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Abstract. This paper illustrates the impact of embedding an insulation layer of variable thermal
conductivity in a typical building wall on the cooling effect and energy performance. The evaluation was
performed by applying a conjugate heat transfer model, which was tested in extremely hot conditions of Al
Ain (UAE). The thermal performance of a building incorporating insulation layers of variable thermal
conductivity (k-value) was compared to a non-variable thermal conductivity system by quantifying the
additional heat transferred due to the k-relationship with time. The results show that, when the k-value is a
function of operating temperature, its effects on the temperature profile through the wall assembly during
daytime is significant compared with that obtained when a constant k-value for the polystyrene (EPS)
insulation is adopted. A similar trend in the evolution of temperatures during the day and across the wall
section was observed when EPS material with different moisture content was evaluated. For the
polyurethane insulation, the inner surface temperature reached 44 °C when constant k-value was adopted,
increasing to 48.5 °C when the k-value was allowed to vary under the same ambient conditions.

1 Introduction

The U.S. Energy Information Administration's latest
International Energy Outlook 2017 (IEO2017) projects
that world energy consumption will grow by 28%
between 2015 and 2040. Most of this growth is expected
to come from countries that are not in the Organization
for Economic Cooperation and Development (OECD),
and especially in countries where demand is driven by
strong economic growth, particularly in Asia [1].

In harsh climatic with less industrial activities, the
AC system represent the main source of energy
consumption and may reach 70% of the total energy
consumption [2]. Regulations have been then set in
many countries worldwide to assess the energy
consumed in buildings. Several energy saving standards
have also been adopted in European countries following
the 1973 energy crisis. The most effective way for
reducing the building energy consumption is the use of
low thermal conductivity of the building envelope layers
particularly the insulation with low thermal conductivity
below 0.1 W/mK. Indeed, in Europe, energy savings in
buildings are enforced by several recent policies, such as
the Energy Performance of Building Directive (EPBD)
[3] and the Energy Efficiency Directive (EDD) [4].

When assessing building energy performance, the
overall heat transfer coefficient (U-value) of the
envelope which is mainly function of the thermal
conductivity of the different layers is assumed to be
constant and do not change with the change of
temperature and humidity for instance. Actually, this is
not true and several researchers have reported that the
thermal conductivity of different insulation materials is a
function of operating temperature and moisture content.
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Most of the authors of pertinent studies have found that
the k-value of most insulating materials rises as the
influencing temperature increases [2, 5]. Aldrich and
Bond investigated the effects of temperature on the
thermal performance of rigid cellular foam [6]. Their
results show a significant change in the k-value as a
result of temperature changes. Khoukhi and Tahat also
investigated variations in the k-values as a function of
density, operating temperature, and humidity content of
EPS insulation material, and the effects of these changes
on the cooling load required by buildings [7, 8].

Several authors also investigated the impact of
moisture content on the thermal conductivity of
msulation materials. In these studies, thermal
performance of polyurethane insulation [9], fiberglass
[10] and mineral wool [11] expended for cooling and
heating pipes exposed to the underground water attacks
was investigated. The reported results indicate that
thermal conductivity was 35—-50% higher than the value
obtained when the differences in temperature were larger.
Similarly, Liu et al. reported that the accumulation of
moisture and its transfer through exterior walls have a
significant impact on the cooling and heating
transmission [12].

Although extensive work has been conducted on the
combined effect of operating temperature and moisture
content variations and their impact on the change in the
k-value of several building insulation materials, the
impact of these changes on the heat transfer through the
building envelope remains insufficiently explored.

Given the aforementioned observations, the main
objective of the present study was to investigate the
effects of temperature and moisture content variations on
the heat transfer through the wall assembly. The heat
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transfer amount variations were quantitatively assessed
for various building insulation material types during
daytime and over the entire 24-hour period in summer
months. The difference in heat transfer based on constant
and variable insulation thermal conductivity (henceforth
denoted as constant-k and wvariable-k cases) was
calculated and the ambient cooling requirements were
assessed accordingly.

2 Numerical model

A typical one-story building (20 x 20 x 3 m®) located in
Al Ain (UAE), with a commonly used wall construction
assembly comprising of 200 mm thick concrete block
layer, a 50 mm insulation layer, a 13 mm thick interior
gypsum board, and a 19 mm concrete stucco at the
exterior surface was numerically studied.

A two-dimensional, finite-volume heat transfer
model of the building wall was developed, as illustrated
in Fig. 1, to simulate the thermal impact of applying
different insulation materials with constant and variable-
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Fig. 1. Schematics of theenergy flow in the wall cross-section

Thermal boundary conditions were applied, with the
exterior concrete stucco treated as the system input heat
flux boundary, including incident irradiance (g).

The two-dimensional differential equation given
below governs the transient heat transfer [13]:

pc 2 - [%(kug—;)] +Z,+2Z, =0 (1)
where p: density, C: heat capacity, x: thermal
conductivity of the material, 7 : temperature, ¢: time, and
x; and x; : unit vectors. The heat convection and radiation
losses ( Z, and Z, ) in Eq. (1) are calculated using the
expressions [14]:

Ze=he A(T=Tomp) 2

Z, = 0eA(T* - T,% 3)
where /. is the convective heat loss coefficient, 4 is the
stucco wall surface area (0.92), o denotes Stefan-
Boltzman constant, 7, is ambient temperature, and 7.,
represents the outdoor air temperature. The convective
heat loss coefficients (4.) is calculated by applying the
Nusselt number (Nu) given by Eq. (4) [14]:

h, = KLNu 4
where K, L and Nu: air conductivity, characteristic length,
and Nusselt number, respectively. The Nusselt number is
calculated based on the fundamental air properties,
through the Prandtl number (Pr) relationship (Eq. (5))
and the Reynolds number (Rel) relationship (Eq. (6))
[14]:

Pr = v%p &)
RelL =V Lv (6)

where v and V are viscosity and air velocity, respectively.
The density, the velocity vector, and the specific
heat capacity for the materials (denoted by p, u;, c,,

respectively) are assumed to be independent of
temperature, while the thermal conductivity (k) of the
insulation material is treated as a function of temperature,
and is defined by Eq. (7) [13]:

k(T) = C;+ C,T + C,T3..... @)
where C is constant.

The problem was modeled and solved in ANSYS
platform (Version 18, Cecil Township, PA, USA, 2015),
adopting Al Ain climatic conditions, characterized by
very hot weather in July. The solution is updated at 1-
minute intervals, i.e., after completing 20 iterations, for a
total run time of 24 hours. Thermo-physical properties of
materials comprising the modelled wall layer are given
in Table 1 and Thermo-physical properties of LD
insulation at different moisture content are given in
Table 2.

Table 1. Thermo-physical properties of materials comprising
the modelled wall layer.

Material Density (kgm™) Thermal conductivity (Wm ' K™)
Concrete stucco 2000 1.2
Concrete block 664 0.14
Interior gypsum 625 0.16
12 kip (=910~ (T) +0.037212]
20 kup (1)=6x 107 (T) + 0.0357 [2]
Polystyrene 30 ki (=5 x 107 (T1+0.0347 [2]
35 ksup (=6 x107(T)+0.033 [2]
13.1 krGLp(t)=3.368107(T)+0.041433 [15]
Fiberglass 27 kromp(t)=1.775107(T)+0.032404 [15]
56 kpgup )=1.189107(1)+0.029130 [15]
50 Kkrw-Lp(t)=1.915107(T)+0.033624 [15]
Rockwool 75.5 krw-mp(t)=1.683107(T)+0.030341 [15]
1257 Krw-yp()=1.789107(T)+0.036261 [15]
Polyethylene 26 Kpolyethy(1)=3.837107(T)+0.052988[15]
Polyurethane 44 Kpolyuret(1)=1.089107(T)+0.020132[15]

Table 2. Thermo-physical properties of LD insulation at
different moisture content [2].

Material | Density (kgm®)| Moisture (%) |Thermal conductivity (Wm K™
10 k (t)=9x107(T)+0.0386
Polystyren 12 20 k (1)=9x107(T)+0.0403
30 k (1)=8x102(T)+0.0426

3 Results and discussion

The solar radiation, ambient temperature, and wind
velocity specific to the Al Ain (UA E) climatic conditions
served as inputs to the numerical model, the aim of
which was to assess the effect of variable thermal
conductivity on the heat transferred from the outer
surface of the building to the indoor space and compare
the findings to those pertaining to the reference case
based on constant thermal conductivity. The surface
temperature was monitored at different locations across
the wall (Fig. 2.)

located between the concrete block and insulation layers, 2 is
the middle of insulation layer, 3 located between the insulation
and gypsumboard layers, and 4 is the inner surface.

3.1. Density effect

The temperature profiles at the concrete—insulation
boundary, middle of the insulation, insulation—gypsum
boundary, and the inner surface (representing four
distinct EPS density levels) are shown in Fig. 3. It can be
noted that, during daytime, adopting variable k-value
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results in a greater temperature increase on the surfaces
compared to the reference case based on constant
thermal conductivity of the insulation material. This
discrepancy is due to the increased heat transfer owing to

the higher thermal conductivity resulting from variable k.

In the morning, the temperature obtained when using a
constant k (solid lines) is similar to that when variable k
(dashed lines) is adopted, but this difference gradually
increases as the ambient temperature and solar radiation
increase during daytime. However, the trend is reversed
at nighttime, whereby the model based on variable k
produces lower surface temperatures compared to those
obtained in the reference case. However, in the
subsequent wall layers, differences start to emerge. As
the heat is transferred to the interior layers, the
temperature difference between the two cases (based on
variable and constant k) increases, reaching maximum
on the surfaces located after the insulation layer toward
the inner surface.
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Fig. 3. Temperature profile at different positions for constant-K
as a reference (solid lines) and variable-K (dashed lines) for
polystyrene (A) LD, (B) HD, (C) UHD, and (D) SHD.

3.2. Moisture effect

A similar trend in the evolution of temperatures during
the day and across the wall section is observed in Fig. 4,
when the effects of moisture content were assessed for
the low-density EPS insulation. The difference decreases
slightly as the moisture content increases. At nighttime,
when the ambient temperature decreases, the heat
transferred to the interior wall surfaces decreases,
resulting in a higher inner surface temperature compared
to the concrete—insulation contact surface, irrespective of
whether variable or constantk is used_L
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Fig. 4. Temperature profile at different positions for constant-K
as a reference (solid lines) and variable-K (dashed lines) for
LD polystyrene with (A) 0%, (B) 10%, (C) 20%, and (D) 30%
moisture content.

3.3. Different insulation materials

The study was further extended to evaluate the impact of
k-value change on the temperature increase within a
typical wall of a residential building incorporating
different insulation materials. Fig. 5 shows the evolution
of temperature at different locations across a wall section
based on variable and constant k values pertaining to
fiberglass with the density of 13.1 kg/m3 (Fig. 5-A), 27
kg/m’ (Fig. 5-B), and 56 kg/m’ (Fig. 5-C); as well as
rock wool with the density of 50 kg/m® (Fig. 5-D), 75.5
kg/m’ (Fig. 5-E) and 125.7 kg/n?’ (Fig. 5-F); and finally
polyethylene with the density of 26 kg/m’ (Fig. 5-G) and
polyurethane with the density of 44 kg/m® (Fig. 5-H).

Values obtained when applying the variable k on the
inner surface in the case of fiberglass with low density
(Fig. 5-A), moderate density (Fig. 5-B) and high density
(Fig. 5-C) indicate that better performance is achieved at
lower densities, as indicated by the lowest temperature
differential between the results based on variable and
constant k. However, during nighttime, this trend is
reversed, as the insulation layer retains the least amount
of heat to transmit towards the building interior. Fig. 5-D,
5-E and 5-F, pertaining to the case based on the rock
wool as an insulation material with different levels of
density (LD, MD and HD), respectively, show that
moderate-density rock wool results in the lowest
difference between the variable-k and constant-k cases.
The polyethylene insulation (Fig. 5-G) results in the
lowest difference between the variable-k and the
constant-k cases. Conversely, inclusion of polyurethane
(Fig. 5-H) as an insulation material results in the greatest
difference between the two cases.

000 1 120000 AM 600,00 AM

Tiame of Day

Fig. 5. Temperature profile at different positions for constant-K
as a reference (solid lines) and variable-K (dashed lines) of (A)
fiberglass - LD, (B) fiberglass - MD, (C) fiberglass - HD, (D)
rock wool - LD, (E) rock wool — M D, (F) rock wool — HD, (G)
polyethylene, and (H) polyurethane.
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The additional temperature rise on the inner wall surface
due to applying variable k compared to the known constant k
of a particular insulation material was calculated for each of the
insulation materials examined in the present study. Findings
pertaining to different polystyrene density levels revealed that
the inner surface temperature obtained when variable k was
used decreased as the density level increased. The highest
temperature rise on the inner surface due to applying variable k
of polystyrene occurs when low-density polystyrene is
employed, reaching the maximum and average daily difference
of 2.3°C and 1.25°C, respectively. Conversely, for polystyrene
with UHD, 1.7°C and slightly less than 1°C higher
temperatures are obtained with variable compared to the
reference k, as a maximum and average daily difference,
respectively (see Fig. 6).

When LD polystyrene with different moisture levels
was examined, the findings revealed that the inner
surface temperature decreases as the moisture content
increases. When dry LD polystyrene (with 0% moisture
content) was incorporated in the building wall, model
based on variable k produced a maximum temperature
increase of about 2.2°C on the inner wall surface and
around 1.2°C average daily increase relative to the
constant-k case. As can be seen in Fig. 6, the optimum
moisture content is 30%, as it yields the lowest inner
surface temperature difference (0.9°C on average)
between the variable-k and constant-k cases. This
reduction in the discrepancy between the two cases as
the moisture content increases can be attributed to the
lower heat transfer due to higher porosity because of
water evaporation at higher temperatures.

Evaluation of different insulation material types
shows that, as the fiberglass density increases, the
difference between the variable-k and the constant-k
case decreases. However, the decrement in the
temperature difference among insulations with different
densities is not significant, as shown in Fig. 6. The
maximum temperature differential is 3.3°C, 3.5°C and
3.6°C for lower, moderate and higher density,
respectively, averaging at around 1.6°C. The low- and
high-density rock wool insulation material produced
almost the same values as fiberglass-MD. However, the
temperature difference between the variable-k and
constant-k cases when moderate-density rock wool
insulation was considered was the smallest among all
studied insulation materials, with the maximum of 0.6°C.
When polyethylene insulation was modeled with
variable and constant k, the former produced a 2.8°C
higher temperature. In case of using polyurethane as an
insulation material, almost 4.5°C and 2.3°C was obtained
as the maximum and average daily temperature

difference between variable-k and constant-kcases.
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Fig. 6. Temperature difference when calculated based on
variable constant-k for different densities (red bars), different
moisture levels (blue bars), and different materials (black bars).

4 Heat transfer analysis

4.1. Additional heat release to the building
interior

The additional heat released to the building interior (Q,qq)
by applying the variable-k model of the insulation
material relative to the constant-k case as a reference
(Orep) is shown in Fig. 7. The Quuq is obtained by
subtracting the O,..r from O,4iapie,as shownin Eq. (8).

Qaaa = Qvariavie — Qcon ®)

Fig. 7 shows the difference between the heat released to
the building interior in case of polystyrene with different
levels of density (Fig. 7-A), different moisture content
(Fig. 7-B) and different insulation materials (Fig. 7-C)
when variable-k and constant-k models are used. Indeed,
the difference between the heats released to the building
interior when polystyrene with different density is used
is negligible during early moming hours, but this
difference increases during the day. The indoor space
gains the highest additional amount of heat when low-
density polystyrene is used, reaching the maximum of 6
kW around 4 pm. In case of UHD, the maximum
additional amount of heat released is approximately 1.5
kW, which represents the lowest amount of heat received.
The decrement in additional heat released in case of
UHD compared to LD can be attributed to more heat
being stored in the material due to its high density. For
the LD with different moisture content (Fig. 7-B), the
highest additional heat is obtained for the dry case,
indicating that the additional heat released to the
building interior decreases only slightly with the increase
in moisture content due to the evaporation process within
the insulation layer. Fig. 7-C shows the findings
pertaining to the remaining insulation materials. As can
be seen, the lowest additional amount of 1.5 kW heat is
released to the building interior by RW-MD, while
polyurethane releases 8 times this amount to the building
interior. The HD rock wool releases almost the same
amount of heat as HD fiberglass, reaching 8 kW, while
the LD fiberglass released up to 8 kW to the building
interior.
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Fig. 7. Additional heat released by applying variable-K of
insulation layer for polystyrene with (A) different densities,
(B) different moisture content, and (C) different insulation
materials over 24-hour period.

4.1. Net heat added to the building interior
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The increment in the net heat transfer in percentage over
a 24 h (one-day) period, and during daytime, due to
applying variable-k model, compared to the reference
case based on insulation with constant thermal
conductivity, was calculated for different densities of
EPS, different moisture content for LD EPS, and
different insulation materials (Fig. 8). The percentage of
net heat added to the interior was calculating applying

E. (9). .
Onet-atdea =L22rtie=lean . 100 ©

As expected from the previous results, among different
polystyrene densities, UHD results in the lowest interior
net heat gain of 3% and 1.5% during daytime and over
the full 24-hour period, respectively. The LD transfers
much more heat to the building interior, up to 14%
during daytime and almost 5% during the full 24-hour
period. Thus, additional air conditioning system capacity
of 6% and nearly 3% is needed when using LD and
UHD polystyrene, respectively (see Fig. 9), due to the
reduction in heat transfer compared with other densities.

Maximum net heat gain in the building interior when
applying variable-k model and considering different
moisture content is achieved for dry polystyrene (0%),
which transfers up to 13% more than polystyrene with
constant k during daytime, averaging at 3% for the entire
24-hour period. As the moisture content increases, the
amount of heat transferred decreases due to the
absorption-evaporation process within the insulation
layers at high temperatures. Polystyrene with 30%
moisture content transfers 9% and 3% more net heat than
polystyrene with constant k during daytime and the full
24-hour period, respectively. The additional air
conditioning system capacity required to remove the
added heat fromthe interior space is equal to 5% in case
of dry polystyrene and 3.5% with 30% moisture content
(Fig. 9).
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Fig. 8. Net heat added to the building by employing
polystyrene insulation with variable-k with different levels of
density (red bars) and with different moisture content (blue
bars), and different insulation materials (black bars) over a 24-
hour period and during daytime hours.

The supplemental heat added to the system by
applying variable-k building envelope model compared
to its reference case for different insulation materials was
found to reach maximum in case of polyurethane (32%
and 13% during daytime and the full 24-hour period,
respectively), thus increasing the air conditioning
requirements by 15% (Fig. 9). Polyurethane was
followed by HD rock wool, HD fiberglass, LD rock
wool, MD fiberglass, LD fiberglass, and polyethylene,
for which 22% and 6%, 21% and 7%, 20.5% and 4.9%,
20% and 4.8%, 17% and 3% and 14.5% and 2.5%
increase in heat release was noted during daytime and
the full 24-hour period, respectively. The lowest heat
added to the building interior when the variable-k was

compared to the constant-k was achieved by the MD
rock wool, which released only 3% and 2% during
daytime and over 24-hour period, respectively. MD
Rockwool material thus increased the air conditioning
systemcapa01ty by 2.4% (Fig. 9).
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Fig. 9. Additional air conditioning capacity required for
building employing polystyrene with variable-k with different
levels of density (red bars) and different moisture content (blue
bars), and (C) different insulation materials (black bars).

5 Conclusion

The present work illustrated the impact of variable
thermal conductivity of the insulation layer embedded in
typical wall on the cooling effect and energy
performance of buildings in extremely hot climate of
UAE.

The obtained results show that the LD polystyrene
insulation releases the greatest amount of heat to the
building interior, reaching up 75.93% and 72.61% of the
heat gain in variable-k and constant-k cases, respectively
and the UHD polystyrene releases the lowest amount of
heat to the building interior in both cases among the four
levels of the EPS density. The highest heat released to
the building interior is obtained for the LD insulation
material with 30% moisture content compared with 10%
and 20%. The LD fiberglass released the maximum
amount of heat to the building interior in both variable -k
and constant-k cases, 85.97 kWh and 83.23 kWh,
respectively. Conversely, rock wool with high density
and polyurethane store the highest amount of heat.

The results reported in this paper also indicate that
the optimum density level is UHD, as the air
conditioning system capacity increases only by about
3.6%. The moisture content was less influential, whereby
the maximum air conditioning demand increase of 5%
was noted in case of dry polystyrene, with the minimum
of 3.8% noted for 30% moisture content. Different
insulation materials were thermally tested, allowing us to
conclude that that MD rock wool exhibits the best
thermal performance due to releasing the least amount of
heat to the building interior (< 3%), while using
polyurethane would lead to an increase of the air
conditioning by 15%.

This work is supported by the Research Start-up grant, UAE
University (Grant No. G00002665).
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