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Abstract. The article presents the results of calculations of the
heat transfer coefficient for the state before and after renovation
for the historic windows. The aim of the analysis was to obtain
the values of thermal insulation parameters demanded by the
regulations, while not losing the historical value of the window.
The described example of the renovation of the existing window
consisted in installing an additional window panel from the inside.
Keywords: historic window; heat losses; window panel.

(Studium przypadku)

Streszczenie. W artykule przedstawiono wyniki obliczen wspot-
czynnika przenikania ciepta dla stanu przed i po renowacji okien
zabytkowych. Celem analizy bylo uzyskanie warto$ci parame-
trow termoizolacyjnych wymaganych przez przepisy, z zachowa-
niem historycznej wartosci okna. Opisany przyklad renowacji
istniejacego okna polegat na zainstalowaniu od wewnatrz dodat-
kowego panelu okiennego.

Stowa kluczowe: okno zabytkowe; straty ciepta; panel okienny.

indow is a subject to con-

servation protection, as

well as its remaining part

if the building, is covered
by conservation protection or is located
in the conservation zone. Depending on
the decision of the conservator, condi-
tioned by the requirements of specific
regulations in historic buildings, it is po-
ssible to completely replace the existing
window frame for new one or it is neces-
sary to modernize the existing window
frame. The main advantage of this se-
cond approach is the fact that a proper-
ly renovated window woodwork will
not disturb the historic character of the
architectural assumptions of the buil-
ding, and the original windows will te-
stify to the historical value of the object
[7,12].

Retaining original windows certainly
has to be more sustainable than replace-
ment. The type and quality of softwood
that was used for most 18th and 19th
century windows cannot be sourced to-
day and throwing it away makes little
sense when the whole emphasis of
the 21st century must be on making ma-
ximum use of the resources we already
have [6].

Proper implementation of window
frame modernization is time-consuming

D Gdansk University of Technology, Faculty of
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and difficult, because it creates a num-
ber of inconveniences and difficulties
for users of rooms that need to be tem-
porarily required to carry out works, to
be excluded from use. Properly renova-
ted window frame includes removal of
old paint coatings, necessary carpentry
repairs, wood disinfection treatments,
wood structure reinforcement, restora-
tion of missing wood, reconstruction of
missing decorative elements, applica-
tion of new protective coatings, renewal
or replacement of fittings to meet con-
servation requirements, refurbishment
or supplementation missing glazing, re-
placement of glazing putty and renewal
or replacement of flashings. In the case
of buildings not covered by conservator
protection, the final solution is the com-
plete replacement of the window.

This guidance note provide advice on
the principles, risks for upgrading the
thermal performance of windows by the
addition glazing. Older windows can
often be draughty as over time they di-
stort and gaps open up as joints become
weakened. Although adequate ventila-
tion is important in older buildings,
excessive air leakage through windows
is uncomfortable for occupants and wa-
stes heat. Additional window panel
when carefully designed and installed
allows the original windows to be reta-
ined unaltered, and where necessary re-
paired, whilst reducing air leakage and
conducted heat losses. As a result there

is no loss of historic fabric and in most
cases the installation is easily reversible.
The research [3] shows that the solution
with the additional glass panes is the
most energy-efficient solution. Studies
[3] have shown that the insertion of
a window panel reduction in heat loss
through glazing by of 69%. In addition,
adding a window pack is a great solution
to improve the technical condition.

No historic window can reach a U-value
below 1,7 W/(m2K) [3]. The article pre-
sents a solution that improves the U-va-
lue by adding a panel by removing the
old glass from the inside and replacing
the window panel in its place. The aim
of the article is to present the results of
the test to determine the heat transfer
coefficient U for existing window fra-
mes in a historic building. The scope of
calculations also covers the case of
window frame after thermal renova-
tion. The most frequently occurring ty-
pe of window was analyzed in the ob-
ject, referred to later in the article as
Type 1. The case of a window subjec-
ted to thermorenovation was described
as Type 2.

This article clearly demonstrates the
effectiveness of the best option for re-
ducing heat loss through windows.
This article allows people to make me-
asured judgements regarding how they
can reduce fuel bills, without taking
away the character of traditional buil-
dings.
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Test house

In the article the problem concerns on
the historic building (Photo 1), which has
the following parameters: building area
— 1636 m?, usable floor area — 6115 m>.
The building was built at the beginning
of the 20th century and consists of three
floors with an attic. The building is com-
pletely basement with an inner patio and
a clock tower (Photo 1).

Photo 1. The south elevation of the historic

building

In the article one was focus on numeri-
cal research. No laboratory tests were
carried out for the model.

Window before thermomodernization
—Type 1. For analysis, a wooden timber
window-box 2,16 x 2,18 m was selected
(Photo 2). The thickness of individual
layers was respectively; 0,005 m (glass),
0,1 m (void) and 0,005 m (glass). This
type of joinery (the size and method of
glazing) was the most popular
in the building covered by the
study.

Window after moderniza-
' tion — Type 2. Window car-
pentry Type 2 refers to the de-
scribed in box window, in
which the window panel insi-
de the sash was additionally
arranged (Photo 3). The win-
dow panel consisted of glass
(0,004 m)/air gap (0,016 m)/glass
(0,004 m). In total, the win-
dow in the cross section con-

Fot. 1. Elewacja potudniowa zabytkowego budynku

Window characteristics. Windows,
especially wooden ones, are exposed
not only to the high temperature and
rays of the burning sun during the sum-
mer heat, but also to the long-term
dampness of external surfaces by preci-
pitation. On the premises there were wo-
oden window frames of box construc-
tion. In some rooms window and sta-
ined-glass windows were built in, which
are not the subject of this article. Win-
dow was characterized by a high degree
of operational decapitalization, which
resulted in the fact that it could be de-
scribed as having a very high heat trans-
fer coefficient U.

The value of the heat transfer coeffi-
cient, both before and after the thermo-
renovation was determined numeri-
cally and described in detail later in
this article (in chapter: results and
numerical analysis). Another method
of determination thermal insulation
properties of building materials is Hot-
-Box method [4, 5]. It is often preferred
for its ability to determine real values
with sensitive tolerances. The basis of
the Hot-Box method is that it measures
the total thermal energy transferred
from the sample, instead of using the
main thermal transmittance principles
(convection, conduction and radiation).

Photo 2. A window in a historic building
(Type 1) — a state before thermorenovation
Fot. 2. Okno w zabytkowym budynku (typ 1)
— Stan przed termorenowacjq

Bt |
-

'

#
Photo 3. Window in the historic building
— a state after thermorenovation — window
frame with glass panel (Type 2)
Fot. 3. Okno w zabytkowym budynku — stan
po termomodernizacji — rama okienna ze
szklanym panelem (Typ 2)
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sisted (from the inside) of: a glazing panel,
air gap (0,1 m) and a glass (0,005 mm). An
example scheme of a box window after
adding a window panel has been shown
on Fig 1.

1| single glass
outside

N

o~ ..
 — . ——— S B

-
r "

_.Iglazi.ng package  inside |

Fig. 1. Horizontal section of the window
— window frame with an additional panel

(Type 2)
Rys. 1. Przekrdj poziomy okna — rama okien-
na z dodatkowym panelem (Typ 2)

Numerical simulation
of the heat exchange
process in window

The course of the heat exchange pro-
cess in the window was determined by
means of numerical simulation using the
finite volume method. The calculations
were performed using the ANSYS
CFX 16.2 program [2]. For numerical
analysis, material data according to
[10] was accepted (table 1). External cli-
mate conditions were adopted according
to [11] for the first climatic zone
(Gdansk): T_=-16,0°C. The conditions
of the indoor climate were adopted ac-
cording to the regulation [11] for offi-
ce: T,=20,0°C. The values of resistan-
ce to internal and external heat trans-
fer were adopted in [8 + 10] and for
these values of heat transfer coeffi-
cients were determined:

e h, = 8,00 W/m’K coefficient of he-
at transfer on the internal surface;

e h =23,0 Wm’K coefficient of he-
at transfer on the external surface.

The geometry of the physical system
in which the heat exchange process is
analyzed is a simplified model of the ac-
tual window. The simplifications made
in the form of window frame separation
together with glass and the air gap in
the box windows without a wall frag-
ment have no effect on the heat exchan-
ge and temperature field in the analyzed
physical system [1]. All thermally im-
portant window elements are included in
the model in relation to what the thermal
conditions should be close to the real
ones (Fig. 2).



Table 1. Thermal properties of mate-
rials

Tabela 1. Wiasciwosci termiczne mate-
riatow

Thermal

AR .. Specific
Material conduct.1v1ty De“s'ﬁy heat
coefficient  [kg/m’] [J/kg K]
[W/m K] i
Air (including 0.026 1.25 1005
convection) ’ >
Glass 1,00 2500 750
Wood 0,20 500 2390

a)_

0 0,50

025 075

1,00 [m]

Fig. 2. Numerical model of window joine-
ry: a — glass, b — frame
Rys. 2. Model numeryczny stolarki okiennej:
a—szyba, b —rama

In the computer simulation, a model
of thermal conductivity, described by
the Laplace equation for a three-dimen-
sional, stationary of heat conduction
was adopted:

0°T/ox? + 0*T/oy? + 0*T/0z2=0 (1)
with the boundary conditions of the
third type:

“MOT/Ox) = h(T, ~T,) ©)
where:
T — temperature [°C];
A — thermal conductivity coefficient [W/m KJ;
X — positing vector;
h — heat flow rate [W/m? K];
T, — surface temperature [°C];
Tp — fluid temperature far from the solid surface [°C].

Models were ,,cut” from the actual
physical system by means of adiabatic
planes, adopting the boundary condi-
tions of the second type:

q/s=0 3)
where:
q — thermal flux density [W/m?];
s — adiabatic surface.

The finite volume grid was adopted
for the analyzed model. Triangular and
quadrangular elements of different de-
grees of compaction were used for the
calculations depending on the size of the
modeled areas (Fig. 3).

0,00 0,50
[ S
0,25 0,75
Fig. 3. Finite volume grid for the analyzed
window

1,00 [m]

Rys. 3. Siatka objetosci skonczonych dla ana-
lizowanego okna

Results of numerical
analysis

As a result of numerical analysis, the
distribution of the velocity of the air
flow in the center of the void was chec-
ked for Type 1, that is box window be-
fore thermorenovation (Fig. 4). The re-
sult has showed that the air movement
is at a very low level, because the air ve-
locity does not exceed 0,1 m/s. There-
fore, it is an air gap going from the
warm to the cold side of the window,
which does not cause air circulation and

Velocity ¥ o [ -‘, = = .
§ oo r____;f b 3 e b
0,074 I

~ 0,050

0,025

0,000
[ms”-1]

0 0,500 1,000
.0_,257 -(),_750 [m]
Fig. 4. Distribution of air flow velocity in
the air gap in the window
Rys. 4. Rozkiad predkosci przeplywu powie-
trza w szczelinie powietrznej w oknie

has no significant effect on the heat
transfer coefficient. However, in order
to determine the heat transfer coeffi-
cient U for Type 1, based on numerical
simulation, the following values had to
be determined:

m temperature — is shown in Fig. Sa,
b,c,d

m density of heat flux —is presented in
Fig. 6a, b, c, d.

Fig. 5 shows the temperature distribu-
tion for the window glass and window
frame, depending on the type of contact
with hot or cold air. The value of the mi-
nimum temperature on the glass surface
was respectively for the glass in contact
with external air Tmmyglass o = -15,1°C,
for glass in contact with internal air

min,glass int 10,8°C. The value of the
maximum temperature on the glass sur-
face was for the glass in contact with
external air, Tmax’glass_ext = -10,7°C, for
glass in contact with internal air

max, glass_int — 17,7°C. In contrast, the
value of the minimum temperature
on the surface of the window frame
was respectively for the window fra-
me in contact with the outside air

minwindow oxt — -15,9°C, for the window
frame in contact with the internal air

o window ine = 17,1°C. The maximum
temperature value on the surface of the
window frame was respectively for the
window frame in contact with external
air me’win tow ot = ~13,4°C, for the win-
dow frame in contact with the internal
air T xwindow int — 19,7°C.

Fig. 6 shows the distribution of heat
flux density of glass and window frame
depending on the type of contact with hot
or cold air. The value of the minimum
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PROBLEMY NAUKOWE BUDOWNICTWA

a) Temperature [°C] b) Temperature [°C]
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0 0,50 1,00 [m] 0 0,50 1,00 [m]
025 0,75 025 075
¢) Temperature [°C] d) Temperature [°C]
20,0 20,0
19,0 190
18,0 18,0
1 17,0 2 l __,| 1170
1 16,0 1 16,0
150 150
140 140
1130 13,0
12,0 12,0
11,0 11,0
10,0 | i J [ J l 10,0
0,5 1,00 [ 0 0,50 1,00 [m
0,25 0,75 025 075

Fig. 5. Temperature distribution field for glass and for window frame in contact with air:
a) and b) external; c) and d) internal (Type 1)

Rys. 5. Pole rozkladu temperatury szkta i ramy okna w kontakcie z powietrzem: a) i b) strona
zewnetrzna, c), d) strona wewnetrzna (typ 1)

@) Wall Heat Flux [Wm?2] D) Wall Heat Flux [Wm™]
-10,0 B 20
-15,0 -2.3
-20,0 -2,6
1250 2.9
30,0 32
350 h 35
| 400 3%
-45.0 41
-500 44
-550 B 27
-60,0 -5,0
0.5 1,00 [ 0 050 1,00 [m]
025 0,75 025 075
C) Wall Heat Flux [Wm?] d) Wall Heat Flux [Wm]
60,0 5,0
55.0 4,7
i i
400 =4 L“;"‘i 3.8
35,0 3.5
| 30.0 132
25,0 2,9
20,0 2,6
15,0 23
10,0 2,0
0,5 1,00 [m] 0 0,50 1,00 [m]
025 0,75 025 075

Fig. 6. Density of heat flux for glass and for window frame in contact with air: a) and b)
external; c¢) and d) internal (Type 1)

Rys. 6. Gestos¢ strumienia cieplnego w przypadku szkla i ramy okna w kontakcie z powietrzem:
a) i b) strona zewnetrzna; c) i d) strona wewnetrzna (typ 1)
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heat flux density on the surface glass in
contact with external air was Qi glass ext
= -60 W/m?, for glass in contact with
internal air, Qi glass int — 10,0 W/m?. The
value of the maximum heat flux density
on the surface glass in contact with exter-
nal air was q . .o = 35 W/m?,
for glass in contact with internal air,
Dy, grassime — 00,0 W/m?. The value of the
minimum heat flux density on the sur-
face window frame was respectively for
the window frame in contact with exter-
nal airq ..o =-5,0 W/m? for the
window frame in contact with the inter-
nalairq, ... =2,0W/m’ The value
of the maximum heat flux density on the
surface window frame was respectively
for the window frame in contact with
external air, q . ..o = 2,0 W/m?,
for the window frame in contact with
the internal air q, . o0 i = 550 W/m?™
The same numerical calculation sche-
me was made for the window after
thermal modernization — Type 2. To
determine the heat transfer coefficient
U, the following value shad to be de-
termined:

m temperature — is shown in Fig. 7a,
b,c, d;

m density of heat flux — is presented in
Fig. 8a, b, c, d.

Fig. 7 presents the temperature
distribution for the glass and window
frame, depending on the type of con-
tact with warm or coldair. The value
of the minimum temperature on
the surface glass was respectively for
the glass in contact with external
air T . =-16,0°C for the glass in

mm,glaS§ ext X .
contact with the internal air T, glass int
= 12,2°C. The maximum tempera-
ture value on the surfaceglass was
for the glass in contact with external
air T = -13,1 °C, for glass
max,glass ext

in contact with internal air T __ gloss int —
20,0 °C. In the minimal value the
temperature on the surface window
frame was respectively for the window
frame in contact with the external air
min windowext -16,0°C, for the window-
frame in contact with the internal air
min.window int — 17,4°C. The maximum
temperature value on the surface
window frame was respectively for
the window frame in contact with
the outside air T___ window ext — -15,4°C,
for the window frame in contact



PROBLEMY NAUKOWE BUDOWNICTWA

with the internal air T ) = a) Temperature [°C] b) Temperature [°C]

max,window int
? 10,0 -14,0
19,8°C. Bl
-14,4
-14,6

Fig. 8 shows the distribution of heat
flux density of glass and window frame | | o
depending on the type of contact with | I _J
warm or cold air. The value of the mini- |-

mum heat flux density on the surface
glass was respectively for glass in contact
with outside air q -50 W/m?,

min,glass ext

for glass in contact with internal air
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with external air q =-21 W/m?, 20,0 20,0
; max,glass ext . 19,0 19,0

for glass in contact with internal [ 18] . ' . [ 18]

Ar g, i =~ 50,0 W/m?. The value of | 16, : . i | |

the minimum heat flux density on the g - o - - g

surface window frame was respecti- ; | | ! ;

vely for the window frame in contact ; ' ;

with the outside air q_; .. = ==

-5,0 W/m?, for the window frame in ""1'

contact with the internal airq_, . . . .

= 2,0 W/m?. The value of the maximum e

heat flux density on the surface win- ) 030 1,00 [m] 0__ 030 100 [m]

dow frame was respectively for the Toas T os 025 075

window frame in contact with external  ¥ig- 7- Temperature distribut'ion field for glass and for window frame in contact with air:
. — 2 0 W/m2. for th . a) and b) external; c) and d) internal (Type 2)

air qmax,window_cxt e m » tor 3 ¢ win- Rys. 7. Pole rozktadu temperatury szkia i ramy okna w kontakcie z powietrzem: a) i b) strona

dow frame in contact with the internal  zewnetrzna; c) i d) strona wewnetrzna (Top 2)

air, q =5,0 Wm>.

a) Wall Heat Flux [Wm?] Wall Heat Flux [Wm™?]

|

max,window int

Results

On the basis of the numerical analy-
sis, the average temperatures T of the
window surface and the average heat
flux density values were determined q.
The average values were determined
on the basis of numerical analysis. On
the basis of the numerical analysis from
Fig. 5 and Fig. 7 you can see the effect
of the panel used on the temperature
flow. In Fig. 7c with the window panel
in the numerical analysis, the tempera-
ture distribution field is characterized

b b b
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by higher temperature values on the P
surface than in Fig. 5c, which indicates 38
an increase in thermal insulation. In 33
addition, the temperature of the win- 28

20

dow surface with the panel from the
inside Fig. 7c, in the lower parts,
reaches high values of about 19°C,
which favorably eliminates the possibi-
lity of condensation on the cold surfa-
ce of the windows, which can be very
intense and troublesome. The obtained
values of the average temperature T of

2
5,0
| E

0 050 1, 0__ 050 1,00 [m]
025 075 025 0,75

Fig. 8. Density of heat flux for glass and window frame in contact with air: a) and b) exter-
. nal; c), and d) internal (Type 2)

the window surface and the average Rys. 8. Gestos¢ strumienia cieplnego w przypadku szkia i ramy okna w kontakcie z powietrzem:
values of heat flux density q from the  a) i b) strona zewnetrza; c) i d) strona wewnetrzna (typ 2)
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numerical analysis were used to deter-
mine the heat transfer coefficient U
(table 2).

Table 2. Summary of the results
Tabela 2. Podsumowanie wynikow

Temperature [°]  Density of heat flux [W/m?|

Type 1
LS S [R5 0105
T e window ext = 719525 Qe indo e = 2:00
T 2 (a0 SO
T esvindowint = 1805 Qe ingou i = 250

Type 2
T egmssen = 19635 || pgen = 4525
T e DD | Gl S0
Tegssin = 110 | Qi = 45,35
Tveintowexs = 1805 Qe gingow i = 210

Determination of the heat transfer
coefficient. The heat transfer coefficient
was calculated as the equivalent, and the
equivalence criterion is the heat flux
density for the one- and three-dimensio-
nal model:

U, =1R,, “)

R__—equivalent thermal resistance of a thermal

eqv

barrier in a 3D model [m?*K/WT];

chv = Ri + Rc + Rpcqv (5)
where:

R, — resistance to heat transfer on the inner sur-
face [m*K/W7;

R_ —resistance to heat transfer on the outer sur-
face [m*K/W7;

Rpeqv — equivalent thermal resistance [m?K/W].

The equivalent thermal resistance R .
was calculated for a three-dimensional
model of stationary and average values
of surface temperatures and heat flux
density:

R _.=(T -T)Aq,, (6)

peqv
where:

T, — average temperature of the inner surface
[°Cl;

T, — average temperature of the outer surface
[°Cl;

q,,, — the average value of the density of the he-
at flux transient through the inner surface
[W/m?].

Average values of surface temperatu-
res and heat flux density were defined as:

qavr = '[Slqu/Sl (7)
T, = [, TdS/S, (8)
T,=,,qdS/S, Q)

S, — inner surface;
S, — outer surface.

On the basis of the above assumptions,

the value of heat transfer coefficient U

was determined for two types of win-

dow:

Type 1:

R =0,13+0,04+04=0,57 (10)
U =175 W/mK

typel
Type 2:
R, =0,13+0,04+0,64=081 (11)
U =119 WmK

type2

From 2017, new technical requi-
rements have started to apply to buil-
dings. Stricter requirements are aimed
at improving the energy efficiency
of buildings. Products used to build
new buildings, including windows
and doors must have better thermal
insulation parameters. An additional
glazing panel in the box window cau-
ses the window to qualify for the
applicable technical regulations [11],
which from 01.01.2017 provide for the
heat transfer coefficient value at
U . = 1,6 W/(m’K), while from
01.01.2021 requirements they tighten
toU = 1,4 W/(m’K).

Conclusions

The aim of thermal renovation of
windows in historic buildings is to im-
prove their technical parameters in or-
der to adapt to the requirements of spe-
cific regulations and restore their tech-
nical condition in a way that ensures
that historical values of the windows
as well as building objects as a whole
are not lost.

Old windows have a reputation for
being draughty, but would originally ha-
ve been made as accurately as the con-
siderable skills of a traditional joiner
would allow. Cracked joints and voids in
masonry similarly allow liquid water to
penetrate where sound mortar would on-
ce have effectively kept it out. Repair of
such decay using materials which match
the originals as closely as possible, par-
ticularly in their technical characteri-
stics, will greatly enhance both the per-
formance and the durability of the buil-
ding.

In the analyzed box windows, the as-
sembly of the additional glazing panel
improved the heat transfer coefficient
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U by almost 30%. The improvement of
the window heat transfer coefficient va-
lue by adding a glazing panel caused
that the historic box window qualifies
for use in buildings after thermal moder-
nization.

References

[1] Adamus Janina, Marta Pomada. 2017.
,-Analysis of heat flow in composite structures used
in window installation”. Composite Structures (3).
DOI: 10.1016/J.COMPSTRUCT.2017.12.077.

[2] ANSYS Inc. ANSYS CFX-Solver Theory
Guide, Release 15.0.2013. Canonsburg. USA.
[3] Baker Paul. 2017. ,,Improving the Thermal
Performance of Traditional Windows: Metal-
framed Windows”. Historic England. Building
and Landscape Conservation. Research Report
Series no. 15-2017. ISSN 2059-4453.

[4] BS EN ISO 12567-1:2010. Thermal per-
formance of windows and doors. Determina-
tion of thermal transmittance by hot-box
method. Complete windows and doors.

[5] BS EN ISO 8990:1996. Thermal insula-
tion. Determination of steady-state thermal
transmission properties. Calibrated and guarded
hot box.

[6] English Heritage. 2004. Building Re-
gulations and Historic Buildings — Balancing
the needs for energy conservation with those of
building conservation: an Interim Guidance
Note on the application of Part L. London.
Product Code 50900.

[7] Lucchi Elena. 2016. ,,Simplified assessment
method for environmental and energy quality
in museum buildings”. Energy and Buildings
vol. 117 (2): 216 — 229. DOI: 10.1016/
J.ENBUILD.2016.02.037.

[8] PN-EN ISO 10456:2009. Materiaty i wyro-
by budowlane. Wtasciwosci cieplno-wilgotno-
Sciowe. Tabelaryczne warto$ci obliczeniowe
i procedury okre$lania deklarowanych i obli-
czeniowych wartosci cieplnych.

[9] PN-EN 12831-1:2017-8. Charakterystyka
energetyczna budynkow. Metoda obliczania
projektowego obcigzenia cieplnego. Czgs¢ 1.
Obciazenie cieplne, Modul M3-3.

[10] PN-EN ISO 6946:2017-10. Komponenty
budowlane i elementy budynku. Opoér cieplny
i wspotczynnik przenikania ciepta. Metody
obliczania.

[11] Rozporzadzenie Ministra Infrastruk-
tury ,,W sprawie warunkow technicznych, ja-
kim powinny odpowiada¢ budynki i ich usytu-
owanie” z 12 kwietnia 2002 r. ze zmianami
z2015r.

[12] Santoli Livio, Francesco Mancini,
Stefano Rossetti, Benedetto Nastasi. 2016.
»Energy and system renovation plan for
Galleria Borghese Rome”. Energy and
Buildings  vol. 129: 549 - 562.
DOI: 10.1016/J.ENBUILD. 2016.08.030

Przyjeto do druku: 30.07.2018 r.



