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Abstract

:

The building operation sector in China represents 22% of the national energy consumption and 22% of the carbon emission, of which urban residential buildings accounted for 24% in 2019. Such figures for the housing sector are projected to increase sharply in the near future, while China aims to peak CO2 emissions by 2030 and reach neutrality before 2060. To reduce the impacts of the urban housing sector and address the energy use and waste generated by large-scale demolition and reconstruction, the central government started promoting the energy retrofit of urban residential buildings, raising such policies to the national strategic level. Jiangsu Province is one of the most urbanised, with a rapid growth in the energy consumption of residential buildings. The Multi-Danyuan and Single-Danyuan Apartment built in 1980–1999 are the most representative residential types in its urban areas. While still adequate functionally, they were designed and built to low energy standards and show significant potential for energy retrofit. Nonetheless, their current performance and energy-saving potential are under-researched, while more detailed and reliable data would be critical to support retrofit design and policy making. This study investigates and characterises the typical use and energy performance of the two building types. Additionally, seven measures and six retrofit scenarios were identified based on the optimal energy reductions and regulations from selected countries. The simulations indicate that, without intervention, the energy consumption of the typical urban residential buildings can reach 122 kWh/m2 under the typical high-energy user scenario. By selecting a set of effective energy-saving measures, the operational energy use for heating and cooling can be reduced by up to 52.4%. Current local standards prove cost-efficient, although less effective in reducing energy use compared to international best practices, indicating potential improvements to the contribution of building retrofit towards achieving the national carbon reduction goals.
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1. Introduction


The International Energy Agency (IEA) reported in 2021 that the building construction and operation sectors accounted globally for the most significant shares of the total final energy use in 2020, namely 37% of energy and process-related carbon dioxide (CO2) emissions [1]. Residential building operations alone represent 22% of the final energy use and 17% of the energy-related CO2 emissions [1]. While the total global energy demand fell by 1% in 2020 due to the pandemic, the changes in the energy usage patterns caused an increase in the building sector in the same period. The pandemic also caused a decline in the construction of new buildings, which resulted in a 10% drop in total carbon emissions in 2020 [1]. According to the Statistical Review of World Energy 2021, China contributed 26.1% of the total global energy consumption in 2020, making China the largest energy-consuming country in the world [2]. Tsinghua University Building Energy Research Center (THUBERC) calculated that the building construction and operation sectors combined used 33% of the total national energy consumption in 2019, including 11% from the building construction sector and 22% from the building operation sector [3]. The shares of carbon emissions from the building construction and operation sectors were 16% and 22% of the national total, totalling 38% [3]. The energy consumption and carbon emissions from the building operation sector, each accounting for 32% of the total, rank second only to the industry sector [3]. Therefore, the building operation sector is a significant part of China’s national macro goals for energy conservation and emission reduction.



China’s dynamics have also been characterised by a fast development of the economy and a substantial improvement in people’s living standards, resulting in higher requirements for the indoor living environment and increasing demands for domestic energy use. In addition, rapid urbanisation led to unprecedented growth in the total building floor area, aggravating energy use and carbon emissions. At the 75th session of the United Nations General Assembly in September 2020, the country announced that it would aim to peak CO2 emissions by 2030 and reach carbon neutrality before 2060 [4]. Although the building construction and operation section will necessarily be required to play a key role, there are no specific energy consumption and carbon emission targets. Comprehensive and systematic studies on the energy consumption and carbon emission control targets for the building sector seem insufficient, and the demand for viable targets on the overall consumption of energy use and carbon emissions is impending.



The urban residential sector is identified as one of the most rapidly developing and most significant energy-consuming segments of the building sector. The total floor area of civil buildings in China reached 64.4 billion m2 by the end of 2019, 43.8% of which was concentrated in the urban areas. Different studies predict a peak between 2030 at 35 billion m2 [3], and 2040 at 38.4 billion m2 [5], and then a gradual reduction to 33.2 billion m2 in 2060.



At the same time, the energy consumption of the construction of urban residential buildings in China took the most significant proportion (69%) of total energy use in the construction of city buildings in 2019 [3]. As for the energy consumption of building operations, in 2019, the urban residential building sector represented around 24% of the total civil buildings (including urban residential, rural residential, public buildings and central-heated buildings in northern China). Moreover, the average energy intensity of urban residential households increased quickly, at an average rate of 8% in the past twenty years [3]. In particular, the energy use for winter heating in the urban housing in the hot summer–cold winter zone (HSCW zone) increased at an average annual rate of 15–21% in the past twenty years and should be at the centre of the strategy for the reduction of urban residential energy use and emissions. Various institutes have different prediction models for future energy consumption and carbon emissions situations in the building construction and operation sector. It is projected that China’s energy consumption in the building sector may double or triple in the next five to ten years, and the carbon emissions in the building sector will increase by 20% to 100% [5].



Jiangsu Province is one of the most urbanised regions in the southeast China. The total urban residential area accounts for almost 9% of the national total, with over 38% of the existing urban residential buildings being built before 2000 [6], when the local energy efficiency design standards were not mandatorily implemented, determining rather poor thermal performance of building envelope [7,8,9,10]. The statistics also indicate that the majority of the existing residential buildings in urban Jiangsu feature brick and reinforced concrete structures with no insulation layers. These are also the most commonly found in buildings constructed in the 1980s and 1990s [11]. Previous studies found that the indoor temperature in winter ranged between 6 to 20 °C, with an average of 13.9 °C, while the summer temperature could be very close to the outdoor air temperature [12]. Moreover, the minimum indoor temperature of urban housing can be as low as 1.5 °C in winter and reach 38.7 °C in summer without air conditioning systems [3], which poses risks to occupants’ health and increases the potential energy use for space heating and cooling. The bursting demand for a better indoor thermal environment in fact increased energy use for distributed space heating and cooling facilities. The energy consumption for air conditioning has shown a trend of exponential growth since 2001 in the HSCW zone. The electricity use in 2019 on space heating in winter was 4.5 times that of 2001 [3], showing a continuously growing trend. China Association of Building Energy Efficiency (CABEE) reported that, compared with other provinces in China, the energy consumption and carbon emissions of Jiangsu Province rank fifth and sixth nationally, only lower than some of the heavy-industry provinces [13]. The energy conservation and carbon emissions reduction in Jiangsu Province bear national and international significance.



Although the national government has devoted substantial effort to building energy efficiency and conservation research and achieved satisfactory general results, the implementation of urban residential retrofit work did not meet expectations by 2020. The average annual retrofitted area was 200 million m2 from 2011 to 2015 but dropped sharply by 74% from 2016 to 2020, with an average reduction of 52.45 million m2 per year due to the lack of State financial subsidy [5]. As a result of the pandemic, retrofit activities have been essentially stagnant since 2020. The progress of urban residential retrofit in HSCW was even more unpromising. To respond to the national energy conservation and carbon emissions reduction strategy, Jiangsu Province also promoted the old urban residential retrofit from 2016 to 2020. A national-focused residential retrofit plan started in 2017. By the end of 2020, the average retrofit area was 60 million m2 per year, just slightly higher than the annual average retrofit area of the cold and severe cold zone [14]. However, rather than focusing on energy, the primary retrofit strategies have focused on updating the ageing facilities, improving the community living environment, improving fire safety, and upgrading the general infrastructure.



The energy retrofit of the urban residential building stocks is regarded as a high-potential strategy for energy efficiency and carbon mitigation. However, the implementation of urban retrofit seems inadequate, and the anticipated results are yet to be achieved [5]. The obstacles to promoting urban residential retrofit have been widely discussed and researched. On the one hand, previous research indicated that the current regulations were not sufficiently developed to meet the changing needs of rapid urbanisation and that the national-level guidelines do not address specific needs at regional or local levels. Many researchers also point out issues such as inconsistent definitions or content overlap among different standards and the difficulty of adapting to the evolving forms and functions of housing, with revisions to regulations often being delayed [15,16,17,18,19,20]. On the other hand, specific operational guidelines and technical support are required, especially considering the carbon peak and neutrality targets and the potential aggravation determined by climate change. Some pilot-retrofit projects also pointed out that lacking records of building construction information, building drawings, and measured data posed additional challenges for the building performance assessment in preparation for effective retrofit strategies [21]. In addition, the financial support and funding provided by the government are insufficient to support large-scale or in-depth urban housing renovation.



Blueprints for future developments are offered by developed countries where research on the energy retrofit of residential buildings started earlier, resulting in today’s well-established laws, regulations, and standards. Examples include the United States’ ASHRAE and LEED systems for building retrofit and maintenance, the UK’s BREEAM system for residential retrofit, Germany’s EnerPHit standards for building energy retrofit, and the specifications in Japan’s CASBEE [22,23]. The objectives related to residential energy retrofit have evolved from the promotion of basic energy-saving measures to more ambitious performance standards, such as net-zero energy buildings and active energy-producing buildings. The transition involved establishing detailed energy models to quantitatively assess the potential energy consumption in different scenarios [24,25,26,27].



To extend the scope of building simulation at the stock level, the building typology approach has been proven feasible and effective in the past few decades with national, regional, or municipal scopes, with advanced developments, particularly in European countries, including key projects like TABULA (2009–2012) and EPISCOPE (2013–2016). Applications to residential building stocks enable systematic research on energy use for space conditioning and hot water systems of both existing and newly built buildings. The representative building types, complemented with the national statistics on building stocks, can be used for developing bottom–up models of the national residential building sector for predicting energy consumption [28]. Apart from the TABULA project, which sets a pretty comprehensive framework for cross-country comparisons of different indexes, including building features, measures and energy performance, many researchers also used similar research approaches to classify existing building types and further analyse and predict the energy consumption and successfully quantified the predicted energy use of the residential buildings [29,30,31,32,33,34,35,36,37].



In China, research in this area started relatively late and has only received sufficient attention in recent years. Additionally, more emphasis has been placed on energy retrofit in northern China, with limited attention given to Jiangsu Province [38,39], where studies are in the early stages. They often focus on individual energy-saving measures, while more systematic quantitative analyses of energy performance or improvements in thermal comfort were not commonly undertaken [7,8,40,41], and have focused on public structures such as offices and industrial heritage buildings [42,43]. Tsang developed a comprehensive building energy model for residential retrofit in the HSCW zone, covering multiple areas. However, it only included one city in Jiangsu Province, and the selection of typical Jiangsu residential building types and climate differences between the northern and southern parts of Jiangsu Province was not taken into account [44].



Similarly, research at the residential building stock scale developed later, is less comprehensive and systematic, and not always intended for practical applications. Initially, most Chinese scholars researching urban architectural typology investigated aspects such as historical background, urban population, and family morphology, exploring topics related to social development and historical changes [11,45,46,47]. Some energy-related studies on building types analysed residential or public buildings in north- and southwest China [48,49], and a few studies chose to focus on one typical residential building in hot summer and cold winter areas [50,51]. Gui has developed a housing typology system for the HSCW zone with relevant parameters [52]; however, it does not specifically address the existing building stock requiring retrofit, and the selected city has a different climate from Jiangsu Province.



In summary, two main gaps emerged from the review of the existing literature: (1) The classification of Jiangsu urban residential building types is still generic and lacks of a systematic database, which would allow more informed and targeted decision and policy making; (2) there is limited research on the retrofit of existing residential stock in Jiangsu Province, and a lack of energy models and quantitative studies to assess the energy-saving potential specifically to different climates and building types.



This study addresses these gaps by conducting a literature review and on-site investigation of the existing residential stock in urban areas of Jiangsu Province, selecting representative building types, and conducting detailed surveys and documentation of the physical performance, energy usage, user behaviour patterns, and other relevant parameters for studying energy performance, possible retrofit measures, and related energy-saving potential. The data informed the development of a detailed energy model, with simulations conducted in the two normative climate zones of the province: the HSCW Zone, covering the vast majority of its territory, and the Cold Zone, occupying the northernmost areas. More in particular, the research focused on the most substantial part of the stock constructed between 1980 and 1999, still adequate functionally but designed and built to low energy standards, and therefore with a significant potential for retrofit. Individual measures and aggregate scenarios were selected and built based on the current literature and on the most consolidated international benchmarks.




2. Materials and Methods


2.1. Bottom–Up Energy Modelling and Simulation


This paper posits that bottom–up building energy models are a reliable and effective way to investigate energy demand under different conditions [53]. Therefore, the study adopts this approach to explore the predictions of building energy consumption and carbon at the current status and the potential of energy retrofit measures. Developing a detailed building energy model of representative residential building types in Jiangsu Province also lays the foundation for future studies with potentially broader and more articulated building stock models. The method has seen numerous developments worldwide in the residential building sector since the 1990s [53,54,55,56,57,58,59,60,61]. China counts several applications since 2000, but mainly concerned with the northern regions or with specific buildings, and with insufficient consideration of future climate scenarios [12,44,59,62,63,64].



For this research, the individual building types are modelled and simulated using DesignBuilder, EnergyPlus, and jEPlus. EnergyPlus is one of the most commonly used whole-building energy simulation programs and has undergone extensive validation [65,66,67]. DesignBuilder is a user graphical interface specially developed for EnergyPlus, and incorporating all building construction, activities, opening, lighting, and HVAC input sections, as well as a vast database including, among others, building and structural materials, lighting units, windows and aerated glass, curtains, and shading. jEPlus_v2.1.0 is used to simplify and support the parametrical simulation process. jEPlus is able to assist in setting up parametric runs with EnergyPlus models and to perform large sets of simulations in “parallel” mode [68]. It can simplify the process of inputting model parameters, make the process more time-efficient, and reduce the probability of operational errors and repetitive work to the minimum extent.



The climate files for the simulations were retrieved from SWERA and CSWD databases through the EnergyPlus website. They include the cities of Suzhou and Xuzhou as representative of southern (HSCW) and northern (Cold) regions. Given the distinctive characteristics and requirements in the two zones, the respective residential energy demands will be discussed separately.




2.2. Building Carbon Emission Calculation Method


In 2021, the Ministry of Housing and Urban-Rural Development (MOHURD) issued the National standard “General Code for Energy Efficiency and Utilization of Renewable Energy application in Buildings GB 55015-2021”, which came into force on 1 April 2022 [69], as the prescribed method for the calculation of building carbon emission. The emissions of the two building types under different scenarios are estimated according to this standard for the operational energy. Although its results may not be entirely accurate in absolute terms due to the assumptions in the input data, it allows a useful comparative analysis of different retrofit and climate scenarios. Carbon emission is calculated as follows:


    C   M   =       ∑  i = 1   n        E   i   E   F   i       −   C   p     y     A   −     ,  



(1)






    E   i     ∑  j = 1   n        E   i   , j − E   R   i   , j     ,  



(2)




where: CM: Carbon emission per unit building area for building operation (kgCO2/m2); Ei: Annual Type i energy consumption in buildings (unit/a); EFi: Carbon emission factor of Type i energy; Ei,j: Class i energy consumption of class j systems; ERi,j: Type j systems consumption of Type i energy provided by renewable energy systems (units/a); i: Type of terminal energy consumed by the building; j: Building energy system; Cp: Annual carbon reduction by carbon sink system of building green space; y: Designed lifespan of the building; and A: building area (m2).



As for the carbon emission factor of electricity in China, various authorities have provided inconsistent definitions, and Yin highlights that the carbon emission of China’s electricity varies according to the local power generation mix [70]. By analysing the power generation technology of the East China regional power grid where Jiangsu Province is located, he calculated that the carbon emission factor of Jiangsu Province should be 0.6826. This value is adopted for the calculations in this subsection. This research does not include renewable energy generation and the carbon sink systems.




2.3. Retrofit Measure Selection


The retrofit measures simulated in this study were chosen based on previous research and existing standards, regulations, and construction guidebooks, including the ‘Technical guide for Green Renovation of existing residential buildings’ and the ‘Technical Specification for energy efficiency retrofitting of existing residential buildings’ [3,10,40,41,44,71,72,73,74,75,76,77,78].



Li concluded that improving wall insulation should be the priority for retrofitting [72], while other researchers emphasised improving roof insulation [79,80,81] or window components [8,72,82]. Several studies tested the impacts of adding window shading devices, arguing that a certain depth of overhang shading has a significant effect on reducing cooling demands in the HSCW zone, while the effect of adjustable shadings largely depends on the occupants’ preferences and control patterns [8,72,83,84]. Enclosing open staircases was also recognised as one of the most cost-effective measures to improve indoor thermal performance and reduce energy demands [8,10,85].



Prioritising the criteria of applicability, operability effectiveness in reducing energy use, the following seven measures were selected: adding external insulation; adding roof insulation; window upgrading (including double-glazed and triple-glazed windows); air tightness improvement; changing external wall reflective paint/coating; adding external window overhang; and enclosing the currently open staircases.



Each is tested in up to three variations with different impacts on energy use (Table 1). The incremental improvement of each variation is determined so that compliance with different standards can be achieved by materials and components commercially available in the province. This resulted in 21 basic configurations and 1536 combinations under one climate context and one energy-user scenario for one city. EnergyPlus was used to set up the basic configurations, and jEPlus to process all resulting combinations to be run in parallel simulations.





3. Results


3.1. Building Types and Baseline Model Development


3.1.1. Representative Building Types in Urban Areas of Jiangsu Province


Building classification assists with estimating energy performance, for it correlates with multiple parameters, including the construction year, surrounding situation, geometry, envelope characteristics, energy supply, and other energy-related systems. Thus, when the existing buildings are well classified into building typologies according to these features, it is possible to efficiently estimate the energy performance and provide recommendations for building retrofit strategies [28].



The selection of building types in urban regions of Jiangsu Province is based on the four most impactful parameters: construction year, plane form, storey numbers and building structure. The National Population Census 2020 contains information on the conditions of the existing residential building stock in the urban areas of Jiangsu Province. Figure 1 shows that 35% of the stock was built from 1980 to 1999. These are also the main subjects of recent renewal research in China [86]. The hybrid structure, a combination of brick and reinforced concrete, is the most common type among residential buildings from this period [11]. Moreover, the majority of these buildings are developed in one to seven storeys.



Based on their floor plan, the two main types can be defined as linear-shaped and tower-shaped buildings. This paper will refer to them as Multi-Danyuan Apartment and Single-Danyuan Apartment, respectively. “Danyuan” refers to a staircase shared by two to four households on one floor, with apartments accessed directly from the landing. Based on the survey of governmental city record statistics, community management information, online renting advertisements, recent photos from housing intermediaries and digital Map app, and field visits, the average proportion of the Multi-Danyuan Apartment is 85%; meanwhile, the Single-Danyuan Apartment accounts for the remaining 15%. The typical geometry forms and plans of the selected two building types are illustrated in Figure 2.



The buildings are typically supported by simple brick and concrete structures with mixed mortar as an interior and exterior wall finish and no insulation layers, resulting in inferior physical features of the envelope and overall thermal performance. In addition, they usually have no insulation layer on the roof, poor-quality windows and frames, poor air tightness, no shading devices, and low-efficient electric facilities. The thermal properties of the buildings and the input parameters for the development of the baseline model are summarized in Table 2.



The main energy-consuming systems in the urban residential building stock are space heating in winter, air conditioning (AC) in summer, home appliances, cooking, domestic hot water (DHW), and lighting. Home appliances account for the most sizeable proportion, which is predicted to keep growing in the future with the rising living standards. Similarly, space-cooling and -heating take a big share, and show a significant increasing trend, especially the heating section, which has been growing at an annual rate of 15% to 21% in the past 20 years [3].



Distributed heating is the most widespread heating system in the HSCW zone, most commonly in the form of split AC units and portable electric heaters. AC systems are still the most owned and installed heating equipment in the HSCW zone, even though the residents tend to consider them as inefficient energetically and often resulting in excessively low indoor humidity. Moreover, residents have a consolidated habit of regularly opening windows for ventilation, increasing heat loss, and requiring extended use of AC systems, contributing to the perception that they are outperformed by portable equipment in ensuring minimum comfort levels. The residents in urban regions of Jiangsu Province use heating equipment for two months per year on average, and the majority of the residents choose to use heating only when strictly necessary and deactivate it when leaving the room or before bedtime [12].



The indoor space cooling in the urban residential buildings of China relies primarily on decentralised AC and electric fans. However, even within the same climate zone, the electricity consumption of AC would vary significantly due to the different lifestyles and AC-using patterns of different households [91]. According to the National Census 2015, 70% of the occupants prefer to turn on the AC only when necessary, including 50% of them who only activate the AC when they feel extremely hot indoors. Only 8% of the residents prefer keeping all rooms conditioned, while 90% choose to condition the occupied rooms [12].




3.1.2. Case Study and On-Site Investigation


The on-site investigation was conducted to improve the integrity and accuracy of the database for the development of the baseline model and input parameters. In addition, the simulation results were calibrated and validated against the measured data collected from the monitoring of the case study.



One apartment unit in a typical Multi-Danyuan building with an elderly couple as the residents was selected for this research. A set of on-site investigations on the neighbourhood and the building was conducted, in addition to the indoor temperature monitoring and interviews with the residents. The target apartment is located south of the old town of Suzhou city, showing the typical climate features of the hot summer–cold winter zone. The photos of the case study apartment building and unit are shown in Figure 3. The basic building information is shown in Table 3. There are no available architectural drawings, construction specifications or archives for the building. Therefore, the assumptions of building envelopes are made based on the building construction codes, residential design atlas, and the experience of engineering practices widely accepted by local architects. The specific assumptions for the modelling are summarised in Table 2.



The case-study apartment is on the fourth floor of the building, the east unit of the Danyuan (highlighted in Figure 4). It consists of a living room without a window surrounded by three bedrooms, one bathroom, and one kitchen.



The primary cooling methods are natural and mechanical ventilation, such as ceiling fans and portable electrical fans. The residents typically use air conditioners for indoor space cooling during the extremely hot months of July and August. Their use pattern for AC reflects the habits of most Chinese urban residents, turning on the AC only when necessary, and turning it off when they feel comfortable enough.



The use of space heating in the wintertime is similarly frugal and need-driven but more frequent due to poor thermal insulation. The interviewees indicated that the free-run indoor temperature in the winter is similar to the outdoor temperature and, therefore, excessively uncomfortable, particularly between December and February. Nevertheless, they barely use the central AC system, preferring movable electric heaters/radiators and even electric blankets. The use pattern for heating equipment (electric heaters and electric blankets) is to turn it on only when necessary and off when comfort levels are acceptable.



In addition, the apartment is equipped with a gas water heater to provide domestic hot water for daily use. The interviewees routinely cook at home three times a day. The primary energy source for cooking is natural gas, but they use electric cookers sometimes as well. No televisions, computers or other facilities were observed.



The onsite indoor temperature monitoring was carried out from 17 July 2019 until 24 August 2019, during which the AC was functioning between 24th July and 2nd August. iButtons temperature sensors and loggers were used as monitoring tools to collect the indoor air temperatures hourly. The loggers were placed in the main living areas of the apartment, namely Rooms 1–4, shown in Figure 4. They were suspended around a height of 1.8 to 2.0 metres above the floor avoiding direct influence from solar radiation, external walls, air conditioning devices, and electric appliances that generate heat. Between 17 and 23 July and from 3–24 August, the HVAC cooling of all rooms was constantly off, while natural ventilation was used in each room according to the users’ preference. AC was on from 24 July–2 August, when all rooms were conditioned in the hottest hours, excluding natural ventilation. The monitoring and collecting of the outdoor temperature and relative humidity were also conducted with iButtons. The sensors were suspended in the middle of an instrument shelter/thermometer screen, which can protect the instrument from strong breeze and precipitation, block direct solar radiation, and provide ventilation, allowing for more accurate recordings. The logger and shelter were fixed on the open top floor terrace of a 5-storey building, away from building facades and heat-generating equipment.



More comprehensive real-time meteorological data of this period were obtained from the Suzhou weather station, including dry bulb temperature (°C), dew point temperature (°C), relative humidity (%), direct normal radiation (Wh/m2), diffuse horizontal radiation (Wh/m2), wind direction (o), and wind speed (m/s).



The bi-monthly utility bills, including electricity consumption and cost of the case study apartment for two years—from November 2017 to October 2019—were obtained from the local electricity supplier, State Grid Suzhou Power Supply Company. The urban residential gas consumption was not gained directly from the gas supplier but calculated from the cost charged to the bank account, which is also charged every two months. The bi-monthly utility bills are provided in Table A1 in Appendix A.




3.1.3. Baseline Model Development


The case study building is modelled according to an on-site survey, and assumptions are made based on design regulation and academic research as detailed in Section 2. The model includes adjacent buildings affecting the solar heat gains. Figure 5 shows the baseline model for the Multi-Danyuan Apartment and an outline of the Single-Danyuan Apartment in DesignBuilder. The thermal characteristics of the building fabric are shown in Table 2.



With regard to set-point temperatures for the AC, the Design standard for energy efficiency of residential buildings in the Hot Summer and Cold Winter Zone [92] recommends 18 °C for heating and 26 °C for cooling. This standard also indicates that the heating and cooling COP of air source heat pumps should be 2.3 and 1.9, respectively.



Multiple studies conducted surveys on the hourly operation of AC systems for heating and cooling for a typical day in sample cities belonging to the HSCW zone [93,94,95,96], as illustrated in Figure 6.



Although the details vary, similar trends are recognizable in all studies. For heating, they show an evident rise in the operation rate at 16:00, with a peak between 19:00 and 23:00. The usage of AC cooling rises sharply between 12:00–15:00 and 18:00–22:00 and peaks between 20:00 and 22:00.



An hourly AC operation schedule based on the data from the above studies is produced as the input parameter for the AC schedule of each zone in the energy model. The method to define the AC operation schedule of different types of residents was introduced by Tsang [44], grouping the residents with different operation hours into three categories: low-energy, medium-energy, and high-energy users, as defined by different operation ratios. The operating ratios for the three scenarios are 70% (low-energy user scenario), 50% (medium-energy user scenario), and 20% (high-energy user scenario). That is, for the medium energy-using scenario, AC is active when the value is above 50%. To provide a second example, at 13:00, the operating ratio is 65% for summer cooling and 16% for winter heating; thus, int the high-energy user scenario, cooling is operated, but heating remains inactive. As seen in Figure 7, for the high-energy user scenario, the operating times for AC are 0:00 to 6:00, 10:00 to 24:00 in summer (assuming 10:00 to 21:00 in the living room and 21:00 to 6:00 am in the bedroom), and 16:00–24:00 pm in winter, a total of 20 h in summer and 8 h in winter. The same method is applied to the low-energy user scenario, resulting in a total operation hour of 4 h in summer and 4 h in winter.



The energy demand under low-energy and high-energy user scenarios will be tested in this paper to provide a range of energy use possibilities and to discuss the energy-reducing potentials by applying different retrofit approaches. The detailed AC usage schedule of the three scenarios is shown in Table 4 (A more detailed AC schedule can be found in Table A2 in Appendix B).



In addition, the internal heat gains were determined according to the design standard for HSCW residential buildings [92] as 4.3 W/m2, which refers to the internal heat gains from equipment and home appliances, including television, computers and other appliances. The lighting gains are set at 6 W/m2 according to the standard for the lighting design of residential buildings [97]. The schedule and energy use density of cooking are usually excluded from relevant research because of the high uncertainty caused by diverse preferences on cooking methods, tools, and schedules. This paper adapted Yu’s research, which identifies 18:00–19:00 for cooking, with internal heat gains assumed to be 10.8 W/m2 [98].




3.1.4. Baseline Model Calibration


Given the availability of reliable and high-quality input data, building energy models show enormous potential for investigating various specific design strategies and retrofit measures, as well as providing detailed predictions about building performance. However, discrepancies between simulation results and actual measured data are inevitable, and significant errors lead to decreased confidence in the model’s reliability and are detrimental to the capability of investigating different scenarios. Such discrepancies can be reduced by calibrating the model predictions against the measured building performances.



The Coefficient of Variation in the Root–Mean–Square Error (CV RMSE) expresses how well a building energy model describes the variability in measured data, as per Equation (3). ASHRAE Guideline 14-2014 is one of the most widely used methodologies for building energy model calibration and provides criteria to measure accuracy, which are also used in this paper. The acceptance threshold for CV RMSE based on ASHRAE Guideline 14 is within 15% for monthly simulation and 30% for hourly simulation. Below these limits, a model can be regarded as calibrated and reliable.
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The measured data used to calibrate simulation results include bimonthly electricity use from November 2017 to November 2019, and the monitored hourly indoor air temperature of each room from 24 July–2 August 2019. During the calibration process, the model adjustments were conducted manually, introducing multiple iterations each time with a specific change in input parameters to minimise the variability between simulated and measured data. The adjustments include the set-point temperature, occupants and AC schedules, and the hourly climate data for the monitored 38 days.



The CV RMSE value of the bimonthly energy consumption of the case apartment was calibrated to fall within 15% by adjusting the preferences of the usage of AC. By adjusting the usage of winter heating in the bedrooms, the CV RMSE value can reach between 12.82% and 14.04%. Such adjustments are consistent with the preferences of the residents of the case apartment. Moreover, the temperature monitoring period included situations with AC in on and off modes, and the CV RMSE values in both modes were within 7% for all rooms in all periods. The highest and lowest values are 6.76% and 2.95%, with an average of 3.8%, indicating that the model is highly accuracy.



The subsequent development for the Single-Danyuan Apartment is based on the calibrated baseline model of the Multi-Danyuan Apartment, as both share the same construction and thermal characteristics, occupant behaviour and AC schedules and settings.





3.2. Pre-Retrofit Energy Demand


Since this research focuses on building demand for environmental control and operates under fixed assumptions for the use of gas and home appliances, the energy user scenarios only affect heating and cooling intensity.



Table 5 and Table 6 show the annual energy consumption for the low and high-energy use of the two building types of in the south and north Jiangsu region. The simulation results indicate that the potential energy demand per conditioned floor area ranges from 91.7 to 149.52 kWh/m2 in south Jiangsu and 89.46 to 155.52 kWh/m2 in north Jiangsu.



They also show an overall similar energy demand for the Multi-Danyuan Apartment and Single-Danyuan Apartment for both low-energy and high-energy user scenarios. In both cases, the heating demand is higher than the cooling demand under all circumstances, ranging between 40 and 60% of the total, with the maximum occurring in the north region for the Single-Danyuan apartment in the high-energy user. This outcome differs from available statistics estimating heating energy at about 11% of the total end-use electricity in urban residential buildings in 2019 [3]. The statistical data may be underestimated due to the widespread use of plugged devices (see Section 1) and indicate that a large number of residents in the HSCW zone so far has under-used heating at the expense of indoor comfort. However, with an average annual growth rate of 15–21% in the past twenty years (see Section 1), space heating will likely become the dominant energy use in the existing housing stock.



The fact that the Multi-Danyuan Apartment has higher total energy demand per conditioned area but lower total site energy per total building area reflects a larger proportion of the unconditioned communal area of the whole building compared to the Single-Danyuan type.




3.3. Post-Retrofit Energy Demand: Single Retrofit Measures


As described in Section 2.3, the energy retrofit measures for the typical residential types mainly aim to improve the thermal envelope, with a focus on seven aspects of the building fabric: the external wall, roof, window components, air tightness, external wall façade reflectivity, south window overhang, and communal staircase. This section investigates the energy reduction potential by examining the energy demands after applying every measure independently.



Through the analysis in the previous section, both types were found to have similar heating and cooling energy demands and overall proportions in southern and northern Jiangsu. Since this section focuses on the variations in heating, cooling, and total energy, the buildings in southern Jiangsu will be assumed as representative of the whole province. The assumption will be verified by further simulation in the next step of the research. In consideration of the above-mentioned trends in energy use, and in order to make the variations determined by each measure more distinct, the simulation and analysis will be carried out based on the high-energy user patterns.



Considering both building types in south Jiangsu, the variations in heating, cooling, and total energy are summarised in Table 7. While individual measures for wall and roof insulation, windows, air tightness, south window overhanging shading, and common staircases can reduce the total energy consumption by 4-18%, increasing external wall façade reflectivity shows no measurable effect in this case.



Improving the air tightness of buildings proved to be the most effective single retrofit measure that can benefit both heating and cooling demand. When reducing the air tightness from 1.5 ACH to 1.0, the total energy demand can be reduced by 6–7%, while the heating and cooling demand is also reduced by almost 9% and 6.8%, respectively. When the air tightness is further improved to 0.5 ACH, the heating and cooling demand is significantly reduced by 17.94% and 16.08% at most, respectively, and the total energy demand is reduced by nearly 15%. A total energy demand reduction of 6% to 14.3% can be achieved by a single measure alone.



Adding insulation on the external walls and roof are the next best measures, with reductions between 4.85% and 10.50% for the Multi-Danyuan and between 6.22% and almost 11% for the Single-Danyuan. Although the marginal benefit of adding extra insulation decreases gradually as the thickness increases for both external walls and roofs, the solutions with higher insulation are the only ones that reduce energy use to a level comparable with the European standards used as references in this research.



Changing the window components with better insulation properties and lower solar transmittance also reduces heating, cooling, and total energy, but to a lesser extent. This can be partially explained by the design of the buildings, with most transparent surfaces concentrated on the south façade and therefore performing reasonably well in terms of energy balance. It should also be considered that replacing windows influences airtightness, which has already been identified as the single most effective intervention.



Window overhangs on the southern façades can moderately reduce the cooling intensity, but the worsening in the winter performance almost completely outweighs the advantage. Thus, this will not be regarded as an effective retrofit measure for these buildings.



Similarly, enclosing a semi-open staircase shows limited impacts on the total energy demand, as it reduces heating energy in winter (already identified as a priority) while slightly increasing cooling needs in summer. Like for the windows, the enclosure also contributes to improving air tightness. Additionally, part of the interest in this measure lies in its contribution to other aspects connected with building retrofit, including safety and security, environmental comfort, and hygiene of the common spaces, building facade continuity and correction of thermal bridges, and overall quality standards of the residential communities.




3.4. Development of Retrofit Scenarios


Retrofit Measures and Scenario Development


All measures in all configurations were simulated parametrically to obtain all possible combinations. Such an approach enables the assessment of all possible interactions among measures and to identify the most effective and efficient scenarios. For the purpose of this analysis, six scenarios are considered, in addition to the original pre-retrofit situation (named SCE_0_Pre-retrofit):




	
Three combinations of measures are selected based on the following regulations: JGJ 134-2010 Design Standard for Energy Efficiency of Residential Buildings in Hot Summer and Cold Winter Zone, China [92]; The Building Regulations 2010 L1B Conservation of fuel and power in existing dwellings, UK [99]; and Criteria for the Passive House, EnerPHit and PHI Low Energy Building Standard, Germany [100]. The China -based scenario assesses the potential of adapting the obsolete building types to the most current local standards. The UK and Germany-based scenarios assess the potential of implementing the best international practices and to evaluate their suitability in the local context. The thermal requirements of the two standards are not strictly complied with in this research; minor deviations were deemed tolerable to align the scenarios to the local specifications of materials and components. The three scenarios are named SCE_1_CN (China), SCE_2_UK (UK), and SCE_3_GER (Germany), respectively. Their configurations are summa-rised in Table 8.



	
After the simulations, three additional combinations achieving the lowest total energy demand, heating demand, and cooling demand were selected regardless of retrofit costs, regulations, or other constraints. The scenarios were named SCE_4_BT (best total), SCE_5_BH (best heating), and SCE_6_BC (best cooling). Their configuration can vary depending on the building types, as shown in Table 9. It should be noted that for the Single-Danyuan Apartment, SCE_3_GER and SCE_4_BT coincide. That is, the optimal total energy demand reduction is achieved by meeting the German EnerPHit standard.








The combination of measures to achieve the best heating, cooling, and total energy demand reduction for both types of buildings are remarkably similar, all featuring the most stringent thermal configurations for walls, roof, air tightness and window components. The only differences occur in the specific settings for the south window overhang and staircase enclosure. For the best total energy reduction, the multi-Danyuan Apartment needs a 0.5-m-deep overhang on the south-facing window, while no overhang should be added for the Single-Danyuan Apartment. Moreover, for the best cooling energy demand, the Single-Danyuan Apartment should enclose the staircase, while the other building type should keep the staircase semi-open.



Different retrofit scenarios will result in variations in retrofit costs. Table 10 summarises the costs of the materials for the renovation measures according to Liu [101], the project valuation quota issued by the Jiangsu Provincial Government [102], and the data observed in the local market. It should be noted that maintenance and demolition of old building components, labour, and material transportation are not included in this table. The costs are estimated for comparative purposes and should be intended as indicative.





3.5. Post-Retrofit Energy Demand under Six Scenarios


3.5.1. Total Energy Demand Reduction


Table 11 and Table 12 summarise the total energy demands of all cases of the two building types, including the low and high-energy user scenarios and the south and north Jiangsu regions. The total energy use of the Multi-Danyuan type ranges from 56 to 84.93 kWh/m2 and from 49.1 to 83.67 kWh/m2 for the Single-Danyuan type.



The following commentary will focus on the performance of the high-energy user scenario as the most likely one in the upcoming years, according to the trends discussed in Section 1.



The results indicate that the energy reduction potential for the retrofit of the Multi-Danyuan Apartment ranges from 23.2% to 44.2%, and that of the Single-Danyuan Apartment ranges from 28.9% to 52.4%. The overall energy reduction in the Single-Danyuan Apartment is more significant than that of the Multi-Danyuan Apartment due to lower compactness and the consequent stronger influence of the building envelope. The overall energy reduction after the retrofit of the building in northern Jiangsu, due to the higher weigh of the heating component, is more significant than that of southern Jiangsu.



SCE_3_GER, SCE_4_BT, SCE_5_BH and SCE_6_BC produce the best contributions to the total energy reduction. They feature remarkably similar retrofit measures and subtle differences in energy performance. Thus, they can all be regarded as equivalent energy-optimal retrofit scenarios. This result also points to Germany’s EnerPHit as the most effective standard in terms of energy reduction in this specific context.



Although SCE_1_CN and SCE_2_UK do not achieve the most significant energy reductions, their 38.9% and 47.3% for the two building types confirm the effectiveness of the two standards. The scenarios feature different configurations, with costs 16–23% lower than the EnerPHit solution, and can be regarded as particularly cost-effective.




3.5.2. Heating and Cooling Demand Reduction


Figure 8 illustrates the heating and cooling energy demand of the two building types in south and north Jiangsu Province and their changes in different retrofit scenarios under a high-energy user assumption.



The heating intensity of the two buildings is similar in the pre-retrofit configuration (6–9% variance), while differences are more apparent after retrofit, with 20–23% in the most advanced scenario. The opposite happens with cooling, which shows differences of 9–12% (it can reach 21–24% in the low-energy user scenario) before retrofit and only 1–10% after the retrofit. This may be partially explained by the reduction in SHGC and U-values, which reduces the form advantage of the Multi-Danyuan Apartment with lower surface-to-volume ratio and proportionally larger transparent surfaces facing due south.



Both types of buildings have the lowest reduction under SCE_1_CN, with a total energy intensity slightly below 80 kWh/m2. More advanced retrofit scenarios can reduce the total heating and cooling energy to less than 60 kWh/m2, with 33–65.3%. savings on heating and 27.2–58.9% savings on cooling. All retrofit scenarios produce a higher percentage reduction in heating energy than in cooling energy, except for the “Best Cooling” scenario, but only for the Multi-Danyuan typology, with a larger amount of shaded south-facing windows.



From the perspective of the regional division, the energy intensity ratio of heating and cooling in southern and northern Jiangsu are distinct. However, the total energy use is relatively close and experiences similar reductions under different retrofit scenarios.




3.5.3. Carbon Emission Reduction


The total energy use in this study refers to the sum of power used by the HVAC system, lighting, home appliances, DHW and cooking. The energy of cooking is natural gas, and the rest is electricity. The cooking energy use is unaffected by the retrofit scenarios, which only impact heating and cooling, which are electricity-consuming. Therefore, this section will only discuss the carbon emissions of electricity consumption to investigate the carbon reduction potential with the high-energy user scenario. Figure 9 shows the carbon emissions of two building types in different retrofit scenarios in the south and north Jiangsu regions. Due to the correlation between carbon emissions and energy consumption, the decreasing trend in post-retrofit carbon emissions follows a pattern similar to the previously discussed reduction in energy consumption.



Although the proportion of heating and cooling is different between southern and northern Jiangsu after retrofit, there is a minor difference in the overall building energy consumption and carbon emissions.



On the other hand, there are significant differences in carbon emissions between building types. Under different retrofit scenarios, the reduction in carbon emission of the Multi-Danyuan Apartment can reach 24% to 46%; the reduction in the Single-Danyuan Apartment carbon emissions could be between 30% and 54%, indicating higher carbon-reducing potential.




3.5.4. Thermal Comfort


In order to assess the effectiveness of the retrofit measures in improving thermal comfort, the number of hours outside CEN15251 Category III acceptability limits was simulated in all scenarios for both building types and in both climate zones. CEN15251 uses an adaptive model which estimates comfort temperatures based on the running mean outdoor air temperature and assumes a certain flexibility of the occupants in adapting their clothing. Category III expresses 65% acceptability. Adaptive models were originally developed for naturally ventilated buildings, but previous studies have supported their applicability also for mixed-mode buildings, where they are preferable to static models such as PMV, in spite of their limitations [103]. The model was deemed adequate for this study, which aims to draw an indicative comparison among the different scenarios rather than attempting a detailed discomfort analysis. Furthermore, in the specific case, the assumptions closely reflect the actual situation, in which residents tend to limit the use of heating and cooling to the periods during which acceptable comfort conditions cannot be achieved by other means.



Table 13 summarises the results of the simulations by listing the average number of discomfort hours in each scenario for both building types and in each climate zone. The averages are calculated on all occupied zones and compared with the pre-retrofit scenario in terms of per cent reduction (in brackets).



The data show reductions in discomfort hours between 9.1 and 55.7%. Interestingly, the best results in terms of thermal comfort do not coincide with the largest reductions in energy use. The most effective sets of measures are found instead in either Scenario 5, the best performing for heating demand, or Scenario 3, based on the German Standard and also predominantly geared towards winter energy use (as shown in Figure 8). More specifically, the Best-Heating scenario is the most effective for the Multi-Danyuan type, while the slightly more balanced German standard works best for the Single-Danyuan. Such results are not entirely surprising and confirm that most discomfort hours occur in winter rather than summer, consistently with the current energy use, which shows a heating-dominated breakdown. It should be noted that discomfort hours include both conditioned and free-running periods in the different zones. As a result, heating-focused retrofit measures may be preferable for low-income residents (more likely to refrain from using climatization), as they guarantee overall better comfort conditions.




3.5.5. Limitations


This paper acknowledges its limitations in the research process. Firstly, due to the non-disclosure of personal information regarding households and energy consumption, it was not possible to monitor temperatures and collect energy consumption data for the entire building and all apartment units. Consequently, a small sample size became an unavoidable limitation in this study. Additionally, the impact of the global pandemic hindered the ability to conduct long-term data monitoring. These limitations are expected to be addressed and supplemented in future research. Finally, this study did not undertake instrumental measurements of the thermal conductivity of the building envelope and the air tightness of the apartments. However, a sensitivity analysis was conducted to assess the uncertainty determined by these limitations, which was estimated in the range of −12.4 to +9.5%. Moreover, the specific performance of the survey building is less critical for a stock model trying to achieve the best assumptions for a representative typology rather than an individual structure.






4. Conclusions


This investigation is conducted on a selection of the most representative urban residential building types in Jiangsu Province. By developing a dynamic energy model for the selected building types, the current energy demand and carbon dioxide emissions of the existing urban housing stock in Jiangsu Province are estimated. The model constitutes the initial core of a bottom–up stock model for the residential buildings in the province. Several aspects developed within the research can be applied directly to the modelling of most residential buildings, including occupancy, and user behaviour, range of retrofit measures and the structure of the parametric model itself. Others can be extended to all typologies of the same period, including the physical characteristics of the buildings, or be adapted to other vintages built in adjoining periods. The model has been validated against statistical data and field measurements within the scope of this project.



Multi and Single-Danyuan Apartment show similar energy demands in the current situation. The potential energy demand per conditioned floor area ranges from 91.7 to 149.52 kWh/m2 and in the south Jiangsu region from 89.46 to 155.52 kWh/m2 in the north Jiangsu region. Under all conditions, the heating demand exceeds the cooling demand, constituting the largest share of total energy consumption, with the highest percentage peaking at 60%.



Among the selected retrofit measures, improving the airtightness of the building proved the most effective individually, enhancing both winter (−17.94%) and summer (−16.08%) performance. Similarly, increasing external wall and roof insulation can reduce total energy demand by 7–11% and 6–7%, respectively. Upgrading the window components not only enhances their thermal properties but also improves airtightness, justifying its inclusion among the most effective measures.



Six scenarios including multiple measures were defined based on their efficacy in reducing energy use and on their compliance with local and international regulations. Among them, SCE_4_BT is the most effective in reducing total energy consumption by 41–44% for Multi-Danyuan Apartments and 50–52% for Single-Danyuan Apartments. The carbon emissions reduction for the two types of buildings can reach 43–46% and 51–54%, respectively. The scenario is remarkably similar (when not identical) to SCE_3_GER, reflecting the prescriptions of the EnerPHit Standard [100].



The scenario based on the British standard [99] was found to be particularlycost-effective, reducing the total energy demand by up to 47% for a capital cost on materials 16% lower than the energy optimal retrofit scenarios.



Similarly, the Chinese standard [92] produces more limited benefits (−39% energy) at a lower cost. While this has the advantage of promoting more extensive interventions on the building stock, it also underlines significant room for improvement to gradually align with international best practices, particularly in consideration of the ambitious goals set by the country on carbon emission peak and neutrality.



The model also provides insights on thermal comfort, indicating that the measures targeting winter energy uses perform better in improving overall indoor conditions both in free-running and conditioned modes. Although without a direct impact on energy and carbon emission in the model, it should be noted that better internal comfort can contribute to limiting the use of heating and cooling systems, while also ensuring more liveable buildings in cases when the use of active conditioning systems is restricted by financial hardship.



Further research will focus on investigating the energy performance of these two types of buildings under various future climate change scenarios, as well as exploring potential retrofit measures that offer optimal energy efficiency and cost-effectiveness. Finally, dynamic aspects related to users’ behaviour (and determined by broader socio-economic factors) were not included in this research scope, so they could also be further investigated and integrated with the projections of the model.







Author Contributions


Conceptualization, X.C., M.C., D.C. and B.C.; methodology, X.C., M.C., D.C. and B.C.; software, X.C. and M.C.; validation, X.C.; formal analysis, X.C.; investigation, X.C.; resources, X.C.; data curation, X.C.; writing—original draft preparation, X.C.; writing—review and editing, X.C., M.C., D.C. and B.C.; visualization, X.C.; supervision, M.C., D.C. and B.C.; project administration, X.C. and M.C.; funding acquisition, M.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Research Development Fund granted by Xi’an Jiaotong-Liverpool University (grant number RDF16-01-46), the Technology Development Consultation Project granted by Xi’an Jiaotong-Liverpool University Urban and Environmental Studies University Research Centre (grant number RDS10120210101), and the Key Program Special Fund granted by Xi’an Jiaotong-Liverpool University (grant number KSF-E-58).




Institutional Review Board Statement


The study was reviewed and approved by the Ethical Committee of Xi-an Jiaotong-Liverpool University.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Data are contained within the article.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations




	ACH
	Air Changes per Hour



	CABEE
	China Association of Building Energy Efficiency



	CSWD
	Chinese Standard Weather Data



	CV RMSE
	Coefficient of Variation in the Root–Mean–Square Error
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Table A1. Bimonthly electricity (kWh) and gas (cubic metre) usage of the case apartment.






Table A1. Bimonthly electricity (kWh) and gas (cubic metre) usage of the case apartment.





	Period
	Electricity Use (KWh)
	Gas Consumption (m3)





	November, December
	280
	16.94



	January, February 2018
	563
	27.02



	March, April
	339
	27.02



	May, June
	291
	29.03



	July, August
	300
	25.09



	September, October
	271
	24.36



	November, December
	356
	28.73



	January, February 2019
	610
	27.27



	March, April
	334
	35.27



	May, June
	292
	38.91



	July, August
	324
	22.91



	September, October
	206
	30.18
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Table A2. AC operation schedule of a typical urban residential household in Jiangsu Province.






Table A2. AC operation schedule of a typical urban residential household in Jiangsu Province.





	
Summer

	
S-Low

	
S-Medium

	
S-High

	

	
Winter

	
S-Low

	
S-Medium

	
S-High






	
0:00

	
off

	
off

	
bedroom

	

	
0:00

	
off

	
off

	
off




	
1:00

	
1:00




	
2:00

	
2:00




	
3:00

	
3:00




	
4:00

	
4:00




	
5:00

	
5:00




	
6:00

	
6:00




	
7:00

	
off

	
7:00




	
8:00

	
8:00




	
9:00

	
9:00




	
10:00

	
10:00




	
11:00

	
living room

	
11:00




	
12:00

	
12:00




	
13:00

	
Living room

	
13:00




	
14:00

	
14:00




	
15:00

	
15:00




	
16:00

	
off

	
16:00




	
17:00

	
17:00

	
living room




	
18:00

	
living room

	
18:00




	
19:00

	
living room

	
19:00

	
living room




	
20:00

	
20:00

	
living room




	
21:00

	
21:00




	
22:00

	
bedroom

	
bedroom

	
bedroom

	
22:00

	
bedroom

	
bedroom

	
bedroom




	
23:00

	
off

	
23:00




	
0:00

	
0:00

	
off

	
off




	
Totol hour

	
4

	
10

	
20

	
Totol hour

	
4

	
5

	
8
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Figure 1. Proportion of housing stock by the age of completion Jiangsu—urban region. Data from China Population Census [6,86]. 
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Figure 2. Typical geometry forms and plans of the two representative building types [87]. 
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Figure 3. Photos of the case study apartment building and unit. 
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Figure 4. The layout plan of the case study building and apartment unit (zones 1, 2, 3, and 4 are staircases). 
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Figure 5. Case building and adjacent buildings in DesignBuilder. 
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Figure 6. The hourly usage rate of air conditioner for cooling and heating on a representative weekday in summer for an urban residential apartment in different cities in the HSCW zone. Adapted from [44,93,94,95,96]. 
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Figure 7. Hourly usage of air conditioner for cooling and heating on a representative weekday. 






Figure 7. Hourly usage of air conditioner for cooling and heating on a representative weekday.



[image: Energies 17 01260 g007]







[image: Energies 17 01260 g008] 





Figure 8. Heating and cooling demand [kWh/m2] of Multi-Danyuan Apartment and Single-Danyuan Apartment with pre-retrofit and different retrofit scenarios under current climate scenario (high-energy user scenario). 
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Figure 9. Carbon emissions of two building types in Jiangsu in different retrofit scenarios. 
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Table 1. Input configurations and code names of pre-retrofit and retrofit measures.
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Retrofit Component

	
Code Name

	
Configuration

	
Properties






	
wall

	
pre-wall

	
no insulation (original)

	
U-value: 1.951 W/m2K




	
WallSce_1

	
EPS 30 mm

	
U-value: 0.695 W/m2K




	
WallSce_2

	
EPS 60 mm

	
U-value: 0.440 W/m2K




	
WallSce_3

	
EPS 90 mm

	
U-value: 0.322 W/m2K




	
roof

	
pre-roof

	
no insulation (original)

	
U-value: 3.231 W/m2K




	
RoofSce_1

	
XPS 30 mm

	
U-value: 0.598 W/m2K




	
RoofSce_2

	
XPS 60 mm

	
U-value: 0.383 W/m2K




	
RoofSce_3

	
XPS 90 mm

	
U-value: 0.282 W/m2K




	
window

	
Win Single

	
single glazing + Aluminum window frame without thermal break (original)

	
U-value: 5.9 W/m2K, SHGC: 0.75




	
Win Dbl

	
double glazing-Argon gas + Aluminum window frame with thermal break

	
U-value: 2.9 W/m2K, SHGC: 0.67




	
Win_Dbl low-E

	
double low-E glazing-Argon gas + UPVC window frame

	
U-value: 2.0 W/m2K, SHGC: 0.62




	
Win_Trp low-E

	
triple low-E glazing-Argon gas + UPVC window frame

	
U-value: 0.8 W/m2K, SHGC: 0.58




	
air infiltration

	
1.5 ACH

	
1.5 ACH (original)

	
1.5 ACH




	
1.0 ACH

	
1.0 ACH

	
1.0 ACH




	
0.5 ACH

	
0.5 ACH

	
0.5 ACH




	
External wall façade reflectivity

	
Ref_0.4

	
0.4 (original)

	
0.4




	
Ref_0.8

	
0.8

	
0.2




	
south window overhang

	
none

	
none (original)

	
None




	
0.5 m

	
0.5 m

	
0.5 m




	
staircase enclosure

	
semi-open

	
semi-open

	
semi-open




	
closed

	
closed

	
closed











 





Table 2. Thermal characteristics of the building envelope of the two building types [44,88,89,90].
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Component

	
Thickness

	
U-Values [W/m2K]






	
Exterior wall

	
0.24–0.28 m

	
1.951




	
Roof

	
0.18–0.22 m

	
3.231




	
Partition wall

	
0.24–0.28 m

	
2.721




	
Internal floor

	
0.15–0.22

	
2.753




	
Window

	
Single glass with timber or aluminium frames

	
5.90




	
airtightness

	
1.5 ACH




	
Shading devices

	
no shading or foldable rain shed




	
Staircase

	
Semi-open











 





Table 3. Descriptive statistics for the case building.
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Building Property Information






	
Construction Year

	
1986




	
Floors

	
6




	
Number of Staircase (Danyuan)

	
4




	
Dwelling Unit per Danyuan

	
2




	
Number of apartments

	
48




	
Area per storey (sqm)

	
470




	
Orientation

	
E-W




	
Surface area to volume (S/V) ratio

	
0.42




	
Window-to-wall ratio

	
26.3% (north façade), 34.0% (south façade), 5.6% (east and west façades)




	
Average storey height (m)

	
2.9 m




	
Central heating

	
No











 





Table 4. AC operation schedule of a typical urban residential household in HSCW.
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0:00

	
6:00

	
10:00

	
16:00

	
18:00

	
19:00

	
21:00

	
22:00

	
23:00

	
0:00

	
Sum






	
summer

	
low

	

	

	

	

	
Living room

	
Bedroom

	

	

	
4 h




	

	
high

	
Bedroom

	

	
Living room

	
Bedroom

	
20 h




	
winter

	
low

	

	

	

	

	

	
Living room

	
Bedroom

	

	
4 h




	

	
high

	

	

	

	
Living room

	
Bedroom

	
8h











 





Table 5. Current annual energy consumption for low-energy and high-energy user scenarios of the multi-Danyuan and Single-Danyuan Apartment in the south Jiangsu region.
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South Jiangsu Region

	
Utility se Per Conditioned Floor Area [kWh/m2]

	
Total Site Energy per Total Building Area [kWh/m2]




	
Heating Demand

	
Cooling Demand

	
Total Energy Demand per Conditioned Area






	
Multi-Danyuan apartment

	
Low-energy user

	
39.62

	
23.70

	
100.81

	
74.08




	
high-energy user

	
72.86

	
39.18

	
149.52

	
109.88




	
Single-Danyuan apartment

	
Low-energy user

	
37.30

	
29.40

	
91.70

	
72.80




	
high-energy user

	
77.25

	
43.77

	
146.02

	
115.93











 





Table 6. Current annual energy consumption for low-energy and high-energy user scenarios of the Multi-Danyuan and Single-Danyuan Apartment in the north Jiangsu region.
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North Jiangsu Region

	
Utility se Per Conditioned Floor Area [kWh/m2]

	
Total Site Energy per Total Building Area [kWh/m2]




	
Heating Demand

	
Cooling Demand

	
Total Energy Demand per Conditioned Area






	
Multi-Danyuan apartment

	
Low-energy user

	
42.96

	
19.05

	
99.49

	
73.11




	
high-energy user

	
85.3

	
32.73

	
155.52

	
114.28




	
Single-Danyuan apartment

	
Low-energy user

	
41.35

	
23.12

	
89.46

	
71.03




	
high-energy user

	
92.7

	
35.68

	
153.37

	
121.77











 





Table 7. Heating, cooling demand (per conditioned floor area) and total building energy demand (per total building area) reduction to the pre-retrofit energy use (%).






Table 7. Heating, cooling demand (per conditioned floor area) and total building energy demand (per total building area) reduction to the pre-retrofit energy use (%).





	
Energy Demand

Reduction (%)

	
Retrofit Configuration Code Name

	
Heating

Reduction

	
Cooling

Reduction

	
Total Reduction




	
Multi

	
Single

	
Multi

	
Single

	
Multi

	
Single






	
Original

	
pre-retrofit

	
-

	
-

	
-

	
-

	
-

	
-




	
wall

	
WallSce_1

	
7.48%

	
10.60%

	
4.59%

	
7.38%

	
4.85%

	
7.82%




	
WallSce_2

	
9.51%

	
13.59%

	
5.54%

	
8.98%

	
6.08%

	
9.89%




	
WallSce_3

	
10.50%

	
15.08%

	
6.00%

	
9.80%

	
6.68%

	
10.92%




	
roof

	
RoofSce_1

	
7.14%

	
6.77%

	
7.02%

	
7.97%

	
5.31%

	
5.98%




	
RoofSce_2

	
8.03%

	
7.64%

	
7.63%

	
8.73%

	
5.92%

	
6.67%




	
RoofSce_3

	
8.48%

	
8.08%

	
7.94%

	
9.09%

	
6.22%

	
7.00%




	
window

	
Win Dbl

	
1.67%

	
1.20%

	
4.06%

	
2.83%

	
1.88%

	
1.49%




	
Win_Dbl low-E

	
2.29%

	
1.67%

	
5.54%

	
3.91%

	
2.57%

	
2.06%




	
Win_Trp low-E

	
4.10%

	
3.02%

	
6.53%

	
4.66%

	
3.71%

	
3.00%




	
air infiltration

	
1.0 ACH

	
8.83%

	
8.78%

	
6.18%

	
6.79%

	
5.92%

	
6.68%




	
0.5 ACH

	
17.94%

	
17.90%

	
14.22%

	
16.08%

	
12.47%

	
14.30%




	
external wall

façade

reflectivity

	
Ref_0.2

	
0.00%

	
0.00%

	
0.00%

	
0.00%

	
0.00%

	
0.00%




	
south window overhang

	
Ref_0.8

	
−2.55%

	
−1.13%

	
5.90%

	
1.96%

	
0.30%

	
0.00%




	
staircase enclosure

	
closed

	
2.92%

	
3.91%

	
−0.05%

	
0.00%

	
2.07%

	
2.07%











 





Table 8. Building characteristics in the different retrofit scenarios.
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China Standard

	
UK Standard

	
Germany Standard




	
Retrofit Component

	
SCE_1_CN

	
SCE_2_UK

	
SCE_3_GER






	
Wall U-value [W/m2K]

	
0.695

	
0.440

	
0.322




	
Roof U-value [W/m2K]

	
0.598

	
0.383

	
0.282




	
Window U-value [W/m2K]

	
2.9

	
2.0

	
0.8




	
Window SHGC

	
0.67

	
0.62

	
0.58




	
Air infiltration

	
1.5 ACH

	
1.0 ACH

	
0.5 ACH




	
External wall façade reflectivity

	
0.8

	
0.8

	
0.8




	
South window overhang

	
none

	
none

	
none




	
Staircase enclosure

	
closed

	
closed

	
closed











 





Table 9. Input parameters of three retrofit scenarios for the Multi and Single-Danyuan Apartment.
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Retrofit Component

	
Multi-Danyuan Apartment

	
Single-Danyuan Apartment




	
SCE_4_BT

	
SCE_5_BH

	
SCE_6_BC

	
SCE_4_BT

	
SCE_5_BH

	
SCE_6_BC






	
Wall U-value [W/m2K]

	
0.322

	
0.322

	
0.322

	
0.322

	
0.322

	
0.322




	
Roof U-value [W/m2K]

	
0.282

	
0.282

	
0.282

	
0.282

	
0.282

	
0.282




	
Window U-value [W/m2K]

	
0.80

	
0.80

	
0.80

	
0.80

	
0.80

	
0.80




	
Window SHGC

	
0.58

	
0.58

	
0.58

	
0.58

	
0.58

	
0.58




	
Air infiltration

	
0.5 ACH

	
0.5 ACH

	
0.5 ACH

	
0.5 ACH

	
0.5 ACH

	
0.5 ACH




	
External wall façade reflectivity

	
0.8

	
0.4

	
0.8

	
0.8

	
0.4

	
0.8




	
South window overhang

	
0.5 m

	
none

	
0.5 m

	
none

	
none

	
0.5 m




	
Staircase enclosure

	
closed

	
closed

	
semi-open

	
closed

	
closed

	
closed











 





Table 10. Material prices estimation for the retrofit scenarios.






Table 10. Material prices estimation for the retrofit scenarios.





	Material Prices Estimation (RMB/m2)
	Multi-Danyuan Apartment
	Single-Danyuan Apartment





	SCE_1_CN
	1095.10
	1095.10



	SCE_2_UK
	1198.55
	1198.55



	SCE_3_GER
	1427.00
	1427.00



	SCE_4_BT
	1470.00
	1427.00



	SCE_5_BH
	1427.00
	1427.00



	SCE_6_BC
	1220.00
	1470.00










 





Table 11. Multi-Danyuan Apartment energy use per total building area of pre- and post-retrofit.






Table 11. Multi-Danyuan Apartment energy use per total building area of pre- and post-retrofit.





	
Total Site Energy per Total Building Area [kWh/m2]




	
Multi-Danyuan Apartment

	
Low-Energy

	
High-Energy




	
South

	
North

	
South

	
North






	
Pre-retrofit

	
74.08

	
73.11

	
109.88

	
114.28




	
SCE_1_CN

	
65.63

	
64.70

	
84.36

	
84.93




	
SCE_2_UK

	
59.44

	
58.77

	
70.07

	
69.78




	
SCE_3_GER

	
57.22

	
56.34

	
65.26

	
64.37




	
SCE_4_BT

	
56.85

	
56.00

	
64.62

	
63.77




	
SCE_5_BH

	
57.35

	
56.47

	
65.47

	
64.60




	
SCE_6_BC

	
59.07

	
58.57

	
69.15

	
69.25











 





Table 12. Single-Danyuan Apartment energy use per total building area of pre- and post-retrofit.






Table 12. Single-Danyuan Apartment energy use per total building area of pre- and post-retrofit.





	
Total Site Energy per Total Building Area [kWh/m2]




	
Single-Danyuan Apartment

	
Low-Energy

	
High-Energy




	
South

	
North

	
South

	
North






	
Pre-retrofit

	
72.8

	
71.03

	
115.93

	
121.77




	
SCE_1_CN

	
61.35

	
59.82

	
82.4

	
83.67




	
SCE_2_UK

	
52.67

	
51.98

	
63.76

	
64.15




	
SCE_3_GER

	
49.96

	
49.10

	
58.18

	
57.95




	
SCE_4_BT

	
50.17

	
49.33

	
58.53

	
58.33




	
SCE_5_BH

	
49.97

	
49.14

	
58.18

	
58.02




	
SCE_6_BC

	
72.8

	
71.03

	
115.93

	
121.77











 





Table 13. Annual average of hours outside CEN15251 Category III Acceptability Limits.






Table 13. Annual average of hours outside CEN15251 Category III Acceptability Limits.















	
	Pre-Retrofit
	SCE_1_CN
	SCE_2_UK
	SCE_3_GER
	SCE_4_BT
	SCE_5_BH
	SCE_6_BC





	Multi-Danyuan Apartment South
	1254

(100%)
	1139

(−9.2%)
	884

(−29.5%)
	706

(−43.7%)
	896

(−28.5%)
	834

(−33.5%)
	1130

(−9.9%)



	Multi-Danyuan Apartment North
	1141

(100%)
	1022

(−10.4%)
	697

(−38.9%)
	505

(−55.7%)
	760

(−33.3%)
	587

(−48.5%)
	1021

(−10.4%)



	Single-Danyuan Apartment South
	1486

(100%)
	1351

(−9.1%)
	1144

(−23.0%)
	1000

(−32.7%)
	1000

(−32.7%)
	937

(−36.9%)
	1104

(−25.7%)



	Single-Danyuan Apartment North
	1268

(100%)
	1220

(−3.8%)
	1008

(−20.5%)
	827

(−34.8%)
	827

(−34.8%)
	750

(−40.6%)
	984

(−22.4%)
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