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Abstract: Passive House, promoted mostly in Germany, requires a high level of airtightness and high-
quality construction, which can slow down the building process and so lead to difficulty in 
popularization. On the contrary, prefabricated building systems provide installation efficiency and 
protection of the site environment. By combining Passive House with prefabricated structures, a 
building project may not only achieve the standards for Passive House, but also be constructed within a 
short time. The two primary problems in designing and building prefabricated Passive Houses are cracks 
caused by the on-site assembly of components, and thermal bridges due to the steel structure. Taking a 
building in Jinan, China as a case study, this paper introduces a prefabricated, thermal bridge-free 
insulation system. The sandwich-shaped exterior wall system has four layers: a 100 mm PC inner 
wallboard, two 75 mm staggered high-density polyurethane insulation layers, and a 50 mm PC outer 
wallboard. By improving the structure of the key nodes, namely the slab joints of the exterior 
wallboards, foundation, roofs, and exterior window openings, the compound heat-transfer coefficient of 
this building envelope is 0.146 W/(m2`k), while the air change rate under 50 Pa differential pressure is 
0.56/h. 

Keywords: Passive House; prefabricated building; nearly zero energy consumption; architectural 
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1. Introduction 
A number of developing countries, such as China, are in the process of rapid urbanization, which 
requires large amounts of new construction every year (Xu, 2014). Therefore, in a sense, there is a 
conflict or mismatch between the two aspects of building performance and speed of construction. 
Based on this contradiction, this research has been conducted to study methods of upgrading building 
energy-conservation levels in China, and to explore strategies for raising the construction efficiency of 
the Passive House (PH). 

On the one hand, it is imperative to reduce the dependence of buildings on traditional fossil-fuel 
energy by cutting building energy consumption, as well as utilizing renewable energies. In recent years, 
China has made efforts to promote the construction of high-performance projects (Li, 2013), by 
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promulgating incentive policies for Green Building, issuing new building energy-saving standards (Yu, 
2013), and constructing Green Ecological Urban Area. Under this trend, in 2009, propagated by the 
German Energy Agency (DENA), the concept of PH began to be popularized among Chinese architectural 
scientists (Lan, 2016). According to German standards, the heating demand of a PH should be less than 
15kWh/(m2·a), which is far lower than the current Chinese code. It is estimated that if all new Chinese 
residential buildings with provision for heating were constructed in accordance with the PH standard, 
3.2 billion tons of coal equivalent (Btce) could be saved by 2050. And if all existing residential buildings 
in Chinese cities and towns were retrofitted as PHs, the heating demand could be substantially reduced 
from 20 million tons of coal equivalent (Mtce) to 1.8 Mtce by 2050 (Zhang, 2014). 

On the other hand, the implementation of PH faces numerous problems. Among these, the high 
technological requirements and the low construction speed are the two most significant issues. 
Compared with traditional work, a prefabricated building can save 70% of construction time and can do 
less harm to the surroundings (Wan, 2013; Liu, 2014). However, PHs should have superior airtightness 
performance such that the air change rate under 50 Pa differential pressure does not exceed 0.6/h. That 
is to say, the sealing condition of the building envelope has to reach a fairly high level. Whereas, it is 
inevitable that a prefabricated building has a number of cracks because of its assembly method. 
Although these cracks are acceptable in conventional buildings, they should be considered more 
carefully when designing PH. Additionally, a prefabricated structure is normally a steel system (Liu, 
2012), which may cause obvious thermal bridges (Zhang, 2014). Although there is previous research 
about reducing thermal bridges in steel components, there is no research that discuss prefabricated 
steel structures for PH. Thus, the main technical problems of the prefabricated Passive House (PPH) are 
cracks caused by component assembly and thermal bridges caused by the steel structure (Figure 1). 

 

 

Figure 1: Research gap.  
 

In recent years, China, mostly in the northern region, has accumulated some experience in PH 
construction systems. Although the heat-transfer coefficients (K) of these Chinese-constructed PHs are 
relatively low, research in PPH has just begun. The selected case study, the Experimental House at 
Shandong Jianzhu University, Jinan, is the only constructed PPH in China. The two-storey steel structure 
is a precedent-setting experimental practice for the university’s Complex Building. Within an area of 157 
m2, this small PPH tests the key technologies for the larger building, which has an area of 9696 m2 

(Figure 2). The primary feature of this Experimental House is that it uses a sandwich-shaped exterior 
wall system. Key performance indicators of the house are listed in Table 1. 
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Figure 2: The Experimental House and the Complex Building in Jinan.  
 

Table 1: Key performance indicators of the prefabricated Passive House. 
Item Study case German standard 

Air temperature 20~26 °C 20~26 °C 
Air relative humidity 40~60% 40~60% 

CO2 content ＜1000 ppm ＜1000 ppm 
K of opaque building envelope 0.146 W/(㎡·K) ≤0.150 W/(㎡·K) 

K of exterior doors and windows 0.95 W/(㎡·K) ≤1.00 W/(㎡·K) 
Air change rate ( ) 0.56 /h ≤0.60 /h 
Heat recovery rate 78 % ＞75 % 

2. Wallboard design 
In a PPH project, the design of the wallboard has two main aspects: the type of board and the 
connection of the board layers (Chen, 2012; Chen, 2014). In this case, the PPH used one sandwich-
shaped wallboard linked by basalt fibre reinforced plastics (BFRP). 

2.1. Sandwich-shaped insulation wallboard 

Normally, a sandwich-shaped insulation wallboard is a composite of three layers: inner wallboard, 
insulation board(s), and outer wallboard (Tang, 2013). In order to protect the insulation boards during 
transportation and construction, as well as to enhance the mechanical property of the building 
structure, the PPH project in Jinan adapted this sandwich-shaped insulation system. The thickness of a 
wallboard was determined by the K-value needed and the thermal transmissivity of the material (λ).  

On the one hand, λ values of the roof, exterior wall, ground floor, and ceiling of a non-airconditioned 
basement should not exceed 0.15 W/(㎡·K), referring to the first Chinese PH code, Design Standard for 
Energy-efficiency of Passive Low-energy Residential Buildings (DB 13 J/T 177-2015).  

On the other hand, it was proposed to utilize high-density polyurethane (HDPU), a vapour-
impermeable material, as the Experimental House’s main insulation. Because this project is located in 
the Cold Area of China, the air temperature difference between indoors and outdoors in winter is very 
large, often more than 30 °C. If the exterior wall was permeable, vapour would get into the insulation 
layers, which would lead to degradation of the thermal performance. But, in summer, Jinan is dry and 
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hot. Therefore, the requirement for space heating in winter was more important than mould-proofing in 
summer. Calculated according to the basic formula for heat transformation, the required thickness of 
the HDPU layer was 143 mm. Allowing for convenient of production, a thickness of 150 mm was 
adopted. Considering the high insulation requirement of PH window frames, it is a usual way to split one 
insulation layer into two layers to eliminate thermal bridges. Therefore, the insulation of this PPH was 
composed of two layers of 75 mm HDPU boards (Figure 3). 
 

 

Figure 3: Exterior wallboard’s basic formation. 
 

Moreover, in relation to wallboard assembly, there are three widely used patterns (Zhang, 2014; 
Zhang 2014): the flat joint, rebate joint, and staggered joint (Figure 4). The flat joint is the most 
frequently-used pattern because of its capacity to maintain the integrality of the components; however, 
this kind of joint can lead to severe heat loss even after sealing, owing to its straight joint. The rebate 
joint has a better airtightness performance than the flat joint, but the manufacturing process of rebate 
joint board is complex and the board ends are easily broken during transportation; thus, usually this 
kind of joint’s heat transmission performance after construction is not satisfactory. Although the form 
and transport of the staggered joint are more complex than for a flat joint, they are simpler than for a 
rebate joint. As a result, this PPH adapted staggered joint wallboards. 
 

 

Figure 4: Wallboard assembly methods. 
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2.2. Connection of wallboard layers 

Although the sandwich-shaped wallboard had insulation boards in the centre, mechanical fixings 
between the layers were still needed. There are two types of anchorage parts on the Chinese market, 
metal and non-metal. Commonly, the λ -values of metal fixings are higher [i.e. the λ -value of stainless 
steel is 16.2 W/(m·K)], but their connection performance is better. On the contrary, non-metal materials 
have lower λ -values but worse linking capability. In addition, the cost of non-metal fixings is relatively 
high, so they are not building materials broadly promoted in China, a developing country. 

Therefore, this project utilized a less expensive connection material that has both a low λ -value and 
good linking behaviour: BFRP (Xu, 2013). As a new type of glass-fibre composite reinforced material, 
BFRP combines the merits of composite material and steel bar, and has outstanding resistance to 
corrosion and bearing strength. To test the λ -value of the BFRP used in this project, seven experiments 
were conducted. The results show the mean λ -value was 0.28 W/(m·K). Although this value is higher 
than that of HDPU, it is far lower than that of traditional steel ties. In relation to economy, the market 
price of 8 mm BFRP was only AU$1.24/m and this diameter was sufficient to fasten 0.5 m2 of wallboard 
by calculation. That is, the cost of BFRP was AU$2.48/m2. While the price of widely used metal 
connections that meet the PH standard was AU$21.49/m2. Thus, the adoption of BFRP lowered the 
building cost by a large margin. 

3. Insulation and airtightness 
Insulation and airtightness are not only two related parts of a prefabricated building, but are also two 
key issues in a PH. As a consequence, this project focused on the localized structures of the PPH’s slab 
joints of exterior wallboards (Zhou, 2012), foundation, roofs, and exterior window openings. 

Slab joints of exterior wallboards: As previously stated, the prefabricated wallboards had staggered 
joints. The indented distance between two connected wallboards was 100 mm, and the design width of 
the gap was 20 mm (Figure 5). The sealing of the slab joints contained three key nodes: the outer joint, 
the middle joint, and the inner joint. Three measures were conducted to seal an outer joint. First, a 
piece of expanded polystyrene (EPS) or HDPU board, or some foam PU, was stuffed or poured into the 
gap between the insulation boards. Second, 8-13 mm preloading expansion sealing tapes (PEST) were 
pasted to both left and right sides of the close-to-insulation layer part of the outer wallboard. This gap 
sealed up after the tapes expanded. Third, sealant was poured into the gap. The middle joint was the 
connection location of the staggered insulation boards. Four pieces of 6-10 mm PEST were pasted to the 
four sides of this location. There were also three measures to seal an inner joint. The first and second 
steps were similar to those for an outer joint, while the third step was to paste a 200 mm vapour-and 
water-proof sealing tape on the inner surface of the wallboard joint. These three layers of insulation 
effectively guaranteed the airtightness, water-proofing, and thermal performance of the wallboards. 
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Figure 5: Slab joint of exterior wallboards. 
 

Foundation: Similarly to the wallboards, the insulation layer of the house’s foundation included two 
layers of 110 mm staggered extruded polystyrene (XPS) board (Figure 6). Because the indoor ground 
level was higher than the outdoor ground level, an L-shaped XPS board was also fixed to the bottom of 
the ground insulation. The two wings of this XPS board were both 820 mm in length, which was 
sufficient for Jinan’s depth of frozen ground, 440 mm. 
 

 

Figure 6: Foundation. Note: ①=10 mm floor tile; ②=20 mm 1:3 harsh cement mortar; ③=40 mm C20 
fine aggregate concrete; ④=2×110 mm XPS boards; ⑤=20mm 1:3 cement mortar; ⑥=120 mm C15 

concrete; ⑦=150 mm 3:7 lime soil; ⑧=packed soil. 
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Roofs: The insulation of the roofs was the same as for the foundation, namely, using two layers of 
110 mm staggered XPS board (Figure 7). In order to ensure the safety of the roof entrances, stainless 
steel boards were paved onto the steps, and close-grained foam PU was poured into the gaps between 
the boards and the steps. Furthermore, the parapet walls were wrapped in one layer of 150 mm HDPU 
board or two layers of 75 mm HDPU board (Figure 8). The copings of the parapets were also covered by 
100 mm XPS boards. In addition, the roofs of this Experimental House perform the functions of thermal 
pressure ventilation and rainwater collection. 

 

 

Figure 7: Roof. Note: ①=40 mm C20 fine aggregate concrete; ②=4 mm SBS modified asphalt 
waterproof roll; ③=30 mm C20 fine aggregate concrete; ④=2×110 mm XPS boards; ⑤=20 mm 1:2.5 

cement mortar; ⑥=1:6 (weight ratio) 2 % moisture proof expanded perlite; ⑦=3 mm SBS modified 
asphalt waterproof roll; ⑧=PC floor panel. 

 

 

Figure 8: Localized structure of the parapet walls.  

 



702 D. Ding 

Exterior window openings: To fulfil the requirement of PH windows’ K-value, this house used a type 
of energy-saving window that has three glass layers, one vacuum layer, and one argon layer (Zhong, 
2014). There was only an inner wallboard around an exterior window frame at a circumference of 300 
mm (Figure 9). On each side of the opening, eight anticorrosive wood bricks were fixed on the inner 
wallboard by angle irons to secure the window. After window installation, a layer of 300 mm vapour- 
and water-proof film was installed along the outer windowsills to ensure airtightness. 

 

 

Figure 9: Exterior wall opening. 
 

4. House performance verification 
In order to ensure that the insulation, energy consumption, and airtightness performances would meet 
the requirements of the DENA standards after construction, this research conducted heat-transfer 
calculations, energy-consumption simulations, and airtightness measurements for the PPH. Although 
the data relating to indoor comfort, namely indoor air temperature, relative humidity, and CO2 

concentration, are significant to PH certification, they are not included in this paper. The focus of this 
paper is the prefabricated method and the building’s thermal performance. 

Heat-transfer calculation: According to DB 13 J/T 177-2015, the K-value should be the mean value of 
those for the different elements of the opaque building envelope (Formula 1). By calculation, the Km in 
this case is 0.146W/(㎡·K), which achieves the PH standard. 
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(1) 

Where: 

Km = mean heat-transfer coefficient of building envelope; K1, K2, …, Kn = heat-transfer coefficient of 
different components; F1, F2,…, Fn = area of different components. 

Energy-consumption simulation: The DENA standard rules that heating demand for a unit area (qH) 
should be no more than 15 kWh/(m2·a), apart from solar heat gain and indoor heat gain. This paper 
utilized an energy-saving design tool, PKPM, to simulate the energy consumption of the PPH. By 
simulation, the value of qH was 15.22 kWh/(m2·a). Although this value is significantly lower than that 
of the reference building [63.40 kWh/(m2·a)], it is still slightly above the German standard. There are 
two main reasons for this. Firstly, the Experimental House has a large shape coefficient (0.74). Because it 
was designed to show as many key nodes of PPH as possible, the house has relatively many architectural 
alternations. Secondly, the heat-recovery system of the house is not efficient enough. These two 
problems will be solved in the Complex Building under construction such that its energy-consumption 
will meet the DENA standard. 

Airtightness measurement: The blower door test is the most commonly used method to measure 
building airtightness around the world. The test result showed that the air infiltration (Q) under 50 Pa 
differential pressure was 320 m³/h. As the volume within this house’s envelope (V) is 575 m³, in dividing 
Q by V the air change rate (n50) is 0.56. In other words, the airtightness of this Experimental House is 
lower than 0.6and so it meets the requirement of the German standard. 

5. Conclusion 
Developing countries, as represented by China, are in the process of rapid urbanization, which requires 
large quantities of new construction. The building performance and the speed of construction are two 
conflicted yet indispensable parts of these projects. The requirements of a German Passive House are 
relatively high, while their construction speed is slow. On the contrary, the construction speed of a 
prefabricated building is rapid, whereas the insulation and airtightness performances are comparatively 
low. When these two types of buildings are combined, the construction speed can be ensured while the 
building performance can be raised. 

This paper takes the Experimental House in Jinan, China as a case study, which introduced a PH 
system that is appropriate for a prefabricated building. By adopting sandwich-shaped insulation 
wallboards, this PPH achieved both high performance and fast construction speed. The compound heat-
transfer coefficient of the building envelope is 0.146 W/(m2·k), while the air change rate under 50 Pa 
differential pressure is 0.56/h. 

However, there are some limitations of this case study. Firstly, the shape coefficient of the 
Experimental House is large, which causes high energy consumption. Secondly, although the 
construction rate of the prefabricated building was obviously better than for conventional buildings, the 
exact construction time of this house was not properly recorded; this was because particular 
experiments were conducted during the building process. Lastly, this research is limited to a certain type 
of prefabricated insulation wallboard system.  
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In the near future, further research will be conducted to study PPH. The construction of the Complex 
Building at Shandong Jianzhu University will be completed by the end of 2016. The building indicators 
such as shape coefficient and air-conditioning efficiency are expected to be better than those of the 
Experimental House. Then, more types of prefabricated components will be designed and be put into 
service in the following years, which will diversify the architectural schemes suited to PPH. 
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