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would benefit from central heating. The Qinling Huaihe line, also known as the Qin-Huai line, was 

named after the Qinling Mountains and Huai River and corresponds roughly to the 33rd parallel 

(Makinen, 2014). Most of the regions that are north of the Qin-Huai line are located in either the 

Severe Cold climatic zone or the Cold climatic zone, both of which have average daily 

temperatures lower than 41°F for more than 90 days a year. In contrast, areas that are to the south 

of the Qin-Huai line are located in the Hot Summer and Warm Winter climatic zone and failed to 

meet the requirement for central heating, leaving these regions to deal with the cold on their own 

(Li & Yao, 2009).  

Figure 4 indicates that, from 2010 to 2017, the total heated floor area in northern China 

increased continuously. By 2017, the heated floor area totaled 77.43 hundred million m2 (833.45 
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hundred million ft2).  

Eighty-three percent of the total floor area is heated by coal-fired boilers, with the rest of the heat 

coming from gas, electricity, solar power, and other sources. Hence, the annual consumption of 

coal for central heating amounts to four hundred million TCE (MOHURD, 2016).  
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1.2 Problem Statement 

 China, as a developing country, is constantly seeking opportunities for rapid development. In 

order to keep pace with this rapid economic development, energy consumption has been increasing 

as well, bringing about many severe environmental problems, such as air pollution, and climate 

change. In particular, the issue of harmful smog should be addressed. As seen in Figure 5 and 

Figure 6, smog has negative effect on China’s environment and the Chinese people. According to 

the Environmental Protection Agency (EPA), smog is formed by air pollution and not only causes 

health problems, such as asthma and lung infections, but also the deaths of plants and innumerable 

Figure 5 Smog in Beijing (Source: https://www.popsci.com/why-is-smog-in-china-so-bad) 
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animal species (EPA, 2017). What is worse, it has a negative impact on people’s lifestyles and 

living habits. 

Urban extension in recent years has boosted China’s economy. Every year, large numbers of 

people pour into big cities such as Beijing and Shanghai. As shown in Figure 7, in the case of 

Beijing, both permanent and temporary residents increased from 1990 to 2005.  

Figure 6 Smog in Beijing II (Source: https://www.businessinsider.com/china-smog-pollution-coal-burning-toxic-

red-alert-2015-12) 



- 9 - 

 

 

As this urbanization has evolved rapidly, the building stock has increased as well. Figure 8 

presents the continuous growth in building stock between 2001 and 2014. In addition, according 
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Figure 8 China's Existing Building Stock (2001-2014) (Building Energy Research Center of Tsinghua University, 2016) 
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to data from the National Bureau of Statistics of China, in 2015, new construction totaled 12.4 

billion m2 (133.5 billion ft2) (National Bureau of Statistics of China, 2015). In terms of energy 

consumption, Xu, Anadon, and Lee (2016) emphasized that urban residential energy use has 

increased rapidly during the ongoing urbanization process that has been relocating millions of 

people from rural areas to cities every year, and it will continue to grow (Xu, Anadon, & Lee, 

2016). In order to pursue a low-carbon economy, China has been developing building energy 

efficiency policies and actively promoting domestic building energy-labeling programs. However, 

out of this huge building stock, a large number of buildings do not meet building energy efficiency 

requirements because they were built earlier than the establishment of the updated policies. In 

other cases, existing buildings have poor energy efficiency performances due to limited 

construction budgets, developers lacking the willingness to invest in energy savings, and 

contractors lacking in strategies and skills. 

As mentioned previously, central heating is provided in northern China in the winter time. 

Heat is generated mostly by hard coal boilers in different heating plants. As the heat is distributed 

from these centralized locations through insulated pipes to residential buildings, there is an 
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enormous loss in heat and energy waste due to radiation and hydraulic imbalances, accounting for 

nearly 30% of the total heat supply (Yan, Zhe, Yong, & Neng, 2011). Moreover, the China 

Academy of Building Research (CABR) has estimated that buildings with low energy efficiency 

in northern China use two to three times more energy per square meter for heating than buildings 

in comparable temperature zones in Europe or the U.S. 

Increasing existing high-rise residential building stock results in an enlarged total heating floor 

area. Furthermore, enlarging the total heating floor area increases coal consumption, worsening 

pollution. It is crucial that China begin reducing coal consumption and its carbon dioxide emissions, 

improving air quality, and increasing energy savings. Therefore, using a long-term perspective, 

this research will be carried out under the difficult assumption that no heat being imported from a 

central heating system in the winter. This has the potential of saving 22.5% of China’s total 

building energy use.  

In addition, since realizing that a growing number of existing residential buildings cannot meet 

energy efficiency requirements, China’s government has begun to allocate more funding and 

resources to improving energy efficiency. However, it has not been going as well as expected. The 
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money to be used for an existing residential building is supposed to be collected from the 

government and owners (the State Council of the People's Republic of China, 2008). First, due to 

huge existing residential building stock, the funding distributed by the government to each unit is 

limited. Therefore, unlike in pilot or demonstrative retrofit projects, for each ordinary unit, the 

choices of materials are restricted by a limited budget. Second, in China, a typical residential 

building includes many units owned by different residents. Without an explicit explanation and 

detailed approach, it is not an easy job to request that residents be responsible for their portion. It 

is impossible to proceed with any improvements without every resident agreeing to the plan. 

Further, developers tend to invest in new construction rather than existing residential buildings 

because existing buildings do not bring in a good profit and they don’t receive attractive benefits 

from the government. However, since China is determined to reduce the energy consumption of 

existing residential buildings, it is essential to research cost-efficient solutions. Thus, this paper 

will compare the results of the analyses not only in terms of energy efficiency but also in terms of 

cost efficiency. 

In the following chapters, energy modeling will be used to analyze the energy use in a typical 
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existing residential building in Beijing, northern China, in order to provide an existing reference 

building model. Both passive and active methods will then be considered in order to find energy 

solutions from the perspectives of saving energy, human comfort, and cost savings. Then the 

solution found in this paper can be applied as a guide to improve the energy efficiency of existing 

residential buildings in northern China. 
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2. Literature Review 

2.1 Levels of Energy-Saving Buildings 

2.1.1Passive House 

Passive House is a rigorous and voluntary standard that was originally launched in 1988 by 

Wolfgang Feist and Bo Adamson. It established performance requirements that involve the 

technical and thermophysical characteristics of the building in order to achieve an overall energy 

performance that ensures near-zero energy consumption and high levels of indoor comfort. The 

first Passive House was built in 1991 in Darmstadt-Kranichstein (The Passive House Resource, 

2018). The Passive House standard can be applied to any type of building. Specifically, it has the 

following requirements as Table 1 shows. 

Variable Limit 

Space heating energy demand ≤15 kWh/m2/year (4.7 kBtu/ft2/year) 

Space cooling energy demand ≤15 kWh/m2/year (4.7 kBtu/ft2/year) 

Primary energy demand 

(heating, cooling, ventilation, domestic 

hot water, lighting, auxiliary electric 

consumption, and domestic 

appliances) 

≤120 kWh/m2/year (38 kBtu/ft2/year) 

Airtightness n 50 ≤ 0.6/h 

Table 1 Passive House Standards (Passive House Institute, 2015) 
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As shown in Figure 9, the five Passive House basic building-science principles are: 

1. Employing continuous super insulation throughout the structure’s entire envelope 

without any thermal bridging. 

2. Ensuring that the building envelope is extremely airtight to maintain low infiltration and 

exfiltration. 

3. Employing high-performance windows such as triple-pane, double-low-e-glazed 

windows. 

4. Using a ventilation system with heat recovery and heat exchange. 

5. Gaining solar power through installations such as thermal collectors. 
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2.1.2 Net-Zero Energy Building (NZEB) 

A net-zero energy building (NZEB) can be defined in many ways. Four commonly used 

definitions are net zero site energy, net-zero source energy, net-zero energy costs, and net-zero 

energy emissions. In the U.S., the definition that is generally referred to is net-zero site energy, 

which means that the building produces at least as much on-site renewable energy as it uses 

annually (Torcellini, Pless, Deru, & Crawley, 2006). Theoretically, the annul total energy used by 

Figure 9 Passive House Diagram (Source: Passive House Institute) 
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the heating system, hot water system, lighting, and all of the fixtures can be 100% covered by 

renewable energy generated on site. No extra energy is then needed from the utility grade. 

Torcellini et al. (2006) pointed out that this kind of building design is easy to implement, and its 

net-zero status is verifiable through on-site measurements. Such a building emphasizes energy 

efficiency and environmental protection (Torcellini, Pless, Deru, & Crawley, 2006). An NZEB is 

becoming the standard and goal for an increasing number of new buildings. In addition, Rabani 

revealed that NZEB standards can be applied when upgrading existing buildings (Rabani, Madessa, 

& Nord, 2017). 

As shown in Figure 10, the features of an NZEB are: 

1. Renewable energy source: depending on the site, location, and the cost, use of, for 

instance, solar panels to generate energy in order to meet the building’s energy demands. 

2. Effective building envelops: employ high-performance insulation in the walls and install 

high-performance windows and doors to lower the heat loss. 

3. Efficient water heating and heating and cooling system: use an efficient heat pump and 

a heat pump water heater to reduce energy consumption. 
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4. Efficient appliances: use the most energy-efficient lighting and major appliances to 

reduce energy consumption. 

5. Ventilation with heat recovery. 

6. Tight air sealing. 

7. Energy Management: monitor the building to modify components and optimize the 

building’s energy efficiency. 

Figure 10 Net-Zero Home Diagram (Source: https://www.24hplans.com/cost-to-build-a-net-zero-energy-home/) 
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2.1.3 Plus Energy House 

The German Ministry for Transport, Building and Urban Development (BMVBS) provided 

the first definition for a Plus Energy House in 2011. The Plus Energy House standard is considered 

to have been achieved when a building has both a negative annual primary energy demand (∑Qp 

< 0 kWh/m2/year) and a negative annual final energy demand (∑Qe < 0 kWh/m2/year) (Hendricks, 

2014). That is, the building generates more energy than it needs. It is notable that the balance 

boundary is the site’s boundary. Furthermore, as a future-oriented standard, it also considers 

energy consumed for purposes other than just the basic operation of the building, i.e., air-

conditioning and electricity needed for domestic appliances and processes are included. For 

example, in order to produce the negative energy demands cited above, a Photovoltaic (PV) system 

could be used to generate electricity from solar power for the building. The Plus Energy House 

contributes greatly to saving resources and protecting the climate by reducing carbon dioxide 

emissions. 
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As shown in Figure 11, in an energy plus house, techniques that adopted are: 

1. Importing energy production from renewable sources. 

2. Capturing heat from solar and producing renewable heat. 

3. Employing a very good building envelope to maintain low-transmission heat losses. 

4. Using heat recovery ventilation to reduce heat losses. 

To sum up, these three levels of energy-efficient buildings, i.e., the Passive House, NetZero 

Energy Building, and Plus Energy House show increased standards for generating renewable 

Figure 11 Energy Plus House Diagram (Hendricks, 2014) 
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energy to fulfill a building’s energy demand. They respond actively and positively to the current 

issues of climate change, global warming, resource conservation, and environmental protection. 

Their concepts have a great impact on the development of architectural design and construction. 

What is more, they have become globally trending standards for both new buildings and existing 

buildings. Though these three standards have different requirements for a building’s energy 

demand, they utilize similar strategies, such as employing high-performance insulation, high-

performance windows, energy-efficient heating and cooling systems, and PV systems. These 

levels provide a solid foundation and give explicit guidance for this research in terms of suitably 

effective strategies with which to improve the energy efficiency performance of existing 

residential buildings. 

Table 2 Summary of Three Levels 
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2.2 Energy Policies 

2.2.1 U.S. 

Dixon et al. analyzed the U.S. energy conservation and efficiency policies which emerged 

from the Energy Policy and Conservation Act (EPCA) of 1975, the Energy Policy Act of 2005 

(EPAct05), and the Energy Independence and Security Act (EISA) of 2007, revealing that the U.S. 

has been writing energy efficiency codes and standards for regulating buildings, appliances, and 

products energy efficiency into U.S. laws. In terms of building-related energy conservation and 

efficiency policies, Dixon et al. (2010) confirm that energy-efficiency standards have been 

expanded and strengthened. In particular, in terms of energy savings in residential buildings, the 

key provisions of EISA and EPAct05 are that energy savings activities be conducted for residential 

buildings, including the reauthorization of funding for weatherization and energy code 

improvements for manufactured housing. In addition, net-zero energy buildings are recommended 

for new construction. Further, Dixon et al. express the expectation of further progress. There is 

room for such progress due to the fact that when it comes to interest and decision-making processes, 

the disconnects between building designers, builders, and homeowners are real (Dixon, McGowan, 

Onysko, & Scheer, 2010). What is more, research has been conducted on an executive order issued 
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by the Obama administration in 2011, which specified that one of the Obama administration’s 

goals was to reduce energy use in residential homes by 30-50% relative to current energy-use 

levels in existing buildings. The research showed that even though no target dates were specified 

for these goals, the U.S. government projected confidence by improving coordination between 

local, utility, state, and federal facilities and devoting significant resources to reducing residential 

buildings’ energy consumption (Amecke, et al., 2013). 

2.2.2 China 

In 1986, China released its first energy efficiency code, JGJ26-1986, 11 years after the U.S. 

started its process. In 1995, the code was updated to JGJ26-95, then, in 2010, it was updated again 

to JGJ26-2010. The latest revision was designated the “Design Standard for Energy Efficiency of 

Residential Buildings in Severe Cold and Cold Zones” and ultimately required an additional 30% 

in energy savings. In addition, according to the “Regulations on Energy Savings for Civil 

Buildings,” originating in 2008 in the case of improving energy savings in existing residential 

buildings, retrofitting should prioritize low-cost strategies, i.e., improvement of building envelops 

should proceed changing the heat supply system, and, as stated earlier, the costs of the retrofit 

should be shared between the owners of the existing residential buildings and the government (the 
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State Council of the People's Republic of China, 2008). Furthermore, China developed its system 

of building energy efficiency labeling and evaluation in 2006. The government recommends that 

buildings be evaluated and rated by China’s Green Building Three-Star Rating System. Xu, 

Anadon, and Lee (2016) conducted a systematic, quantitative evaluation of the energy savings 

resulting from China’s policies. Though no policies were found to exhibit superior performance 

according to their six criteria, collectively all of the policies can have an impact on China’s future 

energy outlook. China not only promotes the robust enforcement of these codes during the process 

of new construction but has also realized the importance of retrofitting the huge stock of existing 

buildings to comply with current energy codes.  

 To sum up, compared with the U.S.’s policies, China’s energy policies were established later 

and are not as advanced. Though China is pursuing greener buildings, it has yet to specify high 

standards, such as net-zero energy buildings, in its policies as the U.S. has done. In addition, 

according to Xu, Anadon, and Lee (2016), the energy savings produced by China’s policies do not 

fit their criteria for superior performance. However, China’s policies do have the ambition to 

improve energy savings and highlight the importance of new buildings and retrofitting existing 
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residential buildings to meet, the latest energy codes. Studying China’s energy codes provides 

official guidance from the Chinese government as to the lowest standards that need to be reached. 

Also, they provide sources for looking up more detailed information. In addition to providing a 

guide to the U.S.’s energy policies, the U.S.’s advanced codes provide a glimpse of what proactive 

and potential approaches China, as a developing country, may take. Hence, this research will be 

conducted using a long-term perspective. 
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2.3 Case Studies 

2.3.1 Beach Green Dunes, NY, U.S. 

The Beach Green Dunes project is designed to Passive House standards and located in Far 

Rockaway, Queens. It finished its first phase, a seven-story, 101-unit building, in the fall of 2017. 

Phase II, an eight-story, 127-unit building, had its construction documents completed recently. 

This project incorporates insulated concrete forms, energy-recovery ventilation throughout, and 

variable-refrigerant-flow central air source heat pumps to not only provide heating and cooling but 

also to maintain a large roof-top solar PV system for renewable on-site electricity production. In 

addition, Phase I has a natural-gas-fired cogeneration system that produces electricity, meeting all 

of the building’s hot water needs and serving as a back-up emergency generator. These features 

enabled this project to achieve low energy and water consumption levels (Multifamily Resource 

Center, 2016). 
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2.3.2 Second + Delaware, MO, U.S. 

The Arnold Development Group focused on Passive Science to ensure that this $60 million 

project would meet the PHIUS+ 2015 Passive Building Criteria, thus making it the largest Passive 

House certified building in the world. Located in Kansas City, MO, it has two residential towers 

with seven stories of conditioned space over a two-level garage and a gross area of 550,000 ft2. 

This concrete structure is designed to last more than 200 years and has urban farming on the roof. 

It should have a 19% total lower lifecycle cost than stick-built multi-family buildings. Its design 

contains eight ambient thermal bridges, and its glazing has a minimum of 50% visible 

transmittance. Notably, the garage columns cause the most severe thermal bridge, i.e., U-0.609 

Figure 12 Beach Green Dunes, NY, U.S. (Source: https://multifamily.phius.org/case-study/beach-green-north-ny) 
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Btu/hr °F ft2. with around 11% of total transmission losses or a 107,893 kBtu/yr loss (Multifamily 

Resource Center, 2016).  

 

2.3.3 Four Case Studies of Energy Savings Achieved by Retrofitting Multi-Unit Residential 

Buildings in Toronto, Canada 

Touchie, Pressnail, and Tzekova (2012) studied four sucessful retrofits of exisiting multi-unit 

residential buildings located in Toronto, Canada. Each case study described the motivation for the 

retrofit, retrofit strategies, work completed, energy use before and after the retrofit, and included 

a financial analysis. Their paper comes to the conclusion that financing, indoor environmental 

quality, and the current state of the building components must be considered in order to determine 

the most effective strategies for reducing energy use while improving occupant comfort. In 

Figure 13 Second + Delaware, MO, U.S. (Source: https://multifamily.phius.org/case-study/second-and-delaware) 
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addition, compared with the total building life cycle, heating and cooling systems and envelope 

components become obsolete in a relatively shorter time span and should be replaced or upgraded 

to ensure efficient resource use. Moreover, they noted that more comprehensive projects can be 

made financially viable by blending short and longer payback components in order to maximize 

energy savings. The details of each case study that should be highlighted are listed below: 

Case Study 1: Building 1 was constructed in the 1930s and had 32 units. The project installed 

insulated, glazed window units with a low-e coating, replaced the boiler controls and steam traps, 

and installed attic insulation with a thermal resistance of R-44 ft2 °F h /Btu. The result was a 40% 

reduction in natural gas consumption. 

Case Study 2: Building 2 was constructed in 1970. It was a 10-story, 128-unit apartment 

building. It replaced all of the windows with high-performance, argon-filled, double-glazed units 

with a low-e coating (U-0.4 Btu/hr °F ft2), and installed R-21 ft2 °F h /Btu polyisocyanurate rigid 

insulating board and an evacuated-tube solar collector on the roof. These changes resulted in a 21% 

drop in the use of natural gas and a reduction in carbon dioxide emissions of about 176.37 tonnes. 


