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Abstract

:

Retrofitting existing buildings to be a nearly zero energy building (nZEB) is an effective solution for greenhouse gas emissions and primary energy consumption reduction. A hybrid approach that integrates the building energy simulation method and orthogonal array testing (OAT) to renovate buildings to nZEB is proposed in this paper. Within a residential building in Changchun, Jilin of China, the total energy consumption index (TECI) and CO2 emission factor for heating are used as evaluation criteria. The reliability of the building energy model is validated and adopted to forecast the energy performance of different building renovation strategies. According to OAT, four passive measures can be ranked by their influence on TECI in descending order as follows: external wall heat transfer coefficient, airtightness, window heat transfer coefficient, and roof heat transfer coefficient. The optimal renovation solution of the studied building can reduce the TECI by 43.18% by only reducing the external wall heat transfer coefficient from 0.5 to 0.2 W/m2·K and the infiltration N50 from 3.6 to 0.4 ac/h. Besides, combined heat and power (CHP) utilities emit less CO2 than heat pumps in providing heating under the current CO2 emission factor of the power grid in China, making it impossible to give up district heating systems until carbon emissions of electricity generation have declined significantly. The results can provide a reference for the application of the nZEB standard in actual retrofitting projects.






Keywords:


orthogonal array testing; building retrofit; nearly zero energy building; residential building












1. Introduction


In modern society, buildings are responsible for a significant amount of energy consumption and CO2 emissions [1,2,3]. For example, in the European Union, buildings account for about 40% of total primary energy consumption and emit around 36% of the CO2 emission [4,5,6]. In China, buildings now account for 44.7% of the national energy usage and more than 33% of the annual carbon emission due to the rapid urbanization in recent decades [7,8,9,10]. Therefore, researchers are seeking measures that can increase the energy efficiency and decrease the energy demand of buildings. Zero energy buildings (ZEB) have been widely studied because of their advantage in energy-saving and environmental protection and have been regarded as a promising solution [11,12,13].



Since first proposed in the 1970s, ZEB has developed rapidly in different regions [14]. The ZEB standard set by the Passive House Institute of Germany requires a “passive house” to have a heating demand and a total primary energy consumption less than 15 and 120 kWh/m2·a, respectively [15]. In South Korea, the “2050 Carbon Neutral Strategy” requires all new public buildings built after 2020 to comply with its ZEB standards [16]. The U.S. aims to achieve zero net greenhouse gas emission from commercial building by defining buildings with zero net energy [17]. The roadmap for Net Zero Energy (NZE) home [18] in Canada strikes a balance for a detached single-family house between energy production and consumption. Driven by the demonstration effects of Sino-German and Sino-US cooperation projects, China formally promulgated the national nZEB (nearly zero energy buildings) standard in 2019 (The Technical Standard for nearly Zero Energy Buildings) [19]. According to this document, nZEB must be able to (1) minimize energy demand through passive methods (e.g., high performance roof and wall insulation, airtightness design, sun shading, efficient window system, natural ventilation), (2) improve energy efficiency by active technologies (e.g., fresh air heat recovery system, temperature control appliances, efficient lighting), and (3) use renewable energy resources to meet remaining energy requirements (e.g., heat pumps, solar heating systems, photovoltaic panels).



Whereas these policies can be readily applied to new buildings for which the design stage already addresses the energy performance, existing buildings require dedicated retrofitting strategies that can improve their energy performance and ensure compliance with nZEB by changing their structures, energy systems, operations, etc. In Europe, approximately 90% of the existing buildings must be transformed into nZEB to decarbonize the building stock and improve energy efficiency [20]. According to the Energy Performance of Buildings Directive (EPBD) [21] of the E.U., which was amended in 2018 (2018/844/EU) to be an essential part of the renovation wave strategy, the annual energy renovation rate of buildings will be at least doubled by 2030. Besides, EU countries must establish strong long-term renovation strategies to decarbonize the national building stocks by 2050. The Passive House Institute (PHI) has developed the EnerPHit-Standard for adapting existing buildings [22]. Moran et al. [23] optimized the retrofitting plans for semi-detached and end-terraced houses in Ireland based on three indicators, i.e., energy efficiency, life cycle environment effects, and renovation cost, and found that deep retrofits were economically viable with policy encouragement and monetary subsidy. Hamburg et al. [24] measured the energy performance of a renovated apartment in Estonia and found that due to unexpected occupant behavior and operation schedules, the nZEB target is not achieved despite minimization of energy requirements. Indeed, the active cooperation of users plays a pivotal role in developing nZEB. Researchers have coupled the renovation toward nZEB with simulation-based optimization methods and theories [25,26,27]. Mateus et al. [28] analyzed the environmental and life cycle costs of retrofitting a house in Porto, Portugal and achieve nZEB by both adopting passive measures and installing solar thermal and photovoltaic panels. Ferrari and Beccali [29] assessed an energy retrofit of a representative public building in Italy toward nZEB by studying the influence of thermal insulation, mechanical ventilation with heat recovery, energy saving rates, costs, and greenhouse gas emissions.



China’s urbanization rate had increased from 37.7% in 2001 to 59.6% in 2018 [30]. The total urban building area has increased by one billion square meters every year since 2010 [31], which should be renovated to nZEB to reduce energy consumption and carbon emissions. Although the worldwide discussed case studies can guide the development of renovating existing buildings to nZEB in China, it is still worthwhile to explore the following issues.



	(1)

	
How to ensure the reliability of the building energy model







Before using the simulation results to analyze appropriate nZEB renovation strategies, it is necessary to first ensure the validity and accuracy of the building energy model.



	(2)

	
How to transform a building into a nZEB with minimal renovations.







In previous studies, buildings were converted to nZEB by adopting a variety of passive measures. However, some parameters (such as window to wall ratio and building orientation) are difficult to change in an existing building. Besides, reducing the workload of building renovation can reduce the difficulty of turning buildings into nZEB. Therefore, the ranking of the influences of different passive technologies on building energy efficiency should be studied to determine the retrofit solution with the least volume of work.



	(3)

	
How to take full advantage of coal-fired power plants.







The energy structure in China is quite different from other countries. Although renewable energy (such as wind power and solar power) are increasingly generating electricity to the public grid, coal-fired power plants still provided more than 60% of total electricity in 2020 [32]. Thus, coal-fired combined heating and power utilities (CHP) and district heating will play an essential role in improving primary energy efficiency for a long time in the future, making it impossible to give up centralized heating systems like in Germany.



Energy performance renovation often involves multiple factors, and each factor usually takes different levels of values [33,34,35]. A well-designed multifactor experiment can reduce the number of tests and obtain ideal results. Shen et al. [36] developed a fast multi-objective optimization method by adopting a differential evolution algorithm. Future climate conditions and lifecycle cost analysis were considered to evaluate retrofit performance. Jafari and Valentin [37] proposed a decision-making framework considering a broad economic objective using a genetic algorithm method. Asadi et al. [38] combined a genetic algorithm and artificial neural network to assess a school building retrofit project quantitatively. Orthogonal array testing (OAT) is an essential branch of statistical mathematics that uses an “orthogonal table” to arrange and analyze multi-factor optimization [39], designed to carry out as few experiments as possible to get the best experimental results. Orthogonal experimental design is a scientific test design method that selects the right number of representative cases from many experimental data to arrange tests [40,41,42]. Searching for optimal nZEB retrofit strategies through the combination of computer simulation and OAT has not been widely discussed.



Therefore, in this study, a simulation-based method integrated OAT for nZEB retrofit is introduced. Energy performance optimization of a residential building in Jilin Province, located in the northeast of China, is selected as the case study to develop optimal passive renovation packages. The CO2 emission comparison between heat pumps and CHP are discussed as well. The results can help architects and engineers renovate residential buildings to nZEB with minimum change.




2. Methodology


2.1. Energy Simulation and Validation of the Residential Building


We use DesignBuilder [43], a popular building energy simulation model powered by EnergyPlus as the simulation engine, for the model simulation and the energy consumption analysis. Specifically, we studied an apartment building in the Changchun city of the Jilin province of China (an ASHRAE 6A climate zone). The building has five floors and four apartments on each floor (Figure 1). The total area of all 20 apartments is 1635.25 m2.



For all units, the floor-to-ceiling height is 2.8 m. The window to wall ratio is 0.25 on the north façade, 0.45 on the south façade, and 0.3 on the east and west façades. The main facades are oriented to the north and south. Table 1 lists the heat transfer coefficient of the building envelope before renovation. Door and window joints and exterior wall insulation were designed with corrected thermal bridges. Besides, the infiltration rate at 50 Pa (N50) is 3.6 ac/h. All parameters in Table 1 are obtained from the field investigations.



The building does not have any mechanical ventilation system, and fresh air demand is fulfilled by opening windows. A radiant floor heating system connected to the CHP district heating network meets the heating demand (DH, kWh/m2·a) during the heating season (20 October to 6 April) with a setpoint temperature at 20 °C. There is no heating setback temperature because the room temperature must remain constant for 24 h to maintain appropriate living standard. The building does not have any central cooling equipment, and the cooling demand (DC, kWh/m2·a) is provided by the air conditioners in each household. Furthermore, when the air temperature outside is below 26 °C, cooling demand can be satisfied by exchanging air through natural ventilation. Considering the 20-year average temperature of Changchun, we arbitrarily define a cooling season that starts on 27 June and ends on 9 September, with setpoint temperature at 26 °C and setback temperature at 31 °C. Table 2 shows for the rooms with specific functions the different indoor settings, including occupant density, illumination, lighting density, and domestic hot water (DHW). Occupant density data are obtained from field investigations, and other data are extracted from national standards [44]. The values in Table 1 and Table 2 are used as inputs into DesignBuilder.



The model validation compares the energy consumption simulated by the building energy model with the actual energy consumption to calibrate the model and predict the energy performance of different building renovation strategies. The American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) Guideline 14-2014 [45] provide standardized procedures for reliably measuring the energy, demand, and water savings achieved in conservation projects. The two following indicators from the ASHRAE Guideline 14-2014 describe how well the energy simulation model can represent the variability in measured data. The computer model is deemed reliable when an NMBE is <5% and CV[RMSE] is <15% relative to monthly calibration data.


  CV [ RMSE ] =         ∑  i = 1  n      (   y i  −    y ^   i   )   2      n − 1        y ¯     



(1)






  NMBE =     ∑  i = 1  n   (  y i  −    y ^   i  )     ( n − 1 )  y ¯     



(2)




where CV[RMSE] is the coefficient of variation (CV) of the root-mean-square error (RMSE), which indicates how much variation there is between the data and the model, calculated by dividing RMSE by the average energy use; NMBE is the normalized mean bias error;      y ^   i    and    y i    represent simulation predicted data and operation data of the month  n , respectively;    y ¯    is the arithmetic mean of the operation data.




2.2. Orthogonal Array Testing Design


OAT is used to arrange and test the energy-saving potential of some proposed passive renovation methods. The influence of four architectural parameters that can be readily adjusted through renovation is assessed by OAT, including external wall heat transfer coefficient (A), roof heat transfer coefficient (B), infiltration N50 (C), and window heat transfer coefficient (D), as shown in Table 3. A blank row (E) is set as the fifth parameter to measure the reliability of OAT. Other passive measures, such as window to wall ratio and building orientation, are not assessed as they are difficult to change for an existing building.



The tests are arranged by the orthogonal table L25(56) generated in the SPSS software, where L represents the symbol of OAT, 25 denotes the number of tests, 5 indicates the number of levels, and 6 represents the maximum number of columns of the selected orthogonal table. The seed number “20201028” should be used to repeat the experiments and verify the results as this orthogonal table designed by SPSS is not a standard one.



Table 3 shows the five levels set for all factors. In Table 3, level 1 corresponds to the basic structure of the building envelope before renovation, whereas level 5 display corresponds to the specifications in the technical standard for nearly zero energy buildings (GB/T 51350-2019) of China national nZEB standard 2019 [19]. The recommended values corresponding to level 5 are not the mandatory limits for nZEB retrofits, and the values in levels 2, 3, and 4 are the gradients calculated by simple mathematics. The total energy consumption index (TECI) reflects whether the building has reached the nZEB level (see Section 2.3.1).



Other researchers are developing lighter and thinner insulation materials [46], which will be much more cost-effective and energy-efficient. Thus, only the changes in heat transfer coefficients and airtightness are counted in this study, without the insulation layer thickness, window types, and costs of existing materials.



The range analysis of OAT results reveals how much influence the individual factor can exercise on the energy efficiency of the building:


   k  ij   =    ∑   D  ij      4   



(3)






   R i     = max ( k    ij      ) − min ( k    ij   )  



(4)




where kij represents the average value of test results of factor i at level j, i denotes different factors (factor A, B, C, and D), j represents different levels (level 1, 2, 3, 4 and 5), ∑Dij represents the summation of the experimental results corresponding to the same level of a factor (e.g., ∑DA1 means the summation of the experimental results corresponding to level 1 of factor A), and Ri is the range value of factor i. The factor has greater impact on building energy efficiency when R is larger. The “4” in the denominator of Equation (3) indicates the degree of freedom of each factor.




2.3. Evaluation Criteria


2.3.1. Total Energy Consumption Index


The total energy consumption index (TECI, kWh/m2·a) defined in the national nZEB standard GB51350-2019 of China [19] includes energy usage from heating, cooling, mechanical ventilation, lighting, domestic hot water (DHW), and elevator. It does not include the energy usage that varies significantly among households and is not predictable at the design stage (i.e., cooking, plug loads, etc.). A building that complies with the nZEB standard of China should have a TECI no greater than 55 kWh/m2·a.



Since active technologies are not adopted and residents’ living habits are not changed in this study, the load of lights and DHW remain constant in the following simulations. The studied building does not have an elevator, and the energy consumption from elevator is thus zero. On the other hand, mechanical ventilation with heat recovery is indispensable for nZEB in cold climate zones, because when the air tightness of the building increases, natural ventilation through the window increases the energy consumption and affects the thermal comfort of the building. Thus, all subsequent building energy simulations include mechanical ventilation systems.




2.3.2. CO2 Emission Factor for Heating of the CHP


A novel CO2 emission analyzing method based on the energy cascade utilization is proposed in this paper. The cascade utilization of energy is the most outstanding technical feature of the CHP system. The energy from coal can be divided into three grades during the electricity-generating process, as shown in Figure 2. For a CHP, electricity, heat, and waste heat correspond to the high, medium, and low grade of energy respectively, and the coal consumption for electricity can be distinguished from that for heat. The criteria of CO2 emission established according to the cascade utilization of energy provide a more accurate reference about the greenhouse gas emission arising from electricity and heating.



Based on the cascade utilization theory, in this work, exergy analysis is used to analyze the the carbon emissions of the CHP that simultaneously supplies electricity and heating, as it reveals how much of the total energy in coal can be transformed into electricity as the high-grade energy. Equation (5) gives the exergy conversion factor of the heating supplied by CHP:


   λ s  =  r   h 1  −  h 2     (  1 −    T 0     T 1     )  +  (  1 −  r   h 1  −  h 2     )   (  1 −    T 0     T 1  −  T 2    ln    T 1     T 2     )   



(5)




where λs is the exergy conversion factor of the heating, T0 denotes the average outdoor temperature in winter in Changchun (K), T1 represents the temperature of the extracted steam for heating (K), T2 indicates the condensate temperature of the extracted steam for heating (K), r is the latent heat of vaporization of the extracted steam at T1 (kJ/kg), h1 represents the enthalpy of the extracted steam (kJ/kg), and h2 is the enthalpy of the condensate (kJ/kg).



The heating ratio (HR) of CHP is calculated by Equation (6), which expresses the percentage of total available energy used for heating.


  HR =    Q h  ×  λ s    E +  Q h  ×  λ s     



(6)




where Qh is the heating energy supplied by CHP (kWhh), and E refers to the electricity generated by CHP (kWhe). Besides, the subscripts h and e of the kWh indicate heating and power generation, respectively.



The coal consumption rate for heating (CCRH) of the CHP units is shown in Equation (7), which indicates the amount of coal consumed for every kWh of heating supplied.


  CCRH =    F  CHP   × HR    Q h     



(7)




where FCHP is the coal consumed by the CHP (t).



Finally, CO2 emission factor for heating of the CHP (CEFCHP) is calculated by Equation (8).


   CEF CHP  = CCRH × LHV ×  CEF coal   



(8)




where LHV is the lower heating value of coal (MJ/kg), and CEFcoal is the CO2 emission factor per unit Joule value of coal (t CO2/TJ).




2.3.3. CO2 Emission Factor for Heating of Heat Pump and Coal-Fired Boiler


Jilin Province currently uses both CHP and coal-fired heating boilers (CB) for the heating service in winter for residential buildings. Meanwhile, the government encourages household to install heat pump units (HP) because HP as a clean technology for heating can reduce carbon emissions c.



Therefore, as for comparison, the CO2 emission factor for heating of the HP (CEFHP) is shown in Equation (9).


   CEF HP  =    Q h  ×  CEF grid    COP    



(9)




where COP is the coefficient of performance of the heat pump, CEFgrid is the CO2 emission factor of the power grid (g CO2/kWhe).



The CO2 emission factor for heating of the CB (CEFB) is shown in Equation (10).


   CEF B  =    CEF coal  × LHV ×  Q  h , b    η   



(10)




where Qh,b is the heating energy supplied by CB, and η is the efficient of the CB.






3. Results and Discussions


3.1. Simulation Results and Validation


A comparison between the simulated and monitored energy consumption data is conducted on a monthly basis, as displayed in Figure 3. The simulated and actual annual energy consumption of the building is 151.11 and 148.36 MWh, and the simulated and actual TECI is 94.24 and 90.73 kWh/m2·a, respectively (Figure 3). The CV[RMSE] and NMBE values are 11.48% and 4.22% according to Equations (1) and (2), both within the limits set in Section 2.1. Therefore, the model is reliable and is suitable for evaluating renovation measures to improve the energy efficiency of the building.



The simulated TECI (94.24 kWh/m2·a) is 1.71 times that of the nZEB standard (55 kWh/m2·a). Because Changchun is in a severely cold region with low average summer temperature, heating contributes to 68% of the TECI whereas cooling only contributes to 4.08% of the TECI. The load of lighting and the DHW usage are kept constant in the simulations, as we do not adopt active technologies or change the living habits of the residents. There is ample room to improve the energy efficiency of the building through retrofitting to accomplish nZEB.




3.2. Analysis of the OAT Results


3.2.1. Range Analysis and Variance Analysis of Factor Levels


Table 4 shows the L25(56) orthogonal table and its results. Five tests are conducted at each level of the four selected factors shown in Table 3. The building energy consumption data of all 25 scenarios are generated and simulated using DesignBuilder.



Figure 4 illustrates the range analysis (as defined in Equations (3) and (4)) of factor levels on TECI, DH, and DC based on the results obtained in Table 4. Taking factor A as an example, as shown in Figure 4a, the TECI at level 1, 2, 3, 4, and 5 are 87.79 kWh/m2·a, 79.39 kWh/m2·a, 71.16 kWh/m2·a, 63.12 kWh/m2·a, and 55.43 kWh/m2·a, respectively. It can be concluded that TECI is the lowest when factors A, B, C, D are at level 5. With the building envelope structure optimization and thermal insulation performance improvement, the TECI shows a downward trend (Figure 4a), and DH is also continuously decreasing (Figure 4b).



However, DC slightly increases when the residential building renovates to nZEB, as shown in Figure 4c. The lowest DC can be obtained at level 1 of all factors. Before the renovation, DC only accounted for 4.08% of TECI. Therefore, although the change trend of DC is different from that of DH and TECI, the building energy consumption still reaches the lowest value when all factors take level 5. This conclusion is consistent with previous studies, indicating that reducing the heat transfer coefficient and air leakage of the building can effectively reduce the building’s energy demand and fulfill the purpose of energy-saving [47,48,49].



Besides, according to Equation (4), the ranking of the influences of each factor on TECI and DH is RA > RC > RD > RB. However, the influence of factor B on Dc is different from other factors. Thus, the ranking of the influence of each factor on Dc cannot be obtained by range analysis.



There are two methods to analyze the results of the orthogonal experiments, namely, range analysis and variance analysis. The variance analysis is a more reliable method to distinguish whether different test results are obtained by changing the factor levels or by the fluctuation of error.



According to the range analysis, the impact of factors on TECI and DH falls in the order of A > C > D > B, whereas the impact of factors on DC falls in the order of D > A > C > B. As the change of factor B from level 1 to 2 and from level 3 to 4 does not alter the DC, we use variance analysis to determine if the results of range analysis genuinely arise from the change of factor levels or are artifacts due to the fluctuation of the variable. Table 5 and Table 6 show that all four factors have significant impacts on TECI and DH, although there are large differences in the magnitude of impact as is reflected by the F value. The impact of the four factors on TECI and DH is also ordered identically as in the range analysis (i.e., A > C > D > B).



In contrast, only factors A, C, and D have a significant impact on DC (Table 7), and the change of factor B (i.e., roof insulation) does not have a significant effect on DC. The degree of their impact on DC ranks as D > C > A according to the F value.




3.2.2. Determination of Building Envelope Renovation Strategy


As defined in the previous section, the renovated building can meet China’s nZEB standard requirement when TECI is less than or equal to 55 kWh/m2·a. There are twelve renovation schedules in Table 4 that meet the nZEB standard of China (TECI no more than 55 kWh/m2·a), including tests No. 5, 12, 14, 16, 17, 18, 20, 21, 22, 23, 24, and 25. They all require changing three or four factors. However, one of the objectives of this study is to make full use of the energy-saving potential of passive technologies and reduce the workload and difficulty of renovation. The range analysis and variance analysis results show that factor A (external wall heat transfer coefficient) and factor C (infiltration N50) have the greatest impact on building energy consumption. Therefore, complementary experiments are implemented to investigate whether changing only factor A and factor C could transform the building to nZEB.



Table 8 examines three renovation plans that only require changing factor A and factor C and compare their energy performance. In Table 8, test No. 3 attains a 43.18% reduction of TECI (from 94.24 to 51.54 kWh/m2·a) without changing factor B (roof heat transfer coefficient) and the factor D (window heat transfer coefficient), hence obviating a complete renovation of the building [23,24,28] while still effectively reducing energy consumption. In addition, the retrofitting plan does not substantially impact the residents’ living habits as it does not change the window-to-wall ratio or the heat transfer coefficient of the exterior windows.



This result can provide a reference for the application of the nZEB standard in actual retrofitting projects. Figure 5 shows the daily building energy consumption curve and energy reduction rates after renovation based on test No. 3 in Table 8.





3.3. Impact on CO2 Emission


After using passive technology to reduce residential energy consumption, previous studies always introduce a scenario considering active renewable energy systems to balance the buildings energy requirements and reduce the carbon emissions. Since TECI is mainly influenced by DH, it is necessary to select suitable renewable energy for heating, which mainly include solar heating, air-source heat pumps and ground-source heat pumps.



However, the high occupancy density of Chinese buildings does not provide enough space for ground-source heat pump and solar heating technologies. Therefore, air-source heat pump technology is more frequently used in nZEB buildings in China [7]. Air-source heat pumps consume electrical energy during operation, which means that the carbon emissions of air source heat pumps depend on the carbon emissions of electricity generation. As mentioned earlier, the primary means of power supply in China today is coal-fired power generation, and the primary heating means is coal-fired CHP. It is necessary to compare whether air-source heat pumps can really reduce CO2 emissions compared to CHP according to the equations presented in Section 2.3.2 and Section 2.3.3.



3.3.1. CHP and the CB


For residential houses in northeastern China, the comfortable winter heating temperature is 20 °C, and any heat source that can release heat at 20 °C can theoretically be used to provide heating. To maximize efficiency, low-grade energy should be utilized to heat buildings. The use of CHP instead of CB can effectively reduce CO2 emissions, as CB converts the high-grade chemical energy of coal directly into low-grade thermal energy.



The LHV and CEFcoal of typical anthracite coal, bituminous coal, and lignite coal in China are shown in Table 9. The data of CEFcoal comes from 2019 Refinement to the 2006 IPCC Guidelines for National Greenhouse Gas Inventories [50].



The heat balance diagram of a typical 50MW back pressure coal-fired CHP unit is shown in Figure 6, where T1, T2, T0, h1, h2, and r equals 454.45 K (181.3 °C), 416.77 K (143.6 °C), 265.55 K (−7.6 °C), 2820.56 kJ/kg, 604.67 kJ/kg, and 2132.96 kJ/kg, respectively. Besides, the efficiency of the CB is 90%.



CEFB and CEFCHP are shown in Figure 7 and Table 9. For CHP, the coal type has a heavy influence on the CO2 emissions, as different types of coal vary in their carbon content and LHV. Figure 7 shows that the CO2 emission of CB is generally 1.6 times that of CHP, and for both CB and CHP, the CO2 emission is the least and the greatest when bituminous coal and lignite coal are used, respectively. It should be noted that in severely cold regions of China, the high-quality anthracite and bituminous coals are mainly used in industrial settings such as coking plants, whereas CHP mainly burns lignite coal. Directing industrial waste heat for district heating should also help reduce CO2 emission.




3.3.2. HP


The data in Table 10 demonstrates the CO2 emissions when HP units are used for heating. Currently, the COP of HP heating is about 2 in severe cold regions [19]. According to the “Thirteenth Five-Year Plan” issued by the State Council in 2016 to control greenhouse gas emissions, the amount of carbon dioxide emissions per kilowatt of China’s large power generation groups should be less than 550 g CO2/kWhe before 2020 [51]. IEA data shows that the global average carbon dioxide emissions intensity in 2019 was 340 g CO2/kWhe [52]. U.S. Energy Information Agency (EIA) reported that the power sector emitted about 0.92 pounds of CO2 per kWhe (417.68 g CO2/kWhe) in 2019 [53]. European Environment Agency calculated that the greenhouse gas emission intensity of electricity generation in E.U. was 275 g CO2/kWhe [54].



Figure 7 shows that although HP is a popular clean method to provide heating in Europe and the U.S. [13], in China the CO2 emission from HP for heating is much higher than that of CHP because the CO2 emission of electricity generation is relatively high. Heating with HP cannot accomplish environmental protection in China unless the power system is decarbonized to reduce the CO2 emission from electricity generation to a relatively low level.



For the severely cold regions in China, winter has a relatively low electricity demand but a very strong heating demand, and at present CHP and CB jointly provide heating for buildings. Additional heat sources must be used to match the heat between the supply side and the demand side when CHP cannot provide all the heating needed by buildings. In the future, to reduce the CO2 emission from heating buildings in China, HP may effectively replace CB for heating when the CEFgrid is lower and when the COP is further decreased by technological advancements.



Renovating the studied building according to the test No. 3 of Table 8 not only achieves nZEB but also significantly reduces the CO2 emission from heating. The CO2 emission in Figure 8 is calculated based on the emission factors of the lignite coal because the studied building is in Changchun. After the renovation, the CO2 emission from heating is reduced from 24.51 to 9.92 t/a for CHP and from 39.33 to 15.92 t/a for CB, respectively. That is, a lower heating demand can effectively reduce the carbon emission from the building. The CO2 emission from heating the retrofitted building by HP is 11.61 t/a, which is more than that of CHP and less than that of CB, due to the high CO2 emission intensity of electricity generation in China.






4. Conclusions


Retrofitting strategies are needed to convert existing buildings to nearly zero energy buildings (nZEB) through renovation. The present study introduces a hybrid approach to develop retrofitting strategies through building energy simulation based on orthogonal array testing (OAT). The case study modeled the energy consumption of a residential building in the severely cold region of China with DesignBuilder. Four architectural factors of the studied building are considered for retrofitting, namely (A) external wall heat transfer coefficient, (B) roof heat transfer coefficient, (C) infiltration N50, and (D) window heat transfer coefficient. The energy performance of different retrofitting strategies is assessed according to the ASHRAE Guideline 14-2014 after validating the energy consumption model.



Upon improvement in the four analyzed factors, the heating demand (DH) is readily reduced whereas the cooling demand (DC) escalated. Nevertheless, because DC contributes very little to the total energy consumption index (TECI) compared with DH, the total energy consumption is the least when all factors are improved to their fullest (i.e., level 5). According to variance analysis, the impact of the studied factors on DC ranks as window heat transfer coefficient > external wall heat transfer coefficient > infiltration N50, and factor B does not have a significant impact on DC. The impact of the studied factors on DH and TECI all falls in the order of external wall heat transfer coefficient > infiltration N50 > window heat transfer coefficient > roof heat transfer coefficient.



To minimize the necessary work in retrofitting while still attaining nZEB, the roof heat transfer coefficient (factor B) and window heat transfer coefficient (factor D) can be left unchanged at 0.4 and 2 W/m2·K respectively, while decreasing the external wall heat transfer coefficient (factor A) from 0.5 to 0.2 W/m2·K and infiltration N50 (factor C) from 3.6 to 0.4 ac/h. This strategy can reduce the TECI of the building from 94.24 to 51.54 kWh/m2·a, below the 55 kWh/m2·a cutoff defined by the nZEB standard.



HP generates more greenhouse gases than CHP during the heating process under the current CO2 emission factor of the power grid in China. However, with the decarbonization of the power system and the increase of COP of the HP units, CB can be replaced by HP, and the carbon emissions of the district heating system will be effectively reduced.
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Figure 1. Building model created in Designbuilder. (a) architectural appearance, (b) first-floor layout. 
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Figure 2. Energy distribution of coal in the CHP process. 
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Figure 3. Comparison between the simulated and monitored monthly energy consumption data. 
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Figure 4. Range analysis of the impact of each factor on (a) TECI, (b) DH, and (c) DC. 
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Figure 5. Daily building energy consumption curve and energy reduction rates of test No. 3 in Table 8. (a) heating and cooling load, (b) energy reduction rates. 
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Figure 6. Heat balance of a typical 50MW CHP unit. 
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Figure 7. CO2 emission factor for heating of different technologies. 
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Figure 8. The carbon emissions of CHP, CB and HP for heating before and after renovation. 
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Table 1. Basic parameters of the studied building.
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Common Component

	
Density

	
Specific Heat






	
Cement mortar

	
1650 kg/m3

	
920 J/kg·K




	
EPS

	
15 kg/m3

	
1400 J/kg·K




	
Concrete

	
2300 kg/m3

	
1000 J/kg·K




	
Waterproof material

	
2100 kg/m3

	
1000 J/kg·K




	
Structural element

	
Heat transfer coefficient

	
Component *

	
Thickness




	
External wall

	
0.5 W/m2·K

	
Cement mortar

	
25 mm




	
EPS expended polystyrene

	
50 mm




	
Concrete

	
200 mm




	
Cement mortar

	
25 mm




	
Flat roof

	
0.4 W/m2·K

	
Concrete

	
30 mm




	
Waterproof material

	
4 mm




	
EPS expended polystyrene

	
84 mm




	
Concrete

	
100 mm




	
Cement mortar

	
25 mm




	
Window §

	
2.0 W/m2·K

	
Glass

	
3 mm




	
Air

	
13 mm




	
Glass

	
3 mm








Note: * From the outermost layer to innermost layer in descending order. § Double glazed aluminum window frame.
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Table 2. Indoor settings of different rooms.
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	Function
	Occupant Density (People/m2)
	Illumination (lux)
	Lighting Density (W/m2)
	DHW (l/People·Day)





	Bedroom
	0.0229
	75
	6
	NA *



	Bathroom
	0.0187
	100
	6
	40



	Lounge
	0.0188
	150
	6
	NA



	Kitchen
	0.0237
	200
	6
	NA



	Balcony
	0.0188
	100
	4
	NA



	Circulation **
	0.0155
	100
	4.5
	NA







Note: * NA—not applicable, ** circulation area is separated from the outdoor environment by the external wall but not cooled nor heated. Occupant density data are obtained from field investigations, and other data are extracted from national standards [44].
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Table 3. Selected factors and values of each level.
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Factor

	
Description

	
Unit

	
Level




	
1

	
2

	
3

	
4

	
5






	
A

	
External wall heat transfer coefficient

	
W/m2·k

	
0.5

	
0.4

	
0.3

	
0.2

	
0.1




	
B

	
Roof heat transfer coefficient

	
W/m2·k

	
0.4

	
0.325

	
0.25

	
0.175

	
0.1




	
C

	
Infiltration N50

	
ac/h

	
3.6

	
2.8

	
2

	
1.2

	
0.4




	
D

	
Window heat transfer coefficient

	
W/m2·k

	
2

	
1.75

	
1.5

	
1.25

	
1




	
E

	
Blank

	
N/A

	
1

	
2

	
3

	
4

	
5
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Table 4. Orthogonal experimental results.
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Test No.

	
Factor Level *

	
TECI §

	
DH §

	
DC §




	
A

	
B

	
C

	
D

	
E






	
1

	
1 (0.5)

	
1 (0.4)

	
1 (3.6)

	
1 (2)

	
1

	
89.49

	
61.85

	
2.03




	
2

	
1

	
2 (0.325)

	
2 (2.8)

	
2 (1.75)

	
5

	
79.71

	
52.05

	
2.05




	
3

	
1

	
3 (0.25)

	
3 (2)

	
3 (1.5)

	
4

	
70.02

	
42.31

	
2.1




	
4

	
1

	
4 (0.175)

	
4 (1.2)

	
4 (1.25)

	
3

	
60.51

	
32.75

	
2.15




	
5

	
1

	
5 (0.1)

	
5 (0.4)

	
5 (1)

	
2

	
51.43

	
23.61

	
2.21




	
6

	
2 (0.4)

	
1

	
5

	
4

	
5

	
55.01

	
27.21

	
2.19




	
7

	
2

	
2

	
1

	
5

	
4

	
67.45

	
39.66

	
2.18




	
8

	
2

	
3

	
2

	
1

	
3

	
74.45

	
46.78

	
2.06




	
9

	
2

	
4

	
3

	
2

	
2

	
64.94

	
37.22

	
2.11




	
10

	
2

	
5

	
4

	
3

	
1

	
55.70

	
27.93

	
2.16




	
11

	
3 (0.3)

	
1

	
4

	
2

	
4

	
59.12

	
31.37

	
2.14




	
12

	
3

	
2

	
5

	
3

	
3

	
50.32

	
22.51

	
2.2




	
13

	
3

	
3

	
1

	
4

	
2

	
62.43

	
34.64

	
2.18




	
14

	
3

	
4

	
2

	
5

	
1

	
53.10

	
25.25

	
2.24




	
15

	
3

	
5

	
3

	
1

	
5

	
59.68

	
31.95

	
2.12




	
16

	
4 (0.2)

	
1

	
3

	
5

	
3

	
47.78

	
19.90

	
2.27




	
17

	
4

	
2

	
4

	
1

	
2

	
53.91

	
26.16

	
2.14




	
18

	
4

	
3

	
5

	
2

	
1

	
45.55

	
17.74

	
2.2




	
19

	
4

	
4

	
1

	
3

	
5

	
57.07

	
29.29

	
2.17




	
20

	
4

	
5

	
2

	
4

	
4

	
48.18

	
20.33

	
2.24




	
21

	
5 (0.1)

	
1

	
2

	
3

	
2

	
51.03

	
23.27

	
2.15




	
22

	
5

	
2

	
3

	
4

	
1

	
43.01

	
15.18

	
2.22




	
23

	
5

	
3

	
4

	
5

	
5

	
36.00

	
8.09

	
2.3




	
24

	
5

	
4

	
5

	
1

	
4

	
40.72

	
12.96

	
2.15




	
25

	
5

	
5

	
1

	
2

	
3

	
50.96

	
23.22

	
2.13








Note: * See Table 3 for specific values of individual factor at prescribed level. § Unit: kWh/m2·a.
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Table 5. Variance analysis of the impact of the factors on TECI.
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	Source
	df
	Mean Square
	F
	Sig.





	Corrected Model
	16
	227.398
	288.532
	0.000



	Intercept
	1
	81,518.244
	103,433.666
	0.000



	Factor A
	4
	524.835
	665.933
	0.000



	Factor B
	4
	42.032
	53.332
	0.000



	Factor C
	4
	220.476
	279.749
	0.000



	Factor D
	4
	122.249
	155.114
	0.000



	Error
	8
	0.788
	
	



	Total
	25
	
	
	



	Corrected Total
	24
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Table 6. Variance analysis of the impact of the factors on DH.
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	Source
	df
	Mean Square
	F
	Sig.





	Corrected Model
	16
	229.406
	298.777
	0.000



	Intercept
	1
	21,505.049
	28,008.077
	0.000



	Factor A
	4
	528.561
	688.395
	0.000



	Factor B
	4
	42.199
	54.960
	0.000



	Factor C
	4
	221.885
	288.982
	0.000



	Factor D
	4
	124.980
	162.773
	0.000



	Error
	8
	0.768
	
	



	Total
	25
	
	
	



	Corrected Total
	24
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Table 7. Variance analysis of the impact of the factors on DC.
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	Source
	df
	Mean Square
	F
	Sig.





	Corrected Model
	16
	0.006
	36.848
	0.000



	Intercept
	1
	117.029
	672,581.172
	0.000



	Factor A
	4
	0.008
	44.046
	0.000



	Factor B
	4
	0.000
	1.287
	0.352



	Factor C
	4
	0.002
	12.954
	0.001



	Factor D
	4
	0.016
	89.103
	0.000



	Error
	8
	0.000
	
	



	Total
	25
	
	
	



	Corrected Total
	24
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Table 8. Renovation schemes.
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Test No.

	
Factor Level *

	
TECI §

	
DH §

	
DC §




	
A

	
B

	
C

	
D






	
1

	
3

	
1

	
5

	
1

	
57.85

	
30.12

	
2.12




	
2

	
4

	
1

	
4

	
1

	
55.59

	
27.85

	
2.13




	
3

	
4

	
1

	
5

	
1

	
51.54

	
23.79

	
2.15








Note: * See Table 3 for specific values of individual factor at prescribed level. § Unit: kWh/m2·a. TECI: total energy consumption index, DH, Heating demand, DC, cooling demand.
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Table 9. Coal characteristics and CO2 emission factors of coal-fired boiler and CHP.
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LHV

	
CEFcoal

	
CEFB

	
CEFCHP




	

	
(MJ/kg)

	
(t CO2/TJ *)

	
(g CO2/kWhh)

	
(g CO2/kWhh)






	
anthracite coal

	
27

	
94.44

	
361.69

	
225.3




	
bituminous coal

	
24

	
89

	
340.85

	
212.3




	
lignite coal

	
19

	
98.56

	
377.46

	
235.1








Note: * t CO2 = tonne CO2, TJ = 1012 J.
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Table 10. CO2 emission factors of grid and heat pump.






Table 10. CO2 emission factors of grid and heat pump.





	Item
	Units
	China, 2020
	U.S., 2019
	E.U., 2019
	Global Average, 2019





	CEFgrid
	g CO2/kWhe
	550
	417.68
	275
	340



	COP
	N/A
	2
	2
	2
	2



	CEFHP
	g CO2/kWhh
	275
	208.84
	137.5
	170
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