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Abstract
A high-resolution time interval numerical model is more accurate to analyze the
building dynamic thermophysical processes in the intermittent occupancy, while
relevant professional software, such as EnergyPlus, is not compatible with different
time intervals. The present study aims to investigate the thermal mass effectiveness of
external walls on the part-time part-space operation of heating and cooling of a typical
residence. A high-resolution model of a typical 3-occupant residential apartment has
been developed using the state-space method and validated by the simulation results
from EnergyPlus. The model is then amended to calculate building energy demands
with fixed heat and cold supply powers from the perspective of system control, in order
to interpret the effectiveness of thermal mass with identical recommended U-value in
the HSCW (Hot Summer and Cold Winter) zone in terms of room operative
temperatures. It is found that high thermal mass does not help to reduce ideal building
loads in the residential buildings in the HSCW zone, but it will improve indoor thermal
comfort control in real engineering compared to low thermal mass. Regarding thermal
insulation placements of heavy weight external walls under the same thermal mass, it
is evidenced that the adoption of internal insulation weakens the thermal mass impact
of the heavy weight wall composition compared to that of external insulation. It is
inferred that the high thermal mass in the composition of external walls should be
exposed to the indoor air to avoid overheating in the cooling conditions.
Keywords: Intermittent occupancy; Hot Summer and Cold Winter (HSCW) zone;
Thermal mass of external walls; Wall thermal insulation; Room operative temperature
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List of symbols
Nomenclature

𝐴

heat flux flow relationship matrix due to temperature difference between
adjacent temperature nodes,–

a

diffusivity, m2/s

𝑏

a vector describing the heat disturbance on temperature nodes,–

C

heat storage capacity matrix,–

𝐶𝑝

specific heat capacity, J/(kg K)

𝐹𝑜

Fourier number

f

floor or room inner wall area, m2

𝑓𝑡𝑜𝑡

total inner surface area of the building envelope for a room, m2

ℎ
ℎ𝑟
𝑛𝐴𝐶𝐻
𝑄ℎ
𝑄𝑐

t
𝑈

convective heat transfer coefficient, W/(m2 K)
longwave radiative heat transfer coefficient, W/(m2 K)
room air change rate per hour, 1 h-1 in the present study
heating load power, W
cooling load power, W
convection part of the internal heat gains, W
heat flux, W/m2
radiative heat gain per area, W/m2
absorbed solar radiation per area, W/m2.
absolute temperature, K; or temperature vector consisting of all
temperature nodes of a room, –
node temperature, °C
heat transmittance coefficient, W/(m2 K)

V

volume, m3

w

outdoor wind speed, m/s

𝑄𝑖ℎ𝑔,𝑐𝑜𝑛𝑣
q
𝑞𝑟𝑎𝑑
𝑞𝑠𝑜𝑙
T

𝐹𝑖,𝑗

view factor for the radiative heat transfer from surface ‘i’ to surface ‘j’ , –

∆𝑥

thickness, m

Greek symbols
absorptance , –
𝛼

𝜌
𝜀
𝜆
𝛿𝑖
𝜎𝑏
𝜏
∆𝜏

density, kg/m3
emittance, –

thermal conductivity, W/(m K)
thickness, m
Stefan-Boltzmann constant, 5.67×10-8 W/(m2·K4)
time, s
Iterative time interval, min (or hour)

Subscripts
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air
a,out
c
conv
h
i
i-1
i+1
j
in,wall
rad
sky
w1
w2
target
n+1
n+1,air
n+1,j
1
1,air
1,j

indoor air
outdoor air
cooling
convective heat transfer
heating

i-th node
(i-1)-th node
(i+1)-th node
room inner wall surface j
inner wall surface
radiative heat transfer
sky background environment
inner node of double glazing
outer node of double glazing

room target control parameter
outer surface

air close to the outer surface ‘n+1’
wall inner surface ‘j’ of the room related to outer surface ‘n+1’
inner surface

air close to the inner surface ‘1’
wall inner surface ‘j’ of the room related to inner surface ‘1’
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1 Introduction
It is widely accepted that occupancy is one of the most important factors impacting
building energy consumptions [1–3]. In an intermittent occupancy of residential
buildings, energy demands of space H&C (Heating and Cooling) are different from
those in a continuous occupancy in terms of thermal comfort demands. A typical
representative of intermittent occupancy is the part-time part-space usages of residential
buildings in the HSCW (Hot Summer and Cold Winter) zone of China. In the HSCW
zone, the climate in winter is not as cold as in northern China and space cooling in
summer commonly dominates building thermal energy consumptions. Part-time partspace H&C is widely accepted by people in the region [4–6]. In the intermittent
occupancy, the concept of heat storage and release through the thermal mass of building
envelope plays a role in the building energy demands [7]. Although it is widely accepted
that high thermal mass will be an advantage of building energy conservation in hot
climates, they tend to be not so effective in cold climates [7]. To ascertain the
effectiveness of external wall thermal mass on residential buildings in the part-time
part-space pattern, it is supposed that a high-resolution building model will be more
precise to characterize the dynamic thermophysical processes of residential buildings.
However, relevant professional software, such as EnergyPlus [8], is not compatible with
different iterative time intervals and a 1-h time interval is commonly adopted in
building simulations. In this sense, it is necessary to develop high-resolution building
simulation models for investigating the thermal mass effect of building envelopes on
building energy demands in the intermittent occupancy.
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Essentially, the thermal mass effect is neglected in a simple estimation of heat transfer
through building envelopes in terms of heat transmission coefficient (U-value), as the
simple estimation is based on the steady-state condition [9]. The nominal U-value is
calculated in Equation (1) [10]. Ferrari and Zanotto [9] reviewed the approaches or
indices being developed to approximate the dynamic behavior of buildings in the
steady-state analysis and declared that the application of simplified parameters
approximating the dynamic behavior in the single-element analysis would give
inconsistent results. Byrne et al. [11] investigated the in situ thermal behavior of a case
study building and its components under transient and quasi-steady environmental
conditions and concluded that predicted values of heat loss using assumed standardized
material properties of the existing structure overestimated the impact of the retrofitted
insulation on heat loss through the ceilings and walls. Reilly and Kinnane [7] verified
the overestimation of retrofitted insulation effect was due to the thermal mass of
building envelope in dynamic behavior. Besides, a metric for characterizing the
effectiveness of thermal mass elements in buildings had been proposed by Taylor and
Miner [12], providing guidance on the most significant contributors to indoor thermal
mass.
1
)+∑
𝛿
/𝜆
𝑖𝑛𝑛𝑒𝑟
𝑖 𝑖 +(1/ℎ𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 )

𝑈 = (1/ℎ

(1)

where 𝛿𝑖 (m) and 𝜆𝑖 (W/(m K)) are the thickness and the thermal conductivity of
each layer of a wall. ℎ𝑖𝑛𝑛𝑒𝑟 and ℎ𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 (W/(m2 K)) are the internal and external
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comprehensive heat transfer coefficients, respectively.

With regard to the thermal mass impact on building energy consumptions, Reilly and
Kinnane [7] disclosed that one cannot use any material property, nor even the total
thermal mass of a building, to quantify a waste of heat or cold in an intermittent
occupancy mode because the proportion of extra heat required depends on the order of
layers in the wall as well as on details of the thermal load case. Thermally heavy
buildings with a high thermal mass in the envelope are supposed to help lower the
building energy consumption by decreasing cooling demands in a continuous energy
use pattern in warm climates [13]. Siddiqui et al. [14] argued that the use of thermal
mass incorporating PCMs (Phase Change Materials) into the building envelope was
found to contribute to energy savings of 10–15% in the Toronto Net-Zero Energy House
compared to the case of commonly available forms of thermal mass. Karlsson et al. [15]
simulated the influence of thermal inertia in building structures with a conceptual model
and their model tests done in a cold-climate case showed that the passive energy storage
through high thermal mass could significantly change the power consumption pattern
while the total energy consumption in most cases was not much influenced. Xu et al.
[16] argued that energy saving rate for intermittent heating of office buildings can reach
about 20% in a typical week compared to continuous heating and the required heating
capacity for each room in an intermittent heating strategy was 1.1–1.3 times that of a
traditional continuous heating system. When it comes to the part-time part-space H&C
of residential buildings in the HSCZ zone, the thermal mass impact of external walls in
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the intermittent occupancy pattern should be rethought to confirm its effectiveness.

On the other hand, multi-layer material walls with thermal insulation are commonly
used in contemporary building construction and the layer sequence and distribution
affect the wall behavior by virtue of its overall thermal inertia, or heat storage capacity
[17]. Gou et al. [18] used a composition of reinforced concrete and XPS board for walls
of multi-story residential buildings to conduct multi-objective optimisation of passive
solutions for achieving thermal comfort and minimising building energy demands in
Shanghai. They concluded that a high thermal inertia index for the south wall and a low
thermal inertia index for the north wall are helpful in improving the indoor thermal
comfort and promoting the building energy performance. Thermal insulation of
external walls in the HSCW zone is proven to be effective for energy savings [19, 20].
Studies on the optimum insulation thickness of building external walls are found in [2123]. Aditya et al. [24] gathered most recent developments on the building thermal
insulations and discussed the life-cycle analysis. Most of the aforementioned studies on
building thermal insulation are useful but the impact of thermal insulation placement
within the external wall compositions should be clarified further, as even external walls
with the same thermal mass (identical U-value) but different insulation orders within
the wall would probably perform differently for building energy efficiency. Numerical
simulation done by Meng et al. [25] showed that different wall insulation forms had a
remarkable effect on the temperature response rate and the heat flow of the inner surface
under intermittent air-conditioning operation, although they had the same heat
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transmittance coefficients. Al-Sanea et al. [26] pointed out that thermal mass should be
placed on the inside, relative to the insulation layer, under steady periodic conditions.
Although Pan et al. [7] conducted analysis on passive energy conservation approaches
of residential buildings in Shanghai and reported that the thermal response rate of
internal insulation was faster that of external insulation, they did not undertake a
quantitative analysis to show to what extent the internal insulation of external walls
performs better than external insulation for energy savings. Yuan et al. [27] investigated
the effects of insulation placement and thermal resistance on heat transfer of walls in
Shanghai climate and argued that the energy saving of rooms with inside insulation was
at least 18% higher than that of rooms with outside insulation. However, strict model
validation was not found in their work. Moreover, researches on wall thermal mass
impact based on building components rather than the whole building, such as [7, 26],
should be further verified with the whole building model. For assessing the actual
impact of building envelope thermal inertia, studies on the scale of a whole building
are more valuable than a simple component analysis [28].

In summary, high-resolution time interval models are more accurate to analyze the
building dynamic thermophysical processes and thermal mass effect in the intermittent
occupancy, while relevant professional software, such as EnergyPlus, use a time
interval of 1 hour for simulations. The difference of thermal insulation placements of
external wall compositions under the same thermal mass for building energy
conservation needs to be further explored in part-time part-space H&C pattern. The
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present study aims to ascertain the impact of external wall thermal mass with different
compositions and different thermal insulation placements under identical recommended
U-value in the HSCW zone of China. A typical 3-occupant building apartment model
is developed in Matlab and validated to testify the precision of high-resolution models
with time intervals smaller than 1 hour. Besides, most of previous studies on the impact
of thermal mass on building energy conservation were based on room air temperature
instead of room operative temperature. Actually, the room operative temperature –
defined as the equal combination of indoor air and mean radiant temperature on room
wall inner surfaces –

should be used as the indicator for assessing room thermal

comfort, because it represents the occupant perceived temperature [29, 30]. The
established model is then amended to calculate the building energy demands with fixed
H&C supply powers from the perspective of system control, in order to illustrate the
impact of thermal mass in terms of room operative temperature.

2 The method
The whole framework of the present study is illustrated in Figure 1.
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Figure 1 Research framework of the present study

2.1 Physical model description

In the present study, a typical 3-occupant building apartment layout identified from a
variety of multi-story residential buildings in Chongqing city is chosen as the studied
object. The typical 5-room flat layout is simplified in Figure 2 with a total floor area of
70.2 m2. Three functional rooms involving 2 bedrooms (R1, R3) and 1 sitting room (R5)
are required for heating and cooling in relevant periods stipulated in the Design
Standard 2010 [31] (heating: 1st December to 28th February; cooling: 15th June to 31st
August). The window to wall ratio (WWR) on the south walls is chosen as 0.4 and
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WWRs on the other walls are 0.3 referring to the building code.

Figure 2 Plain layout of a typical 3-occupant building apartment

2.1.1 Mathematical model based on the State-Space Method
A dynamic thermophysical process model of the typical 5-room flat is established based
on the state-space method [32, 33]. Peripheral walls of the flat are assumed as external
walls exposed to outdoor environment. The flat is assumed to be in a multi-story
building and cyclic boundary conditions are supposed on the external surfaces of the
ceiling and the floor. For the multilayer building envelope components (walls, ceiling,
floor), it is assumed that the heat transfer is one-dimensional along the thickness and
12

each layer can be discretized according to Fourier number 𝐹𝑜 = 𝑎 ∙ ∆𝜏/∆𝑥 2 [34],
where 𝑎 is the diffusivity of the building material and ∆𝜏 is the iterative time interval
(conventionally ∆𝜏=1 h). In the present study, the spatial step (∆𝑥) of each layer is
chosen as ∆𝑥 = √𝑎 ∙ ∆𝜏 (𝐹𝑜 =1). According to the discretization principle, when the
multilayer building envelope component is divided into n layers, ‘n+1’ temperature
nodes are used to describe the thermal balance of the building component. Taking the
first node ‘1’ as the inner surface and ‘n+1’ as the outer surface, the temperature nodes
from inner to outer are described in Equations (2-4) [34].
For the inner surface (node ‘1’):
1

𝑑𝑡
𝐶 𝜌 ∆𝑥1 𝑑𝜏1
2 𝑝,1 1

𝜆

= ℎ1 (𝑡1,𝑎𝑖𝑟 − 𝑡1 ) + ∆𝑥1 (𝑡2 − 𝑡1 ) + ∑𝑗 ℎ𝑟1,𝑗 (𝑡1,𝑗 − 𝑡1 ) + 𝑞𝑟𝑎𝑑,1
1

(2)
For the intermediate nodes (node ‘i’):
1

1

𝑑𝑡𝑖

2

2

𝑑𝜏

( 𝐶𝑝,𝑖−1 𝜌𝑖−1 ∆𝑥𝑖−1 + 𝐶𝑝,𝑖 𝜌𝑖 ∆𝑥𝑖 )

=

𝜆𝑖−1
∆𝑥𝑖−1

(𝑡𝑖−1 − 𝑡𝑖 ) +

𝜆𝑖
∆𝑥𝑖

(𝑡𝑖+1 − 𝑡𝑖 )

(3)

For the outer surface (node ‘n+1’):
1

𝐶 𝜌 ∆𝑥𝑛
2 𝑝,𝑛 𝑛

𝑑𝑡𝑛+1
𝑑𝜏

𝜆

= ℎ𝑛+1 (𝑡𝑛+1,𝑎𝑖𝑟 − 𝑡𝑛+1 ) + ∆𝑥𝑛 (𝑡𝑛 − 𝑡𝑛+1 ) + ∑𝑗 ℎ𝑟𝑛+1,𝑗 (𝑡𝑛+1,𝑗 −
𝑛

𝑡𝑛+1 ) + 𝑞𝑟𝑎𝑑,𝑛+1

(4)

Double glazing window is adopted in the model due to recommended window U-value
(2.8 W/(m2 K)) in the Design Standard 2010 [31]. Thus, two nodes ‘w1’ and ‘w2’ are
considered for each window and the thermal balance equations are given in Equations
(5) and (6).

𝐶𝑝𝑤1 𝜌𝑤1 ∆𝑥𝑤1

𝑑𝑡𝑤1
𝑑𝜏

= ℎ𝑐𝑜𝑛𝑣,𝑤1 (𝑡𝑤1,𝑎𝑖𝑟 − 𝑡𝑤1 ) + ∑𝑗 ℎ𝑟𝑗,𝑤1 (𝑡𝑤1,𝑗 − 𝑡𝑤1 ) + 𝑞𝑠𝑜𝑙,𝑤1 +
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𝑞𝑟𝑎𝑑,𝑤1

(5)

𝐶𝑝𝑤2 𝜌𝑤2 ∆𝑥𝑤2

𝑑𝑡𝑤2
𝑑𝜏

= ℎ𝑐𝑜𝑛𝑣,𝑤2 (𝑡𝑤2,𝑎𝑖𝑟 − 𝑡𝑤2 ) + ∑𝑗 ℎ𝑟𝑗,𝑤2 (𝑡𝑤2,𝑗 − 𝑡𝑤2 ) + 𝑞𝑠𝑜𝑙,𝑤2 +

𝑞𝑟𝑎𝑑,𝑤2

(6)

The indoor air of each room is assumed to be a lumped parameter temperature node and
its thermal balance is given in equation (7).
𝐶𝑝,𝑎𝑖𝑟 𝜌𝑎𝑖𝑟 𝑉𝑎𝑖𝑟

𝑑𝑡𝑎𝑖𝑟
𝑑𝜏

= ∑𝑗 ℎ𝑗 𝑓𝑗 (𝑡𝑗 − 𝑡𝑎𝑖𝑟 ) + 𝐶𝑝,𝑎𝑖𝑟 𝜌𝑎𝑖𝑟

𝑛𝐴𝐶𝐻 ∙𝑉𝑎𝑖𝑟
3600

(𝑡𝑎,𝑜𝑢𝑡 − 𝑡𝑎𝑖𝑟 ) +

𝑞𝑐𝑜𝑛𝑣 + 𝑞ℎ𝑣𝑎𝑐

(7)

The thermal balance equations involving all the temperature nodes for each room can
be rewritten in a set of linear differential equations in the matrix form [34]:
𝐶𝑇̇ = 𝐴𝑇 + 𝑏

(8)

where 𝐶 represents the heat storage capacity matrix; 𝐴 denotes the heat flux flow
relationship matrix due to temperature difference between adjacent temperature nodes;
𝑏 is a vector describing the heat disturbance on temperature nodes. 𝑇 is a temperature
vector consisting of all the calculating temperature nodes for the room.

2.1.2 Heat transfer coefficients
The longwave radiative heat transfer coefficient between two different surfaces is
calculated in Equation (9) for simplification [34].
𝑓

ℎ𝑟𝑗 = 𝑓 𝑗 𝜀𝑗 𝜎𝑏 (𝑇𝑖2 + 𝑇𝑗2 )(𝑇𝑖 + 𝑇𝑗 )
𝑡𝑜𝑡

(9)

The convective heat transfer coefficients on the vertical surface of inner walls, on the
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floors and ceilings are 3.5, 4.0, 1.0 W/(m2 K) respectively, referring to the DeST
software [35, 36]. The external comprehensive heat transfer coefficient is determined
by equations (10) and (11) [37] instead of an identical value for different cities of China
[38]. The sky background temperature is calculated by Equation (12) [39].
ℎ𝑐𝑜𝑛𝑣,𝑎𝑜𝑢𝑡 = 2.8 + 3𝑤

(10)

4
4
ℎ𝑟𝑤𝑎𝑙𝑙,𝑎𝑜𝑢𝑡 = 𝜎𝑏 (𝑇𝑎𝑖𝑟
+ 𝑇𝑠𝑘𝑦
)/(𝑇𝑎𝑖𝑟 − 𝑇𝑎,𝑜𝑢𝑡 )

(11)

1.5
𝑇𝑠𝑘𝑦 = 0.0552𝑇𝑎,𝑜𝑢𝑡

(12)

2.2 Calculating conditions and model parameter setting

The typical meteorological year data developed in [40] for the three representative cities
Chongqing, Changsha and Shanghai in the HSCW are used as the weather data inputs
in different cases. The compositions of building envelope in the benchmark condition
with heavy weight external walls are listed in Table 1 and the properties can be found
in [38]. Emittance of the wall inner plastering surface is 0.94 and emittance of the
glazing is 0.84. The absorptance of the inner and outer surface of external walls is
chosen as 0.7 referring to the default conditions in EnergyPlus [41]. An air change rate
of 1.0 h-1 is chosen for all the five rooms according to the Design Standard 2010 [31].
Natural ventilation is not considered in the model. The occupancy schedule in the part
time pattern is given in Table 2 (The timesheet might be slightly different for different
residents, but the main conclusions of the study will not be changed). For the
calculations of internal heat gains, lighting and equipment densities are 6, 4.3 W/m2,
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respectively and the fractions of convection and radiation related to relevant internal
heat gains are referred to the default values in EnergyPlus [41]. Solar radiation model
of internal heat gains is referred to relevant formulas in [37, 41]. Occupant sensible and
latent heat dissipation are 70, 60 W/per, respectively. No internal heat gains are
considered for Rooms R2 and R4.

Table 1 Building envelope components of the benchmark condition
Building component Composition
type
External wall (from 38.7 mm EPS insulation +15mm cement
inside to outside)
mortar +240 mm reinforced
concrete+15mm plasterboard

U-value
(W/m2 K)
0.83

Internal wall

15 mm plasterboard + 120 mm clay brick
+15 mm plasterboard

2.56

Ceiling (from inside
to outside)

20 mm plasterboard + 150 mm reinforced
concrete+20 mm cement mortar

2.96

Floor (from inside
to outside)

20 mm cement mortar + 150 mm
reinforced concrete +20 mm plasterboard

2.96

Window

Double glazing

2.80

Table 2 Occupancy schedule
Occupants

Bedrooms (2 persons for R1 Weekdays
and 1 person for R3)
&weekends
Sitting room (3 persons)
Weekdays
Weekends
Lighting & Bedrooms (R1, R3)
Weekdays
equipment
& weekends
Sitting room (R5)
Weekdays
Weekends

16

21:00-24:00; 0:00-6:00
6:00-8:00; 18:00-21:00
6:00-21:00
6:00-8:00; 21:00-22:00
6:00-8:00; 18:00-21:00
6:00-21:00

2.3 Solving method of the physical model

To avoid a large computational effort of solving the 5-room flat model simultaneously,
the matrices C, A of each room are constructed separately and the matrix equations for
rooms R1-R5 in the form of equation (8) are solved successively. For the calculation
case of free-running room temperatures in section 3.1 as a portion of model validation,
the matrices C, A of all the 5 rooms are constructed with all the temperature nodes
involving building envelope components and the indoor air. While in the calculations
of ideal building heating and cooling loads, the air node is excluded from the matrices
C, A as well as the vector b for the functional rooms (R1, R3, R5), because the room
target temperature is fixed for the functional rooms (18 °C for heating and 26 °C for
cooling). The ideal heating and cooling loads of the functional rooms at every time step
‘i’ are calculated by equations (13) and (14), respectively.
𝑄ℎ (𝑖 − 1) = 𝐶𝑝,𝑎𝑖𝑟 𝜌𝑎𝑖𝑟 𝑉𝑎𝑖𝑟 (𝑡ℎ,𝑡𝑎𝑟𝑔𝑒𝑡 − 𝑡𝑎𝑖𝑟 (𝑖 − 1)) /∆𝜏 + ∑𝑗 ℎ𝑖𝑛,𝑤𝑎𝑙𝑙 𝑓𝑗 (𝑡ℎ,𝑡𝑎𝑟𝑔𝑒𝑡 −
𝑡𝑤𝑎𝑙𝑙,𝑗 (𝑖 − 1)) + 𝐶𝑝,𝑎𝑖𝑟 𝜌𝑎𝑖𝑟

𝑛𝐴𝐶𝐻 ∙𝑉𝑎𝑖𝑟
3600

(𝑡ℎ,𝑡𝑎𝑟𝑔𝑒𝑡 − 𝑡𝑎,𝑜𝑢𝑡 ) − 𝑄𝑖ℎ𝑔,𝑐𝑜𝑛𝑣 (𝑖)

(13)

𝑄𝑐 (𝑖 − 1) = 𝐶𝑝,𝑎𝑖𝑟 𝜌𝑎𝑖𝑟 𝑉𝑎𝑖𝑟 (𝑡𝑎𝑖𝑟 (𝑖 − 1) − 𝑡𝑐,𝑡𝑎𝑟𝑔𝑒𝑡 )/∆𝜏 + ∑𝑗 ℎ𝑖𝑛,𝑤𝑎𝑙𝑙 𝑓𝑗 (𝑡𝑤𝑎𝑙𝑙,𝑗 (𝑖 −
1) − 𝑡𝑐,𝑡𝑎𝑟𝑔𝑒𝑡 ) + 𝐶𝑝,𝑎𝑖𝑟 𝜌𝑎𝑖𝑟

𝑛𝐴𝐶𝐻 ∙𝑉𝑎𝑖𝑟
3600

(𝑡𝑎,𝑜𝑢𝑡 − 𝑡𝑐,𝑡𝑎𝑟𝑔𝑒𝑡 ) + 𝑄𝑖ℎ𝑔,𝑐𝑜𝑛𝑣 (𝑖)

(14)

A complicated Matlab program has been written to implement the 5-room flat model.
Supplementary material of the programs is illustrated in Appendix A. The solver ode15
in Matlab was used to directly solve the set of linear differential equations in Equation
(8). The flow chart of the program algorithm for calculating heating and cooling loads
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under a fixed room temperature is presented in Figure 3.

Figure 3 Flow Chart of the Matlab program for calculating ideal building H&C loads
with fixed room target temperatures

3 Model validation
Actually, the state-space method has been widely validated for building simulations [34,
35]. Nevertheless, the case of free-running room temperature and the case of heating
loads in the part time pattern based on the benchmark condition (see Table 1) are
illustrated to testify the established model using Changsha weather data and 1 h time
interval. As EnergyPlus is internationally acknowledged professional software [8] in
the scope, calculation results of the same conditions by EnergyPlus are used as the
reference.
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3.1 Free-running room temperature without consideration of building loads

Figure 4 gives the comparison of free-running room temperature of R1 between the
simulation results of EnergyPlus and the model developed in Matlab program in the
benchmark condition. It shows a good agreement between each other with a high
relevance coefficient of 0.99.

Figure 4 Temperature comparison of room R1 between the calculation results of Matlab
program and EnergyPlus

3.2 Heating loads in the part time pattern

Figure 5 shows comparison of the calculation results of ideal heating loads for room R1
by the Matlab program and EnergyPlus in the benchmark condition. It also shows a
good agreement between the two cases and the relative deviation of statistical total
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building heating loads between the two cases is 4.6 %, indicating the established model
is effective for further study.

Figure 5 Heating load powers of Room R1 in the part time heating pattern from January
to February (the whole year hour number: 0-1416 h)

4 Scenario analysis and discussion
Three representative cities Chongqing, Changsha, Shanghai located at the upstream,
middle and downstream of the Yangtze River, respectively, are concerned in full time
and part time H&C patterns. The winter heating period from 1st December to 28th
February and the cooling period from 15th June to 31st August stipulated in the building
code of HSCW zone of China [31] is considered for calculations of building H&C loads.
Referring to the building code, the recommended U-value of 0.83 W/(m2 K) is chosen
for case studies. To assess the effectiveness of thermal mass, three representative
thermal mass compositions of external walls as well as three thermal insulation
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placements of heavy weight external walls under the same recommended U-value are
compared.

4.1 Part-time part-space versus full-time part-space H&C load profiles

In the full time part space pattern, thermal comfort of three functional rooms (R1, R3,
R5, see Figure 2) should be met all the time during H&C periods, while in the part time
part space pattern just the occupied hours (see Table 2) should be met with comfort
temperature. Ideal sensible building heating/cooling loads for the three cities are
calculated in both patterns to make comparisons. The ideal sensible building
heating/cooling load is defined as the heat or cold quantity required for maintaining a
functional room air temperature at a fixed point. The fixed target temperatures for
heating and cooling are chosen as 18 °C, 26°C, respectively, according to the building
code [31]. The ideal building loads differ from real building thermal energy
consumptions as usually room temperature can not be fixed at a point by specific
heating/cooling systems due to room air distribution and system thermal response.
Notwithstanding, it is necessary to calculate the ideal building H&C loads for
determining the required capacities of H&C. Moreover, it makes sense to compare the
ideal building loads in different cases as it excludes complicated influences from
relevant energy supply systems if concerned.

Table 3 gives the calculation results of ideal sensible H&C loads of the studied building
apartment with heavy weight external walls in two H&C patterns with a time interval
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of 1 h in three typical cities. It’s found that the energy saving ratios of heating in part
time part space pattern are 25.34–28.13% compared to those in the full time part space
pattern in three cities, while the cooling energy saving ratio of the part time pattern are
28.14–31.75%. Furthermore, it is observed the ideal sensible heating load of Shanghai
is somewhat lower than that of Chongqing, although the average outdoor temperature
of Shanghai (6.1 °C) during the heating period is lower than that of Chongqing (9.2 °C).
Through an examination of the calculation data, it is found this is because the winter
solar irradiance resource of Shanghai is more abundant than that of Chongqing in the
TMY weather data, contributing to more internal solar heat gains in Shanghai.

Table 3 Total sensible H&C loads in full time and part time part space patterns in three
cities in the HSCW zone (18 °C for heating and 26 °C for cooling)
Cities
Chongqing

H&C patterns

Ideal sensible heating Ideal sensible cooling
load (kWh/(m2 a))
load (kWh/(m2 a))
22.04
30.13
15.84
21.65

Full time
Part time
Energy saving ratio
28.13%
28.14%
in part time
Changsha
Full time
28.34
29.45
Part time
21.16
20.10
Energy saving ratio
25.34%
31.75%
in part time
Shanghai
Full time
20.41
27.94
Part time
15.22
19.82
Energy saving ratio
25.43%
29.06%
in part time
Note: (1) Calculations based on the benchmark condition; (2) The total flat floor area
of 70.2 m2 is used to calculate the H&C loads.

Although the ideal H&C loads of the studied building apartment in the part time pattern
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are significantly reduced compared to those in the full time pattern, it is observed that
the part time H&C loads profiles are much steeper than those of full time patterns in
the three cities. Taking Changsha city as an example, Figure 6 shows comparisons of
the total sensible heating load powers of the building apartment in the full time and the
part time heating patterns during the period of 2nd – 8th February (the whole year hour
number: 768 – 936 h), which represents a relatively cold week in Changsha weather
data. Heavy weight external walls with both internal and external insulations are
considered in the calculations. It is shown that local peak heating loads frequently
appear in the part time pattern in Figure 6 due to the intermittent occupancy. When
scrutinising heating load profiles of a single functional room (R1, R3 or R5), the
profiles in the part time pattern are dramatically steeper than those in the full time
pattern, as shown in Figure 7 (a) and (b) for rooms R1, R5, respectively. The case of
room R3 is omitted as it’s similar to that of room R1 with the same room function.
Similar features of peak loads appear in the cooling load profiles in the part time pattern.
Figures 7 (c) and (d) give the comparisons of cooling load powers in different cases in
a week of extreme hot weather during 1st – 7th July (the whole year hour number: 4344
– 4512 h) in Changsha weather data. Local cooling powers in the part time pattern are
much higher than those in the full time pattern. It suggests that required capacities of
H&C systems in the part time pattern should be much higher than those in the full time
pattern. To quantify the required capacities in the two patterns, the typical weeks of
relatively cold and extreme hot weather in each city are identified according to
continuous 7-day peak loads in relevant H&C periods. The required capacity is

23

calculated as the averaged load power of occupied hours in the typical week conditions.
Table 4 summarizes the required capacities of H&C systems in the part time and the
full time patterns. It suggests that the required capacities of heat or cool supply systems
in the part time pattern should be 1.4-2.1 times as those in the full time pattern in the
three cities Chongqing, Changsha, Shanghai.

Figure 6 Total sensible heating load powers of the building apartment in full time and
part time patterns in a typical week of relatively cold weather (2nd – 8th February; the
whole year hour number: 768 h – 936 h)
(RC-ExtINS denotes reinforced concrete with external insulation for external walls in
the benchmark condition; RC-IntINS denotes internal insulation is used for the
reinforced concrete walls)
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Figure 7 Comparison of sensible H&C loads in full time and part time patterns (a)
heating load powers of R1 in a week of relatively cold weather (2nd – 8th February); (b)
heating load powers of R5 in a week of relatively cold weather (2nd – 8th February);(c)
cooling load powers of R1 in a week of extreme hot weather (1st – 7th July); (d) cooling
load powers of R5 in a week of extreme hot weather (1st – 7th July)
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Table 4 Required capacities of heat or cold supply powers for three functional rooms in the studied flat in three different cities in the HSCW zone
Power ratio of part
Full time
Part time
time to full time
Compositions Conditions
Required Required Required Required Required Required Ratio Ratio Ratio
Cities
of external
and typical
capacity
capacity
capacity
capacity
capacity
capacity
for
for
for
wall
week
of room of room of room of room of room of room room room room
R1 (W)
R3 (W)
R5 (W)
R1 (W)
R3 (W)
R5 (W)
R1
R3
R5
RC+external
insulation

Heating
(19-25 Jan)

280.1

297.9

512.8

508.1

520.6

922.0

1.81

1.75

1.80

461.9

438.5

781.3

766.7

690.4

1446.7

1.66

1.57

1.85

282.2

301.8

518.9

520.8

532.4

961.1

1.85

1.76

1.85

461.4

438.6

781.0

743.7

654.6

1420.1

1.61

1.49

1.82

490.6

495.1

889.2

902.9

868.0

1693.3

1.84

1.75

1.90

Cooling (1471.2
7 Jul)

498.7

760.6

740.8

700.0

1338.6

1.57

1.40

1.76

501.6

897.8

926.1

892.5

1771.9

1.88

1.78

1.97

506.9

772.3

741.3

683.6

1370.0

1.56

1.35

1.77

Cooling (29

Jul-4 Aug)
Chongqing
RC+internal
insulation

RC+external
insulation
Changsha
RC+internal
insulation

Heating
(19-25 Jan)
Cooling
(29 Jul-4
Aug)
Heating (28 Feb)

Heating (2491.9
8 Feb)
Cooling (1476.6
7 Jul)
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RC+external
insulation
Shanghai
RC+internal
insulation

Heating
(14-20 Jan)
Cooling
(26 Jun-2
Jul)
Heating
(14-20 Jan)
Cooling
(26 Jun-2
Jul)

361.5

413.1

704.3

742.1

818.7

1362.2

2.05

1.98

1.93

403.6

413.5

631.8

638.0

593.2

1180.1

1.58

1.43

1.87

368.9

418.8

717.8

790.3

845.3

1467.1

2.14

2.02

2.04

410.6

422.7

651.5

650.5

593.4

1211.3

1.58

1.40

1.86
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4.2 Model resolution test with different time intervals

In real engineering, the room target temperature is usually controlled in a comfort
temperature band (18±1 °C for heating and 26±1 °C for cooling in this study) instead
of a fixed point due to room air distribution and energy system response. Response time
of relevant energy supply systems is usually less than 30 min. In this case, it is therefore
necessary to ascertain the model precision with time intervals smaller than the
conventional 1 h time interval from the perspective of heating/cooling system controls.
The original flat model of calculating the ideal building H&C loads has been amended
by assigning required capacities of supply powers to 3 functional rooms in order to
simulate the conditions of fixed room temperature control bands. In each city, the
required capacities of H&C in the cases of external walls with external insulation in
Table 4 are adopted as the H&C system supply powers in the amended Matlab program.
For the on-off controls of cooling, when the room air temperature is above 27 °C at a
certain iterative step in related room model, the cold supply will be turned on. While
the room air temperature is below 25 °C, cold supply will be stopped in the iterative
step. For heating, on-off switches of heat supply are similar to those of cooling, by
turning on heating at 17 °C and turning off at 19 °C.

High resolution solutions of the amended model with time intervals of 10 min, 15 min,
30 min are implemented to explore the calculation precision of different cases in the
full time and part time part space patterns. Changsha weather data is adopted. It is found
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that the simulation deviations of different time intervals in the part time pattern are
larger than those in the full time pattern and plus-minus relations of the heating loads
in the two patterns are inverse (Table 5). For the part time pattern, the conventional 1hour time interval overestimates building H&C loads by around 7-8% compared to the
case of 10 min time interval. A small time internal of 15–30 min helps to improve
resolution of simulations. It is recommended that 15–30 min time interval should be
adopted in the intermittent occupancy. To save computational efforts, a time interval of
30 min has been taken in the following analysis.

Table 5 Comparison of building H&C loads in different time intervals with room
temperature control bands of 18±1 °C for heating and 26±1 °C for cooling in Changsha
climate
Relative
Time
Sensible
Sensible
H&C
deviation of
interval heating load cooling load
patterns
heating
(∆𝜏)
(kWh/(m2a)) (kWh/(m2a))
load
1h
Benchmark
24.34
32.01
30 min
25.12
31.07
3.21%
Full
time
15 min
4.89%
25.53
30.77
10 min
25.50
30.74
4.78%
1h
17.85
24.88
Benchmark
30 min
-4.26%
17.09
23.40
Part
time
15 min
16.67
22.83
-6.58%
10 min
-6.91%
16.62
22.82

Relative
deviation of
cooling
load
Benchmark
-2.92%
-3.87%
-3.96%
Benchmark
-5.95%
-8.24%
-8.25%

4.3 Impact of different thermal mass compositions of external walls

To explore the thermal mass impact of external wall on the building energy demands,
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three representative compositions of external walls with different thermal mass (heavy
weight, medium weight, light weight) listed in Table 6 are considered for contrast. The
thickness of each layer is assigned considering the recommended U-value of 0.83
W/(m2 K). Thermal properties of the materials are available in [38].

Table 6 Three representative thermal mass compositions of external walls (U = 0.83
W/(m2 K))
External
wall type
Heavy
weight
Medium
weight
Light
weight

Composition (from external to internal
wall)
38.7 mm EPS insulation +15 mm cement
mortar +240 mm reinforced Concrete
(RC) +15 mm plasterboard
15 mm cement mortar + 196.5 mm aerated
concrete
block
(ACB)+15
mm
plasterboard
10 mm stainless steel plate+ 47.6 mm EPS
insulation +10 mm stainless steel plate

Mass
(kg/m2)

Thermal capacity
(kJ/(m2 K))

644.2

590.4

177.1

176.8

157.9

80.8

4.3.1 Ideal building H&C loads and operative temperatures
Figure 8 provides the comparison of ideal total sensible cooling load powers in the
cases of three representative thermal mass compositions in the full time cooling pattern
from 15th June to 31st August (the whole year hour number: 3960 – 5832 h). The ideal
total building cooling loads for the three thermal mass cases are close to each other with
a deviation of around 1%. Figure 9 (a) and (b) displays minor differences at local times
in a week of extreme hot weather (1st – 7th July) and a week of non-extreme hot weather
(7th – 13th August) in Changsha climate. The light weight walls tend to lead the
maximum cooling load power in very hot weather, while it results in the minimum
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cooling load power in non-extreme hot weather. It indicates that low thermal mass (light
weight wall) is more climate-dependent compared to high thermal mass.

Figure 8 Total sensible cooling load powers of three thermal mass cases in the full time
pattern during cooling period (15th June – 31st August; the whole year hour number:
3960 – 5832 h) in Changsha climate

(a)
31

(b)
Figure 9 Total sensible cooling load powers in full time cooling pattern in Changsha
climate (a) in a week of extreme hot weather (1st – 7th July); (b) in a week of nonextreme hot weather (7th – 13th August)

Although no significant difference is observed in the ideal building H&C loads for
different thermal mass compositions, the mean radiant temperatures of inner wall
surfaces in different cases are found to be different. The mean radiant temperature is
calculated by the Averaged Unheated/Uncooled Surface Temperature (AUST) of room
inner wall surfaces given in Equation (15) [42]. Thus, the operative temperature
consisting of the AUST and the air temperature will be different for different thermal
mass compositions. The room operative temperature given in Equation (16) represents
occupant perceived temperature and should be taken as the indicator of thermal comfort
temperature [29, 30]. Figure 10 (a) shows the AUST of Room 1 under different thermal
mass during the cooling period (15th June – 31st August) in Changsha climate and Figure
10 (b) gives the development of room operative temperature. It can be seen that the
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AUST and the room operative temperature in the case of light weight walls fluctuate
more intensively with a larger amplitude than the other two cases. Variations of Room
1 operative temperature in an enlarged view of a week of extreme hot weather (1st – 7th
July) is shown in Figure 11. The fluctuation of room operative temperature with low
thermal mass (light weight or medium weight) in the figure is evident although the
maximum temperature difference is only 0.3 °C. The present discussion is based on the
assumption of an ideal building cooling load aimed to obtain a fixed room temperature
at 26 °C. In real engineering, the room target temperature is usually under control in a
comfort temperature band (18±1 °C for heating and 26±1 °C for cooling in this study)
instead of a fixed point due to room air distribution and energy system response. When
the room target temperature is controlled to be variable in a temperature band rather
than a fixed value, the fluctuation effect of low thermal mass will be amplified, probably
resulting in discomfort operative temperature at some local time. The amplified effect
will be explained in detail in the next section 4.3.2. Thermal mass effect in the part time
pattern will also be explained further.

𝐴𝑈𝑆𝑇 = ∑𝑛𝑗=1 𝐹𝑖,𝑗 𝑇𝑗

(15)

where 𝐹𝑖,𝑗 is the view factor of radiative heat transfer from wall surface ‘i’ to surface ‘j’.
𝑇𝑜𝑝 =

ℎ𝑐𝑜𝑛𝑣 𝑇𝑎𝑖𝑟 +ℎ𝑟𝑎𝑑∙ 𝐴𝑈𝑆𝑇

(16)

ℎ𝑐𝑜𝑛𝑣 +ℎ𝑟𝑎𝑑
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(a)

(b)

Figure 10 (a) AUST (Averaged Uncooled Surface Temperature); (b) Operative
temperature of Room R1 under different thermal mass in full time pattern during the
cooling period (15th June – 31st August; the whole year hour number: 3960–5832 h) in
Changsha climate
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Figure 11 Operative temperature of Room R1 under different thermal mass in a week
of extreme hot weather (1st – 7th July; the whole year hour number: 4344–4512 h) in
Changsha climate

4.3.2 Comparison of room thermal comfort controls with different thermal mass in
the full time pattern
The amended model described in section 4.2 with fixed temperature control bands is
used to calculate room operative temperatures for the cases of different thermal mass
compositions from the perspective of system control. In each H&C pattern and city
climate, the required capacities in the benchmark condition (see Table 4) are chosen for
the functional rooms for three types of thermal mass composition walls. Figure 12 gives
the operative temperature of Room R1 with the cooling temperature control band of
26±1 °C under different thermal mass in a week of extreme hot weather in Changsha
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climate (1st–7th July). Even in the very hot weather conditions, the room operative
temperature in the case of heavy weight walls with external insulation are below 28 °C
and thermal comfort in the case is better. The operative temperature in the case of light
weight walls at local time is above 28°C and the maximum operative temperature
difference relative to the heavy weight case exceeds 1 °C. It suggests low thermal mass
may result in overheating in summer in the case. To improve the room thermal comfort
in the cooling mode with light weight walls, a lower room target temperature should be
set (e.g. 24 °C) and a larger capacity of the cooling power than the present condition
needs to be matched. Undoubtedly, this will increase cooling energy consumption.
Furthermore, the adoption of larger capacities of cooling (or heating) units will raise
the problem of reasonable system operation strategies in part load conditions in order
to avoid frequent start-and-stop of the units. With regard to the heating mode, Figure
13 shows the operative temperature of Room R1 with the heating temperature control
band of 18±1 °C under different thermal mass in four days of relatively cold weather
(4th –7th February) in Changsha climate. In some hours the operative temperatures in
the case of light or medium weight walls are lower than those of heavy weight walls. It
suggests that light weight walls can result in worse room thermal comfort than heavy
weight walls at relatively cold weather conditions. Hence, even under the same nominal
U-value of external walls, thermal comfort of the buildings constructed with relatively
light weight external walls is more complex to meet in extreme hot weather and
relatively cold weather compared to that of the buildings with heavy weight external
walls. This is mainly because a more intensive fluctuation of mean radiant temperature

36

on the inner surfaces of external walls. In this regard, using light weight external walls
will increase the complexity of thermal comfort control in extreme hot or very cold
weather and larger capacities of heat or cold supply powers are needed in comparison
to the case of heavy weight walls.

Figure 12 Operative temperature of room R1 with a cooling temperature control band
(26±1 °C) under different thermal mass in a week of extreme hot weather (1st–7th July;
the whole year hour number: 4344 – 4512 h) in Changsha climate
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Figure 13 Operative temperature of room R1 with a heating temperature control band
(18±1 °C) under different thermal mass in four days of relatively cold weather (4th –7th
February; the whole year hour number: 816 – 912 h) in Changsha climate

4.3.3 Comparison of room thermal comfort controls with different thermal mass in
the part time pattern
In the part time pattern, only the room thermal comfort in the occupied hours needs to
be concerned. Figure 14 gives the operative temperature of Room R1 with the
temperature control band of 26±1 °C under different thermal mass in the part time
pattern on two continuously hot days (1st–2th July; the whole year hour number: 4344 –
4392 h) in Changsha climate. The time slots with the occupied indicator ‘1’ denote the
occupied hours. Similar to the cases of thermal mass in the full time pattern, room
thermal comfort in terms of the operative temperature in the occupied hours for the case
of light or medium weight walls is worse than that in the case of heavy weight walls in
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an extremely hot weather. Room thermal comfort of heating in the former case are also
worse than that in the latter case in a relatively cold weather in the part time pattern and
no comparative chart is provided here for simplification.

Besides, it’s found the thermal comfort in terms of the operative temperature in
occupied hours in the part time pattern is worse than that in the full time pattern when
comparing the magnitudes of operative temperatures in Figures 12 and 14, even if the
same room temperature control band (26±1 °C) is considered in both patterns. This is
due to higher mean radiant temperatures of wall inner surfaces in the part time pattern.
To make the room thermal comfort in the part time pattern close to that in the full time
pattern, a lower temperature control band (24±1 °C) in the part time pattern is needed
as illustrated in Figure 15 (in the benchmark condition) and a larger cooling capacity
(1.23 times as the case of temperature control band 26±1 °C) should be matched. For
the case of heating, worse thermal comfort state is found for the part time pattern
compared to that of the full time pattern in relatively cold weather. It suggests thermal
comfort in the part time pattern is worse than that in the full time pattern under the same
temperature control band. When low thermal mass walls are used, it will increase the
complexity of room thermal comfort control.
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Figure 14 Operative temperature of room R1 with a cooling temperature control band
(26±1 °C) under different thermal mass in the part time pattern on two continuously hot
days (1st–2th July) in Changsha climate

Figure 15 Comparison of operative temperatures of room R1 with heavy weight walls
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on two continuously hot days (1st–2th July) in Changsha climate

4.4 Impact of different insulation placements on the heavy weight external wall
compositions under the same thermal mass

Although some researchers argued that the internal insulation performs significantly
better than the external insulation for external wall compositions in the building energy
conservation [26, 27], different insulation placements of the heavy weight wall
compositions with the same thermal mass and U-value are compared to confirm the
point. As shown in Figures 6 and 7, there is a slight difference of ideal H&C loads
between the cases of external and internal insulations either in the full time or in the
part time patterns. Statistical results of the required capacities of the heat and cold
supply powers for the three functional rooms of the studied flat in different cities given
in Table 4 also suggest that there is just a minor difference between cases with external
and internal insulations. Table 7 lists the total building H&C loads with different
insulation placements under fixed room temperature control bands. The differences of
sensible H&C loads between the cases with external and internal insulations in both
patterns are small. In the full time pattern, there is no obvious advantage for the internal
insulation compared to the external insulation, while the internal insulation tends to
save a small amount of building H&C loads in the part time pattern. The largest
advantage of the internal insulation appears in Chongqing, where it can help to save
H&C loads in the part time pattern by 6.3% and 3.6%, respectively, compared to the
cases of external insulation. It suggests that the use of internal insulation on external
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walls is slightly superior to that of external insulation in the part time pattern in terms
of building H&C loads. To explain the minor superiority of using internal insulation,
Figure 16 gives the calculating node temperatures of the east external wall of Room R1
from outer to inner surface at 18:00 and 20:00 on a typical cold day (20th January) in
the part time heating conditions with the temperature control band of 18±1 °C. At 18:00,
when the heating condition begins, the inner wall surface temperature in the case of
internal insulation is lower than that in the case of external insulation. Two hours later,
at 20:00, the wall inner surface temperatures in both cases of internal and external
insulations achieve nearly the same value. It is assumed that the heat absorption by the
external walls with internal insulation is negligible in the temperature rise process, as
the thermal mass of the internal insulation layer is very small. When it comes to the
case of external insulation, there is a portion of heat absorption by the internal side of
the external walls due to non-negligible thermal mass of the heavy weight component,
although the temperature rise of the wall inner surface is small. The heat absorption by
the inner side of the external walls with external insulation is then added to the building
heating loads, resulting in a slightly higher heating loads compared to the case of
internal insulation. Furthermore, it is noteworthy that in Figure 16 the heat just transfers
from the wall inner surface temperature node (twl_inner) to the adjacent calculating
temperature node (twl_n8) with a small heat transmittance depth of circa 35 mm in 2 h.
It indicates that the heat storage due to thermal mass impact of external walls in the part
time pattern is not intensive. This is why just a minor reduction of heating loads is
observed in the case of external insulation compared to that of internal insulation. To

42

enlarge the effect of wall heat storage and release in the part time pattern for building
energy conservation, some high thermal mass materials (e.g. phase change materials)
should be adopted and specific technology should be developed. Besides, it is inferred
that previous work [26, 27] overestimated the advantage of internal insulation due to a
simplified lumped parameter model on the thermal mass layers of the external walls.

Table 7 Total sensible building H&C loads with different insulation placements under
room temperature control bands (18±1 °C for heating and 26±1 °C for cooling)

Cities

Insulation
placement

External
Middle
Chongqing Internal
Maximum
deviation
External
Middle
Changsha Internal

Shanghai

Maximum
deviation
External
Middle
Internal
Maximum
deviation

Full time pattern
Sensible
Sensible
heating
cooling
load
load
2
(kWh/(m
(kWh/(m2
a))
a))

Part time pattern
Sensible
Sensible
heating
cooling
load
load
2
(kWh(/m
(kWh/(m2
a))
a))

22.53

29.33

14.67

22.73

22.43

29.27

14.63

22.63

22.36

29.14

13.74

21.92

-0.74%

-0.65%

-6.34%

-3.60%

25.12

31.07

17.09

23.40

25.13

30.91

17.06

23.30

25.36

30.62

16.64

22.46

0.98%

-1.46%

-2.63%

-4.00%

16.69

29.10

11.23

20.89

16.74

28.87

11.30

20.56

17.10

28.52

11.23

20.03

2.44%

-2.01%

0.00%

-4.12%
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Figure 16 Calculating node temperatures of the east external wall of Room R1 from
outer to inner surface on a typical cold day (20th January) in the part time heating
conditions with the temperature control band 18±1 °C (twl_ni – wall temperature of
node ‘i’; twl_inner – wall inner surface temperature; tair_R1 – room R1 temperature)

With regard to the room thermal comfort in terms of the operative temperature in the
cases of different thermal insulation placements, no consistent advantage is observed
either for the internal insulation or for the external insulation, as shown in Figure 17 in
the part time pattern. In some occupied hours under the cooling conditions, thermal
comfort in the case of internal insulation is worse than that in the case of external
insulation, while in some other occupied hours the situation turns inversely, implying
the internal insulation will result in a more fluctuated amplitude of the operative
temperature compared to the external insulation. As shown in Figure 17, the case of
internal insulation on heavy weight external walls is somewhat similar to that of the
light weight walls in the cooling conditions. In analogy to the effect of low thermal
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mass discussed in section 4.3, the internal insulation may result in overheating in
summer in the part time patterns. In this sense, the adoption of internal insulation on
heavy weight external walls weakens the thermal mass impact of the heavy weight wall
composition compared to that of external insulation. It suggests that the high thermal
mass in the composition of external walls should be exposed to the indoor air to avoid
overheating in the intermittent cooling conditions. In overall consideration of heating
and cooling in the HSCW zone, internal insulation is inadvisable as the cooling loads
dominate the building thermal energy demands.

Figure 17 Operative temperature of R1 with different insulation placements of external
walls in part time pattern in a week of extreme hot weather (28th July – 3 August; the
whole year hour number: 4992 h – 5160 h) in Chongqing climate
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5 Conclusions
A high-resolution time interval model of a typical 3-occupant residential apartment has
been developed using the state-space method. The model is then validated by the
simulation results from EnergyPlus in the same benchmark conditions. Based on the
validated model, different thermal mass scenarios under the same U-value (0.83 W/m2
K) are considered to explore the effectiveness of thermal mass of external walls on
residential buildings in part-time part-space H&C in the HSCW zone. It can be
concluded that:
(1) Although the ideal H&C loads of the studied building apartment in the part time
pattern in the three cities are reduced by 25.3–31.8% compared to those in the
full time pattern, it is found that the part time H&C loads profiles are much
steeper than those of full time patterns. Required capacities of heat/cold supply
powers in the part time part space pattern are 1.4–2.1 times as those of
corresponding full time part space patterns in three typical cities Chongqing,
Changsha, Shanghai.
(2) Simulation deviations of different time intervals in the part time pattern are
larger than those in the full time pattern for building H&C loads calculations.
For the part time pattern, the conventional time interval of 1 hour overestimates
building H&C loads by around 7–8% compared to the case of 10 min time
interval. It is recommended that 15–30 min time interval should be adopted for
high resolution calculations in the intermittent occupancy.
(3) No significant difference is observed for different thermal mass of external
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walls under the same U-value in the ideal building H&C loads calculations of
residential buildings in the HSCW climates. However, low thermal mass is
proven to influence the thermal comfort control of functional rooms (bedrooms
and sitting room) in terms of room operative temperature from the perspective
of heating/cooling system control. Using light or medium weight external walls
may result in overheating in summer and thus increasing the complexity of room
thermal comfort control. To easily control the thermal comfort of a building and
save energy, high thermal mass of external walls helps to reduce the complexity
of thermal comfort control and required capacities of supply powers.
(4) With regard to different insulation placements of external wall compositions
under the same thermal mass, it is observed that the use of internal insulation
on external walls is slightly superior to that of external insulation for energy
saving in the part time pattern and the previous work overestimated the
advantage of internal insulation due to a simplified model on the thermal mass
layers. The effect of internal insulation on heavy weight external walls is similar
to that of light weight walls and the adoption of internal insulation on heavy
weight walls weakens the thermal mass impact of the wall compositions
compared to that of external insulation. High thermal mass in the composition
of external walls should be exposed to the indoor air to avoid overheating in the
intermittent cooling conditions. In an overall consideration of heating and
cooling in the HSCW zone, the internal insulation is inadvisable as the cooling
loads dominate the building thermal energy demands.
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Table Captions:
Table 1 Building envelope components of the benchmark condition
Table 2 Occupancy schedule
Table 3 Total sensible H&C loads in full-time and part-time part-space patterns in three
cities in the HSCW zone (18 °C for heating and 26 °C for cooling)
Table 4 Required capacities of heat or cold supply powers for three functional rooms in
the studied flat in three different cities in the HSCW zone
Table 5 Comparison of building H&C loads in different time intervals with room
temperature control bands of 18±1 °C for heating and 26±1 °C for cooling in Changsha
climate
Table 6 Three representative thermal mass compositions of external walls (U = 0.83
W/(m2 K))
Table 7 Total sensible building H&C loads with different insulation placements under
room temperature control bands (18±1 °C for heating and 26±1 °C for cooling)

Figure Captions:
Figure 1 Research framework of the present study
Figure 2 Plain layout of a typical 3-occupant building apartment
Figure 3 Flow Chart of the Matlab program for calculating ideal building H&C loads
with fixed room target temperatures
Figure 4 Temperature comparison of room R1 between the calculation results of Matlab
program and EnergyPlus
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Figure 5 Heating load powers of Room R1 in the part time heating pattern from January
to February (the whole year hour number: 0-1416 h)
Figure 6 Total sensible heating load powers of the building apartment in full time and
part time patterns in a typical week of relatively cold weather (2nd – 8th February)
(RC-ExtINS denotes reinforced concrete with external insulation for external walls in
the benchmark condition; RC-IntINS denotes internal insulation is used for the
reinforced concrete walls)
Figure 7 Comparison of sensible H&C loads in full time and part time patterns (a)
heating load powers of R1 in a week of relatively cold weather (2nd – 8th February); (b)
heating load powers of R5 in a week of relatively cold weather (2nd – 8th February);(c)
cooling load powers of R1 in a week of extreme hot weather (1st – 7th July); (d) cooling
load powers of R5 in a week of extreme hot weather (1st – 7th July)

Figure 8 Total sensible cooling load powers of three thermal mass cases in the full time
pattern during cooling period (15th June – 31st August; the whole year hour number:
3960 h – 5832 h) in Changsha climate
Figure 9 Total sensible cooling load powers in full time cooling pattern in Changsha
climate (a) in a week of extreme hot weather (1st – 7th July); (b) in a week of nonextreme hot weather (7th – 13th August)
Figure 10 (a) AUST (Averaged Uncooled Surface Temperature); (b) Operative
temperature of Room R1 under different thermal mass in full time pattern during the
cooling period (15th June – 31st August; the whole year hour number: 3960 h – 5832 h)
in Changsha climate
Figure 11 Operative temperature of Room R1 under different thermal mass in a week
of extreme hot weather (1st – 7th July; the whole year hour number: 4344 h – 4512 h) in
Changsha climate
Figure 12 Operative temperature of room R1 with a cooling temperature control band
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(26±1 °C) under different thermal mass in a week of extreme hot weather (1st–7th July;
the whole year hour number: 4344 h – 4512 h) in Changsha climate
Figure 13 Operative temperature of room R1 with a heating temperature control band
(18±1 °C) under different thermal mass in four days of relatively cold weather (2nd –8th
February; the whole year hour number: 816h – 912 h) in Changsha climate

Figure 14 Operative temperature of room R1 with a cooling temperature control band
(26±1 °C) under different thermal mass in the part time pattern on two continuously hot
days (1st–2th July) in Changsha climate
Figure 15 Comparison of operative temperatures of room R1 with heavy weight walls
on two continuously hot days (1st–2th July) in Changsha climate
Figure 16 Calculating node temperatures of the east external wall of Room R1 from
outer to inner surface on a typical cold day (20th January) in the part time heating
conditions with the temperature control band 18±1 °C (twl_ni – wall temperature of
node ‘i’; twl_inner – wall inner surface temperature; tair_R1 – room R1 temperature)
Figure 17 Operative temperature of R1 with different insulation placements of external
walls in part time pattern in a week of extreme hot weather (28th July – 3 August; the
whole year hour number: 4992 h – 5160 h) in Chongqing climate
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