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Abstract

:

Retrofitting buildings to achieve improved levels of energy performance is a key strategy in the transition to a low-/net zero carbon future. In China, there has been an enormous growth in residential construction in recent decades in response to the country’s economic development and population growth. However, although these buildings are structurally solid and have long functional life spans, most have very poor thermal performance. Therefore, they would be very suitable for energy retrofitting. Because of the variety of retrofitting options, it is important to review the retrofit measures, regulations and possible outcomes to find effective, long-term solutions that strike a balance between the energy saved, the carbon emitted and the financial costs over a building’s lifetime. This paper reviews suitable retrofit measures for the hot summer–cold winter region of China, because this is an area with huge numbers of residential buildings that are suitable for energy retrofitting. The study explores the current conditions of targeted residential buildings, retrofit schemes, building regulations, and policy gaps towards achieving China’s 2060 carbon neutrality goal. The review indicates that current mandatory building energy regulations in this region are not ambitious enough to achieve a significantly lower carbon future, and one-step deep Passivhaus retrofit schemes are recommended to achieve decarbonization goals.
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1. Introduction


Improving the energy efficiency of buildings is a potential way to mitigate climate change, because the building sector has been a major energy consumer and contributor to greenhouse gas emissions. The International Energy Agency stated that buildings, together with the construction industry, consume about 30% of global energy production and are responsible for approximately 27% of global carbon emissions [1]. It is also illustrated by the IEA that all new buildings, and 20% of the existing building stock, need to be highly energy efficient by 2030 to achieve a net zero emission scenario by 2050 [2].



China is the biggest energy consumer in the world, and is responsible for about 26.5% of the world’s primary energy consumption [3]. The building sector in China accounts for 45.5% of the country’s yearly national energy consumption and is responsible for around 50.9% of national carbon emissions [4]. This suggests that changes in the building sector are particularly urgent for China. However, it is also challenging, since China is still undergoing urbanization and, together with the increasing expectation of thermal comfort, Chinese building operational energy consumption has been experiencing a rapid growth in many regions.



It is essential for new buildings to be built with a high level of energy performance, since this will affect the energy consumption in the following decades. In China’s context, although the new construction area is expanding every year, the existing building stock had reached 69.6 billion square meters in 2020 [5]. More than 90% of these existing buildings have poor energy performance, including many of those that were built in recent years [6]. Their inadequate energy performance has placed tremendous pressures on energy resource conservation, such that retrofitting these existing buildings to improve their energy performance is a solution to moderate this pressure and make efforts towards more sustainable building development [7]. The Chinese Ministry of Housing and Urban–Rural Development divides China into five major climate zones based on the main climate features. The hot summer cold–winter climate zone, located in the central–southern part of China, experiences weather conditions during which the mean outdoor temperature is usually between 25 and 30 °C in summer and 0 and 10 °C in winter. Residential buildings in this region require particular attention for retrofitting, because about 40% of China’s population is living here and they deal with very poor thermal conditions of hot and humid summers and damp cold winters. This region is currently responsible for around 45% of the total building-related energy consumption in China, and higher consumption is expected due to the higher thermal comfort expectations of the residents [8].



However, retrofitting buildings in this climatic region can be very challenging considering the large scale, harsh climate, and that the construction industry is not familiar with energy retrofits. On the other hand, it is a necessary step towards a net zero future, and it should be done in a sustainable and efficient way that keeps on track with the national plan of decarbonization. The Chinese government plans to achieve the country’s carbon emission peak in 2030 and then be “carbon neutral” (net zero carbon) by 2060 [9]. Therefore, the realistic planning of efficient building retrofit schemes, which holistically consider the climate features, building status, retrofit methods and predicted results, should be made for this ambitious goal to be met.



This study aims to assess the retrofitting measures made for the existing residential buildings under the hot summer–cold winter climate region, and to identify the potential retrofit methods that are able to fill the gap between current poor energy performance buildings and the net zero building goal. For this purpose, a comprehensive review of retrofit measures and their outcomes is provided in this paper. Additionally, the study considers the climate characteristics and energy and thermal performance of the existing buildings, as well as examining passive retrofit measures suitable for these buildings. Furthermore, this study reviews current mandatory and voluntary building regulations and policies, and compares them with advanced international building standards. Finally, the paper discusses policy gaps and retrofit suggestions to provide a clear insight into and recommendations for retrofitting existing residential buildings in hot summer–cold winter climate regions, with a focus on enhancing energy performance and moving towards net zero building goals. By adopting this research process, the study should provide a thorough analysis of retrofitting measures, consider the local climate and building characteristics, and examine the effectiveness of existing policies and regulations. The outcome of this study is a set of recommendations that can be applied to improve the energy performance of existing residential buildings in the hot summer–cold winter climate region, and contribute towards achieving net zero building goals.




2. Review on Retrofit Approaches


2.1. Retrofit Measures


There are many types of retrofit measures that can improve the energy efficiency of existing buildings. Wang and He have summarized these practical and applicable measures from examples of retrofitting in China, and grouped them into three main categories [10,11]. Figure 1 illustrates the three categories, which are linked with the three main aims of achieving energy conservation, energy generation and energy management in building retrofitting.



2.1.1. Energy Conservation-Related Passive Measures


Among all the different retrofitting measures, those related to reducing the energy demand and consumption in buildings should be the most essential measures because they directly reduce greenhouse gas emissions. The energy conservation-related measures could be categorized into the two aspects of passive measures and active measures. The passive measures are climate- and location-related, and each building is worth individual analysis when deciding on the suitable passive measures [12]. Building geometric design, such as the building shape factor, could significantly impact on a building’s energy performance and thermal comfort in regions with hot summers and cold winters, because it affects the amount of heat gain and loss through the building’s surface. Buildings with a large surface area relative to their volume may require more energy to maintain indoor comfort during summer and winter. Similarly, building orientation and window size are also significant because these significantly affect the solar gain from the sun, natural ventilation efficiency and natural lighting in buildings [13,14,15]. In retrofitting projects, it could be quite challenging to improve those geometric features because of the physical limitations of the existing structure [16]. However, Felius studied building forms in terms of low-energy retrofitting, and found that apartment buildings are relatively cheaper to retrofit because the external walls and roofs already have higher energy efficiencies than other building elements [17]. Apartment buildings are the main residential building type in China as a result of the demand for quick development to cope with population growth.



Passive heating and cooling methods, that assist with solar heat gain in winter and avoid excessive heat gain and overheating in summer, are significant approaches in building retrofitting. With those passive measures, it is possible to decrease the energy consumption of active heating and cooling [18]. The selection of passive heating and cooling measures is highly influenced by the climate type in which the building is located. The suitable measures for the target climate in this paper are reviewed in a later section.



Passive measures for improving the envelope thermal performance usually involve insulating the exterior walls, roof and ground floor, and utilizing the better thermal performance of windows, which all promotes an enclosure that significantly decreases the thermal heat transfer between the indoor and outdoor environments, so that more stable and comfortable indoor thermal conditions can be maintained, and the energy demand of the conditioning system is decreased [19]. Insulating the building envelope has been considered as an efficient method in cold climates, and helps with reducing the cooling demand in places with hot climates. The thermal insulation layer could separate the indoor conditioned air from the high outdoor temperature, and reduce cooling energy dissipation. Insulating the building envelope is usually a key measure that is required in deep energy retrofitting, which aims to achieve very low energy consumption, as it also assists in creating a steady indoor environment that allows other systems to work at a more desired efficiency [20]. However, within a climate warming scenario, it is important to include future climate possibilities in decisions on the insulation material’s thickness, for the sake of avoiding overheating in the future [21,22]. This is also relevant to minimizing the initial carbon emissions from the retrofitting, as insulating materials account for a big part of the carbon emissions that result from manufacturing retrofit-related materials [23].



Currently, mineral and fossil fuel-derived insulation materials, such as stone wool, glass wool and XPS, are the most commonly used materials because of their good thermal performance in terms of costs [24]. The novel material aerogel is considered as an optimal insulation due to its outstanding thermal conductivity (~0.013 W/mK) and comprehensive performance in terms of acoustics and fire resistance [25]. Silica aerogels are increasingly used in building insulation, with opaque blankets and renders being common. Aerogel glass bricks are a novel, highly insulating, and translucent building component that provides new design opportunities for increasing daylight inside buildings [26]. However, aerogels are vapor-permeable and have a relatively high embodied energy when compared to the common conventional insulation materials [25]. In addition, Icynene, an open-cell spray foam, has a better overall performance due to its combined benefits in terms of high vapor-permeability, low density and low embodied energy [27]. Gianluca compared over 20 insulation materials and concluded that traditional insulation materials, such as stone wool and glass wool, are still very competitive due to their fire resistance, waterproofing properties, and less restricted durability. Natural insulation materials have a higher percentage of renewable embodied energy and carbon sink properties, making them competitive. However, innovative high-performance insulation materials, such as aerogel, have high environmental impacts, hindering their application in the buildings sector. Standardization and transparency in manufacturing and information conveyed by program operators are desirable for all insulation materials [28].



Windows are a significant part of a building’s façade, and while they typically represent a smaller area than the external opaque walls, they generally lose a greater amount of heat. Research about the function of windows discussed a case study building wherein the windows accounted for only 14% of the total external walls and roof area, while the heat loss from the windows was 48% of the total loss [29]. Upgrading to triple-glazed windows is a high efficiency retrofit measure that improves the thermal performance, and visual and acoustic comfort, as well as decreasing the condensation risk and air leakage [27]. However, the change to high-efficiency windows is a relatively costly retrofit measure, whereby the cost benefit is less than its carbon-saving benefit [30].



Airtightness is another factor that influences the envelope performance. It is a measure of the amount of intended (ventilation) or unplanned (infiltration) airflow between an enclosure and the outdoor environment. The worse the airtightness performance is, the more the thermal (heating or cooling) demand is increased [31]. There are many factors that influence a building’s airtightness level. Martin summarized them into four categories of geometry, technology/material, guidance, and other, in which highly significant factors included envelope structure, building method, ventilation system and workmanship in relation to the design target [32]. The author also highlighted the lack of effective tools available to help designers and other actors in decision-making for airtightness design. The lack of standardization and the difficulty of modeling the parameter of workmanship are reasons that hinder the development of new tools [32]. Nevertheless, there are tools available, such as PHPP, a modeling tool that been highly recommended by the AECB Retrofit Standard in the UK for minimizing thermal bridge and airtightness design [33].




2.1.2. Energy Conservation-Related Active Measures


Active measures related to energy conservation are used to improve the efficiency of energy use in buildings, such that the total amount of energy consumed can be decreased. Standard measures include improving the energy efficiency of building systems, such as heating and cooling systems, adopting heat recovery systems, and improving lighting efficiency and the efficiency of other assistive applications [10]. For example, low-energy efficiency boilers could be replaced with modern high-energy efficiency boilers, thereby saving energy for the same activity [11]. A mechanical ventilation system with a heat recovery (MVHR) function can be adopted in deep retrofitting, such as buildings targeted for Passivhaus retrofitting to the EnerPHit standard, or low-/zero-energy buildings. However, a well-insulated envelope with a very low air infiltration rate is usually required as a foundation for an MVHR system to achieve its designed efficiency in operation [34]. Replacing traditional lighting with LED (light-emitting diode) lighting is another energy-efficient step, as the energy efficacy (emitted luminous flux in lumens to the expended electric power in watts) of an LED lamp is about 150 to 200 lm/W, while that of a traditional type of compact fluorescent lamp is about 50 to 100 lm/W. However, the price of LED lighting is about three times higher than traditional lighting in many parts of China [11,35].



Upgrading existing building systems and equipment is a straightforward way to improve energy efficiency. Dubois reviewed over 160 research articles and stated that the current knowledge about the actual energy performance of existing equipment is quite limited, and therefore, the users are unclear about the energy saving potential the new equipment could represent, and they tend instead to exchange applications at the end of their equipment’s life [36]. More attention should be paid to the optimization of individual replacements integrated into the whole building system, which considers the occupants behavior and their control of the indoor thermal environment, in order to minimize the predicted and actual energy saving in retrofits [37].




2.1.3. Energy Generation Related Measures


The integration of renewable energy measures into building retrofitting is a common approach to achieving low- or zero-carbon energy targets, where the renewable energy generated can offset the consumed energy. In China, the most commonly used renewable sources include solar hot water, solar photovoltaic PV, wind power and hydroelectric [38]. However, due to factors such as site access, neighboring surroundings, and building function, rural residential buildings typically have a greater potential for adopting renewable energy technologies than urban residential buildings. This is because these conditions are often lacking in highrise residential buildings in densely populated urban areas [11].



To promote the use of renewable energy in buildings, especially in rural and remote areas, the Chinese government has issued a series of policies encouraging the application of renewable energy technologies such as biomass, household solar energy, small-scale wind energy, and hydropower. These policies have also been incorporated into building energy-efficient design and assessment codes, which consider the different climatic characteristics of various climate zones in China [39]. However, the key barriers to renewable development in China include immature technology, a lack of complete national and industrial standards for related technologies and products, a lack of security architecture for products and facilities, high initial development costs compared to conventional energy, the limited availability of raw materials, the inadequate supply chain, lower profit levels of the solar PV industry, and insufficient policy support from the government [39]. The utilization of wind energy in buildings is still at an exploratory stage; the current trend of wind energy systems development includes building integrated vertical-axis wind turbines, power windows, wind-induced vibration-based wind energy harvesters, double skin and other innovative building façade systems, and wind source exploration [40].



Local renewable energy generation is considered as a significant step towards sustainability. A study about the optimization of PV, wind and diesel hybrid energy systems suggested that energy decentralization has great potential benefits in energy usage efficiency, cost and carbon saving [41]. Heat pumps and solar photovoltaics are the most applicable renewable energy technologies for thermal conditioning and electricity generation in buildings. However, they require storage systems to improve their efficiency. While electricity storage batteries have the drawbacks of high cost and low efficiency, phase change materials have great potential for heat storage because they allow heat to be accumulated during low consumption periods and recovered during high consumption periods [42]. For historic buildings, solar and wind energy may not be acceptable due to technical, economical, informative, and legislative barriers. Geothermal energy, on the other hand, is more acceptable in historic buildings, but there is currently limited literature on its specific application in this context [43].




2.1.4. Energy Management-Related Measures


Energy management-related measures are technologies capable of smart monitoring, managing and controlling the building systems and applications to reduce energy consumption in buildings [10]. Sensor control for lighting is a relatively advanced technology that allows lighting energy consumption reduction while providing lighting comfort to residents [44]. Wireless technologies linked with smartphones give occupants a more convenient way to manage household devices and applications [45]. Moreover, the development of big data and data management, as well as research and development into data analysis, decision-making and event management, are possible means to provide better efficiency in energy usage in the future [46]. Whole-building smart energy management systems have the potential to optimize energy saving and thermal comfort control in buildings though the use of Building Information Modeling (BIM) and smart sensor systems. Building users should not lose the control of their building environment, but their behavior could be assessed by the real-time energy use feedback from the smart system [47]. However, this requires further research, in which machine learning models should play an important role because they have been more deeply developed with massive building operational data in the past few decades [48].





2.2. Retrofit Outcomes


Energy saving, environmental impact reductions and improvements in thermal comfort during the operational energy period are the most direct and desired outcomes from building energy retrofitting [49]. However, many factors need to be considered in achieving a significant retrofitting result, such as climate characteristics, existing building conditions, and retrofitting targets and budgets. Therefore, according to the specific context of each building, the combined adoption of a selection of retrofitting measures is usually required for boosting the retrofitting outcome by the thermodynamic performance and physical interactions between the different measures [16]. Many multi-objective retrofitting studies have looked at optimal retrofit strategies, and some examples of recent comprehensive reviews into this can be found in [50,51]. A recent study in northern China used a multi-objective optimization framework to evaluate retrofitting options for rural dwellings. The framework considered carbon emissions, indoor thermal comfort, and cost-effectiveness, and identified prioritized factors for the Hebei area as sunspace, insulation thickness, south-facing external window material, porch overhang depth, and roof PV panel area and angle. The optimal results showed significant reductions in carbon emissions and indoor thermal discomfort time, but also an increase in global costs [52]. In addition, the building regulations or assessment criteria that the retrofits seek to achieve are directly correlated with the outcomes in energy savings and greenhouse gas reductions after the retrofit is completed [38]. Similarly, shallow and deep retrofits are referred to in practices based on the selection of retrofit measures and expected outcome.



2.2.1. Shallow Retrofit


A shallow retrofit usually refers to basic and traditional measures that alter the existing building to improve building or system efficiency, and retrofit decisions are usually made with the awareness of the users. Typical retrofit measures include the changing of an old boiler or lights at their life end [27]. The outcome of shallow retrofits could vary depending on the measures and conditions of the building. For example, applying insulation to different building components can result in different energy saving outcomes, and the availability of existing building conditions, such as cavity spaces in walls or an attic space in the roof, may limit the insulation application. Simple retrofits are less costly and more likely to yield faster cost payback than deep retrofits [53].




2.2.2. Deep Retrofit


A deep retrofit includes a holistic approach that aims to achieve large improvements in the building’s energy efficiency through applying multiple measures, which include building envelope thermal performance improvements and building system upgrades. A deep retrofit usually benefits from dynamic building energy simulations in order to plan a reliable and explicable retrofit approach in which interactions between many parameters are considered for a comprehensive building performance upgrade. One study compared a simple retrofit approach that replaced old equipment with new equipment that met local standard efficiency requirements, via an integrated deep retrofit approach. It was concluded that energy savings of up to 84% could be achieved with the deep approach, while only a 13% saving was achieved with the simple approach [37]. A deep retrofit that plans to meet targets such as the zero-energy building standard or the Passivhaus Plus standard could achieve even higher energy conservation or generation results with the integration of renewable energy systems. In addition, some governments consider deep retrofitting as the only way to achieve their carbon reduction targets. For example, the Scottish government reported that a deep retrofit approach including envelope improvements and the use of new systems is needed for achieving their program of bringing residential energy efficiency up to Energy Performance Certificate EPC level C or higher [54].






3. China’s Hot Summer–Cold Winter Climate and the Housing Situation


3.1. The Hot Summer–Cold Winter Climate


Adaptation to climate is one of the most critical principles for low-energy buildings. Therefore, it is important to first understand the specific characteristics of the climate in the target area before developing any strategy for the retrofitting of buildings to save energy. This section aims to provide an overview of the climate characteristics of the hot summer–cold winter climate, which is prevalent in a large area of central and southern China. According to the Chinese Ministry of Housing and Urban–Rural Development, this climate type covers 14 of the country’s 22 provinces, as shown in Figure 2 [55]. The main indicator that [56] identified for this climate regionalization was based on the outdoor monthly mean temperatures in January (the coldest month) and July (the hottest month), which should be within the ranges of 0–10 °C and 25–30 °C, respectively. Another significant characteristic of this climate region is the high relative humidity level, with the yearly mean value usually around 70–80%. The hot summer–cold winter climate zone is a large geographical area, and therefore incorporates differences in local climates. For example, the eastern region faces the sea and is generally windier, while the middle region has a relatively more humid summer, and the western part has less solar radiation [56]. However, the common features of extreme temperatures and relative humidity contribute to significant challenges in this large region in terms of buildings performing well in terms of both thermal comfort [57] and energy conservation [58].



The software Climate Consultant 6.0 (SBSE, 2021), which employs the typical meteorological year (TMY) weather data from the China Meteorological Administration [59], was used to review the overall outdoor dry bulb temperature and relative humidity for five typical and major cities in the studied climate region. Figure 3 shows the common characteristics of a wet cold winter and humid hot summer. The temperatures in the five cities are distributed between 4 and 8 °C in January and 25 and 29 °C in July, and the relative humidity levels all trend flatly all year round at 80%. A study [60] compared eight capital cities in provinces under this climate region using weather data from the Meteorological Information Centre in China. The results show that the number of days in which the temperature was above 35 °C in a year was between 16 and 30 days, while the number of days below 5 °C in a year was between 45 and 83 days.



Heating degree days (HDD) and cooling degree days (CDD) are common measures used to represent climatic conditions, and so the HDD and CDD were derived in this study for five cities in the hot summer–cold winter zone using the global Klimaat Consulting database, which considers a baseline of 18 °C for both HDD and CDD [61]. Figure 3 shows an HDD distribution of 1135–1668 degree days, and a CDD distribution of 917 to 1408 degree days. However, the Chinese code for the thermal design of a civil building considers a much hotter baseline for CDD, which is 26 °C. Therefore, the CDD number would be significantly decreased. As an example, for a typical city in the studied climate region, Changsha, its CDDs decreased from 1243 to 230 [55]. However, Changsha’s heating requirement is still considered moderate compared with northern Chinese cities such as Beijing (2450 HDDs) under the same baseline, and those of many European countries [62]. In conclusion, this region experiences relatively extreme temperatures and high humidity, which leads to high energy consumption in residential buildings due to the dual demand of space heating and cooling. Understanding the climate characteristics and requirements of the region is essential for developing effective strategies to retrofit buildings and improve energy efficiency.




3.2. Housing Situation


Understanding the general housing situation and energy consumption patterns in the hot summer–cold winter climate in China is crucial for developing effective strategies to retrofit buildings and improve energy efficiency. According to a report from the China Association of Building Energy Efficiency (CABEE) in 2022, there was a total of 69.6 billion m2 of existing building floor area in China, of which 32 billion m2 (46%) and 23.3 billion m2 (34%) were in urban and non-urban areas, respectively [63]. The hot summer–cold winter climate region is a relatively densely populated region in China, and there is massive existing residential building stock in both urban and rural areas. As regards residential buildings, the differences between them more concern geometry, size and design, rather than building materials and thermal performance.



The modern urban residential structures are mostly high-rise apartment buildings (more than 10 stories) with several flats on each floor, and they are usually situated within densely populated surroundings. In suburban areas, most modern residential structures are low-rise and medium-rise apartment buildings, which usually only have one flat on each floor, and are usually built in rows along the street. For rural areas, most residential buildings are low-rise dwellings in which the layout of function rooms may be scattered on different floors, and they usually have more open surroundings. Figure 4 shows examples of these buildings. In terms of building materials, their structures are mostly built with concrete and steel, and brick is the primary material for the envelope; the windows mostly consist of a single layer of glass [64]. According to [63], steel and cement are the two most common materials associated with carbon emissions, and are responsible for 45.5% and 21.3% of the total embodied carbon of national building material production. Fortunately, those existing residential buildings built in the past several decades are structurally sound and are expected to function for many years. Thus, the proper retrofitting of those buildings to suit occupants’ increasing expectations regarding the comfort of modern life could represent the most sustainable means to make the best use of those energy-intensive building materials.



3.2.1. Energy Consumption of Existing Housing


As an overview of the building sector in China, the energy consumed during the operational stage was responsible for 21.7% (about 1 billion tons coal equivalent) of the 2020 national energy consumption, in which urban and rural housing accounted for about 42% and 20%, respectively [63]. In China, the northern regions (including both cold and severe cold climate regions) have the largest proportional energy consumption, but this proportion has been declining in the last two decades because of the increase in energy consumption in the southern hot climate regions, with the hot summer–cold winter climate regions having an energy consumption average growth rate of 6.5% between 2010 and 2020. In 2020, the energy consumption in the hot summer–cold winter climate regions was responsible for 33% of total national building-related energy consumption [63]. In addition, considering that the need for active heating and cooling is increasing in this climate region, its energy demand is expected to show a significant increase in the near future [58].



In the hot summer–cold winter climate regions, split air conditioning units are the main method of supplying both heating and cooling, and it is assisted by electric fans in summer and plug-in heaters in winter [58]. Figure 5 shows the average number of air conditioners per 100 households in China, which in both urban and rural areas was increasing in the period between 2014 and 2020. For urban areas, this figure is double that of rural areas, suggesting the energy consumption and thermal comfort difference could be significant between them [65]. The carbon emissions produced by space heating and cooling increased nearly threefold in urban areas, and slightly more than doubled in rural areas, in the period between 1996 and 2012 [66].



Wang carried out a large-scale heating demand study based on the onsite measurement of 1075 households in the hot summer–cold winter climate area during the winter period between 31 December and 28 February. The findings show an average yearly winter electricity heating demand of 654.19 kWh per household and 662.5 kWh per household at the 50th percentile, and the demand ranged up to 4867 kWh. The households using split AC and distributed electricity heaters consumed, on average, 133 kWh and 62 kWh electricity yearly more than the households without heating at the 10th percentile. The author concluded that households with a large size, more elderly family members, and high income tended to consume higher amounts of electricity for heating, and that energy retrofits applied to residential buildings in this climate region should be accelerated [67].




3.2.2. Thermal Comfort of Existing Housing


Due to the heating policy in China, under which central heating systems are not provided in the hot summer–cold winter climate region, the residents in this region have for a long time had to adapt themselves to the extreme weather. As living standards improve, air conditioning is becoming the main active method that the occupants utilize to condition the poor indoor thermal environment resulting from the hot summer–cold winter climate, and consequently, the energy consumption for heating and cooling has been increasing [68]. However, Wang investigated 513 households’ energy consumption and concluded that (i) 84% of the household occupants chose to turn on the air conditioner in winter when they were at home and feeling cold; (ii) 90% of the study’s occupants felt cold when the indoor temperature dropped below 12 °C, and (iii) 73% of them selected to turn off the air conditioner for heating during sleep. This suggests that the hours during which the occupants had a relatively comfortable conditioned indoor environment were not long, and the overall comfort level should not be considered satisfactory compared with many international standards [68].



For the actual indoor thermal environment under the studied climate region, on-site indoor temperature data were recorded in an urban and a rural residential building, which were built before 2005 and 2010, respectively [63]. Both types of buildings were measured under a mixed-mode situation in which the buildings operated under free-running conditions most of the time, and the air conditioner was turned on when the occupants felt it was required. Figure 6 shows a summary of the recorded data, where the indoor mean temperatures for both the urban and rural housings were around 30 °C and 10 °C in summer and winter, respectively, and the difference between indoor and outdoor environments was not significant. A study measured 152 households in major cities in China, and the findings suggest the average indoor temperatures of the 26 measured households in the hot summer–cold winter cities were 3–6 °C lower than in the cities in other parts of the country in winter, and the indoor thermal comfort was far below the ASHRAE comfort zone [69]. A study investigating occupants’ thermal feelings under this climate through 2171 questionnaires (with 513 responses), showing that the rural residents had a higher tolerance of the indoor thermal conditions than the urban residents. However, both groups showed a strong preference for cooler summer and warmer winter indoor environments [59].



In general, the level of indoor thermal comfort within the hot summer–cold winter climate could be considered poor. A large-scale field survey on indoor thermal environments concluded that the thermal comfort in this climate region was the worst among China’s five climate zones [70]. There is no doubt that the residents in this climate region urgently need improvements in indoor thermal comfort. However, with the current poor thermal performance of buildings, energy consumption will significantly increase if active heating and cooling are operated to maintain a relatively good indoor comfort level when the building is occupied. Retrofitting those dwellings to improve building thermal and energy efficiency is an ideal solution for this issue. Retrofitting can provide occupants with a more comfortable indoor environment, reduce energy consumption, and improve their quality of life. These benefits should increase the willingness of the residents to engage in retrofitting their dwellings.





3.3. Passive Measures Suitable for this Climate


The Climate Consultant software program provides a quick way to the assess the general comfort level of residential buildings at a selected location based on the ASHRAE Standard 55-2010, and gives recommendations on strategies for improving the thermal comfort. Therefore, Climate Consultant was applied to weather data for the five cities mentioned in Section 3.1 for an overview of the studied climate. The results suggest that the dwellings in these five cities have poor thermal comfort ranges, as only 19% to 22% of the hours in a year met the comfort level. Suggestions for thermal comfort improvement measures are given and ranked by their effectiveness as follows:




	
Active heating;



	
Active cooling;



	
Retain internal heat gains;



	
Use fan-forced ventilation cooling;



	
Use active dehumidification;



	
Natural ventilation cooling;



	
Sun shading of windows;



	
High thermal mass;



	
Thermal window with passive solar control;



	
Two-stage evaporative cooling.








These measures cover both active and passive measures, and active heating and cooling are considered as the most effective measures that align with the climate features discussed earlier in the paper. Retaining internal heat gains is also recommended—an approach that is only achievable with an insulated building envelope. Related measures also produce good results according to Climate Consultant, including using high thermal mass and thermal windows. To achieve thermal comfort levels suitable for modern life while using as little energy as possible, the interaction between various measures should be well-planned to achieve the best effect. Although active heating and cooling are unavoidable in this climate, their energy loads could be reduced using adequate passive strategies to maximize low-carbon living [71]. Based on a review of recent studies on passive cooling and heating methods in different climate backgrounds, several passive methods were found with high potential to lower the energy demand for buildings in the studied climate region [72,73].



3.3.1. Passive Cooling Methods


For passive cooling, solar and wind control-related methods are frequently utilized in hot and humid climates. Shading is one of the most commonly considered passive solar cooling strategies, particularly for hot areas, and shading elements are designed in many shapes to suit the local surroundings and building geometry [74]. For example, Yu and Tian evaluated the performance of shading methods, including (i) horizontal/vertical overhangs, (ii) four types of window inner shading and (iii) outer louvre shading, on a six-floor residential building located in Changsha (a typical city in the studied climate region). The results show that the outside louvre shading was the most efficient type, allowing a 17.87% decrease in cooling energy consumption [75]. Similar research in Singapore, which has a hot and humid climate, showed energy savings ranging 2.6–10.1% after 0.3–0.9 m horizontal shading devices were applied [76], and this shading method reduces the indoor temperature by about 1 °C according to an earlier study by the same researcher [77]. The solar chimney is another solar cooling method, which utilizes the buoyancy effect whereby hot air rises out of the top of the chimney and cool air enters the building at lower levels. Passive downdraught evaporative cooling systems integrate a water system (a spray or wet pads) at the top of a tower to create a down flow of cooled air. However, it has been reported that this method works much less efficiently in a hot and humid climate than in a hot and dry climate [72]. A case study in Thailand’s hot and humid climate suggested that indoor temperature decreased by between 2 and 6.2 °C in a wooden structure cell room that adopted a solar chimney with a dampened roof [78]. For the very hot and dry climate, the results measured at a Saudi Arabian library, which utilized two cooling towers that contain wet pads, showed a significant passive cooling effect, as the indoor air temperature was cooled to 25.8 °C when the outdoor dry bulb temperature was 46 °C [79].



Natural ventilation is an efficient method for diminishing the heat stored inside a building. Its efficiency is influenced mainly by the air temperature difference between indoor and outdoor environments, wind velocity and direction, and relative humidity [80]. For a hot summer–cold winter climate, however, this method is not highly recommended, as the indoor and outdoor temperature difference is slight in the summer period, even at night time [81], but it may still be a suitable approach during inter-season months [82]. A few published case studies have presented how this method works for a hot and humid climate, such as for a standard public housing block in Hong Kong, which reported an indoor temperature drop of 5 °C [83], while for two other cases, temperature decreases of 4 °C and 2 °C were recorded in traditional houses in India [84] and Beijing [85], respectively.



Radiative cooling is a method that utilizes cold water placed on a heated surface, such as a roof during the night time. Thus, the stored heat inside the building could be transferred into the water, and the water then dissipates the heat to the cooler air in the night time. This method was reviewed by [72] under a different type of climate, and the results suggest that its efficiency is quite high for hot and humid climates, as an energy-saving ratio between 8.2% and 44% was found in the reviewed cases. However, Zhao highlighted that this cooling method is only appropriate for buildings with large levels of surface area exposure to solar radiation and high interior wall temperatures, and so this method would have a lower efficiency in medium- or high-rise residential building cases [86].




3.3.2. Passive Heating Methods


Insulating the building envelope is one of the most common ways to improve heating efficiency in a cold climate, and it also contributes to the cooling efficiency in hot climates. For example, a study evaluated wall insulation in the hot summer–cold winter climate city of Shanghai, with results showing that both heating and cooling energy decreased, although heating energy decreased to a greater degree [87]. High-performance windows are highly regarded for decreasing the amount of heat escaping from the envelope in the winter time. However, research shows that they also contribute to improving the cooling efficiency in a hot climate [88], and that triple-glazed windows were more effective than double-glazed windows regarding energy demand for various window-to-floor ratios within the hot and humid climate of Malaysia [83]. Moreover, a decrease of between 3.4% and 6.4% in cooling energy was achieved by replacing single-glazing with double low-E glazing, as was recorded in a similar study from Malaysia [89].



In conclusion, by combining these passive cooling and heating techniques, it is possible to create a comfortable living environment while reducing the need for energy-intensive heating and cooling systems under this climate context. The factors that need to be considered when deciding on a passive retrofit strategy are the climate condition of a given location, and the specific building geometry and surrounding environment [76].






4. Building Standard, Retrofit Schemes in HSCW Climate


4.1. The Building Standards in this Climate


Building regulations provide a legal basis for guaranteeing that buildings have been constructed or retrofitted in a way that meets the requirements; therefore, setting suitable regulations that match the national energy conservation and carbon reduction targets is critical for the targets to be achieved. This section reviews the existing mandatory and voluntary building regulations in the studied climate region and international low-energy building standards, and makes suggestions related to building retrofitting in the studied climate with the aim of a low-carbon future.



4.1.1. Mandatory Building Regulations


China’s first mandatory building energy saving regulation (code: JGJ 26-86) was issued in 1986, and focused exclusively on residential buildings in northern China, as this part of China is supplied with district heating that consumes a large amount of coal. The requirements of this regulation mainly focus on building geometry designs and the use of insulation materials. Since then, the building energy regulations have improved over time. Currently, three national regulations are mandatory for residential buildings within the different climate regions in China. For the climate studied in this research, the regulation “Design standard for energy efficiency of a residential building in hot summer–cold winter zone (JGJ 134-2010)” has been applied to residential building types, including new builds, retrofits and extensions. This regulation was first released in 2001 (version code of JGJ134-2001) and the renewed version (JGJ 134-2010) has been enforced since 2010. Apart from the national regulation, the provincial governments have also formulated local mandatory regulations according to the national regulations and the situation of the province. These local regulations are mostly addressed within “Design standard for energy efficiency of residential buildings”, and they are supposed to be strictly enforced in conjunction with the current national regulation. They have been renewed comparatively recently, and four of the five provinces whose areas are completely under this climate had their local regulations renewed between 2014 and 2019, with the exception of Hubei province, as in that case, the first version from 2005 was not renewed, and it lapsed when the national regulation was renewed in 2010. There is also an upcoming revision of national regulation, as a new version has been drawn up that is adapted from the one current enforced (JGJ 134-2010). This was opened up to public review in 2020, but has still not been officially released. The currently enforced and upcoming national and local regulations are reviewed, and their main mandatory requirements summarized, in Table 1.



As shown in Table 2, the mandatory requirements for the residential buildings under the studied climate region mainly refer to building designs and envelope thermal performance. The building design requirements are basically the same between the national and the local provincial regulations, while in terms of the envelope thermal performance, the most recently released provincial regulations generally have higher requirements. Anhui province has the newest regulations compared with the other provinces, and its thermal requirements are appreciably higher than those set out in the national regulations, especially for tall buildings, for which the shape factor (the ratio of the external envelope area to the inner volume of a building) must be equal to or less than 0.4. For comparison, in Anhui’s regulations, the roof and wall U-values are required to be in the range of 0.6–1.1 W/m2K, while the range is 0.8–1.5 W/m2K in the national regulations. More significantly, the U-value for windows is limited to the range of 0.26–2.4 W/m2K in the Anhui regulation for various window-to-wall ratio conditions, while the national regulation has a much looser requirement of 2.8–4.7 W/m2K. The requirements of the Anhui regulation are actually very similar to those of the upcoming national regulation, which could be because they were published at a similar time. The official release of the upcoming national regulation and its stricter requirements are expected to have a significant influence on the new builds in this climate region, because all the new builds should adhere to both national and local mandatory regulations. Moreover, the provincial regulations are also expected to be updated in order to be consistent with the new national standard, and together they will work more effectively towards building energy conservation. In terms of building energy performance, buildings that adopt the required energy-efficient design and envelope thermal performance measures of either of the current national or provincial regulations are expected to achieve 65% annual energy savings related to active heating and cooling compared to the buildings that do not meet those requirements. However, this energy conservation goal is only an expected result, rather than a mandatory requirement of those regulations.



In addition, the mandatory policies in China currently put greater emphasis on new buildings than retrofits. For example, the national mandatory policy of the “five-year plan” between 2020 and 2025 aims to achieve green buildings in all new urban residential areas, and at least 50 million m2 of new ultra-low energy or near-zero-energy building floor area, while the retrofit goal is 350 million m2 of residential area [90]. For a comparison, the total new residential construction area in 2020 was 2244 million m2 [91]. As for the key energy efficiency requirement, this policy aims to achieve a 30% energy efficiency improvement in new buildings compared with the average energy efficiency level in 2020, and there is no specific energy target for the retrofits [90]. The local provincial governments set their mandatory policies in line with the national goal. For example, the “five-year plan” policy (for 2020 to 2025) in Hunan province has set out that all new buildings should be green buildings, with 10% of the new built areas achieving green building level one, and 5% meeting green building level two or three standards [92]. Hunan’s energy target is more ambitious as it aims to achieve a 65% energy efficiency improvement in new buildings compared with the 2020 level.



However, “Green Building” certification in China involves marking many elements, such as basic requirements, safety and geometry design. The factor of energy saving only accounts for about 18% of the certification (see Table 2). The criterion for the basic level of green building is achieving only 400 points within the basic requirements, and achieving levels 1, 2 and 3 requires no less than 600, 700 and 850 points, respectively. The requirements for the factor of energy saving in this certification are mostly associated with envelope thermal performance, rather than acting as a clear indicator of energy consumption or saving [93]. Therefore, these mandatory policies’ building energy conservation targets should not be considered straightforward goals, and the green building certification system in China should not be considered in line with the low-carbon building goal.




4.1.2. Voluntary Building Regulations


Building energy conservations and green buildings have been seen as important factors in China’s sustainable development by the Chinese Ministry of Housing Development. The growth of high-energy-efficiency voluntary building regulations in China is actually faster than the development of mandatory regulations. There have been many green building policies and voluntary building regulations published in the multi-level governance context [94]. Among these, the technical guidelines for passive ultra-low-energy green building and the technical standards for nearly-zero-energy buildings (GB/T 51350-2019) are the two key regulations that have been developed. They are based on advanced international standards and targeted at achieving outstanding energy-saving outcomes. These two regulations have different criteria when applied to different climate types in China. For the hot summer–cold winter climate we studied, Table 3 illustrates the main technical measures, including thermal envelope, airtightness level and building system. Table 4 shows the energy criteria, whereby the requirements for heating demand are strict in both standards (10 kWh/m2a or less), and the requirements for cooling demand include more consideration of weather factors, and therefore differ according to location. The cooling demands demonstrated in Table 4 were calculated using a typical city (Changsha) in this climate region, and are around 30 kWh/m2a under both standards. In addition, both regulations consider the comfortable indoor air temperature to be 20 °C or higher in winter and 26 °C or lower in summer.



These two voluntary regulations involve significantly higher requirements regarding the envelope thermal performance when compared with the mandatory regulations for residential buildings in the same climate region. Moreover, the two voluntary regulations also place requirements on airtightness level and the usage of heat recovery mechanical ventilation systems to improve energy efficiency. In terms of the estimated energy conservation results, the two voluntary regulations state that a passive ultra-low-energy building should achieve at least an energy saving of 85% in active heating; the near-zero-energy building should achieve an energy saving between 60% and 75% in overall building energy consumption; and the ultra-low-energy building should achieve an overall energy saving of 50%, compared with buildings meeting the mandatory regulations and reviewed earlier [95,96]. These two voluntary regulations currently do not provide specific guidance or set out requirements for new builds compared to retrofits.



Until now, most of the provincial governments in the hot summer–cold winter climate region have issued voluntary building regulations, which are similar to the two national regulations reviewed above. This is expected to play a foundational role in the future in promoting the development of low-carbon buildings aimed at achieving the final goal of carbon neutrality in China in 2060. The policies of the “five-year plan” are China’s short-term development strategy. All five of the provincial governments in the studied climate region have included developing ultra-low-energy buildings in their current five-year plan (between 2020 and 2025). For example, the provinces of Jiangsu, Hunan and Jiangxi aim to build five million, one million and half a million m2 of ultra-low-energy buildings, respectively, in those five years [92,97,98]. Anhui and Hubei provinces aim to finish the development of their local voluntary regulations related to ultra-low-energy building and near-zero-energy buildings, and construct a batch of demonstration buildings [99,100]. These plans related to building low-energy buildings are small compared to the overall annual volume of new buildings built in China, but they are meaningful as demonstrations for the entire construction industry.





4.2. International Low-Energy Building Standards


From a global perspective, developed countries in Europe have recognized the environmental consequences, and undertaken the development of sustainable building relatively early. Several essential policies intent on reducing building energy consumption have been formulated, among which the Energy Performance of Building Directives (EPBD) set out by the European Commission is a leading policy action [101]. A critical measure that EPBD set up for building energy conservation was the implementation of nearly zero-energy buildings (NZEBs), with new buildings for public authorities being required to be NZEBs since 31 December 2018, and all new buildings have had the NZEB requirement since 31 December 2020. For existing buildings, the EPBD requires national support policies be set to encourage deeper refurbishment to NZEB levels, but no target dates or minimum energy performance requirements were set [102].



Each member state is required to detail the definition of NZEBs and to establish a plan for NZEB implementation according to their national or regional conditions [103]. Therefore, the definition and criteria for NZEBs differ slightly from country to country, but, in general, NZEBs should have a very high level of energy efficiency and very low energy consumption requirements for operation. A study has collected the numeric indicators of energy performance for NZEBs expressed as primary energy among different European countries, and grouped by climate types and building type [104]. Table 5 shows the indicators for dwellings, which are applied to the cumulative energy used for heating, cooling, ventilation, hot water and lighting.



The energy requirements of the Chinese voluntary low-energy standards and of the European Commission NZEBs standards cannot be compared directly because of the different climate contexts and energy criteria metrics (measured in secondary and primary energy). However, a big difference to note is that for the inclusive consideration of renewable energy harvesting, the European Commission standards considered the net primary energy balanced with renewable generation, and as a result, the requirements regarding energy demand are much stricter than those in the Chinese voluntary standard that does not include renewable generation.



In summary, the advanced building concepts are fundamentally all designed to achieve as little energy consumption in building operation as possible, and some consider producing energy from suitable renewable energy sources on-site or nearby to offset the small amount of energy consumed partly or fully. Unrequired energy may even be returned to the grid. Among all of these advanced concepts, achieving very low building energy consumption is fundamental.



As for ways to achieve these low- and zero-energy building targets, the Passivhaus concept is certainly one of the most important guides, and this concept is in line with many low-energy building standards [104]. The Passivhaus method is an integrated solution using the interaction of five key energy saving measures to minimize the building energy usage, and it creates an efficient environment in combination with renewable energy generation systems [105]. The five key measures are: (1) adequate insulation in the entire opaque envelope, where the U-value should be no greater than 0.15 W/m2K; (2) high-performance windows with particularly low U-values of between 0.70 and 0.85 W/m2K; (3) super airtight envelope wherein the airtightness level should be no more than 0.6 air changes per hour (ach); (4) mechanical ventilation system with heat recovery function with at least a 75% efficiency, and (5) no thermal bridges, so that the interior envelope surface temperatures can always be kept above 13 °C to avoid a cold bridge.



Accordingly, the energy criteria set out by the Passivhaus standard are also very strict, with the heating and cooling demands both limited to no more than 15 kWh/m2a, excluding dehumidification, for all new builds no matter the climate type. For retrofits, the heating energy requirements are more generous and allow for differences related to climate classifications, but the cooling energy requirement is kept the same as in the new builds. The Passivhaus energy criteria can be compared easily with the two voluntary Chinese low-energy building standards, which largely learn from the Passivhaus standard and measure conservation with the same metric. For the climate type studied in this paper, a big difference that has been found is that the Chinese regulations require even lower heating demands (5 to 10 kWh/m2a), but allow a more liberal cooling demand (around 30 kWh/m2a). The Passivhaus performance is globally evaluated positively overall for various important aspects of construction, especially in terms of achieve significant energy saving while maintaining a good level of thermal performance [106]. However, the embodied carbon involved here is significantly more than for conventional buildings, and represents a significant share of the building’s lifetime energy use. Recent research has focused on optimizing initial material inputs to reduce the embodied carbon load [107,108].





5. Discussion and Suggestions


This review is aimed at providing an overview of building retrofit measures and directions for the retrofitting of existing residential buildings within China’s hot summer–cold winter climate region, aiming at a decarbonized future. The objectives of the review include researching the retrofitting measures and their outcomes, understanding the current conditions of the targeted residential buildings, and assessing the building regulations and retrofit schemes set for them. Accordingly, some insights can be gained regarding the policy gaps within the Chinese government’s 2060 carbon neutrality goal, and directions for efficient retrofitting can be derived.



According to the reviewed Chinese mandatory regulations, the current government’s focus has mainly been on new buildings. There are still considerable numbers of new residential buildings being built every year, and the current policy requires 100% of the new constructions to be built as green buildings, which is a policy improvement, because much lower percentages were required in the past policies. However, energy saving is not really counted as one of main values in the green building evaluation system in China, and therefore the energy conservation rate of 65% outlined by the mandatory regulations is not guaranteed. This leads to a gap in the energy performance of these new buildings, and it is reasonable to estimate that the retrofitting of buildings will be needed following decarbonization developments in the future. Under the current retrofit scheme, both central and local governments only plan to retrofit certain amounts of residential areas, which represent small portions when compared with the new residential areas being built every year. China is planning to reach its emission peak in 2030. Afterwards, the speed of construction should significantly slow down, and the focus of the government should be moved towards the existing buildings. Utilizing this period to plan retrofit schemes that are suitable for the situations in existing housing could be essential in order to meet the government’s goal of carbon neutrality by 2060.



In Section 3 of this paper, the characteristics of the hot summer–cold winter climate region, and the residential buildings that are prevalent in this region, were described. Most existing buildings in this climate have poor energy performance, resulting in subpar indoor thermal comfort. As a result, the residents experience poor thermal comfort and have a strong desire for more comfortable indoor environments. Given the current state of these buildings, is it almost certain that the energy consumption will keep growing, as more active heating and cooling are used. Large amounts of carbon emissions were released when those existing buildings were constructed, given that the main materials used (steel, concrete and brick) have high embodied energies. Therefore, retrofitting and maintaining these buildings to ensure lifespans that are as long as possible represents the best way to neutralize the carbon emissions created during their construction. There are many retrofitting measures in place for this purpose, as reviewed in Section 2 of this paper. Guidance on the selection of a combination of retrofit measures that can facilitate significant energy conservation in existing residential buildings is missing from the current Chinese mandatory regulations and policies. As per the retrofit outcomes that have been reviewed in Section 2.2, the energy conservation results that shallow retrofits could achieve would be very different based on the applied measures and building or climate conditions, but in general, the resulting conservation would be much less significant than that which deep retrofitting could bring. When planning a retrofit scheme, it is recommended that passive retrofit measures are included, because these enable the adapting of the buildings to weather, and the improving of thermal comfort or decreasing of energy demand directly.



Deep retrofit plans that include suitable passive measures are considered ideal ways for residential buildings to achieve very low energy demand, and to meet the ambitious decarburization goals that many governments have set out. However, deep retrofits are prohibitively expensive, and thus often not included in the chosen schemes. The Chinese government updates the building regulations regularly every ten years or so, and new buildings always need to meet the requirements of the new regulations. Some challenges are expected if similar policies are put in place for retrofits. It might be difficult to decide which retrofit measures should be adopted first. For example, choosing active measures, such as adopting higher-efficiency heating and cooling systems, would result in significant energy savings. However, these measures might not be enough to achieve the current decarbonization goals, especially given the poor energy performance standards of buildings in the studied climate region. Additional measures, such as insulation, will be needed, necessitating the reconfiguration of mechanical systems. Furthermore, as the cost of renewable energy generation systems decreases, they are becoming an increasingly popular way to achieve low carbon, but they typically require specific surroundings (such as a lack of over-shading), and many of them (such as heat pumps) work more efficiently in insulated buildings.



Therefore, deciding which method to choose for renovation often causes some controversy. This study recommends that policy-makers adopt one-step deep retrofit schemes, because in this way, the decarbonization goal could be achieved in a shorter time, and they can avoid issues related to small-scale retrofit measures. Bite-size retrofitting may lead to more costs because of the need for multiple re-retrofits over the next few decades [27]. Among the low-energy regulations that can be adopted via one-step deep retrofit schemes, the Passivhaus standard could be an ideal approach for the policy-makers to consider in China’s future. This is because the Passivhaus standard comes with straightforward guidance on how to achieve its ultra-low-energy criteria, which is missing from current Chinese policies and regulations related to retrofitting. Most importantly, similar voluntary building regulations have been published in China by multi-level authorities, with plans for demonstration projects to be built in following years. All this should help with adapting industries and markets to easily promote low-carbon developments.




6. Conclusions


The energy retrofitting of existing dwellings is a significant step towards sustainable development, so many improvements in retrofitting technologies and energy-saving targets have been seen across the world. This study focuses on the retrofitting of existing residential buildings in China’s hot summer–cold winter climate region to improve energy performance and move towards low-energy building goals. To provide an insight into the gap between existing building performance in this region and the government’s targets related to a net zero-carbon future, this study provides a comprehensive review of general retrofit and passive measures, the climate and building features, and the building regulations and policies in the studied region. Discussions and suggestions are also provided in this study to uncover potential approaches to retrofitting that will bridge the gap between current poor energy performance buildings and the net zero building goal. The findings from this review can be summarized as follows:




	
Based on the studied climate, the most effective passive cooling methods are the use of shading elements and natural ventilation. In addition, radiative cooling can be particularly effective for buildings with large surface areas that are exposed to solar radiation and have high interior wall temperatures. For passive heating, it is recommended to insulate the building envelope and install high-performance windows;



	
There are many building retrofit measures that could allow both energy saving and increased thermal comfort in residential buildings, but shallow retrofits in general have much less effect than deep retrofitting in terms of building performance improvements;



	
Deep retrofitting will be needed if the studied residential buildings are to achieve significant energy savings, and making good use of passive measures that suit the hot summer–cold winter climate could reduce the need for active heating and cooling;



	
Local renewable energy generation is important to achieving low carbon emissions, especially as the cost of renewable generation systems continues to decrease. Solar photovoltaics and heat pumps are the most applicable renewable energy technologies. However, it is important to note that certain renewable energy systems are more efficient in insulated buildings. Therefore, retrofit projects involving insulation may be made more effective by adopting these technologies;



	
The current mandatory building regulations and policies set out in the studied region are still a long way from achieving the country’s target for decarbonization, and so deep retrofit schemes will be necessary to achieve the decarbonization goals on time;



	
Compared to retrofitting existing building several times to meet the updating Chinese regulations, a one-step deep retrofit approach is recommended, which can achieve the decarbonization goal in a shorter time;



	
The Passivhaus standard is a method with good potential and that policy-makers should consider, given its ultra-low-energy criteria, as yielded by comprehensive evaluations of its performance and demonstration projects in China.








Based on the research presented, there are several areas that will be beneficial for further study. Cost is always a limiting factor in ambitious decision-making, hence it is imperative to conduct cost–benefit analyses of Passivhaus retrofit schemes and other standard retrofit schemes to determine the most cost-effective approaches to ensuring the energy efficiency of existing residential buildings in hot summer–cold winter climate regions. Such research should include pre- and post-retrofit evaluations and monitoring analyses of the renovation projects implemented in this climate region. Furthermore, it is recommended to investigate the barriers and challenges faced by policy-makers and building owners in implementing deep retrofit schemes. Conducting long-term benefit and cost-effectiveness analyses can provides valuable insights for future policy development.
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Figure 1. Retrofitting measures categorized by different purposes [10,11]. 
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Figure 2. The climate regionalization in relation to architecture and province division in China [56]. 
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Figure 3. Yearly HDD and CDD in five main hot summer–cold winter climate cities [61]. 
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Figure 4. Examples of modern residential buildings in different locations. 
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Figure 5. The growth in air conditioners per 100 households in China 2014–2020—adapted from [61]. 
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Figure 6. Measured indoor and outdoor average air temperatures in existing residential buildings in hot summer–cold winter climate regions, from [63]. 
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Table 1. The main requirements of the mandatory national and provincial building regulations for residential buildings within the hot summer–cold winter climate zone.
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JGJ 134-2010

(National)

	
DBJ43/001-2017

(Hunan)

	
DBJ/T36-024-2014

(Jiangxi)

	
DB34/1466-2019

(Anhui)

	
DB33/1015-2015

(Zhejiang)

	
New National (Review Stage)






	
Building shape factor




	
≤3 floors

	
0.55

	
0.55

	
0.55

	
0.55

	
0.55

	
0.57




	
4–11 floors

	
0.40

	
0.4

	
0.40

	
0.40

	
0.40

	
0.4




	
≥12 floors

	
0.35

	
0.35

	
0.35

	
0.35

	
0.35

	
0.4




	
Window-to-wall ratio (WWR)




	
North

	
0.4

	
-

	
0.40

	
0.30

	
0.40

	
0.4




	
East and West

	
0.35

	
-

	
0.35

	
0.2/0.3

	
0.20

	
0.35




	
South

	
0.45

	
-

	
0.45

	
0.45

	
0.45

	
0.45




	
Heat transfer coefficient (shaper factor ≤ 0.4); Anhui: ≤6 floors/>6 floors




	
Roof (D ≤ 2.5)

	
U ≤ 0.8

	
U ≤ 0.6

	
U ≤ 0.8

	
U ≤ 0.6/0.6

	
U ≤ 0.6

	
U ≤ 0.4




	
Roof (D > 2.5)

	
U ≤ 1.0

	
U ≤ 0.8

	
U ≤ 1.0

	
U ≤ 0.6/0.6

	
U ≤ 0.7

	
U ≤ 0.4




	
Wall (D ≤ 2.5)

	
U ≤ 1.0

	
U ≤ 0.8

	
U ≤ 1.0

	
U ≤ 0.8/0.9

	
U ≤ 1.0

	
U ≤ 0.6




	
Wall (D > 2.5)

	
U ≤ 1.5

	
U ≤ 1.1

	
U ≤ 1.5

	
U ≤ 1.0/1.1

	
U ≤ 1.2

	
U ≤ 1.0




	
Window (conditioned by different WWR range, noted in brackets)

	
U ≤ 4.7

(≤0.2)

	
U ≤ 3.6

(≤0.2)

	
U ≤ 4.7

(≤0.2)

	
U ≤ 2.6

(≤0.2)

	
U ≤ 2.8

(≤0.2)

	
U ≤ 2.8

(≤0.25)




	
U ≤ 4.0

(0.2–0.3)

	
U ≤ 3.2

(0.2–0.35)

	
U ≤ 4.0

(0.2–0.3)

	
U ≤ 2.6

(0.2–0.3)

	
U ≤ 2.8

(0.2–0.3)

	
U ≤ 2.5

(0.25–0.4)




	
U ≤ 3.2

(0.3–0.4)

	
U ≤ 2.8

(0.35–0.45)

	
U ≤ 3.2

(0.3–0.4)

	
U ≤ 2.6

(0.3–0.4)

	
U ≤ 2.6

(0.3–0.4)

	
U ≤ 2.2

(0.4–0.6)




	
U ≤ 2.8

(0.4–0.45)

	
U ≤ 2.5

(≥0.45)

	
U ≤ 2.8

(0.4–0.45)

	
U ≤ 2.4

(0.4–0.45)

	
U ≤ 2.4

(0.4–0.45)

	
-




	
Envelope heat transfer coefficient (shaper factor > 0.4); Anhui: ≤6 floors/>6 floors




	
Roof (D ≤ 2.5)

	
U ≤ 0.5

	
U ≤ 0.5

	
U ≤ 0.5

	
U ≤ 0.5/0.5

	
U ≤ 0.5

	
U ≤ 0.4




	
Roof (D > 2.5)

	
U ≤ 0.6

	
U ≤ 0.6

	
U ≤ 0.6

	
U ≤ 0.5/0.5

	
U ≤ 0.6

	
U ≤ 0.4




	
Wall (D ≤ 2.5)

	
U ≤ 0.8

	
U ≤ 0.9

	
U ≤ 0.8–0.95

	
U ≤ 0.6/0.8

	
U ≤ 0.8

	
U ≤ 0.6




	
Wall (D > 2.5)

	
U ≤ 1.0

	
U ≤ 1.0

	
U ≤ 1.0–1.2

	
U ≤ 0.8/1.0

	
U ≤ 1.0

	
U ≤ 1.0




	
Window (conditioned by different WWR range, noted in brackets)

	
U ≤ 4.0

(≤0.2)

	
U ≤ 3.2

(≤0.2)

	
U ≤ 4.0

(≤0.2)

	
U ≤ 2.6

(≤0.2)

	
U ≤ 2.8

(≤0.2)

	
U ≤ 2.8

(≤0.25)




	
U ≤ 3.2

(0.2–0.3)

	
U ≤ 2.8

(0.2–0.35)

	
U ≤ 3.2

(0.2–0.3)

	
U ≤ 2.6

(0.2–0.3)

	
U ≤ 2.6

(0.2–0.3)

	
U ≤ 2.5

(0.25–0.4)




	
U ≤ 2.8

(0.3–0.4)

	
U ≤ 2.5

(0.35–0.45)

	
U ≤ 2.8

(0.3–0.4)

	
U ≤ 2.6

(0.3–0.4)

	
U ≤ 2.4

(0.3–0.4)

	
U ≤ 2.2

(0.4–0.6)




	
U ≤ 2.5

(0.4–0.45)

	
U ≤ 2.3

(≥0.45)

	
U ≤ 2.5

(0.4–0.45)

	
U ≤ 2.4

(0.4–0.45)

	
U ≤ 2.2

(0.4–0.45)

	
-




	
Airtightness level




	
1–6 floors

	
≤class 4

	
-

	
≤class 4

	
≤class 6

	
≤class 4

	
≤class 6




	
≥7 floors

	
≤class 6

	
-

	
≤class 6

	
≤class 6

	
≤class 6

	
≤class 6








U: heat transfer coefficient, W/m2K; D: index of thermal inertia; WWR: window-to-wall ratio; Class 4 airtightness level: air penetration per unit area ≤ 7.5 m3/m2h; Class 6 airtightness level: air penetration per unit area ≤ 4.5 m3/m2h.
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Table 2. Green building evaluation score system.
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	Elements
	Basics Requirements
	Safety and Durability
	Health and Comfort
	Convenience





	Points
	400
	100
	100
	100



	Elements
	
	Energy conservation
	Environment
	Innovation



	Points
	
	200
	100
	100
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Table 3. Comparison of main technical measures for the hot summer–cold winter climate region between two voluntary regulations in China [95,96].
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	Technical Guidelines for Passive Ultra-Low-Energy Green Building
	Technical Standard for Nearly Zero-Energy Buildings





	Roof
	U: 0.20~0.35
	U: 0.15~0.35



	Exterior wall
	U: 0.20~0.35
	U: 0.15~0.40



	Ground floor
	-
	-



	Exterior window
	U: 1.0~2.0
	U: ≤2.0



	MVHR system
	Sensible heat recovery 75%

Enthalpy heat recovery 70%
	Sensible heat recovery 75%

Enthalpy heat recovery 70%



	Airtightness
	0.6 ach
	1.0 ach







U: U-value, W/m2K.
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Table 4. Comparison of energy criteria for the hot summer–cold winter climate region between two voluntary regulations in China [95,96].
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Technical Guidelines for Passive Ultra-Low-Energy Green Building

	
Technical Standard for Nearly Zero Energy Buildings




	
NZE Building

	
ULE Building






	
Heating energy

	
5 kWh/m2a

	
8 kWh/m2a

	
10 kWh/m2a




	
Cooling energy *

	
3.5 + 2.0 × WDH20 + 2.2 × DDH28

(34.1 kWh/m2a)

	
3 + 1.5 × WDH20 + 2.0 × DDH28

(27 kWh/m2a)

	
3.5 + 2.0 × WDH20 + 2.2 × DDH28

(34.1 kWh/m2a)




	
Sum of heating, cooling and lighting

	
60 kWh/m2a

	
-

	
-




	
Sum of heating, cooling, hot water and lighting

	
-

	
55 kWh/m2a

	
65 kWh/m2a








NZE: nearly zero-energy; ULE: ultra-low-energy; WDH20: wet bulb degree hours for a baseline of 20 °C; DDH28: dry bulb degree hours against baseline of 28 °C; * Cooling energy: demonstration calculations based on the typical city Changsha.













[image: Table] 





Table 5. NZEBs levels of energy performance for residential buildings within different European climates [104].
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	Climate, and Representative Cities
	Primary

Energy (kWh/m2a)
	On-Site Renewable Energy (kWh/m2a)
	Net Primary Energy * (kWh/m2a)





	Mediterranean (Catania, Athens, etc.)
	50–65
	50
	0–15



	Oceanic (Paris, London, etc.)
	50–60
	35
	15–30



	Continental (Budapest, Milan, etc.)
	50–70
	30
	20–40



	Nordic (Stockholm, Helsinki, etc.)
	65–90
	25
	40–65







* Off-set between the primary energy and on-site-generated energy.
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