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Abstract

This paper examines the vulnerability of wood-framed residential building envelopes to
mold growth under projected future climate conditions, specifically elevated temperatures
and humidity, a topic that is rarely addressed in the climate resilience literature. Residential
exterior walls designed with interior insulation and vapor-retarding membranes may prove
inadequate in future conditions. This study combined hygrothermal simulation and mold
growth computation using morphed future weather data to analyze archetypal walls from
two construction eras (1990s-2000s and present) in three US cities: New York City, Philadel-
phia, and Washington, DC. The results show substantial increases in mold’s prevalence
under future climate scenarios for historical code-compliant walls, with even greater risk
in walls with highly impermeable vapor barriers. Contemporary code-compliant walls
showed no increased risk of mold. This framework for assessing future hygrothermal risks
in building envelopes suggests a potentially widespread resilience problem. It underscores
the need for further research, especially given the vast inventory of existing wood-frame
buildings from earlier eras.

Keywords: mold risk; mould risk; hygrothermal simulation; climate resilience; housing;
moisture; building envelope

1. Introduction
1.1. Climate Change and Housing Construction

Since 2001, the Intergovernmental Panel on Climate Change (IPCC) has urged cities to
understand the need to adapt building codes to future climates [1]. Climate change alters
long-term weather patterns, with the potential to drastically affect the built environment
and the performance of the existing building stock. The research efforts thus far have
focused on the impact on energy consumption [2,3] or on the impacts of sea-level rise,
storm surge, and changes in rainfall [4,5]. Even though there is a growing number of studies
in academic journals covering the hygrothermal sensitivity of wood envelope assemblies to
higher temperatures and absolute moisture levels in future climates [6-10] and increased
rain leakage or air tightness [11-13], none have studied the resulting mold growth risk
on the existing US timber-framed homes in this highly populated area (Climate Zone 4A)
and prevalent era of construction (homes built in accordance with building codes from the
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1990s onwards). Research on the matter is urgent, especially in lightweight and layered
building envelopes with moisture- and vapor-retarding membranes designed for historical
climatic conditions.

In the United States (US), current building codes and practices are based on climate
zones defined by ASHRAE (formerly known as the American Society of Heating, Refrigerat-
ing, and Air-Conditioning Engineers). Previous research shows that future conditions will
shift these climate zones [14], and experts argue that we should anticipate future climates
in current building codes [15], as this is a pressing matter that should be addressed ur-
gently [16]. Existing buildings will be exposed to unprecedented changes in the upcoming
years. Identifying emerging risks can help guide adaptation decisions to achieve greater
climate resilience in buildings [17,18].

Our research focuses on ASHRAE Climate Zone 4A along the east coast of the US
(Cfa humid subtropical in the Koppen climate classification system), characterized as
mixed-humid [19]. The National Climate Assessment predicts that with a 2 °C global air
temperature increase from pre-industrial levels, precipitation in ASHRAE Climate Zone
4A could increase the 1991-2020 baseline by 5% to 7%, and the magnitude of this change
would increase to 10% to 15% under a 4 °C increase in global air temperature [20]. Due to
these changes, we expect substantial shifts in the hygrothermal performance of exterior
walls, affecting their moisture diffusion and moisture saturation. The two main factors for
this shift in performance are the rise in the absolute moisture content in the air [21] and the
greater temperature difference between the exterior and the mechanically cooled interior,
with seasonal shifts that will prolong the cooling season.

In the US, residential exterior walls have typically incorporated layered lightweight
wood-frame wall assemblies. For instance, 93% of single-family homes and 83% of multi-
family buildings completed in 2018 were wood-framed [22]. In recent decades, these wall
assemblies have included interior insulation to mitigate heat loss and moisture-control mem-
branes to prevent condensation inside the wall assembly, especially in cold weather [23].
Such walls, and the building codes that govern their design, have been planned for a
narrow range of historical exterior climates and may be ill-prepared to respond to changing
exterior conditions. In the northeastern US, building codes have been designed around cold
winters and relatively mild summers. Therefore, existing and newly constructed buildings
in this region may not perform well in the warmer climates predicted for the future.

1.2. Moisture and Mold

Today, people spend most of their time indoors [24,25]; consequently, indoor environ-
mental quality directly affects their health and well-being. Moisture control is a significant
concern in building envelope design, as it can lead to mold growth and poor indoor
environmental quality [24]. Mold emits a mix of particulates (e.g., spores) and volatile
organic compounds, which have been shown to affect human health. The World Health
Organization has linked indoor mold to an increased risk of allergies, asthma, respira-
tory problems, and immune reactions [26]. Research at the Lawrence Berkeley National
Laboratory concluded that building dampness increases health risk effects by 50% [27].
Simultaneously, the presence of mold can entail non-health-related financial consequences,
as it may indicate high moisture content in the materials, thereby reducing insulation’s
effectiveness and leading to rot in wood [28].

Most building materials contain sufficient nutrients to support mold growth [29], and
lightweight timber building envelopes with interior insulation are particularly prone to it.
In susceptible wood-based materials, mold begins to grow at a relative humidity threshold
of 75-80% at temperatures above 5 °C (41 °F) [30], and the most critical factor for mold
growth is moisture content [31]. Wood is a hygroscopic material and is affected quickly by
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the humidity of the air boundary layer at its surface. The wood species most commonly
used for lightweight structural residential framing are pine and spruce sapwood, and both
species show very high sensitivity to mold growth in laboratory studies by Viitanen [31].

1.3. Moisture and Mold Growth Modeling

The resilience of current fagade designs to future climate-related stresses has been
largely underexamined. While the hygrothermal performance and mold-inhibiting proper-
ties of building envelopes have been relatively well studied [18,32], the existing literature
has rarely considered future weather conditions or a changing climate in mold growth
simulations for testing building envelopes” performance [33], with notable exceptions such
as Schroderus et al. [34], who included mold performance in the investigated impacts of
building retrofits in Finland.

Understanding resilience to mold growth in a building envelope requires analyzing the
temperature and moisture content of each material over time. This is more comprehensive
than traditional hygrothermal studies focusing on vapor condensation within an envelope
assembly. This analysis is possible with numerical modeling, such as with the software
Wairme und Feuchte Instationdr (WUEFI), (WUFI 2D v4.5.0, Fraunhofer Institute for Building
Physics, Holzkirchen, Germany) [35,36]. The validity of the WUFI 2D simulation has
been tested against field measurements of moisture levels in building materials by several
researchers [37,38]. The dynamics of biological activity and environmental conditions
can yield non-intuitive outcomes [39]; simulation, therefore, provides a valuable tool for
analyzing mold growth. Researchers are producing a growing body of literature on the risk
of mold growth, and mathematical models have been developed for material categories in
the building envelope based on temperature and moisture content [30,38,40].

While researchers have used such methods to study the risks of mold growth in future
climates, the studies have been limited, for example, to geographies such as Canada and
Northern Europe, and to historical brick facades [41], newly proposed fagade systems [42],
or rainwater wetting [43]. This study advances and expands the analysis by using 2D
hygrothermal simulation to investigate prevalent new and historical wood-framed con-
struction methods in the populous northeastern US under daily temperature and humidity
conditions. This research aims to determine the potential for mold growth on histori-
cal and current code-compliant building facades when exposed to the humidity and air
temperature levels expected over the building’s design life. This research aims to fill a
gap in the academic literature and determine the resilience of existing building facades to
climate change.

2. Materials and Methods
2.1. Research Overview

This research examines long-term shifts in the seasonal patterns of humidity and tem-
perature expected with climate change. Acute or shock events that may further exacerbate
mold growth are disregarded. Therefore, we neglect water leaks caused by events such as
increased rainfall intensity, storms, flooding, and sea level rise. Our strategy is conservative,
providing a baseline understanding of potential mold growth in future climates. Specifi-
cally, we study the diffusion of moisture driven by temperature, air pressure, and vapor
pressure differences across exterior walls, ultimately driven by differences between the
indoor and outdoor climates. This research expands on an earlier study by the authorship
team [44,45] by broadening the geographic scope to include two more cities, comparing two
types of timber frame exterior walls, including a more comprehensive review of building
codes, improving the simulation methods (e.g., now using 2D rather than 1D hygrother-
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mal simulations), updating the construction materials, and including a new introduction
and discussion.

This study proposes and tests a methodology that combines weather file morphing,
hygrothermal simulation, and mold growth simulation to assess the risk of mold growth
under expected future weather conditions. We present cases of conventional residential
exterior wall assemblies that comply with current or historical building codes in three US
cities and simulate their hygrothermal and mold growth performance under morphed
future weather conditions.

The methodology consists of four steps.

1. The wall assembly is defined, including its layers and material properties, based on a
review of applicable building codes and statistics.

2. Weather files are morphed from typical weather data to those representing future
conditions using the CCWorldWeatherGen V 1.9 weather file generator (University of
Southhampton, Southhampton, UK), using the IPCC Third Assessment Report climate
model HadCM3 for scenario A2 [46,47].

3. The hygrothermal performance of the wall models is simulated via the modeling
software WUFI 2D for the present and future climate conditions.

4. The material moisture and temperature conditions of the inner-wall cavity layer are
computed to calculate the mold occurrence potential at the wood stud, using the
VTT mold index model (see Section 2.6 for details) [30,48,49]. The result is a time
series of mold growth indices. It was calculated hourly for five years to reach steady
cyclical conditions.

2.2. The Case Cities

In earlier studies [44,45], the authors explored other US cities, including New York
City, due to its large population and location within a mixed hot/humid and cold climate.
This analysis focuses on the three most populous cities [22] within the ASHRAE Climate
Zone 4A (CZ4A), namely New York City (NYC), Philadelphia (PA), and Washington, DC
(DC), as shown in Figure 1. All three cities have comparable building codes that address
historically prolonged winter conditions.

T NYe
-.._"Philadelphia

. s e-DC

et o Warm-Humid
e e Below Line

500 mi—

Figure 1. Three case study cities in ASHRAE Climate Zone 4A (CZ4A), shown in yellow: New
York City, Philadelphia and Washington D.C. Map shows extent of CZ4A in comparison to the
“warm-humid” region in the U.S. and Climate Zones 1 through 7.
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WALL A: CODE-COMPLIANT

1990’s into 2000’s

2.3. Wall Assemblies and Code Compliance

Two code-compliant and conventional wall assemblies for residential buildings in
these three cities were tested. All modeled wall types are lightweight wood-frame con-
structions due to their overwhelming popularity and the fact that wood can serve as a food
source for mold. The walls are categorized by age and time of construction to illustrate the
potential failure of existing walls, including one wall compliant with the building codes
from the 1990s into 2000s, labeled as Wall A, and one wall type that is compliant with the
current 2021 building codes, labeled as Wall B. Note that building codes vary in different
locations, as states and cities adopted model codes at different times. There are different
ways to design a code-compliant wall. Nevertheless, the simulated mold growth results
were particularly sensitive to a single design variable: the vapor retarder’s permeance.
They will therefore be discussed in more detail below and in Appendices A and B.

Figure 2 shows the composition of each wall. The layers, material properties, and
assembly details are based on a report by Lstiburek et al. that outlines the typical properties
of construction materials in the US industry [50]. Following these specifications, the
material properties in the WUFI library were altered to match, including density, thickness,
and permeance of typical products available in the US.

WALL B: CODE-COMPLIANT (IECC) 2021
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Figure 2. Two wall sections modeled in the study: Wall A, code-compliant in circa the 1990’s and
2000’s and Wall B, code-compliant by IECC 2021 [50-55].

Readers should be aware that the term “perm” is used in both metric and inch-pound
(US) systems, and the term is not often defined, even in US literature. The US codes and
building product literature are assumed to use US perms, defined as 1 grain of water vapor
per hour, per square foot, per inch of mercury. Metric perms are defined as 1 gram of
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water vapor per day, per square meter, per millimeter of mercury. Thus, 1 metric perm is
approximately 1.517 US perms.

2.3.1. Wall A

The first assembly represents a typical residential exterior wall built in the cooler US
climate zones in the 1990s. The wall assembly, shown in Figure 2, consists of a series of
layers enclosing a 3.8 x 9 cm (1.5 x 3.5inch, “2 x 4”) pine stud frame. The major differences
of this wall compared with current standards are a higher total U-value (with no exterior
insulation) and a different air barrier. The historical wall assemblies could also include a
substantially less permeable vapor-retarding membrane, so a version with a less permeable
vapor retarder was tested as well. However, to be conservative, the main results presented
do not include this less permeable vapor retarder.

Relatively impermeable vapor retarders were a common practice in the cooler US
climate zones in the 1990s and into the 2000s. For example, the residential building
codes in effect in New York City from 1991 to 2011 required a vapor retarder with a
permeance of less than 1.52 metric perms (1.0 US perm) on the winter-warm side of the
insulation [50,51,54,56,57]. Similar building codes were adopted across the region. For
example, this vapor retarder requirement was in place in Philadelphia from circa 1997 to
2009 and in DC from 1999 to 2014 [50-53,55,58]. Eventually, codes began either to drop
requirements for vapor retarders or to allow the use of more permeable materials. For
example, the IECC 2018 code [59] essentially required vapor retarders with a resistance
greater than 0.152 metric perms (0.1 US perm) and less than or equal to 15.2 metric perms
(10 US perms) for this climate zone. For more details on the building codes of this era and
their requirements, see Appendix A.

Wall A, used in the model, complies with the circa 1990s—2000s codes of the three
case study cities [50-53]. See Appendix B for a breakdown of the WUFI inputs. The wall
insulation is “R-13" fiberglass batt with a U-value of 0.3993 W/m?K (R-13 hft*°F/Btu),
located in the stud cavity, with a vapor retarder rated at 1.52 metric perms (1.0 US perm)
towards the winter-warm side of the wall, i.e., the interior. This represents a conservative
case for our study because it is the most permeable vapor barrier (i.e., the presumed best
case) permitted by certain historical versions of the code, as detailed in Appendix A.

As a sensitivity check, Wall A assemblies with other vapor retarders were also tested
in the Washington, DC, climate. These included 0.152 metric perms (0.1 US perm) to
reflect the least permeable (potentially the worst case) 1990s scenario, and 7.6 metric perms
(5.0 US perms) to reflect a potentially less mold-prone case.

2.3.2. Wall B (2 x 6, R-20)

The second wall assembly is based on the 2021 IECC (International Energy Conserva-
tion Code), Chapter 4, Residential Buildings, Table R402.1.3. The chosen path is R13 cavity
insulation plus R10 continuous insulation. This is relevant because in recent years, building
codes in all three cities, New York City, Philadelphia, and Washington, DC, followed a trend
of adopting the latest version of the IECC (see [57] and Appendix A). Here, compliance is
achieved by adding 51 mm (2-inch) extruded polystyrene exterior insulation with a U-value
of 0.49 W/m?K. See Wall B in Figure 2.

For the vapor retarder at the interior face of the stud cavity, we simulated the interior
batt insulation with a standard kraft paper facing (1.0 perm). We also replaced the air-barrier
material with a more airtight spun-bonded polyolefin membrane (e.g., Tyvek, Wilmington,
DE, USA), used in current construction practice as a “house-wrap” on the exterior of the
sheathing to air-seal the building enclosure. For more information on wall assemblies and
their simulation, see Appendix B.
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2.4. Weather Inputs
2.4.1. Typical Weather Conditions

We compared the performance of the defined walls under two sets of exterior condi-
tions for each city: historical “typical” weather and morphed future weather. For typical
weather, we use EnergyPlus (.epw) files with Typical Meteorological Year (TMY3) data from
the US Department of Energy. These TMY3 files are an amalgamation of weather data from
1976 to 2005, drawn from the National Solar Radiation Database records for 1961-1990 and
the 19912005 update [60]. Specifically, we used the NYC TMY3 from J.EK. International
Airport (7044860), the Philadelphia TMY3 from Philadelphia International Airport (724080),
and the VA TMY3 from Arlington Ronald Reagan Washington National Airport (724050).

2.4.2. Future Weather Conditions

For future conditions, we morphed the listed TMY3 files into predicted weather for
2080 using the CCWorldWeatherGen V1.9 tool [47], which was available, open-source, and
well documented at the time of the research. The method uses only the A2 projection
model from the IPCC Third Assessment Report for future weather morphing [1], produced
by the Hadley Center Coupled Model, version 3 (HadCM3). The A2 projection yields a
2100 CO2 concentration that falls between the more recent RCP6.0 and RCP8.5 projections
from the IPCC Fifth Assessment Report [61,62]; see Figure 3. More details on climate
change projections and weather assumptions are included in the Section 4. The weather
generator engine superimposes “morphed” results onto existing hourly weather data
series [47], producing an hourly dataset that enables detailed computation. Morphed TMY
files represent statistically typical conditions rather than extreme weather events and may
underestimate the peak moisture risk.

The climate file morphing method has been extended to other weather file formats,
including TMY2/3, by Belcher, Hacker, and Powell (2005) [63]. While uncertainty remains,
morphing weather files to estimate future conditions has been endorsed by several studies,
in that the resulting localized weather files reflect climate models” predictions [47,63].

Fourth assessment report Fifth assessment report

RCP — Representative Concentration Pathways.

T

A2
AlB
81
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2000
Year
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Figure 3. Comparison of the TAR A2 2080 projection [64] used in research to scenarios from the Fourth
Assessment Report [62] and the Fifth Assessment Report [61]. Dashed lines show the equivalent
Global Surface Warming across IPCC reports to the TAR A2 projection for 2080 used in research and
available as open source via CCWorldWeatherGen.

2.4.3. Precipitation Data

Rainfall data are crucial for hygrothermal simulation due to wetting of the exterior
wall’s surface [44]. Unfortunately, one ongoing shortcoming of weather morphing methods
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for hygrothermal simulation is their inability to account for precipitation data in typical
meteorological year (TMY) files, including liquid precipitation depth (mm) and liquid
precipitation period (hr). Thus, the final morphed weather files do not include any precipi-
tation data [46]. To overcome this shortcoming, we manually added the present-day rain
data to the future morphed weather files. Therefore, the rain data used in our simulations
do not change from present to future conditions, which is arguably a conservative approach,
since, according to the Fifth IPCC assessment report, each of the studied cities (and the vast
majority of the northeastern US) is projected to see more summer precipitation in all climate
change scenarios [20]. This exclusion of changing precipitation patterns is a limitation, yet
it shows the results under a conservative setting.

Another challenge is the methodology used to create TMY files: the selection criteria
for identifying the most “typical weather” from records focused mainly on temperature,
humidity, and radiation, while ignoring precipitation. This means that the rain data in
a TMY file may or may not represent “typical” conditions. To test that the precipitation
values used were realistic, they were compared with the WUFI Binary Climate (WBC)
extreme weather files. These files represent over 30 years, the 10% coldest and the 10%
warmest years, and the “ASHRAE Year 1”, which is the most severe typical weather file
“concerning moisture damage within the building envelopes” according to ASHRAE project
RP 1325 [35]. We found that the results using our chosen weather files for each city fell
between those generated by the two extreme weather files for the corresponding city. Thus,
the weather files used were deemed to be acceptable here. The climate and weather models
are discussed further in the Section 4.

2.5. Hygrothermal Model

This research used WUFI 2D version 3.2 [35,36], a dynamic hygrothermal software
tool that simulates vapor diffusion, moisture content, and heat transport through building
materials. This allows hygrothermal data to be collected from any depth within the wall
and, therefore, enables an analysis of how each material experiences temperature and
moisture changes over time. Input parameters are entered in three sections as follows.

1. Component, composed of the assembly of materials, compass orientation, surface
transfer coefficient, and assumed initial moisture conditions;

2. Control, including the calculation period and timestep interval;

3. Climate, consisting of the hourly indoor and outdoor climate conditions.

The non-steady heat and moisture transport processes in the WUFI model are de-
scribed in the following equations [65], where Dy, (m?/ s) is the liquid transport coefficient,
H (J/m?) is the enthalpy of moist building material, i, (J/kg) is the evaporation enthalpy of
water, p (Pa) is the water vapor partial pressure, u (m>/m?) is the water content, & (kg/msPa)
is the water vapor diffusion coefficient in air, ¢ (°C) is the temperature, A (W/mK) is the
heat conductivity of moist material, i (-) is the vapor diffusion resistance factor of dry
material, p;, (kg/m?) is the density of water, and ¢ (-) is relative humidity.

OO 0 (100Y 0 (50p
00 ot  dx \ ox “ox \ pox
Moisture transport:

oudp _ 0 (o oudg) (S
pwaqo ot ox (Pwa ¢ Bx) o (y ox
Full governing equations, discretization schemes, and boundary condition formula-

tions are documented in Zirkelbach et al. [35] and the Fraunhofer IBP WUFI 2D technical
manual; readers are directed to those references for complete mathematical detail [66].

Heat transport:
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Our model approximates airflow within the wall assembly using the recommended
air and moisture leakage rates published in the WUFI guidelines for North American
envelopes [23,66,67]. These reports for above-grade walls show calibrated settings that
represent historical performance for US building assemblies. An adiabatic boundary was
applied to the top and bottom of the wall assemblies, excluding the ground coupling, to
model only above-grade conditions.

To minimize the impact of solar radiation, we oriented our modeled walls north
to limit solar-driven drying and to establish an upper bound on mold risk, as previous
literature shows that facade orientations in the shade are more likely to experience mold
growth [68,69]. Our model parameters for the initial conditions and period testing followed
the WUFI manual’s recommendation, which states an initial condition of 80% relative
humidity (RH) and 20 °C (68 °F) for frame constructions and materials exposed to open
air during storage, as well as a simulation period of five years to determine whether the
construction is in dynamic equilibrium and to assess changes in moisture content between
years [66]. The same weather files were used for each consecutive year, thereby removing
the effects of shock events and allowing seasonal patterns to be recognized.

Indoor temperatures were maintained between 21.1 °C (70 °F) and 23.9 °C (75 °F)
using mechanical heating and cooling, in accordance with ASHRAE 160 [70]. Interior
moisture loads (i.e., the moisture contributed to the indoor air by people and indoor
activities) also followed the ASHRAE default value of 0.105 g/s. The indoor relative
humidity was set to a maximum of 50% via mechanical dehumidification, a conservative
WUFI setting, as a residential air-conditioning system may be unable to maintain this level
of dehumidification. It is acknowledged that fixed setpoints, constant moisture generation,
and maximum relative humidity conditions may not reflect real occupant behavior or
system failures, yet they provide a conservative scenario of residential interior climate
control. The building’s volume is 500 m3. The heating and cooling systems are controlled
by a consistent setpoint deadband of 21.1 °C to 23.9 °C. As shown in the literature, in a
warmer future climate, air conditioning use and annual cooling demand increase [71]. In
WUFI 2D, indoor climate conditions are enforced as a boundary, and there is no option to
define the cooling capacity of cooling equipment; therefore, the model assumes sufficient
capacity to meet the cooling needs of the 2080 future weather to maintain an indoor climate
of 23.9 °C and 50% RH. For air leakage, we used the WUFI “standard construction” with a
leakage rate of 0.2 air changes per hour (ACH) between the outside and the interior of the
building. For each wall assembly, we simulated the three cities. A summary of the exterior
and interior boundary conditions is listed in Figure 4.

2.6. Mold Model

We used a secondary mathematical model, the mold growth model developed by
VTT (Valtion Teknillinen Tutkimuskeskus) Technical Research Centre (Espoo, Finland) [48],
which was empirically derived from a mold growth analysis [30]. Laboratory experimental
studies with pine sapwood [49] informed the model’s overlaying equations, which were
later extended to include other building materials by Ojanen et al. [48]. Several research
papers have validated this model, detailing the differential equations and regression models
used to arrive at a mold growth index (MGI) [40,48,67]. The calculation is computed hourly.
The mold growth index ranges from 0 (no mold growth) to 6 (100% coverage of mold
growth), as described in Table 1. The calculation, as shown in Equation 1, allows for both
mold growth and decay. The growth computation is based on three parameters: dry-bulb
temperature (T), relative humidity (RH), and the construction material’s sensitivity to mold
growth (the coefficients k; and k). These coefficients are built into the VIT model to scale
the mold equation for different building materials. Finally, W refers to the timber species,
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and SQ refers to the surface quality, which applies only to wood types. The SQ is calculated
as 0 [30].

M _ L kpk
dt — 7-expexp (—0.68InT — 13.9InRH + 0.14W — 0.335Q + 66.2) * *

M

Adiabatic and Impermeable

T

Exterior Boundary Condition
» TMY3 weather file for each
site including morphed

Interior Boundary Condition
= * Heating set point: 21.1°C

. (70°F)
20.8.0 TAR A.z SH—— 3 +  Cooling set point: 23.9°C
« Initial conditions of ' (75°F)

80%relative humidity, 20°C -

- *  Moisture load 0.105 g/s
temperature .

Relative humidity
maximum of 50%

Air leakage typical value
of 0.2 ACH

DOE Guidelines used:
» 70% incident rain adheres
to siding surface
* 1% incident rain penetrates
to back of cladding
* 0.001% of incident rain
penetrates air barrier

b e e e e e e e e ——

Adiabatic and Impermeable

Figure 4. Boundary conditions and the initial conditions used in the WUFI model. Exterior conditions
are shown in blue, interior conditions in red.

Table 1. The VIT mold growth index (MGI) [41].

Index Growth Rate
0 No growth

Small amounts of mold detected only with a microscope, initial stages of

! local growth

2 Several local mold growth colonies on the surface detected via microscopy

3 Visual findings of mold on the surface at <10% coverage, or <50% coverage
of mold (microscope)

4 Visual findings of mold on the surface, 10-50% coverage, or >50% coverage
of mold (microscope)

Plenty of growth detected visually, >50% visual coverage
6 Very heavy and tight growth detected visually (coverage 100%)

The VTT classification of “pine sapwood” is used. It is a common material for wall
studs, one of the most mold-sensitive materials in the VTT library, and is the most well-
studied, as it was the base substrate studied to produce the original mathematical VTT
model. The default sensitivity (k; and k;) and specifications (W and SQ) of pine sapwood
were used in the mold growth index simulations.

The mold growth index was calculated at multiple sensor locations at various depths
within the wall stud cavity of the hygrothermal model. Hourly temperature and relative
humidity data from these sensor points were exported as .csv or .asc files to assess moisture
accumulation in each wall material. Relative humidity typically peaked at the interface be-
tween the vapor retarder and wall stud in Wall A, shown in Figure 5 as the blue-highlighted
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Winter  cool
side (exterior)

cells of the pine stud in the wall cavity cross-section. Therefore, we used this data as the
hourly climatic environment to simulate mold growth on the surface of pine sap wood
timber framing using the VIT mathematical model of mold growth.

- " Winter warm
side (interior)

Selected pine
stud cells

Figure 5. Horizontal cross-section of Wall A as modeled in WUFI, showing the position of the
virtual sensor (indicated by the selected pine stud cells), with more details shown in Figure 2 and the
Appendix B: Wall Assembly Modeling Details.

3. Results
3.1. Moisture in Walls

In all three simulated cases, future weather conditions lead to higher moisture levels
within the walls. Presumably, two main factors contribute to this result. The first is
the higher absolute moisture content of the outside air, and the second is the higher
summertime temperature difference between a constant interior set-point temperature of
23.9 °C (75 °F) and a warmer exterior climate. Therefore, air cooled by cooler surfaces on
the interior side of the wall cavity would have a higher relative humidity.

3.2. Mold Growth Results

As discussed, the simulations were run using the same year of weather data, repeated
five times to account for the initial assumptions, including low moisture content and no
mold. Therefore, the final year of the simulation is the most informative and is the value
discussed. Here, as shown in Figure 5, the results are shown for the surface of the wood
stud inside the wall cavity.

The simulated mold growth index of the modeled walls shows the stark difference
in performance between present and future weather conditions. For the historical Wall A,
shown in Figure 6, the present (TMY3) weather conditions resulted in microscopic mold
growth that died off seasonally (mold growth index of 0). In contrast, the future (morphed)
weather conditions resulted in a seasonal peak mold growth index ranging from 4 (10-50%
visible mold coverage) to 5 (>50% visible mold coverage), with at least microscopic mold
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remaining year-round. Relative comparisons, i.e., comparing present to future or Wall A to
Wall B results, are relatively robust to the mold model choice, whereas the absolute mold

growth index values are not.

VVT Mold Growth Index - Wall A

3
2
s
0]
as]
[<}
=
E
>
Time
== \Washington DC Historical == == Washington DC Future = = Philadelphia Historical == Philadelphia Future = == == New York Historical
== New York Future
Figure 6. Simulated mold growth indices for Wall A (1.52 metric perms (1 US perm) vapor retarder)
for each city, using present typical weather files (bottom) and future morphed weather files.
Fortunately, simulations of Wall B, the contemporary wall, show a mold growth index
of 0 (no growth) in all walls, as shown in Figure 7. This suggests that the Wall B assembly,
perhaps due to its additional exterior insulation and enhanced air barrier, improved the
wall cavity temperature and relative humidity, helping prevent mold growth.
VVT Mold Growth Index - Wall B
0.100
0.075
x
]
=]
-‘.s' 0.050
5
o
]
[<}
=
E oo
>
0.000 - - - " -+
SO ENPENT 6660 NS IS0 RTINS EEDT 685685588 8696
PR R R A R N R P R R R
$3 TELESE S LIS TLSTLIEE TESLE IS TESE
SIS & 3¢ & 3¢ & 3¢ & &

== Washington DC Historical w= w= \Nashington DC Future == Philadelphia Historical == Philadelphia Future == == New York Historical
= = New York Future

Figure 7. Simulated mold growth indices in Wall B, the more contemporary wall (again with
1.52 metric perms (1 US perm) vapor retarder) for each city, showing no simulated mold growth in all

cities and weather data.
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However, as with many topics in building simulation, because many model inputs
are uncertain, the most important results are not the absolute predictions but the changes
in the results from one test case to another. Interestingly, simulations of Wall A showed a
significant increase in the simulated mold growth index from present to future weather
conditions, suggesting that wall constructions susceptible to mold under today’s weather
may become even more susceptible under future conditions. By Year 5, the change in
the mold growth index from one annual cycle to the next was minimal, indicating that
additional simulation years would not yield substantive changes.

3.3. Sensitivity Checks

As explained, Wall A was tested with vapor retarders with three different perme-
abilities. This sensitivity check was conducted to assess future weather conditions in
Washington, DC. The vapor retarder with the lowest permeability (0.152 metric perms,
0.1 US perm) resulted in the greatest mold growth, exceeding 5 on the mold growth index.
This variant represents a 6 mil (0.006 inches or 0.15 mm) polyethylene membrane, a com-
monly used vapor retarder in historical building construction. The mid-range permeability
variant is the maximum code-allowed vapor retarder, with a permeability of 1.52 metric
perms (1.0 US perm), shown in Figure 6. It is associated with sustained mold growth under
future climate conditions. A final 7.6-metric-perm (5.0 US perm) vapor retarder variant was
tested (not compliant with the 1990s building code) and showed the lowest mold growth.
Again, the important takeaway from these results is likely not the absolute estimates but
their relative relationship. These results suggest that walls with less permeable vapor
retarders may experience greater future mold growth.

4. Discussion
4.1. Overview of the Problem

While the health effects of mold inside walls have not been specifically studied, the
general presence of mold in buildings is linked to substantial health burdens and associated
costs. Research estimates annual asthma-related costs of USD 3.5 billion due to mold
exposure in the home [27], while another study found that repairing mold-damaged houses
and offices reduced asthma-related symptoms by 36% on average [72].

Cities in mixed US climates have optimized the construction of lightweight exterior
walls for historical climates. This research simulates what will happen to these walls as the
climate shifts toward a higher absolute moisture content in the outside air, hotter summers
with more significant indoor/outdoor temperature differences, prolonged air-conditioning
use, and warmer winters.

This research suggests that existing envelope designs may become increasingly sus-
ceptible to mold growth in future climatic conditions. Using a 2080 climate projection,
the results show a significant increase in the simulated mold growth index in historical
wood-frame wall assemblies, suggesting that building envelopes that are susceptible to
mold growth today may become even more susceptible with climate change. This impact
is a result not of climate shocks, such as flooding and storms, but of typical weather. If
one were to include the impacts of such climate shocks, the threat of future mold problems
would be even more severe.

4.2. Limitations
4.2.1. Future Weather Assumptions

Taking a conservative approach, our model leaves out three factors that may exacerbate
future mold growth. First, as mentioned, we have used present rain data in all models. In
subsequent studies, weather models should account for expected changes in precipitation
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(both total amounts and single events). The National Climate Assessment predicts that
with a 2 °C global air temperature increase from pre-industrial levels, precipitation in the
ASHRAE Climate Zone 4A could increase the 1991- 2020 baseline by 5% to 7%, and the
magnitude of this change would increase to 10% to 15% under an increase of 4 °C in global
air temperature [20]. On the basis of our previous research [44,45], we expect increased
mold growth if future climate data incorporate these higher rainfall estimates.

Second, scholars suggest that results from weather data with morphing are likely to
underestimate the effects of climate change, especially if significant mitigation action is
not taken [47]. The A2 scenario from the IPCC Third Assessment Report (AR3), published
in 2001, is the basis of the morphing of CCWorldWeatherGen data; it predicts a global
temperature increase of +1.5 °C by 2050 and +3.8 °C by the end of the century. However,
the Shared Socioeconomic Pathways (SSPs) from the IPCC Sixth Assessment Report and
the Representative Concentration Pathways (RCPs) from the IPCC Fifth Assessment Report
are typically used. The current business-as-usual scenario, RCP8.5, shows a global increase
of over +2 °C by 2050 and an average increase of +4.6 °C by 2100 [73]. Such tempera-
ture increases would exacerbate mold growth beyond the results herein. In addition, we
used a single morphed weather file for 2080 (conditions that may occur sooner, for the
reasons described above) for each city, and we did not account for the warming tempera-
tures expected after that point or in other scenarios. Therefore, these results represent a
conservative prediction for mold growth for future climate scenarios.

Third, our results establish that climate stress from outdoor air temperature and
humidity alone will affect the ability of the simulated walls to manage excess moisture flow.
Nevertheless, further research is needed to show a complete picture of performance in a
future scenario with a diversity of exterior and interior shocks, such as water leaks from
storms and floods, outages, or inconsistent building operations, which could exacerbate
the problem. Due to the conservative assumptions described above, the results of this
study identify a seemingly distant future problem that may occur much earlier or at a
higher intensity.

4.2.2. Additional Limitations/Uncertainty

The study is subject to limitations, summarized in Table 2. The general approach to the
methodology, spanning data inputs and modeling decisions, was deliberately conservative.
Table 2 details each limitation and its potential impact on the results.

Table 2. Additional limitations/uncertainty.

Inputs Direction

TMY weather files show the most representative climate
conditions, excluding inter-annual variability, extreme weather Results are conservative.
events, and anomalously high-humidity years.

Use of present-day precipitation data suppresses future mold

Results are conservative.

risk, as climate projections indicate increased rainfall.

A single climate projection (2080) with a single emission A2, TAR, lies between the more recent RCP6.0 and RCP8.5 from
scenario (A2, TAR) was used, as it is the only scenario available the IPCC Fifth Assessment Report, representing a less severe
in the chosen open-source CCWordWeatherGen data. high-emissions scenario.
Modeling Direction
Previous literature indicates that solar radiation inhibits mold
Only the north-facing orientation was considered. growth [69,70]. Therefore, this research focuses on the envelope
orientation expected to be most likely to support mold growth.
The model represents a typical cross-section of a wall; it does Results are conservative, since higher air leakage in summer,
not account for higher rates of air and water leakage at corners,  and hot and humid conditions, leads to a higher risk of mold
roof connections, and foundation lap joints. growth [74].
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Table 2. Cont.

Mold modeling is based primarily on pine sapwood; no
sensitivity analysis for other materials was conducted.

The VTT mold growth model used in the study was originally
developed from laboratory tests on pine sapwood and therefore
provides high-confidence results. Spruce was a later addition to

the VIT material library; however, it is categorized as less
sensitive and is just as common in wall construction assemblies
[67]

A single mold model was used; cross-validation against other
models such as the DR SIM [75] or Isaksson-Thelandersson [76]
models was not performed.

The research focuses on pine sapwood because physical tests of
this material form the basis of the VTT Mold Index
mathematical model. Recent studies show that the VTT model
underestimates mold growth for other materials, but it is highly
accurate for pine sapwood [77].

Assuming steady building operation without accounting for
outages, deferred maintenance, or material degradation, these
conditions would increase moisture accumulation beyond the

simulated values, and the results presented are conservative.

Results are conservative.

Results

Direction

Wall A and Wall B assemblies under morphed future conditions
have not been validated against field measurements.

The main result is the relative change in simulated mold growth
from current to expected future conditions. The absolute mold
index values are not meant to be generalizable.

4.3. Implications

While it is beyond the scope of this study to determine the specific mold growth index

of concern, a notable result, as shown in Figure 6, is that with climate change, the mold

growth index shifts from seasonal die-off to year-round presence.

The simulations show that future weather conditions may result in a substantial in-

crease in mold growth in light-frame wood walls, a potentially widespread future problem,

due to the ubiquity of buildings with this construction type, many of which will still exist

as climates shift. This study investigated three cities; however, other areas with similar

climates and building practices, e.g., a substantial portion of the US in Climate Zone 4A

(shown in yellow in Figure 1) and potentially elsewhere, may be similarly affected.

The chosen wall models seek to represent prevalent building practices in this region

and beyond. Today, a variety of building envelope types exist, with a spectrum of suscepti-

bility to mold growth. The main takeaway of this research is not the precise prediction of

mold growth indices for a few case studies but the finding that their susceptibility to mold

growth substantially increased under projected climate change.

Fortunately, in this study, the contemporary code-compliant wall model performed

substantially better in preventing simulated mold growth. The contemporary wall also

exhibited substantially improved energy performance for heating/cooling the building.

If these mold growth simulations are accurate, avoiding mold problems could be another

motivation for owners of obsolete buildings to retrofit their building envelopes.

Studies have indicated that mold remediation in buildings is very difficult and that

preventing mold growth is a more effective strategy [78,79]. If mold damage were left

unchecked to the point of requiring total demolition and replacement of the damaged wall

assembly, the renovation costs could be on the order of USD 150 per square meter of wall

area. A more cost-effective approach would be to address the problem proactively, for

example, by bringing the wall up to the more recent code requirements (as shown as Wall

B in Figure 2), which could cost on the order of USD 35 per square meter of wall area (if

the existing siding were reapplied) or USD 72 per square meter if the siding were replaced.

These estimates are based on RS Means cost data [80] and explained in more detail in

Appendix C. Importantly, these upgrades would also substantially improve the energy

efficiency of the wall assembly, highlighting a synergy between energy and hygrothermal

performance upgrades.
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Updating the wall to meet current code requirements (Wall B in Figure 2) addresses
the risk of mold growth. This prevents moisture from becoming trapped in the wall cavity,
where it can saturate at lower temperatures near the interior layers. Research shows
that treating materials to be hydrophobic can also help in climate-responsive design [81].
However, we caution against using such measures, as they can further exacerbate the
trapping of moisture in organic materials prone to mold growth by creating additional
vapor barriers, which is counterproductive [82].

We caution readers that the methods used here are relatively new and that some model
inputs are uncertain and cannot be validated. Therefore, this study should be viewed with
some degree of skepticism, as it is intended as a first step in investigating the potential
impact of climate change on the mold performance of historical walls in the mid-Atlantic US.
However, the overall increase in simulated mold growth under future weather conditions
for this common historical construction type suggests that this potentially widespread issue
warrants further study.

4.4. Future Work

Empirical studies could validate the simulated findings and further underpin the ex-
isting modeling calculations, especially in three-dimensional hygrothermal studies, which
are an active field of research. Future research is needed to investigate the extent of the
problem, e.g., by testing different combinations of geographic locations, future climate
projections, wall (and roof) assemblies, field validations, orientation parametric study,
precipitation morphing, cross-validation with other mold models, extreme weather event
scenario modeling, and sensitivity analyses. Research is also needed to predict the health
and financial implications of such problems and to identify solutions to prevent future mold
issues in new and existing buildings. These solutions could include operational (HVAC)
interventions, physical retrofits to adjust the temperature profile or wall ventilation and
isolation strategies to block human exposure, or other measures.

5. Conclusions

This study presents a framework for testing the mold growth potential of existing
building envelopes in expected future climate conditions. It includes weather file morphing,
incorporating a conservative approach to precipitation data, and hygrothermal simulation
and mold growth modeling. The simulated results suggest that existing wood-framed
building envelopes, including those in the mid-Atlantic region of the US (ASHRAE Climate
Zone 4, Koppen Cfa, humid subtropical) built to meet the building codes of the 1990s
through to the early 2000s, especially those with vapor retarders of 1.52 metric perms
(1 US perm) and lower, and likely similar buildings elsewhere, will experience an increased
risk of mold growth as climates change. The more modern wall section tested with exterior
insulation showed no increased risk.

Northern Hemisphere builders would not construct a northern-style wall assembly
in a southern climate due to differences in heat and moisture flows. However, existing
constructions will increasingly be exposed to more southern-like climates. Therefore,
this research sheds light on the risk of mold growth in existing building assemblies as
temperatures warm, absolute humidity increases, and mechanical cooling seasons expand
and intensify. The risk of mold growth from these climate stresses, rather than climate
shocks, has been relatively absent from the climate resilience literature, yet the risk may be
widespread, given that the wood-framed building envelopes tested here represent a large
share of existing buildings, many of which are expected to remain for decades to come.
Importantly, this research suggests that building assemblies adapted to historical climate
conditions may be obsolete in future climates.
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Appendix A. US Building Codes

Table A1l provides a history of relevant building codes and their requirements regard-
ing vapor retarders. Table A2 indicates which code was in effect in historic years in each
case city.

Table Al. History of major US building codes and vapor retarder requirements.

2000 [50], 2003 [51], 2006 [52] IECC residential

Code Rules on Vapor Retarders
1990 BOCA [58] “Vapor barriers must be considered.”
1996 BOCA [53]

Vapor retarder required less than or equal to 1 perm. *

2009, 2012 IECC residential [55]
2009 IRC [83]

No mention of vapor retarder.

Vapor retarders not required for Climate Zone 4. Vapor

2009, 2015, 2018 IBC [84] retarders less than or equal to 0.1 perm not permitted for

Climate Zone 4.

2015 IECC [55]
2015, 2018 IRC [83]

Vapor retarders not required for Climate Zone 4.

Vapor retarder less than or equal to 0.1 perm not permitted.

2018 [59], 2021 IECC [55] Vapor retarder greater than 0.1 and less than or equal to 10

perms required.

*1perm =5.7 x 1071 kg/(Pa s m?).
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Table A2. History of building codes and vapor retarders’ requirements for New York City, Philadel-
phia, and Washington, DC.

Official Code
Year ! (or Model Code Used as the Basis Rules on Vapor Retarders
of the Local Code)
New York City
1991 NY State ECC 1991 [54]
2002 IECC 2000 [50] Vapor retarder required less than or equal to 1 perm. *
2008 TECC 2003 [51]
2011 NY City ECC 2011 [57] Vapor retarders not required for Climate Zone 4.
2016 NY City ECC 2016 [57] No mention of vapor retarder.
Vapor retarder less than or equal to 0.1 perm not permitted.
2020 IECC 2018 [55] Vapor retarder greater than 0.1 and less than or equal to
10 perms required.
Philadelphia
The early 1990s assumed BOCA 1990 [58] “Vapor barriers must be considered.”

Late 1990s assumed BOCA 1996 [53]
2004 IECC 2003 [51] Vapor retarder required less than or equal to 1 perm.*
2006 IECC 2006 [52]
2009 IECC 2009 [55] No mention of vapor retarder.
2015 IECC 2015 [55] Vapor retarders not required for Climate Zone 4.

Vapor retarder less than or equal to 0.1 perm not permitted.
2022 IECC 2018 [55] Vapor retarder greater than 0.1 and less than or equal to
10 perms required.
Washington DC

1992 BOCA 1990 [58] “Vapor barriers must be considered.”
1999 BOCA 1996 [53]
2004 TECC 2000 [50] Vapor retarder required less than or equal to 1 perm. *
2008 IECC 2006 [52]
2014 IECC 2012 [55] No mention of vapor retarder.
2020 IECC 2015 [55] Vapor retarders not required for Climate Zone 4.

*1perm =5.7 x 107! kg/(Pasm?). ! The history of building code adoption was accessed from the US Department
of Energy Building Codes Program website (https://www.energycodes.gov /state-portal; last accessed 10 May
2024). Earlier, Philadelphia’s code adoption was based on an interview with Jose Gonzalez at the Board of Licenses
and Inspections Review in the City of Philadelphia.

Appendix B. Wall Assembly Modeling Details
Appendix B.1. Methods, Wall Assemblies, and Code Compliance/Models

e  The wall labels refer to typical US naming conventions based on nominal stud sizes,
14 “2 x 4” or “2 x 6” (actually 1.5 x 3.5 or 1.5 x 5.5 inches), and insulation R-values
(in ft2 °F/Btu).

e Revised density properties in our model: oriented strand board, 576.6 kg/m?
(36 pounds/ ft3); low-density fiberglass insulation, 19.2 kg/m3 (1.2 pounds/{t3); and
higher-density gypsum board, 800.9 kg/m3 (50 pounds/{t3) [23].

o Lightweight timber framing is the most ubiquitous construction type for North Ameri-
can housing, and vinyl siding represents the most ubiquitous envelope material used
in housing on the Northeast coast of the US. About 73% of the homes built before
2000 in the Middle Atlantic census division, which includes Philadelphia and NYC,
have vinyl siding, and about 40% of homes in the South Atlantic census division,
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which includes Washington, DC, use vinyl siding. Vinyl remains the leading material
for residential siding [22].

Appendix B.2. Methods: Hygrothermal Model

DOE guidelines used for our models include the following: 70% incident rain adheres
to the siding surface and is addressed by liquid conductivity and vapor diffusion, and
the remaining 30% sheds off the surface; 1% of incident rain to the siding penetrates
to the back of the cladding, and 0.01% of the incident rain penetrates the air barrier
and reaches the sheathing. The flow rates to the interior layers of the wall depend
on the siding material: for vinyl siding, we model a flow rate of 0.5 cfm/sf, an air
change per hour (ACH) of 200, and gaps of 3/16” for the cladding ventilation, plus
10 ACH for sheathing the exterior and interior ventilation. For painted wood siding
(southern yellow pine), the gap size and flow rate on either side of the sheathing
remain the same, but the flow rate decreases to 0.1 cfm/sf and 20 ACH for cladding
ventilation. [23].

For reference, Passive House standards require a maximum of 0.6 ACH at 50 Pascals of
pressure, which would equate to approximately 0.03 ACH or less under natural conditions.
Figures Al and A2 provides additional details on the simulation settings of Wall A
and Wall B, repectively.
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Figure A1l. Wall A’s simulation settings. Dark blue text indicates layer thickness, red text indicates

material description, light blue text indicates the source of the input, and black text is other WUFI

simulation text. The colored hatching distinguishes the material layers from each other.
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Figure A2. Wall B’s simulation settings. Dark blue text indicates layer thickness, red text indicates
material description, light blue text indicates the source of the input, and black text is other WUFI
simulation text. The colored hatching distinguishes the material layers from each other.

Appendix C. Remediation Cost Estimates

These estimates, using the RS Means database [80], are based on US average costs,
including materials and labor, but exclude demolition and disposal costs.

Appendix C.1. Total Replacement of Mold-Degraded Materials

This estimate includes new “2 x 4” wood studs, plywood sheathing, fiberglass batt,
and drywall, totaling USD 150 per square meter of wall assembly (USD 14 per square foot).

Appendix C.2. Addition of New Air Barrier and Insulation Only

This estimate includes a new air barrier and 51 mm (2 inches) of extruded polystyrene
insulation, totaling USD 35 per square meter of wall assembly (USD 3.20 per square foot).

Appendix C.3. Addition of New Air Barrier and Insulation, with Siding Replacement

This estimate includes the insulation and air barrier listed above, plus replacement
vinyl siding, for a total of USD 72 per square meter of wall assembly (USD 6.70 per
square foot).
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As an alternative, the siding could be replaced with cedar clapboard cladding rather
than vinyl siding, at a total cost of USD 104 per square meter of wall assembly (USD 9.65 per
square foot).
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