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Abstract: Traditional wooden dwellings, which are widely distributed with enormous stocks in
China, are of great historical and have obvious cultural value. The walls of such buildings are
generally subjected to poor thermal insulation performance, which not only reduces residential
thermal comfort but also increases building cooling and heating energy consumption. In addition,
buildings of this type have been subjected to all kinds of problems, such as the lack of measures for
improving thermal comfort and the shortage of special funds. Consequently, it is very challenging to
reutilize Chinese traditional dwellings, many of which are abandoned and even collapsed. All of
the above have become major difficulties encountered in the traditional dwelling heritage protection.
Hence, investigating the energy-efficient retrofitting strategies for traditional dwellings and giving
economical evaluation methods are two keys to solving the reutilization problem of traditional
dwellings. Against this background, a set of second-level evaluation methods for the energy-efficient
retrofitting of Chinese traditional dwellings are proposed in this research, including the survey
on retrofitted dwellings, the retrofitted dwelling modeling and energy consumption analysis, the
definition of wall retrofitting scheme, the first-level evaluation of dwelling retrofitting, the second-
level evaluation of dwelling retrofitting, and the screening of the wall retrofitting scheme. The
first-level evaluation, which took energy efficiency as a reference index, could evaluate the energy
conservation effect before and after dwelling retrofitting. With the payback period as the reference
index, the second-level evaluation could assess the overall economic efficiency of dwelling wall
retrofitting. An appropriate dwelling wall retrofitting scheme could be screened by integrating first-
level and second-level evaluation indexes. Then, this scheme was applied to evaluate the wooden
wall retrofitting scheme of a typical traditional dwelling in Yapan Village, Zhejiang Province, China.
It was discovered through a comparative analysis that if used to reconstruct dwellings in Zhejiang
and other places, the combined materials of XPS board and wood-bamboo could not only effectively
improve the energy efficiency but also has good economic efficiency. Meanwhile, problems such as
the condensation of wooden walls and their construction thickness could be solved by controlling the
material thickness. The above research is of guiding significance for the energy-efficient retrofitting
of traditional wooden dwellings in the hot-summer and cold-winter zone of China, and moreover, it
can provide reference for the energy-efficient retrofitting of traditional wooden dwellings in other
climate zones of China.

Keywords: wood structure; traditional dwelling; energy-efficient retrofitting; evaluation method

1. Introduction

With the rapid growth of building energy consumption in recent years, the green
building technology and theory have become a global focus. As reported by the Interna-
tional Energy Agency (IEA), global energy use has doubled since the 1970s [1]. In 2018, the
global building energy consumption accounted for 35% [2]. In China, the total commodity
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energy consumption of domestic buildings in service reached 1000 million tce in 2018, and
the carbon emission related to fossil energy consumption was 2100 million tCO2, where
the residential building energy consumption accounted for 46% [3]. A lot of energy policies
have been released in the international community to reduce building energy consumption
and carbon emissions [4].

With great stocks all over the world, residential traditional houses have poorer ther-
mal insulation performance relative to modern houses since they were restricted by the
construction technologies and materials and worn down by the years without repair. The
indoor thermal environment of residential traditional houses no longer meets the hous-
ing needs of contemporary people, so it is imperative to perform their energy-efficient
retrofitting. From the perspective of protecting traditional dwellings with historical value,
it is urgent to enhance the thermal insulation performance of such dwellings while main-
taining the architectural style as much as possible, regarding which global scholars have
carried out a lot of energy-efficient retrofitting evaluation and research work. To reduce the
energy consumption of historical buildings in Italy with the stock of historical buildings
accounting for 46% of the total building stock, Ascione et al. tested the effectiveness of
the energy-efficient retrofitting scheme for Italian historical buildings via Energy Plus
energy consumption simulation, and verified the feasibility of reconstruction measures
from an economic perspective, thus rendering reference for the energy-saving retrofitting
of historical buildings [5–7]. In Hungary, Sugáret al. [8] conducted a general survey on
traditional dwellings in Budapest, and proposed that the typology-based rapid evaluation
method could estimate the heating demand of buildings. In China, the stock of wood
structure-dominated traditional dwellings is large, with the main building materials be-
ing wood, bricks, and tiles [9]. Traditional wooden dwellings have been investigated in
the industry, including seismic performance [10], fireproofness [11], and indoor thermal
environment [12]. Against the global double-carbon background, it is especially important
to investigate the energy-efficient retrofitting on the premise of respecting the historical
values of traditional wooden dwellings, and the research within this field remains to be
further perfected.

The existing energy-efficient retrofitting measures for traditional dwellings include
active and passive energy-efficient retrofitting. Active energy-efficient retrofitting refers
to upgrading the lighting system, heating, ventilation, and air conditioning systems of
traditional dwellings, and moreover, solar photovoltaic systems can be introduced and
renewable energy sources can be utilized [13]. However, restricted to the considerations of
protecting the historical values of traditional dwellings, active energy-efficient retrofitting is
not always applicable to traditional dwellings. Passive energy-efficient retrofitting mainly
aims to optimize traditional dwellings themselves and further improve indoor thermal
environment and reduce building energy consumption. During the evaluation of green
buildings, although energy-efficient retrofitting plays a dominant part in active retrofitting,
passive energy-efficient retrofitting can provide effective and economic measures to reduce
energy consumption to the greatest extent, and moreover, it has aroused increasing attention
in the research on the energy-efficient retrofitting of traditional dwellings by virtue of low
investments and potential energy-efficient benefits [14].

The present passive energy-efficient retrofitting measures commonly applied to tra-
ditional dwellings mainly focus on reducing building energy consumption by improving
the thermophysical properties of building envelopes and enhancing their air tightness [14].
The main measures can be divided into two major types, and the first type is window
retrofitting in building envelopes of traditional dwellings. In most of the existing studies,
attention has been paid to improving the thermal insulation performance by enhancing
the air tightness of windows in order not to destruct the traditional residential style and
historical values. Han and Yang [15] strengthened heat prevention in summer and thermal
insulation in winter by replacing hollow glass and increasing the thermal resistance of
external building envelopes, and finally saved the energy consumption by over 50%, which
was a considerable energy conservation effect. However, Litti et al. [16] stated that the
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building energy consumption could be reduced through simply maintaining windows
of traditional dwellings and improving the window performance (e.g., replacing double
glazing), but the complete replacement of windows would not always bring the highest
energy-saving effect. According to the simulation results obtained by Ge et al. [9] by re-
placing the glass of traditional dwellings, this measure reached a poorer energy-saving
effect than other energy-efficient retrofitting measures (such as adding heat-insulating
plates on the inner surface of exterior wall). In the other studies on passive energy-efficient
retrofitting for traditional dwellings, the attention has been paid to how to improve the
thermal insulation performance of building walls, namely the second-type studies, includ-
ing the utilization of various thermal insulation materials and the improvement of the air
tightness of walls. Specific to building thermal insulation materials currently adopted at
home and abroad, Jelle [17] expounded their advantages and disadvantages as well as the
corresponding solutions, and explored new-type thermal insulation materials for build-
ings, thus laying a foundation for the follow-up energy-efficient retrofitting. Ge et al. [9]
explored external building envelope energy-efficient retrofitting technology commonly
applied to traditional wooden dwellings in southern China, and simulation results showed
that the energy efficiency of extruded polystyrene boards 10–80 mm in thickness could
reach 4.52%. To improve the indoor comfort of traditional dwellings in west Hunan, China,
Li et al. [18] added thermal insulating layers and Chinese fir boards in exterior walls,
floorboards, and floor slabs to elevate the thermal resistance of building envelopes. Liu
expressed that the original boards in traditional wooden dwellings were formed through
simple flat seam splicing, thus failing to meet the thermal design and the minimum thermal
resistance requirements, and poor thermal insulation and air tightness were important
reasons for the low energy efficiency of buildings [19,20]. The thermal insulation effect
of building envelopes can be enhanced by reference to the wall construction practice of
wooden dwellings in mountainous regions in northern Europe [21]. Based on double-
layer “respiratory” wall body, adding polyurethane insulation boards and high-density
fiberboards inside it can reach the thermal insulation effect while not destructing the ar-
chitectural features of the original wooden dwellings. Directing at traditional wooden
dwellings in southeast Guizhou, China, Li [22] put forward using new materials and new
technologies and fusing traditional wooden dwellings with new materials, modern crafts
and construction technologies based on reserving the traditional cultures and styles. With
traditional Miao stilted buildings as examples, structural insulated panels (SIPs) are used
in exterior walls, while light keel wood walls are used in interior walls, accompanied by
brushing of flame-retardant coating. Bianco [23] installed gypsum boards at the inner site
of historical building envelopes in Italy, and explored their thermal insulation potential
through experiments and field measurements.

In the above studies aiming to improve the thermal insulation performance of walls in
traditional wooden dwellings, the condensation phenomenon in humid environment or
that caused by thermal insulation materials has not been involved. In some studies, the
dampproof problem of walls has been noticed, and the energy-efficient retrofitting idea of
traditional wooden dwellings has been extended. Martín-Garín et al. [24] comprehensively
analyzed a series of internal insulation-based measures through hygrothermal simulations,
and then concluded that waterproof materials were requirements for guaranteeing the air
tightness of building envelopes. To facilitate traditional dwellings to adapt to the local
humid environment, Liu [19] used raised floors to avoid the direct floor-ground contact,
and the results showed that this construction measure could reduce the indoor humidity
and reach a certain moisture-proof effect. However, the condensation phenomenon of walls
in traditional wooden dwellings has been rarely investigated.

To sum up, the thermal comfort improvement and energy-efficient retrofitting of tradi-
tional dwellings have been extensively investigated, with the focus on the energy efficiency
of dwelling retrofitting. However, the economic efficiency has been scarcely evaluated,
not to mention the comprehensive evaluation research combining energy efficiency and
economic efficiency. “Energy-efficient retrofitting” was taken as a keyword and analyzed
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via CiteSpace at the time slice threshold of TOP23 to generate a visualized keyword map
based on “web of science”. It is revealed that the research on energy-efficient retrofitting of
traditional dwellings is the most closely related to performance, energy efficiency, consump-
tion, and thermal comfort. However, very few keywords related to economic analysis (cost)
have been involved in energy-efficient retrofitting (Figure 1). Qu and Ke et al. [25] pointed
out that almost no effort was made to define a sustainable and overall retrofitting strategy
from comprehensive perspectives of energy, cost, and thermal comfort in order to solve
challenges faced in historical building retrofitting. Therefore, it is crucial to investigate and
determine the best energy-efficient retrofitting measures for historical buildings. Moreover,
the influences of energy consumption and cost effectiveness on the integrity and thermal
comfort of historical buildings should be fully considered. In China, nearly 12,000 villages
with traditional village natures are summarized according to the investigation organized
by relevant provincial departments, and there are over 2 million natural villages at present,
including a lot of historical buildings reserved. Hence, it is nothing negligible to formulate
passive energy-efficient retrofitting measures for historical buildings based on protection
and reutilization. As for the low-tech energy-efficient retrofitting of traditional wooden
dwellings, it is urgent to solve the air tightness and condensation problems while enhanc-
ing their thermal insulation performance, and put forward a set of thermal-insulating,
dampproof, and economical comprehensive optimization schemes. Given this, passive
energy-efficient retrofitting was performed for a traditional dwelling in Jinhua City, Zhe-
jiang Province, China, in accordance with the Heritage Conservation Guidelines, trying to
improve the thermal insulation performance while maintaining the architectural style, so
as to improve the thermal comfort of houses. Then, a building energy consumption model
and an economic model were established through experiments and numerical simulations.
Next, the optimal energy-efficient retrofitting scheme was determined, expecting to provide
reference for similar research and practice.
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thermal comfort” field articles in Web of science.

2. Materials and Methods
2.1. Experimental Materials

To improve the air tightness and thermal insulation performance of traditional wooden
dwellings, locally commonly used XPS boards and bamboo-wood composite fiberboards
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were determined as thermal insulation materials of walls for energy-efficient retrofitting
based on the principle of economic applicability (Table 1). With a closed-cell honeycomb
structure, XPS boards were characterized by low water absorption, low heat transfer,
high crushing resistance, and aging resistance. In this experiment, XPS boards were
added between two layers of bamboo-wood composite fiberboards to enhance the thermal
insulation performance of the wall. Since the bamboo-wood composite fiberboards were
free from formaldehyde, no secondary pollution would be generated, and their service
life was long, generally reaching as long as 20 years. In addition, the material surface
texture, color, and size could all be customized, which was convenient for the adaptative
transformation and promotion of traditional dwellings based on “historic conservation”.

Table 1. Selection of retrofitting materials.

Scope of Application Advantage Disadvantage

Bamboo-wood composite fiberboard Indoor wall materials
Good dampproof effect, convenient
installation, and convenient size and

pattern customization

Proneness to deformation under
humid conditions, relatively fragile
material texture, not high hardness,

and easy scratching

XPS board Widely applied to building thermal
insulation design and transformation

High-cost performance, superior
thermal insulation performance

Thermal resistance of thermal
insulation material will be reduced

under humid conditions [26]

2.2. Method
2.2.1. Technical Route

Based on the conceptual framework developed by Ozarisoy et al. [27], this paper pro-
poses a set of evaluation methods for evaluating the suitability of energy-saving retrofitting
schemes for traditional wooden walls in wooden structures (Figure 2). First, information
and data such as indoor thermal environment of the building, the heat transfer coefficient
(HTC) of the wall, and personnel activity were acquired by means of field measurement and
investigation, which laid a foundation for the follow-up simulation analysis. Second, mod-
eling and simulation were conducted. To be specific, a simulation model was constructed
by combining measured data according to the specific retrofitting measures. Then, data
such as cooling energy consumption in summer, heating energy consumption in winter,
and annual energy consumption were obtained. Third, the energy-efficient retrofitting
work was evaluated. The second-level evaluation indexes were acquired according to
energy consumption simulation results and the transformed economic indexes, based on
which the optimized energy-efficient retrofitting scheme was given.
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2.2.2. Field Measurement and Investigation

To provide related data and information for the follow-up numerical simulation, the to-
be-retrofitted traditional dwelling should be measured on the field, with the measurement
contents mainly including the building size, the thermal parameters of building envelope,
indoor temperature and humidity, and the energy consumption of refrigerating rooms. The
measurement instruments and their test precisions are listed in Table 2. Next, an air tight-
ness test was conducted inside the building using the blower door air tightness test system,
and the indoor air temperature and humidity of main rooms in the building were measured
via temperature and humidity meters. After the to-be-used thermal insulation materials
were determined, the JTRG-I wall and glass thermal insulation performance detection
device (Figure 3) was used to measure indoor building envelope materials and thermal
insulation materials to obtain the corresponding thermophysical parameters. During the
field investigation, the electricity utilization conditions of actual air conditioning equip-
ment in the building and the residential work and rest status should also be investigated
and recorded.

Table 2. Testing instruments and parameter ranges.

Test Parameter Testing Instrument Measurement Accuracy

Indoor air temperature and humidity Memory-type hygrometer TES-1361C

Humidity ±3%RH
(25 ◦C, 20–80%RH)

Temperature ±0.4 ◦C
(+5–+60 ◦C)

Surface temperature of building envelope IR thermometer FLUK F59 ±2 ◦C
Air tightness Blower door air tightness test system (Blower Door) ±3%

Heat transfer coefficient JTRG-I wall and glass thermal insulation
performance detection device Cooling/heating box control precision: ±0.2 ◦C
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2.2.3. Numerical Simulation

Based on the above measured data, the energy consumption of each room in the
traditional dwelling was simulated using energy consumption simulation software (Ener-
gyPlus 9.5.0, the U.S. Department of Energy’s (DOE) Building Technologies Office (BTO),
The United States) EnergyPlus. First, a 3D parametric model was constructed with the
plug-in Grasshopper of Rhinoceros 3D geometric modeling tool. Then, a battery block
engine related to parameters such as indoor building envelopes, electrical equipment, and
time in Honeybee and Ladybug was built. Finally, the indoor energy consumption value
catering to the practical situation was obtained through simulation (Figure 4). The plug-in
Honeybee in Grasshopper was an EnergyPlus-based engine tool, which could quantita-
tively simulate the energy consumption of all kinds of buildings [28]. The parameters of
the simulation project included density, set cooling/heating temperature, composition of
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building elevation, lighting type and time schedule, and HVAC system. In addition, the
input parameters were calibrated through field survey and measurement.
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2.2.4. Two-Level Index Evaluation Method

(1) First-level index evaluation

Through investigating the ontological features of the traditional dwelling, the geo-
metric information, and the thermophysical parameters of the building envelope were
acquired, and a residential building energy consumption analysis model was constructed
accordingly via EnergyPlus. Based on the meteorological information of the dwelling place
in the typical meteorological year (TMY), the annual and quarterly energy consumptions
of each thermal-insulating energy-efficient retrofitting measure were simulated. Based on
the energy consumption data of the original building before retrofitting, the evaluation
indexes for the energy efficiency of dwelling wall retrofitting were given. On this basis, the
energy conservation effects of different energy-efficient retrofitting measures were compar-
atively analyzed, and the candidate wall retrofitting schemes were preliminarily evaluated
and screened.

(2) Second-level index evaluation

When the energy-efficient retrofitting scheme of the traditional wooden dwelling was
evaluated, its economic indexes should be considered in addition to its energy-saving
effect. Low-cost energy-efficient retrofitting measures are more popular, so it is necessary to
perform an economic analysis of energy-efficient retrofitting measures. Ge et al. proposed
that the economic analysis should include contents such as incremental cost, net present
value, and payback period [9]. When evaluating the economic efficiency of energy-efficient
retrofitting of this traditional dwelling, the payback period of construction investment
was taken as the evaluation index for the final screening and determination of candidate
wall retrofitting schemes for this traditional dwelling. The payback period is calculated as
per Equations (1) and (2). Incremental costs refer to direct and indirect cost expenditures
arising from retrofitting, including material costs, construction measure costs, mechanical
costs, and labor costs. All the data were derived from market surveys and were extracted
from relevant research literature, and then the total incremental cost of each retrofitting
measure was solved.

NPV =
n

∑
t=1

Ct
(1 + r)t − Co (1)
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∆Pt = (N − 1) +
|AN−1|

CN
(2)

where NPV, n, r, Ct, CO, ∆Pt, N, AN − 1 and CN stand for the annual net present value,
the calculation cycle, the discount rate, the cash flow in the year t, the initial incremental
investment cost, the dynamic investment payback period, the year with the cumulative
cash flow being positive for the first time, the cumulative net cash flows with the last
negative item, and the cumulative cash flow in the year N, respectively.

3. Case Study
3.1. Introduction of Traditional Dwelling Retrofitting Case

Traditional wooden dwellings are one of important buildings in Chinese traditional
buildings, with the main entrance generally facing the south, where timber beams and
timber columns serve as bearing structures, and bricks, stones, and earth as the main exte-
rior wall materials. From the angle of building layout, the traditional wooden dwellings
in northern and southern China are all dominated by a courtyard house layout. In this
research, the climate zone of this case was defined as a hot-summer and cold-winter zone.
In China, the hot-summer and cold-winter zone mainly refers to the middle and lower
reaches of the Yangtze River and surrounding areas, largely in the south of Longhai Rail-
way, the north of Nanling Mountains, and the east of Sichuan Basin. This zone covers
all parts of Shanghai, Chongqing, Hubei, Hunan, Jiangxi, Anhui and Zhejiang, the east
halves of Sichuan and Guizhou, the south halves of Jiangsu and Henan, the north half of
Fujian Province, the south end of Shaanxi and Gansu, and the north end of Guangdong
and Guangxi. Therefore, the hot-summer and cold-winter zone gathers the most developed
cities and provinces in China, being a zone having an important influence on China’s
development. In addition, buildings in the hot-summer and cold-winter zone are simulta-
neously faced with the thermal insulation problem in summer and the heat preservation
problem in winter, where the thermal comfort problem is relatively prominent. In the
concrete survey, a total of 18 historical villages in Zhejiang Province with the hot-summer
and cold-winter zone were randomly investigated (Table 3). The case involved various
regions inside Zhejiang Province. Rendetang in Yapan Village, Jinhua City in the middle
of Zhejiang Province with all values at median levels was selected as the analysis object
through deeply analyzing the traditional dwellings in each investigated village (Figure 5).
In Jinhua, the lowest temperature can reach −6 ◦C in winter, and the highest temperature
can reach about 40 ◦C in summer with a large amount of precipitation and distinct dry and
wet seasons, thus belonging to a typical hot-summer and cold-winter zone. Rendetang
is a typical two-story courtyard-type brick-wood structured traditional dwelling, and its
plane layout and main structure are typical and representative. In this research, the heat
preservation and insulation energy-efficient retrofitting of its wooden wall panels was
evaluated through measurement and simulation, and an optimal wall retrofitting scheme
was given, which could provide a reference for the energy-efficient retrofitting of traditional
buildings in other regions within Zhejiang Province. In the building, the three among
the four wall surfaces of the enclosure room are plank walls 20 mm in thickness, and the
other surface is brick wall 240 mm in thickness. A window is opened on the plank wall
and the other window is opened in the opposite brick wall. The ground texture is trinity
mixture fill (thickness: 240 mm). The floor slabs in the room on the second story are planks
25 mm in thickness. Chinese-style tiles are paved on the roof, which is structured from up
to bottom as Chinese-style tiles (thickness: 10 mm) + mortar (20 mm) + sheathing bricks
(18 mm). The first story of the building is a daily living space, and the second story mainly
serves as the storage space (Figure 6). Figure 7 shows the 3D models and field photos of
Rendetang. Having been long neglected and in disrepair, the interior and exterior walls are
both damaged to different degrees, which leads to poor thermal insulation performance
and air tightness of the building envelope. A common method used by local residents to
meet the needs for thermal comfort is installing air conditioners, but air conditioning energy
consumption is large. In this research, the main rooms in the building were measured using
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temperature and humidity meters. The measurement results (Figures 8 and 9) showed
that the indoor real thermal environment still had a way to go to catch up with the energy
conservation design standard currently in force.

Table 3. Survey table of traditional dwellings in some historical and cultural villages in Zhejiang.

S/N Village Name Region Quantity of Traditional
Dwellings

Proportion of Wooden
Structures

Proportion of Wooden
Structures

1 Chuijia Tian Village Lishui, Zhejiang 16 75.3% 4.2
2 Yapan Village Jinhua, Zhejiang 25 95.8% 4.1
3 Boutou Village Xianju, Zhejiang 23 95.7% 4.3
4 Andian Village Qingtian, Zhejiang 24 100% 3.8
5 Xiapu Village Tiantai, Zhejiang 37 86.5% 4.2
6 Ha Shi Zhuang Village Wencheng, Zhejiang 13 46.2% 4.1
7 Yuxi Village Shengzhou, Zhejiang 8 100% 3.7
8 Baheyang Shengzhou, Zhejiang 12 75% 3.8
9 Shangwu Village Shengzhou, Zhejiang 16 100% 4.1
10 Lakeside Village Suichang, Zhejiang 21 76.1% 4.4
11 Cao Ling Village Qingyuan, Zhejiang 46 78.3% 3.6
12 Daji Village Qingyuan, Zhejiang 34 94.1% 4.2
13 Arrow Ridge Village Fenghua, Zhejiang 47 55.3% 3.9
14 Gaoqian Village Xianju, Zhejiang 52 98.1% 4.3
15 Hongtang Village Dongyang, Zhejiang 26 87.6% 4.2
16 Po Tong Village Jinhua, Zhejiang 11 89.6% 4.6
17 Pak Fuk Yan Village Taishun, Zhejiang 15 100% 3.5
18 Tuan Shi Village Longyou, Zhejiang 13 97.8% 3.7
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Figure 9. Indoor humidity measurement of Rendetang (20 January 2021).

To further figure out the actual indoor thermal environment of Rendetang and the
thermophysical properties of its building envelope, measurement was repeated, and
the measurement data on 20 January 2011, were finally used for the simulation. The
data showed that the indoor temperature and humidity of the measured rooms were
10–14 ◦C and 60–80%, respectively, from 06:00 to 08:00 in the morning. Fu et al. [29] pro-
posed that the thermal comfort temperature in winter was 21.1 ◦C, the indoor relative
humidity should be kept within 30–40% in winter, and thus neither the temperature nor
humidity in the rooms reached the thermal comfort requirements of human body. Next,
the JTRG-I wall and glass thermal insulation performance detection device was utilized to
measure the original indoor plank walls, bamboo-wood composite fiberboards and XPS
boards, thus to obtain the corresponding thermophysical parameters (Table 4).
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Table 4. Measured thermal parameters of thermal insulation materials.

Structure Heat Transfer Coefficient
W/(m2·K)

Heat Conductivity
Coefficient W/(m·K) Thickness/(mm)

Original wooden wall panel 2.78 0.15 20
Bamboo-wood composite fiberboard 15.63 0.14 9

XPS board 1.73 0.03 20~60

3.2. Retrofitting Measures

To improve the thermal insulation performance of wooden wall panels in each bed-
room on the first story of Rendetang, the bamboo-wood composite fiberboard and XPS
board combined retrofitting scheme was adopted in this research to add an internal ther-
mal insulation layer in the wall body, namely, two bamboo-wood composite fiberboards
(thickness: 9 mm) were combined with XPS boards to form composite thermal insulation
materials (Figure 10c). XPS boards were embedded into the double-layer bamboo-wood
boards for the following reasons: The two materials are of good properties; the synthetic
material can be produced by mature technologies at present, and the XPS boards sealed
in the bamboo-wood composite fiberboards are relatively dampproof, thus giving full
play to the thermal insulation effect of the thermal insulation layer; the construction is
fast and convenient. In this research, comparative simulation experiments on the original
plank wall (Figure 10a), the double-layer bamboo-wood fiberboard scheme (XPS boards
not added) (Figure 10b), and the double-layer bamboo-wood composite fiberboard and
XPS board combined thermal insulation material (Figure 10c) were set to verify the thermal
insulation effect of the composite thermal insulation materials. As for the installation of
composite thermal insulation materials, metal components were arranged on the external
surface of thermal insulation materials and the timber keel of the original plank wall by
flexible means of bolt hanging. The real photos of composite thermal insulation materials
are displayed in Figure 10d.
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In Jinhua, which belongs to a hot-summer and cold-winter zone, the internal thermal
insulation mode can very easily trigger condensation especially in summer, thus leading
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to wall cracking, indoor temperature and humidity imbalance, etc., but the condensation
can be effective relieved through effective ventilation. Hence, a critical detail remaining to
be handled during wall retrofitting, that is, ventilation using the gaps between the planks
of the original plank wall. A 20 mm of air space is reserved between the internal thermal
insulation layer and the original plank wall, and the air permeating into the air space carries
away the water vapor adhered on the outer layer of the internal thermal insulation layer
via the gaps in the original plank wall. In this way, the condensation phenomenon of the
internal thermal insulation layer can be effectively mitigated, its service life is lengthened,
and meanwhile, the planks in the original plank wall are protected from decay due to
water accumulation.

The original window of the building is fixed lattice window without glass. As for
window retrofitting, the following aspects are mainly considered: the antique beauty of
windows is reserved; the air tightness and thermal insulation performance of windows
are enhanced; windows are openable, which is convenient for ventilation. Therefore, the
timber lattice is reserved in the window retrofitting, double glazing is installed at the side
close to the indoor space, and the thermal insulation effect is reached through the vacuum
layer in the double glazing. In addition, a ring of sealing strips is fixed at the outer edge of
double glazing to enhance the air tightness of windows (Figure 11). The whole window is
transformed into two openable windows, which are connected to mullions using hinges.
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3.3. Simulation Process

The simulation scheme was formulated according to the concrete energy-efficient
retrofitting measures via EnergyPlus. Then, an initial building energy consumption model
(without using any energy-efficient retrofitting technology) was established by combining
the field measurement and the actual construction drawings. To better evaluate the energy
consumption of this dwelling, the authenticity and reliability of energy consumption simu-
lation were improved under the following four scenarios. First, a total of six representative
bedrooms (Figure 6a) on the first story of the dwelling were chosen as the research objects.
To concretely display the influence of each energy-efficient retrofitting measure on the
building energy consumption, it was assumed that all the six bedrooms were equipped
with air conditioners of the same power. Second, the textures and dimensions of the build-
ing envelope and windows of the analysis object were defined and modeled according to
the original conditions and measured parameters (Table 5). Third, the building components
outside the analysis object were defined and modeled based on the original conditions.
Fourth, the most real energy consumption of indoor electrical equipment was reproduced
by introducing the work-rest schedule (Figure 12) of residents and the concrete power pa-
rameters of indoor electrical equipment. The parameter settings of simulated conditions are
listed in Table 6. With the cooling, heating, lighting, and equipment energy consumption
of the original building as the benchmark, the energy consumption in winter and that in
summer as well as annual energy consumption under different energy-efficient retrofitting
schemes were simulated.

Table 5. Measured thermal parameters of Rendetang.

Retrofitted Part Structure and Thickness (mm) Heat Transfer Coefficient (W/m2·K) Thermal Resistance R (m2·K/W)

Roof Chinese-style tile (10 mm) + lime mortar (20 mm) +
sheathing brick (18 mm) 0.58 0.47

Window Wooden frame 20 mm / /

Exterior wall Brick wall 240 mm
Thin plank wall 20 mm

2.04
1.11

0.04
0.62

Foundation Triple-combined soil (240 mm) 3.62 0.03
Floor slab Plank (25 mm) 0.74 0.62
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Table 6. Simulation scenarios and parameter settings.

Working Condition
Parameter Value

Indoor temperature setting Summer 26 ◦C
Winter 18 ◦C

Heating period From December 12 to 28 February in the next year
Cooling period From 15 June to 31 August

Air conditioning schedule See Table 7
Meteorological data Annual data of local typical climate

Air tightness 2.3 h−1
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Table 7. Energy-saving effects of different retrofitting measures.

Retrofitting Measure Summer kWh/Mon. Winter kWh/Mon. Annual kWh/Year Energy-Saving Rate

- 2221 5460 30,377 -
Double-layer bamboo-wood composite fiberboard 1809 4537 25,033 17.6%

Double-layer bamboo-wood composite fiberboard +
XPS board (2 cm) 1056 2827 15,270 49.7%

Double-layer bamboo-wood composite fiberboard +
XPS board (3 cm) 907 2481 13,317 56.2%

Double-layer bamboo-wood composite fiberboard +
XPS board (4 cm) 807 2250 12,027 60.4%

Double-layer bamboo-wood composite fiberboard +
XPS board (5 cm) 735 2085 11,099 63.5%

Double-layer bamboo-wood composite fiberboard +
XPS board (6 cm) 679 1963 10,404 65.8%

3.4. Simulation Results

Table 7 presents the average monthly energy consumption in winter and summer
and the annual energy consumption of the original building and the building retrofitted
through different energy-efficient retrofitting measures. To specify the relationship between
each retrofitting measure and the energy consumption under the original status more
intuitively, the energy-saving effects of different retrofitting measures were included into
the table for comparisons, with the energy efficiency expressed by Formula (3). In the
control experiment, a certain energy-saving effect was already achieved by adding the
double-layer bamboo-wood composite fiberboards compared with that before retrofitting,
but the energy-saving effect was poorer than that harvested by the scheme adding XPS
boards. Since the bamboo-wood composite fiberboards reduced the energy consumption in
rooms by enhancing the air tightness of plank walls, but its heat transfer coefficient was
relatively approximate to that of the original plank wall, then the thermal insulation effect
was not ideal enough.

R =
∆E
E
∗ 100% (3)

where R stands for the energy efficiency, is the difference value between the annual energy
consumption after retrofitting and that under the original status, and E refers to the annual
energy consumption under the original status.

It could be observed from the energy consumption data in Table 7 that after the
double-layer bamboo-wood composite fiberboards were added to the original building, the
energy-saving effect was improved by 17.6%, which was further enhanced after XPS boards
were installed. With the increase in the thickness of XPS boards, the energy-saving effect was
also gradually strengthened. In comparison to the scheme only installing the double-layer
bamboo-wood composite fiberboards, the energy-saving effect achieved by the retrofitting
scheme with the addition of 2 cm XPS boards was elevated by 32.1%. Nevertheless, the
increase rate of energy-saving effect was slowed down with the increase in the thickness
of XPS boards. Restricted by the structural thickness of the thermal insulation layer, the
maximum thickness of XPS boards was 6 cm, corresponding to the energy-saving effect
of 65.8%. The experimental results showed that the bamboo-wood composite fiberboard
vs. XPS board retrofitting scheme could significantly improve the energy-saving effect of
traditional wooden dwellings.

4. Evaluation and Discussion
4.1. First-Level Index Evaluation (Energy-Saving Effect)

Through the accuracy verification of this simulation scheme, the energy consumption
of No. 3 room installed with an air conditioner before dwelling retrofitting was simulated
(Table 8). The simulation results showed that the annual energy consumption of this
room was 5062.83 kWh, and the monthly average energy consumption in summer was
370.17 kWh and that in winter was 910 kWh. Since the electricity consumption in No. 3
room was independently measured with an ammeter, the actual energy consumption of
this room could be independently extracted and compared with the simulation result. It
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was discovered that the error rate of annual energy consumption was 6.94%, where the
error rate of single-month energy consumption in summer was 3.26% and that in winter
was 21.02%. Through analysis, the reason for the large error in winter was that the energy
consumption part by warming with coal and timber was also included, and thus the heating
energy consumption simulated was greater than the actual heating energy consumption.
As revealed by the above comparative analysis, the energy consumption simulated by
EnergyPlus was basically accurate and reliable.

Table 8. Comparison of real electricity consumption and simulated energy consumption of No. 3 room.

Simulated Energy
Consumption (kWh)

Actual Electricity
Consumption (kWh) Error Rate

Annual 5062.8 4734.2 6.94%
Each month in summer 370.1 358.4 3.26%
Each month in winter 910.0 751.9 21.03%

4.2. Second-Level Index Evaluation (Economic Efficiency)

In practical engineering, both energy efficiency and economic cost should be consid-
ered, including the labor cost added after energy-efficient retrofitting and the later-stage
maintenance cost. Therefore, the research group has fully mastered information such as the
price of thermal insulation materials through looking up relevant literature, consulting man-
ufacturers, and conducting market surveys. On this basis, the total cost of each retrofitting
measure and the cost of unit area (Table 9) could be further calculated. In actual projects,
the total cost of each retrofitting measure is about 1.2–1.5 times that of energy-saving
materials [30]. With Tables 6 and 8 combined, it could be seen that with the increase in the
thickness of XPS boards, the energy-saving effect was enhanced accordingly, but the cost of
unit area was also increasing. Investment payback period can quantify the returns of each
energy-efficient retrofitting measure, and moreover, it can intuitively display the estimated
time when the positive returns are reached. Therefore, the investment payback period
could be used as a second-level index to comprehensively evaluate the energy-saving effect
and the economy of each energy-efficient retrofitting scheme. According to Formula (2),
the annual return of each energy-efficient retrofitting measure could be calculated, which
was namely the product between the annual energy saved in comparison to the initial
energy consumption and the local electricity price. According to surveys, the present
electricity price is 0.508 ¥/kwh in Jinhua. Figure 13 displays the annual returns of different
energy-efficient retrofitting measures. It could be observed that all the 5 composite thermal
insulation materials would begin to generate returns after 5 years. For local villagers, the
most suitable retrofitting scheme could be selected according to the energy-saving effect
and the investment payback period.

The formulation of energy-efficient retrofitting measures is restricted by factors such
as energy-saving effect, retrofitting cost, and investment payback period. To optimize
and screen energy-efficient retrofitting measures combining various factors, the direct
influencing factors (energy efficiency, cost of unit area, and investment payback year) were
firstly listed (Table 10). The analysis results showed that although energy efficiency and
cost of unit area were positively correlated with the thickness of XPS boards, the investment
payback period could be reached the earliest when the thickness of XPS boards was 5 cm.

Table 9. Economic costs of different energy-efficient retrofitting measures.

Retrofitting Measure Material Cost ¥/m2 Total Cost ¥ Cost of Unit ¥/m2

Double-layer bamboo-wood composite fiberboard 68.8 32,758.8 82.6
Double-layer bamboo-wood composite fiberboard + XPS board (2 cm) 83.4 39,710.5 100.1
Double-layer bamboo-wood composite fiberboard + XPS board (3 cm) 92.1 43,853.1 110.5
Double-layer bamboo-wood composite fiberboard + XPS board (4 cm) 95.1 45,281.4 114.1
Double-layer bamboo-wood composite fiberboard + XPS board (5 cm) 99.1 47,186.1 118.9
Double-layer bamboo-wood composite fiberboard + XPS board (6 cm) 103.1 49,090.6 123.7



Buildings 2022, 12, 1017 16 of 20

Buildings 2022, 12, x FOR PEER REVIEW 19 of 24 
 

Table 9. Economic costs of different energy-efficient retrofitting measures. 

Retrofitting Measure 
Material Cost 

¥/m2 
Total Cost ¥ 

Cost of Unit 

¥/m2 

Double-layer bamboo-wood composite 

fiberboard 
68.8 32,758.8 82.6 

Double-layer bamboo-wood composite 

fiberboard + XPS board (2 cm) 
83.4 39,710.5 100.1 

Double-layer bamboo-wood composite 

fiberboard + XPS board (3 cm) 
92.1 43,853.1 110.5 

Double-layer bamboo-wood composite 

fiberboard + XPS board (4 cm) 
95.1 45,281.4 114.1 

Double-layer bamboo-wood composite 

fiberboard + XPS board (5 cm) 
99.1 47,186.1 118.9 

Double-layer bamboo-wood composite 

fiberboard + XPS board (6 cm) 
103.1 49,090.6 123.7 

 

Figure 13. Investment payback periods of different retrofitting measures. 

The formulation of energy-efficient retrofitting measures is restricted by factors such 

as energy-saving effect, retrofitting cost, and investment payback period. To optimize and 

screen energy-efficient retrofitting measures combining various factors, the direct influ-

encing factors (energy efficiency, cost of unit area, and investment payback year) were 

firstly listed (Table 10). The analysis results showed that although energy efficiency and 

cost of unit area were positively correlated with the thickness of XPS boards, the invest-

ment payback period could be reached the earliest when the thickness of XPS boards was 

5 cm. 

  

Figure 13. Investment payback periods of different retrofitting measures.

Table 10. Evaluation parameters under different energy-efficient retrofitting schemes in this case.

Retrofitting Measure Energy Efficiency Cost of Unit Area (¥/m2) Investment Payback Year

Double-layer bamboo-wood composite fiberboard 17.6% 82 13.07
Double-layer bamboo-wood composite fiberboard + XPS

board (2 cm) 49.7% 100 6.17

Double-layer bamboo-wood composite fiberboard + XPS
board (3 cm) 56.2% 110 6.06

Double-layer bamboo-wood composite fiberboard + XPS
board (4 cm) 60.4% 114 5.86

Double-layer bamboo-wood composite fiberboard + XPS
board (5 cm) 63.5% 118 5.82

Double-layer bamboo-wood composite fiberboard + XPS
board (6 cm) 65.8% 123 5.84

4.3. Relationship between Wall Thickness and Energy-Efficient Retrofitting

During the wooden wall retrofitting of dwellings, the wall thickness allowed to be
added for the thermal insulation wall retrofitting is restricted by a lot of factors, remaining
to be reasonably evaluated and set according to the wall structure. In addition to improving
the energy-saving effect and the indoor thermal comfort, it is also necessary to minimize the
impacts of wall retrofitting on the actual indoor use area. In this case, the original planks
of this dwelling were arranged along the center line of columns, which were 200 mm in
diameter, and a total of three columns were distributed along each wall surface in each room.
The internal surface of the plank showed a maximum vertical distance of 80 cm from the
structural wooden column, which could be fully utilized in retrofitting, and bamboo-wood
composite fiberboard and XPS board composites could be added. Although some indoor
area would be occupied in this case, this part of area was not fully utilized in actual use since
the locating place of indoor furniture was limited due to the columns protruding out of the
wall under the original use status, while the indoor wall surface became smoother after
retrofitting. Except the column base, furniture could be located along edges, so the actual
spatial use was not impacted. Therefore, the maximum thickness of composites was chosen
as 78 mm, with a mounting clearance of 2 mm reserved (Figure 14). During installation,
the outer edge of the composite was flush with the outer edge of the wooden column, and
rubber beads were used to fill in the joint between the composite and wooden column
to prevent water vapor from permeating the room. The retrofitted wall was flat, and its
thermal insulation performance was substantially improved. The construction of Chinese
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traditional dwellings is usually influenced by local construction technologies as well as the
construction materials. Since the timber diameter directly decides the column diameter, the
thickness of thermal insulation material should be reasonably adjusted according to the
wall thickness during wall retrofitting.
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4.4. Limitations and Further Research

This research is also subjected to some limitations, specifically manifested as follows:
First, the error between the actual energy conservation effect of retrofitting measures and
the simulation result needs to be further verified through the practical retrofitting and
measurement of concrete cases, thus giving the actual energy consumption after retrofitting
and obtain more accurate energy efficiency; second, the energy-efficient retrofitting of the
most common courtyard-type traditional dwelling (sample selection) was analyzed, but the
energy-efficient retrofitting of multi-courtyard and courtyard-free traditional dwellings was
not analyzed. In the follow-up research, the sample size can be further expanded so that
the retrofitting scheme is of broader application prospects. Meanwhile, this research mainly
aims to propose an evaluation method for the energy-efficient retrofitting of traditional
dwellings. The case conclusions drawn are not universally applicable but only applicable
to traditional wooden dwellings in the hot-summer and cold-winter zone of China. Hence,
this method should be reused to screen and determine suitable wall retrofitting schemes for
traditional dwellings in other climate zones or other different types of traditional dwellings.

The research on the energy-efficient retrofitting methods for Chinese traditional wood
walls and their evaluation further aims to guide the retrofitting and reutilization of Chi-
nese traditional dwellings so as to realize the sustainable development. Therefore, more
empirical researches should be carried out to further verify the applicability and energy
efficiency of this energy-efficient retrofitting method. In the meanwhile, multiple types of
thermal insulation materials should be comparatively analyzed to deeply verify the energy
conservation effect that can be reached by thermal insulation materials for walls. More
importantly, appropriate construction processes should be screened out to handle prob-
lems such as the wall construction thickness and the condensation of traditional wooden
dwellings, expecting to keep the historical features of traditional dwellings to the great-
est extent while improving the thermal comfort of buildings. Meanwhile, the research
group will extend the research on different types of traditional dwellings in different cli-
mate zones, thus providing a reference for the energy-efficient wall retrofitting of more
diversified traditional dwellings in more regions.
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5. Conclusions

To solve the poor indoor thermal comfort problem of traditional wooden dwellings
in hot-summer and cold-winter zone of China, a set of evaluation method for wooden
wall energy-efficient retrofitting was proposed in this research by combining the require-
ments for energy conservation, and economic and historical value protection. With a
traditional wooden dwelling in Jinhua, Zhejiang, as the analysis object, the proposed evalu-
ation method was used to comparatively analyze several feasible wooden wall retrofitting
schemes by means of field measurement and numerical simulation, and optimization
suggestions over wooden wall retrofitting of this dwelling were given. The study found
that, for traditional wooden dwellings in China’s hot summer and cold winter regions,
first of all, the bamboo-wood composite fiberboard + XPS board combined materials, if
applied to indoor wall retrofitting of bedrooms, can enhance the airtightness and thermal
insulation capacity of rooms, and the thermal insulation performance of the wall is further
strengthened with the increase in the thickness of XPS boards. Secondly, the condensation
problem and plank decay during interior thermal insulation retrofitting of the wall can be
solved by reasonably utilizing the original structure of the wooden wall in this historical
building (e.g., forming an air layer through the structural distance). Lastly, considering
the retrofitting cost and the actual structural wall thickness, the thickness of XPS thermal
insulation boards should be reasonably selected, so as to reach the comprehensive benefits
of saving energy sources and reducing the retrofitting cost. The poor thermal comfort
has become a common problem faced in the reutilization of Chinese traditional wooden
dwellings. From the analysis results, however, the heat preservation and thermal insulation
effect of dwellings can be substantially improved through appropriate wall retrofitting, so
as to reach the goal of energy conservation and emission reduction. More importantly, a
lot of traditional dwellings have not been effectively protected and utilized in China, and
such type of retrofitting is featured by a low cost and not great construction technology
difficulties. Therefore, this retrofitting scheme is expected to be widely applied in the
protection and reutilization of traditional dwellings and further realize the sustainable de-
velopment of historical heritages. This research provides an evaluation basis for optimizing
and screening the energy-efficient retrofitting schemes of traditional wooden dwellings
in hot-summer and cold-winter zone of China, and the research results are of scientific
significance for promoting the research on the energy conservation and carbon emission
reduction of traditional buildings.
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Nomenclature

HTC Heat transfer coefficient
XPS Extruded polystyrene board
SIPs Structural insulated panels
TMY Typical meteorological year
NPV Net Present Value
r Discount rate
Ct Cash flow in year t
CO Initial incremental investment cost
∆Pt The dynamic investment payback period
AN − 1 The cumulative net cash flows with the last negative item
CN the cumulative net cash flow of year N
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