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Abstract 

Climate change effects on human activities have become 

more and more evident in the last few decades and hu-

man society is looking for new solutions to deal with 

such consequences. One of the measures that can be de-

veloped to tackle this problem is the development of the 

Sustainable Energy and Climate Action Plans (SECAPs), 

aiming  at reducing the mutual impact between human 

activities and climate at municipal level. To develop such 

policies, an extensive study of the building stock, of its 

current and future performances, and its possible im-

provements is fundamental. Therefore, an energy analy-

sis for a historical building used as a museum and situat-

ed in Trieste, a location included in the Interreg ITA-SLO 

Secap Project, is carried on in this work. The building 

represents a challenging task due to its historical nature 

and architectural features. The current climate for Trieste 

was represented through a Test Reference Year that was 

then projected into the future using different climate 

models. The building was numerically modeled, high-

lighting its main structural and plant features and usage 

patterns. Future projections for the climate of Trieste 

showed a general increase in temperatures for all the 

studied models, leading to a forecasted decrease in heat-

ing gas consumption and an increase in electricity-

cooling usage of the base building. Regarding the refur-

bishment interventions applicable in accordance with the 

preservation regulations, the results show an obtainable 

reduction of both gas and electricity consumption for 

every climatic condition considered. However, the inter-

ventions proved not to be economically feasible, showing 

a too-long simple economic return on  the investment.  

1. Introduction

In recent years climate change has proved to be an 

extremely influential parameter for  consideration 

in the development of human society. Nowadays 

the scientific community has recognized the impact 

of  anthropogenic activities on global warming and 

climate in general (Cook et al., 2016). This is a mu-

tual influence, since climate evolution is also affect-

ing several sectors of human assets. In literature, 

many authors focused their studies on global 

warming effects on the building sector, showing 

that climate change has significant impacts on the 

energy consumption of buildings (Cui et al., 2017; 

Radhi, 2009; Wan et al., 2012). In fact, even if some-

times the projections show a reduced/minor impact 

of climate change in the short term for many as-

pects, significant variations are forecasted for long-

term scenarios and should be considered within 

the design procedures. Generally, depending on 

climate type, a decrease in  heating energy con-

sumption and an increase in cooling energy con-

sumption  is forecast (Crawley, 2008). 

Considering that, worldwide, the building sector 

accounts for a great part of  total energy usage and 

of Greenhouse Gas emissions, it has become crucial 

for both mitigation and adaptation purposes to 

study and to reduce as much as possible the mutu-

al interaction between this sector and climate evo-

lution (Jentsch et al., 2008; Robert et al., 2012).  

Many measures have been defined to tackle climate 

change on different scales, from global to local 

ones. About the former, the most well-known initi-

ative is the Paris Agreement on Climate, aiming to 

limit global warming compared to the pre-

industrial age to under 2 °C and pursuing efforts to 

limit it to 1.5 °C. It also aims to improve the capaci-

ty of countries and local governments to deal with 

the inevitable effects of climate change and support 

them in their efforts (Paris Agreement, 2015). Re-

garding  local measures, one of the main ones is the 

evolution of the Sustainable Energy Action Plans, 

i.e., SEAPs, into Sustainable Energy and Climate

Action Plans, i.e., SECAPs. These policies are draft-
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ed at municipal level with the aim of reducing the 

impact of cities on the climate, and adapting them 

to the inevitable changes likely to happen in the 

future. 

Because the municipalities are usually lacking the 

knowledge to develop these plans fully, different 

projects have been set up to support this process. 

One of these is the Interreg ITA-SLO Secap Project, 

aiming to stimulate the sustainable development of 

human activities within the cross-border territory 

composed of the metropolitan city of Venice, the 

Friuli Venezia Giulia region and the western part 

of Slovenia (Interreg, 2018).  

The main aim of the project is to provide reliable 

bases and experiences that could help cities, both 

directly and indirectly, to reduce their environmen-

tal impact and develop suitable adaptation strate-

gies to climate change. One of the main measures 

to achieve  this objective is to reduce energy use in 

public and private buildings. In fact, in the Euro-

pean Union the building sector accounts for  

26-28 % of the total energy usage (Borozan, 2018; 

Eurostat, 2020), and 19 % of Greenhouse Gas emis-

sions (Eurostat, 2015). In Italy, this feature is even 

more relevant because of this sector accounting for 

about 31% of the total national energy consump-

tion (Directorate-General for Energy, 2021). Re-

garding this, the municipalities developing their 

SECAPs normally focus their efforts on the build-

ing stock of their own property, accounting for a 

remarkable 46 % of the total of implemented poli-

cies (Palermo et al., 2020). In fact, this is the sector 

where they can intervene through a more systemat-

ic approach, having a full knowledge and control 

of their own buildings and equipment. Therefore, 

they can directly implement measures and monitor 

the results accurately. 

Because of this situation, one of the main outputs 

developed in the Interreg ITA-SLO Secap Project 

and presented in this paper is the energy analysis 

of a building, representing a case study that munic-

ipalities could exploit when developing their SE-

CAPs. The case study includes a dynamic energy 

simulation of the building-plant system, of its func-

tioning in present and future climatic situations 

and the evaluation of the effects of its possible re-

furbishment improvements.  

The building analysed for the case study is the Re-

voltella Museum of Trieste, a location included in 

the program area of the Project, and managed by 

the municipality itself. The choice fell on this build-

ing for several reasons. First, it is a historical build-

ing preserved by the regulations of the fine arts, a 

very common situation in Italy, where particular 

attention is required when dealing with refurbish-

ment interventions (De Santoli, 2015). Because of 

this, the design solutions are limited and therefore 

it is of interest to highlight the effects of these re-

strictions on the analysis output. Moreover, the 

museum is a place of public utility, a category for 

which the government is allocating funds to im-

prove energy efficiency. Finally, yet importantly, 

the municipality of Trieste openly stated a willing-

ness to intervene in this particular building to im-

prove its energy performance, therefore this will 

not be only a theoretical case study, but it will be 

effectively carried out. 

2. Climate Change Modeling 

The source data to represent the current climatic 

situation were detected between 1995 and 2019 by 

a meteorological station located less than 1 km 

away from the building analysed. Raw data were 

treated to assess their quality, fill the gaps and re-

ject the periods having too-low data quality.  

The actual climate for Trieste was represented 

through a Test Reference Year generated using the 

Finkelstein-Schfer statistic (Finkelstein et al., 1971).  

Climate change was modeled through five differ-

ent Global-Regional circulation model couplings, 

assessed to be the most reliable for climate projec-

tions in the Friuli Venezia Giulia region, where 

Trieste is located, by the Regional Agency for Envi-

ronment Protection, ARPA FVG: 

- HadGEM2-ES RACMO22E; 

- MPI-ESM-LR REMO2009; 

- EC-EARTH CCLM4-8-17; 

- EC-EARTH RACMO22E; 

- EC-EARTH RCA4. 

Before using them, the five models were calibrated 

through the quantile mapping method (Cannon et 

al., 2015) to better fit their outputs to the historical 

data detected for Trieste for a period common to 

both historical recordings and model outputs. This 
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allowed more reliable results for the future climate 

projections to be obtained. The corrected models 

were then applied to the RCP8.5 scenario, repre-

senting a situation where no relevant climate miti-

gation measures are implemented, therefore simi-

lar to the current global situation. The future 

timeframes considered in the analysis are 2021-

2035 and 2036-2050 to represent climate evolution 

in the near future. Then, the mathematical morph-

ing procedure (Belcher et al., 2005) was used to 

project the current TRY into the future considering 

these two periods.  

Fig. 1 displays the Heating (a) and Cooling (b) De-

gree Days for Trieste for current and projected sit-

uations. It can be immediately noted that for all the 

climatic models considered an increase in tempera-

ture is forecast as it can be assessed by the decrease  

of the HDDs and the increase of CDDs. Moreover, 

it can be noted that climate warming will happen 

in both the timeframes considered, though with 

different magnitudes. 

Among the projected situations, the one deriving 

from the HadGEM2-ES RACMO22E model proved 

to be the warmest one. This being the configuration 

that most differs from the actual climate, it was 

used as the future boundary condition for the 

building-plant analysis.   

 

 

Fig. 1 - Heating (a) and Cooling (b) Degree Days of the historical 

and projected TRYs for Trieste 

3. State-Of-The-Art Modeling 

The geometry of the building was modeled using 

DesignBuilder software, the graphic interface of 

EnergyPlus calculation engine.  

Fig. 2 shows the building within its urban context 

(a), and its model (b); the presence of the surround-

ing buildings inserted as elements of solar obstruc-

tion for a more accurate analysis can be appreciat-

ed in the model. 

 

a) 

 

b) 

 

Fig. 2 – Revoltella Museum view (a) and numerical model (b) 

To reduce the computational burden, the model 

was simplified by removing some internal parti-

tions and unifying spaces sharing the same charac-

teristics. Partitions were still considered as internal 

masses to correctly model the thermal inertia of the 

system. Fig. 3 presents as an example the spaces 

modeling for the second-last floor, with the inter-

nal masses added to ensure the correct thermal 

capacity of the building  visible in blue.  

 

 

Fig. 3 – Internal spaces modeling for the second-last floor 
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In total, a building volume of 26,307 m3 was mod-

eled. Envelope element stratigraphy was obtained 

through site inspections and data gathered from 

the municipality of Trieste. Table 1 reports the 

transmittance values for all opaque elements of the 

building. 

Table 1 – Transmittance values of envelope opaque elements 

Element U [W/(m2 K)] 

External walls  0.72 

Earth retaining walls 1.20 

Ground floor 0.41 

Internal floor 1.94 

Roof 1.77 

 

Double-glazed windows with air-filled gap and 

wooden frame having transmittances of 3.21 W/(m2 

K) are present. The building also presents skylights 

having a transmittance of 5.59 W/(m2 K). 

Regarding the characteristics of the internal spaces 

and their use patterns, three main zones were iden-

tified for the typical floors and are reported in 

Fig. 4. Zone A is the historical residence museum 

and is architecturally preserved both internally and 

externally. Zone B hosts a modern art museum 

while zone C is intended for office use, and both 

are subject to preservation rules regarding only the 

façades. 

 

 

Fig. 4 – Building main zones: A (blue) – historical residence mu-

seum, B (red) – modern art museum, C (green) - offices 

Because of this situation, internal gains due to il-

lumination, people density and activity, as well as 

the features of the plant, vary between these three 

zones. Table 2 reports the principal features for 

every zone. 

 

 

Table 2 – Building internal zones features and plant terminals 

Parameter \ Zone A B C 

People density [peo-

ple/m2]  
0.143 0.143 0.070 

Lighting norm. power 

dens.[W/(m2 – 100 lx)] 
6 6 4 

Illuminance [lx] 200 200 300 

Plant terminals [/] Fan-coils 

Fan-coils  

+  

CAV units 

Radiators  

+  

VRF units 

 

People density during the day was modified 

through a schedule following the typical occupa-

tion pattern detected during the opening time of 

the museum, 9 a.m. – 7 p.m., Tuesday excluded. 

People density in the office area was instead con-

sidered constant during the opening time, as well 

as lighting for all zones. People metabolic rates 

were fixed at 140 and 120 W/person for museum 

and office spaces respectively. 

Regarding the plant, various terminals are used in 

this building, as  can be deduced from Table 2; this 

is due to the different uses and working conditions 

of the building zones. In particular, only fan-coils 

are present in Zone A because of the preservation 

regulations limiting the possibilities in the histori-

cal internal spaces. Plant temperature set-points 

are 20 °C for heating and 25 °C for cooling respec-

tively; humidity control is not present. Heating is 

available from October 15 to April 15, following 

the calendar of the Italian Climatic Zone E; cooling 

is always available. The former is working 14 hours 

per day, the maximum allowed from 7 a.m. to 9 

p.m.; the latter is working during the opening time 

of the museum. Both are deactivated on Tuesday, 

the closing day of the museum. As it can also be 

noted by Table 2, the plant serving the building 

presents a complex configuration depending on the 

three main areas. The generators of zones A and B 

are gas-fired condensing boilers and a water chiller 

for heating and cooling purposes respectively. 

These generators serve both the fan-coils and the 

Air Handling Unit (AHU) for the functioning of 

the CAV system. Zone C generation is given by a 

dedicated gas-fired condensing boiler coupled with 
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VRF units for heating and cooling respectively. 

Finally, an evaporative cooling tower is present on 

the roof working with the chiller for summer sea-

son cooling. 

In the analysis, the existing system was modeled as 

precisely as possible to determine the energy vec-

tors involved in the most coherent way possible, 

also by exploiting the technical data sheets availa-

ble for the boilers and the chiller. In addition to the 

synthetic data, the chiller performance was proper-

ly modeled as a function of the condenser and 

evaporator water temperatures. Through this, and 

to take the operation of the system in the different 

conditions into account, the correction curves for 

the nominal power and for the Energy Efficiency 

Ratio (EER) were obtained (UNI, 2018). In the same 

way, the efficiency and the nominal power of the 

gas-fired condensing boilers were parameterized 

according to the load and to the returning water 

temperature. Regarding the AHU, the cooling tow-

er and the VRF units, their characteristics were 

hypothesized on the bases of the expected behavior 

of the whole plant and of historical consumption 

data. The whole audit process was carried out  

following what is reported in UNI CEI EN 16247-2 

standard (UNI, 2014).  

3.1 Model Calibration 

To obtain reliable results, the state-of-the-art model 

has  been calibrated through a comparison between 

its results and the historical recordings of gas and 

electricity consumption. Historical gas consump-

tion data were available as an average for the years 

2010-2012 and on a yearly basis for 2019 and 2020. 

The latter was characterized by the effects of the 

COVID-19 pandemic and therefore is not repre-

sentative of the normal behaviour of the building. 

Year 2019 instead was not usable for the calibration 

due to the scarcity of climatic data detected by the 

meteorological station of Trieste, not allowing the 

execution of a yearly calibration simulation. There-

fore, the mean gas consumption value for years 

2010-2012 was used for the calibration. Regarding 

electricity, monthly consumption values for the 

years 2017-2020 were available. Year 2018 was cho-

sen to calibrate the model because of the local me-

teorological station having good data quality for 

that period. To perform the calibration, a special 

climatic file containing the 2010-2012 values for the 

winter season and 2018 values for the summer one 

was created. The calibration process led to some 

modifications regarding the envelope elements’ 

transmittance, the internal gains due to people and 

lighting and the characteristics of the hypothesized 

elements of the plant. Because of these adjust-

ments, the calibrated model achieved remarkable 

precision in reproducing the historical consump-

tion recordings, as  can be noted through Table 3. 

The calibrated model was the base to run the ener-

gy simulation with the different climatic conditions 

defined in Section 2 and to assess the effects of the 

refurbishment interventions described in the next 

section.   

Table 3 – Model calibration results 

Energy vectors 

consumption 
Historical Model 

Model Error 

[%] 

Gas [m3]  56 056 52 458 -6.86 

Electricity [kWh] 313 020 319 371 +2.03 

4. Refurbishment Interventions 

Given the preservation restrictions described in 

Section 3, the room for improvements to increase 

the energy performance of the building is very nar-

row. All the façades, windowed elements included, 

cannot be modified, and therefore it is not possible 

to massively intervene on the envelope. Moreover, 

zone A of the building is also internally protected, 

limiting  the possibilities even further. Regarding 

the plant, most of its components are still pretty 

new, therefore solutions  concerning this are not 

considered in this work. Because of this situation, 

three improvements were hypothesized for the 

analysed building: 

- A: Internal insulation of walls pertaining to the 

modern art museum; 

- B: Substitution of the existing skylights with 

new ones featuring solar control  window 

panes; 

- C: A combination of the previous two. 

The internal insulation of the modern art museum 
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walls was carried out  through the insertion of 10 

cm of rock wool having a conductivity of 0.038 

W/(m K), a density of 35 kg/m3 and specific heat of 

840 J/(kg K), coupled with 2cm of plaster. 

The skylights used in the second solution were 

composed of a PVC frame, of an external coated 

glass layer, 6 mm thick, having a reduced solar 

transmission value, 0.3622, a 16mm thick Argon-

filled cavity and a standard clear glass layer 4 mm 

thick. This structure presented a transmittance of 

1.554 W/(m2 K) and the coated external layer aim 

was to reduce the solar heat gains during the 

summer season, therefore trying to reduce electrici-

ty consumption for cooling. 

All three solutions were evaluated regarding their 

energy and economic aspects. The latter was con-

sidered in a simplified way by computing the sim-

ple return of the economic investment. Interven-

tion costs were computed using the prices reported 

in the public regional administration price list 

“Prezzario Regionale dei Lavori Pubblici” (FVG 

Region, 2021). By using the reported prices of rock 

wool per square meter comprehensive of materials 

and manpower costs, applied to the surface to in-

sulate, a cost of 409,264 € was computed for solu-

tion A. The same was done for skylight substitu-

tion, in this case considering the price per element 

and the number of elements to install, and a cost of 

67,783 € was computed for solution B. The third 

solution cost is simply given by summing up the 

previous two, equal to 477,047 €. 

5. Analysis Results 

The energy dynamic analysis was first carried out  

for the state-of-the-art building using the current 

and the two future TRYs. The results, reported in 

Table 4, highlight a remarkable reduction of heat-

ing gas consumption, and an increase in electricity 

used for cooling and lighting. The variations com-

pared to the current situation proved to be much 

more marked in the period 2021-2035 and then to 

slow down in 2036-2050. 

This behavior is in line with the climatic projec-

tions, which foresee a slowdown of temperature 

rise in the second period, as can also 

Table 4 – State-of-the-art simulation results 

TRY 
Gas use 

[m3] 

Electr. 

use 

[kWh] 

Var. Gas 

[%] 

Var. 

Electr. 

[%] 

1995-2019 52,931 289,193 \ \ 

2021-2035 43,961 318,398 -16.95 +10.10 

2036-2050 42,654 325,025 -19.42 +12.39 

 

be noted by looking at the Degree Days reported in 

Fig. 1. It is then evident that the cooling component 

will become more influential in the energy con-

sumption composition of this building. 

Regarding the effects of the refurbishment inter-

ventions, reported in Table 5, the analysis high-

lighted a beneficial effect on both gas and electrici-

ty consumption.  

Table 5 – Refurbishment effects for every climatic set 

ID 
Gas use 

[m3] 

Electr. 

use 

[kWh] 

Var. 

Gas [%] 

Var. 

Electr. 

[%] 

Simple 

Return 

[years] 

1995-2019 TRY    

SOTA 52,931 305,032 \ \ \ 

A 44,794 304,034 -15.37 -0.33 41 

B 50,454 298,267 -4.68 -2.22 17 

C 41,699 294,746 -21.22 -3.37 32 

2021-2035 TRY     

SOTA 43,961 318,398 \ \ \ 

A 36,875 317,161 -16.12 -0.39 47 

B 41,840 311,235 -4.82 -2.25 19 

C 34,395 307,362 -21.76 -3.47 36 

2036-2050 TRY     

SOTA 42,654 325,025 \ \ \ 

A 35,768 323,689 -16.14 -0.41 48 

B 40,618 317,525 -4.77 -2.31 19 

C 33,345 313,582 -21.82 -3.52 37 
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As can be seen in Table 5, the obtainable gas con-

sumption reduction varies between 4 and 21 % 

compared with the state-of-the-art for every climat-

ic set considered. The obtainable electricity con-

sumption reduction is instead much smaller, be-

tween 0.3 and 3.5 %, mainly due to the reduced 

surface treated with the insertion of the new sky-

lights. In general, the best reduction in energy con-

sumption comes from solution C.  

However, the economic analysis of these interven-

tions highlighted that they are not economically 

convenient, showing too-long return times on   

investment, for every climatic set.  

Therefore, coupling these actions with interven-

tions on the plant should be considered. Consider-

ing that the generators were replaced a few years 

ago, and are therefore  still functioning well, major 

interventions could rather focus on the distribution 

and emission parts of the plant, these being older 

and less efficient. 

6. Conclusions 

An energy audit was carried out  for the Revoltella 

museum of Trieste. Great attention was placed on 

information gathering, this being a historical build-

ing featuring particular characteristics.  

An evaluation of climate change effects has been 

carried out for the state-of-the-art building. The 

present climate was represented through a TRY 

that was then projected into the future by using 

different climate models applied to the RCP8.5 

scenario. The results showed a steady  increase in 

temperature for the near future, to year 2050, for 

every climatic model considered. By using the 

model giving the greatest rise in temperature, cli-

mate change effects were evaluated for the muse-

um.  Results showed that climate evolution will 

greatly influence the energy consumption of this 

building, leading to a decrease in gas consumption, 

up to 19 %, and an increase in  electricity consump-

tion , up to 12 %. Therefore, the municipality of 

Trieste, owner of the building, should start consid-

ering interventions on the building to adapt it to 

the incoming new working conditions. 

In order to provide the municipality with a starting 

base for this purpose, some refurbishment inter-

ventions were modeled for the building for both 

the current  and future climates. By considering the 

preservation restrictions to which the building is 

subject, internal insulation of walls and substitu-

tion of skylights were considered as feasible inter-

ventions. The analysis results showed that a good 

gas consumption decrease, between 4 and 21 %, 

would be obtainable for every climatic condition 

considered. Regarding electricity on the other 

hand,  the beneficial effects would be much less 

evident, featuring a reduction of between 0.3 and 

3.5 % of consumption. This minor effect on electric-

ity is due to the possibility of  intervening only on 

the skylights to reduce solar heat gains during the 

summer season, the windows on the façades not 

being replaceable due to the preservation rules. 

Regarding the economic aspect of the interven-

tions, these did not prove to be economical, show-

ing a too-long return time on investment for every 

climatic set considered.  

Considering all the aspects that emerged from this 

work, it is strongly recommended for  the munici-

pality of Trieste to start designing adaptation 

measures to address the incoming changes in cli-

mate conditions. Results in fact highlighted that in 

the immediate future the focus of the building per-

formance should be shifted gradually from heating 

to cooling functioning. That said, internal envelope 

insulation and skylight substitution proved to be 

good solutions for heating consumption reduction, 

but not so much for the cooling solution  for every 

climatic set considered in this work. Therefore, 

these interventions should be coupled with others 

mainly pertaining to the plant, mainly focusing on 

distribution and emission components, given the 

relative novelty of the generators.  
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