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Abstract

:

Sustainable renovation is widely recognised as the optimal solution for the aging of residential buildings. Many aging rammed earth dwellings exist in the Hunan region of China. To guide these rammed earth dwellings to enhance their architectural quality while maximising the benefits from these activities in the environmental, energy, and economic domains, this study proposes a sustainable renovation approach which improves the construction tools, materials, processes, and the building features. In this study, we selected representative dwellings in the Hunan region for case renovation. In addition, the renovated dwellings are evaluated on three aspects: indoor physical environment, satisfaction questionnaire survey of owners and participants, and carbon emissions. The results show that the owners and participants are highly in favour of the sustainable renovation approach. The renovated homes also show improvements in the indoor environment, which can help reduce energy consumption. This study can provide a methodology for the sustainable renovation of aging rammed earth dwellings in Hunan and the other regions of China.
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1. Introduction


Climate change is a worldwide problem facing mankind today. The construction sector generates approximately 30% of the world’s greenhouse gas emissions [1,2,3,4]. China, as the world’s largest carbon emitter, is committed to reaching peak carbon emissions by 2030 and becoming a carbon-neutral society by 2060. In China, buildings are responsible for 25% of all carbon emissions [5,6,7]. The development of green building technologies and materials is an important measure to reduce carbon emissions in the construction sector [8]. Earth materials’ processing energy and carbon footprint are 3% and 9% of those of clay bricks and concrete, respectively, offering the advantages of environmental friendliness, low cost, and sustainability [9,10,11]. Moreover, earth materials are one of the oldest building materials widely used even today [12]. However, approximately 50% of the world’s population still lives in various forms of raw earth construction [13,14]. Raw earth construction in China can be traced back to the Yangshao culture, which has a history of 5000–6000 years. At present, at least 100 million people are still living in various forms of raw earth construction in China [15].



Rammed earth construction, as one of the most dominant types of raw earth construction, is widespread in China. Hunan Province, an important province in south-central China, has a long history of rammed earth construction (Figure 1). Rammed earth walls and houses were found in the Neolithic urban site discovered in 1979 in Chengtoushan, Changde. More than 2000 m of rammed earth walls built during the Song dynasty are still found near Sanjiaji in the northwestern part of Changsha. In addition, rammed earth dwellings are found throughout the province. The main rammed earth dwellings in the Hunan region were built in the 1970s–1980s, most of which have aged. These dwellings cannot functionally meet the living space needs of the residents. An increasing number of youths are unwilling to live in these buildings, resulting in many left-behind children and elderly people in the countryside. Moreover, there are even serious structural safety problems, such as cracked walls due to age and disrepair. Aging dwellings are also potentially dangerous to the lives of their occupants. At the end of their lifespan, the dwellings face two solutions: demolition and new construction or renovation. The process of building new dwellings might result in more greenhouse gas emissions than renovation. Renovation is one of the most effective measures to reduce CO2 emissions during the construction process. In addition, aging buildings are not only functionally unsatisfactory for the owner’s lifestyle but also have an increasing impact on energy demand and the environment. This, in turn, leads to the increased emission of greenhouse gases and contributes to climate change. The renovation of residential buildings is a sustainable approach to improve the quality of living in aging homes by effectively reducing unnecessary wastage of building resources and reducing CO2 emissions involved in the construction process.



Currently, extensive research is being conducted on the renovation of existing dwellings in various regions. Sustainable building renovation research has mainly focused on renovation techniques and renovation methods [16,17,18], drivers [19,20,21], and reviews [22,23,24] of building renovation. For example, López-Ochoa (2020) [25] used four insulation materials for four different heating and cooling systems in 10 different models for the energy renovation of residential buildings in cold Mediterranean regions. Ma (2021) [26] discussed the status of homeowner participation in energy retrofit projects in heating zones in northern China and suggested the following three areas of optimisation: steps and procedures for the participation process, composition of the working group responsible for contacting homeowners, and discussion of the content during the process. Khadra [27] developed a weighting factor approach for making sustainability decisions in building retrofitting and proposed a numerical system for comparing different renovation options using the case of Renobuild. Amoruso (2019) [28] used building information modelling and parametric environmental analysis tools to analyse the improvement in visual comfort in the sustainable renovation of a model apartment in Seoul, South Korea. D’Urso (2019) [29] used the parametric design and structural shape of a steel exoskeleton for the renovation of an earthquake-prone apartment building typical of the 1960s in Italy, proposing a holistic approach to sustainable building retrofitting in seismic areas. Hema (2017) [30] used WUFIPro software to study the wall humidity thermostatic efficiency of a representative building in Ouagadougou, describing vernacular architectural practices in Burkina Faso. XinyiHu (2021) [31] developed a framework for a combined active–passive retrofit for energy-efficient retrofitting of agricultural homes without benchmark buildings for farming, along with two months of environmental monitoring, and found that the retrofitting framework improves energy efficiency. Serrano-Jiménez (2021) [32] proposed an appropriate strategy for house retrofit selection and a multicriteria assessment and feasibility study related to the retrofit process based on two reference cases from Sweden. Despite adequate research, only a few studies have been conducted on the renovation of traditional Chinese rammed earth dwellings. Due to the existence of regional cultural and economic differences, the direct introduction of renovation techniques in China is difficult, especially in rural areas; these techniques vary considerably from region to region. Renovation materials also vary from one region to another. Therefore, it is not practical to directly use renovation methods adapted from other regions.



Sustainable building renovation provides an opportunity to address the current energy crisis and global warming challenges and is one of the most direct approaches to address the occupancy of aging buildings [33,34]. This paper presents an approach validated within a case study based on the aging problems observed in earth dwellings and proposes a sustainable renovation method for the existing aging rammed earth dwellings in the Hunan region, with improvements in dwelling functions, construction tools, construction materials, and construction processes. In addition, we select representative dwellings in Hunan region for case renovation. The renovated dwellings are evaluated in terms of factors such as indoor physical environment, satisfaction-questionnaire research of owners and participants, and carbon emissions. Exploring sustainable renovation methods applicable to aging rammed earth dwellings, especially in Hunan region, can contribute to energy-saving and the sustainable development of aging dwellings nationwide and act as a reference for the renovation of aging dwellings in other regions.




2. Methods


This study used a combination of quantitative monitoring, simulations, and qualitative analyses. The sustainable renovation of the framework of existing aging dwellings shown in Figure 2 involves the following two components: (1) proposal of renovation methods for existing residential buildings and (2) evaluation of residential renovation methods. The specifics include three steps. In the first step, the modern living requirements of the aging residential houses are solved. In response to the problem that the living function of the existing aging dwellings does not meet the daily needs of residents, we redesigned the floor plan to satisfy these needs, with the consideration of their original living habits, the local traditional culture, and the environmental conditions of their location. In the second step, the problem of renovation and construction of aging dwellings is solved. For the construction problems of cracked walls, room additions, and room alterations in these dwellings, we optimised traditional construction materials, construction tools, and construction processes considering material costs, material loads on the environment, construction efficiency, wall effects, and worker acceptance. In the third step, the proposed renovation framework is evaluated using a combination of qualitative and quantitative methods, such as quantitative monitoring and analysis of the indoor physical environment, qualitative analysis on the satisfaction questionnaires of owners and participants, and energy consumption of the renovated case dwelling during the construction phase.



2.1. Research Case


The research case was selected from a representative traditional rammed earth dwelling, located in Ansha Town, Changsha City, Hunan Province. This dwelling was built in the 1970s, with a construction area of 446 m2. The load-bearing structure of the dwelling was earth wall load-bearing. The roof was covered with traditional green tiles. The back of the dwelling had a hillside and the front had farmland with a good view of the landscape; the west side of the dwelling was connected to the main village road (Figure 3).




2.2. Qualitative Analysis


Quantitative analyses were used to improve the functional problems of the original dwellings as well as the construction materials, tools, and techniques of traditional rammed earth dwellings. In addition, quantitative analyses of the questionnaire survey were used to assess the satisfaction of owners with the renovated dwellings and participants’ evaluation regarding the renovation process by using the following five aspects: (1) residential function, (2) construction tools, (3) construction materials, (4) construction process, and (5) owner and participant satisfaction questionnaires.



2.2.1. Residential Function


The functions of this residential dwelling included a bedroom, kitchen, hall, bathroom, storage room, and pig pen (Figure 4). The owner was dissatisfied with the functions of the existing rooms; thus, we redesigned these functions to incorporate the owner’s living space needs. The optimisation of the dwelling’s function included functional capacity, durability and reliability, flexibility and adaptability [35], and the outdoor environment on and around the site. In addition, we accounted for the regional and cultural environment in which the dwelling was located, and the renovated dwelling was improved in function while maintaining the owner’s living habits and adapting to the distinctive local culture.



In the functional redesign of the dwelling, the residential needs of the owners, such as habits and lifestyles, architectural aesthetics, and adaptability to the local culture and climate, were completely considered. The excessive storage rooms and abandoned pig pen of the original dwelling were removed, and chess and study rooms were added. In addition, the bedrooms and hall on the north side were retained and were kept intact. They remain in use by the owners. The southern part was added with bedrooms and gates to create a traditional enclosed courtyard space, which aligned with the local culture.




2.2.2. Construction Tools


Construction tools directly affect the quality of the finished building and construction time. We investigated the construction tools of traditional rammed earth dwellings in Hunan and proposed improved construction tools using modern materials and means to improve construction efficiency and the quality of renovated dwellings. These improved tools can be reused, and the materials can be recycled without putting a load on the environment. To validate the functional quality of the improved tools, a comparative construction of the same rammed earth material was conducted using traditional and improved construction tools.




2.2.3. Construction Materials


The construction process of new buildings often consumes considerable new building materials, which increases CO2 emissions. Moreover, building material wastage causes resource wastage and increases the environmental load. In addition to water conservation, air pollution control, consideration of thermal impacts, and local infrastructure loads [36], our consideration of the construction materials included two aspects:



(1) Reuse of building material waste. The construction materials of old houses are mainly cedar wood, raw earth, and green tiles. These green construction materials are reused in the renovation of residential dwellings, which not only preserves the cultural memory of the old dwellings but also reduces the environmental load added by the construction materials.



(2) Improvement in wall materials. We previously studied the improvement in the constituent wall materials [37]. The water resistance of the material is improved for the Hunan region with abundant rainfall. The moisture content of the material influences the strength and construction efficiency of the wall. The craftsmen determine the moisture content of traditional raw soil materials based on their experience, and the results are often different for different people. In this study, the Takeme-10 soil moisture meter (measurement accuracy: ±3%) was used to perform 20 measurements at different depths for both traditional and modified rammed earth materials (Figure 5).




2.2.4. Construction Process


Traditional rammed earth dwellings are often constructed by craftsmen, owners, and neighbours, and require considerable labour. With a decrease in the number of workers engaged in rammed earth dwelling construction in Hunan and the departure of local youth, the difficulty of the traditional construction process has increased. By using improved construction tools, this study investigated traditional construction processes and enhanced them by considering construction efficiency, wall construction effects, and traditional construction habits, which can effectively increase the construction efficiency and final result.




2.2.5. Questionnaire Survey


Satisfaction with the renovated rammed earth buildings and the construction process were assessed using a questionnaire (Table 1). The results of the improved and practiced traditional rammed earth craftsmanship were investigated from the following four aspects: cultural environment, indoor environment, outdoor environment, and overall evaluation. The residents’ satisfaction regarding the improved traditional rammed earth craftsmanship was evaluated based on 13 regional cultural factors.





2.3. Quantitative Analysis


Quantitative analyses were conducted to explore the renovated dwellings for assessing physical indoor environment measurements and carbon emission in the process of residential renovation.



2.3.1. Objective Measurement


The indoor temperature and humidity of the bedroom of the renovated residential dwelling and those of the neighbours in the same location were monitored (parameters are shown in Table 2 and Figure 6). The selected test time was 28 August 2020, a day with typical summer climate characteristics and sunny weather. In addition, the indoor thermal environment of the renovated residential house was monitored on 6 September (Figure 7). The temperature and humidity meter automatically recorded the data of each test point at 1.5 m from the ground every 10 min, and the wind speed was selected as the average value of each test point every 30 min under natural ventilation for each room represented by each test point [38], as shown in Appendix A.




2.3.2. Objective Simulation


Simulation software PKPM Green Building and Energy Efficiency Series V3.3 [39] were selected to simulate the carbon emissions of the construction process for the original and renovated dwellings and adjacent brick dwellings, including the production, transportation, and construction stages of the building materials. The data are shown in Figure 8 and Table 3. According to Carbon Emission Calculation Standard for Buildings in China, the carbon emission equation for the production phase of building materials is as follows.


   C  s c   =   ∑   i = 1  n   M i   F i     



(1)




where: Csc is the calculated carbon emission of building materials production, Mi is the consumption of the ith major building material, and Fi is the carbon emission factor of the ith major building material.



The carbon emission calculation equation for the transportation phase of building materials is as follows.


   C  y s   =   ∑   i = 1  n   M i   D i   T i     



(2)




where: Cys is the carbon emission of the transportation process of building materials, Mi is the consumption of the ith main building material, Di is the average transportation distance of the ith building material, and Ti is the carbon emission factor per unit of weight of transportation distance under the transportation mode of the ith building material.



The carbon emission calculation equation for the construction phase of building materials is as follows.


   C  J Z   =    ∑ i n   (   E  j Z , i   E  F i   )   A     



(3)




where: CJZ is the carbon emissions per unit of floor area during the construction phase of a building, EjZ,i is the total energy use of the ith, and EFi is the carbon emission factor of the ith energy.






3. Renovation of the Rammed Earth Dwelling


This study conducted the sustainable renovation of an existing aging rammed earth dwelling in Hunan Province. The results of the sustainable renovation of the residential house indicated function improvement, construction tool improvement, construction material enhancement, and construction process improvement.



3.1. Function Improvement Results


The final renovation plan is shown in Figure 9. The renovated building was a single-story building with a 500 m2 courtyard, with the following individual room functions: bedroom, kitchen, dining room, study room, bathroom, and hall. No decorative paint was applied to the inner surfaces of the rammed earth walls of the new section, preserving the originality of the rammed earth building itself and the beautiful texture presented by the rammed earth walls. We adopted the reinforcement measure of yellow mud plaster for the preserved walls, which is both energy-saving and unified with the form of the new building. The overall building space was clearly layered and in harmony with the surrounding natural environment.




3.2. Construction Tool Improvement Results


Figure 10 shows a schematic of traditional ramming tools and their use in the Hunan region. Traditional ramming tools mainly include formwork, ramming hammers, tappers, shovels, mixing tools, and transportation tools. The power is often not sufficient for the whole process of traditional craftsmen ramming walls. After removing the mould in traditional rammed earth camping, the wall is in a wet state and the tapper is used to make the wall smoother and denser.



The improved ramming tool is shown in Figure 11. The improved construction tools are made of steel with 15 mm holes left in the formwork, which was held in place by mounting nuts and screws. The constructed moulds could be disassembled and reassembled to accommodate walls with different sizes and forms. The improved ramming moulds could be spliced to form an ‘L’ shape for ramming walls at corners, a ‘T’ shape for those at the intersection of vertical and horizontal wells, and a ‘—’ shape for the straight wall ramming. Through this form, in a version of the rammed earth to complete the moulds, the formwork could be moved vertically upward for the subsequent wall ramming. In addition, a pneumatic tamping machine, instead of the traditional craftsmen, was used to power the construction. This not only provided continuous and sufficient power but also reduced labour.



Table 4 compares the performances of the conventional and modified tools in construction walls. In terms of practical operation, as compared to the traditional tool, the improved tool showed a three times improved ramming force, two-and-a-half times improved ramming rate, and significantly better smoothness and shrinkage of the rammed wall. The improved tamping tool was significantly better than the traditional tamping tool in terms of efficiency, process, and effectiveness.




3.3. Construction Material Improvement Results


The percentage of materials used in the renovation process of the old dwelling is shown in Figure 12. We made full use of old materials. The reuse rate of green tiles and raw soil was more than 90%, and green tiles were used to build the floor pavement, while raw soil was used as garden soil and field soil. The reuse rate of fir, which can be reused as beams, rafters, and kitchen wall decoration, was over 80%.



Table 5 shows the statistics of the materials used in the renovation process of the residential dwelling. During the renovation process, we accounted for the eco-efficiency and environmental efficiency of the construction materials and used sustainable materials. The most frequently used materials were wood and green tiles, which can be reused. The main material used to build the walls was red clay, which was obtained from the hills near the dwelling, was free of cost, and could be used as soil for the fields after the wall was removed. The other materials were also bought from the market near the dwelling and were local materials, which also reduced the thermal carbon emissions involved in transportation.



Figure 13 shows the measurements of the moisture content of the traditional and improved rammed earth materials. The moisture content of the conventional rammed earth material was 24–30%, with a fluctuation of 17.5% and a standard deviation of 2.2627. The moisture content of the improved material was approximately 15% lower than that of the conventional material, and the fluctuation was 13% lower with a standard deviation of 2.12. The moisture content of the improved material was significantly lower than that of the conventional material, and the improved material was mixed more uniformly. This shows that the mixing effect of the improved tool was better than that of the conventional tool. In addition, the high moisture content of the traditional rammed earth material indicated that after constructing a part of the wall, it takes several days for the moisture content of the wall to decrease before the next construction can occur. This is one of the reasons for the low efficiency of traditional construction. Improving the material helps to speed up the construction process.




3.4. Construction Process Improvement Results


The traditional and improved rammed earth wall construction processes are shown in Figure 14. The traditional process involves mould installation, filling, ramming, mould removal, and wall patching. First, the hand-mixed rammed earth material is poured into the installed mould. Second, the wall is rammed using a rammer. The specific ramming is carried out in three stages: in the first stage, the ‘herringbone’ ramming method is used to compact the material layer; in the second stage, the ‘—’ ramming method of compaction is used; and in the third stage, ramming along the mould wall is performed. The improved wall tamping process was also conducted in three stages: in the first stage, the ‘herringbone’ ramming method was used to compact the material layer; in the second stage, the ‘homocentric square’ ramming method was used, where an inward spiral operation is conducted along the mould wall to completely compact the material layer; and in the third stage, ramming was conducted along the mould wall to ensure that the wall surface was compacted and flat.



Figure 15 shows the construction process of the renovated dwelling. Throughout the construction process, no construction material waste was generated. Both the owner and local residents participated in the construction process. The process could be easily learned, which facilitated the local residents to renovate their old dwellings themselves.




3.5. Assessment Results of the Renovation of Residential Dwellings


This study evaluated the sustainable renovation case. The evaluation results showed indoor physical environment measurements, a questionnaire survey, and energy consumption for the renovation process.



3.5.1. Indoor Physical Environment Measurement Results


Figure 16 shows the indoor and outdoor temperature and humidity monitoring results of the renovated and neighbouring residential dwellings. The average temperatures in the renovated residence, neighbouring residence, and outdoors were 28.99, 29.39, and 33.70 °C, with fluctuations of 1.1, 1.1, and 2.1 °C, respectively. The maximum and minimum bedroom temperatures in the renovated dwelling were lower than those in the neighbouring dwelling and outdoors. The average humidity in the renovated dwelling, neighbouring dwelling, and outdoors were 72.96%, 77.12%, and 57.72%, with fluctuations of 9.7%, 9.3%, and 17.00%, respectively. To exclude the effect of natural ventilation on indoor temperature and humidity, the windows of the monitored rooms in both renovated and neighbouring dwellings were closed during the monitoring period, resulting in higher indoor humidity than outdoor humidity in both dwellings.



The average temperatures of test points A, B, G, I, and H were 31.58, 28.99, 42.15, 29.54, and 29.944 °C, respectively, and the maximum temperatures were 32, 29.3, 45.2, 30.2, and 30.5 °C. At a maximum outdoor temperature of 45.2 °C, the room temperature was 13.2 °C lower than the outdoor temperature (Figure 17a). The average humidity values at test points A, B, G, I, and H were 45.216%, 59.88%, 30.372%, 56.868%, and 57.372%, respectively, with humidity fluctuations varying as 5.7%, 4.9%, 21.9%, 11.6%, and 11.1% (Figure 17b). The average wind speeds at test points C, G, J, B, F, H, and I were 0.91071, 0.35286, 0.10786, 0.24357, 0.02214, 0.05357, and 0.20214 m/s, respectively (Figure 17c). The average temperature of the wall surfaces in each room was below 27 °C (Figure 17d).



The average temperature and fluctuation of each room in the renovated dwelling were significantly lower than those outdoors. The average temperature of the wall surface inside each room was below 27 °C. The renovated dwelling exhibited good insulation performance. In addition, the humidity at test points A (bedroom 1), B (study room), and G (bedroom 3) was within the comfortable range, while that at test point G (chess room 1) required improvement. This indicates that renovating a residential house can effectively improve the humidity of the room. The indoor ventilation in each room of the renovated dwelling was poor during the monitoring period. This is partly related to the relatively low natural wind speed on the day of monitoring and partly indicates the need for improvement in the window locations, window sizes, and other ventilation openings.




3.5.2. Questionnaire Results


We collected 107 valid questionnaires to assess the satisfaction of the improved rammed earth building and construction process. There were 10 items with a satisfaction value exceeding 1.00 (the three factors of indoor temperature, ventilation, and lighting were selected for research in winter and summer, and in this study, the overall satisfaction evaluation of residents in summer and winter was taken as the research result) and two items with a satisfaction value close to 1.00. Only one item, the convenience of daily life, had a satisfaction value of 0.70 (Table 6). This indicates that the renovation of traditional rammed earth dwellings is generally accepted by the residents.




3.5.3. Carbon Emission


The simulation results of carbon emissions during the construction of original and renovated dwellings and the neighbouring brick dwelling were analysed as shown in Figure 18. The total carbon emission from the production, transportation, and construction of the renovated dwelling was 216.97 t, which is 23.16% less than that of the neighbouring brick dwelling. The carbon emissions of the renovated rammed earth dwelling were 83.7% lower than those of the brick dwelling in the transportation stage and lower than those of both the original dwelling and brick dwelling in the production and construction stages of the building materials. This indicates that the renovated dwelling effectively reduced CO2 emissions during the construction material phase.






4. Discussion


The problem of global warming has highlighted the importance of reducing greenhouse gas emitted from the construction industry by using methods, such as developing green building technologies and materials to reduce carbon emissions during the life cycle of buildings, which is a challenging task, especially in China, where buildings account for 25% of total carbon emission. Moreover, a minimum of 100 million people in China still live in various forms of raw earth buildings. These raw earth dwellings are aging and face functional homogeneity and serious structural safety problems. In this situation, sustainable renovation methods are necessary to improve the quality of these aging dwellings and reduce CO2 emissions during building construction. This study proposed a sustainable renovation method for the existing aging raw earth dwellings in Hunan Province. The renovation method was proposed and performance was assessed for typical traditional raw earth dwellings in Hunan region for achieving a healthy environment, satisfaction, and low carbon emission in terms of room function, construction materials, construction tools, and techniques.



This study showed that the existing aging raw earth dwellings can be renovated in a sustainable manner by redesigning room functions and improving construction materials, tools, and techniques. Improved wall construction materials have a highly uniform and low moisture content. In addition, optimised construction tools allow excellent wall construction and optimized construction processes for different wall shapes, further improving the construction efficiency and reducing carbon emissions. The owners’ acceptance of the renovated house is considerably high. The interior physical environment of the renovated houses is better than that of the adjacent houses due to the excellent thermal properties of the raw earth materials. In addition, the renovated house uses considerable waste materials from the old house, and the amount of carbon emitted during the transportation stage of the building materials for this house is 83.7% lower than that for the brick-and-mortar house. During the renovation process, no construction material waste was generated. This renovation method can be easily used for the construction of almost all existing aged raw earth dwellings in Hunan Province and other regions. However, in practical application, the structure of raw earth dwellings in areas with severe seismic hazards must be focused on.




5. Conclusions


Sustainable building renovation is an opportunity to address the current energy crisis and global warming challenges and is one of the most direct ways to address the occupancy of aging buildings. This paper proposes a method for the sustainable renovation of existing aging rammed earth dwellings in the Hunan region. The renovation of the dwellings includes four aspects: plan function, construction tools, construction materials, and construction process. We selected representative dwellings in the Hunan region for the renovation of actual cases. The renovation cases were also evaluated from three aspects: indoor physical environment, satisfaction questionnaire, and CO2 emission. The results indicated that the sustainable renovation approach was highly accepted by the owners and participants and was effective in reducing CO2 emissions during the building material phase. This contributes to the low-carbon sustainable development of aging homes in Hunan and other regions.



	(1)

	
The sustainable renovation method was successfully used to renovate aging rammed earth dwellings in Hunan Province. The floor plan function of the renovated dwelling maintains the owner’s living habits and local cultural customs, and meets their living needs. The improved tools can accommodate the construction of walls with different sizes and forms. These tools are significantly better than the traditional ones in terms of power duration and effectiveness. The construction materials make full use of waste materials from old homes, including green tiles, raw earth, and wood. The renovation materials were selected from local materials, effectively reducing costs and carbon emissions incurred during the transportation of building materials. In addition, the improved rammed earth wall materials have a more uniform and lower moisture content, which increases the construction efficiency. The improved construction process also contributes to the integrity of the wall and the construction results.




	(2)

	
The assessment results of the renovated houses show that the average indoor temperature of the renovated houses is lower than that of the neighbouring and outdoor dwellings. The indoor humidity fluctuations are also lower than those of the neighbouring and outdoor dwellings. The results of the owner and participant questionnaires indicate that the renovation method is generally accepted by the residents. The carbon emissions caused by the production, transportation, and construction phases of the renovated homes are lower than those caused by the brick homes.




	(3)

	
The actual project and evaluation results show that the proposed sustainable renovation method can effectively address the aging problem of rammed earth dwellings in Hunan. However, this study has some shortcomings. In the proposed renovation method, diverse measures to reduce carbon emissions, such as heating, ventilation, air conditioning system optimisation, increasing the area of green vegetation, and using renewable energy, were not completely considered. There was also no analysis of the carbon emissions in the operation and recycling phases of the renovated residential houses. These will be studied in detail in the future.
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Table A1. The individual rooms represented by each test point.






Table A1. The individual rooms represented by each test point.





	Test Points
	Room/Room Location





	A
	Chess room 1



	A1
	Exterior wall surface of chess room 1



	A2
	Inside surface of the exterior wall of chess room 1



	A3
	Inside surface of the inner wall of chess room 1



	B
	Bedroom 1



	B1
	Exterior wall surface of bedroom 1



	B2
	Inside surface of the exterior wall of bedroom 1



	B3
	Inside surface of the inner wall of bedroom 1



	C
	Porch



	D
	Bedroom 2



	E
	Chess room 2



	E1
	Exterior wall surface of chess room 2



	E2
	Inside surface of the exterior wall of chess room 2



	E3
	Inside surface of the inner wall of chess room 2



	F
	Bathroom



	G
	Courtyard



	H
	Study room



	I
	Bedroom 3



	I1
	Exterior wall surface of bedroom 3



	I2
	Inside surface of the exterior wall of bedroom 3



	I3
	Inside surface of the inner wall of bedroom 3



	J
	Central room



	J1
	Exterior wall surface of central room



	J2
	Inside surface of the exterior wall of central room



	J3
	Inside surface of the inner wall of central room



	K
	Bedroom 4



	K1
	Exterior wall surface of bedroom 4



	K2
	Inside surface of the exterior wall of bedroom 4



	K3
	Inside surface of the inner wall of bedroom 4



	a
	Raw earth dwelling bedroom temperature



	b
	Outdoor temperature



	c
	Brick and concrete dwelling bedroom temperature



	d
	Raw earth dwelling bedroom humidity



	e
	Outdoor Humidity



	f
	Brick and concrete dwelling bedroom humidity
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Figure A1. (a) Indoor temperature statistics of renovated dwelling and neighboring dwelling. (b) Indoor temperature statistics of renovated dwelling. (c) Indoor humidity statistics of renovated dwelling. (d) Indoor humidity statistics of renovated dwelling and neighboring dwelling. (e) Indoor wind speed statistics of renovated dwelling. (f) Indoor ventilation statistics of renovated dwelling. 
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Figure 1. Location of Hunan area in China and old rammed earth dwellings. 
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Figure 2. Renovation of the existing dwelling framework. 
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Figure 3. Location and status of renovation cases in Hunan Province, China. 
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Figure 4. Floor plan of the aging residence. 
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Figure 5. Instruments and construction materials used for testing materials’ moisture content. (a) Soil moisture measuring instrument. (b) High efficiency vertical mixer. (c) Traditional rammed earth materials. 
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Figure 6. Physical environment monitoring instruments. (a) Testo 175H1 temperature and humidity monitoring instrument. (b) Testo 0435 wind speed monitoring instrument. 
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Figure 7. Indoor physical environment monitoring points. 
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Figure 8. Computer model of the dwelling model. 
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Figure 9. (a) Floor plan of the renovated dwelling. (b) Perspective view of the renovated dwelling. (c) The roof frame of the renovated dwelling. (d) The model effect of the renovated dwelling. (e) The facade of the renovated dwelling. (f) The gate of the renovated dwelling. 
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Figure 10. Schematic of traditional ramming tools and their use in Hunan region. (a) Ramming templates and ramming templates size. (b) Repairing walls with tapper. (c) Ramming hammers and ramming hammers size. (d) Tapping walls with tapper. (e) Tappers and tappers size. (f) Pouring material into the ramming template. 
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Figure 11. Improved ramming tools and production process. (a) ‘—’ shape formwork and ‘—’ shape formwork size. (b) Making moulds. (c) ‘T’ shape formwork and ‘T’ shape formwork size. (d) Air compressed. (e) ‘L’ shape formwork and ‘L’ shape formwork size. (f) Demonstration of the improved tool. 
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Figure 12. Percentage of materials used in the renovation process of the old dwelling. 
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Figure 13. Moisture content measurements of the traditional and improved rammed earth materials. 
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Figure 14. (a) Corner ‘staggered lap’ method. (b) Integral ramming method. (c) Traditional wall ramming method. (d) Improved wall ramming method. 
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Figure 15. The construction process of renovated dwellings. (a) Foundation construction. (b) Column-in-wall construction. (c) Column-in-wall construction. (d) Wall corner construction. (e) Moulds installation. (f) The intersection of the new wall and the old one. (g) Wall construction. (h) Renovated dwellings. 
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Figure 16. (a) Indoor and outdoor temperature and humidity monitoring results of renovated and neighbouring residential dwellings. (b) Indoor and outdoor temperature and humidity statistical analysis of renovated and neighbouring residential dwellings. 
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Figure 17. (a) Statistical analysis of temperature at each monitoring point. (b) Statistical analysis of humidity at each monitoring point. (c) Statistical analysis of wind speed at each monitoring point. (d) Statistical analysis of wall temperature at each monitoring point. 
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Figure 18. Carbon emissions during the construction of original and renovated dwellings and adjacent brick dwellings. (a) Building materials production stage. (b) Building material transportation stage. (c) Construction stage. (d) Old dwelling. (e) Renovated dwelling. (f) Brick and mortar dwelling. 
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Table 1. Questionnaire of residents’ opinions on the renovated residential dwellings and construction techniques.
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Local Cultural Factors

	
Proportion

	
Remarks






	
Cultural environment

	
Do you support the improvement of traditional craftsmanship to better suit modern needs?
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−1: Not supportive; −1: Not very supportive 0: Neutral: 1: More supportive; 2: Supportive




	
Are you satisfied with the improved traditional rammed earth techniques?
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−2: Dissatisfied; −1: Not very satisfied; 0: Moderate; 1: More satisfied; 2: Very satisfied




	
Do you think the renovated rammed earth building can achieve harmony between traditional habits and modern life?
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−2: Cannot; −1: Should not; 0: Not sure; 1: Should be able; 2: Definitely able




	
Indoor environment

	
Are you satisfied with the indoor temperature conditions in summer/winter?
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−2: not satisfied; −1: not very satisfied; 0: moderate; 1: more satisfied; 2: very satisfied




	
Are you satisfied with the indoor ventilation in summer/winter?




	
Are you satisfied with the indoor lighting conditions in summer/winter?




	
Do you think the renovated rammed earth building is convenient for your daily life?
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−2: inconvenient; −1: not very convenient: 0: moderate; 1: more convenient; 2: very convenient




	
Outdoor environment

	
Are you satisfied with the shape of the renovated rammed earth building?
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−2: not satisfied; −1: not too satisfied; 0: moderate; 1: more satisfied; 2: very satisfied




	
Do you think the improved rammed earth buildings fit in with the existing village environment?
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−2: not a good fit; −1: not too good a fit; 0: moderate; 1: better fit; 2: very good fit




	
Do you think the improved rammed earth buildings fit in with the cultural characteristics of the region?




	
Overall evaluation

	
Are you satisfied with the overall condition of the renovated rammed earth buildings?
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−2: not satisfied; −1: not too satisfied; 0: moderate; 1: more satisfied; 2: very satisfied




	
Do you think the renovated rammed earth buildings can promote cultural heritage?

	
 [image: Sustainability 14 06748 i001]

	
−2: Cannot; −1: Should not; 0: Not sure; 1: Should be able; 2: Able




	
Do you support the promotion of the renovated rammed earth buildings?
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−1: Do not support; −1: Do not support 0: Neutral: 1: More support; 2: Support
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Table 2. Test instruments and their parameters.
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	Test Parameters
	Test Instrument
	Measuring Accuracy
	Measuring Range





	Air temperature and humidity
	Testo 175H1 thermohygrometer
	±0.4 °C ± digit

±2% RH (2–98% RH)
	−20 ± 55 °C

0–100% RH



	Wind speed
	Testo 0435 thermal anemometer
	±0.03 m/s +5% of reading
	0–20 m/s



	Wall temperature
	Infrared thermometer
	±1.5 °C/±1.5%
	−50–950 °C
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Table 3. Carbon emission statistics for the production and transportation phases of building materials.
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Production Stage

	

	
Transport Stage

	

	




	
Num

	
Building Materials

	
Production Factor (tCO2e/t)

	
Transportation Method

	
Transport Factor tCO2e/(t km)

	
Transportation Distance






	
1

	
Cement mortar

	
0.002510

	
Light duty gasoline truck

	
0.000334

	
10.00




	
2

	
Red loam soil

	
0.139000

	
Light duty gasoline truck

	
0.000334

	
1000.00




	
3

	
Pine, wood, spruce (vertical wood grain in the direction of heat flow)

	
20.887440

	
Light duty gasoline truck

	
0.000334

	
50.00




	
4

	
Rock wool board

	
0.002510

	
Light duty gasoline truck

	
0.000334

	
10.00




	
5

	
Insulation metal profile multicavity seal Kf = 5.0 W/(m2 K) frame area 20%

	
1.130000

	
Light duty gasoline truck

	
0.000334

	
30.00




	
6

	
6 transparent + 12 air + 6 transparent

	
0.254000

	
Light duty gasoline truck

	
0.000334

	
30.00




	
7

	
Wood (plastic) frame single solid door

	
3.600000

	
Light duty gasoline truck

	
0.000334

	
30.00




	
8

	
Block tile

	
0.002510

	
Light duty gasoline truck

	
0.000334

	
10.00




	
9

	
Plus grass clay (ρ = 1400)

	
0.139000

	
Light duty gasoline truck

	
0.000334

	
50.00




	
10

	
Wood chipboard

	
0.139000

	
Light duty gasoline truck

	
0.000334

	
100.00




	
11

	
Pine, wood, spruce (heat flow direction with wood grain)

	
0.126000

	
Light duty gasoline truck

	
0.000334

	
40.00




	
12

	
Fine stone concrete

	
0.002510

	
Light duty gasoline truck

	
0.000334

	
10.00




	
13

	
Compacted clay (ρ = 1800)

	
0.132620

	
Light duty gasoline truck

	
0.000334

	
100.00




	
14

	
Aerated concrete block B07

	
0.250000

	
Light duty gasoline truck

	
0.000334

	
100.00




	
15

	
Reinforced concrete

	
0.126000

	
Light duty gasoline truck

	
0.000334

	
100.00




	
16

	
Extruded polystyrene foam board

	
20.887440

	
Light duty gasoline truck

	
0.000334

	
100.00




	
17

	
Light aggregate concrete clear pounding

	
0.126000

	
Light duty gasoline truck

	
0.000334

	
100.00
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Table 4. Comparison of the performances of conventional and improved tools in construction walls.
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	Type
	Ramming Force
	Ramming Speed
	Wall Effect
	Ramming Effort
	Corner Effect
	Shrinkage
	Construction Process
	Ramming Times





	Traditional
	1.5 MPa
	25 h/m2
	Dense
	Simple
	Rough wall
	0.06%
	Need tapping
	three times



	Improved
	4.5 MPa
	10 h/m2
	Dense
	Difficult
	Dense wall
	0.03%
	Need tapping
	three times
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Table 5. Statistics of materials used in the renovation of the residential dwelling.
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	Structure
	Materials
	Size
	Quantity
	Price/RMB





	Tile roof
	Green tile
	300 × 240 mm
	18,043.00
	4.15



	
	Small Green Tile
	180 × 200 mm
	78,187.00
	0.55



	Roof beams and bracing
	Fir
	150 × 150× 4500 mm
	10.00
	141.75



	
	Fir
	150 × 150 × 5500 mm
	10.00
	173.25



	
	Fir
	200 × 300 × 8500 mm
	2.00
	700



	
	Fir
	100 × 100 × 3000 mm
	8.00
	42



	
	Fir
	100 × 100 × 3500 mm
	13.00
	49



	
	Fir
	100 × 100 × 6000 mm
	4.00
	84



	Roof boarding
	Fir
	100 × 15 × 5500
	170.00
	50



	
	Fir
	100 × 15 × 4500
	170.00
	42



	
	Fir
	100 × 15 × 3500
	120.00
	33



	
	Fir
	100 × 15 × 2000
	70.00
	19



	Column in wall
	Fir
	Φ 200 mm, 3500 mm
	10.00
	80



	Goalposts
	Fir
	Φ 200 mm, 5500 mm
	4.00
	100



	
	Fir
	Φ 200 mm, 3000 mm
	4.00
	70



	Beam in wall
	
	Φ 150 mm, 6000 mm
	4.00
	100



	
	
	Φ 150 mm, 4500 mm
	4.00
	70



	Wall
	Red clay
	—
	50 m3
	0



	
	White Cement
	—
	3.56 m3
	750/t



	
	Lime
	—
	3.56 m3
	500/t



	Bathroom wall
	Tile
	—
	85 m2
	20



	Bedroom floor
	Anticorrosion wood
	5500 × 200 × 15 mm
	61.00
	41



	
	Anticorrosion wood
	4500 × 200 × 15 mm
	45.00
	34



	
	Anticorrosion wood
	5000 × 200 × 15 mm
	72.00
	38



	Corridor
	Anticorrosion wood
	5000 × 200 × 15 mm
	27.00
	38



	
	Anticorrosion wood
	4500 × 200 × 15 mm
	20.00
	34



	Floor tile
	Green brick
	240 × 120 × 60 mm
	4325
	2
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Table 6. Satisfaction of the renovated raw earth dwelling.
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Type

	
Regional Culture

	
Index

	
Satisfaction






	
Cultural Environment

	
Support for improved ramming process

	

	
1.04




	
Satisfaction with improved rammed earth process

	

	
0.94




	
Harmony between traditional habits and modern life

	

	
1.03




	
Indoor Environment

	
Satisfaction with indoor temperature

	
Summer

	
1.01




	
Winter

	
0.84




	
Satisfaction with indoor ventilation

	
Summer

	
1.38




	
Winter

	
1.08




	
Satisfaction with indoor lighting

	
Summer

	
1.28




	
Winter

	
1.01




	
The convenience of daily life

	

	
0.70




	
Outdoor Environment

	
Satisfaction with architectural style

	

	
1.02




	
Degree of compatibility with the existing

	

	
1.10




	
village environment

	

	
1.41




	
Overall Evaluation

	
Satisfaction with the overall situation

	

	
1.29




	
Promotion of cultural heritage

	

	
1.14




	
Degree of support for the promotion

	

	
1.10
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