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Abstract: In the high-humidity, hot-summer-cold-winter (HSCW) zone of China, the moisture buffering effect in the envelope
is found to be significant in optimum insulation thickness. However, few studies have considered the effects of indoor moisture
buffering on the optimum insulation thickness and energy consumption. In this study, we considered the energy load of an
exterior wall under moisture transfer from the outdoor to the indoor environment. An optimum insulation thickness was
obtained by integrating the P,—P, model. A residential building was selected for the case study to verify the proposed method.
Finally, a comparison was made with two other widely used methods, namely the transient heat transfer model (TH) and the
coupled heat and moisture transfer model (CHM). The results indicated that the indoor moisture buffering effect on the optimum
insulation thickness is 2.54 times greater than the moisture buffering effect in the envelope, and the two moisture buffering
effects make opposing contributions to the optimum insulation thickness. Therefore, when TH or CHM was used without
considering the indoor moisture buffering effect, the optimum insulation thickness of the southern wall under one air change per
hour (1 ACH) and 100% normal heat source may be overestimated by 2.13% to 3. 59%, and the annual energy load on a single
wall may be underestimated by 10.10% to 11.44%. The decrease of airtightness and the increase of indoor heat sources may
result in a slight reduction of optimum insulation thickness. This study will enable professionals to consider the effects of
moisture buffering on the design of insulation thickness.

Key words: Insulation thickness optimization; Coupled heat and moisture transfer; Indoor moisture buffering effect; Exterior
wall; Lifecycle cost

1 Introduction use. Dynamic methods, such as analytical solutions
based on periodic atmospheric temperatures (Zhang
et al., 2022) and numerical solutions under more general

meteorological conditions (Dlimi et al., 2019; Wang

The total energy consumption of buildings takes
up to 30% of primary energy usage and a suitable

insulation thickness of external walls can save about
30% of the total building energy consumption (Fang
et al., 2014; Chen et al., 2020). The optimum insulation
thickness is often determined by a techno-economic
analysis. There are two groups of methods for that anal-
ysis: static methods and dynamic methods (Kaynakli,
2012). Static ones, such as the concept of degree day
(Ali Kallioglu et al., 2021), are classic and easy to
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et al., 2019; Geng et al., 2021), can take into account
transient changes in outdoor air temperature. However,
the role of moisture in the air is often neglected.

The average relative humidity of air in the hot-
summer-cold-winter (HSCW) zone is close to 75%—
80%. For residential buildings, the high-humidity envi-
ronment can cause moisture-related health problems
such as mould-growth (Woods and Winkler, 2016). In
addition, the material in the exterior wall of a residen-
tial building can absorb a large amount of moisture. This
adsorbed moisture can produce a significant moisture
buffering effect in the envelope, thereby increasing
the average heat capacity and thermal conductivity
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of its materials. By calculating the heat, air, and mois-
ture transfer (HAM) equations, it was shown that the
moisture transfer can have a significant impact on the
assessment of building energy consumption (Tariku
et al., 2010; Hens, 2015; Xu et al., 2019; Chung et al.,
2020). Moon et al. (2014) investigated the effect of
moisture migration on the building performance of a
residential apartment by WUFI Plus and showed that
the energy consumption was 4.4% higher when mois-
ture buffering effects were considered. Chbani Idrissi
et al. (2022) performed an HAM simulation of a resi-
dential building in the climate of Tangier by using
COMSOL Multiphysics and showed that the annual
energy consumption was 15.1% greater than that cal-
culated using the heat transfer model. Recently, a
study integrating the HAM and the techno-economic
analysis using COMSOL Multiphysics was carried
out (Liu et al., 2015). It showed that if the moisture
buffering effect in the envelope is not considered, the
optimal insulation thickness and energy consumption
of a typical residential building in the HSCW zone
in China could be underestimated by 3.7%—7.8% and
2.8%—8.4%, respectively.

However, the moisture buffering effect is com-
bined with various other factors, such as temperature
and humidity distribution in the indoor and outdoor
atmosphere, airtightness, and heating, ventilating, and
air conditioning (HVAC) systems (Fang et al., 2022).
Specifically, the indoor environmental performance of
a residential building in the HSCW zone is shown to
be the least satisfactory in China (Li et al., 2018), and
the indoor moisture buffering effect can cause high
indoor energy consumption and indoor humidity fluc-
tuations (Qin et al., 2009; Woloszyn et al., 2009; Qin
and Yang, 2016). Therefore, a comprehensive evalua-
tion of the moisture buffer effect not only needs to
consider the moisture buffer inside the envelope, but
also needs to consider the indoor moisture buffer
effect. Recently, based on the cases of the building en-
ergy simulation test (BESTEST), experiments by Zhang
et al. (2017) on porous bricks have shown that hygro-
scopic materials can reduce fluctuations in indoor
relative humidity, and thereby reduce dehumidification
energy consumption by 25%-30%. Ferroukhi et al.
(2015) compared the energy consumption of a residen-
tial building in La Rochelle by two types of software:
TRNSYS and COMSOL Multiphysics. The results
showed the consequences of TRNSYS ignoring the
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inclusion of indoor moisture effects can cause an under-
estimation of energy consumption by 51%. Therefore,
keeping the indoor temperature and relative humidity
constant in the insulation thickness optimization may
ignore the indoor moisture buffering effect and have
a bias in the optimum insulation thickness, especially
in some special buildings with high indoor moisture
generation, such as gymnasiums and swimming pools.

Based on the integration of the HAM and the
indoor environment model (IEM), Zhou et al. (2020)
analyzed the influence of the indoor moisture buffer-
ing effect on the average indoor temperature of a typi-
cal residential building by using COMSOL Multi-
physics. The results indicated that the desorption cool-
ing from hygroscopic materials can reduce the tem-
perature by 1.31 K in the summer. Under the coupled
analysis of HAM and IEM, the total energy consump-
tion, as well as the optimum insulation thickness, can
be different from that found in the original studies done
by traditional static or dynamic methods. However,
few studies have been done in the field. Furthermore,
it is not certain how the moisture buffering effect
in the envelope and indoor moisture buffering effect
have a quantitative effect on the optimal insulation
thickness of the exterior wall. Therefore, it is neces-
sary to further study the optimization of the insulation
thickness by integrating the HAM, the control of HVAC
systems, as well as the IEM into the optimization
of the insulation thickness. Further consideration can
eliminate the performance difference between the
design stage and the actual use stage brought about
by the constant value of simplified indoor tempera-
ture and humidity, and thus obtain a more reasonable
optimal insulation layer thickness (Martinez-Marifio
et al., 2021).

In this study, a method called HAM-IEM was
used, and the P,—P, method was used for economic
analysis to obtain the optimal insulation thickness.
The P,—P, method is an economical calculation method
that includes lifecycle costs and investment costs. The
proposed optimization method can take into account
the indoor moisture buffering effect and the moisture
buffering effect in the envelope. The optimum insula-
tion thickness in the high-humidity environment in the
HSCW zone can be obtained by the proposed method.
A comparison was made of different existing optimi-
zation methods in the same building and different cli-
mate conditions. In addition, the effects of the magnitude
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of heat sources and airtightness on the optimum in-
sulation thickness were studied.

2 Methodology

The flow diagram of the optimization process by
the HAM-IEM is shown in Fig. 1. The HAM model
(in light blue) and IEM (in orange) were combined
and co-calculated to obtain the energy loads Q. and
O.. The control of the HVAC system was integrated
into the [EM. The combination of HAM and IEM was
implemented by the heat and moisture exchange at
the inner surface of the exterior wall. Specifically, the
heat convection coefficient /2, was determined by

h=2.03(T s — 1), (1)

where 7, and 7; are the temperatures of the indoor en-

vironment and interior surface of the wall, respectively.

The water vapour transfer coefficient /,; was dem-
onstrated by the Lewis analogy.

Then, the P,—P, method was chosen for the eco-
nomic analysis and determination of the optimum insu-
lation thickness. The HAM is described in Section 2.1,
the IEM is described in Section 2.2, the combination
strategy is described in Section 2.3, and the economic
method is described in Section 2.4.

2.1 HAM model

An HAM model was developed to reflect the
effect of the outdoor environment and, especially, that
of humid air on choosing the optimum insulation thick-
ness. The HAM model consists of a moisture transfer
equation, an air transfer equation, and a thermal trans-
fer equation. These equations are derived under the
assumptions (Xu et al., 2019): (1) that the materials are
homogenous, continuous, and isotropic; (2) that hyster-
esis and chemical reactions are neglected; (3) that the
wall can be simplified as a 1D segment.
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Fig. 1 Flow chart of the optimization integrated with the indoor environment. WDR refers to the wind-driven rain, ¢,
is the relative humidity, 7 is the time, and Q, and Q, are the annual energy loads of a wall in the cooling season and
heating season, respectively. References to color refer to the online version of this figure



2.1.1 Governing equations

The governing equations of HAM model that given
in Egs. (2)—(4) contain the moisture transfer equation,
air transfer equation, and heat transfer equation, where
C, is the specific heat capacity, e,=0.622P,/(P,,—P,) is
the absolute air humidity, 4, is the airflow coefficient,
L is the latent heat, P is the pressure, R is the gas con-
stant, 7' is the temperature, and w is the moisture con-
tent. U=-k,(dP /dx)/u, is the air velocity vertical to the

wall surface, g is the diffusion, gl:—leél(ln(pg: +

Iai i I i 1 1 _ anv
o ox )1s the liquid water diffusion, g, = 5v((p "oy
vag% ) is the water vapour diffusion, g,=p, ke, 01.D622

Oox

the density, ¢ is the relative humidity, ¢ is the permea-
bility, 4, is the air dynamic viscosity, and subscripts a,
atm, bv, c, I, m, and v refer to the air, atmosphere, satu-
rated water vapour, capillary, liquid water, porous ma-
trix, and water vapour, respectively. The effective ther-
mal conductivity A, represents the equivalent thermal
conductivity of a three-phase porous building material,
which is measured by converting heat conduction, con-
vection, and radiation inside the material into an equiv-
alent heat transfer process (Wang et al., 2018). Detailed
derivation of the equations is shown in Section S1 of
the electronic supplementary materials (ESM).

(q)vaa a) is the air diffusion (air convection), p is

owdp  owol  O(g+8g+8) _
wo Torat . > O
AN
_5(56 ox )_O’ G)
oT 8 oT oT
(pmcpm—"_wcpl)a + ax( _leffax) +glcp187 —_
og, , 08, oU.T) _
L( o ox +pa(Cpa+eprv) ox =0. 4

2.1.2 Boundary conditions

Fig. 2 is a schematic diagram of the boundary
conditions in the study. The boundary conditions con-
sist of outdoor and indoor parts.
2.1.2.1 Outdoor boundary conditions

The outdoor boundary conditions, which include
the moisture, air, and heat exchanges on the exterior
surface of the wall, are expressed as:

J Zhejiang Univ-Sci A (Appl Phys & Eng) 2022 23(12):998-1012 | 1001

Gutdoor Indagr § Moisture transfer/
I latent heat transfer of
% - 9 vapour pressure gradient
1
1 Moisture transfer/
P p | mmmm) sensible heat transfer
*° ai of wind-driven rain
1
1
- Sensible heat transfer of
- , convective flow
o q
) :
| Sensible heat transfer of
> | _ solar radiation
-
(0] X ]

Wall thickness

Fig. 2 Schematic diagram of the numerical domain and
boundary conditions of HAM. ¢ is the heat flow, and the
subscripts o and i refer to the exterior surface and the
interior surface of the wall, respectively

go:hv,o(q)ambpbv.amb_(oopbv.o) +KIWDR7
Pa,0=Pamb5

q():th.o(wambev,amb_wopbv,o) +ho(Tamb_To) +

aqradi+KIWDRCpl(Ta1nb_ T,). (5)
where 4 and /, are the heat convection coefficient and
water vapour transfer coefficient, respectively; a=0.6
is the solar absorptivity; ¢, is the received solar
radiation on the wall; the subscript amb refers to the
outside environment. In this study, #,=23.26 W/(m*K),
h,=1.79x107 s/m, L=2500-2.4T kJ/kg, the saturated
vapour pressure P, is a function of the temperature. x=
0.01 is the infiltration coefficient of WDR according
to ASHRAE 160; [, is the WDR intensity calculated
by Trindade et al. (2021):

IWDR:kan%CRCTOWUmR’;/" cos 6, —90°<6<90°, (6)

where k,,=0.44, C,=0.83, C;=1, 0=0.7, and W=0.4 are
coefficients; U,, is the wind velocity at 10 m; R, is the
rainfall intensity and @ is the included angle between
the normal of surface and wind direction. All the
meteorological parameters (7., @.., P

amb?

s Ry and
the wind direction) were obtained from the National
Oceanic and Atmospheric Administration (NOAA)
database (NOAA, 2001).
2.1.2.2 Indoor boundary conditions

The indoor boundary conditions, which include
the moisture, air, and heat exchanges on the interior
surface of the wall, are expressed as:
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gi:hv,i((Piambev,iamb_(oinv,i)v
P&i:Pamb_l—APv

qlthv,i(goialanb\ziamb ¢ va 1) +h (Tlamb T) ” (7)

where AP is the pressure difference between indoor
and outdoor atmosphere; the subscript iamb refers to
the indoor environment. It is noted that the indoor
temperature 7, and relative humidity ¢, remain to
be determined in the IEM.

2.1.3 Validation of HAM

The HAM model proposed in this study is vali-
dated with heat, air, and moisture standardization
(HAMSTAD) benchmarks #4 and #5. The detailed
information about HAMSTAD benchmarks #4 and #5
can be referred to elsewhere (Hagentoft et al., 2004).
Figures related to the comparisons can be seen in
Section S2 of the ESM. The mean absolute errors
(MAEs) between the results of the HAM model and
the results in the HAMSTAD project #4 are 3.41 kg/m’
(exterior) and 15.26 kg/m’ (interior). The MAE between
the results of the HAM model and the results in the
HAMSTAD project #5 is 3.02 kg/m’. Therefore, the pro-
posed model has a good agreement with the benchmarks.

2.2 1IEM model

To reflect the influence of the indoor environ-
ment (e.g., indoor temperature and relative humidity)
on the optimization of insulation thickness, an IEM
model is presented in this section. The HVAC systems,
indoor heat and moisture sources, and air leakage
(airtightness) are considered in the IEM. To increase
the efficiency of optimization, the IEM in this study is
a reduced-order model that neglects the influence of
airflow and buoyancy. As shown in Eq. (8), the IEM
model can be written in the form of indoor tempera-
ture and relative humidity based on the heat and mois-
ture balance equations, where V' is the total volume
of the room, w is the humidity ratio, M, , and Q,,.,
are indoor moisture source and heat source, respec-
tively, O, and Q,,, are respectively the sensible and
latent heat caused by moisture sources, and the super-
script T refers to source types, in which b, le, me, oc, and
r are the exchanges between the indoor air and hygro-
scopic wall, outside atmosphere (air leakage), HVAC
systems, occupants/other types of mechanical systems,
and direct radiation through windows, respectively.

ow
V iamb —
Pa at
o ( 0.622¢,., Py, ) .
V iaml vo| Mmm ,
al gouambP bv !,b;ne oc} ’
8
at |:C Tiamb+ (L + vaTmmb) mmb:l =
Qlamb + z Q;H +
T e {b, le, me, oc, r} T e {b, le, me, oc}
z Onn- ®)

{b, le. me, oc}

lamb’ Qmmb’ Qm[]’ and le]] m Eq (8) can be further
presented as:

M= Ahv,i((ﬂipbv,i_(Diambpbv,iamb)a

Mli\?nb p VA CH( w, amb idl‘nb) ’
M 3=V Ouyacp.SET,,

1amb A h ( T 'amb)

iamb :pacpa VACH( amb 1amb) ”

Q::fnb = VOHVACp‘ (Cpa + (piambcpv ) SET T2

(TT 1amb) 1amb7
leH LMl;;rmb ” (9)
and
0, 0.4<gp,.<07,
SET, = { P
Prvac— Piamp>  Others,
qpp [0 293I5KST,<29815K.
T wvac— Liamp»  Others, (10)

where 4 and A, are the total wall area and the air
change per hour, respectively; Vo, is the total air
volume of the HVAC system; ¢, and T, are the
outlet relative humidity and temperature of the HVAC
system, respectively; SET, and SET, are the set-points
of relative humidity and temperature according to the
design values in ISO 13788 (ISO, 2012), respectively;
T, is the temperature of moisture sources and can
be determined from Eq. (9); Q& is the power of
the HVAC system. Qf-, cannot exceed the maximum
capacity of the HVAC system Qi oxe Oy, and Moe,
can be simply expressed as a periodical function with
period of one day according to the schedule.

The opening of doors and windows is impracti-
cal in an air-conditioned room, and the heat and mois-
ture sources such as the water reservoir, wet surfaces,



and airflow through the windows are small. Therefore,
compared to the indoor model proposed by Tariku et al.
(2010), the terms of moisture and heat sources were
simplified in the IEM model in this study. Besides,
the validation of the IEM model can be found in (Rode
et al., 2006; Tariku et al., 2010).

2.3 Calculation strategy
2.3.1 Energy loads of a single wall Q, and O,

The annual energy loads of a wall in the cooling
season Q. and in heating season Q, were calculated by:

Nch Nch
Qc: zqc = zhl(Tl_ Tiamb) ”
Nhh Nhh (11)

O,= zqh = zhi(Tiamb_Ti)+’

where ¢, and ¢, are the instantaneous transmission
loads of cooling and heating, respectively; Nch and
Nhh are the total hours in the cooling season and heat-
ing season, respectively; the superscript + represents
that only the positive values are added. 7; and 7, are
time-dependent variables. The cooling season is from
June 15 to Aug. 31, and the heating season is from
Dec. 1 to Feb. 28 (MOHURD, 2010).

2.3.2 Calculation settings

The HAM-IEM was calculated by the commer-
cial software COMSOL Multiphysics. The transient
module and the incident module were used in the
numerical calculation and control of the HVAC system,
respectively. Since the dimension of the IEM model
is zero-dimension, the boundary ordinary differential
equation module was used to calculate the lumped
indoor temperature and relative humidity. The time
step for calculation was set as 10 min.

It should be noted that although the indoor environ-
ment is controlled by HVAC systems, the fluctuations
and deviations of indoor temperature/relative humidity
to the set points can still exist in reality. The HVAC
system was set as activated during the cooling or heating
season and closed during the non-cooling-or-heating
seasons. The humidification/dehumidification system
in HVAC was set as open when the relative humidity
was beyond the range of 0.4—0.7, and the delay time
for the switch on/off was set as 30 min. The control
system of HVAC was implemented within the incident
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module of COMSOL Multiphysics, and the tolerance
of the incident is set as 0.001. In the incident module,
the implicit event interface is used to control the switch
on/off, and the indicator state interface is used to
define the set-points in Eq. (10).

2.4 P—P, method

The P—P, method was used for the economic
analysis (Duffie and Beckman, 1991). The ratio of life
cycle energy cost (P,), the ratio of life cycle expendi-
ture (P,), the total lifecycle cost which contains opera-
tion costs and investment costs (LCT), and the annual
energy saving per unit area by the insulation material
(AES) can be solved by:

P,=PWF(Ne, i, d) =

Ne g
1+
(12)
PWF .0, d
Pt (1—p)y PV N 0.d)
PWEF(N,, 0, m)
r
mPWF(Ne, i, d) - ——, (13)
(1+d)"
_ 0. O
LCT_PlcE( EER + ;7 +P2Cinsxinsv (14)
(9 O [ 9 O
AES_(EER+ p EER+ p :0, (15)

ins

where PWF is the function of present worth factor;
i and d are the fuel price inflation rate and market
discount rate, respectively; Ne is the total time of
economic analysis; D is the percent of down payment;
m is the mortgage interest rate; m, and r, are the ratio
of annual maintenance cost to initial investment and
the ratio of resale price to initial investment, respec-
tively; C, and C,, are the electrovalence and insula-
tion costs, respectively; x,. is the insulation thickness;
N, and N, are the period of mortgage payments and
the period of maturity, respectively; EER and 7 are
the energy efficiency ratios of the cooling system and
the heating system, respectively.

To simplify the optimization, and to highlight
the boundary effects, taxation in the P,—P, model was
ignored in this study. Table 1 lists the values in the P,—P,
model (Liu et al., 2015).
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Table 1 Values of parameters in the economic model (Liu

et al., 2015)
Parameter Value Parameter Value

d 0.05 D 1
i 0.01 m, 0

Ne (a) 20 r, 0

N, () NA C, ($/(kW-h)) 0.087

N, (a) NA C,. ($/m’) 50
m NA EER and 7 2.3 and 1.9

NA represents that the parameter is not needed in the calculation
when D=1

3 Case study
3.1 Description

The study is based on a residential building in
Hangzhou, a city in the HSCW zone of China. The
information about the building, wall configuration,
and hygrothermal properties of the materials are listed
in Section S3 of the ESM. The schedules of O, and
M, are listed in Fig. 3a. The total wall area is 113 m’
with no windows. The total room volume is 196 m’
and the air volume of HVAC system is 1 m*/s. The
meteorology data can be seen in Section S4 of the
ESM (NOAA, 2001). The air pressure difference
between the inside and outside of the building is set at
5 Pa. The HVAC system is a continuously operating
multizone constant air volume (CAV) system air han-
dling unit equipped with humidistats/de-humidistats.
The HVAC system is ideal and assumed to have suffi-
cient cooling/heating ability. The temperature/relative
humidity set-points are 25 °C/0.7 in summer and 20 °C/
0.4 in winter (MOHURD, 2012). The HVAC system
remains in the cooling mode in summer and heating
mode in winter. There is no other equipment in the

(a)

1400  — Qirb o-0-0 [R R R ] |
—o— Mg,
< 1200 f
ot o-0-0-0| 1
T 1000 |
] .
= 8:8:0:
§ 800 / .
g 00 e |
T 04040-0-0-0/ J o-ole-0
400 w-m-m-m-m-m RES) un
0 4 8 12 16 20 24
Time (h)

building except the indoor heat and moisture emitted
by the occupants.

3.2 Results

3.2.1 Effect of airtightness and internal heat source
Q¢ ., on the optimum insulation thickness

The energy demands of a room are influenced by
its airtightness and indoor heat and moisture sources.
However, it is seen from Fig. 4 and Table 2 that the
optimum insulation thicknesses are around 88.50—
89.50 mm with different levels of indoor heat sources
Qi The optimum insulation thickness is obtained
by the regression of the LCT curve. Compared to the
baseline (4.,=1 ACH, 100% Q,), the deviation of
optimum insulation thickness is less than 1% when
the internal heat sources changes from 75% Qg to
125% Q. and the airtightness changes from 1 ACH
to 2 ACH. Therefore, the effect of airtightness and
internal heat sources on the optimum insulation thick-
ness is slight. Recently, Landuyt et al. (2021) also
showed that the optimum insulation thickness is hardly
affected by user behaviour, which confirms our results.

When there is no insulation, the annual cooling
load of a wall O, decreases and the annual heating
load of a wall Q, increases as the heat source O,
rises, and vice versa when the insulation is thickened
(Fig. 4 and Section S5 of the ESM). Besides, for a
level of airtightness, it can be seen from Fig. 4 that
the value of 4., is approximately proportional to the
annual energy load of a wall, especially in the thin
insulation cases. The optimum insulation thickness is
smaller in cases with larger 4., and the values of AES
are higher in those with larger 4., (Fig. 4d). It should

20-mm
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1200 4
= _ .
3
1000 , £
<
8
800 5
(e}
2]
e
600 3
@
[e}
b
400 ;
20-mm 240-mm
cement plaster red brick

Fig. 3 Schematic diagrams of the case: (a) indoor heat and moisture sources (Tariku et al., 2011); (b) schematic diagram
of the wall envelope. EPS represents the expanded polystyrene insulation
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Fig. 4 Calculation results for different levels of airtightness and indoor heat sources of occupants: (a) annual energy
loads of a wall in heating season; (b) annual energy loads of a wall in cooling season; (¢) LCT; (d) AES

Table 2 Comparison of calculation results with different levels of indoor heat sources of occupants and airtightness in

Fig. 3a

Model Optimum insulation Deviation of LCTat  Deviation LCT AES at Deviation of
thickness x,, (mm)  x_.. (%) x,.. ($/m’) atx, . (%) x,, (kWhm’) AESatx, . (%)
Aq,=1ACH, 75% Q% 89.50 0.34 11.07 0.18 18.17 -0.11
A.=1 ACH, 100% Qg 89.20 11.05 18.19
A,=1ACH, 125% 0%, 89.00 -0.22 11.02 -0.27 18.20 0.05
Aq=2 ACH, 100% 0%, 88.50 -0.78 11.06 0.09 18.67 2.64

be noted that the energy load curves in Fig. 4a are
not smooth in the summer, which may be due to the
complex coupling behaviour of the high infiltration
rate of WDR and water vapour.

3.2.2 Indicators of energy loads: energy loads of a
wall Q/Q, or the heat source of the HVAC system Q%

Q. and Q, in Eq. (11) are the annual energy loads
of a single wall, while Qi in the IEM is the heat

iaml

source caused by the HVAC system. Therefore, instead

me

of the energy load of a single wall, Q% can also be
used in Eq. (14) of the economic analysis by Q. =

Nch Nhh

1 e * 1 me
- 2.0, and Q=300

latent heats are not involved in the Q," and Q,". It can
be seen from the literature that some researchers have
used the energy loads of a single wall to obtain the
optimum insulation thickness (Liu et al., 2015; Dlimi
et al., 2019), while others have used the whole energy
demands of a building (D’ Agostino et al., 2019; Geng

The sensible and
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et al., 2021). However, a comparison of the suitability
of these two indicators in the optimisation of insula-
tion thickness is lacking.
Fig. 5 shows the LCT at 4,=1 ACH and 100%
Qi by using the heat source of the HVAC system
me » as the indicator, as well as the result by using the
energy load of a wall. Fig. 5 illustrates that although
the LCT is different from each other, the optimum
insulation thickness is nearly the same. Therefore, both

indicators are valid in the optimization.

18 56
—#— |ndicator: —
energy load of a wall
—o— |Indicator: —
16 heat source of HVAC system
-1 54
E E
L 14 L
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TSeagaaat i
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Fig. 5 Calculation results for A.,=1 ACH and 100% Ox,,
in Fig. 3a by using different indicators

3.3 Comparison with other transient optimization
methods

There are several widely-used transient optimi-
zation methods for the insulation thickness of the
exterior wall, such as the transient heat transfer model
(TH) and the coupled heat and moisture transfer model
(CHM).

16 Mo 136

A “Q, - Q, 133

14 4 —=—TH —u—TH 130

\ —e— CHM CHM

120\ —A—HAMJEM  —A— HAM-IEM 127
T {#g
217 12 £
z 4l {18 3
< {15 =
O 6l J12 @

{9

Ar 16

2L 13

0 40 80 120 160 200 °

Insulation thickness (mm)

(a)

The TH only takes account of the heat transfer
process of a single wall by calculating the heat transfer
equations. The outdoor boundary conditions of the TH
consist only of the convection flow and solar radiation,
while the indoor boundary condition is the constant
temperature (Dlimi et al., 2019; Wang et al., 2019;
Geng et al., 2021). The CHM takes account of the
heat and moisture transfer of a single wall (Liu et al.,
2015). The outdoor boundary conditions further con-
sist of the moisture convection and WDR, while the
indoor boundary conditions (indoor temperature and
relative humidity) are set as constant (Tungbilek et al.,
2022).

Fig. 6 shows the results of the TH and CHM.
The results of CHM indicate the similar O, and slightly
higher O, when compared with the results of CHM.
Meanwhile, the LCT and AES curves obtained by the
CHM can be higher than the ones obtained by the TH.
However, it is clearly shown in Fig. 6a that the O, and
0, calculated by the HAM-IEM are higher than the
results of the two other methods as the insulation thick-
ness increases. In Fig. 6b, it can be seen that the LCT
and AES calculated by the HAM-IEM deviate from
the results of two other methods.

Table 3 and Fig. 7 are the comparison of the
optimum insulation thicknesses calculated by three
methods. The three enlarged points in Fig. 7 refer to
the LCTs with optimum insulation thicknesses by dif-
ferent methods. It can be seen from Fig. 7 and Table 3
that the optimum insulation thicknesses obtained from
the TH and the CHM are overestimated by 2.13% and
3.59% compared with those from the HAM-IEM in
this study; the annual energy loads on a single wall
(Q+0,) are underestimated by 11.44% and 10.10%
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Fig. 6 Results of different transient optimization methods: (a) annual energy loads of a wall in the cooling and heating

seasons; (b) LCT and AES



compared to those from using the HAM-IEM; the
values of the minimum LCT at the optimum insulation
thickness are underestimated by 6.24% and 4.71%
compared to those from the HAM-IEM; the values of
AES at optimum insulation thickness are overestimated
by 8.91% and 10.83% compared to those from using
the HAM-IEM. Liu et al. (2015) found that the opti-
mum insulation thickness can be underestimated by
3.7%—7.8% if no moisture transfer in the wall is con-
sidered. However, in this study, the underestimation is
only 1.3 mm (about 1.41%), which may be because of
the different climate of the chosen cities.

Therefore, although all the cities in the literature
(Liu et al., 2015) and this study are in the HSCW
zone of China, the influence on the optimum insula-
tion thickness caused by moisture transfer in the wall
can still vary greatly. Moreover, Table 3 indicates that
the indoor moisture buffering effect on the optimum
insulation thickness is 3.59% ((92.40-89.20) mm/
89.20 mm), while the effect caused by the moisture
buffering in the wall is 1.41% ((92.40-91.10) mm/
92.40 mm). The indoor moisture buffering effect is
about 2.54 times larger than the moisture buffering
effect in the exterior envelope. It is suggested that the
indoor environment, such as the indoor temperature and
relative humidity, should be considered when optimiz-
ing the insulation thickness of the exterior wall.

3.4 Discussion

The new HAM-IEM methodology proposed in
this study can be applied to different combinations
of occupants, airtightness, and configurations of the
HVAC system. It can be used in different micro-climate
buildings with different controlled systems. The pro-
posed methodology can help with the personalised
thermal design of a building within a specific city.
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The combination of HAM and IEM is easy to calcu-
late numerically.

3.4.1 Average indoor temperature and relative humidity

The average indoor temperature and relative
humidity are not constants in HAM-IEM (Fig. 8), and
they can affect the calculation of energy consumption
in Eq. (11).

It can be observed in Fig. 8a that the average
indoor temperature under different insulation thick-
nesses is always higher than 298.15 K (constant) in
the cooling season and lower than 293.15 K (constant)
in the heating season. From Fig. 8b, the average indoor
relative humidity under different insulation thicknesses
is always lower than 0.7 (constant) in the cooling
season and higher than 0.4 (constant) in the heating
season. Besides, the variation becomes steady as the
insulation gets thicker. Therefore, it is inappropriate
to set the indoor temperature and relative humidity as
constants in the optimization of insulation thickness.

3.4.2 Moisture buffering effect in the envelope

It is known that the moisture transfer in the wall
can lead to an extra latent heat flow. The total heat
capacity, as well as the buffering effect, is increased
due to the moisture transfer (Liu et al., 2015). This
latent heat flow is more pronounced during the heating
season when the indoor temperature is lower (Table 4).
Therefore, the energy consumption optimized by the
CHM is higher than that optimized by the TH for all
insulation thicknesses. In addition, the thinner the
insulation, the greater the increase of energy consump-
tion, which indicates that the moisture buffering effect
is strong when the insulation thickness is small.

The LCT curve in Fig. 7 shows the same varia-
tion pattern as the energy consumption with the same

Table 3 Comparison of results with different transient optimization methods

Optimum Deviation of e .
. . . Annual energy Deviation Deviation
insulation ~ Deviation annual energy LCT at AES at
Model . load of a wall at ,, of LCT at ,. of AES at
thickness  ofx_. (%) ,. loadofawallat x . ($/m’) X, .. (kW-h/m)
o Xopins (KW /%) 0 o Xopiws (0) 70 Xepins (70)
Kopins (mm) ) Xopins (%) ) )
TH 91.10 2.13 9.91 -11.44 10.36 -6.24 19.81 8.91
CHM 92.40 3.59 10.06 -10.10 10.53 -4.71 20.16 10.83
HAM-IEM in 89.20 11.19 11.05 18.19
this study’
" For cases with 4.,=1 ACH and 100% Q% in Fig. 3a
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Fig. 7 Comparison of LCT and optimum insulation thickness
with different transient optimization methods

investment cost. Therefore, the minimal value of the
LCT curve is shifted to the side with larger insulation
thickness. The optimum insulation thickness optimized
by the CHM is shifted to the side of high insulation
thickness and is higher than that optimized by the TH.

3.4.3 Indoor moisture buffering effect

In the HAM-IEM, the indoor humidity buffer
effect is considered based on the CHM.

As can be seen from Table 4, the energy con-
sumption is smaller than that calculated by the CHM
when the insulation thickness is less than 20 mm
(cooling season) and 40 mm (heating season). The
reduction in energy consumption is due to these
factors: (1) the temperatures at the interior surface of
walls calculated by the CHM and the HAM-IEM are
almost equal during the cooling season, while the tem-
peratures at the interior surface of walls calculated by
the HAM-IEM are higher during the heating season
(Fig. 9); (2) the average indoor temperatures calculated
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Fig. 8 Average indoor parameters in HAM-IEM: (a) indoor temperature; (b) indoor relative humidity

Average indoor temperature

by the HAM-IEM are higher or lower than those
calculated by the CHM during the cooling or heating
season (Fig. 8). Therefore, according to the definition
of Q. and @, in Eq. (11), the energy consumption of
HAM-IEM is lower. By contrast, when the insulation
is thicker, the energy consumption is greater than that
calculated by the CHM, which also can be explained
according to Figs. 8 and 9.

It is demonstrated that the energy consumption
calculated by HAM-IEM does not increase for every
thickness. Contrary to the moisture buffering effect in
the envelope (Section 3.4.2), the thicker the insulation,
the greater the increase of energy consumption as well
as the indoor moisture buffering effect and the LCT
curve. As a result, the minimal value of LCT curve is
shifted to the side with the smaller insulation thick-
ness, and that shift leads to a decrease in the optimal
thickness. When the insulation is thicker, the relative
percentage increase in energy consumption caused
by the indoor moisture buffering effect is larger.
Besides, when the insulation thickness is low, the in-
door temperature and humidity cannot be considered
as constant values, and the energy consumption will be
lower than that obtained by the TH and CHM (Fig. 8).

The results in Fig. 8 and Table 4 also show that
large deviations from the optimum insulation thick-
ness come from small differences in the average in-
door temperature, and that small differences in indoor
temperature should not be ignored in the optimiza-
tion. Thus, just like the heat transfer from the external
atmosphere and the indoor heat source, the buffering
effect of moisture can be viewed as a “two-sided” pro-
cess. On the one hand, the moisture transfer from the
outside atmosphere can increase the optimal insula-
tion thickness due to the buffering effect. On the other

0.80 T T T T T
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Table 4 Comparison of O, and Q, in different cases and optimization methods’

TH CHM HAM-IEM in this study
Yo (M) W) O, (Wi O (Wm0, (W-hm) 0. (kW) O, (kW-h)
0 14.54 35.02 14.50 35.89 13.93 3229
20 7.75 18.34 7.74 18.94 7.66 18.11
40 5.33 12.50 5.30 12.96 5.43 12.91
60 4.07 9.50 4.04 9.87 4.24 10.24
80 3.30 7.67 3.27 7.99 3.54 8.48
100 2.77 6.43 2.74 6.71 3.05 0%
120 2.39 5.54 237 5.79 2.70 6.39
140 2.10 4.86 2.08 5.10 2.43 5.73
160 1.88 433 1.86 4.55 2.24 521
180 1.70 391 1.68 411 2.08 4.79
200 1.55 3.56 1.53 3.75 1.92 4.45

* The cases consist of different insulation thicknesses x.

ins?

with A,=1 ACH and 100% Q¢

in Fig. 3a. The values of green/orange color in the

iamb

table represent the results of coupled numerical model, which are lower/higher than the results of CHM, respectively. References to color refer

to the online version of this table
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Fig. 9 Average temperature on the interior surface of the
wall in the cooling and heating seasons

hand, the moisture transfer from the indoor atmosphere
can have an adverse buffering effect on the optimum
insulation thickness. The two buffering effects are in
opposite directions. Therefore, as the thickness of
insulation increases, it is more difficult for moisture
from the indoor atmosphere to escape, requiring more
energy load with the larger overall heat capacity.

The results indicate that the outward movement
of the indoor heat and moisture can be hindered as the
insulation layer is over-thickened, which can worsen
the indoor environment and reduce thermal comfort
(Olivieri et al., 2017; D’Agostino et al., 2019). It is
suggested that HAM-IEM should be used to further
investigate the optimum insulation thickness in various
climate and building cases. Furthermore, it should be
noted that since the moisture buffering effects of the
indoor environment and the wall are opposite, the role
of the moisture buffering effect in the envelope should

not be over-emphasized in the optimization of insula-
tion thickness (Fang et al., 2022).

Due to the counteraction of the moisture buffer-
ing effects that take place in the exterior wall and the
indoor environment, excessive consideration of the
insulation thickness can result from neglecting the
indoor heat sources as well as the indoor moisture
sources. Meanwhile, the study also suggests that the
effect of moisture transfer in the optimization of insu-
lation thickness is smaller than that has been previ-
ously thought. It should be noted that the effect of the
moisture buffering effect in the envelope on the opti-
mum insulation thickness (1.41%) is much lower than
that in the previous study (3.7%—-7.8%) (Liu et al.,
2015), which indicates a different intensity of buffer-
ing occurs in the same climate zone. This should be
further studied.

4 Conclusions

In this study, with consideration of the indoor
moisture buffering effect, a new methodology, the
HAM-IEM, is proposed to obtain the optimum insulation
thickness of exterior walls in the HSCW zone in
China. The airtightness, HVAC systems, and activities of
the occupants were considered for the time-dependent
indoor environment to represent reality. Some conclu-
sions can be drawn from this study:

(1) The optimum insulation thickness obtained
by TH or CHM may be overestimated by 2.13%-—
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3.59%; the annual energy loads on a single wall (O +
0,) may be underestimated by 11.44% and 10.10%;
the minimum values of LCT at the optimum insula-
tion thickness may be underestimated by 6.24% and
4.71%; the values of AES at the optimum insulation
thickness may be overestimated by 8.91% and 10.83%.

(2) The two moisture buffering effects, the mois-
ture buffering effect in the envelope, and the indoor
moisture buffering effect, have the opposite effect on
the optimum insulation thickness. The indoor moisture
buffering effect is about 2.54 times greater than the
moisture buffering effect in the envelope.

(3) The airtightness and indoor heat sources have
a slight influence on the optimum insulation thickness,
while the AES is higher for a larger 4.,

(4) Two indicators of energy loads (the energy
loads of a wall Q/Q, and the heat source of the HVAC
system) behave similarly in the optimization of insula-
tion thickness.

In the future, the new methodology can be opti-
mized for different climate zones and personalized
indoor environments (Meng et al., 2015). As the person-
alized energy management system becomes popular,
the users’ behaviour and thermal comfort indices should
be taken into consideration more carefully. As a result,
the variance of indoor temperature and relative humid-
ity becomes an unsteady process (Elmaz et al., 2021),
and the optimum insulation thickness may be differ-
ent from what has hitherto been believed.
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