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Abstract. Future climate scenarios lead to changes in the boundary conditions impacting the
service life of building envelopes. This may increase or decrease the risk of degradation caused
by e.g., freezing and thawing on brick facades. In this study, the risk of degradation based on
individual years is compared for different moisture reference year (MRY) selection methods.
Furthermore, two new MRY indices, based on the Frost Decay Exposure Index (FDEI), are
proposed to assess future climate scenarios. A brick facade in Gothenburg, Sweden, is used as
a case study to investigate the microclimate caused by fagade orientation and solar radiation on
three different parts of the fagade. The risk of damage is compared for climate scenarios A1B
and A2 from 1961 to 2100. The microclimate of the fagade is modelled to obtain boundary
conditions for each part instead of using MRYs as uniform boundary conditions for the whole
building. The study demonstrates a 67% difference in risk of degradation between the different
parts of the facade. Furthermore, the risk of freeze-thaw degradation reduces in the future.
Finally, it is indicated that the basic FDEI index is better at evaluating the severity of exposure
compared to its derivatives.

1. Introduction

As an integral part of the building design process, the moisture-safe design aims to ensure that
building constructions are resistant to moisture damage and durable in the long term [1]. In the context
of designing building envelopes in Nordic countries, one of the main threats to durability is freezing
and thawing degradation. To mitigate this risk, the moisture-safe design relies on well-proven
solutions or hygrothermal modelling using performance indicators to estimate, e.g., the risk of freeze-
thaw degradation. However, the risk may change in the future due to climate change, which can either
increase or decrease the risk depending on the location [2]. Such information may provide valuable
insight for building owners, managers and designers.

According to the standard EN 15026:2007 [3], an accurate estimation of hygrothermal risks
requires hourly climate data at least 10 years long. Alternatively, a reference year, which represents a
year with the most severe conditions, can be used to reduce computational time. Most methods for a
moisture reference year (MRY) selection were designed to estimate the severity of years concerning
mould growth or interstitial condensation. As Vandemeulebroucke [4] highlights, only a handful of
methods are suitable for freeze-thaw degradation. As shown in the study, the methods like Freeze-
Thaw Cycles based on air temperature (FTC,) [5], Wind-driven Rain from the critical orientation
(WDRu:it) [6], or Frost Decay Exposure Index (FDEI) [7] already provide reasonable accuracy.

Regardless of the method, the reference year or long series of climate data is usually selected and
applied on a whole building envelope uniformly. This means that one set of boundary conditions is
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used on all parts of the facades, not considering the local microclimate conditions like overshadowing.
However, this may lead to both over- and underestimation of the risk on certain parts of the facade [8].
Therefore, a methodology reflecting the fagade’s microclimate and evaluating the facade risk of
degradation part by part could yield better predictions. Similarly, the MRY selection methods for
assessing the severity of freezing and thawing degradation could be developed further to include the
facade orientation, its surroundings, and shading from solar radiation by surrounding buildings.

The aim of this study is threefold; 1) to develop the MRY selection methods for freeze-thaw
damage, 2) to determine the changes in the severity of freeze-thaw exposure in Gothenburg, Sweden,
after 2050, and 3) to quantify the differences in the risk of freeze-thaw degradation on different parts
of a facade. The study uses reference years as a base for microclimate modelling of the boundary
conditions of the fagade for hygrothermal modelling. The microclimate is modelled by the Ladybug
toolbox in the Rhino environment [9] and the hygrothermal modelling of the fagade is developed as a
one-dimensional model in the software WUFI 2D-3 [10]. The case study building has unevenly
distributed surface degradation (spalling). The risk of freeze-thaw degradation 20 mm into the brick is
investigated on three different parts of the fagade. These are areas with high, average, and low
incidence solar radiation.

2. Methodology

The first part of the study focuses on improving the Frost Decay Exposure Index (FDEI) by taking
site-specific conditions for solar radiation and wind-driven rain into account. Furthermore, the
reference year selection is investigated using the performance index for freezing and thawing damage.
The second part of the study utilizes the full fagade hygrothermal modelling taken from [8], for a case
study building in Gothenburg, Sweden. This is used to investigate the performance evaluation of the
FDEI index and its derivatives. Furthermore, the procedure is used to address the question of whether
differences in freeze-thaw risk of degradation may occur in different parts of the fagade.

2.1. FDEI index — adding facade orientation and surroundings

The FDEI index is based on the summation of rainfall intensity that occurs before every transition of
the air temperature below 0°C. The summation is performed three times for the periods 48, 72 and 96
hours prior to the transition and averaged together to produce the index. This procedure is taken as a
base for creating two modified versions.

The first modification to the index is done by recalculating the rain intensity by the ISO standard
[6]. The orientation of the fagade, the direction of the wind and its intensity during a rain event, as well
as the specifics of the building’s surroundings, such as topography, are considered. The equation for
the wind-driven rain is:

RWDR=%*CR*CT*O*W*COSH*UlO*Rg'SS )

where C. (-) and C; (-) are the roughness and topography coefficients, O (-) and W (-) are the
obstruction and the wall factor, U;y (m/s) is the wind speed at 10 m above the ground, &(-) is the angle
of the wind normal to the fagade and R, (mm) is the horizontal rain intensity. The rest of the procedure
for FDEI index calculation remains the same as for the original FDEI index. This new version of the
index is further called the FDEIq index.

2.2. FDEI index — adding solar radiation

The second index introduced in this paper is created by calculating a weighted average of the FDEIwq
index and solar radiation, using the average solar radiation values for the corresponding winter period
(SRimer). Based on the previous findings [8], [11], wind-driven rain has a significantly higher impact
on the final risk of freeze-thaw degradation compared to solar radiation. Therefore, the weights
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wwpr = 0.8 for wind-driven rain and wyow = 0.2 for solar radiation are given. The FDElygr+solar index is
defined by

FDEIywpr*Wwpr+(1—SRwinter*Wsolar) (2)

EDElyprsolar = Ww DR+ Weotar

The min-max normalization approach, as defined in Eq. 3, is utilized on FDEI,.q- and SRyiner prior
to the calculation. This is to ensure the scalability between the two variables. Eq. 3 illustrates the
calculation of z, which is a normalized value of x. Furthermore, min and max are the observed
minimum and maximum values within the dataset.

x—min(x)

7 =——mo_ 3)

max(x)—-min(x)

2.3. Evaluation using full-facade modelling
The aim is to evaluate the FDEI indices and the risk of freeze-thaw degradation on different parts of a
fagade, using the full fagade modelling as proposed in [§].

The full fagade hygrothermal modelling is performed in two parts. First, microclimate modelling is
used to determine boundary conditions over a facade surface. This includes estimations of solar
radiation and long-wave counter radiation for various parts of the facade, considering surrounding
buildings. This is done using the Ladybug toolbox in the Rhino environment. The methodology allows
the wind-driven rain and wind speeds across the fagade to be defined either semi-empirically or
numerically, using Computational Fluid Dynamics (CFD) simulations. In the second part, a one-
dimensional WUFI model is developed for each computational cell and the risk of freeze-thaw
degradation is estimated by the means of Freeze-Thaw Degradation Risk (FTDR) index [12]. The
points in which the risks are evaluated may be chosen freely based on the evaluation needs.

The effectiveness of the FDEI indices is evaluated by the FTDR index. Two reference years based
on the FTDRwprisolar index for the period before and after 2050 are selected. A ratio based on
differences in the FTDR index between the given years is calculated. This is subsequently compared to
ratios estimated based on FDEI indices to determine the best MRY selection method. The year 2050
was selected as a dividing point for the study to contrast the severity of years from both halves of the
21% century.

Figure 1. The object of the case Figure 2. The facade’s closest srroundings

study, the facade of a 60-year-old
residential building in Gothenburg,
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3. Case study

The methodology is applied on a facade of a 60-year-old residential building located in Gothenburg,
Sweden. The facade, which has never been renovated, already shows signs of freeze-thaw degradation
unevenly distributed along the facade surface. This indicates that the service life is exceeded on some
parts of the building facade, see Figure 1.

Figure 2 shows the closest surroundings of the building. The investigated fagade is facing south and
is inclined 6 degrees to the west. The surrounding buildings are of the same height as the building of
interest, shielding the facade from nearly all sides, with the closest building located 14.5 m in front of
the facade. The exception is a free space which opens towards the southwest.

3.1. Input variables and model pre-requisites

The microclimate modelling is performed for 104 computational cells distributed over the facade
surface. Two validated climate scenarios (A1B and A2) projecting hourly weather data for
Gothenburg, Sweden, from 1961 to 2100 are used as input data for the analysis. Projected climate data
are preferred over measured ones due to its completeness.

A modified version of an accurate 3D model of the building and its surroundings [13] is utilized in
Rhino-Ladybug to obtain incident solar and long-wave radiation at the centre of each cell. Roofs
including overhangs were manually added in accordance with the technical documentation of the
buildings. The meshing process of the fagade was conducted automatically in Rhino, assuming a cell
to be approximately 1 m?.

For the analysis, three computational cells are selected based on the preliminary estimation of solar
radiation over the fagade and over the course of all years. The cells represent areas on the fagade with
the highest (Cell A), average (Cell B) and the lowest (Cell C) incidence of solar radiation. Figure 3
depicts the exact position of the selected cells.

In this study, the wind-driven rain coefficients are calculated using the semi-empirical method from
Straube and Burnett (SB) [14]. This method does not take the surroundings into account.
Computational Fluid Dynamics (CFD) simulations can be used as well to obtain more exact wind-
driven rain coefficients, reflecting the complexity of the surroundings. However, CFD simulation is
not within the scope of this study. Therefore, the SB method is utilized instead. Figure 4 shows the
definition of the Rain Admittance Factor (RAF) which is used within the SB method to differentiate
wind-driven rain across a facade. RAF values for Cell A and Cell C are assumed equal (RAF = 1.0) to
capture the effects of other input variables than wind-driven rain. Cell B has the RAF = 0.3.
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Figure 3. Solar radiation over the Figure 4. Rain Admittance Factor

facade averaged over the years 1961 (RAF) for the facade. Blue contour

-2100 RAF =0.9, green contour RAF =
0.5.

The boundary conditions for each cell obtained in the microclimate modelling are then used in the
one-dimensional model in WUFI 2D-3. According to the technical documentation, the building
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envelope consists of two layers. The inner layer is aerated concrete, and the outer layer is aerated
bricks with a thickness of 200 mm and 108 mm, respectively. As the exact material parameters are not
known, generic data from the WUFI material database is used. “Aerated concrete (600 kg/m?) - old
style” and “Aerated clay brick (675 kg/m®)” materials are selected for the analysis. Additionally,
material parameters for the bricklayer which are required for the FTDR assessment are taken from
Zhou [12]. Solar absorptivity of 0.36 (-) for cream/glazed brick was chosen. The adhering fraction of
rain was assumed to be 0.7. The indoor environment was modelled based on EN 15026 [3].
As mentioned above, the FTDR index is evaluated 2 cm below the outer surface, see Figure 5.

H 20mm
_ N 777, ) ) Figure 5. Sketch of the examined
Outside (e ////////// Inside building envelope. The red dot
A ILAS NP4 . .
represents an evaluation point for the
| 108mm I 200mm | FTDR index

4. Results and discussion

The focus of this study is to assess the severity of freeze-thaw exposure of a brick facade and the
difference before and after 2050. Furthermore, the severity of the MRYSs is evaluated by hygrothermal
modelling. The difference is also quantified for the different parts of the facade by simulating the
degradation with boundary conditions based on the microclimate.

Figure 6 shows the results of the FDEI index and its two derivatives for the period between 1961
and 2100 and climate scenarios A1B and A2. Note that the results are normalized based on Eq. 3, i.e.,
to the maximum and minimum index values. The results show a decreasing freeze-thaw exposure in
future climate scenarios across all indices. However, scenario A2 gives a steeper decline compared to
the A1B scenario. Despite the similarities in the trend between the two indices, the more
comprehensive indices mostly tend to estimate the severity of individual years differently as opposed
to the basic FDEI index. Predominantly, this is due to the influence of the facade orientation and thus
wind-driven rain as graphs for FDEIwpr and FDEIwpr+sotar indices display only minor differences (see
A.2 and A.3, B.2 and B.3).
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Figure 6. Fitted scatter plots of freeze-thaw exposure severity in Gothenburg, Sweden, for climate
scenarios AIB (on the left) and A2 (on the right) throughout the years 1960 and 2100.
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Table 1 shows the resulting reference years for all examined indices, for years before and after
2050, and for scenarios A1B and A2, respectively. In general, reference years in all cases and for the
whole examined period are always before the year 2050. Compared to that, reference years for the
period after 2050 are lower by 29 to 34%.

Table 1. MRY for two modified and unmodified FDEI indices and for the period before and after
2050, climate scenarios AIB and A2.

Prior 2050 After 2050
‘ Scen. A1B Scen. A2 Scen. A1B Value norm. Scen. A2 Value norm.
FDEI 1990 1967 2051 0.6 2074 0.74
FDEIypr 2006 1969 2051 0.71 2053 0.66
FDEIwpr+sotar 2006 1969 2054 0.66 2053 0.66

For the hygrothermal analysis and the indices evaluation, reference years as defined by
FDEIwbr+solar are chosen - 2006 and 2054 for scenario A1B, and 1969 and 2053 for scenario A2. The
reference years are applied on three different cells, each representing a different part of the facade as
defined earlier (see Figure 3). In total twelve hygrothermal models are investigated. Two key points
apply to the further investigation: 1) hygrothermal performance is assessed 2 cm below the outer
surface (Figure 5), and 2) the results presented represent a quasi-steady state. The latter means that the
reference year was used as a boundary condition for three consecutive years only the last year was
selected for investigation. Figure 7 shows an example of such results.
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Figure 7. Results of hygrothermal modelling 2 cm below the outside surface for Cell B
and MRYs (i.e., 2006 and 2054) within the climate scenario A12. Results show only the
winter period from December to the end of March.

As Figure 7 shows, the winter period temperature 2 cm below the outside surface is lower in the
year 2006 compared to 2054. Consequently, the relative humidity is higher in 2006 than in 2054. Both
influencing parameters thus suggest the former year to be more critical. Indeed, this is further
confirmed by the FTDR index evaluation in both climate scenarios and each cell. As Table 2 and
Table 3 for climate scenarios A1B and A2 respectively show, the risk of degradation (FTDR index)
drops between the examined years (i.e., from 21.26% to 44.28%).
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Table 2. Results of FTDR and FDEI indices for the selected computational cells and selected
reference years under the climate scenario AIB

FTDR
Cell A Cell B Cell C FDElwbRr+solar FDEI FDEIwor
Year 2006 16.74 7.38 16.91 1.00 0.73 1.00
Year 2054 13.17 5.77 11.47 0.66 0.57 0.40
Difference 21.26% 21.80% 32.17% 34.00% 21.92% 60.00%

Table 3. Results of FTDR and FDEI indices for the selected computational cells and selected
reference years under the climate scenario A2

FTDR
Cell A Cell B CellC FDElwpr+solar FDEI FDEIwor
Year 1969 14.66 4.02 14.30 1.00 0.92 1.00
Year 2053 9.18 2.24 9.60 0.66 0.57 0.66
Difference 37.38% 44.28% 32.87% 34.00% 38.04% 34.00%

Further scrutiny of the FTDR index shows a considerably lower risk of degradation in the
cell B compared to the other cells (i.e., 64% drop on average). This is due to the
microclimate-based estimation of wind-driven rain, which is the lowest out of the three cells.

Small differences were also observed between cells A and C. Even though they are equally
defined in terms of RAF coefficient (RAF = 1.0 in both), the wind-driven rain in each cell is different
due to wind speed being defined differently for different heights. Furthermore, this also influences the
convective heat transfer coefficients of the cells. Additionally, solar radiation and long-wave radiation
are defined differently. As a result, the discrepancies in the FTDR indices are caused by the
combination of these factors. The impact of these variables on the result is unknown at this point.

Interestingly, the differences between FTDR indices for the investigated years do not exhibit the
same trend. The risk of degradation for the year 2006 is higher in cell C than in cell A as shown in
Table 2. However, the opposite is found for the year 2054. Similar results were also found for climate
scenario A2 in Table 3. These findings thus emphasize the complexity of the problem and the need for
further research to better understand the dynamics of freeze-thaw degradation over building facades.
This was also found in the case study fagcade where the degree of degradation varies over the facade.

To determine its effectiveness for MRY selection, the FDEI indices were compared to the FTDR
indices by checking whether the ratio between the examined years is similar in both indices. As seen
in Table 2, the FDEI indices overestimated their predictions compared to the FTDR index for scenario
A1B. The average difference of the FTDR index is 25.08% while the FDEIwpr+solar differed by 34%
(8.92% deviation) and the FDEIwpr index estimates the difference to be 60% (34.92% deviation). The
basic FDEI index was closer to the FTDR with a 21.92% difference (-3.16% deviation). However, for
scenario A2, the more comprehensive FDEI indices underestimated their predictions compared to the
basic FDEI index, see Table 3. Both indices estimated the difference to be 34% which is below the
average FTDR difference (38.17%) by 4.17%. The basic FDEI index differed by 38.04% deviating
only by 0.13%.

5. Conclusion
This study aimed to investigate the severity of freeze-thaw degradation in brick buildings in
Gothenburg, Sweden, in the future compared to the present. The differences in degradation risks over
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the fagade surface were also investigated. This was done by hygrothermal modelling of a fagcade using
reference years as a base for microclimate modelling.

The first finding of this study was that the FDEI index is more accurate than its derivatives
(FDEIwpr and FDEIwpr+solar index). This was shown by proportionally comparing results for the FDEI
indices with the risk of freeze-thaw degradation quantified by the FTDR index for different MRY.
Furthermore, the risk of freeze-thaw degradation in Gothenburg, Sweden is decreasing for the location
of the fagade after 2050. Finally, there is a difference in the risk of freeze-thaw degradation by 64% on
average between the compared parts on the fagade. The main contribution to this difference is the
definition of the wind-driven rain coefficient. Consequently, the differences caused by the examined
MRYs do not show the same difference. This is due to the higher solar radiation not always resulting
in a lower risk of degradation. Finally, this study shows the importance of carefully choosing the most
suitable boundary conditions for facade modelling, ideally using CFD modelling. In future research,
guidelines for practitioners on how to best model the service life will be developed.
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