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Abstract

Exhaust air insulation wall (EAIW) utilizes the exfiltration process of low-grade exhaust
air within porous material to improve the thermal insulation of wall. Previous studies tend to
neglect the pressure loss of exfiltration process and its impact on optimal design of EAIW.
This paper quantitatively estimates the pressure loss of exfiltration process and proposes a
methodology to determine the optimal design for maximizing energy saving potential of
EAIW. In this study, a network heat transfer model was validated and used to calculate the
hourly cooling and heating load of EAIW. The pressure loss of exfiltration process and its
related energy consumption was estimated by Darcy’s law. The optimal design was identified
for minimizing the overall annual energy consumption of EAIW in different climates.
Influences of exfiltration velocity and porous material selection on the optimal design of
EAIW were investigated. The results demonstrate the pressure loss of exfiltration process
significantly affects the overall energy performance and optimal design of EAIW. The

optimal thickness of porous material component are 40 mm, 50 mm, and 50 mm for three
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climate zones, which correspond to a minimum annual overall energy consumption of 0.51
kWh/m?, 0.48 kWh/m?, and 0.49 kWh/m?, respectively. The porous materials with high
permeability and thermal resistance are recommended as air-permeable component of EAIW.
The optimal design can achieve a trade-off between cooling/heating energy consumption and

fan power consumption for maximizing the energy saving potential of EAIW.
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Nomenclature

C

E

specific heat capacity, J/(kgK)
energy consumption, kWh/m?

heat transfer coefficient, W/(m?K)
height, m

permeability, m?

thickness, m

number of the subsections

pressure loss, Pa

cumulative energy demand, kWh/m?
temperature, K

width, m

exfiltration velocity, m/s

air velocity in air gap, m/s

density, kg/m>

thermal conductivity, W/ mK
emissivity

Stefan-Boltzmann’s constant, W/(m?K*)
dynamic viscosity of air, Pa-s

hourly time-step, h

EAIW exhaust air insulation wall



HSCW hot summer and cold winter

HSWW hot summer and warm winter

MSE  mean square error

MAPE mean absolute percentage error

Subscripts

a air

e exterior surface

1 interior surface

in indoor/inside

] section j

m masonry structure
out outdoor/outside

p porous materials

r long-wave radiation
1 porous material component
2 air gap

3 masonry structure



1. Introduction

Nowadays, approximately 39 % and 36 % of the greenhouse gas (GHG) emissions and
total energy use in the world are generated by building sector during its whole life-cycle [1].
Buildings are recognized as a significant sector for decreasing the global GHG emissions and
total energy use. In recent years, great efforts have been devoted to research and develop the
low-energy and sustainable building technologies, in terms of integrating the renewable
energy sources into buildings [2], employing the emerging high-performance devices [3],
developing novel building design method [4], applying data-driven modelling to improve
building operation efficiency [5], guaranteeing indoor thermal environment through
energy-efficient solution [6], enhancing the thermal insulation of building envelopes [7], and
etc. Furthermore, building envelope accounts for 20% to 50% of cooling and heating loads of
buildings [8]. This fact highlights the necessity of developing high-performance and

energy-efficient building envelopes.

The heat gain/loss through building envelopes mainly result from the temperature
difference between ambient and indoor environment. In general, a higher thermal resistance
helps to reduce the unwanted heat transmission of the wall as well as the cooling and heating
demand of buildings. Employing an insulation layer at external or internal surface of building
envelope is the commonest approach to increase the thermal resistance [9]. Recently, super
insulation materials such as advanced aerogel materials [10] and vacuum insulation panels
(VIP) [11] with extremely low thermal conductivity have been developed to further minimize

the heat gain/loss through building envelopes. Moreover, numerous investigations integrate



the phase change materials into building envelopes to moderate the fluctuation of its interior
surface temperature and also decrease the peak load of building envelopes [12-14]. For the
warm and tropical climates, some approaches are proposed to directly decrease the external
surface temperature of building envelopes, and consequently the heat gain is significantly
eliminated. Integrating vegetation systems into building envelopes, such as green wall [15]
and green roof [16], can cool down the external surface of building envelopes in summer by
the processes of thermal insulation, evaporative cooling, and solar shading. Furthermore, the
transparent glazing systems are recognized as a pivotal role for achieving building energy
saving and providing a satisfied indoor visual/thermal comfort. The heat transfer
characteristics, key parameters, and energy performance of the glazing components have been

exhaustively investigated [17-19].

Some innovative technologies are developed for integrating low-grade energy sources
into building envelopes. Pipes-embedded building envelope utilizes the low-grade cooling or
heating water obtained from ground heat exchanger [20], nocturnal radiative sky cooling [21],
evaporative cooling [22], or air source heat pump [23], to circulate within the embedded
pipes. The flowing low-grade water can release and remove heat inside the building
envelopes in winter and summer, respectively, and then the heating and cooling loads are
fully eliminated [24]. Radiative sky cooling provides an approach to loss heat to the outer
space through thermal radiation without any energy consumption [25]. Nocturnal radiative
sky cooling is commonly integrated with building envelopes. Such a design can significantly

cool down the external surface of building envelope at night and achieve promising energy



saving potential in warm and tropical climates [26]. In recent years, the emerging
scalable-manufactured glass-polymer hybrid metamaterial was proposed to show a significant
potential of day and night radiative sky cooling [27]. Integrating this novel radiative sky
cooling with the roof of single-family house in US can reduce 26.5%-76.1% annual cooling
energy demands [28]. Moreover, building-integrated photovoltaics (BIPV) system can be
regarded as a component of building envelopes for the entire building-skins [29], which can
enhance building thermal insulation and also provide power generation. Furthermore, the
ventilated wall allows the low-grade ambient air [30], outlet air of earth-to-air heat exchanger
[31], or exhaust air from heating, ventilation, and air conditioning (HVAC) system [32] to
flow through the channel inside the ventilated wall for avoiding overheating in summer and
preventing heat loss in winter. Above these studies demonstrate that integrating the building
envelopes with low-grade energy sources can effectively reduce the cooling and heating

energy demands.

In general, the building external wall is air-impermeable. However, there is a kind of
porous material based air-permeable building envelope, which allows the air to exfiltrate or
infiltrate through the building envelope mechanically or passively for exhaust air heat
recovery [33] or fresh air supply [34]. By effectively integrating building thermal insulation
and ventilation, air-permeable building envelope becomes a promising method for achieving

excellent thermal performance while improving indoor air quality.

1.1 Recent development and research gap on air-permeable building envelope

So far the air-permeable building envelope can be designed as infiltration mode or



exfiltration mode, as illustrated in Fig.1. For the infiltration mode, known as dynamic
insulation or breathing wall [34], the fresh air permeates through the wall from outdoor to
indoor in cold climates. The infiltration airflow can be preheated by recovering the
conductive heat loss through the wall. For the exfiltration mode, called as exhaust air
insulation wall (EAIW) [33], the low-grade exhaust air from HVAC system permeates
through the wall from indoor to outdoor. Hence, the conductive heat flux from outdoor to
indoor is removed and eliminated by the exfiltration airflow. For the practical application of
the air-permeable building envelopes, a mechanical fan will be needed to provide a stable

airflow.

infiltration mode exfiltration mode
indoor outdoor indoor outdoor
&  G— = —
outdoor indoor
fresh air exhaust air
@ & = —
dynamic insulation or exhaust air insulation wall

breathing wall

Fig. 1. Schematic of the air-permeable building envelope

Previous studies on air-permeable building envelope mainly focused on its thermal
performance, impact on thermal comfort or indoor air quality (IAQ), filtration performance as
well as application feasibility, and etc. Dalehaug et al. [35] reported that applying the
dynamic insulation wall in a residential building can recover approximately half of
conductive heat loss for preheating the ventilation air. Taylor and Imbabi [36] pointed out that

the U-value of dynamic insulation could be decreased to near-zero by increasing infiltration



air rate and porous material thickness. Similar results can be observed in the study about the
thermal performance of the EAIW carried out by Zhang et al. [37]. The results indicate that
for a porous layer thickness of 30 mm and exfiltration airflow velocity of 0.003 m/s, the
U-value of the EAIW would be reduced to less than 0.1 W/(m?K). When the thickness reaches
50 mm, this value can be further reduced to almost 0 W/(m?K). Dimoudi et al. [38] designed a
test cell in Greece to investigate the operation mechanism and energy saving potential of a
dynamic insulation wall under actual weather conditions. Gan [39] numerically explored the
effects of air-filtration on the thermal environment in a room employed with dynamic
insulation wall. Wong et al. [40] experimentally investigated the thermal conductivity of
air-permeable dynamic concrete from a microscopic perspective. Moreover, researchers also
focus on the filtration performance of dynamic insulation wall. Di Giuseppe et al. [41] carried
out an experimental and analytical investigation on the filtration performance of a dynamic
insulation wall for application in Italy climate. The results indicated that the unwanted
particles in ventilation air will be filtered by porous material component during the
infiltration process. Taylor et al. [42] pointed out that the dynamic insulation wall can act as a
high-efficiency particulate air (HEPA) filter when the porous material thickness reaches to 60
mm. Ascione et al. [43] integrated the nocturnal free cooling with dynamic insulation for
reducing indoor air temperature and improving thermal comfort in cooling season. In recent
years, Alongi et al. [44-46] developed a specially designed laboratory apparatus to
experimentally investigate the steady-state and unsteady-state thermal behavior of dynamic

insulation module and further validate the classical analytical model and a novel steady



periodic analytical model. Craig and Grinham [47] conducted a schlieren imaging experiment
to theoretically investigate the convective heat transfer mechanism at the surfaces of
air-permeable porous material. Moreover, mass timber panels based dynamic insulation
module was designed and optimized by Craig et al. [48] for reducing the embodied and

operational carbon emissions of buildings.

It is observed that the porous material component acted as the core unit of air-permeable
building envelopes can exchange heat with the infiltration or exfiltration airflow. Previous
studies have proved the increase of porous material thickness can effectively reduce the
U-value [36] and improve the heat recovery efficiency [37] as well as the filtration
performance [42] of the air-permeable building envelopes. However, the infiltration or
exfiltration process within the porous material component will lead to pressure loss to a
certain degree and power consumption of a mechanical fan for supplying a constant airflow.
This means that increasing the thickness of porous material will reduce the cooling and
heating loads of the air-permeable building envelopes, and in the meanwhile, result in a
higher pressure loss and additional fan power consumption. However, in previous studies the
thickness of porous material was designed only according to the U-value or heat gain/loss of
the wall. Few studies consider the impact of pressure loss and additional fan power
consumption on the design of air-permeable building envelopes. Moreover, there are no
guides and experiences on how to estimate the fan power consumption due to the infiltration
or exfiltration process and its impact on the overall energy performance of the air-permeable

building envelopes. Therefore, for the existing studies on the air-permeable building



envelopes, the designed and recommended thickness of the porous material may not be the
optimal state from the viewpoint of achieving the minimum total energy consumption

(air-conditioning and mechanical fan).

To accurately estimate the energy performance of the air-permeable building envelope,
the pressure loss of exfiltration or infiltration process and its corresponding fan energy
consumption should be considered. It is necessary to identify the optimal thickness of porous
material component to minimize the overall energy consumption of the air-permeable

building envelope.

1.2 Objectives of this study

To fully address the above critical challenges, the main objectives of this paper are to
estimate the pressure loss of exfiltration process within porous material, propose a
methodology to identify the optimal thickness of porous material for minimizing the overall
energy consumption, and provide a recommended design guideline of the air-permeable
building envelope. In this study, a comprehensive methodology was proposed to evaluate the
overall energy performance of the EAIW, which is composed of three components, including
the energy demands of cooling, heating, and additional mechanical fan due to the pressure
loss of exfiltration process. A network heat transfer model of the EAIW was proposed and
used to estimate its hourly cooling or heating energy demand. The model was verified by
comparing the measurement data and corresponding computational results. A Darcy’s
law-based pressure model was used to estimate the pressure loss of the exfiltration process

within porous material, and to further estimate the fan power consumption for driving a



constant exfiltration airflow of the EAIW. The optimal thickness of porous material
component was determined according to the minimum annual overall energy consumption of
the EAIW in different climate zones including hot summer and warm winter (HSWW)
climate, hot summer and cold winter (HSCW) climate, and cold climate. Moreover, influence
of some key parameters such as the exfiltration velocity and permeability of porous materials
on the optimal design and overall annual energy performance of the EAIW was investigated
quantitatively. The outcomes of this study will provide a more comprehensive evaluation
method and optimal design guideline for this multi-functional air-permeable building

envelope.

2. Methodology

This section presents and elaborates a simulation method to analyze the overall energy
performance and optimal design of the EAIW. The research methodology for optimal design
mainly includes the following parts: (1) developing and validating the heat transfer model to
evaluate the hourly and annual cooling and heating energy demands of EAIW; (2) estimating
the pressure loss based on Darcy’s law and the corresponding fan power consumption of
EAIW; (3) carrying out the sensitivity analysis to identify the optimal parameter for
achieving the minimum overall energy consumption. The research methodology is illustrated

in Fig. 2 and detailly introduced step by step as follows.



Step 1 in Section 2.1

Proposing a heat transfer model
for calculating the hourly and

Step 4 in Section 4.1

annual cooling/heating load of Sensitivity analysis on porous material Step 5 in Section 4.2
EAIW thickness versus annual energy
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) . optimal thickness of porous material exfiltration velocity on the
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5

Step 2 in Section 2.2
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Step 6 in Section 4.3
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Estimating the pressure drop of Thickness of porous material (m)
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law and related fan power use
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o

o

Fig. 2. Research methodology for design optimization of EAIW

2.1 Physical and mathematical heat transfer model

Fig. 3 presents the schematic and insulation mechanism of the EAIW. The EAIW mainly
composed of porous material component, external masonry structure, and in-between air gap.
Thermal insulation of the wall mainly lies in the exfiltration process within the porous
material component, which can act as a heat exchanger to take advantage of the low-grade
thermal energy from exhaust air for reducing the temperature difference between the inner
surface of the wall and indoor air. As a result, the heat loss in winter and heat gain in summer
can be significantly reduced. Previous studies indicate the exfiltration airflow within porous
material can adjust the interior surface temperature of EAIW close to indoor temperature and
decrease the heat gain to approximately zero despite the strong fluctuations of outdoor
boundary conditions [49]. The driven force of the exfiltration airflow within porous material

derives from the suction pressure of an additional mechanical fan. This multi-functional



building envelope provides an alternative solution for the in-situ utilization of the exhaust air
in each conditioned room, unlike the traditional air-to-air heat exchanger that collects the

exhaust air from different rooms through additional mechanical fan and air ducts.

The two-dimensional network heat transfer model proposed and validated in our previous
study [37], was adopted to analyze the thermal performance and estimate the hourly cooling
and heating loads of EAIW. The schematic of the two-dimensional network heat transfer
model is presented in Fig. 4. The EAIW was equally segmented into several subsections in
vertical direction for discretization. Each subsection consists of three components: porous
material, air gap, and masonry structure. The following assumptions were used in this paper
for developing the heat transfer model: (1) heat conduction between two adjacent subsections
in vertical direction was neglected [50-52], (2) the possibility of condensation within the
EAIW was not considered in current study, (3) long-wave radiative heat exchanger within the
air gap only occurs between the two surfaces in the same subsection, (4) the porous
aggregates were considered to be thermal equilibrium with the neighboring exfiltration
airflow [53]. For each subsection, five governing equations for five unknown nodes

temperatures can be established based on the conservation of mass and energy.
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For the subsection j, the one-dimensional governing equation of air-permeable porous

material [53] can be expressed as Eq. (1).

o'T, . oT, ,
lpﬁ—pacav a;” =0 (1)

where 7, is temperature of porous material in x direction (K). The analytical expression for

the temperature of porous material can be further expressed as [53]:

exp(4x)-1
T, (x)= (Tpe,_j _Tpi,_j)'(—)_1+Tpi,_/ (2)

exp(AL,)
The conductive heat flow within porous material in x direction can be defined as Eq. (3)

according to Fourier’s law of heat conduction.

oT, .(x)
qg.,=-4, —%; (3)

Therefore, the analytical expression for the conductive heat flow within porous material in

x direction can be further expressed as follows based on the Egs. (1) and (3).

A AGL(AX)(TWJ _pr‘)

" exp (AL )1 ¥

qc,j ="

The governing equations for the boundary nodes of porous material can be expressed as
Egs. (5) and (6) based on the energy balance, considering the conduction within porous
material, long-wave radiation, convection, and mass flow.

For the interior surface node of porous material (x = 0):

AT, T L
hi (T =T )+ £uc (T =T, ) = —@W ©

For the exterior surface node of porous material (x = L1):



A AL
hca,j (Tpe,j =T, ) +h, (Tpe,j =T, ) = _ﬂ“p ﬁm(%‘ _Tpi,/) (6)

Moreover, the governing equation for the node of air gap in subsection j can be defined as
Eq. (7) considering the energy and mass balance.

pe.j

hca,j (T _E,j)Ay—i—hca,j(Tmi,j _Ta,j)Ay

(7
+pcevl, Ay+pcu, T . L,=pcul L,

pe,j a”j-17a,j-1 a’jra,j

The governing equations for the interior surface node (x = L1+ L2) and exterior surface

node (x = L1+ Ly + L3) of external masonry structure can be expressed as Egs. (8) and (9)

[37].
(T, =T,
b (T, =T )4 (T~ T, )+ a . )y ©
O 0

3

where A4 is model characteristic parameter and defined as: 4 = (pacav/4p); ca is the specific heat
capacity of air (J/kgK); 4 is the heat transfer coefficient at each surface (W/m?K); L1, L, and L3
are the thickness of porous material component, air gap, and masonry structure, respectively
(m); Tin and Tou are the indoor temperature and outdoor solar-air temperature, respectively (K);
uj.1 and u; are the airflow velocities in vertical direction of air gap for the subsection j-1 and
subsection j, and are expressed as: uj.1=(j-1)vAy/L> and u=(jvAy)/L2, respectively (m/s); v is
the exfiltration velocity in horizontal direction within porous material (m/s); Ay is the height of
each subsection (m); p, is the air density (1.205 kg/m®); 4, and A, are the thermal

conductivities of porous material and masonry structure, respectively (W/mK).

Egs. (5) to (9) represent the governing equations of five nodes from interior surface to



exterior surface in one of the subsections. As the EAIW was segmented equally into 10
subsections for numerical simulation, therefore, 50 governing equations were established for
the whole EAIW in this study. The proposed mathematical model was solved in self-developed
MATLAB programs with the defined boundary conditions to obtain a converged solution. And
then, the solved interior surface temperatures were used to further calculate the hourly energy

demand of EAIW.

Table 1 presents the detailed information about the calculation of each heat transfer
coefficient. ¢, and ¢, are the surface emissivity of porous material and masonry structure,
respectively. ¢ represents Stefan-Boltzmann constant, and equals to 5.67x107 W/(m?K*). vou

is the outdoor wind speed.

Table 1 Calculation of the heat transfer coefficients

Heat transfer coefficient Expression
At the exterior surface of EAIW [54] h.,= 8.23+3.33v,, —0.036v_,
At the two surfaces of air gap [55] h, ,=562+3.9u,
At the interior surface of EAIW [56]  /,=8.29

.. o T;e’j—Tnj[,j
Long-wave radiation between the two ~ /, = ] T X 7 7
surfaces within air gap . + . —1 Tpes Tmij

P m

2.2 Model validation

An experimental platform was constructed in our previous study and used to validate the
above-mentioned network heat transfer model of EAIW [37]. The schematic of experiment

validation is illustrated in Fig. 5 and Fig. 6. Two environment chambers were designed to



simulate the outdoor and indoor conditions. The porous material component was a 50 mm
mineral wool layer. An expanded PVC panel was used as external masonry structure for
simplification. Exfiltration velocity of the EAIW was controlled by a variable frequency fan.
The measured exfiltration velocity and air temperatures of two chambers were the inputs of
computational model. And then the measured data were compared with the corresponding
simulated results. Different boundary conditions such as the variations of indoor temperature,
outdoor temperature, and exfiltration velocity were considered for fully validating the
computational mathematical model. The mean absolute percentage error (MAPE) and mean
square error (MSE) were also used to quantitatively estimate the accuracy of computational

model.
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The comparisons between the simulation and measurement are presented in Fig. 7. The
MSE and MAPE of the simulated results are listed in Table 2. It can be found that the error in
simulation outputs is quite limited. A good agreement between the measured temperatures
and corresponding simulated results can be observed. As shown in the Fig. 7, the deviations
of all the calculated results basically range from —0.74 °C to 0.99 °C. The simulated interior
surface temperature of porous material shows best accuracy, and its maximum absolute
deviation is only 0.38 °C. Moreover, the MAPE for the simulated 7yi, 72, Tmi, and Tme are
1.1 %, 0.9 %, 1.6 %, and 0.8 %, respectively. Therefore, it means that the developed
computational model could accurately simulate and calculate the temperature of each node
within EAIW. Further complete description about the experimental setup, boundary

conditions, and model validation is given in Ref. [37].
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masonry structure; (d) exterior surface of external masonry structure

Table 2 Error analysis of the simulated results

Temperature MSE MAPE
Interior surface of porous material (7p;) 0.07 1.1 %
Air gap (T3) 0.10 0.9%
Interior surface of external structure (7mi) 0.30 1.6 %
Exterior surface of external structure (7ime) 0.10 0.8 %

2.3 Determining the pressure loss of exfiltration process

The driven force of exfiltration airflow is the differential pressure between indoor and

outdoor. For the practical application, an additional mechanical fan is required to provide the



differential pressure and maintain a constant exfiltration airflow for EAIW. This means that
the application of EAIW will lead to additional power consumption. Therefore, the pressure
loss of exfiltration process and corresponding fan power consumption should be

quantitatively estimated.

Darcy’s law reveals the relationship between the velocity of a fluid through a permeable
porous material, the permeability and thickness of porous material, the dynamic viscosity of
fluid, and the pressure drop. In this study, Darcy’s law was adopted to evaluate the pressure

loss of exfiltration process within EAIW, as shown in Eq. (10).

k, AP
VZ—L— (10)
H Ly
Eq. (10) can be further written as:
L v
AP = 'ukp (11)

where AP is the pressure loss of the exfiltration airflow through the porous material (Pa); v is
the exfiltration velocity (m/s); L is the porous material thickness (m); k; is the permeability
of porous material (m?); x is the dynamic viscosity of the air (Pa‘s). The permeability of each
porous material used in this study is derived from the Ref. [57] and presented in Table 3. The

dynamic viscosity of the air is 1.81x10° Pa-s.

2.4 Evaluation index for optimal design

In this study, the annual overall energy consumption of the EAIW under different porous

material thickness was calculated to identify the optimal thickness of porous material for



achieving the minimum energy consumption. The annual overall energy consumption of the
EAIW is composed of the annual cooling and heating energy consumption and fan energy

consumption, which can be expressed as Eq. (12).

E

total

=E +E,+E,, (12)

where Eiotal is the annual overall energy consumption per unit area of the EAIW (kWh/m?); E.
and En are the annual electricity consumption per unit area of the EAIW for cooling and
heating loads, respectively (kWh/m?); Eg is the annual electricity consumption per unit area

of the EAIW for mechanical fan (kWh/m?). Eq. (12) can further express as:

Etotal = + + Efun ( 1 3)

where Q¢ and On are the cumulative cooling and heating demands of the EAIW, respectively
(kWh/m?); COP is the coefficient of performance of the air-conditioning system. An air
source heat pump with assumed constant COP of 3.5 and 4.5 for space cooling and heating
was selected in this study [58]. The On and Q. can be calculated by Egs. (14) and (15),

respectively.
0= h(L,-T,)dr (14)
0.=[ . h(T,~T,)dr (15)

where Tpiis the interior surface temperature of EAIW (K); 7 is the hourly time-step (h); The
subscripts of heating and cooling represent the heating season and cooling season,

respectively. During the year-round thermal simulation, when the interior surface temperature



of EAIW is lower than indoor temperature in cooling season or higher than indoor

temperature in heating season, no cooling or heating energy was required at this time.

The annual fan power consumption per unit area of the EAIW (Ern) can be expressed as
Eq. (16).

:I GAP

P =
annual 1 00077377]21/!

fan

(16)

where 7. and 70 are the efficiency of the electromotor and fan, and the overall efficiency of
the mechanical fan (7ex#fn) is assumed as 0.55 [59]; G is the volume flow rate per unit area

of the EAIW (m?/s).

3. Case study for optimal design

In this study, the EAITW was employed as the south-facing external wall of a typical office
room. To identify the optimal insulation thickness of porous material, the annual overall energy
consumption of EAIW under different design parameters were investigated. The typical office
room was designed with a size of 6 m x 4 m x 3 m (length x width x height), and the dimension
of the external wall was 4 m x 3 m (width x height). To determine its optimal value, the
thickness of porous material varied from 10 mm to 200 mm with an interval of 10 mm. The
results in our previous studies indicated that the external masonry structure shows limited
impact on the thermal performance of the EAIW [49]. Therefore, the variation of the thickness
of external masonry structure and air gap was not considered. The thickness was 20 mm for
air gap and 120 mm for masonry structure, respectively. In this study, the influences of the

exfiltration velocity and permeability of porous material on the optimal design and overall



annual energy performance of the EAIW were investigated quantitatively.

For the influence of permeability of porous material, two typical air-permeable porous
materials (mineral wool and glass fiber) were used to quantitatively estimate the impact of
porous material selection on the optimal design of the EAIW. The thermo-physical properties

of the used materials are presented in Table 3.

Table 3 Thermal properties of each material [57]

Material Thermal conductivity (W/mK) Permeability (m?)
Mineral wool 0.045 3.30E-10
Glass fiber 0.033 1.86E-10

Masonry structure
1.74 NA

(concrete block)

The exfiltration airflow within porous material plays a significant role for preventing the
unwanted conductive heat flux through EAIW. The exfiltration flow volume through EAIW
was equal to the supplied fresh air volume of the conditioned office room. In this study, based
on the ANSI/ASHRAE Standard 62.1-2019 [60], the ventilation fresh air rate was kept at 61.92
m?/h for this typical office room. Moreover, the impact of the window-to-wall ratio (WWR) on
the optimal design of the EAIW was also investigated. Two different WWRs of 0 % and 50 %
were considered. For the situation of WWR = 0 %, the frontal area of the EAIW was 4 m x 3 m,
which corresponds to a 0.00143 m/s exfiltration velocity. And the exfiltration velocity was

0.00286 m/s for the WWR = 50 %. Therefore, the exfiltration velocity of 0.00143 m/s and



0.00286 m/s was considered to identify the influence of exfiltration velocity on the optimal

design of the wall.
Table 4 Detailed information of the representative cities
Outdoor average wind speed
Climate City Cooling season Heating season
Summer Winter
Jun. 15th to Nov. 15th to
Cold zone Beijing 2.2 m/s 2.7 m/s
Sept. 15th Mar. 15th
Jun. Istto Dec. 15th to
HSCW zone Wuhan 2.0 m/s 2.6 m/s
Sept. 30th Mar. 15th
May st to Dec. Ist to
HSWW zone  Guangzhou 1.5 m/s 2.4 m/s
Sept. 30th Feb. 28th

The year-round thermal simulation and optimal design of the EAIW was executed in three
different climate zones including HSWW zone, HSCW zone, and cold zone. In this study, three
cities were selected as the representatives of three climate zones. The typical meteorological
year (TMY) data of each city were obtained from weather database [61]. The cooling and
heating periods of three cities have been defined by design standard of building energy
efficiency [62] and are presented in Table 4. In this study, the EAIW was assumed to operate in
continuous 24 hours per day throughout the whole heating and cooling seasons for
simplification. The set point of indoor temperature was 25 °C in cooling season and 20 °C in

heating season based on the design standard for building energy efficiency [62], respectively.



4. Results and discussion

In this study, the hourly cooling and heating load, fan power consumption as well as annual
overall energy consumption of EAIW under different porous material thickness were
calculated to identify the optimal value of porous material thickness, which can minimize the
annual overall energy consumption of EAIW. Section 4.1 will demonstrate the existence of the
optimal thickness of porous material. The influences of exfiltration velocity (0.00143 m/s and
0.00286 m/s) and porous material selection (glass fiber and mineral wool) on the optimal
design will be investigated in Section 4.2 and Section 4.3, respectively. Discussion will be

carried out in Section 4.4.

4.1 Determining the optimal thickness

In this subsection, the glass fiber was selected as the porous material component of the
EAIW, and the WWR of 0 % was employed, corresponding to a 0.00143 m/s exfiltration
velocity. The variations of the annual overall energy consumption versus thickness of porous
material in different climate zones are presented in Fig. 8. The annual overall energy
consumption of EAIW is composed of three components, including the energy consumption

for cooling demand, heating demand, and mechanical fan.
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As shown in the figures, the thickness porous material shows a significant influence on



the annual cooling and heating energy consumption. The annual cooling and heating energy
consumption are dramatically reduced by increasing the thickness of porous material. When
the thickness of porous material varies from 10 mm to 50 mm, the annual cooling and heating
energy consumption decrease from 4.83 kWh/m? and 1.81 kWh/m? to 0.42 kWh/m? and 0.16
kWh/m? for HSWW climate zone, corresponding to 91.4 % and 91.2 % reduction,
respectively. Such a promising energy saving potential mainly derives from the exfiltration
process of the low-grade exhaust air through the porous material component. However, the
influence of porous material thickness on the cooling and heating energy consumption of
EAIW is non-linear. Further increasing the thickness of porous material shows a limited
reduction of annual cooling and heating energy consumption. Moreover, a linear variation of
the fan energy consumption versus thickness of porous material can be observed. Such a
phenomenon can be explained by Darcy’ law expressed in Eq. (10). As shown in Fig. 8(a),
the annual energy consumption of mechanical fan slightly increases to 0.46 kWh/m? when the

thickness of porous material reaches to 200 mm. Similar results can also be observed in Fig.

8(b) and Fig. 8(c).

The results in Fig. 8 also reveal that there exists an optimal thickness of porous material
which achieves a minimum annual total energy consumption of the EAIW. This optimal value
can achieve a balance between the reduction of cooling and heating energy consumption and
increase of fan energy consumption. When the thickness of porous material exceeds this
optimal value, a thicker porous material component will lead to an increase of the annual total

energy consumption. The optimal thickness are 100 mm, 110 mm, and 110 mm for the



HSWW, HSCW, and cold climate zones, which correspond to annual total energy
consumption of 0.27 kWh/m?, 0.26 kWh/m?, and 0.26 kWh/m?, respectively. Moreover, the
optimal thickness for the HSWW climate zone is slightly lower than the optimal values for
the HSCW and cold climate zones. This is because the cumulative cooling and heating

demands of the EAIW in the HSWW climate zone is the lowest.
4.2 Influence of exfiltration velocity

In this subsection, the influence of exfiltration velocity on the optimal thickness of porous
material was investigated. As the WWR varies from 0 % to 50 %, the exfiltration velocity
increases from 0.00143 m/s to 0.00286 m/s. Fig. 9 presents the variations of the annual overall
energy consumption versus thickness of porous material for the EAIW with a 0.00286 m/s
exfiltration velocity. It can be found that compared the results in Fig. 8, the annual cooling and
heating energy consumption of EAIW are significantly reduced due to the increase of
exfiltration velocity. As shown in Fig. 9(a), the annual cooling and heating energy
consumption are 2.72 kWh/m? and 1.02 kWh/m? for the EAIW with a porous material
thickness of 10 mm. When this thickness enlarges to 50 mm, the annual cooling and heating
energy consumption of EAIW decrease to approximately 0 kWh/m?. Similar results can be

obtained for other climate zones.
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However, it should be noticed that fan power consumption per unit area of EAIW exhibits
a quadratic relationship with exfiltration velocity within porous material according to Eq.
(16). It means that the fan energy consumption becomes a non-negligible component of the
annual overall energy consumption, as the exfiltration velocity varies from 0.00143 m/s to
0.00286 m/s. The annual fan energy consumption for driving the exfiltration airflow increases
to 1.86 kWh/m? for the EAIW with 200 mm porous material, as shown in Fig. 9(a). To
achieve a compromise between the cooling, heating and fan energy consumption, the optimal
thickness of porous material are 40 mm, 50 mm, and 50 mm for the EAIW, which can
minimize the annual overall energy consumption to 0.51 kWh/m?, 0.48 kWh/m?, and 0.49

kWh/m? in the HSWW, HSCW, and cold climate zones, respectively.

This can be concluded that for the EAIW with a higher exfiltration velocity, the minimum
value of annual overall energy consumption may slightly increase due to the influence of
additional fan energy consumption. Moreover, a lower optimal value can be observed for the

porous material thickness.

4.3 Influence of porous material selection

In this subsection, the influence of porous material selection on the optimal thickness of
porous material was quantitatively evaluated. Based on the previous studies on air-permeable
building envelope, two commonly used porous materials (glass fiber and mineral wool) were
selected and compared. Compared to mineral wool, glass fiber has a lower thermal

conductivity and permeability (as shown in Table 3).



Fig. 10 and Fig. 11 illustrate the annual overall energy consumption of EAIW with
different porous materials. The results show significant difference between the annual overall
energy consumption of EAIW with different porous materials. For the EAIW with a 0.00286
m/s exfiltration velocity, the optimal thickness of mineral wool are 60 mm, 70 mm, and 70
mm in the HSWW, HSCW, and cold climate zones. Owing to the lower permeability of glass
fiber, the application of glass fiber will decrease the optimal thickness to 40 mm, 50 mm, and
50 mm, respectively. This is because that a lower permeability leads to a higher pressure loss
as well as additional fan power consumption, which will increase the influence of fan energy
consumption on the overall energy consumption and then result in a downward trend of the

optimal thickness.

For a 0.00286 m/s exfiltration velocity, moreover, the minimum annual overall energy
consumption of EAIW with mineral wool are 0.41 kWh/m?, 0.38 kWh/m?, and 0.39 kWh/m?
in the HSWW, HSCW, and cold climate zones, respectively. Despite glass fiber has a lower
thermal conductivity, using glass fiber as air-permeable component will increase these
minimum values to 0.51 kWh/m?, 0.48 kWh/m?, and 0.49 kWh/m?, respectively. It can be
concluded that permeability of porous material component shows a significant influence on
the overall energy performance of EAIW. A porous material with too low permeability is
detrimental to minimize the annual overall energy consumption of EAIW. Therefore, a porous
material with low thermal conductivity and high permeability is highly recommended as the

air-permeable component of the EAIW.
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4.4 Discussion

The above results indicate that the exfiltration process of the EAIW will lead to pressure
loss as well as additional fan power consumption to a certain degree. More importantly, this
study demonstrates the existence of the optimal thickness of porous material component,

which can achieve a minimum annual total energy consumption of the EAIW. However,



previous studies about EAIW have not considered the pressure loss of exfiltration process
and its impact on the overall energy performance of EAIW. This means that previous studies
may overestimate the energy saving potential of the wall. As shown in Fig. 9(a), the annual
energy consumption of cooling and heating demand is 0.14 kWh/m? for the EAIW with 40
mm porous material. This annual energy consumption will increase to 0.51 kWh/m? when the
cooling, heating, and additional fan energy consumption are simultaneously considered. In
this case, the energy consumption of additional fan is even higher than that for cooling and

heating.

Moreover, increasing the thickness of porous material has been proven to be one of the
major approaches to reduce the U-value and eliminate the heat loss or heat gain of
air-permeable building envelope. A thicker porous material component indeed can
significantly reduce the cooling and heating energy consumption of air-permeable building
envelope. The above studies demonstrate the existence of the optimal thickness of porous
material when considering the impact of pressure loss. This means that as the thickness of
porous material exceeds this optimal value, it will result in a higher overall energy
consumption. As shown in Fig. 9(a), when the porous material thickness varies from the
optimal value (40 mm) to 100 mm, the annual overall energy consumption of EAIW
increases from 0.51 kWh/m? to 0.93 kWh/m?. For the design and performance evaluation of
EAIW, therefore, the influence of pressure loss of exfiltration or infiltration process can not

be neglected.

Previous studies mainly concern the thermal conductivity of porous material and its



impact on the thermal performance of EAIW, and neglect the influence of permeability of
porous material. The above-mentioned results indicate that permeability of porous material
shows a significant impact on the energy performance and design of EAIW. Despite only
considering two kinds of porous materials, it can be deduced that the materials with high
permeability and thermal resistance are recommended for the air-permeable component of

EAIW.

Furthermore, it should be noticed that the main purpose of this study is to propose a
methodology to identify the optimal thickness of porous material for minimizing the overall
energy consumption of EAIW. This study only quantitatively investigates the influence of
exfiltration velocity and porous material selection on the optimal design of EAIW for
illustrating how key parameters impact the optimal design. But, there exist some other factors
that would potentially impact this optimal design to a certain degree. For instance, the set
point of air temperature in cooling and heating season may affect the optimal thickness of
porous material. In this study, these set points for numerical simulation are adopted based on
design standard for building energy efficiency. When the set point of air temperature
increases in cooling season or decreases in heating season, predictably, it would result in a
downward trend for the optimal thickness of EAIW. This is mainly because such a variation
of set point would reduce the cooling and heating loads of the EAIW, which may increase the
proportion of fan energy consumption in overall energy consumption of EAIW. Meanwhile,
the exfiltration flow volume through the EAIW is equal to the supplied fresh air volume,

which varies depending on the building category and occupant number. This means that the



optimal design of EAIW would also be influenced by building category.

5. Conclusions and outlook

The EAIW is a kind of multi-functional air-permeable building envelope, which can
provide an alternative solution for in-situ utilization of the exhaust air in each conditioned
room to improve the thermal insulation of building envelope. In this study, a methodology for
optimizing the design parameter of porous material component was proposed for maximizing
the energy saving potential of EAIW. A network heat transfer model was developed and
validated for analyzing the hourly thermal performance of EAIW. A Darcy’s law-based
pressure loss model was proposed to evaluate the pressure loss of the exfiltration process
within EAIW, and to further estimate the additional fan power consumption for providing a
stable exfiltration airflow. A sensitive analysis was conducted to investigate the influence of
porous material thickness on the overall energy consumption of EAIW, and then the optimal
thickness of porous material component was identified to achieve the minimum overall
energy consumption. Different scenarios were also considered. The main conclusions can be

summarized as follows.

(1) The optimal thickness of porous material component has been identified for EAIW.
This optimal value achieves a trade-off between the cooling/heating energy
consumption and additional fan power consumption, which can minimize the annual

overall energy consumption of EAIW.

(2) The exfiltration velocity shows a significant influence on the additional fan power



consumption and optimal thickness of porous material component. When the velocity
varies from 0.00143 m/s to 0.00286 m/s, the optimal thickness will decrease from 100
mm, 110 mm, and 110 mm to 40 mm, 50 mm, and 50 mm in the HSWW, HSCW, and
cold climate zones, respectively. However, the minimum annual overall energy
consumption of EAIW may slightly increase due to the influence of additional fan

energy consumption.

(3) For the air-permeable building envelope, the influence of permeability of porous
material component cannot be neglected. The results show that a lower permeability
of porous material leads to a higher pressure loss, which is detrimental to minimize
the overall energy consumption of EAIW. For the purpose of energy saving, the
porous material with high permeability and low thermal conductivity is strongly

recommended for the EAIW.

(4) The pressure loss of exfiltration process should be considered when estimating the
energy saving potential of EAIW. Otherwise, the cooling and heating loads of the

EAIW will be underestimated.

The EAIW provides an alternative solution for in-situ utilizing and recovering the
low-grade exhaust air. However, it should be noticed that such a kind of building envelope
only utilizes the sensible heat of exhaust air. In future work, utilization of the latent heat of
exhaust air will be further explored for the EAIW. The energy, economy, environmental
performance of the EAIW and conventional mechanical ventilation heat recovery system

should be compared under different scenarios to clarify whether or not the use of EAIW is



better than conventional exhaust air heat recovery system from multi-perspective. Moreover,
the possibility of condensation in winter and its corresponding prevention measure should be
investigated to explore the technical feasibility and design guideline of EAIW in severe cold

climate.

The EAIW is originally proposed for utilizing the indoor exhaust air to prevent the heat
gain or loss through the wall. This means that this wall currently only applies to the buildings
installed with fresh air ventilation system. The previous studies indicate the outstanding
thermal performance of EAIW mainly derives from the exfiltration process of low-grade
exhaust air through the porous layer. Such an exfiltration insulation mechanism can be further
integrated with passive natural ventilation driven by stack effect in hot-dry climate or other
low-grade energy sources such as earth-to-air heat exchanger. Further exploration of

integrating the exfiltration insulation with other energy-efficient technologies is deserved.
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