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Abstract: Buildings located in extreme cold climates encounter challenges (e.g., heat loss, condensa-
tion, and frozen utilities), especially within their wall envelopes. These challenges also play a pivotal
role in occupant health, comfort, and the structural integrity of the building. While the existing
literature has primarily focused on thermal performance, this study underscores the importance of
evaluating hygrothermal performance within wall envelopes, given the existence of mold growth
even in cases of high thermal resistance. Therefore, the aim of this study was to evaluate the hy-
grothermal performance of an adaptable house wall (AHW) panel that incorporates composite infill
panels paired with vacuum-insulated panels to endure harsh cold conditions in Alaska. Therefore,
three steps were proposed to: (1) collect the material and thermal properties of the AHW; (2) model
the hygrothermal performance of the AHW in WUEFI® PRO v6.7 software; and (3) analyze the results.
The results revealed a moderate risk of mold growth in the inner plywood layer of the AHW, whereas
the outer plywood layer showed zero risk, indicating an acceptable condition. The findings aid
decisionmakers in recognizing potential mold-related issues in building walls before advancing to
the construction phase.

Keywords: building envelope; mold growth index; hygrothermal performance; vacuum-insulated
panels; WUFI®

1. Introduction

In the United States, buildings account for approximately 74% of electricity usage
and about 41% of primary energy consumption [1,2]. Moreover, in regions character-
ized by harsh climatic conditions such as Alaska, a significant proportion of the energy
consumption and resulting environmental pollution are attributed to the heating of resi-
dential buildings [3,4]. A substantial proportion, within the range of 60% to 80%, of the
demands for heating and cooling in buildings is attributed to heat transmission through
building envelopes specifically on walls [5,6]. Therefore, it is crucial to understand the
climate adaptation and resiliency of building walls, especially in extreme climate conditions
like Alaska.

Most of the previous studies have solely focused on evaluating the thermal per-
formance (i.e., thermal resistance or thermal transmittance) of building envelopes [5-9].
One critical factor influencing the thermal performance of exterior wall envelopes is the
thickness of insulation along with its orientation relative to sun exposure, resulting in
varying solar radiation intensities [10,11]. However, the building envelope may still be
vulnerable to water condensation and mold growth, even with a high thermal resistance
(R-value). Accordingly, it is essential to analyze the hygrothermal (i.e., movement of
heat and moisture through building envelopes) performance of building walls, especially
in extreme cold climates like Alaska due to the risk of mold growth [12-16]. Efficient
hygrothermal performance can substantially extend the durability of the building while
preventing biological growth within the structure and maintaining a favorable indoor
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environment [17]. However, inefficient hygrothermal performance leads to the following
consequences: (1) effects on the comfort level of occupants, leading to respiratory issues, al-
lergies, sinus infections, asthma, bronchitis, hypersensitivity pneumonitis, fungal infections,
mycotoxin exposure, etc. [18-21]; (2) reduction in insulation effectiveness and increase in
the energy consumption of heating, ventilation, and air conditioning (HVAC), resulting
in a significant negative effect on the thermal performance (i.e., thermal resistance)
of walls [22]; and (3) the development of mold growth, which is a significant hazard
to the overall structural integrity of the building as it can deface surfaces, destroy
wall structures, and adversely impact indoor aesthetics due to its growth on indoor
building components [23].

Accordingly, a thorough hygrothermal performance assessment of the building wall
system during the design stage can help identify mold-related issues in building walls
before proceeding with the construction phase. The objective of this study was to assess
the hygrothermal performance of a distinctive wall panel (an adaptable house wall in
this study) engineered to satisfy thermal and energy standards (e.g., International Energy
Conservation Code, International Building Code, ASHRAE 90.1 [24]) in extremely cold
climate conditions, following ASHRAE 160 guidelines [25]. This evaluation encompassed
both the thermal and moisture aspects, employing hygrothermal performance modeling
software. This study addresses a critical gap by emphasizing that solely enhancing the
thermal resistance of building walls is not sufficient to ensure their sustained performance.
Instead, it is essential for decisionmakers (e.g., designers and homebuilders) to conduct
comprehensive assessments of the hygrothermal performance—evaluating both thermal
and moisture aspects in parallel—prior to the construction phase. Long-term exposure to
excessive moisture or sustained high relative humidity (>70%) can significantly diminish
both the thermal resistance and the lifespan of building walls due to potential mold
growth. Therefore, preventative assessment becomes vital. This study’s approach will
pave the way to: (1) the adoption of hygrothermal assessments to specific climate zones or
microclimates, which could provide more advanced and context-specific recommendations
for decisionmakers to save substantial construction costs during the design phase; and
(2) the evaluation of the long-term performance of diverse wall designs or materials,
including factors like maintenance, durability, and energy efficiency, which proves pivotal
in forecasting the life cycle of building construction. This foresight can result in substantial
cost efficiencies throughout the building’s operational lifespan.

The adaptable house wall (AHW) panel features composite infill panels paired with
vacuum-insulated panels (VIPs) and is specifically designed to withstand the extreme cli-
matic conditions of Alaska. The examined wall panels seal an adaptable house constructed
by the Cold Climate Housing Research Center (CCHRC) of the National Renewable Energy
Laboratory (NREL), based in Fairbanks, Alaska [26,27].

2. Literature Review

In the existing literature, the impact of the hygrothermal performance (i.e., thermal
and moisture performance) of building envelopes has been investigated in various climatic
conditions using different simulation software like EnergyPlus v8.8, COMSOL Multiphysics
v6.1, and WUFI® [15-17,28-33]. For instance, Fedorik et al. [17] simulated the hygrothermal
conditions in typical basement walls with various retrofitting methods and with different
insulation materials, including expanded polystyrene (EPS) and extruded polystyrene
(XPS) boards. The findings indicated that inner insulation without adequate capillary water
transport properties could create colder and more humid structures with mold issues [17].
Similarly, Almeida and Barreira [28] tested a typical exterior wall configuration to explore
the factors affecting mold growth. They found that thermal insulation, surface coatings, and
orientation exhibit significant effects. Additionally, they identified indoor air humidity and
temperature as the fundamental conditions influencing mold development [28]. Bastien
and Winthern-Gaasving [29] conducted an examination of the hygrothermal characteristics
of a single-family wood-frame residence in a cold climate region using WUFI® software,
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following European and ISO standards. Their findings underscore the pivotal influence
of the plaster type and wind-driven rain exposure as the primary factors shaping the
hygrothermal performance of the wall assembly [29]. D’Orazio et al. [30] evaluated the
growth of two types of molds on external thermal insulation composite systems. They
investigated the impact of surface roughness, water absorption, and total porosity as the
main variables and developed a mathematical model for these variables, with a notable
finding that the latter two parameters exerted a significant influence on mold growth [30].
Furthermore, Klogeiko et al. [32] conducted field tests on internal insulation in a historical
building for nine months in a cold region in Estonia. Their evaluation of four insulation
materials involved monitoring temperatures, heat flows, and relative humidity to determine
their hygrothermal performance when applied for a brick wall from the inside. All cases
had higher temperatures than the reference wall and improved thermal comfort. It was
also discovered that built-in moisture during installation can cause interstitial condensation
and risk of mold growth in walls due to high relative humidity [32]. Silveira et al. [33] used
EnergyPlus software v8.8 to explore how thermal insulation and wall solar orientation
affect mold growth in naturally ventilated homes in a humid climate condition. The results
showed that north-facing rooms had fewer extended periods conducive to mold growth.
Furthermore, comparing construction systems revealed that omitting thermal insulation
reduced such instances [33].

These studies made significant contributions, underscoring the critical role of conduct-
ing hygrothermal analysis in building walls to facilitate climate adaptation and enhance
overall resiliency. Moreover, they demonstrated a growing recognition of the multifaceted
implications of hygrothermal performance in architectural design and preconstruction
phases. By incorporating such analyses into building strategies, decisionmakers can gain
deeper insights into the hygrothermal performance of building envelopes (e.g., walls) early
in the design phase. This understanding empowers them to take proactive measures to
enhance structures” adaptability and resilience, ensuring long-term sustainability amid
changing climatic conditions at considerably lower costs.

3. Methodology

The process of evaluating the hygrothermal performance of the AHW panel is outlined
in three main steps as follows (see Figure 1): (1) obtaining material and thermal properties
of the AHW from the Cold Climate Housing Research Center (CCHRC); (2) conducting
hygrothermal modeling by loading the weather file for Fairbanks, AK, USA, from WUFI®
software, and then designing and modeling the AHW; and (3) analyzing and interpreting
the data to evaluate the potential risk of mold growth in the AHWs. These three steps are
explained in detail below.

Hygrothermal

Step 1 Performance Modellng Step 3

Obtaining Material
and Thermal Loading Weather Designing and Data Analysis and
Properties of File Ad I\:Io:lelzlg thew I Interpretation
Adaptable House Wall aptable House Fia

Figure 1. Methodology to evaluate the hygrothermal performance of the adaptable house wall in the
extreme cold climate conditions of Alaska.
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Step 1 focuses on obtaining all characteristics (i.e., thicknesses, material proper-
ties) and material parameters of the adaptable house walls constructed by the Cold Cli-
mate Housing Research Center (CCHRC) of the National Renewable Energy Laboratory
(NREL), based in Fairbanks, Alaska [33]. The material parameters for simulation in this
study include (1) basic parameters (e.g., bulk density, porosity), (2) thermal parameters
(e.g., heat capacity, thermal conductivity, moisture supplement), and (3) hygric parameters
(e.g., sorption moisture at 80% relative humidity, free water saturation, water vapor diffu-
sion resistance factor, water absorption coefficient).

Step 2 involves loading the yearly weather file (i.e., 8760 h) of Fairbanks, AK, USA, to
the hygrothermal performance model. The weather file includes various variables such
as temperature, relative humidity, solar radiation, rain precipitation, wind speed, wind
direction, and barometric pressure. Then, this step identifies the most vulnerable side of
the AHW to rainfall exposure year-round in compliance with ASHRAE 160 standards [33].

Additionally, this step also focuses on designing and modeling the AHWs in a simula-
tion software to evaluate its hygrothermal performance during the winter conditions of
Alaska. The hygrothermal performance model leverages data obtained in step 1, encom-
passing material thicknesses, material properties, and thermal characteristics for each wall
layer. Additionally, the model incorporates the specified wall orientation. To account for
rain loads, the building’s height is defined in the model, with calculations being based on
the chosen location’s (city’s) weather data. Finally, the simulation period is established,
traditionally spanning five years in accordance with ASHRAE 160 standard guidelines [25].

Step 3 includes analyzing and interpreting the results from the hygrothermal perfor-
mance model based on the ASHRAE 160 standard [25]. The results typically include the
water content in each layer of the AHW, the temperature and relative humidity (RH%) of
each layer of the wall, and the mold growth index (MGI) of the interior and exterior layers
of the modeled wall meeting the ASHRAE 160 standard requirements [25].

4. Hygrothermal Performance Analysis

The hygrothermal performance analysis was performed following the three steps
described in Section 3.

4.1. Collection of Material and Thermal Properties of Adaptable House Walls

In this section, the material and thermal characteristics (e.g., material thicknesses,
thermal conductivities, and thermal resistances) of the adaptable house walls were collected
(see Table 1). The resilient design of the adaptable house was specifically tailored to endure
the demanding climatic conditions of Alaska to meet the International Energy Conservation
Code (IECC) requirements pertinent to ASHRAE climate zones 7 and 8 in Alaska.

Table 1. Material and thermal characteristics of the adaptable house walls [24].

Layers Thickness (Meter, m) Thermal Conductivity, k Thermal Resistance, R (Square
(Outside to Inside) ’ (Watt per Meter Kelvin, W/m-K) Meters Kelvin per Watt, m?-K/W)
26-gauge sheet metal (1/40)” = 4.55 x 10~* 60 7.6 x 1077
Plywood 0.0125 0.065 0.192
EPS foam 0.025 0.036 0.694
VIP 0.025 0.0022 11.364
EPS foam 0.025 0.036 0.694
Plywood 0.0125 0.065 0.192
26-gauge sheet metal 4.55 x 107* 60 7.6 x 1077
Air gap 0.025 0.094 0.265

4.2. Hygrothermal Performance Modeling for Adaptable House Walls

In order to perform the hygrothermal performance analysis, WUFI® PRO v6.7 software
was utilized in this study for the AHWs. Figure 2 shows the schematics and actual layout
of the AHWs. WUFI® PRO stands as the industry-standard software utilized to assess



Sustainability 2023, 15, 16597

50f16

96 in + 0.252 in
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moisture conditions within building envelopes. It conducts one-dimensional hygrothermal
computations on cross-sections of building components, considering various factors like
built-in moisture, driving rain, solar and long-wave radiation, capillary transport, and
potential summer condensation. The software provides a comprehensive and dynamic
analysis crucial for precise designing [34]. Such detailed dynamic hygrothermal analyses
offered by WUFI® PRO are imperative for accurate design planning and are mandated by
standards like DIN EN 15026 (European standard) [35] and ASHRAE 160 (USA standard)
to ensure compliance [34].

—— 1.4 um Al Foil

Plywood (outer)

Plywood (inner)

EPS Insulation (outer & inner)
VIP

Air Gap

vip

26-gauge Sheet Metal (outer
& inner)

Figure 2. Schematic and actual adaptable house wall layout [26].

Numerous studies have substantiated the efficacy of WUFI® software in evaluating
the hygrothermal performance of building envelopes [36—40]. Kunzel [36], the establisher
of the software, validated the accuracy of the results by comparing the simulation and
experimental results of the moisture behavior of a natural stone wall section during natural
weathering, the drying out of a moist cellular concrete roof, and the behavior of water
uptake and release behavior of a masonry stone. Similarly, Ozolins et al. [37] verified WUFI®
software’s accuracy in assessing the hygrothermal performance of multi-layered building
walls. Holzhueter and Itonaga [38] evaluated their adapted WUFI® model by comparing it
with experimental data to predict mold growth in straw bale walls. Yoo et al. [39] validated
the WUFI® model accuracy by comparing the experimental and simulated results for
measuring the hygrothermal behavior of cross-laminated timber (CLT) wall using different
types of insulation, including XPS, phenol foam, and glass wool. Consequently, this study
employs WUFI® PRO software as a precise simulation tool to evaluate the hygrothermal
performance of AHWs in extreme cold climate conditions observed in Fairbanks, AK, USA.
This step of the methodology was divided into two sub-steps.

First, the weather file for Fairbanks, AK, USA, was loaded in WUFI® PRO v6.7. Then,
the orientation with the most vulnerable side to rainfall exposure year-round was identified
to be the southwestern (SW) side of the AHW (see Figure 3). In Figure 3, the solar radiation
summation for Fairbanks, AK, USA, across all orientations (displayed on the left side)
spans a range from 340 to 1204 kWh/m? per year. Furthermore, Figure 3 illustrates the
cumulative driving rain at 260.2 mm per year in Fairbanks, AK, with the SW side wall at
120 degrees experiencing the highest annual rainfall exposure (displayed on the right side
in Figure 3). Consequently, the SW side wall was selected for hygrothermal performance
modeling in this study. It is noteworthy to indicate that while hygrothermal simulations
rely on weather data, their accuracy is less demanding than meteorological or climatological
analyses. Weather elements’ impact on construction depends not just on their intensity but
also on surface transfer coefficients, which are often estimated values [41].
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Mean Temperature [*C]: -1.8 Mean Relative Humidity [%]:  68.9
Max. Temperature [*C]:  32.2 Max. Relative Humidity [%]: 100
Min. Temperature [°C]: -36.7 Min. Relative Humidity [%]: n
Counterradiation Sum [kWh/m?a]: 2263 Mean Wind Speed [m/s]: 24
Mean Cloud Index [-]: 0.6 Normal Rain Sum [mm/a]: 260.2
Solar Radiation Sum [kWh/m?a] Driving Rain Sum [mm/a]
N N
1.204
1,147 N NE
1,000
1.033
978
918
862
10 1§0
805
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601
6834
577
520
483 sw SE
408
349 S
Figure 3. Fairbanks, AK, climate analysis for solar radiation sum and driving rain sum, generated by
the WUFI® climate file.
Second, the AHWs including the material and thermal characteristics for each wall
layer were designed and modeled in WUFI® PRO software (see Figure 4).
Exterior (Left Side) Interior (Right Side)
0.0127 0.025 0.025 0.025 1 0.0127
26-gauge 26-gauge
Sheet Metal Sheet Metal
Layer Layer

Plywood EPS Outer Panasonic EPS Inner Plywood Inner
Outer Layer Layer ADVANC-R VIP Layer Layer

Figure 4. Monitoring positions for temperature and RH% using various locations and materials in
the adaptable house walls, simulated by WUFI®.

The WUFI® model in this study assumed a single bedroom within the adaptable
house, accommodating two occupants in adherence to the ASHRAE 160 standard [25]. The
modeled house’s SW wall of the house was assumed to experience a high level of rain
exposure, 260 mm/year (10 in/year), as there are no adjacent buildings on its SW side
(see Figure 3).

The simulation was conducted over a five-year period (required by ASHRAE 160),
spanning from 1 October 2022 to 1 October 2027. ASHRAE Year 2 was selected in the
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WUFI model, as it is considered the second most severe year in terms of moisture damage
potential within building envelopes, as outlined by ASHRAE RP 1325 [42]. Furthermore,
default HVAC control settings were applied in the WUFI model, with a heating set point of
21.1 °C and a cooling set point of 23.9 °C, following ASHRAE 160 standard.

Finally, as can be observed in Figure 2, there is an air gap between the VIPs in the AHW
panel. In this study, 1-D WUFI® PRO was used as the hygrothermal performance modeling
software; thus, the effective thermal resistance (R-value) of the AHW was calculated to
transform the influence of the air gap from a 2-D perspective to a 1-D perspective. This was
achieved by applying the parallel path R-value method, which was adopted by Kempton
and colleagues [43], utilizing Equations (1) and (2).

(RTotal (vip) X Atotal (VIP)) + (RTotal (Air Gap) X Atotal (Air Gap))
Afotal

Average R — value = 1)
where:

Riytar (vip): Total thermal resistance (R-value) of the AHW with VIP, m?2-K/W;

Rtotat (4ir Gap): Total thermal resistance (R-value) of the AHW with air gap excluding VIP,
m2.K/W;

Atotar (vip): Total area of the AHW covered with VIP, m?;

ATotal (Air Gap): Total area of the AHW covered with air (highlighted in yellow lines in
Figure 2), m?;

Afotal (Air Gap): Total area of the whole modeled AHW, m?.

Riotar (vip) = 76 X 1077 +0.192 4 0.694 + 11.364 4 0.694 + 0.192 + 7.6 x 10~7 = 13.136 m* K/W

Riotal (ir Gap) = 7-6 % 1077 4 0.192 + 0.694 + 0.265 + 0.694 + 0.192 + 7.6 x 10~/ = 2.037 m*K/W

Average R — value =

(13.136 x [1.2192 x 2.4384]) + (2.037 x 0.0235)
2.4448 x 1.2256

=12.73m%2.K/W

Effective R — value = 12.73 — (7.6 % 1077 4 0.192 + 0.694 + 0.694 + 0.192 + 7.6 x 10*7) = 10.95 m* K/W

Thickness
E tive Th 1 ductivity (k — val VIP = ——— 2
f fective Thermal Conductivity ( value) of R — value (2)
Ef fective Thermal Conductivity (k — value) of VIP = —0'025 m = 0.0023 W/m-K
4 T 1095 m2k/W

4.3. Data Analysis

Figure 5 illustrates the cumulative water content within the SW walls of the AHW
over the course of the five-year simulation period. The data displayed in the figure exhibit
a recurring pattern annually, as one-year weather data was used for the simulation. The
peaks observed in the graph correspond to instances of rainfall events during each year.

Figure 6 provides a comprehensive overview of the water content within each material
constituting the SW walls of the AHW as simulated over a span of five years within the
WUFI® model. Several key observations can be made from the data: (1) The outer plywood
layer exhibits significant fluctuations in water content, ranging from 25 to 110 Kg/m?. The
pronounced variability can be attributed to its direct exposure to rain events throughout the
year; (2) The remaining layers, except for the interior plywood layer, demonstrate relatively
stable water content levels, particularly during periods without rain events. These layers
tend to dry out effectively during dry spells; (3) The inner plywood layer displays a slightly
higher water content compared with the other layers. This can be attributed to the absence
of water and air resistive barriers on the inner side of the plywood. Consequently, the
indoor climate conditions exert an influence on this layer’s moisture content.
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Moreover, the positions of temperature and relative humidity (RH%) in the SW walls
were monitored at five different locations from position 1 to position 5 in WUFI® model, as
shown in Figure 4.

In Figure 7, at position 1 (the exterior layer), significant fluctuations in temperature
and relative humidity (RH%) are evident throughout the year due to direct exposure to
rain. Moving to position 2, elevated moisture levels are observed due to both rain and
temperature. Even with EPS insulation at position 2, the winter season notices tempera-
tures dropping as low as —20 °C, potentially leading to frost accumulation unless frost
protection materials are implemented. Furthermore, it is noteworthy that as temperatures rise,
RH% decreases at position 3—position 5, suggesting that the Panasonic ADVANC-R VIP effec-
tively prevents water accumulation in the interior layers. These investigations were performed
to determine the impact of temperature and RH% on the MGI in the simulated model.
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g ) |
& - g
5 605 515 J s
g z £ ‘ z
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Figure 7. Monitoring temperature and RH% in intersection points between SW wall layers.
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Moreover, isopleth graphs were used in this study to assess potential mold growth.
The double curved lines on these graphs represent the lowest thresholds for mold growth
(see Figures 8-11). When data points, each representing an hour, exceed these two lines,
there is a heightened likelihood of mold growth (see Figure 10). This can be verified through
WUFI Bio (for European-based building standards) or WUFI VIT (for USA-based building
standards). Conversely, if data points consistently remain below these lines, there is no risk
of mold on the layer (see Figures 8,9 and 11).

Interior Surface

100 -
80
S
2
5 60
€
E
Year 1
S a0
ke ~ Year 2
(]
© Year 3
20
Year 4
0 Year 5
0 7 14 21 28

Temperature [°C]

Figure 8. Isopleth graph at different intersection elements in the SW side of the AHW—interior surface.
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Figure 9. Isopleth graph at different intersection elements in the SW side of the AHW—plywood inner.

The color of the data points in Figures 8-11 signifies the time of calculation, such that
yellow marks the start of the simulation model calculation (year 1) while black indicates the
end of the calculation (year 5), as indicated in the color legends. Interestingly, in Figure 8,
it appears that during the initial stage of the simulation, there was an hour in the interior
surface graph (colored in yellow and circled in red) that bordered on the risk of mold
growth, but this situation resolved itself over time. Figures 8, 9 and 11 also show that
there is no potential risk of mold growth in the interior surface and the exterior plywood
layers of the AHWSs. However, the double curved lines representing the lowest thresholds
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on the exterior EPS layer indicate a potential risk of mold growth in the adaptable walls.
Therefore, WUFI VIT was used to verify the mold growth potential of occurrence following
the ASHRAE 160 requirements for mold growth detection.

Expanded Polystyrene Insulation, EPS (0.001074 m)
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Figure 10. Isopleth graph at different intersection elements in the SW side of the AHW—expanded
polystyrene insulation (EPS).
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Figure 11. Isopleth graph at different intersections elements in the SW side of the AHW—Panasonic
ADVANC-R vacuum insulation panel (VIP).

Figure 12 shows the mean climate profile including temperature, water content, and
relative humidity for each layer in the simulated SW side of the AHW of the house
over a five-year period using the WUFI® model. In the figure, the left side corresponds
to the exterior surface of the wall, while the right side corresponds to the interior
side. Notably, the temperature (colored in red) within the first three layers of the
AHW-—comprising 26-gauge sheet metal outer (0.0455 cm), plywood outer (1.27 cm), and
EPS outer (2.5 cm)—experiences substantial temperature fluctuations ranging between
—20 °C and 30 °C over the entire five-year simulation period. This suggests that these layers
alone are insulfficient in shielding the AHW from the varying climate conditions, including
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temperature shifts, wind, and rain. However, the temperature remains consistently stable
within the last three layers of the AHW—comprising EPS inner (2.5 cm), plywood inner
(1.27 cm), and 26-gauge sheet metal inner (0.0455 cm)—signaling the effective insulation
provided by the exterior layers and the Panasonic ADVANC-R VIP layer (2.5 cm). This
insulation shields the inner layers from substantial fluctuations in indoor climate conditions.
Moreover, the relative humidity percent (colored in green) is consistently high (>60%)
over time, and it significantly fluctuates within the three insulation layers of EPS outer
(2.5 cm), an ADVANC-R VIP layer (2.5 cm), and EPS inner (2.5 cm), indicating suboptimal
hygrothermal performance, which could pose a potential risk of mold growth within the
inner layers of the AHWSs. As shown in Figure 12, the water content (colored in blue) within
the AHW remains notably low, aligning with expectations due to the consistently low
exposure to rainfall throughout the year. Accordingly, WUFI® VTT was used to verify the
mold growth potential of occurrence. As a result, it is essential to consider the incorporation
of frost protection materials into the AHW to address these hygrothermal challenges.
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Figure 12. Mean climate profile of AHWs simulated on WUFI® over a five-year period—SW wall.

Material surface assessment based on measurements or hygrothermal simulation data
can be performed with minimal setup. The WUFI® Mold Index VTT postprocessor includes
mold growth criteria that are compliant with the ASHRAE 160 standard. It utilizes a user-
friendly traffic light system to categorize results from acceptable (green) to unacceptable
(red) according to user exposure levels [43]. When results fall within the yellow range,
users must decide if the specific component’s risk of mold growth remains acceptable or
has reached an unacceptably high-level threshold [44].

In this study, Figures 13 and 14 present the MGI potential for both the inner and outer
plywood layers of the SW side walls of the adaptable house over a five-year period using
the WUFI® Mold Index VTT postprocessor.

In Figure 13, the MGI for the inner plywood layer recorded a value of approximately
1.25, placing it within the medium risk range (marked yellow in the traffic light system,
located in the upper left corner of Figure 13) according to ASHRAE 160 standards. It is
important to note that because the MGI falls below three, the risk of mold growth is not
considered high [25]. However, with an MGI value ranging from one to two, microscopic
examination may reveal localized or small colonies of mold growth on the inner plywood
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surface. This mold growth is not visible to the naked eye. Addressing this mold growth con-
cern in the adaptable house will necessitate improved design and alternative construction
materials in the future.
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Figure 13. Mold growth index (MGI) for the inner plywood layer of the AHWs generated by WUFI®
VTT—SW side.

Mould Growth Index | Mould Growth Rate

Mold Growth Index [-]
=)

2022 ' 2023 ’ ' 2024 ’ 2025 ) ' 2026 ’ ) 2027
Time [Year]

Figure 14. Mold growth index (MGI) for the outer plywood layer of the AHWs generated by WUFI®
VTT—SW side.

Conversely, Figure 14 shows that the MGI in the outer plywood layer is zero, marked
as acceptable (marked green in the traffic light system, located in the upper left corner of
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Figure 14), indicating the absence of any potential mold growth risk in the outer plywood
layer.

5. Conclusions

Dealing with moisture-related problems and subsequent mold growth in buildings rep-
resents a multifaceted challenge leading to significant repercussions, including:
(1) compromising occupants’ comfort; (2) diminishing the effectiveness of insulation, result-
ing in increased energy consumption; and (3) jeopardizing the structural integrity of the
building. While achieving effective thermal performance through high thermal resistance
is a fundamental requirement for building envelopes, encompassing moisture prevention
dynamics in building design also plays a pivotal role for the long-term durability and
functionality of the structure.

Therefore, this study fills a crucial gap by highlighting that solely improving the
thermal resistance of building walls is not enough for their long-lasting effectiveness.
Instead, it is crucial for decisionmakers to conduct thorough assessments of hygrother-
mal performance—evaluating both thermal and moisture aspects together—during the
design phase.

In this study, the hygrothermal performance of a unique wall panel called “Adaptable
House Wall (AHW)”, designed as composite infill panels paired with VIPs, was assessed.
This panel was engineered by the Cold Climate Housing Research Center (CCHRC) at
the National Renewable Energy Laboratory (NREL). The purpose of this comprehensive
analysis was to understand how it performs under hygrothermal conditions, particularly in
the extreme cold climate of Fairbanks, Alaska. Thus, the thermal and material properties of
the AHW were simulated in WUFI® software based on Fairbank’s weather data over a five-
year period (required by ASHRAE 160). In line with the simulation findings, the assessment
of rainfall exposure pinpointed the SW orientation as the area of greatest vulnerability for
the AHWSs. Consequently, the subsequent analysis focused exclusively on this SW side to
examine the hygrothermal performance.

The primary findings from this study reveal that the MGI for the inner plywood layer
of the AHW signifies a moderate level of mold growth risk. In contrast, the MGI for the
outer plywood layer registers at zero, signifying it as meeting acceptable standards. This
study’s approach will enable decisionmakers to:

1.  Customize hygrothermal assessments to specific climate zones or micro-climates, offer
more advanced and context-specific advice for decisionmakers, and potentially save
significant construction costs during the design phase.

2. Analyze the long-term performance of various wall designs or materials; and con-
sider numerous factors like maintenance, durability, and energy efficiency, which
play a crucial role in predicting the construction’s lifecycle. This insight can lead to
substantial cost savings throughout the building’s operational lifespan.
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Abbreviations

AHW Adaptable house wall
ASHRAE  American Society of Heating, Refrigerating and Air-Conditioning Engineers
CCHRC  Cold Climate Housing Research Center

EPS Expanded polystyrene insulation

HVAC Heating, ventilation, and air conditioning
IECC International Energy Conservation Code

ISO International Organization for Standardization
k Thermal conductivity

K Kelvin

m Meter

MGI Mold growth index

NREL National Renewable Energy Laboratory

R Thermal resistance

RH Relative humidity

SW Southwestern

viP Vacuum-insulated panels

W Watts

WUFI® Wirme-und Feuchtetransport instationdr (transient heat and moisture transport)
XPS Extruded polystyrene insulation
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