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Abstract: The present study provides comprehensive analyses of a newly constructed passive energy-
efficient building located in Harbin, China, which is a prime example of how to design a passive
building that withstands the severe cold climate in northeast Asia. Conduction transfer functions of
heat flux equilibrium are employed to simulate energy consumption characteristics of the paradigm
passive building. The climatic conditions in severe cold region are analyzed, and the energy-saving
designs in the studied engineering cases are summarized for their practical applications. Building
physical models are established to perform numerical simulation analyses on the passive building
paradigm in northeast Asian frigid zone. The dominant technical parameters of envelope structure
affecting energy consumption in severe cold region, including thermal insulation thickness and heat
transfer coefficient of building envelope, as well as window-to-wall ratio for each building facade,
are taken into consideration as simulation variables to calculate cooling load, heating load, electricity
consumption, and CO2 emission, which account for energy efficiency of passive buildings. The
simulation results demonstrate the high energy-saving potential of the proposed passive building
design and render the optimal energy-efficient parameters suitable for severe cold regions, which can
reduce energy consumption and CO2 emission while ensuring comfort for occupants. The present
study provides a theoretical reference for envelope structures of passive buildings in severe cold
regions, which is of great significance to the development of green buildings and relevant policies.

Keywords: passive building; severe cold region; envelope structure; numerical simulation

1. Introduction

Passive building design has gained popularity due to its potential for reducing energy
consumption and environmental impact. In severe cold regions, optimizing the passive
building envelope structure is crucial for achieving energy efficiency and indoor thermal
comfort. This optimization process often involves a combination of simulation and experi-
mentation. Recent studies have investigated the thermal performances of various insulation
materials, window types, and phase change materials (PCMs) for building envelopes in
cold regions. For example, vacuum insulation panels (VIPs) and aerogels have been shown
to significantly reduce heat loss [1–4]. The use of PCMs in building envelopes can reduce
energy consumption by efficiently storing and releasing energy [5–8]. Low-emissivity
coatings applied to double- and triple-pane windows are highly competent in reducing
heat loss [9,10]. However, it is important to balance natural ventilation with the need for
thermal insulation in order to achieve optimal thermal performance [11].

Improving air-tightness in building envelopes is preferable for significantly reduc-
ing energy consumption in cold regions. Numerical simulation studies indicate that
air-tightness has a significant impact on energy consumption and can evidently reduce heat
loss of residential buildings in cold regions, particularly in climate conditions with high
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wind speeds [12,13]. The use of air-tight membranes and tapes has also been verified to be
capable of reducing air leakage in building envelopes [14–16]. Optimization algorithms
have been successfully applied to improve thermal performances of building envelope
components such as insulation materials and windows in cold regions. A genetic algorithm
has been used to optimize the insulation thickness and type of building envelopes in cold
regions [17]. Another study used NSGA-II to optimize the thermal and structural perfor-
mances of building envelopes in a cold region [18]. TRNSYS has also been employed for
building energy simulations and optimizations in cold regions [19–21].

In addition, the use of renewable energy sources, such as solar and geothermal energy,
has been investigated as a means of reducing heating demand in cold regions [22,23]. It
was also noted that building orientation and shape should first be considered in optimal
designs for improving thermal insulation performances of building envelopes in cold
regions [24–26]. Outdoor shading devices, such as overhangs and louvers, have also
attracted great attention in recent days in terms of promoting energy efficiency of passive
buildings in cold regions [27,28]. Overall, recent reports highly suggest that analyzing
and optimizing envelope structures for passive buildings is the necessary and promising
approach to achieving energy efficiency, a sustainable environment, and indoor thermal
comfort in severe cold regions. Further research is needed to identify the most effective
strategies for optimizing building envelope structure in this context.

In China, passive buildings, such as low-energy and comfortable living buildings,
have rapidly emerged recently and become the mainstream trend of future development in
Chinese construction industry. However, due to its short development time, most Chinese
passive buildings are now conforming to German strategy standards. Especially, due to
the vast territory and the complexity of climate conditions of China’s areas, there is a
significant discrepancy in severe cold regions between China and Germany, and they are
quite different in terms of practical heat loads and application of technical parameters
of building enclosure structures. Therefore, with regard to the immature construction
technology of low-energy buildings and the imperfect relevant policies, the present study
is based on the standpoint of enclosure structure strategy for Chinese passive buildings in
severe cold regions. We systematically analyze the key technical parameters of enclosure
structures and render the optimizing schemes to minimize energy consumption under
severe cold climate conditions, which will enrich the design theory of passive buildings
and promote further development of energy-saving and green buildings.

2. Passive Building Case
2.1. Climate Analyses on Severe Cold Region of China

Humans have adapted to the environment through buildings in order to survive, and
energy-efficient buildings can minimize the impact of climate conditions on all aspects
of human life. When designing buildings in severe cold regions, the building’s thermal
insulation in winter should be the focus. China has a vast land area and a complex climate
and thus is divided into five climate regions according to the design specifications of
building thermal engineering. The severe cold region in China is represented by Harbin
city with four distinct seasons: a long winter with low temperatures, a relatively short and
comfortable summer, and spring and autumn with quick temperature changes and short
transitions. Harbin city has the typical weather characteristics of severe cold regions, with a
long cold winter and a short comfortable summer, where the average outdoor temperature
approaches 4.5 ◦C throughout the year with a large temperature difference, as shown
in Figure 1.

Harbin city, with an average temperature below zero for most of the year, has a
summer average temperature of ~20 ◦C between June and August, with the hottest month
averaging 23 ◦C and the coldest month being January with an average temperature of
−18.8 ◦C. Harbin winters are characterized by rapid cooling, large temperature range, and
long duration, with the lowest temperature reaching −30 ◦C. In Harbin winter, central
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heating is necessary to ensure human body comfort, while in summer, keeping in human
body comfortable temperature range without using large auxiliary refrigeration equipment.
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2.2. Energy-Saving Measures of Passive Building

Taking the passive building in Harbin city as the research object, as shown in Figure 2,
the passive building is located in Shuangcheng district of Harbin city, which is representa-
tive of severe cold regions. The building is a typical office building with a flat roof, divided
into two floors composed of an exhibition hall, meeting rooms, offices, canteens, and a
bathroom. The total building area is 5025.74 m2, the first-floor area is 2683.58 m2, the
second-floor area is 2464.37 m2, and the building height is 9 m, as shown in Table 1 for the
individual area for each functional division.
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Table 1. Built-up areas in main functional divisions of passive building.

Functional Division Built-Up Area/m2 Functional Region Built-Up Area/m2

First-floor exhibition hall 600 Staff canteen 250
Large office 110 Restroom 63

Small office 30 Second-floor
conference room 260

Reception room 20 Second-floor office 70
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It takes full account of thermal insulation in this passive building by using an ultra-
insulating honeycomb wall system with dedicated P160 passive doors and windows,
high-efficiency ventilation systems, and other ecological systems as energy-saving mea-
sures. These measures not only safeguard human needs but also highly improve comfort
and reduce building energy consumption. The exterior wall insulation of this passive
building utilizes an open curtain structure and extruded polystyrene insulation material,
with graphite polystyrene board as the insulation layer, added with a fire-proof isolation
band and thermal insulation sealant. To reduce thermal bridge of building envelope, the
connection hardware adopts thermal insulation materials to make the heat transfer coeffi-
cient of exterior walls less than 0.1 W/(m2·K). In addition, the insulation materials used for
roof are the same as that for exterior walls.

The building exterior windows adopt a three-layer two-cavity or four-layer three-
cavity insulating glass system combined with low-emissivity (low-E) glass and a 95% argon
gas-filled hollow part to avoid low-E film oxidization and sufficiently reduce air convection
and sound noise. Warm edge spacer bars are built in the connection between glass and
window frames, and molecular sieves are filled in the gaps. The window frame adopts
an aluminum-enclosed wooden form and is connected by a tenon structure without extra
hardware causing heat leakage. Sealed strips are used to insulate heat transfer and keep
warm at the joint between window frame and glass subsystems. Aluminum frames are
all welded seamlessly with patented technology to prevent the heat bridge and increase
air-tightness. As a result, the heat transfer coefficient of the entire window is less than
0.8 W·m−2·K−1.

In this passive building, the rotary heat recovery method is employed to acquire the
heat recovery efficiency of >75% and the new airflow of >5000 m3/h. In order to ensure
safe operation, preheating systems with low-temperature-resistant media are adopted for
new air. The transparent curtain wall is also equipped with professional slides for external
shading. Other ecological energy efficiency measures such as a renewable energy system,
photovoltaic integration, rainwater reuse, and waste disposal are also implemented.

3. Computational Methodology and Physical Model
3.1. Computational Methodology

The application of building thermal balance is more extensive than the weighted
coefficient method with a more complicated calculating process, while the calculation
results are more accurate. Building thermal balance mainly comprises thermal equilibrium
from the inner and outer surface of the building, through which the indoor cooling and
heating load under air thermal equilibrium can be solved as [29]:

n

∑
i=1

qir Ai + Qother − Qheat−extraction =
ρVroomCp∆T

∆t
(1)

Q(t) =
m

∑
i=1

Aihi(Ti(t)− Tr(t)) + m(t)Cp(T0(t)− Tr(t)) + Qs(t) (2)

qi(t) = hi(Tr(t)− Ti(t)) +
n

∑
i=1

hrik(Tr(t)− Ti(t)) + Ri (3)

where qir represents flow heat transfer through i-th interior surface; Ai refers to the area
of interior surface i; ρ denotes air density; Vroom represents room volume; t denotes time;
Ti(t) represents the temperature of interior surface i at moment t; T0(t) is the temperature
of building exterior surface at moment t; ∆T stands for the change of indoor temperature;
Cp is the specific heat capacity at constant pressure; qi(t) denotes heat transfer of interior
surface i at moment t; hi refers to heat transfer coefficient of interior surface i; hrik stands for
the radiation heat transfer coefficient between interior surfaces of i and k; Ri indicates the
radiation absorption capacity of interior surface i; Qs(t) symbolizes indoor heat generation



Buildings 2023, 13, 1098 5 of 19

at moment t; Q(t) stands for cooling load at moment t; m(t) denotes the amount of fresh air
intake at moment t.

Thermal balance of building walls can be calculated using conduction transfer func-
tions (CTF). According to the typical turbulent effect on the load, the Z transfer function
H(z) is calculated to output parameter Y(z) at each moment, and then the thermal balance
relationship between heat flux and temperature is solved as follows:

H(z) =
Y(z)
U(z)

=
b0 + b1z−1 + b2z−2 + b3z−3 + · · ·+ bn+1z−(n+1)

1 + d1z−1 + d2z−2 + d3z−3 + · · ·+ dn+1z−(n+1)
(4)

Y(z) =
n

∑
i=0

biU(n − i)−
n

∑
i=0

diY(n − i) (5)

qki(t) = −XTi,t −
nz

∑
j=1

ZjTi,1−j + XT0,1 +
nz

∑
j=1

YjT0,1−j +
nq

∑
j=1

Φjq0,1−j (6)

where X, Yj, and Zj represent the CTF coefficients of surface layer, middle layer, and inner
surface, respectively; Φj refers to the CTF coefficient of heat flux; q0 and qki signify the heat
flux of outer and inner layers, respectively.

3.2. Passive Building Physical Model

In the present study, we use building design software—Design Builder (V7, Design-
builder Software Limited, Stroud, UK) to model and calculate the energy consumption
of the present researched passive building in severe cold region. A uniform flat roof,
north-south glass curtain walls, and large numbers of small-sized glass windows are ap-
plied to establish the passive building, as illustrated in Figure 3. The north-facing offices
and meeting rooms are relatively small, whereas the south-facing offices are bigger with
two reception rooms where relatively larger-scaled glass curtain walls are adopted for
maximum inward light capture, meanwhile, adjustable external sunshade louvers are
installed outside.
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Passive building thermal design parameters are mainly derived from the domestic
public building energy conservation building standards and near-zero energy building
technology guidelines (GB50189-2015). Indoor thermal and humidity environment param-
eters include indoor temperature, humidity, and other parameters, the value of which is
closely related to the indoor comfort level, building energy consumption, etc., and should
meet the higher thermal comfort level, as indicated by the specific setting values in Table 2.
The basic parameters of lighting density, electrical equipment power, etc. are selected
according to the energy-saving design standard of public buildings, as listed in Table 3.
Initial parameters for the enclosure structure are specified based on the comprehensive
consideration of the energy-saving design standards for public buildings and the guidelines
for passive building technology, as listed in Table 4. Building air tightness usually refers
to the ability of buildings to prevent air infiltration under closed conditions, which is
represented by the ventilation frequency under a pressure difference of 50 Pa between
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indoors and outdoors. According to the current Chinese building standards, the window
air-tightness level of passive buildings should be greater than or equal to level 8, and the
window water-tightness level should be greater than or equal to level 6. Thus, for the
studied passive building case, the actual air infiltration of 1.0 m3/(m2·h) during regular
use and the air ventilation rate of 0.1 h−1 supplied by the mechanical ventilation system
comply with the required building standard that should be lower than 1.5 m3/(m2·h) and
0.6 h−1, respectively. In passive buildings, high-efficiency fresh air heat exchange systems
should be adopted, the heat exchange efficiency of which should not be lower than 75%,
and the purification efficiency of air purification equipment for the particulates such as
haze should be higher than 80%.

Table 2. Specifications on indoor temperature and environment humidity.

Season Temperature during
Working Hours/◦C

Temperature during
Non-Working Hours/◦C

Relative Humidity
/%

Summer 26 30
40~65Winter 20 15

Table 3. Indoor parameters.

Parameter Lighting
Power/W·m−2

Per Capita Occupied
Area/m2·p−1

Per Capita Fresh Air
Volume/m3·h−1·p−1

Electrical Equipment
Power/W·m−2

Human Metabolic
Rate/W·p−1

Value 3 32 30 15 0.9

Table 4. Heat transfer coefficient K of envelope structure.

Building Envelope
Structure Exterior Wall Roof Floor Interior

Wall
Exterior
Window Exterior Door

K/W·m−2·K−1 0.2 0.25 0.3 1.2 1.2 1.5

3.3. Validation for Simulation Method

To validate the accuracy of our simulation method, we have simulated a low-energy
demonstration building in Shenyang city (which is also a cold region in China) to calculate
its indoor and outdoor temperature and power consumption [30]. The comprehensive
heat transfer coefficients of exterior walls, roof, and exterior windows with a triple-pane
hollow glass structure are specified as 0.099 W/(m2·K), 0.09 W/(m2·K), and 1.0 W/(m2·K),
respectively. In comparing the present simulation and the literature-reported measurement,
as shown in Table 5, it is indicated that the differences between the simulation results
and the measured data are minimal: the errors of average indoor temperature and power
consumption are lower than 2 ◦C and 12%, respectively, which demonstrates the effective-
ness and reliability of the simulation method we adopted for passive buildings in severe
cold regions.

Table 5. Comparison between the results of simulation and measurement.

Indoor Temperature/◦C Power Consumption/kW·h
Summer Winter Summer Winter

Simulation 24.75 22.42 46.37 63.58
Measurement 26.09 24.34 52.41 72.24
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4. Results and Discussion
4.1. Energy Consumption Characteristics

Based on the actual building as a reference to establish a physical model, Figure 4
shows the physical model of the building facing south and east. Harbin city belongs to a
severe cold region, and October each year to May of the following year is selected as the
heating period, July to September as the cooling period, and June as the transition period.
During the transition period, passive measures such as natural ventilation and outdoor
shading can meet human comfort without mechanical heating and cooling. The energy
consumption, peak load, and CO2 emission of the reference passive building are calculated,
with the results being listed in Table 6.
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Table 6. Referenced building performances.

Building Performance Indicators Cooling Season Heating Season

cumulative load/kWh 68,137.95 418,808.38
cumulative load per unit

area/kWh·m−2 13.55 83.34

peak load/W 45,747.56 168,892.77
peak load per unit area/W·m−2 9.10 33.60

peak load time Aug-09-14:00 Jan-23-12:30
outdoor temperature at peak load/◦C 33.10 −22.7

Peak power consumption/W 175,942.45
annual power consumption per unit

area/kWh·m−2 12.80

CO2 emission/kg 836,130.4

In severe cold regions, under the maximum applicable thermal transmission coefficient
of enclosure structure, the overall energy consumption of the heating period is greater
than that of the cooling period, and the peak load appears when the indoor and outdoor
temperature difference is 55.8 ◦C, causing the building load difference of 72.91% between
cooling and heating periods. Simultaneously, the electricity used by buildings in the heating
period is greater than that in the cooling period. As for the heat gain and loss of buildings,
the heat gain accounts for up to 41.5%, which is the largest portion of overall energy
consumption, mostly because of the significant heat transfer of the building envelope
and the unavoidable penetration of gaps in the envelope structure. Furthermore, the
contribution rate from transmission and ventilation heat losses to the total heating load
approaches 34.7%. Due to large areas of windows and curtain walls in building, the
heat radiation from windows accounts for 16.84% of the cooling load, but the overall
daylighting effect is obvious, and the energy consumed by lighting fixtures is small, as
shown in Figure 5. In addition, there are many office areas in this passive building, thus
the energy consumption of equipment is lower than that of exterior window irradiation by
3.09% in the percentage of the total energy consumption.
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4.2. Energy Consumption of Non-Transparent Envelope Structure

Non-transparent enveloping structures of a building can be further divided into
exterior walls, interior walls, roof, floor decking, etc. They are the main structures that
prevent heat exchange between the building and outside. In terms of the reference building
load, the energy consumption for different enveloping structures is different in both the
heating season and the cooling season. During the cooling season, the hourly load does
not change dramatically and the hourly load of the various enveloping structures changes
similarly because the personnel movement in office buildings is small at night and the
temperature requirement for indoor cooling is relatively low. The hourly load changes of
roofs are more prominent, and the floors and internal walls have higher thermal coefficients
than exterior walls, leading to more severe heat loss. In terms of the overall envelope load,
the load ranks from high to low are roofs, exterior walls, floors, and interior walls. The
loads of floors and exterior walls in the heating season are relatively higher than the other
parts of envelope. While during the cooling season, the loads of exterior and interior walls
are relatively higher, as shown in Figure 6.
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In actual engineering projects, the thickness of wall insulation material determines
the wall’s heat storage and insulation capacity, directly influencing the entire heat transfer
coefficient, which is the main envelope performance indicator. While taking into considera-
tion the building envelope structure, the wall cladding, exterior walls, floor decking, and
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interior walls account for the major building load. Hence, the selection of four different
envelope structures with a new insulation material, which is commonly found in markets,
is made to determine the effect of insulation thickness on heat transfer coefficient as well
as building energy consumption of non-transparent envelope structures. While satisfying
the indoor environment requirements of heat storage and the summer cooling capacity
of building walls, an appropriate insulation material thickness is chosen to confirm the
influence of non-transparent envelope on building load and energy consumption, thereby
setting up a reasonable range.

4.2.1. Energy Consumption of Exterior Wall

Here, we take four typical non-transparent enveloping structures, namely roof, exterior
wall, floor decking, and interior wall, as research objects. In order to reduce the influence
of other structural materials on exterior walls, a simple structure with thermal insulation
material thickness as a single factor variable is selected to analyze the effect of thermal
insulation layer thickness on heat transfer coefficient and energy consumption of this
passive building. Building energy efficiency is analyzed according to the following formula:

η =
E − Er

Er
× 100% (7)

where η stands for energy efficiency percentage; E denotes building energy consumption, Er
refers to the energy consumption of the referenced building. A three-layer wall insulation
structure with the same inner and outer layer material thickness is chosen, and the thickness
of middle insulation structure is set as a single-factor variable. The heat transfer coefficient
of 0.2 W/(m2·K) is defined as the upper limit conforming to the design guideline for
passive buildings. According to the specified material properties, as shown in Table 7,
the relationship between heat transfer coefficient and thermal insulation layer thickness is
fitted to simulate energy consumption and CO2 emission of building walls for various wall
thicknesses. As shown in Figure 7, the referenced building energy consumption is set as
the initial value to calculate energy efficiency. In the thermal insulation layer thicknesses
of 0.15~0.55 m based on practical engineering experiences, the heat transfer coefficient of
building wall decreases obviously with the increase in thermal insulation layer thickness,
as shown in Figure 7a. When the thermal insulation layer thickness is 0.15~0.3 m, the
heat transfer coefficient most significantly varies by 0.1~0.35 m. The change rate gradually
decreases between 0.3~0.4 m, and the heat transfer coefficient increases when the thickness
increases to 0.5 m. After a single linear regression analysis, the quadratic polynomial
relationship between heat transfer coefficient and insulation layer thickness for exterior
walls is obtained:

Kwall = 0.3429 − 1.16893x + 1.26914x2 (8)

where Kwall denotes the heat transfer coefficient of exterior walls, x is the thickness of the
wall insulation material (thermal insulation layer thickness). Regression fitting of R2(0.9934)
as shown in Figure 7a implies that the heat transfer coefficient of exterior walls can be
effectively reduced by keeping thermal insulation layer thickness in a range of 0.1~0.4 m,
which should not exceed 0.4 m, otherwise, it may even lead to an increased heat transfer
coefficient for exterior walls.

Table 7. Material properties of building exterior wall.

Material Heat Transfer Coefficient/W·m−2·K−1 Heat Capacity/J·kg−1·K−1 Density/kg·m−3

Brick (100 mm) 0.84 800 1700
Extruded polystyrene

foam board (XPS) 0.034 1400 35

Concrete block (100 mm) 0.51 1000 1409
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Figure 7. Figure 7. (a) Fitted profile of heat transfer coefficient versus insulation layer thickness, (b) building
load energy consumption varying with insulation layer thickness, (c) electricity consumption and
CO2 emission in dependence on insulation layer thickness, and (d) energy efficiency versus heat
transfer coefficient, for wall envelope.

The energy consumption of various building loads decreases as thermal insulation
material gets thicker. However, while the trends in building heating load and total load
follow the same pattern with changes in insulation thickness, the trends in cooling load and
other types of load are different, as illustrated in Figure 7b. This suggests that heating load
has a greater impact on the total load. Regarding the cooling load, the effect of insulation
thickness is relatively small between 0.2~0.25 m but becomes more pronounced after 0.25 m.
Increasing insulation thickness by 0.05 m can reduce cooling energy consumption by up
to 100 kWh. As for the heating load, insulation thickness between 0.2~0.3 m has a more
significant impact, with every 0.05 m increase in thickness leading to a reduction of about
1000 kWh in energy consumption. Overall, changes in thermal insulation layer thickness for
exterior walls have a minor effect on cooling load but a substantial impact on heating load,
which can abate the heating load to 17.96 kWh/m2, lower than the standard 18 kWh/m2 of
passive buildings in Harbin city.

As the thickness of thermal insulation material increases, the total electricity con-
sumption and CO2 emissions decrease, as shown in Figure 7c, indicating that the trend
of electricity consumption and CO2 emissions changes slightly with thermal insulation
thickness. If the insulation material is less than 0.25 m, adding only 0.02 m can save ap-
proximately 100 kWh of electricity. However, after reaching 0.25 m, a thicker insulation
layer of 0.04 m is needed to achieve the same improvement. Increasing thermal insulation
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thickness by 0.02 m at any stage can reduce CO2 emissions by 1000 kg and save 150 kWh
of electricity.

As shown in Figure 7d, the building energy consumption follows the same pattern
as the heat transfer coefficient of exterior walls. A lower heat transfer coefficient leads
to higher energy efficiency for each type of energy consumption. The variation trend of
energy efficiency of electricity consumption and CO2 emission is nearly identical, which
is significantly higher than building envelope energy efficiency. When the heat transfer
coefficient of exterior walls falls below 0.16 W·m−2·K−1, the energy efficiency is notably
greater than that in 0.16~0.2 W·m−2·K−1. This indicates that a higher heat transfer coeffi-
cient has a greater impact on building energy consumption. Regarding the exterior wall
structure using a single thermal insulation material, it is advisable to keep the insulation
thickness within 0.35 m to effectively reduce the heat transfer coefficient. Maintaining
the heat transfer coefficient within 0.11~0.16 W·m−2·K−1 can effectively reduce building
energy consumption. For each abatement of heat transfer coefficient by 0.1 W·m−2·K−1,
the average building energy efficiency increases by 0.5%. Notably, the energy efficiency for
electricity consumption and CO2 emission is higher than that for building envelope, imply-
ing that modifying thermal insulation thickness can effectively reduce building heating
load and electricity consumption.

4.2.2. Energy Consumption of Building Roof

The selection of building envelope is based on a four-layered thermal insulation struc-
ture, with the thickness of other interfering materials being fixed. The thickness of the
middle insulation material is considered as a single variable factor, with a heat transfer
coefficient of 0.25 W·m−2·K−1 being set as the upper limit, in accordance with the design
guideline for passive building. Ten sets of data are established based on the performance
parameters of the roof structure materials (as shown in Table 8). The relationship between
heat transfer coefficient and insulation thickness is analyzed for building roof, and the
building load energy consumption, electricity consumption, and CO2 emissions are simu-
lated to evaluate the influence of roof’s heat transfer coefficient on energy efficiency (as
shown in Figure 8). As the thickness of roof insulation increases, the heat transfer coefficient
decreases accordingly in range of 0.1~0.3 m. After univariate linear regression analysis,
the quadratic polynomial relationship between the insulation thickness and heat transfer
coefficient of building roof is obtained:

Kroof = 0.2599 − 0.894x + 1.0913x2 (9)

where Kroof denotes the heat transfer coefficient of building roof, and x signifies the thermal
insulation thickness of roof envelope structure. The high R2(0.9991) of regression, as
shown in Figure 8a, indicates that Equation (9) accurately models the relationship between
variables. Overall, the results of this study suggest that in the four-layered basic structure,
the thickness of thermal insulation material significantly affects the heat transfer coefficient
of building roof within the range of 0.05~0.3 m.

Table 8. Material properties of building roof.

Material Heat Transfer Coefficient/W·m−2·K−1 Heat Capacity/J·kg−1·K−1 Density/kg·m−3

Asphalt (0.01 m) 0.7 1000 2100
Fiberglass (0.05 m) 0.035 1400 25

Gypsum board (0.15 m) 0.25 896.3 2800
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Figure 8. (a) Fitted profile of heat transfer coefficient versus thermal insulation layer thickness,
(b) building load energy consumption varying with thermal insulation layer thickness, (c) electricity
consumption and CO2 emission in dependence on insulation layer thickness, and (d) energy efficiency
versus heat transfer coefficient, for roof envelope.

Energy consumption of building loads decreases non-linearly as the roof thermal
insulation thickness increases, as illustrated in Figure 8b. Cooling load decreases most
rapidly with increasing the roof thermal insulation thickness in 0.05~0.08 m. For every
0.05 m increase in roof insulation thickness within 0.1~0.25 m, the cooling energy consump-
tion decreases by 100 kWh. However, 0.2 m onwards, a minimum increase of 0.07 m is
required to achieve a similar energy-saving effect. Heating energy consumption decreases
by approximately 3500 kWh for each 0.05 m increase in roof thermal insulation thickness
when <0.2 m. Beyond 0.2 m, a minimum increase of 0.1 m is necessary to achieve a similar
reduction in heating load. A thicker roof thermal insulation results in lower total energy
consumption and CO2 emission, as shown in Figure 8c. When <0.18 m, every 0.05 m in-
crease can introduce reductions of an average of 8000 kWh in building energy consumption
and 4000 kg in CO2 emission.

As shown in Figure 8d, the building achieves the best energy-saving effect when the
heat transfer coefficient of roof is between 0.22~0.24 W·m−2·K−1, with a relatively small
impact on electricity consumption and CO2 emission. A smaller roof heat transfer coefficient
leads to a higher energy efficiency of each consumption, resulting in the higher building
envelope’s energy efficiency than that of electricity consumption and the lowest CO2
emission. When the heat transfer coefficient is maintained between 0.1~0.19 W·m−2·K−1,
the total energy efficiency increases most rapidly, in which the average energy efficiency
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increases by 0.5% for every 0.1 W·m−2·K−1 decrease in the roof heat transfer coefficient,
even the building envelope’s energy efficiency rises by 0.7%. The building envelope’s
energy efficiency maintains a uniformly increasing rate with the decreasing roof heat
transfer coefficient. When the roof heat transfer coefficient drops to around 0.15 W·m−2·K−1,
the energy efficiency of electricity consumption increases significantly faster than that
of CO2 emission. For the roof envelope structure, using a typical XPS insulation layer
with a thickness of <0.3 m can effectively reduce the roof’s heat transfer coefficient into
0.1~0.19 W·m−2·K−1 for effectively reducing each energy consumption.

4.2.3. Energy Consumption of Floor Decking and Interior Walls

In general, for studies of building envelope structures, the building floors and interior
walls, which are part of the envelope structure, often have large upper limits or are not
considered for energy conservation. However, in the actual use of buildings, the energy
consumption of floors and interior walls cannot be ignored. In the analysis process, urea-
formaldehyde foam insulation board is selected as thermal insulation material, and the
upper limit of heat transfer coefficient is set to 0.3 W·m−2·K−1 for floor structure, while
the insulation material for interior walls is the same as that of exterior walls with their
upper limit of heat transfer coefficient being set to 1.2 W·m−2·K−1. By changing insulation
material thickness as a single factor, the building load energy consumption, electricity
consumption, and CO2 emissions are simulated to reveal the influence of heat transfer
coefficients of floors and interior walls on energy efficiencies, as shown in Figure 9.

The heat transfer coefficient of both floors and interior walls decreases rapidly with the
increase of insulation material thickness. Among commonly used heat transfer coefficients,
increasing insulation material thickness is more effective in reducing floor heat transfer
coefficient. For every 0.1 W·m−2·K−1 reduction in heat transfer coefficient, the floor
thickness needs to be increased by 0.06 m, while the interior wall thickness only needs
to be increased by 0.003 m, which means a 95% material saving rate. When other energy
consumption factors are the same, it is recommended to first consider reducing the heat
transfer coefficient of interior walls. After performing a simple linear regression analysis,
the linear regression equation between thermal insulation layer thickness and heat transfer
coefficient for both floors and interior walls are obtained as follows:

Kfloor = 0.57217 − 3.504x + 7.576x2, Kin = 1.8255 − 50.59x + 574.5x2 (10)

where Kfloor and Kin denote insulation thicknesses of floor decking and interior walls
respectively. Both regression curves have an R2 close to 1 (0.9996 and 0.9999) as shown in
Figure 9a, indicating that increasing insulation material thickness is competent in abating
heat transfer coefficients of floor decking and interior walls. However, in actual engineering,
the floor decking and interior walls cannot be too thick to avoid shrinking indoor areas and
ensure building load-bearing safety. It should be noted that the smaller the thickness of
internal wall insulation, the faster the indoor heat transfer, which can lead to lower heating
consumption and increased energy efficiency. In actual engineering, the energy-saving
effect of internal wall insulation is not significant, and for economic reasons, insulation is
generally only implemented on exterior walls.
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Figure 9. Figure 9. (a) Fitted profile of heat transfer coefficient versus thermal insulation layer thickness and
(b) energy efficiency versus heat transfer coefficient, for floor (left panels) and interior wall (right
panels) envelopes.

As shown in the left panel of Figure 9b, when the floor heat transfer coefficient is
0.9~1.2 W·m−2·K−1, the three kinds of building energy efficiencies are almost the same.
For every 0.1 W·m−2·K−1 reduction in floor heat transfer coefficient, all the energy effi-
ciencies rise up by an average of 0.5%. When the floor heat transfer coefficient is less than
0.9 W·m−2·K−1, the energy efficiency of electricity consumption can still be improved, but
the energy efficiency of building envelope remains unchanged, whilst that of CO2 emission
even decreases. Therefore, when the floor heat transfer coefficient is too low, it is actually
not conducive to building energy efficiency. As shown in the right panel of Figure 9b, only
when the heat transfer coefficient of interior walls increases by 0.3~0.24 W·m−2·K−1, all
the energy efficiencies of building envelope, electricity consumption, and CO2 emission
significantly improve by 3~4%, which is the most. For <0.24 W·m−2·K−1 of interior walls,
all three energy efficiencies remain almost unchanged. The energy efficiencies of CO2
emission are evidently lower than that of building envelope and electricity consumption
around 0.26 W·m−2·K−1 heat transfer coefficient of interior walls. Therefore, it is notably
suggested of improving the energy efficiency of building envelope structures by reducing
the heat transfer coefficient of internal structural components such as floor decking and
interior walls. To this end, the overall building energy efficiency is hereby demonstrated
to approach maximum when heat transfer coefficients of floor decking and interior walls
reside in 0.9~1.2 W·m−2·K−1 and 0.28~0.3 W·m−2·K−1, respectively.
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4.3. Energy Consumption of Exterior Windows
4.3.1. Heat Transfer Coefficients of Exterior Windows

The calculated profiles of building energy consumption throughout the year with
respect to exterior window heat transfer coefficient in range of 0.7~1.2 W·m−2·K−1 are
shown in Figure 10. The cooling load rises and heating load declines linearly with the
increasing heat transfer coefficient of exterior windows, respectively, as shown in the left
panel of Figure 10. For every 0.1 W·m−2·K−1 abatement of heat transfer coefficient, the
annual cooling and heating loads increase by an average of about 400 kWh (2.7%) and
decrease by 2000 kWh (2.5%), respectively. Furthermore, the heat transfer coefficient of
exterior windows has a greater impact on heating load than on cooling load. However,
as shown in the right panel of Figure 10, the total building energy efficiency decreases
monotonically with the increasing heat transfer coefficient of exterior windows, especially
in the range of 1.1~1.2 W·m−2·K−1 by 1.21%. In the range of 0.7~1.0 W·m−2·K−1, the
energy efficiencies of building envelope and electricity consumption are almost identical,
which meanwhile are evidently greater than that of CO2 emission.

Buildings 2023, 13, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/buildings

Figure 10.
Figure 10. Building load (left panel) and energy efficiency (right panel) versus heat transfer coeffi-
cient for exterior windows.

4.3.2. Window-to-Wall Ratio

Keeping other fundamental factors of the building physical model constant, the
window-wall ratios on four facades are individually modified to optimize cooling load,
heating load, and energy efficiencies, as shown in Figure 11. The cooling and heating loads
will be substantially aggravated and alleviated, respectively, by increasing the east-facade
window-wall ratio, in which an increment of 10% in window-wall ratio results in a rise
of ~4.4 MWh and a fall of ~3.4 MWh for cooling and heating loads respectively, as shown
by the left panel of Figure 11a. Electricity consumption and CO2 emission represent a
very similar energy-saving state merely when the east window-wall ratio exceeds 50%, as
shown by the right panel of Figure 11a. In contrast, the building envelope energy efficiency
drops with the increase of the east window-wall ratio when it exceeds 40%. Therefore, it is
suggested to acquire the highest level of building energy efficiency by specifying an east
window-wall ratio of 65~70%.
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Figure 11. Building load (left panels) and energy efficiency (right panels) in dependence on the
window-wall ratio of (a) east, (b) south, (c) west, and (d) north facades.

Cooling load increases and heating load decreases linearly with respect to the south
window-to-wall ratio, respectively, as shown by the left graph of Figure 11b. Every relative
enlargement of 10% in south exterior windows causes increments of 2.5~4.0 MWh and
~2.5 MWh in annual cooling and heating loads, respectively, as indicated by the right graph
of Figure 11b. In 30~50% of south window-to-wall ratios, both electricity consumption
and CO2 emission render a negative energy efficiency. It is required for >50% of south
window-to-wall ratios to reach an energy-saving state, where the energy efficiency of
building envelope begins to decline. Accordingly, when the south window-to-wall ratio
exceeds 65%, the total building energy efficiency decreases with the increasing south
window-to-wall ratio. Therefore, the 60~65% of south window-to-wall ratio is optimal
to achieve the highest level of energy efficiency, where the energy efficiencies of CO2
emission and electricity consumption are almost identical and greater than that of building
envelope. It is worth noting that the orientation of the building facing north and south, with
ample sunlight on the south and east facades, can reduce heating demand appropriately.
Nevertheless, A 100% window-to-wall ratio in actual buildings is beneficial for decreasing
the heating load but for increasing the cooling load.

The dependence of cooling load, heating load, and various energy efficiencies on
the west window-to-wall ratio is very similar to that on the east window-to-wall ratio,
which optimizes at 20~30% approaching a maximum building energy efficiency of 1%,
as shown in Figure 11c. In contrast, a higher north window-to-wall ratio leads to higher
cooling and heating loads, and results in a significant abatement in all three dominant
energy efficiencies, as shown in Figure 11d. Maintaining a north window-to-wall ratio
within 20~40% is required for optimal energy efficiency up to an average rate of 1.25%.
This finding is especially relevant to severe cold climates, where the heating load of passive
buildings is much higher than that in warm regions. Since the west and north facades
are shaded areas with short and insufficient sunlight exposure, the west-oriented areas
of the researched passive building have been designed mostly as non-office areas such as
stairwells and storage rooms. Meanwhile, a high window-to-wall ratio requires a large area
of exterior windows, which will significantly increase building costs. Therefore, increasing
the window-to-wall ratio on west or north facade does not have substantial significance for
optimizing passive buildings in severe cold regions.

5. Conclusions

According to the climate conditions of severe cold regions and the design energy-
saving measures of the studied engineering case, a paradigm physical model of passive
building is established based on the actual building standards, in which the technical
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parameters essentially accounting for energy consumption characteristics are modified to
perform numerical simulation analyses on energy efficiency and CO2 emission. Through
numerical calculations of heat flux equilibrium, the non-transparent building envelope
structures with various thermal insulation thicknesses and various window-to-wall ratios
are simulated to predict and evaluate the energy efficiency of passive buildings in northeast
Asia frigid zone. Heat transfer coefficient of non-transparent building envelope shows a
linear dependence on thermal insulation layer thickness, by which an optimal building
design is verified. The heat transfer coefficient of exterior walls, roof, interior walls, and
floor decking is optimal within the range of 0.11~0.16 W·m−2·K−1, 0.10~0.19 W·m−2·K−1,
0.28~0.30 W·m−2·K−1, and 0.9~1.2 W·m−2·K−1 respectively to achieve the highest level of
energy efficiency. It is also valid for improving the energy efficiency of passive buildings in
severe cold regions by reducing the heat transfer coefficient of exterior windows. Window-
to-wall ratio in each facade highly determines the energy efficiency of passive buildings in
severe cold regions: it is demonstrated from simulation analyses to specify the window-to-
wall ratios facing east, south, west, and north into 65~70%, 60~65%, 20~30%, and 20~40%,
respectively, for achieving the maximum energy efficiency.

As a prospective study, the energy-saving benefits of passive buildings can be utilized
to the fullest, such as by planting green plants on roof and walls to insulate heat in summer.
Consistent with severe cold climates, natural water reuse and garbage treatment can be
set up for passive buildings, in which photovoltaic integrated technology and waste heat
recovery should be preferentially utilized as auxiliary heat sources.
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