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Abstract: In the current context of huge global energy consumption and harsh climatic conditions,
the energy efficiency and sustainability of buildings have received much attention. The nearly
zero-energy building (nZEB) is a feasible solution for solving the energy crisis in the building sector
in recent years, and it is important to study the adaptability of its technology system. However,
existing studies have not addressed well the issue of the impact of complex and diverse climates on
the technology systems of nZEBs. Secondly, in contrast to residential buildings, nearly zero-energy
technology systems for office buildings need to be further developed. This study takes the hot
summer and cold winter (HSCW) zone of China as an example and uses numerical simulations
and orthogonal experiments to investigate the adaptability of nearly zero-energy office building
technology systems under complex and diverse climate conditions. The results show the following:
(1) Passive technologies are greatly affected by the complexity and diversity of climates. Optimal
envelope thermal parameters tailored to specific zones are identified. Specifically, the optimal level of
KWALL in the CT and HSCWC zones is 0.2 W/(m2·K), and the optimal level of KWALL in the HSWWT
zone is 0.3 W/(m2·K); the optimal level of KROOF in the CT zone is 0.15 W/(m2·K), and the optimal
level of KROOF in the HSCWC and HSWWT zones is 0.25 W/(m2·K); (2) Active technologies do
not mainly receive the influence of the complexity and diversity of climates, and ED, HR, and TS
measures should be adopted for office buildings; (3) The rational utilization of renewable energy
is influenced by local resource conditions. This study evaluates the adaptability of GSHP, ASHP,
and BIPV technologies. To better meet the requirements of nearly zero-energy office buildings, it is
recommended to adopt GSHP for the CT zone and ASHP for the HCWWT zone. This study will
be helpful for the development of nearly zero-energy office building technology systems in other
complex and diverse climatic zones.

Keywords: nearly zero-energy office buildings; complex and diverse climates; technology system;
passive design; orthogonal experiment

1. Introduction

Against the backdrop of global warming, environmental degradation, and tight energy
supplies, the need to take necessary measures to reduce energy consumption and lower
carbon emissions has become an urgent task [1]. This urgent task is global in scope, and
the main areas of energy consumption are industry, transportation, and buildings, with
the building sector accounting for about 35% of global energy consumption [2]. As the
world’s second-largest economy, China’s carbon emissions accounted for 30.7% of global
emissions in 2020, far exceeding those of other countries and zones. Furthermore, at the
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2015 Paris Climate Change Conference, China made a solemn commitment to peak their
carbon dioxide emissions around 2030 and reduce them to 60–65% of their 2005 levels [3].
To achieve “carbon neutrality” and “carbon peak”, the Chinese government proposed in
the “14th Five-Year Plan” Building Energy Efficiency and Green Building Development
Plan that by 2025, the energy efficiency level of new urban public buildings will increase by
20%, and 50 million square meters of ultra-low-energy-consumption and near-zero-energy-
consumption buildings will be built [4]. The large-scale development of nearly zero-energy
buildings and the improvement of design and evaluation standards are effective ways to
achieve the “dual-carbon” goal, which is conducive to solving the problems of high energy
consumption and high carbon emissions in the construction industry. China’s pathway
towards future energy efficiency and zero-energy building development over the next
30 years is shown in Figure 1.
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People’s quality of life has been significantly improved, resulting in a continuous
growth trend in China’s building energy consumption [5], and its total energy consumption
has increased from 10% in the late 70s of the 20th century to more than 30% at present [6].
Public buildings, including office buildings, commercial buildings, and school buildings,
account for a large share of the building energy consumption [7], and the building energy
consumption per square meter is about twice as much as that of residential buildings [8]. Of
particular concern is the large-scale construction of office buildings, which are an important
type of public building, accounting for about 50% of the total number of public buildings [9].
Additionally, at the same time, office buildings have high comfort requirements for tem-
perature, humidity, and air quality [10]. As a result, the operation of a large number of
heating, cooling, lighting, and ventilation equipment to meet the working and living needs
of employees has led to a significant and sustained increase in the energy consumption of
office buildings. Therefore, to achieve sustainable development in the construction industry,
near-zero-energy office building technology systems must be fully investigated.

With an area of about 1.8 million square kilometers, a population of about 550 million,
and a GDP of about 48% of the whole country, the hot summer and cold winter zone of
China is one of the most densely populated and fastest economically developing zones
in China [11]. As people’s standard of living improves, the demand for improved indoor
thermal environments is growing. The HSCW zone is characterized as having hot and
humid summers and cold and humid winters, with obvious seasonal changes. The complex
and diverse climatic characteristics lead to a sharp increase in building energy consumption.
Thus, it has become imperative to adopt efficient building energy-saving measures [12].
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Despite the importance of this issue, existing studies [13–15] have primarily focused on
examining building energy consumption in different cities within the established five major
climate zones of China, neglecting the specific impact of the intricate and diverse climate
on building energy consumption in the HSCW zone. Consequently, there is a relative
dearth of research investigating the influence of various microclimatic zones on building
energy consumption within a particular climate zone. Governments around the world have
developed many policies to reduce the building energy consumption generated via heating
equipment, meaning that most research on building performance optimization is focused
on cold and severe weather zones [16]. Hence, this study aims to find nearly zero-energy
office building technology systems suitable for the HSCW zone.

Indeed, reducing the cooling and heating load demand of buildings is key to improving
energy efficiency and achieving nearly zero-energy buildings [17]. The cooling and heating
load demand is influenced by the outdoor climatic environment, the building envelope,
and the indoor microclimate environment, thus affecting human thermal comfort [18,19].
Therefore, the main focus of this study is to gain insights into the relationship between the
building load demand, climatic diversity, and thermal performance of the building envelope
using orthogonal experiments [20] and numerical simulations based on the complexity and
diversity of the climatic characteristics of the HSCW zone [21]. Based on a clear definition
of the building envelope’s performance scheme, efficient active technologies and renewable
energy strategies are further applied to achieve nearly zero-energy consumption [22–25].
Huang et al. [26] used ENVI-met and Energy Plus to study the hot and humid climate
zone in Taipei and found that the microclimate had a significant impact on building energy
consumption. Zhao et al. [27] analyzed the effects of major thermal properties of envelope
structures on energy consumption in different climate zones in China. Wu et al. [28]
investigated the intelligent multi-objective optimization of near-zero-energy buildings in
four climate zones in China and found that the main influencing factors and corresponding
measures varied from region to region. Yang et al. [29] used the orthogonal test method and
established 135 building energy consumption calculation models in DEST to investigate
the influencing factors of energy consumption of near-zero-energy residential buildings
in the cold and arid zones of Northwest China. Ke et al. [30] identified key influencing
factors on buildings, people, and the environment to explore the energy consumption and
carbon emission characteristics of nearly zero-energy residential buildings in the HSCW
zone of China. It can be found that most of the studies focus on exploring the mechanism
and degree of influence of nZEB energy consumption influencing factors and neglect
exploring the technology systems of nearly zero-energy buildings. In addition, the adaptive
strategies of nZEB technology systems have not been sufficiently emphasized regarding
their applications in specific climate zones. Hence, the purpose of this paper is to carry out
a study on the adaptability of nearly zero-energy office building technology systems from
the perspective of complex climate characteristics in the HSCW zone.

This paper consists of four parts: the Section 1 reviews the existing literature and
introduces the background of this study, the current status of nZEBs, and the research
focus of this study; the Section 2 analyzes the complex and diverse climatic characteristics
of China’s HSCW zone, summarizes the energy-use profile of office buildings, selects
case buildings, and proposes optimization methods for the nearly zero-energy technology
system; the Section 3 explores the applicability and energy-saving potential of different
energy-saving technologies in the HSCW zone in terms of passive technologies, active
technologies, and renewable energy applications; and the Section 4 concludes this paper
and provides considerations for future research work.

2. Materials and Methods
2.1. Determination of Climate Zones and Typical Cities

Climate division is the premise of building energy-saving design and has an important
impact on building energy-saving design. Despite the importance of climate zoning for
energy efficiency applications, there is no consensus on which climate zoning method
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should be applied for a particular zone [31,32]. The climate in the HSCW zone of China is
complex and diverse. To better study the adaptability of nearly zero-energy office building
technology systems in the HSCW zone, it is advisable to subdivide the HSCW zone into sub-
climate zones. Sub-climate zoning aims to more precisely capture climatic variations within
the HSCW zone, aiding in the design of building technologies and energy management
strategies tailored to diverse climatic conditions. Wang et al. [21] adopted an objective
clustering method guided by target building loads for the climate diversity problem in
the HSCW zones of China. They established load-oriented zonal indicators with weights
and proposed an estimation model to select the most appropriate hierarchical clustering
criterion and obtained three climate zones: the cold transition (CT) zone, the hot summer
and cold winter core (HSCWC) zone, and the hot summer and warm winter transition
(HSWWT) zone, as shown in Figure 2. Xiong et al. [33] proposed a two-layer categorized
climate zoning method for passive building design in their study. However, the method
of zoning of Wang et al. is significantly different from that of Xiong et al. Despite the
different clustering methods used, the climate zoning results of Wang et al. are generally
consistent at the macro level with those of Xiong et al., which verifies the rationality of the
climate zoning results. By analyzing the climatic characteristics and energy consumption
patterns of the CT zone, HSCWC zone, and HSWWT zone, energy-saving technologies and
solutions tailored to the specific sub-climate zones can be developed. This approach will
enhance energy utilization efficiency and enable the implementation of a nearly zero-energy
office building technology system for the HSCW zones, serving as the groundwork for
further applicability research [34].
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The CT zone, located in the west of the HSCW zone, is dominated by high mountains
and plateau terrain, with an altitude of more than 500 m and a maximum altitude of 3000 m.
The HSCWC zone is located in the middle east of the HSCW zone and the middle and
lower reaches of the Yangtze River. The HSWWT zone is located in the southern belt hills
of the HSCW zone and the basin bottom of the Sichuan Basin, with an altitude of more
than 500 m. It is worth noting that the two subzones within the HSWWT zone, HSWWT-A
and HSWWT-B, are categorized as the same climate zone due to their similar climatic
characteristics, despite being geographically far apart and having different topography.
This is because the HSWWT-B zone is located in the bottom zone of the Sichuan Basin,
where there is less cold air due to topographic obstruction and cloud cover in winter,
resulting in high temperatures, while in summer, its temperatures are higher than those of
the surrounding basin zones due to its low elevation and occluded terrain [21]. Therefore,
the HSWWT-B zone is classified as a part of the HSWWT zone, and together with the
HSWWT-A zone, it belongs to the HSWWT zone.

In this study, Wuhan, Zunyi, and Guilin are selected as typical representative cities of
the HSCWC, CT, and HSWWT zones, respectively, which are closest to the geometric centers
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of the corresponding climate zones. The hourly temperatures and solar radiation intensities
of the three cities in typical meteorological annual are shown in Figures 3a,b, 4a,b and 5a,b.
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The temperature in Wuhan usually ranges from 0 to 32 ◦C. The maximum temperature
from June to September is high, around 30 ◦C, and extreme weather may be above 35 ◦C.
The minimum temperature from December to February is above −3 ◦C, and extreme
weather below −3 ◦C may occur. At the same time, Wuhan’s summer is longer than winter,
and the requirement for indoor cooling is higher than the heating requirement. However,
considering the daily minimum temperature and human comfort temperature, there is still
a large heating demand in winter.

The temperature in Zunyi is usually between −3 and 28 ◦C. The maximum tempera-
ture from June to September is around 29 ◦C, with a maximum temperature of no more
than 32 ◦C. The minimum temperature from December to February is above −5 ◦C, and
extreme weather below −5 ◦C may occur. Heating demand is significantly greater than
cooling demand.

The temperature in Guilin usually ranges from 3 to 32 ◦C. The maximum temperature
from June to September is high, around 32 ◦C, and extreme weather may be above 35 ◦C.
The minimum temperature from December to February is above 3 ◦C, and there is no
extreme weather below 0 ◦C. The demand for heating is obviously greater than the demand
for cooling. Cooling demand is significantly greater than refrigeration demand. Even if
they belong to the HSCW zone, there are obvious differences in the climate characteristics
of different cities, indicating that the cities selected in this paper are representative.

2.2. Office Building Description

The internal functions of office buildings are usually offices, intensive offices, lobby
foyers, conference rooms, equipment rooms, and storage rooms. Firstly, the main energy
consumption of office buildings is centered on space cooling, space heating, and lighting. A
lot of cooling capacity is needed to keep the room comfortable in summer, while heating is
needed to maintain the right temperature in winter. Lighting is a part of energy use in office
buildings, especially in zones where light is needed in interior spaces, such as offices and
conference rooms. Secondly, there are usually significant peaks in electricity use, especially
during the daytime on weekdays. As the number of employees and activities change, the
electricity load can also fluctuate significantly. Finally, modern office buildings are usually
equipped with many electronic devices, such as computers, printers, and projectors, which
also generate a corresponding demand for energy. Existing office buildings occupy about
4.5 billion square meters of the total floor zone, and less than 5% of the floor zone achieves
the required energy efficiency [35].

At present, the maturity of nearly zero-energy technologies for office buildings is
relatively low, and there is a lack of comprehensive and mature solutions. The integra-
tion and optimization of technologies is a complex issue, as the field involves multiple
subsystems, such as building envelope, heating, ventilation, and air conditioning, which
require a comprehensive consideration of the synergistic operation of multiple technologies.
The nearly zero-energy consumption of office buildings requires higher energy utilization
efficiency, including the integrated application of passive and active technologies. However,
under the existing standards and technology systems, how to further improve the building
energy utilization efficiency, especially adaptability under different climatic conditions, is
still an urgent issue to be solved. Existing standards may not fully meet the requirements
of near-zero-energy office buildings or lack clear guidance and requirements. There are
also some differences in the definitions and standards for near-zero-energy buildings in
different countries and regions, which increase the uncertainty and complexity in the design
and construction of office buildings. Therefore, the optimization of nearly zero-energy
technology systems for office buildings is necessary to contribute to the overall national
energy efficiency goals aimed at reducing the country’s energy consumption and related
negative environmental impacts.
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2.3. Baseline Modeling and Energy Simulation
2.3.1. Model Establishment and Parameter Setting

The form of the baseline building model chosen for this study is the atrium type. The
baseline model is based on one of the projects supported by the Central-South Architectural
Design Institute. It can be found via the onsite investigation that most of the existing
office buildings have the same architectural form as the baseline model, which makes
our results more general and practical, and can guide most of the office buildings in the
nearly zero-energy technology system. This building form can improve the ventilation
and lighting of rooms and reduce the heat exchange from the external environment to the
interior, thus reducing the cooling and heating loads to a certain extent, which is conducive
to the improvement of energy efficiency. The case building is a 9-story building with a floor
height of 4.8 m and the total building area is 13,932 m2. The baseline model adopts the
air conditioning system form of fan coil + fresh air. The cooling and heating sources are
electric-driven units, and the COP of the system is taken as 2.8 in summer and 1.8 in winter.
According to the above characteristics of energy use in office buildings and “the Technical
Standard for Nearly Zero Energy Buildings (GB/T 51350-2019)” [36], parameters are set, as
shown in Table 1. The endothermic parameters for personnel, equipment, and lighting in
different types of rooms are shown in Table 2.

Table 1. Design and operation parameter description of the typical office building.

Parameter Category Particular Description

Envelop

WWR 0.4
KWALL 0.40 W/(m2·K)
KROOF 0.35 W/(m2·K)
KWIN 2.2 W/(m2·K)

District heating Winter: on (temperature maintained constant at 20 ◦C) 1 December to 28 February
Winter: off 1 March to 30 November

District cooling Summer: on (temperature maintained constant at 26 ◦C) 1 June to 30 September
Summer: off 1 October to 31 May

Ventilation
Mechanical ventilation 1.00 ACH

Infiltration 0.60 ACH

Lighting
Maximum power consumption 9.00 W/m2

Luminous energy conversion efficiency 25% of electricity can be converted into luminous
Schedule 8:00 a.m.–18:00 p.m.

Table 2. Endothermic settings for personnel, equipment, and lighting in different types of rooms.

Room Type Floor Space per
Capita (m2)

Room
Occupancy

Rate (%)

Equipment
Power Density

(W/m2)

Equipment
Utilization

Rate (%)

Lighting
Power Density

(W/m2)

Lighting on
Hours (h/month)

Office 10.0 32.7 13.0 32.7 9.0 240.0
Intensive office 4.0 32.7 20.0 32.7 15.0 240.0
Meeting rooms 3.3 16.7 5.0 61.8 9.0 180.0

Lobby foyer 20.0 33.3 0.0 0.0 5.0 270.0
Lounge 3.3 16.7 0.0 0.0 5.0 150.0

Equipment
room 0.0 0.0 0.0 0.0 5.0 0.0

In this research, Energy Plus’s CSWD typical meteorological year-by-hour meteoro-
logical data are selected for simulation calculations [37], and using these meteorological
data for simulation calculations can more accurately reflect the climatic characteristics and
energy consumption of the actual area and provide support for the reliability of this study.
After determining the basic conditions of the building and the input parameters of the
model, this study proposes to use the IES Virtual Environment <VE> to model (as shown
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in Figure 6) and perform the load simulation. IES <VE> (2019) [38] covers the functions
of heat, light, and wind environment simulations, as well as the operation simulation of
the HVAC system, and is equipped with a dynamic simulation computation engine that
can produce reliable simulation data. Using the IES <VE> (2019) software, data on carbon
emissions, energy consumption, and human comfort can be obtained, which can help
designers optimize building solutions and provide strong support for the development of
nearly zero-energy office building technology systems.
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2.3.2. Energy Simulation Results for Baseline Buildings in Different Cities
(Sub-Climate Zones)

Different climatic conditions not only determine the local demand for building cooling
and heating loads but also further affect the achievement of building energy efficiency
optimization goals. Therefore, Figure 7 gives the proportion of each energy consumption of
buildings with the same thermal performance in Wuhan, Zunyi, and Guilin for the whole
year (8760 h). The peak energy consumption of Wuhan and Guilin occurs in July, with
23.94 kWh/m2 and 25.65 kWh/m2, respectively. July is the air-conditioning season, and
the refrigeration equipment starts to run. The peak of energy consumption in Zunyi occurs
in January, which is about 24.17 kWh/m2. This is due to the cold winter and the increased
demand for heating from the occupants. The above phenomenon shows that the energy
consumption of the HVAC system accounts for a significant proportion of the total building
energy consumption in each zone. In spring and fall, when the climate is mild and the
HVAC system stops running, the overall building energy consumption is smaller. The
demand for cooling and heating loads varies greatly between different climate zones or
cities. The above data are sufficient to illustrate the importance of conducting research
on the applicability of nearly zero-energy office building technology systems for different
sub-climatic zones and different cooling and heating load requirements in the HSCW zone.
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2.4. Optimization of Technical System and Energy-Saving Rate of Nearly Zero-Energy
Office Buildings
2.4.1. Optimization of Technology System of Nearly Zero-Energy Office Buildings

Nearly zero-energy buildings (nZEBs), a worldwide perspective on building energy
conservation and renewable energy utilization, have earned an increasing interest in the
pursuit of sustainable development [39,40]. A nearly zero-energy building is a building
that adapts to climatic characteristics and natural conditions, minimizes heating, cooling,
and lighting needs via passive technology, maximizes the efficiency of energy equipment
and systems via active technology, makes full use of renewable energy, provides a com-
fortable indoor environment with minimal energy consumption, and meets the standard
requirements for indoor environmental parameters and energy consumption indicators [36].
The design concept and logic of nearly zero-energy buildings aim to minimize the energy
demand of the building and supply the remaining energy demand using onsite renewable
energy generation [41]. In the process of building planning and construction, the principle
of passive design as the mainstay, supplemented with active design and combined with
renewable energy design optimization, should be followed [42].

The comprehensive application of passive, active, and renewable energy utilization
technologies can achieve the efficient use of building energy, reduce energy consumption,
and realize the goal of net-zero-energy buildings. The development and application of
these technologies are of great significance in promoting green buildings and sustainable
development. The technology roadmap for nearly zero office buildings is shown in Figure 8.
Commencing with the formulation of the construction target, an in-depth analysis and ex-
amination of design guidelines is undertaken. Subsequently, the architectural paradigm of
a nearly zero-energy office building is meticulously fashioned, rooted in design information.
Following quantitative and qualitative analyses, the enhanced building model undergoes
a comprehensive evaluation to finalize project specifics. Notably, the architectural entity
engenders energy demands and a diverse array of loads to cater to both occupant comfort
and working requisites. Consequently, the integration of efficient active technologies and
harnessing renewable energy sources becomes imperative. To curb the energy requisites of
the building, a systematic exploration is undertaken into the applicability and optimization
of passive technologies. This inquiry aims at enhancing the thermal performance of the
building envelope, predicated on the delineation of climatic subdivisions.
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By analyzing the energy consumption influencing factors of office buildings in Section 2.2,
ten energy-efficient measures [43–47] suitable for office buildings, as shown in Table 3,
were identified, categorizing them into three distinct groups to enhance comprehension of
their inherent characteristics and functions. First, passive technologies, including window-
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to-wall ratio (WWR), external wall thermal insulation (WI), roof thermal insulation (RI),
and window insulation (DI), predominantly address the building envelope and its ther-
mal performance, achieving reduced heat transfer and losses by optimizing elements.
Second, active technologies, including the heat recovery of fresh air (HR), efficient light-
ing (ED), and temperature sensor (TS), pertain to the building’s internal systems and
equipment, achieving energy reduction. Third, renewable energy application technolo-
gies encompass ground-source heat pumps (GSHPs), air-source heat pumps (ASHPs),
and building-integrated photovoltaics (BIPV), seamlessly incorporating renewable energy
sources into structures to further enhance energy efficiency. The technical specification
for the 10 efficient measures can be seen in Table 3. The technical parameters used in
Table 3 are described as follows: K is the heat transfer coefficient, COP is the coefficient of
energy efficiency, and EER is the system energy efficiency ratio. A is the area of the solar
photovoltaic panels.

Table 3. Technical specifications for selected efficient measures.

Technology Efficient Measures Nomenclature Technical Specification

Passive technologies

Window-to-wall ratio WWR 0.4
Wall insulation WI K = 0.35 W/m2·K
Roof insulation RI K = 0.30 W/m2·K

Window insulation DI K = 1.5 W/m2·K

Active technologies

Fresh air heat recovery system HR Effectiveness: 75%

Efficient lighting device ED LED lighting with 40% electricity
consumption reduction

Temperature sensor TS Temperature set decrease to 21 ◦C in winter

Renewable energy
technologies

Air-source heat pump ASHP Heat capacity of 18.7 kW, COP: 3.4
Ground-source heat pump GSHP Heat capacity of 18.7 kW, COP: 3.4

Building-integrated photovoltaics BIPV A = 2700 m2, Tilt angle 25◦, 28.9 kWp, PV
electricity generation efficiency: 18.8%

According to the principles of passive priority, active optimization, and the use of
renewable energy, ten efficient measures were combined into five technology systems
(SYSTs), as shown in Table 4. These five technology systems were applied to the model
of the typical office building in the CT, HSCWC, and HSWWT zones to obtain the annual
heating and cooling energy consumption, electricity energy consumption, and primary
energy consumption, and the results are shown in Table 5.

Table 4. Office building technology systems.

Zone Technology System Passive Technologies Active Technologies Renewable Energy
Technologies

CT

C-SYST01
√ √ √

C-SYST02
√ √ √ √ √

C-SYST03
√ √ √ √ √ √ √

C-SYST04
√ √ √ √ √ √ √

C-SYST05
√ √ √ √ √ √ √ √ √ √

HSCWC

HC-SYST01
√ √ √

HC-SYST02
√ √ √ √ √

HC-SYST03
√ √ √ √ √ √ √

HC-SYST04
√ √ √ √ √ √ √ √

HC-SYST05
√ √ √ √ √ √ √ √ √ √

HSWWT

HW-SYST01
√ √ √

HW-SYST02
√ √ √ √ √

HW-SYST03
√ √ √ √ √ √ √

HW-SYST04
√ √ √ √ √ √ √ √

HW-SYST05
√ √ √ √ √ √ √ √ √ √



Sustainability 2023, 15, 13061 11 of 21

Table 5. Energy consumption simulation results for different SYSTs.

Zone Technology System
Energy Consumption for

Heating and Cooling
(kWh/m2/a)

Energy Consumption for
Electricity (kWh/m2/a)

Primary Energy
Consumption (kWh/m2/a)

CT

Baseline 107.21 38.86 146.01
C-SYST01 87.63 38.86 126.49
C-SYST02 65.59 24.72 90.31
C-SYST03 31.92 38.86 70.78
C-SYST04 40.32 38.86 79.18
C-SYST05 18.65 11.97 30.62

HSCWC

Baseline 111.33 38.80 150.13
HC-SYST01 85.21 38.80 124.01
HC-SYST02 61.43 24.66 86.09
HC-SYST03 38.11 38.80 76.91
HC-SYST04 33.00 38.80 71.80
HC-SYST05 15.68 5.43 21.11

HSWWT

Baseline 106.38 38.75 145.18
HW-SYST01 80.65 38.75 119.40
HW-SYST02 63.48 24.61 88.09
HW-SYST03 38.83 38.75 77.58
HW-SYST04 32.14 38.75 70.89
HW-SYST05 19.49 9.01 28.50

2.4.2. Energy-Saving Rate and Renewable Energy Utilization Rate

Building energy consumption is a complex system whereby various influencing factors
interact with each other, and even small changes can have a significant impact [48]. Due to
the relatively diverse volumes and forms of office buildings, the building energy-saving
rate (ESR) and renewable energy utilization rate (REP) are used as an evaluation index.
For ultra-low-energy buildings, the ESR should be ≥50%; for nearly zero-energy office
buildings, the ESR should be ≥60%, while the REP should be ≥10% [36]. The formulas for
REP and ESR are shown in Equations (1)–(3).

REP =
EPh + EPc + EPw + ∑ Er × f + ∑ Erd × f

Qh + Qc + Qw + El × f + Ee × f
(1)

Ei = EE −
∑ Er × f + ∑ Erd × f

A
(2)

ESR =
Ed − Eb

Eb
(3)

where, in Equations (1)–(3), REP is the renewable energy utilization rate, %; EPh is the
utilization of renewable energy in the heating system, kWh; EPc is the utilization of
renewable energy in the cooling system, kWh; EPw is the utilization of renewable energy
in the domestic hot water system, kWh; f is the electric energy conversion factor, which
takes the value of 2.6 according to the technology standard for nearly zero-energy buildings [36];
Er is the renewable energy power generation of the building itself, kWh/m2/a; Erd is
the renewable energy generation around the building; Qh is the annual heating heat
consumption, kWh; Qc is the annual cooling cold consumption, kWh; Qw is the annual
domestic hot water heat consumption, kWh; El is the annual lighting system energy
consumption, kWh; and Ee is the annual elevator system energy consumption, kWh; Ei
is the value of energy consumption of building type i, kWh/m2/a; EE is the value of
energy consumption of building without renewable energy generation, kWh/m2/a; A is
the building area, m2.

ESR is the energy-saving rate of the building; Ed is the value of energy consumption
of the designed building; Eb is the value of energy consumption of the baseline building.
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3. Results and Discussion

Figure 9 demonstrates the ESR and REP for all technology systems (SYSTs). As shown
in Figure 9, the same technology system has different ESR and REP values in different
zones. The REPs of SYST01 and SYST02 are both 0 in different sub-climate zones because
renewable energy is not adopted, while the ESRs are very low, which is far from the
nZEB standard. In this paper, the adaptation of passive technology, active technology, and
renewable energy applications in different sub-climate zones will be discussed, respectively.
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3.1. Adaptability of Passive Technologies in Different Sub-Climatic Zones

The poor performance of building envelopes has been an important barrier to com-
fortable and healthy indoor environments, so the improvement of envelope performance
is deemed as the first and key step of nZEB design [49]. Due to the temperature differ-
ences among various sub-climatic regions, the significance and requirements of building
envelopes vary significantly [50]. Therefore, efficient thermal insulation systems should be
prioritized, particularly in combination with the local climate and environment. Hence, pas-
sive technologies are mainly designed to improve the thermal performance of the envelope
in this study.

In SYST 01, three passive technologies (WWR + WI + RI) were used. The energy
consumption values for the heating and cooling of C-SYST01, HC-SYST01, and HW-SYST01,
relative to the baseline building, were reduced by 19.52 kWh/m2/a, 26.12 kWh/m2/a, and
25.73 kWh/m2/a, respectively, and the ESRs were 13.40%, 17.88%, and 17.33%, respectively.
The energy consumption for electricity was not reduced.

SYST 02 employed four passive measures (WWR + WI + RI + DI), and the energy
consumption values for the heating and cooling of C-SYST02, HC-SYST02, and HW-SYST02
were reduced by 41.62 kWh/m2/a, 49.90 kWh/m2/a, and 42.90 kWh/m2/a, respectively,
relative to the baseline building. With the addition of one active measure (ED), the electrical
energy consumption was reduced by 14.14 kWh/m2/a. The ESRs of C-SYST02, HC-SYST02,
and HW-SYST02 increased to 38.17%, 42.66%, and 39.30%, respectively. This suggested that
passive technologies can significantly reduce building energy consumption, and upgrading
the window insulation is the most promising passive energy-saving technology. In the
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development of nZEBs, research on passive measures based on climate-responsiveness has
achieved many results [51–54]. However, the current building energy-efficiency design
codes do not have differential design requirements for the thermal parameters of building
envelopes, which may lead to substandard “actual energy efficiency rates” and increase the
initial investment in the construction of energy-efficient urban buildings.

To further optimize the thermal performance of the envelope in different sub-climatic
zones, this study adopted an orthogonal experimental design to analyze the influence
of the thermal performance of the envelope on the building load and the energy-saving
potential, and to further derive the optimal envelope design scheme for the three sub-
climatic zones, laying the foundation for exploring the passive technology for nearly
zero-energy office buildings.

3.1.1. Orthogonal Experiment Design

The orthogonal experimental design is a method for studying multivariate and multi-
level optimization to analyze the impact of multifactorial systems on specific goals [55]. It is
based on the form of a random error table with multi-factor and multi-indicator interactions
and is realized via the efficient, fast, and economical arrangement of test factors. In this
study, four factors were selected to analyze the thermal performance of the building enve-
lope. Each factor contained three levels, so the orthogonal design table L9(34)) was used for
the design, as shown in Table 6. The four factors were A—window-to-wall ratio (WWR),
B—exterior wall heat transfer coefficient (KWALL), C—roof heat transfer coefficient (KROOF),
and D—exterior window heat transfer coefficient (KWIN) [56–58]. Table 7 lists the level val-
ues of the relevant factors based on the Technical Standard for Nearly Zero-Energy Buildin [36].
With such an orthogonal design, only nine simulated working conditions needed to be set
up to replace all eighty-one sets of the possible working conditions (3 × 3 × 3 × 3 = 81).

Table 6. L9(34) Orthogonal table of nine simulated working conditions.

Working Conditions WWR (A) KWALL (B)
W/(m2·K)

KROOF (C)
W/(m2·K)

KWIN (D)
W/(m2·K)

1 1 1 1 1
2 1 2 3 2
3 1 3 2 3
4 2 1 3 3
5 2 2 2 1
6 2 3 1 2
7 3 1 2 2
8 3 2 1 3
9 3 3 3 1

Table 7. Selection of factors and levels for simulated working conditions.

Factors Level 1 Level 2 Level 3

WWR(A) 0.50 0.40 0.30
KWALL (B) W/(m2·K) 0.40 0.30 0.20
KROOF (C) W/(m2·K) 0.35 0.25 0.15
KWIN (D) W/(m2·K) 2.00 1.50 1.00

3.1.2. Recommended Thermal Performance Parameters for Envelopes

The nine working conditions of the orthogonal test were simulated in Zunyi, Wuhan,
and Guilin using IES <VE> (2019), and the summer cooling load, winter heating load, and
total annual load data were obtained for each city under different working conditions. The
simulation results are detailed in Table 8a–c.
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Table 8. (a) Simulation results for each simulation condition (Zunyi); (b) Simulation results for each
simulation condition (Wuhan); (c) Simulation results for each simulation condition (Guilin).

(a) Working Conditions Factors Load Index (kWh/m2)
A B C D Heating Load Cooling Load Total Load

1 1 1 1 1 9.98 56.33 66.31
2 1 2 3 2 4.63 51.67 56.30
3 1 3 2 3 0.84 50.46 51.30
4 2 1 3 3 0.35 45.24 45.59
5 2 2 2 1 6.75 49.20 55.95
6 2 3 1 2 4.18 48.14 52.32
7 3 1 2 2 3.16 42.82 45.98
8 3 2 1 3 0.43 42.03 42.46
9 3 3 3 1 2.06 41.49 43.55

(b) Working Conditions Factors Load Index (kWh/m2)
A B C D Heating Load Cooling Load Total Load

1 1 1 1 1 11.49 62.06 73.55
2 1 2 3 2 6.11 56.32 62.43
3 1 3 2 3 2.24 54.41 56.65
4 2 1 3 3 6.36 52.43 58.79
5 2 2 2 1 8.07 53.92 61.99
6 2 3 1 2 5.59 52.34 57.93
7 3 1 2 2 4.53 46.79 51.32
8 3 2 1 3 1.80 45.52 47.32
9 3 3 3 1 3.36 45.31 48.67

(c) Working Conditions Factors Load Index (kWh/m2)
A B C D Heating Load Cooling Load Total Load

1 1 1 1 1 6.53 58.72 65.25
2 1 2 3 2 1.17 53.43 54.6
3 1 3 2 3 2.35 51.85 54.2
4 2 1 3 3 2.73 46.74 49.47
5 2 2 2 1 3.32 51.26 54.58
6 2 3 1 2 0.50 49.90 50.4
7 3 1 2 2 0.36 44.65 45.01
8 3 2 1 3 2.69 43.62 46.31
9 3 3 3 1 1.29 43.19 44.48

To analyze the effects of the four factors on the load at different levels, it is necessary to
calculate the composite mean Kij of each factor at different levels. For example, to calculate
the composite mean value of factor A at the level of 1, the following are considered:

A1(heating load) = 9.98 + 4.63 + 0.84 = 15.45

A1(cooling load) = 56.33 + 51.76 + 50.46 = 158.46

KA1(heating load) = A1(heating load)/3 = 15.45/3 = 5.15

KA1(cooling load) = A1(cooling load)/3 = 158.46/3 = 52.82

The composite mean of the corresponding levels of the other factors was calculated
separately according to this method and is detailed in Table 9a–c.

According to Table 9a, the optimal solution for Zunyi (CT zone) to minimize the
heating load is A3B3C3D3, the optimal solution for cooling load is A3B3C3D3, and the
optimal solution for the total load of the whole year is A3B3C3D3. This optimal solution
is not found in the nine simulated conditions, which is the advantage of the orthogonal
experiment and can point out the way to search for the optimal experimental conditions.
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The re-simulation of the optimal scenario resulted in a heating load index of 4.28 kWh/m2,
a cooling load index of 38.69 kWh/m2, and a total annual load of 42.97 kWh/m2.

According to Table 9b, the minimum heating load in Wuhan (HSCWC zone) is
A3B3C2D3, the minimum cooling load is A3B3C2D3, and the minimum total annual
load is A3B3C2D3. The re-simulation of the optimal scheme shows that the heating load
index is 3.30 kWh/m2, the cooling load index is 43.44 kWh/m2, and the total annual load
is 46.74 kWh/m2.

Table 9. (a) Calculation of composite means at corresponding levels of each factor (Zunyi);
(b) Calculation of composite means at corresponding levels of each factor (Wuhan); (c) Calculation of
composite means at corresponding levels of each factor (Guilin).

(a) K-Value A B C D

Heating load
K1 5.15 4.50 4.86 6.26
K2 3.76 3.94 3.58 3.99
K3 1.88 2.36 2.35 0.54

Cooling load
K1 52.82 48.13 48.83 49.01
K2 47.53 47.63 47.49 47.54
K3 42.11 46.70 46.13 45.91

Total load
K1 57.97 52.63 53.70 55.27
K2 51.29 51.57 51.08 51.53
K3 44.00 49.06 48.48 46.45

(b) K-Value A B C D

Heating load
K1 6.61 7.46 6.29 7.64
K2 6.67 5.33 4.95 5.41
K3 3.23 3.73 5.28 3.47

Cooling load
K1 52.82 57.60 53.76 53.31
K2 47.53 52.90 51.92 51.71
K3 42.11 45.87 50.69 51.35

Total load
K1 57.60 53.76 53.31 53.76
K2 52.90 51.92 51.35 51.82
K3 45.87 50.69 51.71 50.79

(c) K-Value A B C D

Heating load
K1 3.35 3.21 3.24 3.71
K2 2.18 2.39 2.01 0.68
K3 1.45 1.38 1.73 2.59

Cooling load
K1 54.67 50.04 50.75 51.06
K2 49.30 49.44 49.25 49.33
K3 43.82 48.31 47.79 47.40

Total load
K1 58.02 53.24 53.99 54.77
K2 51.48 49.69 49.52 50.00
K3 46.58 51.83 51.26 49.99

According to Table 9c, the smallest heating load in Guilin (HSWWT zone) is A3B3C3D2,
the smallest cooling load is A3B3C3D3, and the smallest total annual load is A3B2C2D3.
The re-simulation of the optimal scheme shows that the heating load index is 1.09 kWh/m2,
the cooling load index is 42.43 kWh/m2, and the total annual load is 43.52 kWh/m2. The
parameters of the enclosure structure are shown in Table 10 below.

In addition to the thermal performance of the envelope, WWR also has a great impact
on building energy consumption. A larger WWR has a better capacity for lighting and
heating in winter so that it can reduce the building heat loads while increasing the summer-
time cooling loads. It shows a suitable WWR can lower energy consumption for cooling,
heating, and lighting [59]. For the CT, HSCWC, and HSWWT zones, WWR should not be
too large, or it will significantly increase summer cooling loads.
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Table 10. Optimal envelope design options in the CT, HSCWC, and HSWWT zones.

CT Zone HSCWC Zone HSWWT Zone

WWR 0.30 0.30 0.30
KWALL 0.20 W/(m2·K) 0.20 W/(m2·K) 0.30 W/(m2·K)
KROOF 0.15 W/(m2·K) 0.25 W/(m2·K) 0.25 W/(m2·K)
KWIN 1.00 W/(m2·K) 1.00 W/(m2·K) 1.00 W/(m2·K)

3.2. Adaptability of Active Technologies in Different Sub-Climatic Zones

The inclusion of a fresh air heat recovery system can reduce heating and cooling
demands by recycling waste energy in exhausted air, thereby approaching nearly zero-
energy consumption. Nearly zero-energy office buildings should give priority to heat
recovery systems to meet both indoor cooling and heating requirements, with or without
fewer auxiliary energy systems. The principle of temperature sensors in HVAC systems
is based on the effects and properties of temperature on matter. Temperature sensors
reduce heating and cooling energy consumption by sensing temperature changes in the
surrounding environment and converting the temperature information into corresponding
electrical or other output signals for the temperature control and regulation of the system.

As shown in Table 5, active technologies, such as ED, TS, and HR, effectively re-
duce building energy consumption. Analysis via C-SYST02, HC-SYST02, and HW-SYST02
reveals that the application of ED in all three sub-climate zones significantly reduces
lighting energy consumption by 14.14 kWh/m2/a. Moreover, the results from C-SYST03,
HC-SYST03, and HW-SYST03 indicate that the application of TS combined with HR reduces
the building space heating and cooling energy consumption by 12.00 kWh/m2/a. In conclu-
sion, active energy-saving measures are dependent on equipment performance parameters
rather than climate characteristics.

3.3. Adaptability of Renewable Energy in Different Sub-Climatic Zones

Renewable energy plays a critical role in realizing nearly zero-energy buildings
(nZEBs) [49] by simultaneously minimizing the use of traditional energy sources and
alleviating environmental pollution problems. To achieve the target of enhancing building
energy efficiency in various climatic regions, it is essential to fully consider the availability
of local resources and the utilization of acceptable forms of renewable energy. Developing
solar energy and geothermal energy in nZEBs, along with relatively mature associated tech-
nologies [60], holds significant potential. In China, solar energy is primarily harnessed and
utilized in buildings via PV systems, solar hot water, and heating systems [61]. Geothermal
energy supports building energy systems based on heat pump technologies [62].

In SYST03 and SYST04, the active and passive technologies are the same except that
the renewable energy measures are different. The renewable energy sources applied in
SYST03 and SYST04 are GSHP and ASHP, respectively. In Figure 9, the ESRs of C-SYST03
and C-SYST04 are 66.38% and 54.88%, respectively, and the REPs are 14.84% and 9.08%,
respectively. Therefore, the energy-saving potential of using ground-source heat pumps is
greater than that of air-source heat pumps in the CT zone. The ESRs of HC-SYST03 and
HC-SYST04 are 64.30% and 63.12%, respectively, and the REPs are 11.54% and 10.94%,
respectively, so there is not much difference in the energy-saving potential of using ground-
source heat pumps and air-source heat pumps in the HSCWC zone. The ESRs of HW-
SYST03 and HW-SYST04 are 55.26% and 64.48%, respectively, and the REPs are 8.72%
and 13.33%, respectively, so the energy-saving potential of using air-source heat pumps is
greater than that of ground-source heat pumps in the HSWWT zone.

Among CT-SYST05, HC-SYST05, and HW-SYST05, HC-SYST05 has the lowest elec-
tricity consumption of 5.43 kWh/m2/a. This indicates that the building-integrated pho-
tovoltaic (BIPV) technology in the HSCWC zone generates more power than the CT and
HSWWT zones. Therefore, BIPV should be vigorously developed for the HSCWC zone.
This also proves that the availability of renewable energy varies from zone to zone [63].
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3.4. Determination of Technology Systems for Nearly Zero-Energy Office Buildings

As shown in Figure 9, the building saving rates of SYST01, which only adopts passive
technologies, and SYST02, which adopts passive technologies and active technologies, were
no more than 60%. Therefore, SYST01 and SYST02 cannot meet the standard of nearly zero-
energy office buildings regardless of the sub-climatic zones. SYST03, SYST04, and SYST05,
which adopt passive technology + active technology + renewable energy applications, were
not able to realize nearly zero-energy office buildings in all zones. In the CT zone, only
SYST03 and SYST05 could fulfill the requirement of a nearly zero-energy office building; in
the HSCWC zone, SYST03, SYST04, and SYST05 could all fulfill the requirements of a nearly
zero-energy office building; in the HSWWT zone, only SYST04 and SYST05 could fulfill
the requirement. This also proved the significance of studying nearly zero-energy office
buildings under the complex and diverse climates of the HSCW via climate sub-zones.

SYST05 met the minimum limits of nearly zero-energy office buildings in all three
zones. SYST05 utilizes four passive technologies (AT + WI + RI + DI), three active tech-
nologies (HR + ED + TS), and three renewable energy systems (GSHP + ASHP + BIPV).
Compared to the baseline building, the primary energy consumption values of C-SYST05,
HC-SYST05, and HW-SYST05 were reduced to 30.62 kWh/m2/a, 21.11 kWh/m2/a, and
28.50 kWh/m2/a, respectively. Compared to the other technological systems, the reduction
in energy consumption was the greatest in SYST05 because it incorporated all energy-saving
measures. This proves that the integration of efficient and appropriate energy-saving mea-
sures can achieve nearly zero-energy office buildings or even zero-energy office buildings.
However, when the economic conditions are limited, energy-efficient technologies should
be selected rationally. In practical applications, the relationship between economic feasibil-
ity and energy efficiency needs to be weighed to achieve optimal energy efficiency under
realistic conditions. Therefore, to promote the development of sustainable buildings, it is
necessary to continue to research and develop highly efficient energy-saving technologies
and to continue to explore in practice the optimal technological system for realizing nearly
zero-energy office buildings under different conditions.

Passive technologies play an important role in the technology system of nearly zero-
energy office buildings, and they should be designed and applied according to the lo-
cal climate characteristics of different zones. In the technology system of a nearly zero-
energy office building in the HSCW zone, passive technology should give priority to the
following aspects:

1. For the CT zone, the appropriate heat insulation of the exterior wall and the use of
high-efficiency, heat-insulating windows can reduce the heat losses considering the
cold winter. The value of WWR should be taken as 0.30, the value of KWALL should be
taken as 0.20 W/(m2·K), the value of KROOF should be taken as 0.15 W/(m2·K), and
the value of KWIN should be taken as 1.00 W/(m2·K);

2. For the HSCWC zone, the building envelope should be designed and applied accord-
ing to the local climate characteristics of different zones considering the summer sun
protection and winter heat collection. The building envelope should adopt appropri-
ate parameters. WWR takes the value of 0.30, KWALL takes the value of 0.20 W/(m2·K),
KROOF takes the value of 0.25 W/(m2·K), and KWIN takes the value of 1.00 W/(m2·K);

3. For the HSWWT zone, to facilitate indoor heat dissipation in the summer night and
reduce the air-conditioning load, WWR takes the value of 0.30, KWALL takes the value
of 0.30 W/(m2·K), KROOF takes the value of 0.25 W/(m2·K), and KWIN takes the value
of 1.00 W/(m2·K).

For active technology, the design should be optimized for the functional attributes
of different buildings. In office buildings, the main personnel activities are offices and
meetings, and indoor temperature, humidity, and illumination must be ensured. Therefore,
lighting energy consumption, space heating, and cooling energy consumption account for
a large proportion. Efficient lighting equipment was selected to reduce lighting energy
consumption. Fresh air heat recovery and temperature sensors were selected to reduce
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heating and cooling energy consumption. Additionally, they can be used in all three
sub-climate zones in the HSCW zone with good energy-saving effects.

For renewable energy applications, the decision should be based on local resources in
different zones. In the HSCW zone for office buildings, the renewable energy systems that
can be used are GSHP, ASHP, and BIPV. However, the HSCW is a vast zone, and according
to Section 3.3, the GSHP system has a higher ESR and renewable energy utilization in the
CT zone. The ASHP system has a higher ESR and REP in the HSWWT zone. There is
little difference between the ESR and REP of the ground-source heat pump system and
the air-source heat pump system in the HSCWC zone. The building-integrated PV has a
larger ESR and REP in the HSCWC zone and smaller values in the other two zones. This is
because the HSCWS zone has more solar radiation than the other two zones.

4. Conclusions

In this study, from the perspective of the complex and diverse climate of the HSCW
zone, the applicability of nearly zero-energy office building technology systems in different
sub-climatic zones of the HSCW zone is explored via numerical simulation and orthogonal
experimental design. It is found that there are similarities and differences in the appropriate
technology systems for different sub-climatic zones. This study analyzed three aspects
of passive technology, active technology, and renewable energy application to obtain the
energy-saving potential, the degree of impact, and the optimal level of each technology
under different climatic conditions in the HSCW zone. The main conclusions are as follows:

1. Passive technologies are greatly affected by the complexity and diversity of climates.
The thermal performance of the envelope in different sub-climatic zones plays an
extremely important role in realizing nearly zero-energy office buildings, with win-
dows having the greatest impact. Subsequently, based on orthogonal experiments,
the optimal envelope thermal parameters and WWR for different sub-climatic zones
were obtained. The results of this study found optimal performance parameters of the
building envelop for different climate zones, which suggests the relevance of climate
sub-division for the HSCW zone, especially in terms of the adaptability of passive
technologies in different climate zones;

2. Optimizing active technology is also a way to realize nearly zero-energy consumption.
In this study, according to the main energy use of office buildings in lighting, heating,
and cooling, ED, HR, and TS were selected. A comparison of the technology systems
in different sub-climatic zones reveals the same rate of energy savings. This suggests
that the energy savings of active technologies are mainly dependent on equipment
efficiency and system control;

3. Renewable energy applications are vital for achieving nearly zero-energy office build-
ings. In this research, GSHP, ASHP, and BIPV were selected as renewable energy
technologies that could be applied in office buildings. GSHP was more applicable to
the CT zone, and ASHP was more applicable to the HSWWT zone. In HSCWC zones,
both GSHP and ASHP were suitable. In addition, BIPV significantly reduced electrical
energy consumption. In the HSCWC zone, by integrating ED and BIPV, the electricity
consumption was only 5.43 kWh/m2/a. Most renewable energy technologies can be
rationally utilized based on the local resource conditions to achieve nearly zero-energy
office buildings.

Through this study, it can be concluded that the joint application of key technologies
is an important strategy for realizing nearly zero-energy office buildings. Specifically, the
passive priority, active optimization, and application of renewable energy are the basic
lines for nearly zero-energy office buildings. However, this is not a simple superimposition
of energy-saving technologies, but an integrated and optimized design that fully takes into
account the building type, climatic conditions, and resource conditions. In addition, it is
not recommended to implement a unified system of technical and energy consumption
indicators in nearly zero-energy office buildings, as attention should be paid to the impact
of complex and diverse climatic conditions on energy-saving technologies, and the impact
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of changes in meteorological parameters, especially temperature, relative humidity, and
solar radiation, should be considered at the design stage. In future studies, the full life cycle
should be used to assess the energy efficiency of renewable energy technologies.
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