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Abstract  
Moisture accumulation in the building components/assemblies that form building 
envelopes can lead to material deterioration and moisture related issues such as mould 
growth. As a part of the building envelope, this study focusses on assessing the moisture 
performance and energy performance (i.e., hygrothermal performance) of roofing systems. 
As roofs can be built with high initial construction moisture, numerical simulations were 
conducted with and without high initial construction moisture in order to investigate: 
(a) the hygrothermal performance of cool and black roofs having material layer with high 
initial construction moisture content, (b) the time needed so that the moisture content 
reaches acceptable level as per the building code requirements, (c) whether moisture 
accumulation and mould growth occur in the roofs, and (d) the energy savings as a result 
of installing white/cool roof instead of black roof. An advanced numerical model is used 
to conduct the numerical simulations for black and cool roofs when they are subjected to 
hot climate. This model solves simultaneously the Heat, Air and Moisture (HAM) transport 
equations in all layers of the building assemblies. The model was extensively validated 
by comparing its predictions with the experimental data of different building components 
at various operating conditions. For the roofing systems investigated in this paper, the 
results showed that mould growth occurred in the black and cool roofs only for the case 
with high initial construction moisture. The mould has totally disappeared after 378.8 day 
for the black roof and 479.3 day for the cool roof. The temperatures of the cool roof were 
much lower than those for the black roof. The total yearly energy load with the black roof 
was 77% greater than that with the cool roof. 

INTRODUCTION 

The phenomenon of global warming is one of the problems 
that we currently face. This phenomenon has led to many 
environmental issues including higher atmospheric tem
peratures, increased intensity of precipitation, and in
creased greenhouse gas emissions.1 Due to sharp increase 
in the energy demands, buildings and other built environ
ments have a significant role in contributing to the global 
consequences of climate change. In regions with harsh cli
matic conditions, a substantial share of energy is used for 
heating and cooling the buildings.2 Improving the thermal 
performance of building envelope components3‑6 as well as 
the thermal performance of the mechanical systems (e.g., 
heat exchangers, ducts, etc.7‑9) would result in reducing the 
energy demand and thus contributing to the fight against 

global warming. Several studies have shown the potential 
benefits of green and cool roofs in terms of energy conser
vation, lowering urban heat islands, reducing global warm
ing via decreased greenhouse gas emissions, and as well 
minimizing the local air pollution.5,6,9‑13 

The implementation of roofs that possess high energy 
performance and exhibit little susceptibility to moisture-
related issues can effectively contribute to the reduction 
of energy consumption in building.10‑13 Green roofs are 
widely used due to its lightweight, thin growing media, lim
ited or no maintenance, low cost, and high potential appli
cation for use in the new or existing lightweight structures. 
As provided in,12 green roof was able to reduce the heat 
gain by 66% during the cooling months. Bentz13 provided a 
realistic method for choosing and designing a green reroof
ing system. Both thermal insulation properties and solar re
flectivity of the roof surface have significant effect on the 
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roof performance. Tariku et al3 conducted a review on the 
impact of temperature, moisture, and aging on the in-ser
vice performance of commonly used insulation materials 
for flat roofs. That study provided mathematical expres
sions for the thermal conductivity as a function of temper
ature and moisture content that can be used for assessing 
the long-term energy and moisture performance of roof
ing systems. As the thermal conductivity and heat capacity 
are among the most essential properties of a building insu
lation, ignoring the temperature dependency of these ma
terial properties may lead to under and over estimations 
of buildings energy uses and the corresponding equipment 
sizing.4 

The influence of roof solar reflectivity (αs) on the cooling 
and heating loads for buildings in the US was investigated 
by Akbari et al.14 The findings of simulations conducted on 
a one-story house demonstrated that enhancing αs from 
20% to 60% is equivalent in value to more than half of the 
insulation in the roof subjected to hot climates.15 For a sin
gle-story building in Boston having a roof with thermal re
sistance (R-value) of 2.7 m2·K/W, a 13% reduction in energy 
consumption was achieved by doubling the existing insula
tion; whereas installing a green roof instead of this roof re
sulted in a 12% reduction in energy use.16 

Roof experiences drying due to the absorbed solar radi
ation during daylight hours. The selections of the exterior 
coating and membrane for the cool roof are influenced by 
the major property of αs.17‑21 Therefore, it is important to 
design roof toward achieving energy savings while mini
mizing the potential for moisture-related issues. The find
ings from the simulation results for black and cool roofs 
indicated that cool roofs exhibited higher level of stored 
moisture in the winter compared to black roofs.22,23 As 
well, Saber et al.18 showed that the utilization of cool roofs 
in the climates of Saskatoon (SK) and St. John’s (NL) have 
resulted in enduring issues associated to moisture accumu
lation. The initial construction moisture in roof may have 
impact on the energy performance and the sustainability. 
With initial construction moisture, Bludau et al.24 showed 
that cool roofs exhibited significantly lower temperatures 
and a reduced capacity for drying compared to black roofs. 
During the construction phase, roofs can be built with 

high initial construction moisture. On the other hand, con
ducting numerical simulation to assess the hygrothermal 
performance of a building assembly (roof in this study) re
quires knowing the initial conditions of temperature, mois
ture content and velocity in all building layers that are 
needed to solve the Heat, Air and Moisture (HAM) equa
tions. In most of cases, these initial conditions are un
known. Consequently, values for these initial conditions are 
assumed in order to perform the numerical simulations. To 
the best of the author knowledge, no such study is available 
to investigate the long-term hygrothermal performance of 
black and cool roofs with high initial construction moisture 
in order to determine: (a) the time period needed so that 
moisture content in the roofs reaches an acceptable level 
by the building code authorities, (b) whether or not mould 
growth occurs during the time period in which the moisture 
content in the roof is greater than the acceptable value, 

and (c) the time beyond which the effect of using initial 
conditions has no effect on the hygrothermal performance 
of the roofs. Thus, for Modified-Bitumen (MOD-BIT) roofs, 
the objectives of this study are to: (a) asses the moisture 
performance of black and cool roofs in case of using roof 
layer (Fibreboard in this study, see Figure 1) with high ini
tial construction moisture content, (b) identify the period 
needed so that the moisture content would reach an accept
able limit by the building codes, for example, the National 
Building Code of Canada,25 and (c) determine the time be
yond which the energy performance and moisture perfor
mance are totally independent on the initial conditions. 

INTERACTION BETWEEN HEAT, AIR AND MOISTURE IN 
BUILDING ENVELOPE 

Assessing the performance of a building envelope compo
nent (e.g., wall, roof, windows, curtain wall, and skylight 
device) requires: (a) conducting field and/or laboratory 
tests, and/or (b) conducting numerical simulations with 
validated numerical models. Heat, air and moisture trans
ports occur in the building component/assembly as a result 
of subjecting it to various environmental conditions for the 
indoor and the outdoor.26‑30 In other words, heat transport, 
air transport and moisture transport, respectively, through 
a building assembly, occur due to temperature gradient, va
por pressure gradient, and air pressure difference across the 
assembly. With heat transport at different indoor and out
door conditions, several previous studies have shown that 
the air transport in building assemblies due to natural con
vections and air leakage thorough the assembly at various 
pressure differences can result in significant reductions in 
the R-values of the assemblies (e.g., see27‑32). In addition, 
moisture transport phenomena and its related issue such as 
mould growth or mould decay are much slower processes 
in relation to the other phenomena related to heat and air 
transports. Therefore, the time period that is needed to as
sess the hygrothermal performance of a building assembly 
could be long (e.g., sometimes period of order of years as 
presented in this study). 
The obtained performance of a building assembly from 

tests or numerical simulations is specific to the environ
mental conditions in which the assembly is subjected to. 
For other environmental conditions, assessing the perfor
mance may require repeating the tests or the numerical 
simulations at these conditions. In many cases, conducting 
field or laboratory tests are time consuming and costly. On 
the other hand, assessing a long-term performance may re
quire conducting the tests during long periods, resulting 
in more time consuming and more cost. However, validat
ing a numerical model against the test data and then use it 
to assess the performance of building assemblies subjected 
to different environmental conditions (i.e., different indoor 
conditions and different climatic conditions) could lead to 
less time consuming and less cost. 
The hygrothermal properties of a construction material 

(e.g., thermal conductivity, specific heat, water vapor per
meability, etc.) depend on the local temperature and mois
ture content distributions inside the material layers. Addi
tionally, both water vapor permeance and liquid diffusivity 
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of construction materials are important properties that 
have direct effect on the moisture transport through the 
building assemblies. In the design phase of buildings (e.g., 
THE LINE, hospitals, etc.), the selection of the types of con
struction materials should be taken into consideration in 
order to minimize the risk of condensation and its related 
issues such as mould growth and indoor air quality. For ex
ample, the performance of a building assembly at a dry con
dition could be different from that for the same assembly at 
a wet condition (see2‑4 for more details). This is because the 
thermal conductivity (as example) of a dry material is less 
than that at wet condition. As such, hygrothermal models 
should solve the coupled partial differential equations for 
heat transport, moisture transport and air transport, and si
multaneously accounting for the dependencies of the hy
grothermal properties on both temperature and moisture 
content. In this paper, a validated numerical model against 
field and laboratory test data is used to assess the long-
term energy and moisture performance of the roofing sys
tems (Figure 1), subjected to natural climatic conditions. 
This model is described next. 

MODEL DESCRIPTIONS AND VALIDATIONS 

For assessing the energy and moisture performance of var
ious components of building envelopes, the previously de
veloped model26‑30 that is used in this study solves si
multaneously: (a) the energy equation, (b) the moisture 
transport equation, (c) the air transport equation, (d) the 
surface-to-surface radiation equation, and (e) the surface-
to-ambient radiation equation. In this study, the surface-
to-surface radiation equation is needed to account for the 
heat transfer by radiation on all surfaces that bound the en
closed-airspace shown in green in Figure 1. Also, the sur
face-to-ambient radiation equation is needed to account 
for solar radiation and thermal radiative exchange between 
the roof exterior surface, sky, and environment, where the 
environment includes the ground and adjacent construc
tions/buildings. 
For porous material layers (all layers in the roof shown 

in Figure 1 except the steal deck and the enclosed airspace), 
the air transport equation is the Darcy equation for Darcy 
number (DN) less than 10-6 and Brinkman equation for 
Darcy number greater than 10-6. For the air layers (e.g., 
the enclosed-airspace between the steel deck and the vapor 
membrane) the air transport equation is the compressible 
momentum equation (Navier-Stoke equation). The full de
scriptions of the governing equations mentioned above are 
not repeated in this paper as they are available in.26‑30 

These equations were discretized using the finite element 
method (FEM). The use of the FEM is important as it per
mits meshing complicated geometries with less discretizing 
errors. Due to symmetry, numerical simulations were con
ducted for the computational domain shown in Figure 1c, 
where sensitivity analyses were conducted for determining 
the numerical mesh size. Figure 5 shows the mesh distri
bution in the roofing system that has resulted in a mesh 
independent solution in which the total number of trian
gular elements is 16067, which includes: (a) 1012 elements 

in the applied asphalt based membrane, (b) 1302 elements 
in the Fiberboard, (c) 2213 elements in the polyisocyanu
rate board, (e) 1192 elements in felt membrane, (f) 4388 el
ements in the steel deck, and (g) 5960 elements in the en
closed-airspace (see Figure 1c). 
The model was extensively validated against experimen

tal data obtained from laboratory and field tests for dif
ferent building components with various types of insula
tions including reflective insulations.26‑42 For walls with 
Insulating Concrete Form (ICF) and subjected to climatic 
conditions of Ottawa (ON), the model predictions were in 
good agreement with field data.33 Additionally, the model 
was validated against field measurements for highly in
sulated residential wood-frame construction incorporating 
vacuum insulated panels, VIPs (see,34‑36 for more details). 
The model was used to compare the predicted drying rate 
of four full-scale wall assemblies (Set-1, Set-2, Set-3 and 
Set-4) incorporating wet oriented strand board (OSB) with 
the test data.26,37,38 As shown in Figure 2, the measured av
erage moisture content (MC) in the OSB over the test period 
were in good agreement with the model predictions (within 
± 5%).26 The predicted R-values of a number of full-scale 
walls called “WER” having various types of thermal insu
lations (WER-1 and WER-5 incorporating glass fibre batts, 
and WER-AA, WER-BB, WER-CC and WER-DD incorporat
ing open-cell polyurethane spray foams) were compared 
with the measured R-values using Guarded Hot Box (GHB) 
in accordance with ASTM C1363.39 Figure 3 shows that the 
model predictions were in good agreement with measured 
R-values to within ±5%.27 Also, the measured R-value us
ing GHB in accordance with ASTM C136339 for above-grade 
wall system with reflective insulation (4.24 m2·K/W) was 
in good agreement with the predicted R-value (4.19 m2·K/
W) being within ±1.2%.28 For small-scale building compo
nents, the test data of reflective insulation assemblies ob
tained using Heat Flow Meter (HFM) in accordance with the 
ASTM C51840 were compared with the model predictions, 
where the predicted heat fluxes were in good agreement 
with test data to within ±1.0%.41,42 With reflective insula
tions, most recently, the model predictions were compared 
with test data from the U.S. National Bureau of Standards 
for the R-values obtained using hot-box for horizontal sin
gle and double enclosed-airspaces with heat flow up and 
heat flow down, and vertical single and double enclosed-
airspaces with heat flow horizontal.43 As shown in Figure 4, 
the results showed that the model predictions for R-values 
of enclosed-airspaces of various conditions were in good 
agreement with the test data being within +4% and -7% 
(see29,30 for more details). After extensively validating the 
model, it is used in this study with confidence to assess the 
hygrothermal performance of black and cool roofs with and 
without high initial construction moisture content. 

ROOF DESCRIPTIONS 

A schematic of the roofing system “Modified-Bitumen, 
MOD-BIT” used in this study is shown in Figure 1. The 
MOD-BIT roof consists of: (a) cap sheet (3.67 mm thick) 
and base sheet (3.67 mm thick) made of torch applied as
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Figure 1. Modified-Bitumen (MOD-BIT) roof    

Figure 2. Comparison between the predicted and      
measured average moisture content in the OSB over         
the period of the test    26  

phalt based membrane, (b) fibreboard (25.4 mm thick), (c) 
thermal insulation made of rigid polyisocyanurate board 
(50.8 mm thick), (d) vapour barrier made of bituminous pa
per (0.65 mm thick), and (e) steel deck. As per the dimen

Figure 3. Comparison between the predicted and      
measured R-values of full-scale wall assemblies     27  

sions provided in Figure 1, the hydraulic diameter of the 
enclosed-airspace between the steel deck and vapour bar
rier is 41.3 mm. It is assumed that all material layers shown 
in Figure 1 are in good contact. As such, the resistances to 
heat and moisture transfer at the interfaces of the material 
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Figure 4. Comparison of model predictions for R-     
values with HRP 32 R-values for enclosed-airspaces        
with wide range of effective emittance     30  

layers are neglected. However, the model has the capabil
ity to account for the effect of these interfacial resistances 
in case if they are known. The hygrothermal properties of 
the roof materials are obtained from material database pro
vided in.44 All surfaces that bound the enclosed-airspace 
between the steel deck and the vapor barrier as well as the 
roof exterior surface have emittance of 0.9.45 In order to 
consider the presence of perforations and joints in the steel 
deck, a value of 3.3 m (5 US perms) was assigned to its 
vapour permeance.21,23 In this study, the short-wave solar 
reflectivity (αs) for the exterior surfaces of the cool roof and 
black roof, respectively, are 80% and 12%.18,23 Note that 
the value of αs can decrease with time due to ageing and/
or dust accumulation.24 For hot and dusty climate in Saudi 
Arabia, the reductions in αs were accounted for in previous 
studies.46‑48 

BOUNDARY AND INITIAL CONDITIONS 

The climate of Phoenix (AZ) was used to investigate the 
moisture performance of cool and black roofs with high 
initial construction moisture. In previous study,18 the in
door conditions based on the ASHRAE recommendations 
for conditioned space49 and the European standard, EN 
1502650 were used to assess the long-term performance of 
black and cool roofs, subjected to several climates in North 
America. The results of that study showed that using the in
door conditions based on EN 1502650 have resulted in that 
both black and cool roofs run with higher moisture content 
in relation to those using the ASHRAE indoor conditions.49 

Thus, the indoor conditions based on EN 1502650 are used 
in this study. The EN 15026 indoor conditions are50: 

℃ ℃

℃ ℃ ℃

℃ ℃

Figure 5. Numerical mesh in the MOD-BIT roof       

℃

℃ ℃

℃

In Eq. (1), Tind and Toutd are the indoor air temperature and 
the outdoor air temperature (from the weather data), re
spectively (°C). Also, RHind is the indoor relative humidity 
(%). 
Due to symmetry, the computational domain that is 

modeled is shown in Figure 1c. The boundary conditions 
that are needed to solve the air transport equation are: 
(a) non-slip condition for the air on the surface of the 
steel deck, and (b) symmetry condition on the right and 
left boundaries. The boundary conditions needed to solve 
the energy equation are: (a) symmetry condition on the 
right and left boundaries, (b) heat flux on the outdoor sur
face (qh,outd), and (c) heat flux on the indoor (qh,ind). The 
surface-to-surface radiation equation is subjected to emit
tance of 0.945 for all surfaces that bound the enclosed-air
space. For the surface-to-ambient radiation equation, the 
emittance of the exterior surface of cool and black roof 
is 0.945; whereas the values of the short-wave solar re
flectivity (αs) are 80% and 12% for cool roof and black 
roof, respectively.23,24 For moisture transport equation, the 
boundary conditions needed to solve this equation are: (a) 
symmetry condition on the right and left boundaries, (b) 
moisture flux on the outdoor surface (qm,outd), and (c) 
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moisture flux on the indoor system (qm,ind). For given out
door and indoor conditions, the detailed procedures for de
termining qh,outd, qh,ind, qm,outd and qm,ind are provided 
in.18,37 As well, these procedures included the evaluations 
of the heat transfer coefficients and mass transfer coeffi
cients on the outdoor surface and the indoor surface that 
are needed for determining qh,outd, qh,ind, qm,outd and 
qm,ind. 
As the initial moisture contents in the material layers 

are unknown, and thus are assumed in this study, the errors 
coming from disregarding the capillary hysteresis are also 
unknown. However, as this study deals with comparisons of 
black roof performance with cool roof performance using 
the same assumptions in both roofs, the conclusions are 
unbiased and correct. As initial condition for air transport 
equation, the air velocities in x- and y-directions are set to 
0.0. For the energy equation, the initial temperatures are 
set to 10 ⯑C in all roof layers. For moisture transport equa
tion, the initial moisture contents in all materials of the 
roofing layers except the Fibreboard are set to correspond a 
relative humidity (RH) of 50%. However, the Fibreboard is 
sensitive to moisture absorption and desorption, and mould 
growth in relation to the other materials in the MOD-BIT 
roof. To investigate the roof performance for the scenario 
of installing the Fibreboard with High Initial Construction 
Moisture (HICM) and sealing the roof before allowing it to 
dry, the initial relative humidity (RH) in the Fibreboard is 
set at 95%, which corresponds to moisture content of 36.8% 
kgw/kgdm. This scenario is called “Fibreboard with HICM”. 
For the purpose of comparisons, another scenario is consid
ered called “Reference Case” in which the initial moisture 
content in the Fibreboard corresponds to 50% RH (i.e., its 
initial RH is same as the other material layers in the roof
ing system). For this Reference Case and the same types 
of roofing systems considered in this study (Figure 1), pre
vious studies18,51 were conducted to investigate the long-
term performance of black and cool roofs when they were 
subjected to different climates of North America with var
ious Heating Degree Days (HDD), namely: Toronto (ON), 
Montreal (QC), St John’s (NL), Saskatoon (SK), Seattle (WA), 
Wilmington (NC), and Phoenix (AZ). The HDD for these 
cities are 3520, 4200, 4800, 5700, 2564, 1349, and 578, re
spectively. Additionally, for different types of roofing sys
tems, other previous studies were conducted to investigate 
the long-term performance of black and cool roofs when 
they are subjected to Saudi and Kuwaiti climates.37,38,46‑48,
52‑54 

DATA REDUCTION 

As the present model solves the HAM equations, the results 
of the numerical simulations include the local distributions 
in all roofing layers for the relativity humidity (RH) and the 
corresponding moisture content (MC), temperature (T) and 
the corresponding heat flux, and air velocity components. 
In this study, derived parameters P (e.g., T, RH, MC) from 
the simulation results are used to assess the hygrothermal 
performance of the roofing systems. For a given material 

layer, the volume-weighted and the area-weighted average 
parameter P are calculated as following: 

where, V is the volume of the material layer and A is the 
surface area at the interface between the material layers. 
The derived value for Pavg,V in Eq. (2) corresponds to Tavg,V, 
MCavg,V and RHavg,V for the volume- weighted average tem
perature, moisture content and relative humidity, respec
tively. Also, the derived value for Pavg,A in Eq. (2) for a given 
interface at the material layers corresponds to Tavg,A and 
RHavg,A for the area-weighted average temperature and rel
ative humidity, respectively. In addition, the values for the 
area-weighted moisture content (MCavg,A) is derived from 
the relative humidity values through the sorption-desorp
tion property at the interface of each material layer. 
The local heat flux normal to the indoor surface of the 

roofing system shown in Figure 1 (qind,surf) is used to de
termine the monthly and yearly heating energy load (EH,L), 
and the monthly and yearly cooling energy load (EC,L). Note 
that when qind,surf is positive, it is called “heat gain” (i.e., 
heat into the building where the roof contributes to an in
creased cooling load). Also, when qind,surf is negative, it is 
called “heat loss” (i.e., heat out of the building where the 
roof contribute to an increased heating load). The values of 
EH,L and EC,L are obtained from the following numerical in
tegrations: 

For monthly energy loads, t1 and t2 in Eq. (3) are the times 
at the beginning and end of the month, respectively. 
Whereas, for yearly energy loads, t1 = 0 and t2 = 365 day. 

RESULTS AND DISCUSSIONS 

With the model, and the boundary and initial conditions 
provided earlier, this section discusses the simulation re
sults for the long-term performance for black and cool 
roofs. To find out whether mould growth occurs in the 
roofs, both temperature (T) and relative humidity (RH) in 
the roof layers are the key parameters that have direct ef
fects on mould growth.55,56 These parameters (T and RH) 
are derived from the numerical simulation results as shown 
in the previous section. For mould growth in construction 
materials, the classifications of these materials for mould 
growth are provided in.57 For the roof shown Figure 1, the 
Fibreboard is classified as “Sensitive”; whereas polyisocya
nurate board is classified as “Medium Resistant”. 

MOISTURE PERFORMANCE 

Two scenarios were simulated for both black and cool roofs. 
The first represents the case of Fibreboard with high initial 
construction moisture called “Fibreboard with HICM” in 
which the initial moisture content corresponds to 95% RH. 
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Figure 6. Volume-weighted average moisture content (MCavg,V) in the Fibreboard         

Whereas the second represents the case of dry Fibreboard 
called “Reference Case” in which the initial moisture con
tent in the Fibreboard corresponds to 50% RH. To assess 
both the energy performance and moisture performance, 
all numerical simulations were conducted for a period of 5 
years. In the figures of this paper, time equal to zero cor
responds to January 1st. For black and cool roofs, Figure 6 
shows the variation of volume-weighted average moisture 
content (MCavg,V) in the Fibreboard with time for the Refer
ence Case and Fibreboard with HICM. Also, Figure 7 shows 
the corresponding results for the volume-weighted average 
relative humidity (RHavg,V) in the Fibreboard with time. 
Within the simulation period, the values of MCavg,V and 
RHavg,V are evaluated using Eq. (2). Some building codes re
quires that the moisture content in wood-based elements 
to be below 19% kgw/kgdm (e.g., see the National Building 
Code of Canada, NBCC25). For the case of Fibreboard with 
HICM, the initial moisture content in the Fibreboard is 
36.8% kgw/kgdm, which corresponds to relative humidity of 
95%. 
During the first year for the black roof, Figure 6 and Fig

ure 7, respectively, show that the moisture content and the 
relative humidity in the Fibreboard decrease with time for 
both Reference Case and the Fibreboard with HICM until 
reaching their lowest value at 196 day. The lowest values of 
MCavg,V (0.5% kgw/kgdm) and RHavg,V (15.3%) are the same 
for both Reference Case and the Fibreboard with HICM. 
For the case of Fibreboard with HICM, Figure 6 shows that 
MCavg,V decreases from its initial (36.8% kgw/kgdm), and 
reaches its permissible limit of 19% kgw/kgdm as per the 
NBCC25 at 92.6 day. At this time, MCavg,V for the Reference 
Case is only 1.25% kgw/kgdm. For both Reference Case and 
Fibreboard with HICM, MCavg,V and RHavg,V during the sec

ond year are the same as those during the subsequent years 
(Figure 6 and Figure 7). 
Besides showing the volume-weighted average for rel

ative humidity in the Fibreboard (Figure 7), it is also im
portant to show the relative humidity distribution in the 
other locations of the Fiberboard. For both Reference Case 
and Fibreboard with HICM in the black and cool roofs, Fig
ure 8 shows the area-weighted average relative humidity 
(RHavg,A) on the Fibreboard top surface (cap sheet – Fibre
board interface) and on the Fibreboard bottom surface (Fi
breboard – polyisocyanurate interface). The values of the 
RH inside the Fibreboard, however, are within the range be
tween the value of RH on the top surface and the value of 
RH on bottom surface. At the time at which MCavg,V for 
the case of Fibreboard with HICM reaches 19% kgw/kgdm 
(i.e., 92.6 day), the values of RHavg,A on the top surface 
and bottom surface, respectively, are 81.6% (MCavg,A = 9.6% 
kgw/kgdm) and 93.0% (MCavg,A = 26.9% kgw/kgdm) com
pared to only 36.6% (MCavg,A = 1.3% kgw/kgdm) and 40.5% 
(MCavg,A = 1.5% kgw/kgdm) for the Reference Case. How
ever, the time at which the value of MCavg,A reaches 19% 
kgw/kgdm on the top surface is 86.2 day, which is shorter 
than that on the bottom surface (109.7 day). 
Regarding the case of Fibreboard with HICM in cool roof, 

Figure 6 shows that MCavg,V reaches the threshold value of 
19% kgw/kgdm at 175.7 day, which is about twice that for 
black roof (92.6 day). For the time at the threshold value 
(19% kgw/kgdm), the value of MCavg,V for the Reference 
Case in cool roof is 1.6% kgw/kgdm (41.6% RH) compared 
to 1.3% kgw/kgdm (36.8% RH) in black roof. During the first 
year, MCavg,V in the Fibreboard for the case of Fibreboard 
with HICM in cool roof reaches its lowest value of 2.8% 
kgw/kgdm (55.4% RH) after 293.1 day compared to only 0.5% 
kgw/kgdm (15.3% RH) after 196 day for the black roof (Fig
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Figure 7. Volume-weighted average relative humidity (RHavg,V) in the Fibreboard         

ure 6). At the end of the first year, MCavg,V in the Fibreboard 
for the case of Fibreboard with HICM in cool roof is 3.5% 
kgw/kgdm (60.9% RH) compared to 1.7% kgw/kgdm (42.8% 
RH) for the black roof. Also, at the end of the first year, the 
value of MCavg,V for the Reference Case in cool roof is 2.8% 
kgw/kgdm (55.1% RH) compared to 1.7% kgw/kgdm (42.8% 
RH) for the black roof. Figure 6 shows that the difference 
between the moisture content in the Fibreboard for both 
Reference Case and Fibreboard with HICM has totally dis
appeared at time greater than 583 day in cool roof com
pared to 196 day in black roof. As such, times greater than 
these values (i.e., 196 day and 583 day, respectively, for 
black and cool roofs) have resulted in no effects of using 
different initial conditions on the moisture performance of 
black and cool roofs. 
At 175.7 day, which is the time at which the value of 

MCavg,V reaches the threshold value of 19% kgw/kgdm, Fig
ure 8 shows that the value of RHavg,A on the Fibreboard 
top surface for the case of Fibreboard with HICM in cool 
roof is 85.3% (12.5 kgw/kgdm) compared to 81.6% (9.6% 
kgw/kgdm at 92.6 day) for black roof. Also, at 175.7 day, the 
value of RHavg,A on the Fibreboard bottom surface for the 
case of Fibreboard with HICM in cool roof is 92.2% (24.1 
kgw/kgdm) compared to 93.0% (26.9% kgw/kgdm at 92.6 day) 
for black roof. However, for the Reference Case in cool roof 
at 175.7 day, the values of RHavg,A on the Fibreboard top 
surface and bottom surface, respectively, are 40.1% (1.5% 
kgw/kgdm) and 44.7% (1.8% kgw/kgdm) compared to 36.6% 
(1.3% kgw/kgdm) and 40.5% (1.5% kgw/kgdm) for the black 
roof. Finally, the moisture content or relative humidity on 
the Fibreboard top and bottom surfaces for the cool roof 
are identical for both the Reference Case and Fibreboard 
with HICM at time greater than 583 day compared to a time 
greater than 196 day for the black roof (Figure 7). Simi

lar to many previous studies,18,21‑24,37,46,48 the results pro
vided above have clearly showed that cool roofs always run 
at higher moisture content in relation with black roofs. 
Mould growth is one of the first signs of biological de

terioration caused due to excess moisture in construction 
materials. Thus, mould formation can be used as one of 
the criteria for assessing the performance of building com
ponents/assemblies. In addition, mould is a sign of high 
moisture content and it represents a risk for other mois
ture-caused problems such as material deterioration. On 
the other hand, mould can affect the appearance of the 
surfaces and also can severely affect the indoor air quality 
when the mould growth is in contact with indoor air and/
or with the leakage air flowing through the building assem
blies into the room space called “air intrusion” (e.g., see27,
30 for more details). The level of mould index (M) of range 
1 to 655‑57 is used in this study, where: (a) M = 0 represents 
no mould growth, (b) M = 1 represents initial stages of lo
cal mould growth with small amounts of mould on surface 
(detected by microscope), (c) M = 2 represents several lo
cal mould growth colonies on surface (detected by micro
scope), (d) M = 3 represents visual findings of mould on 
surface with < 10% coverage, (e) M = 4 represents visual 
findings of mould on surface with 10%–50% coverage, (f) 
M = 5 represents visual plenty of growth on surface with > 
50% coverage, and finally (g) M = 6 visual heavy and tight 
growth with coverage about 100%.57 

The simulation results of both temperature and relative 
humidity are the key parameters that are needed for de
termining whether mould growth occurred. As provided 
in,55‑57 for a relative humidity in a material layer less than 
critical relative humidity (RHcrit), which is a function of 
temperature, no mould growth occurs (i.e., M = 0). The ex
pression for the RHCrit is given as57: 
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Figure 8. Area-weighted average RH on the Fibreboard top and bottom surfaces           

where RHCrit and T in Eq. (4) are in % and °C, respectively. 
Also, RHmin in Eq. (4) equal 80% for very sensitive and sen
sitive mould classes, and 85% for medium resistant and re
sistant mould classes. As per the expression given in Eq. 
(4), RHCrit decreases with increasing the temperature and 
reaches its lowest value (i.e., RHmin) at 20 °C. For a given 
relative humidity value that is greater than RHcrit, the 
mould index increases with increasing the tempera
ture.55‑57 For each material layer in the roofing system 
shown in Figure 1, the area- and volume-weighted average 
for both temperature and relative humidity obtained from 
the simulation results (see Eq. (2)) were used to determine 

the mould index. In all simulations conducted in this study, 
the relative humidity values in the polyisocyanurate board 
were well below the critical relative humidity. As such, no 
mould growth occurs in the polyisocyanurate board. For the 
Reference Case in the roofing system, the relative humid
ity values in the Fibreboard for the black roof and the cool 
roof (Figure 7) were also well below the critical relative hu
midity, resulting in no mould growth occurred in the Fibre
board. 
For the case of Fibreboard with HICM in black and cool 

roofs, the obtained results for the mould index are provided 
in Figure 9a for the whole Fibreboard, Figure 9b for the Fi
breboard top surface, and Figure 9c for the Fibreboard bot
tom surface. For black roof, Figure 9a shows that the mould 
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Figure 9. Mould index in the Fibreboard for the case of Fibreboard with HICM             

index in the whole Fibreboard increases with time reaching 
its highest value of 4.18 at 8.5 day, and then it remains con
stant until 117 day. At time greater than 117 day, the mould 
index decreases with time reaching its lowest value (M = 0) 
at 378.8 day. Similarly, the mould index in the whole Fibre
board of the cool roof increases with time until it reaches 
its highest value of 4.20 at 12.9 day, and then it remains 
constant until t = 217 day; whereas at time greater than 
217 day, the mould index decreases with time and reaches 
its lowest value of 0.0 at 479.3 day (Figure 9a). On the Fi
breboard top surfaces, Figure 9b shows that the highest 
mold indexes for black roof and cool roof, respectively, are 
4.14 and 4.46; whereas the mould has totally disappeared at 
364.8 day and 478.1 day. Finally, Figure 9c shows that the 
highest mould indexes on the Fibreboard bottom surfaces 
for black roof and cool roof, respectively, are 4.24 and 3.94; 
whereas the mould has totally disappeared at 390.2 day and 
469.3 day. Lastly, future studies are recommended to in
vestigate the practical consequences related to the find
ings from this study such as material deteriorations, main
tenance requirements, cost-effective retrofitting strategies 
for preventing mould to grow, etc. 

THERMAL PERFORMANCE 

As indicated earlier, the present model solves the HAM 
equations for the roofing systems considered in this study 
when they are subjected to natural weather conditions and 
the indoor conditions provided by Eq. (1). For the roofing 
system shown in Figure 1, results related to thermal gradi
ent and temperature distributions as well as air velocity dis
tributions in the enclosed-airspace between the steel deck 
and the vapour barrier are provided elsewhere.18,51 Using 
Eq. (2), the hourly area-weighted average temperature on 
the roof exterior surface (Text,s) are provided in Figure 10. 
In this study, αs for the exterior surface of the black roof 
and cool roof are 12% and 80%, respectively.18,23 The sim
ulation results during the year in which the effect of using 
various initial conditions on the hygrothermal performance 
(i.e., thermal performance and moisture performance) has 
totally disappeared are used to report the thermal perfor
mance of the black and cool roofs. This year is the second 
year for the black roof and the third year for cool roof. Dur
ing the nighttime, Figure 10 shows that the exterior surface 
temperatures of the black roof are the same as those for the 
cool roof. For both black and cool roofs, the lowest exterior 
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Figure 10. Comparison of hourly exterior surface temperatures for black and cool roofs            

surface temperature is 2.9 °C (occurred in January at t = 510 
h). During the daytime, however, due to lower αs for black 
roof (αs = 12%) than that for cool roof (αs = 80%), more so
lar energy is absorbed in the black roof than that in the cool 
roof. This has resulted in that the exterior surface temper
atures of the black roof during the daytime is greater than 
those for the cool roof as shown Figure 10. The highest ex
terior surface temperature for the black roof is 85.1 °C (oc
curred in July at t = 4931 h), which is higher than that for 
cool roof by 33.6 °C (Text,s = 51.5 °C). 
Figure 11 shows comparisons of the monthly average 

temperature for the exterior surfaces of the black and cool 
roofs. For black roof and cool roof, respectively, the highest 
monthly average temperatures occurs in July, which are 
46.9 °C and 37.8 °C; whereas the lowest monthly average 
temperatures occurs in December, which are 18.7 °C and 
12.6 °C. During the whole year, the highest differences be
tween the monthly average temperatures of the exterior 
surfaces of the black and cool roofs is 10.2 °C (occurred 
in June). Additionally, the lowest differences between the 
monthly average temperatures for black and cool roofs is 
5.8 °C (occurred in January). 
As provided in Eq. (3), the simulation results for the heat 

fluxes on the indoor surfaces of the black and cool roofs 
were used to determine the heating loads and the cooling 
loads. The procedure that was used for determining these 
loads is provided in.18,37 The results provided in Figure 12 
and Figure 13 represent the contributions to the monthly 
cooling and heating loads per square meter of the condi
tioned area of the roof shown in Figure 1. For the black roof 
and cool roof, respectively, Figure 12 and Figure 13 show 
the monthly cooling and heating loads. These figures show 
that the monthly cooling loads for the black roof are much 
greater than that for cool roof. For example, the monthly 

cooling load in July with the black roof (254.9 W·day/m2) is 
1.8 times the monthly cooling load with the cool roof (142.1 
W·day/m2). Furthermore, the total yearly cooling load with 
black roof (1682.0 W·day/m2) is 2.4 times the total yearly 
cooling load with the cool roof (701.7 W·day/m2). Con
versely, the total yearly heating load with the cool roof 
(469.0 W·day/m2) is 22% greater than that with the black 
roof (384.7 W·day/m2). Finally, the total yearly cooling and 
heating loads for the black roof (2066.7 W·day/m2) is 77% 
greater than that with the cool roof (1170.6 W·day/m2). 
It is important to point out that this study focusses only 

on the energy and moisture performance of one assembly/
component of the building envelope (black and cool roofs). 
Assessing the indoor air quality and the corresponding in
door thermal comfort, however, requires assessing the per
formance of the whole building rather than the perfor
mance of only one building assembly (e.g., see58‑60 for 
more details). 

CONCLUSIONS 

In this study, an advanced and validated numerical model 
was used to assess the long-term performance of black and 
cool Modified-Bitumen (MOD-BIT) roofs, subjected to 
Phoenix climate. The simulations were conducted to: (a) 
assess the moisture performance of cool and black roofs in 
case of using material layer (Fibreboard in this study) with 
high initial construction moisture content, called “Fibre
board with HICM”, (b) identify the time needed so that the 
moisture content would reach acceptable value, (c) deter
mine whether mould growth occurs in the roofs, and (d) de
termine the energy savings as a result of using cool roof in
stead of black roof. The results showed that for the case of 
Fibreboard with HICM, the moisture content in the Fibre
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Figure 11. Comparisons of monthly average exterior surface temperatures for black and cool roofs             

Figure 12. Comparisons of the monthly cooling and heating loads for black roof            

board for the black roof and cool roof, respectively, has de
creased from the initial value to the permissible value after 
92.6 day and 175.7 day. The effect of using different ini
tial conditions in both Reference Case and Fibreboard with 
HICM on the performance has totally disappeared after 196 
day for black roof and 583 day for cool roof. For the case 
of Fibreboard with HICM only, mould growth occurred in 
the Fibreboard of both black and cool roofs. In addition, 
the mould has totally disappeared in the whole Fibreboard 

of black roof and cool roof after 378.8 day and 479.3 day, 
respectively. For the thermal performance, the total yearly 
cooling load with the black roof was 2.4 times that with cool 
roof. Conversely, the total yearly heating load with the cool 
roof was only 22% higher than that with the black roof. 
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Figure 13. Comparisons of the monthly cooling and heating loads for cool roof            
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