose to increase the heat capacity of the wooden 

board layer from 1600 to 2700 J/kg-K based off an assumed 50 x 200 mm section at 450 mm centres. 

HVAC system 

EnergyPlus HVAC templates were used to simulate the existing heating system. The natural gas hot water 

boiler was assumed to have a nominal efficiency of 0.8. The boiler supplies hot water to the baseboard heating 

system of the different building zones. All heating system components: the boiler, the hot water loop, and 

the baseboard were set to auto sized by EnergyPlus. The heating system was scheduled to operate during the 

heating season (November 1st to April 15th) with a constant setpoint of 20°C.  

Simulation parameters 

Even though activity, schedules of occupancy and control settings were provided, they may vary significantly 

adding to the uncertainty of the model. Six time-steps per hour (10-minute timestep) were used for simulation 

because this is recommended by the EnergyPlus Input/Output reference [13]. Conduction Transfer Functions 

were used to model heat transport through wall assemblies. EnergyPlus’ default Sky Diffuse Modelling and 

Exterior Shading algorithms were chosen. The simulation was performed for one year using the Rome.epw 

weather file. 

Model behavior checks 

After the geometry and required parameters of the base case model were soundly implemented in EnergyPlus, 

the behavior of the multi-zone model was checked with simple comparison exercises. First, the model was 

tested under free floating conditions. Knowing the weather for a specific time interval, the user can anticipate 

how the building would react under those specific conditions. The zone temperature variation, ambient 

outdoor temperature, and wind speed were analyzed to observe the building behavior impacted by thermal 

mass and air infiltration rate. The model behaved as expected because the zone temperature fluctuations 

closely followed the changes in outdoor temperature.   

Identifying various statistics like maximum temperature in the zone, maximum heat injection rate, and 

correlating those values with the information provided by the weather file can also provide useful insight. If 

the maximum temperature occurs in a sunny day or the maximum heat transfer rate in the coldest day, these 

are good indications that the model is behaving as expected. No information regarding the interior air 
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temperature, air infiltration, monthly gas or electricity data was provided to the teams. This makes it difficult 

to calibrate the model to the actual performance of the building. In lieu of this information, the reliability of 

our model needed to be guided by comparison to published studies performed on similar buildings in similar 

climates to Rome, and our engineering judgement. Some examples of model checks include comparing the 

maximum operative temperature during mid-summer, monthly EUI and typical air leakage rates for masonry 

buildings. 

 

3. INDOOR ENVIRONMENTAL QUALITY (IEQ) ASSESSMENT  

IEQ in naturally ventilated buildings strongly relies on local outdoor microclimate, including particularly 

wind speed, air temperature, pollutant concentration and noise level.  

3.1. Models, requirements and metrics  

Indoor Air Quality (IAQ) 

Based on a study conducted by Cornaro et al. [14], the outdoor CO2 ppm concentration was assumed to be 

400 ppm throughout the year. Natural ventilation was modelled using an airflow network, assuming an air 

leakage rate around windows and doors, and opening/closing of windows based on indoor air temperature. 

For a classroom or office, the maximum indoor CO2 ppm concentration recommended by ASHRAE [15] is 

about 1000 ppm. Fatigue starts occurring at 1000 ppm of CO2 so ideally the concentration should be 

maintained below this for productivity. A high CO2 concentration can indicate stale air, lack of ventilation, 

and presence of other substances in the air. Odours may be of concern because the building is only naturally 

ventilated, and occupants may be sensitive to odours. However, due to time constraints and uncertainties, 

this was not explored in the analysis of indoor air quality. Volatile organic compounds (VOCs) are likely not 

of concern because if VOCs were present in the original materials, they will have already off-gassed during 

the lifetime of the building. VOCs should be considered when selecting materials for retrofits.  

Thermal Comfort 

The operative temperature (TOP) considers the mean radiant temperature and the air temperature at actual 

velocity and can accordingly be approximated as the average between both temperatures if both values are 

close to each other and if air velocity is small. TOP was used to define the comfort zones, relating the indoor 

climate with a range of acceptable thermal conditions. 

Natural ventilation (NV) is one of the most efficient techniques, when weather permits, to reduce building 

cooling energy usage and improve IAQ. Research has shown that the acceptable thermal comfort range for 

naturally ventilated buildings is larger than for buildings with standard mechanical HVAC systems [16]. The 

Adaptive thermal comfort (ATC) guidelines define comfort temperature intervals for naturally ventilated 

buildings in terms of acceptable indoor temperature which vary as a function of the running outdoor 

temperature. As Appendix 3 illustrates, EN ISO 15251 [17] suggests three categories of buildings. The 

comfort temperature regression equation in this case is Tcomf = 0.33Trm + 18.8, using the running average of 

an exponentially weighted, daily outdoor temperature, Trm.  

EN Standard 15251 [17] defines comfort envelopes or categories from the point of view of the indoor 

thermal quality performance. For moderate climates, four categories are defined for (I) high, (II) normal, (III) 

moderate and (IV) low expectations. Due to the uncertainty associated with the properties of the envelope, 

and considering the properties of historic buildings, it was assumed that the building has a moderate or low 

expectations envelope. According to Appendix 3, for such buildings TOP can be higher than 30℃ when Trm 

is around 30℃. 
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Acoustical Comfort 

Prediction and evaluation of the acoustical quality of spaces requires detailed information about the properties 

of interior finishing materials. Even though the building acoustics were not addressed explicitly, a few aspects 

were taken into account. The typical noise concerns in buildings are traffic noise exposure, air-borne and 

impact sound transmission between rooms, and noise due to mechanical installations and equipment [18]. 

Considering that the building is naturally ventilated, and assuming that adjacent roads are busy, traffic noise 

might be experienced during the period when windows are opened. Improving the building envelope will 

result in more comfortable indoor conditions, with reduced opening of windows for natural ventilation, and 

improved acoustic comfort as well. In open-plan offices, for example, noise can range from 60 to 65 decibels. 

This level of noise can make cognitively demanding work difficult. Recognizing this, the German 

Association of Engineers has set noise standards in their country for various types of work. While 70 decibels 

level is acceptable for simple or mainly transactional office work, 55 decibels is the requirement for what the 

association terms “mainly intellectual work” [19].  

A common approach to evaluate the acoustics of rooms involves the computation of relevant acoustical 

performance indicators. For classrooms, for example, relevant indicators are the reverberation time (T) and 

speech clarity C50. The recommended values for these parameters are approximately 1 second for 

reverberation time and more than -2 dB for speech clarity [18]. 

 

 

4. BUILDING RETROFIT DESIGN 

Currently, there are various building retrofit technologies that are readily available on the market. However, 

when selecting retrofit measures for a particular project, the optimisation problem is subject to many 

constraints and limitations, such as specific building characteristics, total budget, project target, HVAC 

system types and efficiencies, building fabric, etc. Accurate knowledge of the history of the building, 

especially of a historic one, is of paramount importance for the selection of the most effective retrofit 

technologies. Since no information about the history of the building and previous interventions were 

available, the focus was on retrofit measures which have the least impact on the character defining elements 

of most historic buildings of similar construction, such as envelope and roof fabric. Moreover, based on 

similar case studies (historic buildings in Italy) presented in literature, the analyzed retrofit measures were 

selected to be cost effective [2], [4], [20]. 

4.1. Explanation of options considered and decision process 

According to Ma et al. [4], the overall process of a sustainable building retrofit can be divided into five major 

phases, as Figure 2 illustrates.  

 
Figure 2. Key phases in a sustainable building retrofit programme [4] 
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Due to the nature of the present project, the process was simplified. The first phase was the project setup, 

when the scope of work and the project targets were defined. The available information and similar case 

studies presented in literature were investigated to better understand the operational problems of an historic 

building, and the main constraints and concerns that might arise when planning and implementing retrofit 

measures. The goal of the project was to find cost effective retrofitting measures that will improve the energy 

use of the building while providing thermal comfort for its occupants. 

Since the available information was not detailed enough for performing an energy audit, the second 

phase comprises mainly a building performance assessment using EnergyPlus. Benchmarking was used to 

determine that the energy use intensity (EUI) of the baseline model was reasonable compared to similar 

buildings (e.g. heating, electrical loads, and occupancy type). Analysing the building energy data, as well as 

the provided information about schedules, lighting and plug loads, areas with energy waste were identified, 

along with no cost and low-cost energy conservation measures (ECMs). The baseline model was developed 

using the parameters given in the specifications, and the assumptions and modeling technique presented in 

Chapter 2. After analyzing the results of the baseline simulation, the following performance goals were 

established: 

• Reduction of heating energy; 

• Reduction of lighting energy; 

• Reduction of operative temperature (TOP) during summer (operative temperature higher than 

43℃ was predicted during the summer for some zones); 

• Maintaining natural ventilation as cooling method. 

In the third phase the retrofit options were identified. Ma et al. [4] consider that the retrofit technologies 

can be categorised into three groups: supply side management, demand side management, and change of 

energy consumption patterns, i.e. human factors. The retrofit technologies for supply side management may 

include building electrical system retrofits and the use of renewable energy, such as solar hot water, solar 

photovoltaics (PV), wind energy, geothermal energy, etc., as alternative energy supply systems to provide 

electricity and/or thermal energy for buildings. The retrofit technologies for demand side management consist 

of the strategies to reduce building heating and cooling demand (envelope upgrades, operation controls, etc.), 

and the use of energy efficient equipment and low energy technologies. Low energy technologies may include 

advanced control schemes, natural ventilation, heat recovery and thermal storage systems.  

 A sensitivity analysis was performed on the energy model to simulate the thermodynamic characteristics 

and energy performance of various retrofit alternatives. Further, the analyzed retrofit alternatives were 

prioritised based on the relevant energy-related and non-energy-related (thermal comfort) factors. A one-

factor-at-a-time sensitivity analysis was performed for 17 parameters presumed to influence results. The list 

of parameters and range of values used for the sensitivity analysis are listed in Table 2. Three performance 

criteria were used to assess the impact compared to the baseline model: 

• Heating EUI [kWh/m2/a]; 

• Lighting EUI [kWh/m2/a]; 

• Maximum operative temperature TOPMax [℃]. 
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Table 2. Parameters and range of values for the sensitivity analysis and optimization 

Parameter Category Notes Baseline 

Parameter Range Sensitivity Analysis Optimization 

Min Max Heating EUI Lighting EUI TMax Optimized Value 

Baseline 

Model 
  -- -- 

111.6 

kWh/m2/a 

40.5 

kWh/m2/a 
43.3°C  

Wall 

Insulation 

Thickness 

(mm) 

E
n

v
el

o
p

e 
 

XPS insulation 

 (λ = 0.029 W/m-K) 
0 0 200 -12.4% -- 2.91 50 

Roof 

Insulation 

Thickness 

(mm) 

XPS insulation 

(λ = 0.029 W/m-K) 
0 0 200 -11.8% -- -6.67 200 

Window 

Type 

Upgrade to a double or triple-

pane window.  

Low-E coatings to reduce solar 

entry, tinted windows to control 

excessive glare and spectrally 

selective windows were modelled. 

Wood window frames 

maintained. 

Single-

Pane 

Double-Pane, 

Triple Pane,  

Double Pane 

Low-E, Triple-

Pane Low-E,  

Double-Pane 

Tinted, Triple-

Pane Tinted,  

Double-Pane 

Spectral 

-5.5% -- -1.30 
Double Pane 

Low-E 

Window Gas 

Fill 
Gas fill between window panes Air Air, Argon -0.5% -- -- Not included 

Roof Wood 

Heat 

Capacity 

(J/kg-K) 

Increase the heat capacity of the 

wood decking to account for the 

capacitance of roof trusses. 

1600 1600 2700 -0.2% -- -1.14 Not included 

Clay Tile 

Absorptance 

Switch to a more reflective roof 

tile to reduce heat absorption 
0.7 0.5 0.7 0.0% -- -0.06 Not included 

Effective 

Leakage 

Area (m2) 

Effective Leakage Area of each 

exterior surface 
0.0001 0.0001 0.001 0.4% -- -- Not included 

Window 

Airtightness 

(kg/s-m)) 

Airflow Network parameter Air 

Mass Flow Coefficient describing 

the airtightness of windows in the 

closed position. 

The Air Mass Flow Exponent was 

set to 0.65 

0.005 0.005 0.01 -42.2% -- -0.03 0.005 
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Parameter Category Notes Baseline 
Parameter Range Sensitivity Analysis Optimization 

Min Max Heating EUI Lighting EUI TMax Optimized Value 

Boiler Type 

P
la

n
t 

 

 Hot Water 

Hot Water, 

Condensing Hot 

Water 

-10.0% -- -- 
Condensing Hot 

Water 

Boiler 

Efficiency 

(%) 

 80 80 95 -15.8% -- -- 95 

Heating 

Setpoint (°C) 

C
o
n

tr
o

ls
 

 

Thermostat setback during 

unoccupied hours (18:00-6:00) 
16 16 20 13.2% -- -- 16 

Lighting 

Power 

Multiplier 

Apply a multiplier to Lighting 

Power Density provided in 

specifications to simulate 

different bulb types (LED) 

1.0 0.2 1.0 9.7% -80.0% -2.25 0.2 

Window 

Operation 

Setpoint 

The temperature setpoint when 

occupants decide to open the 

windows 

26 20 26 24.4% -- -0.18 24 

Daylighting 

Controls 

Daylighting controls set at 500 

lux at a workplane reference 

height of 750 mm 

Unavailable 
Unavailable, 

Available 
4.0% -47.3% -2.02 Available 

Operable 

Window 

Shades 

C
o

n
tr

o
ls

 /
 

E
n

v
el

o
p

e
 

Window Shades deploy when 

solar insolation incident upon 

surface exceeds 250 W/m2 

Unavailable 
Unavailable, 

Available 
1.4% -- -1.28 Available 
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 Figure 3 shows the results for the changes in heating EUI, lighting EUI and maximum temperature of the 

building for the most significant factors (absolute and relative values). The complete results reveal which 

parameters are less sensitive to changes. For example, when changing the windows from a single pane to double 

pane or triple pane, the change in heating energy from the baseline is significant, but the change between 

different window upgrades is minimal. 

 

 

Figure 3. Results of most significant factors from parametric analysis showing the 

changes in heating EUI, lighting EUI and maximum temperature 

According to the competition requirements, some parameters with potential impact on the thermal 

performance of the building have fixed values, especially material properties of walls and roof. The parameters 

that had the greatest impact on the above-mentioned performance criteria were carried forward to the 

optimization stage.  

There are many important observations derived from the sensitivity analysis. Reducing air infiltration 

around the windows had the largest effect on heating EUI, while reducing the lighting power had the greatest 

reduction in lighting EUI. It was also noted that decreasing the lighting power had an adverse impact on heating 

EUI. Adding insulation on the interior side of the roof achieved the highest reduction of operative temperature. 

Increasing the interior insulation of the wall resulted in decreased value of heating EUI but led also to an 

increase of operative temperature. 

Upgrading the single-pane windows to any of the window-types presented in Table 2 resulted in lower 

heating EUIs and maximum operative temperatures. The reduction of heating EUI can be explained mainly by 

the significant decrease of air infiltration, while the reduction of maximum operative temperature is due to solar 

gains reduction. The difference between the impact of double and triple glazing windows was not significant. 

Considering the added cost of triple glazing and the increased challenge of adapting heritage windows to triple 

glazing, it was decided to omit this option from the optimization. Likewise, the thickness of the wall insulation 

provides diminishing returns at thicknesses above 100 mm. Therefore, thicknesses above 100 mm were not 

considered in optimization. Appendix 4 presents the relative improvement of each sensitivity analysis scenario. 
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It is worth noting also that the implementation of some retrofit measures may necessitate significant 

interruption to the building operation schedules and the activity of the occupants. As such, the retrofit measures 

should be prioritized considering multiple criteria, such as energy use and thermal comfort improvement, 

economic payback, complexity and ease of implementation [21]. 

  

4.2. Compliance of the interventions with the guidelines on retrofit design of 

historical buildings 

As was previously said, the whole historic centre of Rome is inscribed on the World Heritage List. Thus, the 

refurbishment and retrofitting solutions are subject to regulations taking into account the integrity of the urban 

fabric and the features of the building typologies. The significance of an historic building is embodied in its 

fabric and its distinguishing character defining elements, which are visual aspects and physical features that 

convey the building's sense of place and time [22].  

In order to protect its significance, alterations to an historic building are guided by a common set of 

conservation principles. These conservation principles are set forth in several international charters by the 

International Council on Monuments and Sites (ICOMOS) and the United Nations Educational, Scientific and 

Cultural Organization (UNESCO). These principles are referred to using the following terminology: 

reversibility (can it be undone?), minimum intervention (is it necessary?), authenticity (is it true?), and 

compatibility (will it accelerate damage to historic fabric?).  

The proposed interventions were examined with heritage conservation strategies in mind. The intention 

was to prevent impact on the exterior aesthetic and fabric of the building as much as possible. Sustainability 

measures considered were vetted to minimise change to exterior values of the building especially, as the exterior 

of the building is noted and assumed to be the primary historical value to the site [6]. As such, the exterior 

insulation of the façade was not taken into account even though it could have a positive impact on the thermal 

performance of the building. Moreover, to preserve the fabric and the color of the roof, the insulation will be 

placed only on the interior side of the roof. If the existing regulations allow the installation of PV solar panels, 

these will be placed only on the flat area of the roof, where they are not noticeable from the street level, 

producing this way a minimal disruption to the aesthetics of the roof. Ideally, the old windows can be 

completely replaced since the original ones might be very leaky and damaged. If the frames should be 

preserved, it is recommended to replace the single pane with a double glazed, low-e coated model that can be 

accommodated by the original frames. Weatherproofing is also recommended in order to reduce the infiltration 

around the windows without significantly impacting their aesthetics.  

Changes to the internal building materials and aesthetics were also minimised, and the philosophy of 

ensuring minimal intervention strategies were taken into consideration. For example, design options which 

involved extensive and invasive changes to the interior masonry walls were omitted from the list of measures 

investigated as it would potentially compromise the integrity of the site to remove large sections of the internal 

historical structure for modern building systems. Replacing the existing gas boiler with a higher efficiency 

boiler will have a minimal impact on the interior of the building since the existing hydronic radiators will be 

preserved. The installation of a mechanical cooling system was not taken into account because it requires 

extensive interventions to the interior of the building to accommodate all its components. A less invasive 

solution, higher performing window glazing and interior blinds, was chosen to meet the thermal comfort 

requirements. Replacement of the existing lightings with more efficient LEDs will also preserve the interior of 

the building since the existing electrical conduits can be used.  
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4.3. Objectives considered for optimization 

According to the one-factor-at-a-time sensitivity analysis, some parameters were noticed to have beneficial 

impact on one performance criteria and adverse impact on another. After careful consideration, the parameters 

presented in Figure 3 were selected for the next step, the optimization process. The optimization was performed 

using GenOpt’s Particle Swarm Algorithm (PSO) [23]. Typically, the cost function for energy optimization is 

the EUI. However, in this case the operative temperature, used as indicative of thermal comfort, was also an 

important criterion. Consequently, in order to prevent the occurrence of high operative temperatures, a penalty 

function was added to the cost function, to favour retrofits that improve both objectives simultaneously. The 

resultant cost function has the following expression: 
 

Cost Function = Heating EUI + Lighting EUI + (5*TOPMax) 
 

Based on the projections from the sensitivity analysis, the multiplier (5) of TOPMax was previously estimated so 

that it has equal weight to the other two terms of the cost function. The interaction among various energy 

efficiency measures, has also to be taken into account when retrofitting measures are designed, in order to 

achieve a comprehensive view concerning the achievable energy savings and thermal comfort improvements, 

by exploiting the synergic effects that lead to the best results. Therefore, to confirm the optimized set of 

measures, 646 simulations were performed in GenOpt.  

Considering the results of the optimization, we recommend installing retrofits with the following 

priority, considering their impact in reducing heating and lighting energy use, cost effectiveness, and ease of 

installation: 

1. Heating setback temperature 16℃ during unoccupied hours; 

2. Installation of daylight controls with 500 lux threshold and dimmable lights to allow adjustments 

with changing daylight levels; 

3. Implementation of efficient LED lighting in all rooms; 

4. Improve airtightness around the windows; 

5. Encourage window operability when temperatures exceed 24℃ and close when temperatures 

decrease below 24℃; 

6. 200 mm XPS roof insulation (interior side); 

7. Installation of a new condensing gas boiler with 95% efficiency; 

8. Installation of manually operable window shades; 

9. Double pane windows with a low-e coating on the exterior pane; 

10. 50 mm XPS wall insulation to be added on the interior side. 

Items such as the heating setback and installation of LED are low-hanging fruit. They carry little capital 

cost and do not require intrusive work, while providing significant performance benefit. Retrofits such as the 

installation of 200 mm of roof insulation or installation of a new boiler offer high performance benefit in 

reducing temperatures and heating cost respectively; however, they carry higher capital costs and are therefore 

lower in the list. Changing window and added exterior wall insulation are highly intrusive and will compromise 

heritage fabric the most, which is why they are last in the list of retrofits. If a window retrofit is decided up, it 

is recommended that the existing window is repaired if necessary and a single pane storm window with low-E 

coating on the exterior surface is used to improve the window assembly performance. This storm window 

should be distinguishable, compatible and subordinate to the heritage windows as is stated in standards for 

conserving heritage (cite the standards and guidelines for the conservation of historic places). If wall insulation 

is decided upon, a drywall or plaster finish may be used.  
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According to the optimization process results, the recommended measures have significant positive impact 

on the overall sustainability of the building, and as such incentives from the European or Italian Government 

might be available to ease the implementation process. 

 

4.4. On-site generation 

In the last 5 years, there has been an increasing interest in the use of renewable energy technologies as building 

retrofit solutions. For office buildings where a utility rate structure includes generally time-of-use differentiated 

electricity prices, and demand charge is applied, the use of renewable energy technologies may bring significant 

benefits. As Appendix 5 illustrates, a significant fraction of the third floor is actually a flat roof. According to 

the architectural drawings this area is higher than 200 m2. Assuming that a PV solar plant would be install on 

a 200 m2 surface, the annual electricity output might reach 50 000 kWh. The cost of such a plant was estimated 

to be approximately 70 000 Euro. Taking into account the assumptions and calculations presented in Appendix 

5, the payback period for such and investment will be approximately 5 years.  
 

 

5. DAYLIGHT AND VISUAL COMFORT ASSESSMENT 

Daylight and visual comfort were examined in a best and worst-case scenario, through an assessment 

methodology which included using both Energy Plus and Radiance based plug in Honeybee for Revit/Dynamo. 

Given the scope of the project, only a best and worst-case scenario were examined. A multi-phase approach for 

projected delivery was outlined to streamline the scope of work with respects to daylighting. The workflow for 

the daylighting assessment is illustrated in Appendix 6. The main steps of the process are the following: 

• Development of OpenStudio model; 

• Placement of control points in each zone in the EnergyPlus model; 

• Screening the zones with best- and worse-case conditions from the EnergyPlus model; 

• Results discussion; 

• Honeybee analysis within Dynamo; 

• Detailed zone geometry in Revit. 
 

5.1. Motivation supporting the choice of the analyzed zone 

Each zone of the model was examined with respect to glare and illuminance level within Energy Plus, to gain 

a better understanding of the typical behavior of natural light in each space of the building. As Figure 4 and 5 

illustrate, the predicted illuminance values within the zones is drastically different between the winter and 

summer months. During the summer months, the spaces which receive the most natural light are the north-

eastern classrooms. This zone faces the North direction, has no obstructions, and receives more direct beam 

irradiance than other zones. During the winter months the classrooms on the top floor of the building are 

predicted to experience the most daylight. 

The glare within the spaces was also examined for the summer months and can be observed in Appendix 

7. The glare index, calculated in Energy Plus, indicates that the north-eastern classrooms receive the most glare, 

which is complimentary to the illuminance data. The other spaces have a more regulated glare profile and do 

not experience as significant of a spike in lighting. Given the classrooms are occupied between the hours of 

8:00 to 18:00 the spike in glare in those zones could be considered a glare risk. The zone geometry for the north 

eastern typical classroom was selected for a more in-depth analysis. 
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Figure 4. Summer solstice illuminance values simulated in EnergyPlus for each zone 

 

 

Figure 5. Winter solstice illuminance values simulated in EnergyPlus for each zone 

 

5.2. Models, requirements and metrics for daylighting  

Standard EN 12464 -1 [23] specifies lighting requirements for indoor workplaces to meet the needs for visual 

comfort and visual performance. It provides minimum recommendations for the quantity of natural light to be 

achieved. More specifically, three levels of minimum recommendations are given, resulting in three possible 

performance levels: minimum, medium and high. In all cases, minimum illumination targets must be achieved 

at least 50% of the time and these are set respectively for 50% and 95% of the space. For example, to achieve 

‘medium’ performance, the recommended levels for spaces with vertical or inclined windows are as follows: 

• 500 lux over 50% of the space for 50% of daylight hours 

• 300 lux over 95% of the space for 50% of daylight hours 

The calculation method is based on dynamic calculations of annual illumination using local climatic data. The 

model was developed within Revit and Dynamo to simulate the daylight properties of the north-eastern 
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classroom zone type. The model geometry, presented in Appendix 7, was developed in Revit and then ran 

through a Dynamo-Honeybee daylight simulation at an hourly timestep. Daylighting and lighting were first 

modelled in EnergyPlus using daylight sensors in each zone to determine approximate levels of lighting in 

spaces. Based on this, spaces that received high illuminance levels of greater than 500 lux on the work-plane 

(offices and classrooms) were identified. Above 500 lux is assumed to have a risk in causing glare for 

occupants. These spaces were then modelled in more detail in DaySim to obtain accurate daylighting and 

lighting results.  

 

 
 

Figure 6. Typical Northeast facing ground floor zone daylighting assessment results 

> 5000 lx < 2000 lx 
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5.3. Strategies for shading devices 

According to the base case simulation results, some zones are experiencing both overheating and glare for some 

intervals of the day. Since exterior shading devices could negatively impact the character defining elements of 

the building, manually operated interior blinds were considered a good solution for improving both thermal 

and visual comfort. 

The material properties of the interior shades (roller blinds) are presented in Table 3. The thermal and 

optical values were selected following the guidelines of European standard EN 14501 [24], used to measure 

the performance of a fabric's solar protection properties. The properties were selected to minimize the 

penetration of shortwave solar radiation while maximizing the visual transmittance. Fabric weaves with high 

visual transmission and openness factor are effective for controlling glare while allowing the penetration of 

light rays. Thus, shades with light colour and aluminum coated fabric were considered a good solution for 

improving both thermal and visual comfort. The blinds in the model were deployed when the incident solar 

irradiance exceeds 250 W/m2, to avoid the glare and overheating. 

 

Table 3. Material properties for interior blinds 

Material Conductivity Density Specific heat Emissivity Absorptivity Thickness 

 [W/m-K] [kg/m3] [J/kg-K] [--] [--] [mm] 

Roller blinds 100 1000 750 0.82 0.2 1.5 

 

5.4. Models, requirements and metrics for visual comfort 

Visual comfort is defined in the European standard EN 12665 as “a subjective condition of visual well-being 

induced by the visual environment” [25]. According to Carlucci et al. [26] visual comfort depends on the 

physiology of the human eye, on the physical quantities describing the amount of light and its distribution in 

space, and on the spectral emission of the light source. Visual comfort has been commonly studied through the 

assessment of some factors characterizing the relationship between the human needs and the light environment, 

such as: the amount of light, the uniformity of light, the quality of light in rendering colors, and the prediction 

of the risk of glare for occupants. 

Most visual comfort metrics are devoted to assessing or predicting firstly glare, secondly the amount of 

light, then the light quality and lastly the light uniformity [26]. In this case, the visual comfort evaluation has 

been focused mostly on glare and the amount of light. Several studies show 4000 lux in interior daylight 

illuminance as the maximum acceptable for occupant’s visual comfort. As the daylight simulation results show, 

there are some zones experiencing levels of illuminance above 4000 lux for short intervals during daylight 

hours. The solar protection fabric of the roller blinds enables the illuminance reduction by bringing uniformity 

to ambient light and reducing discomfort due to difference in brightness within the field of vision. A good 

visibility is defined by the presence of an adequate amount of light allowing an occupant to accomplish his 

tasks. The physical quantity usually adopted to quantify the amount of light that reaches a given point of a 

given surface or work plane is illuminance. The calculation of illuminance was performed using the annual 

weather file provided. The actual light indoor conditions are compared with predefined optimal illuminance 

ranges or thresholds, for tasks carried out in offices and classrooms. In a typical office, the European standard 

EN 12464 -1 [27] and most authors suggest a reference value of 500 lx evaluated on the work-plane, while 

others consider sufficient 425 lx or even 300 lx. 
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6. RESULTS  

Compared to the baseline model, the optimized model showed a 69% reduction in heating EUI, 88% reduction 

in lighting EUI and 9.8℃ reduction in TOPMax. The reduction in heating EUI is mostly due to improved 

airtightness around windows, addition of thermal insulation and change in setpoint temperature during 

unoccupied hours. The reduction in lighting EUI was a result of combining more efficient lighting, adding 

daylight controls and deploying window shades. The reduction in peak temperatures was most attributed to 

thermal insulation in the roof, reducing solar gains through low-E coatings and reducing the internal gains from 

inefficient lighting. Studying the results of the optimization, the most dominant parameters were the addition 

of roof insulation, improved airtightness, and reduction in lighting power intensity. In addition to the main 

performance criteria, the number of uncomfortable hours were reduced by more than 50% in each zone, 

especially in the attic. The number of hours where work-plane illuminance exceeded 500 lux was also 

dramatically reduced and eliminated entirely in several zones, due to the installation of interior blinds. 

Figure 7 illustrates the daily averaged operative temperature in an attic zone for the baseline and optimized 

model. The optimized model shows operative temperatures within the range 19°C to about 30°C, which is a 

comfortable temperature range compared to the greater extreme temperatures of about 16°C to 37°C 

representative for the baseline model. The fluctuation in operative temperature and outdoor temperature shows 

that the model is behaving correctly.  

 

 
Figure 7: Daily average operative temperatures over year for baseline and optimized attic zone 

with outdoor air temperature 

 

Figure 8 and Figure 9 show the heating energy use and lighting energy use of the optimized predictions 

compared to the baseline. The monthly values demonstrate a significant reduction in energy use during each 

month for both heating and lighting.  
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Figure 8: Monthly heating energy for baseline and optimized model 

 

 

Figure 9: Monthly lighting energy for baseline and optimized model 

 

7. CONCLUSIONS 

The present study proposes a methodological approach to evaluate the feasibility of various retrofitting 

measures in the case of a 17th century palace in Rome, hosting classrooms and offices. The fundamental goal 

was the reduction of energy use and improvement of thermal comfort, while respecting the requirements and 

constraints suggested by current standards on the conservation of historic buildings and sites.  

Based on the building characteristics and thermo-physical properties, occupation patterns, and climatic 

indoor and outdoor features, a model of the building was created, and simulations were performed to identify 

energy and environmentally effective retrofitting options. Simulations of monthly heating energy use 

demonstrated that adopting a 16℃ setback temperature during unoccupied hours and replacing the 

conventional gas boiler with a more efficient condensing gas boiler can be an effective retrofitting strategy. 
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This will have a minor impact on the historical value of the building, will be non-invasive (the gas boiler is 

placed in the basement) while improving the environmental impact of the building by reducing the use of fossil 

fuel and the production of greenhouse gas emissions.  

Thermal comfort was also considered, and improvements of roof insulation, windows properties, as well 

as the implementation of interior blinds were among the measures with significant impact on the reduction of 

the number of uncomfortable hours. After performing an optimization, a set of the most effective retrofitting 

measures was identified. 

Compared to the baseline model, the proposed set of measures achieved a 69% reduction in heating energy 

use, 88% reduction of lighting energy use and 9.8℃ reduction in TOPMax during the summer. The number of 

uncomfortable hours were reduced, and visual comfort was also improved. For this reason, and to minimize 

interventions, natural ventilation has been maintained as the cooling method. A recommended list of retrofits 

was determined based on multiple criteria. A heating setback temperature of 16℃, installation of daylight 

controls and change to more efficient LED lighting are the top recommendations based on performance 

improvement, cost-effectiveness and ease of installation. Replacement of the conventional gas boiler with a 

more efficient one, along with the replacement of windows and the installation of interior blinds are also good 

options if financial funds are available. If the specific conservation strategies are permissive, on-site electricity 

production could represent also an option. According to the analysis performed, a small PV solar plant can be 

accommodated by the flat roof of the building, decreasing further the use of fossil fuels and the production of 

greenhouse gas emissions. 
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APPENDIX 1 

 

HISTORIC CENTRE OF ROME MAP  

WORLD HERITAGE SITE  

 
Selection criteria 

Criterion (i): The property includes a series of testimonies of incomparable artistic value produced over almost three 

millennia of history: monuments of antiquity (like the Colosseum, the Pantheon, the complex of the Roman and the 

Imperial Forums), fortifications built over the centuries (like the city walls and Castel Sant’Angelo), urban developments 

from the Renaissance and Baroque periods up to modern times (like Piazza Navona and the “Trident” marked out by 

Sixtus V (1585-1590) including Piazza del Popolo and Piazza di Spagna), civil and religious buildings, with sumptuous 

pictorial, mosaic and sculptural decorations (like the Capitoline Hill and the Farnese and Quirinale Palaces, the Ara Pacis, 

the Major Basilicas of Saint John Lateran, Saint Mary Major and Saint Paul’s Outside the Walls), all created by some of 

the most renowned artists of all time. 

Criterion (ii): Over the centuries, the works of art found in Rome have had a decisive influence on the development of 

urban planning, architecture, technology and the arts throughout the world. The achievements of ancient Rome in the 

fields of architecture, painting and sculpture served as a universal model not only in antiquity, but also in the Renaissance, 

Baroque and Neoclassical periods. The classical buildings and the churches, palaces and squares of Rome have been an 

unquestioned point of reference, together with the paintings and sculptures that enrich them. In a particular way, it was in 

Rome that Baroque art was born and then spread throughout Europe and to other continents. 

Criterion (iii): The value of the archaeological sites of Rome, the centre of the civilization named after the city itself, is 

universally recognized. Rome has maintained an extraordinary number of monumental remains of antiquity which have 

always been visible and are still in excellent state of preservation. They bear unique witness to the various periods of 

development and styles of art, architecture and urban design, characterizing more than a millennium of history. 

Criterion (iv): The historic centre of Rome as a whole, as well as its buildings, testifies to the uninterrupted sequence of 

three millennia of history. The specific characteristics of the site are the stratification of architectural languages, the wide 
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range of building typologies and original developments in urban planning which are harmoniously integrated in the city’s 

complex morphology. 

Worthy of mention are significant civil monuments such as the Forums, Baths, city walls and palaces; religious buildings, 

from the remarkable examples of the early Christian basilicas of Saint Mary Major, St John Lateran and St Paul’s Outside 

the Walls to the Baroque churches; the water systems (drainage, aqueducts, the Renaissance and Baroque fountains, and 

the 19th-century flood walls along the Tiber). This evidently complex diversity of styles merges to make a unique 

ensemble, which continues to evolve in time. 

Criterion (vi): For more than two thousand years, Rome has been both a secular and religious capital. As the centre of 

the Roman Empire which extended its power throughout the then known world, the city was the heart of a widespread 

civilization that found its highest expression in law, language and literature, and remains the basis of Western culture. 

Rome has also been directly associated with the history of the Christian faith since its origins. The Eternal City was for 

centuries, and remains today, a symbol and one of the most venerable goals of pilgrimages, thanks to the Tombs of 

Apostles, the Saints and Martyrs, and to the presence of the Pope.  

 

Protection and management requirements 

 

The property is particularly complex, due not only to its size but also to its many functions (it is also the centre of the 

capital of Italy), institutions and to its status as a transnational property involving Italy and the Holy See. With the legal 

establishment of Roma Capitale – the former Municipality of Rome - as a public institution with extended powers, Italy 

has started the process of simplifying governance, thus uniting in a single subject the institutional capacities for dealing 

with the promotion and presentation of the property. 

 

The transnational property is protected by legislation of both the Holy See and the Italian Republic. On the part of the 

Holy See, the Law No. 355 for the Protection of the Cultural Heritage (25 July 2001) protects the site. Legal protection 

under Italian law includes, on the national level, Legislative Decree No. 42 (22 January 2004), and on the regional level, 

Law No. 24 (6 July 1998) and the Territorial Landscape Plan that outlines strategies for landscape heritage protection. On 

the local level, the General Urban Plan of Rome regulates the entire territory of the city and represents an innovative and 

flexible tool for the protection, promotion and presentation of the World Heritage property. Specifically, it extends the 

classification of “historic city” to the whole World Heritage property and to the surrounding areas of the town. Here the 

regulations take into account the integrity of the urban fabric and the features of the building typologies, allowing different 

practices and quality controls. It selects, defines and regulates the areas of strategic planning (e.g. the Tiber, the Forums, 

the city walls), as well as those for potential development. It also outlines fundraising mechanisms for conservation, 

promotion and presentation of the site. 

 

In addition, Roma Capitale has developed a strategic plan containing actions and major interventions aimed at protecting 

and promoting the values of the property. Roma Capitale, the Ministry of Cultural Heritage and Activities, the Lazio 

Region and the Vicariate of Rome have signed an Agreement Protocol for the management of the site. This Protocol 

identified Roma Capitale as the agency of reference for the property and called for the establishment of a Technical-

Scientific Commission, later expanded to include members appointed by the Holy See, for drafting the Management Plan. 

 

In conjunction with the drafting of the Management Plan, the Commission has systematically reviewed the action plans 

of competent institutions, focusing on critical issues, opportunities and needs from a human and environmental standpoint, 

and promoting workshops and listening sessions with the participation of the main stakeholders. 
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APPENDIX 2 

 

THERMAL ZONING 

 

 
Thermal zones on ground and typical floors 

 

 

NAMING CONVENTION 

 

GF_TYP_CL  Ground and typical floor classroom 

GF_TYP_OF  Ground and typical floor office 

GF_TYP_SCR Ground and typical floor stairs, corridors and restrooms 
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Thermal zones on fourth floor (attic)  

 

 

NAMING CONVENTION 

 

AT_CL  Attic classroom 

AT_OF  Attic office 
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APPENDIX 3 

 

 

ADAPTIVE THERMAL COMFORT (ATC) TEMPERATURE INTERVALS 

 

 

 

 
 

 

ATC design values for the three categories of EN ISO 15251 (2007) [28] 
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APPENDIX 4 

 

RESULTS OF PARAMETRIC ANALYSIS RELATIVE TO THE BASELINE MODEL 
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APPENDIX 5 

 

 

AVAILABLE SURFACE FOR PV PLANT 
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Solar PV Plant Energy Calculation 
  

     
Site information  PV panel information  

     
Available roof area (m2) 200 Manufacturer Panasonic  
Panel tilt (degrees) 41 Model VBHN325SJ47  
Orientation South Nominal panel power at STC (W) 252  
  Panel area (m2) 1.67  

 Efficiency of panels 19.70%  

 Number of panels 110  

     
Solar resource Rome     

   

Month 

Daily solar 

radiation - tilted 

(kWh/m2*day) 

Clearness index 

  
January 1.76 0.346   
February 2.52 0.380   
March 3.67 0.416   
April 5.20 0.431   
May 5.96 0.451   
June 7.10 0.483   
July 7.70 0.475   
August 6.38 0.481   
September 4.75 0.439   
October 3.27 0.411   
November 1.98 0.388   
December 1.68 0.359   

     
Other assumptions     

     
Miscellaneous array and power conditioning losses (%) 5    
Inverter efficiency (%) 97    
PV absorption rate (%) 100    
Temperature coefficient for module efficiency (%/oC) 0.40    
Nominal operating cell temperature (oC) 45    
Irradiance at STC (W/m2) 1000    
Reference temperature (oC) 25    

 



 

    33 

 

STUDENT MODELING COMPETITION 

Energy output 

Month 

Mean monthly 

ambient 

temperature 

(oC) 

Tc (oC) Days/month 

Average 

monthly 

array 

efficiency 

(%) 

Monthly 

energy 

output 

(kWh) 

January 8 23.84 31 19.79 1833 

February 9 25.72 28 19.64 2352 

March 11.4 29.06 31 19.38 3742 

April 15.8 33.85 30 19.00 5031 

May 19.2 37.77 31 18.69 5862 

June 22.5 41.90 30 18.37 6640 

July 26.3 45.49 31 18.09 7326 

August 26.5 45.85 31 18.06 6061 

September 21.6 39.86 30 18.53 4481 

October 17.7 35.23 31 18.89 3250 

November 12.6 29.53 30 19.34 1950 

December 8.6 24.78 31 19.72 1743 

      
Total annual energy output (kWh)    50 271 

 

 

Solar PV Plant Capital and O&M Costs 

Assumptions: Capital cost of PV Plant: 1200 Euro/kWp 

  Operation and Maintenance (O&M) cost 3% 

 

Total Capital Cost = 70 000 Euro 

O&M Cost = 2 100 Euro 

 

Solar PV Plant Payback Period 

Average electricity consumption for an office building: 17 kWh/m2 

Total surface area of the building: 4 300 m2 

Cost of electricity: 0.2 Euro/kWh 

Annual Cost of Electricity for Building: 14 620 Euro 

Payback Period: 70 000/14 620 = 4.8 years 

 

Resources:  

Price PV plant components: Panasonic https://www.solar-wind.co.uk/off-grid-solar-pv-panels?q=Brand-Panasonic 

Price kWh Italy: Electricity price statistics https://ec.europa.eu/eurostat/statistics-

explained/index.php/Electricity_price_statistics#Electricity_prices_for_non-household_consumers 

Plant capital and O&M costs non-residential systems: http://www.pv-financing.eu/tools/ 

Solar irradiance and sky clearness factor .ddy weather file for Rome 

https://www.solar-wind.co.uk/off-grid-solar-pv-panels?q=Brand-Panasonic
https://ec.europa.eu/eurostat/statistics-explained/index.php/Electricity_price_statistics#Electricity_prices_for_non-household_consumers
https://ec.europa.eu/eurostat/statistics-explained/index.php/Electricity_price_statistics#Electricity_prices_for_non-household_consumers
http://www.pv-financing.eu/tools/
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APPENDIX 6 

 

DAYLIGHT ANALYSIS WORKFLOW 

 

 
 

 

TYPICAL NORTH-EAST FACING GROUND FLOOR ZONE 
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APPENDIX 7 

 

SUMMER SOLSTICE ZONAL GLARE INDEX FOR ALL THERMAL ZONES  

IN ENERGYPLUS MODEL 

 

 

 
 

 

 




