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Abstract: Marble envelopes represent a relatively common architectural solution used in variety of
historic, modern and contemporary building facades. White marble envelopes have been shown to
reduce solar heat gains, while improving indoor thermal comfort and energy efficiency in summer
time. While marble is useful in this context, the urban atmosphere accelerates the degradation of
marble elements. This leads to changes in optical characteristics, hence the aesthetics, and affects the
energy efficiency benefits offered by white marble facades. These issues are investigated in order to
predict the impact of degradation on energy performance and to the aesthetic value, such as change
of color and luminosity. In this study, surface degradation of white marble is analyzed by means of
accelerated weathering in the laboratory while examining changes to the optical characteristics of the
materials. A dynamic simulation is carried out to assess the energy performance of a building as a
case study.

Keywords: building envelope; cool material; solar reflectance; optical characterization; acid rain
degradation; pollution; color change; energy efficiency in buildings; urban heat island

1. Introduction

Construction elements for building envelopes influence the energy performance, capital and
operation cost of buildings, and impact the environment at the scale of the city with potential climate
effects [1–4].

Exploitation and exhaustion of resources are focal points of research and policy development for
the world scientific communities, governments and society. Demand for building materials is expected
to double in the near future, increasing the impact resource extraction and materials manufacturing
processes have on natural resources. It is worth noting that half of the total employment in the raw
materials extraction worldwide is in the construction sector [5]. In this scenario, natural materials such
as marble are regarded as sustainable building components as compared to manufactured materials
such as concrete [6]. This is due in large part to the lower energy use associated with their production.
Natural materials are also easier and less harmful to dispose of and generally retain the possibility
of reuse or recycling at the end of their initial life cycle. Moreover, some natural materials possess
optimal intrinsic characteristics, which are beneficial for the energy performance of the building:
examples include materials for thermal insulation and for passive cooling [7]. Cool materials, i.e.,
materials able to reflect a large portion of the solar radiation for passive cooling, maintain a lower
surface temperature. Use of these materials is one of the strategies identified: (i) to counter the effect of
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Urban Heat Island [8,9]; reduce energy demand for cooling during summer, while causing almost no
major counter effect in winter [10–13]; and to improve thermal comfort in outdoor urban spaces [14].
This is especially the case with respect to the Mediterranean climate and measures of comfort [15,16].
This positive contribution to the energy balance of construction with a cool envelope or roof depends
on the optical and thermal properties of the component material, and more precisely to their high solar
reflectance and high thermal emissivity (i.e., around 0.9 such as typical construction materials with no
metal components).

In this study, the cool material under consideration is white marble. White marble is (i) a natural
material; (ii) has been used in construction for millennia; (iii) has a high solar reflectance; and (iv) high
thermal emissivity.

Taking into account the architectural and aesthetic value of such elements, the optimal intrinsic
optical characteristics of light stones as cool materials has been reported [10,17]. However, the optical
characteristics of marble are influenced over time through degradation [18–21]. Some research has
been carried out on the structural properties and changes to surface optics of marble brought about
by the exposure to polluted environments [22–27]. Research presented in this article highlights how
reflectance is impacted by degradation and the extent to which it impacts the passive cooling capability
and building energy performance over time. In our assessment we consider how degradation impacts
characteristics such as lightness and color, on its thermal properties and architectural implications
of marble as building envelope component. Previous works dealt with: (i) the assessment of
lightness, gloss, and Distinctness of Image (DOI) of thin marble used for aesthetic purposes, whereas
reflectance was not included in the analysis [18]; and (ii) the thermal-energy performance of marble
envelope components, assessing the reduction of cooling energy demand [10], but without verifying
modifications due to degradation. In order to verify its sustainability as a cool, natural and durable
building material, we will investigate the effect of degradation on: (i) energy performance, by means
of dynamic simulation of a case study building; and (ii) the aesthetic quality of white marble when
exposed to accelerated weathering.

2. Materials and Methods

The materials considered for the experimental analysis conducted in this research are two types
of white marble, namely Bianco Carrara (BC) and Statuario (S), comparable in light of the similarity
of their optical characteristics (Figure 1). They are both extracted from the Apuan Alps area, close to
Carrara, Italy. The color is milky white, with almost no veins.
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Figure 1. Bianco Carrara (a) and Statuario (b) marbles.

These marbles are largely employed in the construction sector, often used as building envelope
panels; and they have great variability in dimensions and surface finish. In order to investigate the
research question with varying surface finishes, two surface options for the samples are considered in
this work: a polished one (P), characterized by a smooth surface, and a rough one, as provided by the
factory with a less smooth non-polished surface . The utilized samples were:
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(i) BC, Bianco Carrara marble;
(ii) BCP, Bianco Carrara polished marble;

(iii) S, Statuario marble; and
(iv) SP, Statuario polished marble.

The experimental method employed to study the degradation phenomenon on optical
characteristics and consequential energy performance was as follows:

‚ Experimental set up:

# Samples preparation: polishing
# Samples’ degradation: weathering via soaking in aggressive acidic environment

‚ Samples’ surface investigation measurements:

# Reflectance via spectrophotometer
# Color and lightness via spectrometer

‚ Statistical analysis
‚ Case study building selection
‚ Dynamic simulations with varying levels of envelope degradation
‚ Results and discussion of the findings

In the next subsections, the selected methodology is described more in depth.

2.1. Experimental Set up

For each marble, S and BC, there were two types of surface finish, polished (P) and non-polished
(NP). To polish the surfaces of each, a P2000 sandpaper pad was employed to mechanically achieve
ultrafine level of smoothness according to ISO/Federation of European Producers of Abrasives
(FEPA) [28]. The initial procedure of the experiment consisted of soaking in an acid solution as
described in [18]. For better examination of the effects of degradation, soaking was done for portion of
each sample.

To replicate the exposure condition in a typical urban environment, an acid solution was prepared
by mixing the two main byproducts of fossil fuel combustion, SO3 and NO2, found in acid rain.
The test solution were prepared with distilled water to achieve a pH level, with greater acidity than
real acid rains [29]. This was to accelerate the degradation process and hence reduce the duration of
the laboratory experiment. To remain close to real world conditions, the lowest pH tested was pH 3.
The lower boundary of acidity found in highly polluted cities is approximately pH 4.5. Given the
logarithmic scale, the lowest pH value used in the experiment is up to fifteen times more acidic than
normal. This value was chosen with the aim of achieving an acceptable degradation process, where
choosing a lower value could lead to results not properly simulating the exposure [30].

Two different tests were carried out, with several exposure times and pH levels, one for the
purpose of measuring reflectance, the second one for degradation assessment of color and lightness.

To clarify and simplify the name of the samples, while giving all the necessary information,
abbreviations to indicate the sample type, exposure time and pH level were employed; for example,
BC-P-4w-4pH is Bianco Carrara Polished, exposed for 4 Weeks of duration to acid solution of pH = 4.

2.1.1. Soaking #1

The test aimed at assessing solar reflectance modifications due to acidic exposure after four weeks
(4 w) of in laboratory based immersion at pH 4 (Table 1).
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Table 1. Soaking #1 set up.

Sample Weeks of Exposure (w) pH

BC 4 4
BCP 4 4

S 4 4
SP 4 4

2.1.2. Soaking #2

Soaking regime #2 was carried out to measure changes to color and lightness due to acid rain.
It was carried out for two different exposure time (2 w and 4 w) and two different pH values, pH 3
and pH 4, in order to make comparisons about the degradation progress (Table 2).

Table 2. Soaking #2 set up.

Sample Weeks of Exposure (w) pH Sample Weeks of Exposure (w) pH

BC 2 4 BC 4 4
BCP 2 4 BCP 4 4

S 2 4 S 4 4
SP 2 4 SP 4 4
BC 2 3 BC 4 3

BCP 2 3 BCP 4 3
S 2 3 S 4 3

SP 2 3 SP 4 3

2.2. Measurement Set up

After degradation, the samples were washed and left to air dry in ambient conditions in order
to investigate surface modifications using the optical methods. Reflectance on non-degraded marble
samples was already assessed in [10], with the aim of simulating the energy performance of a building
with a marble envelope, while in this work the reflectance of weathered samples is quantified
by mean of spectrophotometer analyses. The measurements were carried on in accordance with
ASTM E 903-96 [31], Standard Test Method for Solar Absorbance, Reflectance, and Transmittance of
Materials Using Integrating Spheres Spectrophotometer. The spectrophotometer used was Shimadzu
SolidSpec 3700 [32]. Color and lightness analysis was performed by means of spectrometer, utilizing
Ocean Optics modular spectrometer USB 2000 [33].

2.3. Statistical Analysis

A statistical analysis was carried out with the purpose of verifying if the change in the investigated
optical characteristics is statistically significant. In order to do this, the values of degraded and
non-degraded samples’ characteristics were compared. Two tests were performed, with a confidence
level of 90%, corresponding to a p-value = 0.1.

Due to the sample size of the experiment, non-parametric tests were used for the comparisons.
Therefore, the Wilcoxon matched-pairs signed rank test was performed to test the equality on paired data.

Moreover, linear regression analyses were posed in order to verify how the following four different
dependent variables (DVs) are moderated by marble characteristics and exposure to acidic environment
as independent variables (IVs). The dependent variables are (1) solar reflectance, analyzed in the
Ultraviolet (UV), Visible (Vis), Near Infra-Red (NIR) parts and as synthetic Solar Reflection Index (SRI);
(2) Lightness (L*) and color coordinates; (3) a*, representing green to red axis and (4) b*, which indicate
yellow to blue axis. The independent variables (IVs) were investigated as to whether they are able to
affect optical characteristics include: (i) marble type; (ii) exposure; (iii) pH level of the acid solution
used to degrade the samples; and (iv) surface finish (P or NP).
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2.4. Case Study Building Selection and Dynamic Simulation

The building selected as case study for the analysis is the same as that considered in previous
papers by the authors [10]. It is a multipurpose building, simple in its parallelepiped shape, covered
in thin, translucent marble, but complex with respect to interior spaces distribution, since many
functions, from public expositions to private residences, are performed inside. The building is located
in New York City, N.Y., U.S.A., since acid rain composition has been studied for that area [18], and as a
context where new buildings with high aesthetic appeal are prevalent.

Physical characteristics of the building have been defined by modeling the envelope systems [34]
(Table 3), the occupancy schedules [35] (Table 4) and the local climate boundary conditions [36] within
a dynamic simulation environment.

Table 3. Envelope system characteristics.

Envelope System

Vertical Envelope Thickness (m)

Bianco Carrara marble layer
0.01or Statuario marble layer

epoxy resin 0.001
glass 0.01

air gap 0.25
internal glass 0.02

U-value 2.6 W/m2¨K

Roof Thickness (m)

Asphalt membrane 0.01
mineral wool rolls 0.14

air gap 0.03
plasterboard 0.02
cement slab 0.2

U-value 0.2 W/m2¨K

Table 4. Envelope system characteristics.

Application Thermal Zones

Public

Hall, lecture theatre Display and public areas Exposition areas

Density: 0.2 people/m2 0.15 people/m2 0.05 people/m2

Activity, metabolic rate: standing and walking,
140 W/person

light manual work,
180 W/person

light work,
160 W/person

Target illuminance: 300 lux 200 lux 300 lux

Equipment gain: 2 W/m2, radiant fraction 20% 30 W/m2, radiant
fraction 20%

Schedule: 8:00 a.m. to 6:00 p.m.,
7 days/week

8:00 a.m. to 6:00 p.m.,
6 days/week

8:00 a.m. to 1:00 p.m.
and 6:00–9:00 p.m.,

7 days/week

Domestic dining room Domestic kitchen

Private

Density: 0.17 people/m2 0.05 people/m2

Activity, metabolic rate: eating and drinking,
110 W/person light work, 160 W/person

Target illuminance: 150 lux 300 lux

Equipment gain: 3 W/m2, radiant
fraction 20%

30 W/m2, radiant
fraction 20%

Schedule:
8:00 a.m. to 1:00 p.m. and

6:00 p.m. to 9:00 p.m.,
7 days/week

8:00 a.m. to 1:00 p.m. and
6:00 p.m. to 9:00 p.m.,

7 days/week
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The dynamic simulation was performed by means of Design Builder Interface [37] operating
within Energy Plus environment [38]. The optical and energy characteristics such as solar reflectance,
absorbance and thermal emissivity, previously measured in the lab, were employed in the simulation.
Different simulations were carried out, with degradation, marble type and surface finish as variables,
(Table 5). In order to investigate effect of envelope material on internal temperature, we first simulated
a free floating regime. Then, to analyze the effect on energy demand, an HVAC system was considered
in order to assess the energy consumptions for cooling.

Table 5. Performed dynamic simulations.

Simulations 1

# Envelope Material # Envelope Material

Non Degraded Degraded

1 BCNP 1D BCNPD
2 BCP 2D BCPD
3 SNP 3D SNPD
4 SP 4D SPD

1 All performed twice, once with operating HVAC and once with non-operating HVAC.

3. Results

3.1. Spectrophotometer Analysis: Solar Reflectance Change Due to Degradation

The optical reflectance was measured in ultraviolet (UV, from 300 to 380 nm), visible (Vis,
from 380 to 780 nm) and near-infrared (NIR, from 780 to 2500 nm). The synthetic solar reflectance index
(SRI, from 300 to 2500 nm) was also evaluated accordingly to ASTM E 903-96 [31]. In the case of the S
marble (Figure 2), non-polished samples’ (S-NP) reflectance in the UV and Vis part of the spectrum
increased (6.03 and 7.24 percentage points) due to degradation. The NIR decreased by 9.67 while the
SRI reached 76.9%, an increase of approximately 7.21 due to degradation. On the contrary, in the case
of the smoother surface (S-P), UV and Vis reflectance decreased by 2.86 and 1.29 respectively, while
NIR increased by 18.24 and SRI decreased slightly, by less than one percentage point (Table 6).

Sustainability 2016, 8, 753  6 of 17 

The dynamic simulation was performed by means of Design Builder Interface [37] operating 
within Energy Plus environment [38]. The optical and energy characteristics such as solar 
reflectance, absorbance and thermal emissivity, previously measured in the lab, were employed in 
the simulation. Different simulations were carried out, with degradation, marble type and surface 
finish as variables, (Table 5). In order to investigate effect of envelope material on internal 
temperature, we first simulated a free floating regime. Then, to analyze the effect on energy demand, 
an HVAC system was considered in order to assess the energy consumptions for cooling. 

Table 5. Performed dynamic simulations. 

Simulations 1 

# Envelope material # Envelope material 
Non degraded Degraded 

1 BCNP 1D BCNPD 
2 BCP 2D BCPD 
3 SNP 3D SNPD 
4 SP 4D SPD 

1 All performed twice, once with operating HVAC and once with non-operating HVAC. 

3. Results  

3.1. Spectrophotometer Analysis: Solar Reflectance Change Due to Degradation 

The optical reflectance was measured in ultraviolet (UV, from 300 to 380 nm), visible (Vis, from 
380 to 780 nm) and near-infrared (NIR, from 780 to 2500 nm). The synthetic solar reflectance index 
(SRI, from 300 to 2500 nm) was also evaluated accordingly to ASTM E 903-96 [31]. In the case of the S 
marble (Figure 2), non-polished samples’ (S-NP) reflectance in the UV and Vis part of the spectrum 
increased (6.03 and 7.24 percentage points) due to degradation. The NIR decreased by 9.67 while the 
SRI reached 76.9%, an increase of approximately 7.21 due to degradation. On the contrary, in the 
case of the smoother surface (S-P), UV and Vis reflectance decreased by 2.86 and 1.29 respectively, 
while NIR increased by 18.24 and SRI decreased slightly, by less than one percentage point (Table 6). 

 
Figure 2. S samples reflectance spectrum (300 to 2500 nm wavelength). 

Table 6. S reflectance (%) measured values and differences between degraded and non-degraded 
samples. 

Statuario (S) 
0 Weeks 4 Weeks

∆R(NPD-NP) ∆R(PD-P) 
NP P NP P

UV (%) 56.31 73.73 62.34 70.87 6.03 −2.86 
VIS (%) 74.43 85.34 81.67 84.05 7.24 −1.29 
NIR (%) 64.75 54.4 55.08 72.64 −9.67 18.24 
SRI (%) 69.69 79.56 76.9 78.75 7.21 −0.81 

Figure 2. S samples reflectance spectrum (300 to 2500 nm wavelength).

Table 6. S reflectance (%) measured values and differences between degraded and non-degraded samples.

Statuario (S)
0 Weeks 4 Weeks

∆R(NPD-NP) ∆R(PD-P)
NP P NP P

UV (%) 56.31 73.73 62.34 70.87 6.03 ´2.86
VIS (%) 74.43 85.34 81.67 84.05 7.24 ´1.29
NIR (%) 64.75 54.4 55.08 72.64 ´9.67 18.24
SRI (%) 69.69 79.56 76.9 78.75 7.21 ´0.81
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In the case of the BC marble (Figure 3), the same trend was observed (Table 7). Although UV
and Vis in BC-NP increased their reflectance by, respectively, 7.42 and 8.52, for BC-P, the degradation
lowered both UV (´1.39) and Vis (´4.09). Distinct from the S marble, NIR in BC-NP had an increment
of 23.08, while BC-P’s NIR decreased by 16.31. SRI modification is similar to S, experiencing an increase
equal to 7.47 for BC-NP and a decrease of 2.40 with respect to BC-P.
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Table 7. BC reflectance measured values and differences between degraded and non-degraded samples.

Bianco Carrara (BC)
0 Weeks 4 Weeks

∆R(NPD-NP) ∆R(PD-P)
NP P NP P

UV (%) 47.37 62.04 54.79 60.65 7.42 ´1.39
VIS (%) 57.11 67.40 65.63 63.31 8.52 ´4.09
NIR (%) 47.55 70.96 70.63 54.65 23.08 ´16.31
SRI (%) 52.69 61.84 60.16 59.44 7.47 ´2.40

In the case of the polished surface samples, the degradation resulted in a moderate decrease in SRI
(´0.81 to ´2.40), while for non-polished samples it resulted in significant increase in the reflectance,
close to +7.5 both for S and BC marbles.

This can be interpreted as the polishing effect of degradation: in fact, Figures 2 and 3 show that
S-NP and BC-NP, when degraded, reach the reflectance levels of S-P and S-NP. Further studies on
micro-scale analyses would be necessary to verify and assess this observation.

The statistical significance of the difference between degraded and non-degraded samples is
determined for the polished and non-polished marbles (p = 0.06 for P, p = 0.03 for NP). The two marbles
were also compared. Results indicate that the effect of acid exposure on BC marble is greater than the S
marble. Focusing on single UV, Vis and NIR reflectance, the matched pairs test for UV and Vis resulted
significant, with p = 0.07 (93% confidence interval), while the results for NIR reflectance showed no
significant change.

The regression analysis demonstrated how SRI varied accordingly to the two IVs of marble type
and exposure conditions, while this influence is larger for the NP samples. More detail about the
regression equations is reported in Appendix A.

3.2. Spectrophotometer Analysis: Color and Lightness Change Due to Degradation

L*a*b* color scale is used for the color and lightness analysis as defined in the CIE 1976 [39]. This
color scale has the advantage of being independent of the device type and incorporates the entire
visible spectra. The L* coordinate represents lightness (on a scale from 0 as black, to 100 as white), while
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a* represent red (positive values) to green (negative values) and b* represents yellow (positive value)
to blue (negative value), and 0 represents a neutral tone, gray. This method was chosen to analyze the
surface color based on work by Urosevic et al. [40].

3.2.1. Lightness, L*, Variation

Studies on the lightness of marble samples were carried out in an earlier study using an HD
optical microscope [18]. In that study, the samples were subject to degradation for a shorter period,
with more aggressive pH level. The measured samples lightness was in the range of 62–63 (Table 8),
whereas the classification defines dark a color with L* < 50 and light one with L* > 50. Therefore, as it
is expected both BC and S are light in color when not degraded.

Table 8. Lightness L* mean values for BC and S samples.

Samples L* at 0 Weeks Exposure L* at 2–4 Weeks Exposure ∆L*(4 w–0 w)

2 w

4ph

BCNP 62.79 63.05 0.26
BCP 63.34 62.54 ´0.80
SNP 61.80 62.26 0.46
SP 62.85 65.65 2.80

3ph

BCNP 62.79 63.31 0.52
BCP 63.34 62.38 ´0.96
SNP 61.80 63.02 1.22
SP 62.85 61.46 ´1.39

4 w

4ph

BCNP 62.79 59.98 ´2.81
BCP 63.34 60.08 ´3.26
SNP 61.80 49.91 ´11.89
SP 62.85 58.55 ´4.30

3ph

BCNP 62.79 28.25 ´34.54
BCP 63.34 33.19 ´30.15
SNP 61.80 32.15 ´29.65
SP 62.85 43.82 ´19.03

The differences between two week degraded and non-degraded samples remained low
(+0.26 to ´1.39), however, a large difference in the L* values can be noted in the four-week test,
especially concerning the exposure to the highly acidic solution (pH 3). In this particular case, L*
reached values that were lower than 50, ranging from 28 to 43 and thus demonstrating that the
modification darkened the light surface.

The Wilcoxon matched pairs test performed on both marbles by comparing degraded (2 w and
4 w) and non-degraded (0 w) values, confirmed the significance of the above-described difference with
a p = 0.01. In particular, while considering just the two-week exposure the difference did not appear
significant; however the four-week exposure significantly altered the lightness change with a p = 0.01.

Taking into consideration marble types, BC (Figure 4) appeared to be more impacted by the
exposure to low pH levels (Figure 5), thereby affirming previous findings [18]. The change of L* for BC
samples’ was significant when degraded (p = 0.04). S marble was less influenced when exposed to the
acidic solution, but the 4 w exposure had a significant impact on the L* change (p = 0.07).

The regression analysis demonstrated how samples’ lightness was significantly affected by the
exposure time IV (p = 0.05), while pH level and marble type were verified as not significant (p = 0.50
and p = 1.0, respectively; please refer to Appendix B for the equations).



Sustainability 2016, 8, 753 9 of 18
Sustainability 2016, 8, 753  9 of 17 

 

Figure 4. S marble lightness (L*) change with degradation progress. 

 

Figure 5. BC marble lightness (L*) change with degradation progress. 

3.2.2. Red to Green (a*) and Yellow to Blue (b*) Variations  

Exposure to the acidic environment resulted in significant change in lightness in a* (red to green 
color coordinate). BC exposed samples showed significant changes to a* when degraded for two 
weeks (p = 0.07). While S marble was impacted by nearly the same level after four weeks (p = 0.07). 
Moreover, while BC became greener, S slightly became more red (Table 9). 

With respect to b*, which represents the yellow to blue coordinate in the L*a*b* color space, 
only BC samples exposed for two weeks were significantly impacted, with a significance of p = 0.07, 
varying towards the blue (Table 9). 

Table 9. Color a* and b* mean values for BC and S samples. 

Samples a* at 0 w a* at 2/4 w ∆a*(2/4 w–0 w) b* at 0 w b* at 2/4 w ∆b*(2/4 w–0 w)

2 w 

4ph 

BCNP 1.01 2.61 1.60 4.49 13.31 2.90 
BCP 1.23 2.94 1.71 3.77 9.54 2.06 
SNP 1.37 2.57 1.21 2.43 1.70 1.22 
SP −1.68 −8.07 −6.39 −0.09 −19.38 6.30 

3ph 

BCNP 1.01 1.70 0.69 4.49 24.67 3.81 
BCP 1.23 5.30 4.07 3.77 14.01 −0.30 
SNP 1.37 2.15 0.78 2.43 3.15 1.65 
SP −1.68 6.83 8.52 −0.09 17.53 −8.61 

Figure 4. S marble lightness (L*) change with degradation progress.

Sustainability 2016, 8, 753  9 of 17 

 

Figure 4. S marble lightness (L*) change with degradation progress. 

 

Figure 5. BC marble lightness (L*) change with degradation progress. 

3.2.2. Red to Green (a*) and Yellow to Blue (b*) Variations  

Exposure to the acidic environment resulted in significant change in lightness in a* (red to green 
color coordinate). BC exposed samples showed significant changes to a* when degraded for two 
weeks (p = 0.07). While S marble was impacted by nearly the same level after four weeks (p = 0.07). 
Moreover, while BC became greener, S slightly became more red (Table 9). 

With respect to b*, which represents the yellow to blue coordinate in the L*a*b* color space, 
only BC samples exposed for two weeks were significantly impacted, with a significance of p = 0.07, 
varying towards the blue (Table 9). 

Table 9. Color a* and b* mean values for BC and S samples. 

Samples a* at 0 w a* at 2/4 w ∆a*(2/4 w–0 w) b* at 0 w b* at 2/4 w ∆b*(2/4 w–0 w)

2 w 

4ph 

BCNP 1.01 2.61 1.60 4.49 13.31 2.90 
BCP 1.23 2.94 1.71 3.77 9.54 2.06 
SNP 1.37 2.57 1.21 2.43 1.70 1.22 
SP −1.68 −8.07 −6.39 −0.09 −19.38 6.30 

3ph 

BCNP 1.01 1.70 0.69 4.49 24.67 3.81 
BCP 1.23 5.30 4.07 3.77 14.01 −0.30 
SNP 1.37 2.15 0.78 2.43 3.15 1.65 
SP −1.68 6.83 8.52 −0.09 17.53 −8.61 

Figure 5. BC marble lightness (L*) change with degradation progress.

3.2.2. Red to Green (a*) and Yellow to Blue (b*) Variations

Exposure to the acidic environment resulted in significant change in lightness in a* (red to green
color coordinate). BC exposed samples showed significant changes to a* when degraded for two weeks
(p = 0.07). While S marble was impacted by nearly the same level after four weeks (p = 0.07). Moreover,
while BC became greener, S slightly became more red (Table 9).

Table 9. Color a* and b* mean values for BC and S samples.

Samples a* at 0 w a* at 2/4 w ∆a*(2/4 w–0 w) b* at 0 w b* at 2/4 w ∆b*(2/4 w–0 w)

2 w

4ph

BCNP 1.01 2.61 1.60 4.49 13.31 2.90
BCP 1.23 2.94 1.71 3.77 9.54 2.06
SNP 1.37 2.57 1.21 2.43 1.70 1.22
SP ´1.68 ´8.07 ´6.39 ´0.09 ´19.38 6.30

3ph

BCNP 1.01 1.70 0.69 4.49 24.67 3.81
BCP 1.23 5.30 4.07 3.77 14.01 ´0.30
SNP 1.37 2.15 0.78 2.43 3.15 1.65
SP ´1.68 6.83 8.52 ´0.09 17.53 ´8.61

4 w

4ph

BCNP 1.01 ´17.87 ´18.88 4.49 ´34.65 23.38
BCP 1.23 4.25 3.02 3.77 12.73 0.75
SNP 1.37 ´5.11 ´6.48 2.43 ´10.31 8.90
SP ´1.68 ´2.27 ´0.59 ´0.09 2.60 0.50

3ph

BCNP 1.01 16.81 15.80 4.49 107.94 ´11.31
BCP 1.23 ´3.59 ´4.83 3.77 ´5.33 8.59
SNP 1.37 0.33 ´1.04 2.43 ´3.36 3.47
SP ´1.68 ´6.37 ´4.69 ´0.09 ´6.03 4.60
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With respect to b*, which represents the yellow to blue coordinate in the L*a*b* color space, only
BC samples exposed for two weeks were significantly impacted, with a significance of p = 0.07, varying
towards the blue (Table 9).

Linear regression analysis suggested differences for a* but not for b*. This was particularly true
for changes in exposure time and pH level, but not the marble type. Therefore, results demonstrated
how BC is affected in color by the degradation, tending to turn to cooler colors (green and blue). On the
contrary S, which was less impacted by degradation, displayed a slight tendency toward warmer
colors (towards red).

3.3. Energy and Architectural Implications

Optical characteristics can alter the energy performance of materials and construction elements
as well as their use in buildings. Characteristics of envelope materials change due to the interaction
with the environment. Therefore, the energy performance varies as time passes, leading to imprecise
assessment and previsions. In previous work [10], the impact of marble reflectance on the energy
consumption of a case study building was shown to lower the energy demand for cooling by 18% when
compared to common concrete tiles. That analysis was carried out using new construction elements,
not those exposed to the external environment. Degradation due to exposure to acidic environment
can be an important consideration, particularly for buildings in industrialized urban areas suffering of
high levels of pollution.

By considering the findings of the above work, a 43% increase in reflectance of marble was
found, compared to cement-based material, resulting in the 18% decrease in energy consumption for
cooling. Therefore, the degradation could affect energy performance by modifying energy consumption
depending on marble type and surface finish. The assessed modifications in SRI due to degradation
and surface smoothness were equal to 7.2 and 7.5, respectively, for SNP and BCNP, while they were
negative for SP (0.8) and BCP (2.4).

Operation temperatures are assessed by considering free-running conditions in the building,
to evaluate the differences brought by degradation during a typical summer day (31 July). Results
show different behaviors for BC and S marbles (Figure 6). Temperature, in the case of BC envelope,
change with degradation, only for rough surface samples, by approximately ´0.5 ˝C increase in SRI.
Such performance is equal to the polished samples, both degraded and non-degraded (Figure 7).
For the S marble, significant difference in operation temperatures were was caused by varying surface
finish: smoother samples (both degraded and not) are able to decrease temperatures by almost 0.5 ˝C
(Figure 7).
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In order to investigate the implications that degradation has on energy consumption, operation
of HVAC is considered in the second set of dynamic simulations. Results for energy consumptions
confirm the trend found for temperatures: the degradation performed in lab affects BCNP performance,
by reducing building’s energy demand for cooling by 4.3%. BCNP degraded performance is equal to
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smoother sample. In the case of the smoother surface, degradation does not affect energy performance
(Figure 7). For S marble, surface finish does have an effect, as the smoother surface is able to
decrease energy consumption by 5% (Figure 7). More in depth analysis on the behavior brought
by surface finishing at the microstructural scale level, would be useful for better understanding of
these phenomena.

While the above features are benefitial during the hot season, the increased reflectance is not
beneficial during the cold season where the energy required to reach thermal comfort conditions
is larger. The assessment of the energy need for heating during the cold season shows that winter
penalties are lower than corresponding summer benefits (Table 10). This is also confirmed by the
Total Site Energy requirement for the case study building, which decreases when reflectance increases
(Table 10). The corresponding penalty for heating energy consumptions due to increase in reflectance
are approximately +4000 to 5000 kWh, approximately 25% to 50% smaller than the decrease in cooling
energy need. These findings are in line with previous work [10]. The lower solar radiation intensity
during winter compared to hot season is also considerable.

Table 10. Case study building’s consumptions: total site energy, energy for cooling and heating.

Envelope Material Reflectance
(%)

Total Site
Energy
(kWh)

∆ (BCNP-
BCNPD)/
(SNP-SP)

Energy for
Cooling
(kWh)

∆ (BCNP-
BCNPD)/
(SNP-SP)

Energy for
Heating
(kWh)

∆ (BCNP-
BCNPD)/
(SNP-SP)

BCNP 52.7 513,920.34 - 158,209 - 216,562 -
BCNPD = BCP = BCPD 60.2/61.8/59.4 512,249.44 ´1670.9 151,668 ´6540.9 221,432 4870

SNP = SNPD 69.7 511,523.01 ´726.43 148,093 ´3575.73 224,282 2849.3
SP 79.6 510,355.34 ´1167.67 141,117 ´6975.31 230,089 5807.64

SPD 78.75 510,457.22 101.88 141,812 694.28 229,497 ´592.4

The following conclusions can be made: (i) energy consumption decreases when non-polished
samples are degraded; and (ii) energy consumption decreases when surface finish is smooth.

To quantify color change, ∆E [39,41] (12) was used taking into account different values are
reported in the literature to indicate the threshold of perceivable differences [40,42,43]. Considering
the largest threshold (∆E > 5), the measured ∆E appears as perceivable by human eye in almost all
cases, ranging from 1.5 for SP (minimal color difference) to above 30.0 (perceived as two different
colors). BCNP was again the most affected. It also experienced the largest modification with respect to
other optical characteristics (i.e., reflectance) (Figures 8 and 9).

∆E “
a

∆L2 ` ∆a2 ` ∆b2
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Therefore, the interaction with the aggressive acid environment, i.e., weathering, was verified by
means of laboratory experiments demonstrating how marble samples’ degradation has implications
both on buildings’ energy performance and on aesthetics.

4. Conclusions and Future Developments

The effect of weathering of marble by accelerated exposure to acidic environment was evaluated.
This was done by assessing the materials optical properties including solar reflectance, lightness;
and, color change. Additionally, the impact of such changes on a building’s energy performance and
was investigated.

Changes to the reflectance of both Statuario marble and Bianco Carrara marble were assessed
and the evaluation of the factors influencing these modifications were quantified in a linear regression
model. The reflectance of both marbles was affected when exposed to the acidic environment.
Bianco Carrara was more sensitive to the degradation than Statuario, while the latter exhibited
higher reflectance. Polished and non-polished samples were compared. After the exposure, the Solar
Reflectance Index increased with exposure to acids in non polished samples, while the index decreased
on polished samples. The polished materials had higher reflectance when undegraded, consequently
cooler. However after the degradation, the reflectance of polished and non-polished samples where
comparable. Reflectance was a key element given its cooling effect. The focus of this work paper is to
assess the effect of degradation on energy demand modification in buildings with marble envelopes.

How changes to the solar reflection index affects energy demand is evaluated by means of the
building dynamic simulation, incorporating experimentally assessed optical properties of the i marbles.
Simulations were carried out in order to compare the behavior of each marble versus exposure level
and surface finish: Results show that degradation results in an increase in reflectance leading to a
consequent improvement of the building energy performance for Bianco Carrara non-polished marbles.
When used as building envelope this allows energy demand reduction of more than 4% for cooling.
For the polished samples, the decrease in reflectance, which is smaller, has insignificant effect on
energy consumption: For the Statuario marble, while the degradation behavior was the same, energy
consumption is not affected by degradation in this kind of marble, meanwhile smoother surface
finish-induced increase in reflectance results in reduction of energy demand for cooling up to 5%.

Color analysis gave an idea of aesthetic modifications of the marble envelopes, with respect to
both lightness and color perception. The greater impact of degradation on Bianco Carrara marbles
is verified for lightness. Color analysis demonstrated the importance of exposure time, marble type;
exposure conditions. pH in modifying a* coordinate (red to green). ∆E difference in colors was
quantified as perceivable in almost every case, leading to the perception of two different colored
samples for the degraded and the non-degraded samples. While degraded samples turned darker,
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Bianco Carrara tended to cooler tones (i.e., greener and bluer), while Statuario marble varied slightly
towards warmer red tones.

The assessment confirmed the results of previous work by authors [18], where Bianco Carrara
was more sensitive to the aggressive solutions with low pH, compared to Statuario marble. However,
degradation increased the cooling potential of non-polished Bianco Carrara Marble. Therefore,
for the investigated time span, this led to slightly improved energy performance (´4.3% energy
demand for cooling). This improvement was equal to the effect of polishing process in increasing
reflectance, which permitted the same energy reduction for non polished degraded samples and
polished samples. Polished samples also demonstrated the advantage of being less sensitive to
degradation: the degradation process did not significantly impact their aesthetics performance. With
respect to temperatures, the increased solar reflectance capability in degraded samples resulted in
decrease of indoor operation temperatures by 0.5 ˝C, as well as the contribution of the surface polishing.

This research provided preliminary conclusion that degradation of marble construction elements
by means of exposure to simulated acid rains leads to modified energy performance and aesthetics,
i.e., change in color perception (∆E > 5), and consequent change in energy performance (´4% up to
´5% reduction of cooling energy due to the degradation). This was similar to the result obtained by
the polishing process. The indoor operation temperatures were up to 0.5 ˝C lower in non-polished
marble after degradation and in the polished marble without degradation.
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Appendix A

Linear regression equations were found to describe and quantify the relation between the IVs and
the DVs, where x is marble type (=0 for BC and =1 for S) and y is exposure to the acid environment
(=0 when non-exposed and =1 when exposed). Equation (A1) describes the general trend of SRI among
all the S and BC samples, both P and NP:

SRI “ 57.8` 11.7x` 6.7y` 1.9z (A1)

Fischer test p for the model = 0.01; px < 0.01; py = 0.06; pz = 0.51 (not significant).
Therefore, SRI, starting from a 57.8 value, increases by +11.7 when the selected marble is S

and +6.7 as degradation proceeds (in this case, for four weeks at 4 pH). Finally, the observed change
due to surface finish, polished (y = 1) or not polished (y = 0), is +1.9 when the surface is polished;
however, the last term is not significant, with a p = 0.51.

Equation (A2) assessed more in particular the behavior of non-polished samples, whereas no
significant relation was found for polished samples SRI change due to degradation.

SRI, np “ 57.8` 16.4x` 2.0y (A2)

plinear model < 0.01; px < 0.01; py = 0.13 (not significant, but further analyses are needed).
The modification on SRI, starting again from a value of 57.8, for non-polished samples is due to

marble type: S has +16.4 higher SRI, while exposure to acid environment implied an increase of +2.0 in
SRI, which is slightly significant.



Sustainability 2016, 8, 753 15 of 18

In addition, UV and Vis modifications can be related to linear equations:

UV “ 52.2` 9.4z` 6.4x` 2.78y (A3)

plinear model < 0.01; px < 0.01; py = 0.17 (not significant but further analyses are needed); pz < 0.01.

Vis “ 63.1` 11.7x` 6.2y` 2.1z (A4)

plinear model < 0.01; px = 0.02; py = 0.09; pz = 0.49 (not significant).

Vis, np “ 63.18` 15.8x` 2.1y (A5)

plinear model < 0.01; px < 0.01; py = 0.15 (not significant but further analyses are needed).
For UV (Equation (A3)), analysis showed that while exposure is not significant in defining the

modification in UV reflectance, both surface finish and marble type implied an increase in this portion
of the spectrum, respectively, of +9.4 when the surface is polished and of 6.4 when the chosen marble
is S.

Exposure is instead significant in defining Vis modifications Equation (A4): in addition to marble
type (+11.7 when S), the degradation caused a +6.2 increment in Vis. Similarly, for Vis reflectance
in non-polished samples (Equation (A5)), S provided a +15.8 while exposure resulted in an increase
of 2.1, which was slightly significant. Polished samples did not show any linear relation, which was
significant in assessing UV, Vis and SRI, while for NIR it was not possible to find a relation for P and
NP samples.

Considering now the marbles individually, SRI and Vis modifications for S marble can be described
with linear regressions.

SRI{Vis, S, np “ 75.9` 3.3y (A6)

plinear model = 0.06; py = 0.06.
SRI{Vis, S, np “ 82.1` 1.3y (A7)

plinear model = 0.4; py = 0.4 (not significant).
While for S-NP samples the exposure brought significantly higher SRI and Vis (Equation (A6))

values, the degradation for P samples was not significant (Equation (A7)).

SRI{Vis, BC, p “ 50.3` 15.3y (A8)

plinear model < 0.01; py < 0.01.
SRI{Vis, BC, p “ 61.7´ 2.0y (A9)

plinear model < 0.01; py = 0.02.
BC analysis showed the same trend than for S, but the significance and the modifications were

larger than for S marble (Equations (A8) and (A9)).

Appendix B

The linear regression for lightness (L*) results gave the following Equation (B1):

L˚ “ 68.7` 0.26x´ 8.0y´ 2.6w (B1)

plinear model = 0.03; px = 1.00 (not significant); py = 0.05; pw = 0.50 (not significant). Where x represents
marble type (=0 is BC, =1 is S), not significantly affecting L*, while y is exposure time (significant) and
w is pH level (=0 when non-exposed, =1 when pH is 4, and =2 when pH is 3, the most acidic), not
statistically significant in affecting L*.
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The linear regression equation considering color coordinates a* and b* could be found slightly
significant, just for a*, explaining the changes due to the considered IVs:

a˚ “ 1.19´ 2.5x´ 4.5y` 4.7w (B2)

plinear model = 0.23 (not significant, but further investigation needed); px = 0.40 (not significant);
py = 0.09; pw = 0.08.

In Equation (B2), x again represents marble type (not significant for a*); y is exposure time
(0 = non-exposed, 1 = 2 w, and 2 = 4 w), found significant with a p = 0.09; and w indicates pH level of
the acid solution employed to degrade the samples, and this IV was found significant with a p = 0.08.
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