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Abstract: Since the advent of reforms and opening-up of China, the focus has been on urban de-
velopment. However, rural development has garnered attention in recent years. This research
explores energy performance improvement methods for rural houses in Xi’an, China. It aims to
discuss the feasibility of designing a nearly zero-energy building (nZEB), based on typical residential
rural housing in Xi’an, through proposing new construction methods and examining the strategies
for the refurbishment of an existing house. Initially, a typical rural house was modelled based on
data collected from a field survey and historical documents. Subsequently, suitable passive design
strategies were explored in the rural house design both in terms of proposing new construction
methods and examining the refurbishment strategies of an existing house. After implementation
of the passive design, the annual energy demand was reduced from 112 kWh/m2 to 68 kWh/m2

(new construction) and from 112 kWh/m2 to 85 kWh/m2 (refurbished). Even though the passive
design significantly reduced the energy demand of the house, it could not achieve the Chinese nZEB
standard. Therefore, a photovoltaic (PV) system and a storage battery were incorporated to meet the
standard. Eighty per cent of the south roof area of the newly constructed and refurbished house was
installed with a PV system and a storage battery with a capacity of 50 kWh and 52 kWh, respectively.
After installation of the proposed renewable energy, the annual energy demand from the house was
decreased to 35 kWh/m2 (new construction) and 51 kWh/m2 (refurbished), which both achieved the
Chinese nZEB standard (equal to or below 55 kWh/m2). The study shows the effectiveness of the
methods used to design the nZEB and can be used to instruct the residents to build the nZEB in rural
villages like Xi’an in China.

Keywords: rural house; passive design; nearly zero energy building; renewable energy

1. Introduction

Traditional buildings have high energy demands, requiring the consumption of fossil
fuels. Therefore, architects worldwide have been focused on designing green buildings and
advocating using renewable energy in buildings. There are various definitions of net Zero
Energy Building (ZEB) according to source, site, cost and emission factors [1]; because the
reduction of the delivered energy (coal, electricity from the public power plant and natural
gas) is the main focus in this study, the ZEB definition proposed by U.S. Department of
Energy was more suitable, which defines the ZEB as an energy-efficient building where,
on a source energy basis, the actual annual delivered energy is less than or equal to the
on-site renewable exported energy [2]. According to the Energy Performance of Buildings
Directive (EPBD), a “Nearly Zero-Energy Building” (nZEB) means a building that has a
very high energy performance and the nearly zero or very low amount of energy required
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should be covered to a very significant extent by energy from renewable sources, including
energy from renewable sources produced on-site or nearby [3]. However, many countries
have defined their own ZEB and nZEB standards according to the domestic situation.
According to the technical standard in China [4], when the per-area energy consumption of
a residential building is equal to or below 55 kWh/m2, the building is classified as an nZEB.

Passive design started early in developed countries such as the US, which held its first
passive design conference in May 1976. According to the description by the US Department
of Energy [5], passive solar design takes advantage of the site, climate, and materials of
a building to minimize energy use. Based on recent research on passive design, Song [6]
reviewed evaluation methods for passive houses. Qi [7] classified passive design methods
according to different weather conditions in different climate zones. Li [8] investigated
the impediments of passive design applications in buildings in China; one crucial point is
that there is no specific guidance. Yin [9] evaluated passive design methods for buildings
from an economic perspective. The recent research also declares that passive design and
renewable energy are two key methods to achieve nZEB and ZEB [2]. Therefore, according
to the literature review of passive design, passive design should consider the energy-saving
effect, evaluation method and economic factors. This study discussed the passive design
strategies mainly considered the energy-saving effect of solar gain, insulation, appropriate
structure and configuration of the village house in Xi’an. In terms of the specifications of
the village house in Xi’an, appropriate local insulation materials and suitable strategies
were explored; in the meantime, the basic economic factors were also discussed based
on minimizing the construction and insulation materials. Although the passive design
is an effective way to improve the energy performance of a house, it is difficult to meet
the nZEB standard. Therefore, renewable energy systems are often incorporated in nZEB
designs. According to the literature review, the long-term application of passive design in
developed countries and some developing countries has led to the conversion of traditional
buildings to nZEBs to some extent. Therefore, the next step in optimizing the energy
performance of buildings is to pursue the renovation of buildings to design Positive Energy
Buildings (PEB). In PEB, nZEBs support each other by connecting renewable energy with
the grid [10–12]. Several researchers have evaluated the various effects of nZEBs: Dartevelle
et al. [13] evaluated the long-term summer thermal comfort of nZEBs in Wallonia. Marta [14]
evaluated the decarbonization effects of nZEBs in Southern Europe. Masi [15] performed
a sensitivity analysis of nZEBs from a life cycle approach; this research also suggested
that installing a storage system along with a PV system is more profitable. Presently,
optimization methods for nZEB designs are also being investigated. Ferrara et al. [16]
developed a model based on machine learning to optimize the design of renewable energy
for nZEBs. Vujnovic et al. [17] proposed a cost-optimal energy performance calculation
model for nZEBs. Herrero et al. [18] reviewed the modelling methods, simulation methods,
and control tools of nZEBs. Kuivjõgi et al. [19] studied the phenomena in which commercial
buildings are not converted to nZEBs in Estonia. From the literature review of the ZEB,
nZEB and the PEB, the developed countries already comprehensively researched and
practised energy-efficient buildings. However, as a developing country, the widespread
application of nZEBs is not present in China, especially in rural areas. The methods to
design an nZEB in developed countries cannot be simply implemented in developing
countries due to the different environments, economies and policies.

North-western China has a population of 96.7 million, including a 55.5 million rural
population [20]. In 2010, the delivered energy used (natural gas, coal and electricity from
the grid, etc.) from rural houses in China was 1.38 trillion kWh, accounting for 26.1% of the
total building energy consumption in China; the electricity consumption of rural houses
in China was 136 billion kWh [21]. In winter, most rural residents in north-western China
burn coal in their stoves for heating. Burning coal can adversely affect the health of rural
residents and is harmful to the environment. Moreover, several cases of death from carbon
monoxide poisoning because of coal-burning are reported every winter. Therefore, passive
design and clean energy systems are a necessity for rural houses in north-western China.
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This research explores energy performance improvement methods for typical rural
houses in Xi’an in north-western China by exploring appropriate passive design strategies
and applying renewable energy. This research aims to discuss the feasibility of designing a
residential nZEB in a village in Xi’an.

This paper explored the appropriated passive design strategies, and with mature
renewable energy, the study demonstrates that constructing an nZEB or refurbishing
existing houses to nZEBs is feasible in the villages in Xi’an. The specific strategies and
methods presented in this study were summarized in this paper, and it can be practical
guidance for the residents to design nZEBs in the villages of Xi’an.

2. Materials and Methods
2.1. Study Area

Figure 1 shows the geographical information of Xi’an City in China.
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Figure 1. Regions in north-western China under administrative classification.

Figure 2 presents the monthly average weather data of Xi’an. Figure 2a shows the
monthly average dry bulb temperature in Xi’an for one year. Temperature data show that
Xi’an has four distinct seasons. Figure 2b presents the monthly average relative humidity
in Xi’an for one year; it ranges from 58% to 77%. Figure 2c shows the monthly average
wind speed in Xi’an; the data reveal that the wind speed in winter is relatively higher
than in summer. Figure 2d shows the monthly average direct normal solar radiation
in Xi’an, revealing that direct normal solar radiation in summer is much higher than in
winter; particularly in August, the average direct normal solar radiation almost reaches
160 Wh/m2. Weather data are obtained from the American Society of Heating, Refrigerating
and Air-Conditioning Engineers (ASHRAE) code [22].
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2.2. Typical Rural House and Sensors

To characterize typical rural housing in Xi’an, two field surveys were conducted and
historical documents were reviewed. Figure 3 shows a picture of the village house in
Xi’an. Once the typical rural house was characterized, it was selected and modelled. To
incorporate nZEB designs in the typical rural house, the following two steps were taken:
first, appropriate passive design strategies for the typical rural house were explored. De-
signBuilder, a calibrated software from England based on EnergyPlus, was used to design
the model of a typical rural house. This software was used to predict the energy consump-
tion of different design varieties to find appropriate passive design strategies, such as the
appropriate insulation material. The calculation engine of DesignBuilder is EnergyPlus and
the EnergyPlus is developed in the U.S. used for analyzing the heating, cooling, lighting
and ventilation of buildings. Even DesignBuilder is a calibrated commercial software, to
verify the suitability of the software for this study, it was tested by comparing measured
and simulated indoor temperature and relative humidity before applying this software.
Secondly, as an application of passive design strategies is not sufficient to meet nZEB
standards, renewable energy systems are used in passive design houses. The renewable
energy system model, including photovoltaic cells and a storage battery, was created us-
ing the programming language Python. After the simulation, the results were organized
and analyzed.
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Figure 3. A village house in Xi’an.

In addition, Xi’an was classified as a humid subtropical climate under the Köppen
climate classification, and the rural houses in the regions with the same climate condition
can also refer to the achievements in this research to improve the energy performance of
their houses.

In this research, Onset HOBO sensors were used, as seen in Figures 4 and 5. As
shown in Figure 4, the outdoor sensor was installed in a solar radiation shield to ensure
that outdoor temperature detection was not affected by the outdoor environment, such as
solar radiation.
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3. Energy Performance of the Typical Rural House
3.1. House Modelling and Data Measurement

Based on the field survey and topological study of rural houses in north-western China,
a typical rural house in Xi’an was selected and modelled using DesignBuilder, as shown in
Figure 6. Li et al. conducted four times filed surveys at the villages in North-western China
including Shaanxi province to complete his doctoral thesis; for this study, three times field
surveys were conducted at three villages (with 128 residential houses) in Xi’an. Table 1
concludes the distributions of the different village house structures in Shaanxi province and
Xi’an based on the field surveys of this study and the research conducted by Li et al. [23].
As shown in Table 1, the proportion of the houses with brick-concrete structures is 73.6%
and 95.8 in Shaanxi province and Xi’an, respectively. According to this study’s survey
results, all the occupied houses were brick-concrete structures (95.8%) and only a few
unoccupied houses with dilapidated adobe-wood structures were found. Table 2 shows the
distribution of the house construction time at the villages in Shaanxi province and Xi’an;
70% of the village houses in Shaanxi province and 81.6% of the village houses in Xi’an
were constructed within 10 years. 36 houses were specifically studied during the surveys
of this research. The detailed structure, construction materials and methods of the village
house were surveyed through measurement and interviewing the senior workman (Due
to the residents at the villages in Xi’an usually design and build their houses by referring
to existing houses in the village, the houses in the villages are highly homogeneous. The
material and structure of the occupied houses are the same; only the total area and window
to wall ratio are slightly different; we selected the typical village house according to the
most used window to wall ratio and area). The thermal coefficients of the materials were
referred to from the related research [23]. The typical rural house had one and a half floors.
The first floor was primarily for living. The top half-floor was used for storage and acted as
a thermal buffer to improve the insulation effect of the roof. Before using the software for
analysis, it was tested by comparing the measured data and simulated data. The devices
mentioned in Section 2 were used to measure the indoor temperature, outdoor temperature
and relative humidity under the condition of non-operational heating and cooling in the
house. As shown in Figure 7, the outdoor sensor was hung from the tree, and the indoor
sensor was installed 1.5 m above ground in the middle of the living room. The hourly
indoor temperatures, outdoor temperatures and relative humidity from the afternoon on
14 October 2020 to the morning on 16 October 2020.
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Table 1. Distribution of different house structures in the villages.

Structure Shaanxi Province (Based on
Li et al.’s Filed Surveys)

Xi’an (Based on Field
Surveys of This Study)

Brick-concrete structure 73.7% 95.8%

Brick-wood structure 5.26% 0%

Adobe-wood structure 21.04% 4.2%

Table 2. Distribution of the house construction time at the villages.

Construction Time Shaanxi Province (Based on
Li et al.’s Filed Surveys)

Xi’an (Based on Field
Surveys of This Study)

Within 10 years 70% 81.6%

Within 10~20 years 26.67% 8.9%

Within 20~30 years 3.33% 9.5%
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3.2. Software Test and Energy Demand Prediction

The construction materials of a typical rural house are listed in Table 3. Considering
the thermal design code for civil buildings in China [24], the specific characteristics of
construction materials of the typical rural house in Xi’an are also listed in Table 3. As
shown in Table 3, the original house did not have any insulation material. The specific
characteristics of the materials were set in the model created using DesignBuilder. Table 4
summarizes the construction-specific characteristics of the typical rural house in Xi’an.
The ventilation rate was obtained from the Chinese indoor air quality standard [25]. The
infiltration rate of the rural house was the average measured data from [26]. Specific
weather data, which were the input for the model, were obtained from the ASHRAE
code [22].



Buildings 2022, 12, 341 8 of 22

Table 3. Materials and their thermal coefficients of a typical rural house in Xi’an, China.

Part Applied Material Thickness
(mm)

Density
(kg/m3)

Specific Heat
(J/kg˙K)

Thermal
Transmittance

(W/m2˙K)

Brick wall

Cement
sand

mortar
15 1800 1050 62.00

Brick 240 1800 1050 3.38

Cement
sand

mortar
15 1800 1050 62.00

Floor
(Semi-Roof)

Cement
sand

mortar
20 1800 1050 46.50

Steel
reinforced
concrete

120 2500 920 14.50

putty 5 1500 1050 152.00

Ground floor

Facing
brick 10 2500 850 240.00

Concrete 60 2300 920 25.17

Spodosol 150 1600 1010 5.40

Rammed
earth 300 1796 884 2.40

Roof

Tile 20 1699 1050 37.00

Cob 30 1400 1010 19.33

Wood
panel 10 500 2510 17.00

Table 4. Specific construction characteristics of the typical rural house in Xi’an.

Parameters Specific Characteristics

No. of floors 1

Total area 120.5 m2

Ceiling height 3.5 m

Structure Brick mixed

Envelope Brick

Roof Pitched roof

Orientation North to south

Glazing type 5.7 W/m2K (Single no shading, SHGC: 0.82, VT: 0.88)

Window-to-wall ratio (South) 0.2

Window-to-wall ratio (North) 0.2

Window-to-wall ratio (East) 0

Window-to-wall ratio (West) 0

Wooden door 4.3 W/m2K

Infiltration rate 0.55 AC/h

Ventilation rate 1 AC/h
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Table 4. Cont.

Parameters Specific Characteristics

Occupancy 0.02 person/m2

Lighting 4.1 W/m2

Equipment 13.3 W/m2

HVAC/Heating Natural gas (Gas boiler: Efficiency = 0.89)

HVAC/Cooling Electricity from grid (Air conditioner: CoP = 3.9)

Area with heating and cooling system Bedroom, lounge

Set point temperature Summer 26 ◦C, Winter 18 ◦C

To test the software, the outdoor and living room were set sensors to measure the
temperature and relative humidity with 5 min intervals from the afternoon on 14 October
2020 to the morning on 16 October 2020. The hourly average outdoor temperature and
relative humidity data and other hourly climate data from the ASHRAE code were used for
the software test. The hourly simulated results were compared with the measured results
in Figure 8. The simulated results had a relatively small deviation from the measured
data (0–3.4 ◦C for indoor temperature; 0–4.2% for relative humidity). The disagreement
between the simulated and measured data is because the occupancy, ventilation rate cannot
be precisely controlled in actual life; and unmeasured climate data (wind speed, solar
radiation) can have a deviation from the historical climate data from ASHRAE. With
enough devices and time, the limitation of the test will be carefully considered in future
work. Although the measured data and simulated data have relatively low deviation, the
trends of the simulated and measured data were the same. Additionally, a recent study
conducted by Mazzeo [27] demonstrated that EnergyPlus is a sophisticated engine for the
energy demand prediction of buildings. Thus, this software is appropriate for the analysis
in this research.
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The annual energy consumption of each category of the typical rural house was pre-
dicted by modelling the house and setting the parameters according to the data presented
in Tables 3 and 4, as shown in Figure 9. From Figure 9, it can be inferred that the heating
energy demand of the typical rural house is high, owing to the extreme cold weather
in winter in the northwest region of China. In contrast, the cooling energy demand in
the summer of the house was relatively low because of the relatively cool weather in the
northwest region of China during summer. The energy demands from other aspects were
calculated based on the occupancy density of the house, as summarized in Table 4.
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4. Application of the Passive Designs
4.1. Passive Designs for Newly Constructed Rural House

In this study, two methods were followed to create an nZEB based on the model of
a typical rural house in Xi’an. The first method involved implementing the appropriate
passive designs, and the second involved establishing a suitable renewable energy system
in the village house. Two scenarios were considered in this study: the first scenario was the
construction of a new passive house, and the second was the refurbishing of the existing
house. In this section, suitable passive design strategies for the construction of a new
passive house are explored. Passive designs consist of envelope improvement (orientation,
wall and roof insulation, glazing type, window-to-wall ratio and sunroom application)
and internal condition optimization (ceiling height and optimizing the configuration of
the house). Table 5 summarizes the passive design steps. For each step, the possible
alternatives to the original condition were evaluated, and an appropriate solution was
proposed. Figure 10 presents the specific passive design exploration simulations of the
possible alternatives, presented in alphabetical order. Once the results were obtained from
the current step, the appropriate solution was selected and applied as the initial condition
of the next step. Table 5 and Figure 11 also summarize the selected appropriate solutions
for each step.
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Figure 10. Simulation tests for exploring suitable passive design strategies: (a) Analysis of the
orientation; (b) Analysis of the internal height; (c) Analysis of the wall insulation; (d) Analysis of the
roof insulation; (e) Analysis of the glaze type; (f) Analysis of the window to wall ratio; (g) Analysis of
the configuration type; (h) Analysis of sunroom effect.
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Figure 10a showed the energy-saving effect of the house with different orientations.
Because the different orientations can help, the house benefits more from the solar gain;
however, the larger solar gain can reduce the heating energy demand and increase the
cooling energy demand; considering the total energy demand, the optimal orientation of
the house was decided as south to west 20◦. Figures 10 and 11 show that steps 2 and 3
reduced the energy demand of the house significantly. In step 2, the annual heating energy
demand was reduced from 8366 kWh to 6615 kWh, and the annual cooling energy demand
was reduced from 435 kWh to 345 kWh; in step 3, the annual heating energy demand was
reduced from 6615 kWh to 4856 kWh, and the annual cooling energy demand was reduced
from 345 kWh to 174 kWh. The economic condition of the villages in north-western China
including Xi’an was very poor in the 20th century, but it has been significantly improved
in the 21st century, and most of the villagers built their new houses. In the villagers’
conventional view, the higher house represents the greater wealth of the family. Therefore,
the ceiling height of the village house in Xi’an is mainly around 3.5 to 3.8 m. However, high
ceiling height causes large heating and cooling energy demand due to the large volume
of the space, step 2 demonstrated that the energy demand could be significantly reduced
when the house ceiling height was decreased from 3.5 m to 2.8 m, which can also save a part
of the construction material and reduce the labour cost. Considering the spatial comfort of
the residents, the appropriate ceiling height was referred to the Chinese Residential Design
Specification, which recommends a residential building with a ceiling height of 2.8 m [28].
According to the analysis results of step 3 as Figure 10c, the heating and cooling energy
demand reduction were relatively rapid when the width of the insulation material was
below or equal to 60 mm; the energy demand reduction was relatively smooth when the
width of the insulation material above 60 mm; therefore, the insulation material of the
external wall was selected with 60 mm width and the residents can choose wider width
to pursue more significant energy performance of the house. The annual energy demand
was decreased by 312 kWh when insulation material with 40 mm was implemented in the
house; the reduction is relatively smooth when the width of the roof insulation is above
40 mm. Figure 12 shows the 3D structure of the typical village house. According to the
roof system in Figure 12, there is a 120 mm reinforced concrete layer between the first floor
and the half floor. Even the half-floor has the insulation effect, the insulation effect can be
strengthened by adding an insulation material below the reinforced concrete. Figure 10e
discussed the insulation effect of different glazing types, results showed that the clear
glazing has better energy performance due to the clear glazing has the benefit to get solar
gain; therefore, Figure 10f also discussed the energy performance of different window to
wall ratios. As a result, the energy demand was decreased 241 kWh when the glazing was
changed from single glazing to double glazing; the heating energy demand was decreased
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by 195 kWh when the window to wall ratio was changed from 0.2 to 0.5 and the cooling
energy demand has a very small increase; the change of the heating energy demand was
very small when the window to wall ratio was above 0.5. The effect of the double glazing
and the window to wall ratio is relatively low because the solar gain only can significantly
benefit the house in the day-time; however, the main energy demand from the residential
house is in the morning and evening on the weekdays; the energy demand is high in the
day-time only at weekends.
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Table 5. Passive design steps are applied to a typical rural house in Xi’an, China.

Steps Designs

Original Original condition

Step 1 (a) Orientation change (North to south→ South to west 20 degrees)

Step 2 (b) Ceiling height change (3.5 m→ 2.8 m)

Step 3 (c) Add wall insulation (60 mm Rock wool board)

Step 4 (d) Add roof insulation (60 mm Rock wool board)

Step 5 (e) Glazing type change (Single glazing→ Double glazing)

Step 6 (f) Window to wall ratio change (South wall (0.2→ 0.5))

Step 7 (g) Configuration change (Figure 13)

Step 8 (h) Add sunroom (1.5 m)

Figure 13 shows the 3D model and the configuration of the house after applying
passive design strategies. The configuration changes were made because the spaces with
heating and cooling systems should be set next to each other to maintain proper heating or
cooling. In this research model, spaces such as kitchens, bathrooms, toilets, laundry rooms
and closets did not have heating and cooling systems. As shown in Figure 13, a 1.5 m
sunroom was added in front of the house. The depth of the sunroom was selected based on
the solar gain effect in winter and the functional consideration of the space; the sunroom
can be completely opened or disassembled in summer to avoid solar gain. Figure 11 shows
the annual energy-saving effect of the optimization design at each step. The village house in
Xi’an does not have a basement, and there are four layers for ground insulation inheriting
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from the traditional method as shown in Figure 12. Therefore, the ground insulation was
considered sufficient in this study.
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Instead of using sophisticated insulation materials such as EPS boards, using local
materials can meet the insulation demand of the house at a relatively low cost. Therefore,
in step 3, insulation material called rock wool board made from local materials was applied,
which reduced the heating and cooling energy demand significantly. In this research, the
insulation materials with various sizes were discussed, the authors selected the insulation
material with a specific size in terms of the extent of the energy-saving effect; however, the
residents also can select the material with larger size according to the family’s economic
condition. Although changing the glazing type from single glazing to double glazing can
be relatively expensive, the economic situation in Chinese villages has improved rapidly
in recent years. Most new houses in the villages of Xi’an have adopted double glazing;
therefore, incorporating double glazing in the design of the nZEB in step 5 is reasonable.

Table 6 summarizes the specific characteristics of the construction changes after the
application of passive design strategies. Table 7 shows the materials and their thermal
coefficients of the improved rural house. The annual energy demand of each category
of the passive design rural house is shown in Figure 11. Comparing the energy demand
of the original rural house with that of the passive design rural house, the annual heat-
ing energy demand decreased from 8534 kWh to 3642 kWh. Additionally, the cooling
energy demand decreased from 438 kWh to 146 kWh, and the annual per-area energy
consumption of the house was 68 kWh/m2. However, according to the nZEB standard
of China, the annual per-area energy consumption of the building should be equal to or
below 55 kWh/m2. Therefore, although the energy-saving effect of the passive design was
significant, it still could not achieve the nZEB standard. Thus, a renewable energy system
should be incorporated to achieve the nZEB standard.

Table 6. Specific characteristics of the construction changes in the passive design rural house.

Parameters Specific Characteristics

Ceiling height 2.8 m

Orientation South by west 20◦

Glazing type Double glazing; Clear 3 mm/6 mm air; 3.16 W/m2K
(Single no shading, SHGC: 0.76, VT: 0.81)

Window-to-wall ratio (South) 0.5
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Table 7. Materials and their thermal coefficients of the passive design rural house.

Part Applied Materials Thickness
(mm)

Density
(kg/m3)

Specific Heat
(J/kg˙K)

Thermal Transmittance
(W/m2˙K)

Brick wall

15 mm cement sand
mortar 15 1800 1050 62.00

240 mm brick 240 1800 1050 3.38

15 mm cement sand
mortar 15 1800 1050 62.00

Rock wool board 60 15 1400 1.00

15 mm cement sand
mortar 15 1800 1050 62.00

Floor (Semi-Roof)

20 mm cement sand
mortar 20 1800 1050 46.50

Rock wool board 40 15 1400 1.5

120 mm steel reinforced
concrete 120 2500 920 14.50

5 mm putty 5 1500 1050 152.00

Ground

10 mm facing brick 10 2500 850 240.00

60 mm concrete 60 2300 920 25.17

150 mm spodosol 150 1600 1010 5.40

300 mm rammed earth 300 1796 884 2.40

Roof

20 mm tile 20 1699 1050 37.00

30 mm cob 30 1400 1010 19.33

10 mm wood panel 10 500 2510 17.00

4.2. Passive Designs for Refurbished Rural House

In the previous section, possible passive designs for constructing a new house were
discussed. In this section, possible passive design strategies for the existing house are
proposed based on the passive design strategies for the first scenario. Due to changes in
the house orientation, a decrease in the internal height and changes to the configuration of
the existing house is not possible, and these passive design strategies were not considered.
Thus, the passive design strategies of steps 3, 4, 5, 6 and 8 were chosen from Table 5 to
refurbish the existing house. From Figure 14, the amount of energy reduction of each
step can be obtained. The results also show that the addition of insulation material to the
external wall in step 3 had a significant effect on reducing the heating and cooling energy
demand. After applying all the proposed passive designs, the heating energy demand
decreased from 8534 kWh to 5498 kWh, and the cooling energy demand decreased from
438 to 266 kWh. Considering the energy demand for hot water, lighting and equipment,
the total annual energy demand of the passive refurbished house was 10226 kWh, and
the annual per-area energy demand of the house was 85 kWh/m2, which does not meet
the nZEB standard of China. Therefore, the simulation of solar energy application was
conducted to verify whether the passive refurbished house can meet the nZEB standard by
incorporating a renewable energy system.
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5. Application of Renewable Energy

To achieve the nZEB standard, solar energy was solar energy. PV and storage batteries
were considered to be installed in the house; even if the residents need to pay the initial
cost of the PV and storage battery, the national government already has the policy to give
financial support to the residents who install solar energy in their house; the government
also plans to achieve the carbon peak in the year of 2030 and carbon neutralization in
the year of 2060; to achieve this goal, more policies to encourage the residents to install
renewable energy can be expected. Therefore, this research mainly discussed the feasibility
of nZEB design in the village through the energy-saving prospect. To analyze the energy-
saving effect of the PV and storage battery, models of a PV system and a storage battery
were created and applied in the passive design for the rural house. Additionally, it was
assumed that natural gas will be used for heating in the rural house as natural gas pipes
are already installed in most villages in Xi’an. Therefore, electricity generation from the
PV system and storage batteries will be used for other energy demands of the house. To
conduct this analysis, a mathematical model of the PV system was developed. In this
study, the mathematical model of the PV system was referred to a previous study by Yoza
et al. [29]. Table 8 lists the necessary input parameters for the PV program. The amount of
electricity generated by the PV system can be calculated using Equation (1):

PPV = ηnSPVIPV(1 − 0.005(tCR-25)), (1)

Table 8. Input parameters of the program (PV).

Input Data Unit/Value

Conversion efficiency 14.4%

Coefficient of loss by changing direct current to
alternating current 0.95

Coefficient of other losses 0.95

Number of panels 38 (80% area of the south roof)

Area of each panel 1.3 m2

Ambient temperature Data from ASHRAE (◦C)

Solar radiation Data from ASHRAE (W)
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In Equation (1), η is the conversion efficiency of the PV panel, n is the number of PV
panels, SPV is the area of a single PV panel, IPV is the effective solar radiation on an inclined
panel surface, and tambient is the ambient temperature. The recommended installation angle
of a PV panel in Xi’an, China, is 26◦ [30]. Moreover, the effective solar radiation on an
inclined panel surface was calculated using the method proposed by Erbs [31].

In this study, lead-acid storage batteries were selected because of their relatively
low price and high energy performance. The specifications of the selected lead-acid
storage batteries are listed in Table 9. The storage capacity of the storage batteries can be
determined by dividing the depth of charge by the average daily load and multiplying
by 3. As the heating energy was supplied by natural gas, the average electricity daily
load of the new passive house and the passive refurbished house was 12.6 kWh and
13 kWh, respectively [32]. Additionally, the storage capacity of the storage batteries was
determined to be 50 kWh for the newly constructed passive house and 52 kWh for the
passive refurbished house. Figure 15 shows the program flowchart of the PV and storage
battery systems.

Table 9. Input parameters of the program (Storage Battery).

Device Specification Value

Storage capacity 50/52 kWh

Depth of discharge 75%

Maximum output capacity 6 kW

Maximum charge capacity 6 kW

Rate of charge loss 10%

Rate of output loss 10%

Rate of time loss 5%/month
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The hourly simulation results of energy usage in the newly constructed passive house
from the PV system and storage batteries on specific dates in the summer and winter
seasons are shown in Figure 16. Although the electricity demand and usage patterns
during the winter and summer seasons are the same, the amount of electricity generation
and usage from renewable energy is different because the extent of solar radiation is
different. According to Figure 16, electricity generation and usage from the PV system is
mainly around noon. However, the energy demand is relatively low around noon because
the residents are usually at work during the daytime. Therefore, the storage batteries store
the surplus electricity generated by the PV system around noon and provide electricity in
the morning and evening. Renewable energy can cover all the energy demand on most
days in summer and it needs to purchase the electricity from the grid at several hours
on most days in winter as the data shown on representative dates in winter and summer
in Figure 16; the reason is that the solar radiation in summer is strong and in winter is
medium. The energy performance of renewable energy in the intermediate seasons is the
same as in summer. In the newly constructed house, the annual electricity demand from
the public power plant was 561 kWh, the electricity usage from the storage batteries was
2961 kWh, and the electricity usage directly from the PV system was 1086 kWh. Owing to
the similar electricity demand pattern, the size of the PV system and storage batteries were
similar in the newly constructed passive house and refurbished passive house; furthermore,
the energy performance of the PV system and the storage batteries were similar for the
two cases. In the passive refurbished house, the storage batteries provided 2989 kWh, and
the PV system provided 1091 kWh of the annual electricity demand of the house. Thus,
in both cases, the storage batteries played a crucial role because the electricity usage from
the storage batteries was around 2.7 times the electricity used directly from the PV panel.
After the application of the renewable energy system, the annual per-area energy demand
of the newly constructed passive house was 35 kWh/m2, and the annual per-area energy
demand of the refurbished passive house was 51 kWh/m2. According to the nZEB standard
of China, the annual per-area energy demand should be equal to or below 55 kWh/m2.
Thus, the nZEB standard was achieved through the proposed methods for both cases (new
construction and refurbishing of the rural house).
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6. Discussion

Table 10 lists the energy demand reduction ratio of each step of the passive design
strategies. The data show that the addition of the external wall insulation material and
decreasing the internal height reduced the energy demand of the house significantly. The
villagers prefer the higher houses due to the height of the house is related to the impression
of wealth in the village social community; however, the higher village house could cause a
large amount of heating and cooling energy demand. Therefore, only decreasing the ceiling
height without sacrificing spatial comfort can not only reduce the energy demand from
the house but also save on the material and labour costs. Due to the area of the external
wall being large, the implementation of the insulation materials to the external wall has
a significant effect to reduce the energy demand from the house. Therefore, the energy
reduction ratio of the passive house is high at steps 2 and 3. On the other hand, as the
traditional roof system already has an insulation effect and the window to wall ratio is low,
the energy reduction ratio at steps 4, 5 and 6 is relatively small.

Table 10. Energy demand reduction ratio of each passive design strategy.

Steps Designs Energy Demand Reduction Ratio of Passive House
Newly Constructed Refurbished

1 (a) Orientation change (North to south→ South to west
20 degrees) 0.99% -

2 (b) Ceiling height change (3.5 m→ 2.8 m) 13.99% -

3 (c) Add wall insulation (60 mm Rock wool board) 13.62% 13.41%

4 (d) Add roof insulation (60 mm Rock wool board) 2.32% 3.28%

5 (e) Glazing type change (Single glazing→ Double glazing) 1.79% 1.81%

6 (f) Window to wall ratio change (South wall (0.2→ 0.5)) 1.45% 1.47%

7 (g) Configuration change (Figure 13) 0.45% -

8 (h) Add sunroom (1.5 m) 4.00% 0.39%

As the application of passive design strategies to the rural house could not achieve
the Chinese nZEB standard, incorporating renewable energy systems was considered.
According to the electricity demand of the houses, the appropriate size of the PV system
and storage batteries were simulated for application in the newly constructed passive house
and refurbished passive house. Table 11 presents the energy demand reduction ratio after
applying the PV system and storage batteries to the newly constructed passive house and
refurbished passive house. According to Table 11, the energy demand reduction ratio of
the PV system for the newly constructed passive design house and refurbished passive
design house was 8.1% and 8.2%, respectively. Similarly, the energy demand reduction ratio
of the storage batteries for the newly constructed passive house and refurbished passive
house was 22% and 22.3%, respectively. Therefore, the application of storage batteries had
a significant effect on the energy demand of the houses. In addition to the energy demand
reduction ratio of passive design strategies, the application of renewable energy also played
a crucial role in reducing the energy demand of the houses. According to the analysis
presented in Section 4, the newly constructed passive house and refurbished passive house
achieved the nZEB standard of China after applying the passive design strategies and
renewable energy system. Hence, it is feasible to refurbish an existing rural house to an
nZEB or construct a new nZEB through the methods proposed in this study in the villages
in Xi’an, China.
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Table 11. Energy demand reduction ratio of applying renewable energy system.

Device Type Size of Each Device
Energy Demand Reduction of Passive House

New Constructed Refurbished

PV 49.4 m2 8.1% 8.2%

Storage battery (new constructed passive house) 50 kWh 22% -

Storage battery (refurbished passive house) 52 kWh - 22.3%

Due to the limitation of the funding, the measurement time and the devices are not
enough to precisely do the software test. In the future, the software will be precisely tested
including checking the infiltration rate of the house, surveying the occupancy of the village
house and situation of hot water usage at different times.

7. Conclusions

In this study, the feasibility of designing an nZEB based on a typical rural house in
Xi’an was explored. Appropriate passive design strategies and renewable energy systems
were considered for the design of the nZEB. Two scenarios were considered: the first
scenario was the construction of a new house, and the second was the refurbishing of an
existing house. Based on the model of the typical rural house, two methods were followed
to achieve the goal of this research. Initially, the appropriate passive design strategies
were explored and applied in the newly constructed house; subsequently, the possible
passive design strategies were selected for refurbishing the existing house. Furthermore,
PV and storage battery systems were applied to the newly constructed passive house and
refurbished passive house. The conclusions of this study are summarized below.

a. By applying the appropriate passive designs and renewable energy system in the typ-
ical rural house, the annual per-area energy demand of the newly constructed house
was decreased to 35 kWh/m2; for the refurbished house it decreased to 51 kWh/m2.
Considering the Chinese nZEB standard in which the annual per-area energy con-
sumption should be equal to or below 55 kWh/m2 confirmed that the proposed
methods can transform a typical rural house in Xi’an, north-western China, into an
nZEB through new construction or refurbishing.

b. Among all the passive strategies proposed in this study, decreasing the ceiling height
to a reasonable size was a simple method, which reduced the energy demand of the
house significantly. Moreover, it also saved construction materials and reduced labour
costs. The insulation material made from local materials was simulated to be applied
on the external wall of the house; the simulation results show that the energy demand
of the house decreased significantly without incurring high costs.

c. Exclusively using passive design strategies in the village house could not meet the
Chinese nZEB standard. Thus, the PV and storage battery system were simulated for
application in the newly constructed passive house and the refurbished passive house.
The simulation results indicate that the electricity usage from the storage battery was
2.7 times higher than the direct electricity usage from the PV panel. Therefore, storage
batteries play a crucial role in solar energy systems in residential houses.

Furthermore, considering the energy demand reduction ratio of applying passive
design strategies and renewable energy systems, the two methods reduced the energy
demand of the rural house in Xi’an significantly. In addition, the achievements in this
paper also can be used to instruct the residents to build the nZEB in rural villages like Xi’an
in China.
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