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A Cost-effective Building Retrofit Decision-making Model – Example of China’s 

Temperate and Mixed Climate Zones 

 

Abstract 

Sustainable building retrofitting has attracted serious research attention in recent years as it can 

significantly reduce energy consumption and thus help achieve energy reduction targets set by 

governments around the world. In this paper, a sustainable retrofit decision-making model is 

developed to uncover the optimal set of retrofit solutions according to local climatic conditions, 

building features, and retrofit costs. Net present value (NPV), a common method for analyzing 

the feasibility of a building retrofit solution, is used to determine the optimal retrofit solution 

of existing high-rise residential buildings in a temperate zone and hot summer-cold winter 

zone, involving prototypical 1990s apartments of 116 and 53 m2 floor areas respectively. This 

reveals that the lighting system, wall insulation, and upgraded window glazing are essential 

optimal retrofit measures for the temperate zone, whereas the heating system and shading 

devices are also essential for the hot summer-cold winter zone. The results indicate that the 

optimal NPV can be obtained by pursuing a 40% energy saving, as it can result in energy saving 

of up to 50 kWh/m2/year and 95 kWh/m2/year at an average retrofit cost of approximately USD 

1.30 and 3.20 m2/year in the temperate and hot summer-cold winter zones respectively. The 

sensitivities associated with the most influential optimal NPV and energy savings input 

parameters are critically analyzed; these can be used by decision-makers to determine the risks 

and uncertainties related to various cost-effective retrofit measures. The model can help in 

devising the most suitable sustainable retrofit measures for existing buildings commensurate 

with the energy reduction targets of policy and decision-makers in the two climate zones. It is 

also amenable to being adapted for other climatic zones to identify the most appropriate 

sustainable building retrofit for particular local climatic conditions and building characteristics.  

 

Keywords: Sustainable building retrofitting; Energy-cost model; Optimization; Temperate 

zone; Hot summer-cold winter zone; High-rise residential building. 

  



2 
 

1. Introduction 

As buildings consume 40% of global energy (Pérez-Lombard et al., 2008) and an estimated 

9 Gt of carbon dioxide (CO2) needs to be reduced from the building sector to limit global 

warming to 1.5°C (Wang et al., 2018), improving the energy efficiency of existing buildings 

is clearly a pragmatic strategy for helping combat climate change (Pardo-Bosch et al., 2019). 

Therefore, large-scale sustainable building retrofitting is being considered by many 

governments worldwide (Pasichnyi et al., 2019). In China, the 2017 total floor area of existing 

buildings exceeded 56 billion m2 (Güneralp et al., 2017) and is expected to surge to around 78 

billion m2 by 2050 (China Energy, 2016). The huge amount of building facilities involved has 

made China the world’s second largest energy consumer for all buildings and the largest for 

residential buildings (IEA, 2015), with the latter set to further escalate as a result of rapid 

economic growth and improvements in living standards (Li et al., 2020).  

Sustainable and cost-effective building retrofitting is a key strategy for improving energy 

efficiency, building performance, and occupant satisfaction (Regnier et al., 2018). While 

existing buildings stocks are increasing relentlessly, the stakeholders’ interests are significantly 

migrating towards effective and sustainable building retrofitting (Castro et al., 2019). As a 

result, researchers have been striving to investigate how to reduce the environmental impact of 

buildings (Moschetti et al., 2018; Hossain and Ng, 2019; Hossain and Poon, 2018) and its cost-

effectiveness using suitable retrofit measures (Ascione et al., 2019a). Different countries have 

adopted a range of such measures, including the installation of energy-efficient equipment, 

control technologies, window and wall retrofits, advanced heating and cooling technologies, 

and renewable energy systems (Luddeni et al., 2018). Despite the increasing awareness of 

sustainable building retrofitting, its adoption is still low due to the wide selection of available 

retrofit measures and their effectiveness (Murto et al., 2019). Choosing suitable sustainable 

retrofit measures depends primarily on the climatic conditions and location especially when 

the building characteristics and economic background could vary which would in turn affect 

the building energy consumption and affordability of retrofit costs respectively (Salata et al., 

2020). To identify the optimal retrofit solutions for a specific climate zone, it is necessary to 

understand the impact of different climatic conditions on the choice of sustainable retrofit 

measures and their economic feasibility. 

Climatic conditions play an important role in building energy performance, as the primary 

energy demand related to heating, cooling and fresh air is based on the relationship between 

internal and external environment of a building (Uidhir et al., 2020). Building energy demand 

is influenced by the heat transmission and transfer between the indoor environment and outdoor 
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weather conditions (Guillén-Lambea et al., 2019). Therefore, the expected energy savings 

brought by a specific building retrofit measure strongly rely on the specific climatic conditions 

(Yuan et al., 2019). For instance, improving the existing façade insulation may led to a better 

energy performance in one climate zone than in another due to differences in temperature, 

humidity, solar radiation, etc. (Zhou et al., 2018). Likewise, the energy savings of roof 

insulation improvement is governed by climatic conditions and roof characteristics (Pisello et 

al., 2015). On the other hand, building characteristic is fundamental to the analysis of building 

thermal performance and the potential energy-efficient measures (Al-Saggaf et al., 2020). 

Neglecting the building characteristics of different climatic zones may reduce the energy 

saving potential of sustainable building retrofit (Huang et al., 2013). A study by Tahsildoost 

and Zomorodian, (2020) has demonstrated a poor thermal performance of large groups of 

existing residential dwellings in developing countries due to the ignorance of the local climatic 

conditions. Meanwhile, building layout, envelope design and heating and cooling systems 

adopted in certain climatic zones would also play a role in defining the building thermal 

performance (Shen et al., 2020). As a result, the design standards for energy efficiency of 

residential buildings in various climatic zones of a country could differ (Liu et al., 2019). For 

a country with wide geographical spread like China, the labor and material costs might digress 

from one region to another due to the regional economic development (Xu et al., 2019), which 

makes the costs of the same retrofit work very different in various temperate zones. The 

attractive of any sustainable building retrofit depends on the energy saving and economic 

feasibility (Carratt et al., 2020; Sun et al., 2018). 

Cost is also an important criterion, and various methods have been proposed to enhance the 

energy efficiency without imposing an overly burdensome cost to building owners and/or 

occupants. For example, Penna et al. (2015) combined dynamic energy simulation with 

optimization modeling to establish the relationship between building characteristics and energy 

consumption through the tradeoff between energy consumption and retrofit cost. Zheng et al. 

(2019a) conducted a similar building energy study based on a techno-economic-risk analysis. 

Previous studies indicated that multi-criteria decision-making and multi-objectives 

optimization methods have been used to determine optimal retrofit strategies (He et al., 2019; 

Zheng et al., 2019b), with economic feasibility analysis (Menassa, 2011) and risk assessment 

(Ascione et al., 2019b) also used to select the most preferable sustainable retrofit strategy 

(Pedinotti-Castelle et al., 2019). All enable a significant improvement in energy and 

environmental performance and economic revenue caused by reduced energy cost (Zheng et 

al., 2019a).  
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As significantly reducing the existing building stock’s energy consumption at a reasonable 

cost is a major challenge, researchers examined their trade-off based using optimization 

approaches (La Fleur et al., 2019). Other studies focus on different perspectives of retrofit 

solutions, e.g. the influence of climate change on retrofit measures (Shen et al., 2019); energy-

related occupant behavior (Serrano-Jimenez et al., 2019); and life cycle assessment and life 

cycle costing (Sharif and Hammad, 2019). Studies attempting to optimize building retrofitting 

use various techniques, which yield different solutions. For example, Fan and Xia (2018) use 

notch test data to reduce the complexity of bottom up data to optimize energy saving and 

minimize the payback period; Gabrielli and Ruggeri (2019) develop an optimization model 

through regression equations to allocate resources and carry out risk analysis for building 

retrofit decisions; Salata et al. (2020) present optimal retrofitting solutions for existing 

residential buildings in 19 European cities with different climates using the genetic algorithms 

(GA); GA is also adopted by Ascione et al. (2019a) to optimize energy consumption, costs, 

and thermal discomfort in different Italian climatic zones; a similar approach is applied by 

Roberti et al. (2017) to optimize energy retrofits of historic buildings; Luddeni et al. (2018) 

minimize life cycle cost and maximize energy saving in office building in Italy; while Shao et 

al. (2014) develop a simulation-based multi-objectives model to optimize retrofit cost, energy 

savings, and global warming potential for office buildings. Shen et al. (2019) analyzed the 

retrofit options of existing buildings based on net present value (NPV), and concluded that 

global climate change may alter the optimal solution for energy conservation measures 

according to the locations, building types, and so on. Fina et al. (2019) developed an 

optimization model to maximize the NPV of solar PV installed on the roof and façade of the 

multi-family apartments over a time horizon of 20 years. La Fleur et al. (2019) concluded that 

balanced mechanical ventilation system with heat recovery is the most cost-effective retrofit 

strategy for multi-family buildings in Sweden when the energy saving target is set at 40%. 

Most previous studies concentrate on the retrofit solutions being applied to a single climatic 

zone without examining the effect of different climatic conditions in various regions in terms 

of energy efficiency and cost-effectiveness. While the performance of sustainable building 

retrofit can be influenced by various factors mentioned above, case-specific localized study is 

imperative to delineate suitable retrofit measures to maximize the energy saving and cost-

effectiveness for different climate zones. Besides, only few of studies considered the risks and 

uncertainties of sustainable building retrofit measures (Gabrielli and Ruggeri, 2019) and their 

sensitivity (Ascione et al., 2019b). Knowing the risks of sustainable building retrofit measures 
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is particularly important as decision-makers can establish whether the energy saving targets 

and associated costs can be achieved. This study, therefore, aims to develop a deterministic 

decision-making mechanism by considering different climatic conditions, practical indigenous 

retrofit measures, and costs. NPV analysis was conducted to determine the best retrofit 

measures for the prototype buildings in the temperate and hot summer-cold winter zones of 

China. Sensitivity analysis for specific energy saving targets was critically conducted. The 

results can be used as effective references for sustainable retrofit projects in those regions, as 

well as serving as a practical guidelines for other similar regions worldwide.  

 

2. Methodology 

A deterministic optimization model for sustainable building retrofit measures is developed 

and implemented in China’s temperate and hot summer-cold winter zones. By considering the 

restricted information in a paper, this study considered to finding the optimal set of energy 

efficient and cost-effective retrofitting solutions in the above mentioned two zones among the 

five different climate zones in China such as hot summer-warm winter, temperate, hot summer-

cold winter, cold zone, and severe cold zone. The optimal retrofit strategy is usually a trade-

off between the return generated by the energy savings and costs involved. The energy savings 

are determined by the difference in building energy performance before and after retrofitting, 

which can be translated into economic revenues in terms of energy cost. Addressing the best 

balance of retrofit costs and revenues is therefore the optimization model’s key aspect. In doing 

this, it is essential to analyze the retrofit measures since there are differing priorities in different 

regions due to the building characteristics, economic conditions, climatic conditions, etc. This 

section focuses on three major concerns as follows: 

1. Building energy consumption mainly depends on building characteristics, operation 

schedule, and climatic conditions. Accordingly, the first step involved is to devise building 

prototypes that represent typical features of existing residential buildings. To do this, both 

literature review and case study are used to reflect the common features of local buildings, 

with the prototypes then being based on typical local building characteristics and 

assumptions using such design tools as AutoCAD and Autodesk Revit. The climatic 

information including the thermal properties of each zone’s prototype building features is 

provided in the Supplementary materials (S1). Georgia Institute of Technology’s ISO-

based energy performance calculator (EPC) simulation tool (ISO, 2008) is used to assess 

the prototypes’ thermal performance based on the CEN-ISO standards, which define heat 

balance equations based on numerous normative descriptions related to building types, 
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functions, etc. The prototype buildings’ energy consumption is simulated based on the 

building characteristics and local conditions, and the potential retrofit measures obtained 

through literature review and case studies are then used to evaluate the energy savings. 

2. The energy-cost-based optimization model structure is based on exploring the net present 

value (NPV) of investment in, and revenue from, retrofitting existing buildings over their 

lifespan. The NPV model integrates the retrofit costs with the economic returns produced 

by energy savings, with the genetic algorithm (GA) used to identify the optimal 

combination of retrofit measures. GA is a most common used method to identify the 

optimal solution, and it can be employed to solve the retrofit decision-making problem with 

the consideration of various critical factors (Rosso et al., 2020). 

3. Monte Carlo simulation is used to study the sensitivity of the significance of factors 

involved due to its reliability and effectiveness in a stochastic optimization process when 

studying the building energy efficiency (Copiello et al., 2017). Acording to Tian (2013), 

Monte Carlo simulation can help identify the most influential factors in a decision-making 

model and this would result in an improvement in building energy performance. While the 

uncertain factors and their probability distributions used in Monte Carlo simulation are 

originated from the NPV model, it is logical to integrate the process of uncertainty analysis 

with the calculation of optimal NPV. In this analysis, the NPV is developed using Excel 

according to the design of EPC, while Monte Carlo simulation was performed through 

@Risk™ as it can be easily integrated with the NPV generated in Excel. 

 

2.1. Building features and prototypes 

Yunnan Province occupies the largest area in a moderate climate, and its capital is 

Kunming, which has a typical temperate climate. The designs of existing buildings in Kunming 

are taken as a reference to outline the simulation prototype layout. According to a 2016 survey 

of Yunnan Province residential buildings’ energy consumption, high-rise apartments 

(including small high-rise buildings) accounted for 26% of residential buildings constructed in 

the 1990s. Apartments with a floor area of 100-120 m2 (average 117 m2) dominated the housing 

sector in the 1990s (Hao et al., 2016). Most existing residential buildings have a north-south 

orientation, as this has strong cultural connotations in China. From an energy saving 

perspective, the north-south orientation is also the best choice in this temperate zone (Xu et al., 

2012). The simulation prototype is therefore likewise orientated north-south, with only the 

envelope on the east facing the internal environment, including the corridor and adjacent 

apartments. For comparison with the retrofit choices in the warm zone, the floor height is set 
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at 2.7 m, which is acceptable according to the 2005 design code (Ministry of Construction, 

2005). Several Kunming districts contain high-rise buildings, of which 31% comprise 8-15 

floors (Wei et al., 2011). The Cuihu district is particularly dense, the common shape of its old 

residential building being rectangular with most windows facing north and south (Wei et al., 

2012).  

Fig. 1 shows the temperate zone simulation apartment prototype based on this and other 

information found in the online housing market. Table 1 summarizes its basic envelope 

configuration. 

 

 
Fig. 1. Temperate zone prototype layout  

 

Table 1. Envelope parameters 
Orientation External wall area (m2) Window area (m2) Floor area (m2) Floor height (m) 

East 1.44 1.80 

116.00 2.70 South 22.32 11.7 
West 25.74 1.80 
North 22.77 11.25 
Total 72.27 26.55 116.00 2.70 
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Since the late 1980s, high-rise buildings have become the primary housing type in hot 

summer-cold winter climate Shanghai due to the city’s high population density. Since 1995, 

the most popular are those in a block with more than nine floors and consisting of two to eight 

‘combined’ apartments sharing stairs and an elevator. The most common apartment floor area 

is only 60-70 m2 (including auxiliary areas, with the actual indoor areas being less than 60 m2) 

due to rocketing housing prices. One of the three combined apartments is situated on the east-

west axis western side, with windows facing south, north, and west. This type of apartment has 

two bedrooms and one living room, and it is connected with other apartments on the eastern 

side (Ngo, 2016).  

Several high-rise residential buildings have been renovated to improve their thermal 

performance and indoor comfort, and their building design and building characteristics are said 

to provide a guide to establishing the prototypical apartment in Shanghai (Zhao et al., 2010). 

A well-known one is located in Jinyangerjiefang, and the common floor area of an apartment 

and the layout design are used as a reference for the prototype as shown in Fig. 2. This has a 

north-south direction with a 53 m2 floor area. For comparative purposes, it is assumed to be 

situated in the northwestern corner of a building, oriented on the east-west axis, and with most 

windows facing the south and north. Its basic envelope parameters are described in Table 2.  

 

 
Fig. 2. Hot summer-cold winter zone prototype 
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Table 2. Envelope parameters of a prototype in the hot summer and cold winter zone 
Orientation External wall area (m2) Window area 

(m2) 
Floor area (m2) Floor height (m) 

East 2.25 1.80  
 

53.00 

 
 

2.70 
South 4.50 3.60 
West 23.94 3.60 
North 11.97 5.85 
Total 42.66 14.85 53.00 2.70 

 

The prototype buildings’ thermal properties are summarized in Table 3 (described in the 

Supplementary Information). 

 

Table 3. Thermal properties of the prototype buildings in the studied climate zones 
Thermal 
considerations 

Thermal properties in different zones 
External wall  

(temperate zone; hot summer and 
cold winter zone) 

External window 
(temperate zone) 

 

External window  
(hot summer and cold 

winter zone) 
Main structure 
materials 

20 mm cement plaster + 240 mm 
clay bricks + 20 mm cement 

plaster 

single clear 3 mm 
with aluminum frame 

5 mm single glazing 
with aluminum frame 

U-value (W/m2K) 2.00 6.40 6.00 
Absorption 0.76 NA NA 
Emissivity 0.90 0.84 0.84 
SHGC NA 0.85 0.85 

(The demonstration of Table 3 is shown in the Supplementary Information) 

 

2.2. Optimization model 

2.2.1. Principle of optimization model  

Economic analysis can identify energy-efficient and cost-effective retrofit alternatives by 

comparing the overall net revenue of various retrofit solutions throughout their life cycle (Ma 

et al., 2012). Several quantitative methods are available to evaluate economic feasibility, 

including present value (NPV), payback period, and internal rate of return. NPV is a 

measurement of profit calculated by subtracting the present values of cash outflows (including 

the initial cost) from the present values of cash inflows over a period of time. A positive NPV 

implies a better return but a negative NPV means a worse return. The major concern for 

investors is to obtain the maximum return on their payment, and NPV provides an effective 

way to demonstrate how much investors can benefit from the investment (Menassa, 2011). It 

is the most common way to delineate the optimal set of energy-efficient and cost-effective 

measures to achieve high building thermal performance in the long-term (Petersen and 

Svendsen, 2012), a common method for analyzing the feasibility of a building retrofit and 

finding the most suitable solution to maximize the energy efficiency of existing buildings and 
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minimize retrofit costs (Serrano-Jimenez et al., 2019). It is also useful for assessing the cost-

effectiveness of a set of building retrofit measures during a life cycle.  

The NPV in a building retrofit project is determined by calculating the costs of retrofit 

measures and the economic returns from building renovation over a period of time. Energy-

efficient building retrofits require significant investment in various aspects of the building 

envelope and services systems, but can reduce building energy consumption, carbon emissions, 

and other negative impacts on the environment while improving indoor thermal comfort and 

human health. The focus of energy-efficient building renovation is energy conservation due to 

the poor energy performance of existing buildings, and the direct and primary returns from 

building retrofits is, therefore, a reduction in energy consumption. This is crucial to the energy-

efficient retrofit decision. The reduction of energy use can represent an improvement in 

building energy efficiency, which is the target of upgrading the existing buildings and 

promoting sustainability. The NPV of the return on investment in retrofitting an existing 

building, therefore, depends on the retrofit costs involved and the savings attributed to the 

reduction in energy consumption. 

 

2.2.2. Period of time and discount rate for the NPV model 

The period of investment is based on the lifespan of a building after renovation. After 

retrofitting, buildings usually have their lifetime expanded by as much as 30 years without 

further renovation, despite the lifespan of some retrofit components (such as window glazing) 

being around 25 years and some equipment needing improvement after 15-20 years (Verbeeck 

and Hens, 2005). The revenue from a retrofit is directly proportional to the subsequent length 

of a building’s lifetime. In practice, the renovation and replacement of building envelopes 

rarely occurs more frequently than every 20 years or so, since many building components such 

as wall insulation and window, door, and roof upgrades last about 30 years at most (Scheuer et 

al., 2003). Not taking the lifetime of mechanical systems into account, an appropriate life cycle 

for a retrofit investment may be around 30 years. However, the average lifespan of building 

mechanical systems is approximately 20 years. In particular, the window-type air-conditioner 

life cycle, which is the most common type of air conditioning system in residential buildings 

in order to meet the cooling demand in China’s northern areas and provide heating and cooling 

in southern regions, ranges from 10 to 20 years according to different standards (SAC, 2012; 

SAC and AQSIQ, 2007). The 2020 China Household Electrical Appliances Association Safe 

Life of Household Appliances code has the maximum lifespan of a room air conditioner at 10 

years and the average life cycle of other domestic appliances at less than 10 years. Taking the 
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lifetime of building structure and domestic air conditioning systems into account in existing 

buildings, it is therefore assumed that the life cycle of a total package of building retrofit 

measures is 20 years in China.  

Another important factor in determining the NPV is the rate used to discount future cash 

flows to the present value. According to the FRED Economic Research website, the discount 

rate in China has been around 3% since 2000 (Federal Reserve Bank of St. Louis, 2017), which 

is therefore adopted in the present study. 

 

2.2.3. Optimization decision objective and variables 

The maximum NPV indicates the minimum cost of retrofit and maximum energy reduction, 

which leads to the optimal building retrofit decision, and the decision criterion is: 

 

Max 𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑀𝑀𝑀𝑀𝑀𝑀�
�𝑅𝑅−𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟�

(1+𝑖𝑖)𝑟𝑟

𝑛𝑛

𝑡𝑡=0
 …………. (1) 

 

𝑁𝑁𝑁𝑁𝑁𝑁 = net present value of retrofit returns (USD) 

𝑅𝑅 = return produced by the reduced energy cost determined by the unit price of energy (𝐶𝐶𝐸𝐸) 

𝑖𝑖 = discount rate (i=3%) 

𝑡𝑡 = period of analysis in years (year) 

𝑛𝑛 = total number of periods (n=20 in this study) 

𝐶𝐶𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑡𝑡 = overall cost of all retrofit measures as stated in the following equations (USD)  

In identifying the maximum NPV, the optimal set of retrofit measures is identified, as these 

measures would determine the 𝐶𝐶𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑡𝑡 and return R generated by the reduced energy 

consumption ∆𝐸𝐸 as described in equations (2-5). 

The return obtained from building retrofits (𝑅𝑅) depends on the total energy reduction (∆𝐸𝐸) 

throughout their life cycle and the cost of energy (𝐶𝐶𝐸𝐸), which can be calculated by ∆𝐸𝐸 and CE: 

 

𝑅𝑅 = ∆𝐸𝐸 ∗ 𝐴𝐴 ∗ 𝐶𝐶𝐸𝐸 … … … … … … … … . . (2) 

 

𝑅𝑅 = return produced by energy reduction (USD/year) 

∆𝐸𝐸 = energy reduction after retrofitting in a lifetime (kWh/m2/year) 

𝐴𝐴 = floor areas (m2) 

𝐶𝐶𝐸𝐸 = cost of energy (USD/kWh) 
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Energy reduction (∆𝐸𝐸) is calculated as the building energy consumption before and after 

employing retrofit measures. This energy saving can lead to reductions in the cost of electricity, 

natural gas, and other types of energy used in apartments. The baseline (𝐸𝐸𝑏𝑏 ) for energy 

reduction calculation is energy consumption in an existing building with its original envelope 

and mechanical systems. After upgrading, there is an updated energy use (𝐸𝐸𝑎𝑎) that reflects the 

better thermal performance produced by energy-efficient retrofitting measures. Thus, energy 

reduction can be described as: 

 

∆𝐸𝐸 = 𝐸𝐸𝑏𝑏 − 𝐸𝐸𝑎𝑎 … … … … … … . . … … . . (3) 

 

∆𝐸𝐸 = reduction of energy consumption caused by a building retrofit (kWh/m2/year) 

𝐸𝐸𝑏𝑏 = energy consumption before the retrofit (the baseline of energy consumption was based on 

S1) (kWh/m2/year) 

𝐸𝐸𝑎𝑎  = energy consumption after the retrofit (kWh/m2/year), as determined by the retrofit 

measures’ thermal properties: 

 

𝐸𝐸𝑎𝑎 = 𝐸𝐸𝑎𝑎𝐿𝐿 + 𝐸𝐸𝑎𝑎𝐻𝐻 + 𝐸𝐸𝑎𝑎𝐶𝐶 + 𝐸𝐸𝑎𝑎𝐷𝐷𝐻𝐻𝐷𝐷 + 𝐸𝐸𝑎𝑎𝐸𝐸 … … … … … . . (4) 

 

𝐸𝐸𝑎𝑎𝐿𝐿 = energy use for lighting (kWh/m2/year) 

𝐸𝐸𝑎𝑎𝐻𝐻 = energy use for heating (kWh/m2/year) 

𝐸𝐸𝑎𝑎𝐶𝐶  = energy use for cooling (kWh/m2/year) 

𝐸𝐸𝑎𝑎𝐷𝐷𝐻𝐻𝐷𝐷 = energy use for domestic hot water (DHW) (kWh/m2/year) 

𝐸𝐸𝑎𝑎𝐸𝐸  = energy use for domestic equipment after retrofit with no change in appliances 

(kWh/m2/year) 

The entire investment (C) in building retrofit is composed of the cost (𝐶𝐶𝑇𝑇𝑖𝑖) of a group of 

retrofit solutions used in the prototype, with 

 

     𝐶𝐶𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑡𝑡 = ∑ 𝐶𝐶𝑇𝑇𝑖𝑖𝑁𝑁
𝑖𝑖=1 … … … … … … . (5)    

 

𝐶𝐶𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑡𝑡 = overall cost of all retrofit measures (USD) 

𝐶𝐶𝑇𝑇𝑖𝑖 = cost of retrofit techniques 𝑇𝑇𝑖𝑖 (USD), 𝑖𝑖=1,2,3…n 

𝑇𝑇𝑖𝑖 = 𝑖𝑖 type of retrofit technique (N=28 in this study) 
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The reference energy consumption (𝐸𝐸𝑏𝑏) before retrofitting in a building is determined by 

the parameters related to building characteristics and operation schedule which are associated 

with building prototypes as discussed in section 2.1. The energy consumption (𝐸𝐸𝑎𝑎) in the 

renovated building depends on the thermal properties of the chosen retrofit solutions and each 

choice of retrofit solution can affect the total energy use 𝐸𝐸𝑎𝑎. Meanwhile, the costs (𝐶𝐶𝑇𝑇𝑖𝑖) of a 

type of retrofit measure could vary along with the changes in their thermal properties and so 

different choices of thermal properties can lead to distinct retrofit costs which may critically 

affect the retrofit decision making. Accordingly, the thermal properties and costs of these 

retrofit choices are defined as decision variables in the decision model: 

1. The first group of variables are related to thermal properties and costs of lighting systems 

including daylighting control, the occupancy control, lighting constant illumination control, 

lamps, etc. 

2. The second group of variables are connected with the thermal properties and costs of 

mechanical systems including the heating system, cooling system and building energy 

management system (BEMS). 

3. The third group of variables refer to thermal properties and costs of renewable energy (RE) 

technologies like solar water heaters. 

4. The fourth group of variables rely on thermal properties and costs of building envelope 

retrofit measures including wall insulation, window retrofit measure, overhang, side fin, 

internal shading device, etc., all of which are studied on the four building orientations. 

The present study examines 28 potential types of retrofit techniques involving lighting, 

heating and cooling, energy management, solar energy use, the building envelope, etc., based 

on the literature review and case studies, for retrofit decision-making (T1-T28). These 

techniques are defined in the decision model as decision variables (described in Supplementary 

materials S2).  

 

2.2.4. Constraints 

To achieve the certain energy targets, the optimization problem was solved. As such, the 

objectives and decision variables have to satisfy the following two constraints: 

1. Diverse energy-saving targets require different retrofit decisions, all based on balancing 

retrofit costs and energy reductions. In addition, there may be different energy-saving 

potentials under different climatic conditions and building characteristics. The best balance 

of economic revenues from energy savings and retrofit costs vary from one energy-saving 
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scope to another due to their relationship in the optimization model. Therefore, it is 

necessary to restrict energy reduction to a certain range in order to identify the optimal 

retrofit options for a given energy reduction requirement. Once an energy-saving target is 

given (any required target, e.g. 20%, 30%, 40%, 60%, or 100%), the optimal retrofit 

solution is addressed by the optimization model. For instance, the set of optimal retrofit 

measures corresponding to 30% energy reduction is different from that which is applied to 

40% energy conservation. . There have been different energy efficiency requirements for 

new buildings in various time periods from the 1980s to 2010s and they have distinct 

baselines of energy performance: new buildings erected in the 1980s were forced to reduce 

energy consumption by 30% compared to buildings constructed earlier, while new 

buildings erected in the 1990s were forced to reduce energy consumption by 50% compared 

to buildings constructed in the 1980s (Yang et al., 2011). In addition, according to some 

retrofit projects conducted in northern China, improving the heating system alone can help 

occupants reduce energy consumption by 10%. For existing public buildings, the Chinese 

government has mandated decreases in energy use by 10%, 20%, or 30% (SAC, 2012; SAC 

and AQSIQ, 2007). It can therefore be assumed that the realistic energy-saving potential of 

most existing residential buildings may vary from 20% to 50% in different climatic zones 

due to their improved circumstances. Thus, the variable regarding energy reduction should 

meet one of the following constraints:  

(i) 21% ∗ 𝐸𝐸𝑏𝑏 ≥ ∆𝐸𝐸 ≥ 20% ∗ 𝐸𝐸𝑏𝑏  (leading to a set of optimal decisions to meet a 20% 

target), 

(ii)  31% ∗ 𝐸𝐸𝑏𝑏 ≥ ∆𝐸𝐸 ≥ 30% ∗ 𝐸𝐸𝑏𝑏  (leading to a set of optimal decisions to meet a 30% 

target), 

(iii)  41% ∗ 𝐸𝐸𝑏𝑏 ≥ ∆𝐸𝐸 ≥ 40% ∗ 𝐸𝐸𝑏𝑏  (leading to a set of optimal decisions to meet a 40% 

target). 

(iv)  51% ∗ 𝐸𝐸𝑏𝑏 ≥ ∆𝐸𝐸 ≥ 50% ∗ 𝐸𝐸𝑏𝑏  (leading to a set of optimal decisions to meet a 50% 

target). 

2. The biggest concern regarding a building retrofit is its net revenue based on reasonable 

energy reductions, so it is important that the NPV involved in building retrofits is positive 

rather than negative, i.e. NPV > 0. 
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2.2.5. Algorithm of optimization model 

Genetic algorithm (GA) is commonly used to generate a high-quality selection for 

optimization by relying on such bio-inspired operators as mutation, crossover and selection, 

and it can provide an effective quantitative way to assess the contributions of various retrofit 

technologies to improve building energy efficiency and to identify the optimal investment for 

building renovation (Son and Kim, 2018;). As a result, the GA was used to identify optimal 

retrofit solutions for different climatic zones.  

The EPC was first developed using Microsoft Excel. In order to integrate the energy 

simulation process with the analysis of optimal retrofit solutions, the built-in GA tool of Solver 

is used for the development of a NPV optimization model. According to the number of decision 

variables and other parameters involved in the optimization model, the population size was set 

to be 20 while the mutation rate was 0.05 in this study (cf: Shen et al., 2019). The crossover 

probability usually ranges from 0.5 to 1, and 0.95 was used based on the above population size 

and mutation rate in this study (cf: Roberti et al., 2017). Finally, the maximum generation of 

100 was set as the criterion to stop the generations from further evolving (cf: Mayer and Gróf, 

2020).  

 

2.3. Sensitivity analysis 

To obtain different energy-saving targets, the optimal retrofit measures vary, and thus the 

effect of their uncertainties on the output is also different To assess this, Monte Carlo 

simulation is used to propagate a probability distribution of NPVs for all the uncertainties 

relating to the decision-making model, including the building physical parameters and retrofit 

costs. This involves three major steps: (i) identifying the uncertainties involved in the building 

prototypes, energy simulation, and NPV model based on literature review and case study; (ii) 

quantifying the uncertainties with a probability density function such as normal distribution by 

the standard statistical method; and (iii) ranking the importance of factors according to their 

impact on the optimal NPV by propagating uncertainties in Monte Carlo simulation.  

The probability distribution of an uncertain parameter is the most significant factor to carry 

out the sensitivity analysis based on Monte Carlo simulation (Copiello et al., 2017). Here, the 

key issue is to address the probability distribution of uncertainties involved in the inputs of 

energy simulation and NPV models including the building physical parameters and retrofit 

costs. Normal distribution is the most suitable for determining the uncertainty of a building’s 

physical parameters as these data variations are random. The uncertain scope of thermal 

properties of building materials is around ±10% from the average value. Even in previous 
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retrofit studies, uncertainties of a building’s physical parameters were assumed to be within the 

range of a minimum –10% and a maximum +10% of the mean value (Heo et al., 2012). The 

mean value of uncertain thermal properties adopts the recommended value given by relevant 

standards such as ISO and American Society of Heating, Refrigerating and Air-Conditioning 

Engineers (ASHRAE, 2005). The minimum and maximum parameters are interpreted as 

having a central 95% confidence interval (Hopfe and Hensen, 2011). Accordingly, it is 

assumed that the thermal properties of building components related to building retrofit have a 

±10% uncertainty range from their mean values based on a normal distribution with a 

confidence interval of 95%. The relationship between the mean value of a parameter, the 

standard deviation (SD) and the minimum and maximum values of the parameter can be 

described in the following equations based on 95% confidence interval: 

 

                            𝑢𝑢 − 2σ = 𝑀𝑀𝑚𝑚𝑖𝑖𝑛𝑛𝑖𝑖            (7) 

   𝑢𝑢 + 2σ = 𝑀𝑀𝑚𝑚𝑎𝑎𝑚𝑚𝑖𝑖           (8) 

   𝑀𝑀𝑚𝑚𝑖𝑖𝑛𝑛𝑖𝑖 = 𝑢𝑢 ∗ (1 − 10%)        (9) 

    𝑀𝑀𝑚𝑚𝑎𝑎𝑚𝑚 = 𝑢𝑢 ∗ (1 + 10%)         (10) 

 

where 𝑢𝑢 is the mean value of a parameter 𝑀𝑀, σ-the standard deviation (SD), 𝑀𝑀𝑚𝑚𝑖𝑖𝑛𝑛𝑖𝑖 denotes the 

minimum value of a parameter 𝑀𝑀, 𝑀𝑀𝑚𝑚𝑎𝑎𝑚𝑚𝑖𝑖 is the maximum value of a parameter, 𝑀𝑀±10% is the 

uncertain range of a parameter from its mean value. 

Regarding the cost parameters, most parameters comply with the normal distribution in the 

study of building energy performance despite any distributions are possible (cf: Lee et al., 

2013). Many prior studies have adopted estimates of around the ±20% range to describe the 

uncertain scope of the cost of an energy-saving measure (Menassa, 2011). Accordingly, the 

probability distribution of retrofit costs was set to be normally distributed with a ±20% 

uncertain scope at a 95% confidence interval. Hence, the quantification of uncertainties in 

building retrofit costs can be described as: 

 

                                                 𝑀𝑀𝑚𝑚𝑖𝑖𝑛𝑛𝑖𝑖 = 𝑢𝑢 ∗ (1 − 20%)        (11) 

    𝑀𝑀𝑚𝑚𝑎𝑎𝑚𝑚 = 𝑢𝑢 ∗ (1 + 20%)         (12) 

 

where 𝑀𝑀𝑚𝑚𝑎𝑎𝑚𝑚𝑖𝑖 is the maximum value of a cost parameter, ±20% is the uncertain range of a cost 

parameter from its mean value 𝑢𝑢.  
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The standardized rank regression coefficient is used in the optimization to select the most 

influential parameters or energy saving measures (Menberg et al., 2016) – the regression 

coefficient index providing the ranking of the significance of the effect of input parameters. 

The standardized regression coefficient (SRC) method is commonly to transform regression 

coefficients into meaningful sensitivity indices after the regression, and hence this study adopts 

SRC to present the sensitivity indices as followed: 

 

               𝐼𝐼𝑢𝑢𝑛𝑛𝑢𝑢𝑢𝑢𝑎𝑎𝑢𝑢𝑟𝑟𝑢𝑢𝑖𝑖 = 𝐼𝐼𝑢𝑢𝑢𝑢𝑎𝑎𝑢𝑢𝑟𝑟𝑢𝑢𝑖𝑖
 × σ𝑟𝑟𝑜𝑜𝑟𝑟𝑜𝑜𝑜𝑜𝑟𝑟

σ𝑟𝑟𝑖𝑖𝑜𝑜𝑜𝑜𝑟𝑟
𝑟𝑟 … … … … … … . . (13)   

 

𝐼𝐼𝑢𝑢𝑛𝑛𝑢𝑢𝑢𝑢𝑎𝑎𝑢𝑢𝑟𝑟𝑢𝑢𝑖𝑖  = unscaled regression coefficient corresponding to input parameter 𝑖𝑖 

𝐼𝐼𝑢𝑢𝑢𝑢𝑎𝑎𝑢𝑢𝑟𝑟𝑢𝑢𝑖𝑖  = scaled regression coefficient (the sensitivity index) 

σ𝑟𝑟𝑢𝑢𝑡𝑡𝑜𝑜𝑢𝑢𝑡𝑡 = output standard deviation of NPV 

σ𝑖𝑖𝑛𝑛𝑜𝑜𝑢𝑢𝑡𝑡
𝑖𝑖  = input standard deviation of input parameter 𝑖𝑖 

 

3. Practical retrofit measures in the studied climate zones 

3.1. Wall retrofit measures 

Different climatic conditions require different optimal thicknesses of the expanded 

polystyrene (EPS) external wall insulation to control energy consumption for heating and 

cooling. In the hot summer-cold winter zone, the reduction in energy use from wall insulation 

cannot be improved significantly by increasing the insulation layer thickness to more than 26 

mm (Pan et al., 2012). To reach the same energy-saving target, the thickness of EPS on external 

walls is lower than extruded polystyrene (XPS) and polyurethane foam, with an optimal 

thickness of approximately 50 mm (Yu et al., 2009). In integrating energy conservation with 

economic feasibility, it is better to add a 30-40 mm EPS insulation layer on the external hollow-

brick walls of high-rise residential buildings (Dong et al., 2017). Once the thickness exceeds 

40 mm, the effect of thicker wall insulation on the energy reduction is reduced (Shen, 2017). 

In the temperate zone, the common thickness of EPS insulation on external walls is 30/50 

mm to achieve different energy-saving targets (Zhuo, 2015). Given these variations, EPS 

thicknesses ranging from 30 mm to 140 mm are used here (see Supplementary Information 

Table S3). 
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3.2. Window and shading retrofit measures 

The window alternatives for residential building retrofits cover a wide range of 

conventional and advanced window systems with diverse thermal properties. Both high and 

low thermal transmittance are taken into account. Single reflective glazing significantly 

reduces solar heat gain and may be the optimal window glazing choice in relatively warm 

climate zones. Double glazing is also increasingly used in cooling-dominant regions.  

In the hot summer-cold winter zone and cooling-dominant zone, it is still better to use 6/12 

mm double glazing and 6/12 mm low-e glazing on external windows due to energy efficiency 

requirements (Huang, 2008). Single low-e glass may be useful for reducing the cooling demand 

in cooling-dominant regions and has no light pollution compared to reflective glazing (Lai and 

Wang, 2011). 6 mm single low-e glazing has a much better thermal performance than general 

glazing with the same thickness and it is suitable for reducing building energy consumption in 

the relatively warm zone (Chen, 2012). Given the trends in China in recent years, five types of 

window glazing are used: 6 mm single low-e, 6/9 mm air sealed double clear glass, 6/12 mm 

air sealed double clear glass, 6/12 mm double clear low-e glass, and 6/15/6 mm air sealed triple 

clear glazing. Their thermal properties for building retrofits are identified in the DesignBuilder 

tool (Supplementary Information Table S4). 

Overhangs are effective at blocking both direct sunlight and diffuse light from the sky, and 

can thus provide a significant benefit in reducing cooling demand. When applied to high-rise 

residential buildings, they can reduce energy consumption by up to 5.3% in hot climates. 

Incorporating both overhangs and side fins into a building retrofit can save a further 1.4% of 

energy. A moderate projection of overhangs is around 850 mm (Lee and Tavil, 2007), although 

the optimal projection of overhangs is around 750 mm on high-rise buildings compared with 

other projections such as 200 mm and 575 mm. The proper projection of overhangs and side 

fins primarily actually depends on the window’s height and the local climatic conditions. When 

the window height is 1,000 mm, the projection of external overhangs and side fins can vary 

from 88 mm to 896 mm according to the angle α, which ranges from 10° to 60° (Zenka, 2010). 

Consequently, a wide range of α is adopted, including 20°, 30°, 45°, and 60° (Table S5).  

 

3.3 Service systems retrofit options 

3.3.1. Air conditioning system 

In southern China, there is no district heating system in housing estates and households 

usually employ individual air conditioners to maintain indoor thermal comfort in winter. The 

most popular in residential buildings is the split air conditioner with less than 4500 W cooling 
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capacity (GfK, 2017a,b). According to the GB12021.4-2004 standard requirements, the COP 

of an air conditioner with no more than 4,500 W cooling capacity should be no less than 2.5 

(National Standardization Technical Committees, 2004).  

There are two major categories of split air conditioners: fixed frequency and inverter. 

Before the mid-2000s, the most common air conditioner in China was the fixed frequency; 

many are still in use in older residential buildings as their lifespan is greater than 10 years. The 

COP of air conditioners in existing buildings is therefore assumed to be 2.5 as shown in Table 

S6. Since the new energy-efficient standards for air conditioners were issued in 2010, inverter 

air conditioners are becoming popular in the market; their COP is higher than the same capacity 

fixed-frequency COP. The minimum energy efficiency allowable value of a split room air 

conditioner with a common cooling capacity (cooling capacity < 4,500 W) was 3.2 and the 

energy efficiency of the most energy-effective room air conditioner with the same cooling 

capacity should be more than 3.6 (SAC, 2010). Although different cooling capacities need to 

meet different energy-efficient standards, the common cooling capacity (cooling capacity < 

4,500 W) is used here as an example to investigate the impact of energy-efficiency on building 

energy consumption. To improve the energy efficiency of existing buildings, it is better to use 

higher energy efficient air conditioners; hence, the inverter air conditioner with approximately 

3.5 COP is considered a potential retrofit solution for the air conditioning system as presented 

in Supplementary Information Table S6.  

In recent years, the full direct-current (DC) inverter air conditioner has seen rapid 

development and offers much better energy efficiency than prior air conditioning systems; the 

energy efficiency of such an air conditioner is often more than 4.5 and may be up to 8.5 (Su, 

2011). The energy efficiency of room air conditioners is required to be more than 4.3 when the 

cooling capacity is no more than 4500 W according to the latest standard issued in 2013 (SAC 

and AQSIQ, 2013). Accordingly, it is assumed that the COP of a DC air conditioner with a 

common cooling capacity (cooling capacity < 4,500 W) is around 4.5. The air conditioner 

classifications in existing buildings and their potential two alternatives are shown in Table S6. 

 

3.3.2. Lighting system 

The light-emitting diode (LED) is one of today’s most energy-efficient and rapidly 

developing lighting technologies. Quality LED light bulbs last longer, are more durable, and 

offer comparable or better light quality than other types of lighting (Xu et al., 2014). LED 

lighting is a combination of a solid-state light source, a control gear for the LED lighting 

operation, and light distribution optics. The combination of these various components affects 
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the LED lighting performance in respect of energy efficiency, color quality, lifespan, and 

lumen maintenance. The lifetime of a LED light is longer than 50,000 hours, but that of an 

electronic ballast (EB) fluorescent light is approximately 8000 hours, which is still much more 

than that of an incandescent light (1,000 hours) (Zheng, 2014). Therefore, there is a growing 

trend to replace traditional lighting with LEDs, and there is significant promise in retrofitting 

current lighting systems to the more energy-efficient lighting systems such as T5 and LED. 

Here, both options are used to evaluate their impact on building energy performance as 

presented in Supplementary Information Table S7. 

 

3.3.3. Control system 

Lighting controls are essential to avoid energy waste when there are no occupants and there 

is sufficient daylight. For the same lighting control equipment, different brands have different 

prices. To analyze the impact of different control equipment on building energy efficiency, it 

is better to take a brand as an example to illustrate the energy-efficient and cost-effective choice 

for the lighting control system. The present study uses the cost of equipment to identify the 

lighting control system appropriate retrofit solution due to its popularity in China. Owing to 

the country’s convenient transportation and development of courier business, the price of 

lighting control equipment in one city is very close to that in other cities. It is reasonable to 

assume that the investment in the same control system in various cities remains at the same 

price. According to the cost information regarding the lighting control system on a popular 

shopping website, the average price of a common infrared occupancy sensor is around CNY 

120/unit (USD 18/unit) in mainland China (JDcom, 2019d), but the lighting sensor with the 

same brand is much cheaper and its price is around CNY 60/unit (USD 9/unit) (JDcom, 2019b). 

The cheapest equipment in the control system is the lighting dimmer and such a control switch 

is approximately CNY 50/unit (USD 8/unit) (JDcom, 2019c) (Table S8). 

 

3.3.4. Renewable energy measures 

A popular renewable technology used in residential buildings is the solar domestic hot 

water system, which provides a cost-effective way of generating hot water for households. In 

China’s urban areas, active solar hot water systems are more popular since they offer more 

energy efficiency than passive systems and work well in climates where it rarely freezes. In 

particular, solar heat is sufficient to provide primary energy for the domestic hot water in both 

temperate and hot summer-cold winter zones due to their climatic conditions. Different types 

of domestic hot water heaters with different capacities have different prices but the price of the 

about:blank
about:blank
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same brand and configuration solar hot water heaters is the same in different cities and the sale 

price always includes installation costs (Han et al., 2010). 

The most common household solar water heater is equipped with a 200 L water tank and 

had an average price of around CNY 2,250 in 2010 (Han et al., 2010). The price has been 

increasing, along with the economic development, since 2010 to approximately CNY 5,700 

(USD 855) according to the price information for the most popular type of solar water heater 

shown on the JDcom website (JDcom, 2019e). The price (USD 855) of MICOE solar water 

heaters with 200 L capacity is therefore used here. Information concerning renewable retrofit 

measures is shown in Supplementary Information Table S9. 

 

4. Results and discussion 

4.1. Temperate zone 

4.1.1. Optimal set of retrofit measures 

Due to moderate weather in temperate zones, there is no strong cooling or heating demand, 

and the baseline of energy consumption in existing buildings is thus relatively low. In addition, 

most practical retrofit techniques are useful to reduce energy consumption for cooling and/or 

heating. The highest optimal NPV can be obtained by reducing energy use by 30% in these 

regions, so this can be taken as an example to illustrate the set of optimal retrofit measures 

involved (Table S1).  

The main renovation in any building is related to its envelope, such as walls and windows. 

Walls in all four directions need insulation to reduce heat transfer and solar heat gain. Thicker 

insulation on the walls may help improve energy efficiency, but it is more expensive. Based on 

the evaluation of the energy saved and investment in insulation, the optimal thickness of wall 

insulation for all orientations is 30 mm in the temperate zone. 

The thermal properties of windows play a significant role in a building’s overall energy 

efficiency, the typical original window of a 1990s high-rise apartment being 6 mm single-pane 

clear glazing with a high U-value and SHGC – signifying poor thermal performance. Taking 

cost into account, the optimal set of window retrofit options is 6 mm single-pane, low-e glazing 

on the north face and 6/12 mm double-pane, low-e glazing on the east and west faces. This 

combination demonstrates the importance of controlling solar heat gain from the east and west 

to save energy in the temperate zone. The thermal properties of a northern window on the other 

hand are more important than southern windows. To maximize the net revenue of a retrofit, it 

is important to focus on the critical factors that determine a building’s thermal performance 

instead of trying to consider all factors equally (Table S1). 
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The energy consumption for cooling accounts for only 7.8% of the overall delivered energy 

in this zone, so reducing cooling demand is not a major concern. Consequently, external 

shading devices that help reduce cooling demand, such as overhangs and side fins, are not 

included in optimal sets of retrofit measures, as presented in Table S1. Only the internal 

Venetian blinds on the west are used to reduce solar heat gain, since most of the gain comes 

into rooms that face west, and this type of internal shading device is quite inexpensive. There 

is no improvement to the cooling and heating systems since the energy used for cooling only 

accounts for about 7.8% of overall energy consumption and heating consumes less than 28% 

of the total delivered energy. The lack of change to mechanical systems indicates that the 

current air conditioners’ COP (2.5) is adequately energy-efficient to provide heating and 

cooling in light of economic considerations, according to the optimal retrofit solutions shown 

in Table S1. A building energy management system (BEMS) is excessive in temperate zones, 

where residents seldom require mechanical cooling or heating for indoor comfort and the 

natural environment is sufficient to provide a comfortable living environment in most seasons. 

Retrofitting the lighting system is still the common choice for reducing total energy 

consumption in the temperate zone. Apart from the replacement of lamps, two types of control 

systems are applied to improve lighting energy efficiency. Due to the low energy use baseline, 

occupancy control (controls depending on whether the space is occupied by occupants) cannot 

help stakeholders achieve 30% energy savings while maintaining the optimal NPV, so 

daylighting control is adopted to reduce internal loads further (Table S1). 

From an economic perspective, the optimal NPV is around USD 3,230, with a 

corresponding retrofit cost of more than USD 1,510 for retrofitting an apartment with a 116 m2 

floor area and 20-year lifespan, as shown in Table 4 (calculated results based on Table S1). 

The revenue per unit floor area from the reduced cost used for energy consumption is 

approximately USD 41/m2, with a retrofit investment of approximately USD 13/m2 over a life 

cycle, leading to a net saving of USD 28/m2.  

Wall insulation, therefore, which is still the most important optimal retrofit measure, 

consumes more than 42% of the entire retrofit cost (Table 4). Its expense on the south, north, 

and west is very similar because the same thickness is used and the wall areas are very similar. 

Although the investment in the eastern wall retrofit is lower due to its smaller wall area, it still 

uses the same insulation configuration as the other orientations to improve thermal 

performance. This investment proportion indicates that the optimal set of wall retrofit solutions 

should consider each direction individually in the upgrading process.  
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Table 4. Economic analysis of building retrofits for a 40% energy reduction in the temperate 

zone. 

Retrofit 
measures 

Lighting systems 30mmEPS on external walls 
Low-e window glazing (6mm 

single or 6/12mm double) 
Venetian 
blinds 

Lighting 
control 

Occupancy 
control LED South 

 
North  

 
East  West  

 single 
on north 

 double 
on east 

double 
on west West 

Retrofit costs 
(USD) 70 120 60 200 210 10 230 400 100 100 10 

Saved energy 
use  39 kWh/m2/year 
Energy saving 
per cost 60 kWh/USD 
NPV of saved 
energy cost  USD 4,740 
NPV of 
optimal net 
revenue USD 3,230 

 

The marginally second largest investment part is the window renovation, which accounts 

for more than 40% of the overall retrofit cost. The total cost of 6 mm single-pane, low-e 

window glazing on the north wall is around USD 400, which accounts for more than 65% of 

the total investment in the window retrofit portion (Table 4). However, there is no investment 

in the southern window, even though the prototype building has the same north and south 

window design, which indicates that its renovation is unnecessary. The west and east windows, 

on the other hand, require more powerful thermal properties, even though that leads to an 

increase in cost. Hence, 6/12 mm double-pane, low-e glazing is adopted to reduce solar heat 

gain and heat transfer from these windows, although the price of 6/12 mm double low-e glazing 

is much higher than 6 mm single low-e glazing. The cost of lighting renovation is around USD 

250 for a 20-year duration, which is approximately 17% of the total investment (Table 4).  

 

4.1.2. Comparison between optimal retrofit choices for various energy-saving targets 

As shown in Table 5, irrespective of the energy-saving target, energy efficiency is always 

improved by retrofitting the lighting system, including controlling the daylighting and lighting 

supply depending on whether the space is occupied by occupants, and replacing the lamps. No 

renovation measure is needed to improve the heating, cooling, and energy management system, 

because it is not cost-effective to upgrade the building service systems in these areas – which 

accounts for the low frequency of mechanical systems for heating and cooling. Only the higher 

energy-saving targets (at least 40%) involve the use of solar to provide domestic hot water 

(DHW), because of the higher price of solar water heaters compared to conventional electric 

water heaters. 
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Table 5. Optimal solutions for various energy-saving targets in the temperate zone 
Building 
systems 

Retrofit measures 20% energy 
saving 

30% energy 
saving 

40% energy 
saving 

Lighting 
system 
 

T1 - Daylighting control Fully auto-control Fully auto-control Fully auto-control 
T2 - Lighting occupancy 

control 
Fully auto-control Fully auto-control Fully auto-control 

T3 - Constant lighting 
control 

No retrofit No retrofit No retrofit 

T4 - Lighting lamps LED LED LED 
Air 
conditioning 
system 

T5 - Heating system No retrofit No retrofit No retrofit 
T6 - Cooling system No retrofit No retrofit No retrofit 
T7 - BEM system No retrofit No retrofit No retrofit 

RE T8 - Solar water heater No retrofit No retrofit 200 L solar water 
heater 

External wall 
 

T9 - Insulation on south 30 mm EPS 30 mm EPS 
insulation 

30 mm EPS 
insulation 

T10 - Insulation on north No retrofit 30 mm EPS 
insulation 

30 mm EPS 
insulation 

T11 - Insulation on east No retrofit 30 mm EPS 
insulation 

30 mm EPS 
insulation 

T12 - Insulation on west 30 mm EPS 30 mm EPS 
insulation 

30 mm EPS 
insulation 

Window 
system 
 
 

T13 - Window retrofit on 
south 

No retrofit No retrofit 6/12 double low-e 
glazing 

T14 - Window retrofit on 
north 

No retrofit 6 mm single low-e 6/12 double low-e 
glazing 

T15 - Window retrofit on 
east 

No retrofit 6/12 double low-e 
glazing 

6/12 double low-e 
glazing 

T16 - Window retrofit on 
west 

No retrofit 6/12 double low-e 
glazing 

6/12 double low-e 
glazing 

External 
shading 
 
 

T17 - Overhang on south No retrofit No retrofit No retrofit 
T18 - Overhang on north No retrofit No retrofit No retrofit 
T19 - Overhang on east No retrofit No retrofit 270 mm overhang 
T20 - Overhang on west No retrofit No retrofit 270 mm overhang 
T21 - Side fins on south No retrofit No retrofit No retrofit 
T22 - Side fins on north No retrofit No retrofit No retrofit 
T23 - Side fins on east No retrofit No retrofit No retrofit 
T24 - Side fins on west No retrofit No retrofit No retrofit 

Internal 
shading 
 
 

T25 - Shading on south No retrofit No retrofit No retrofit 
T26 - Shading on north No retrofit No retrofit Venetian blind 
T27 - Shading on east No retrofit No retrofit No retrofit 
T28 - Shading on west No retrofit Venetian blind No retrofit 

 

For the building envelope renovation, the same 30 mm insulation is needed in all four 

directions for both the 30% and 40% energy-saving requirements (Table 5). This means the 

most cost-effective thickness of wall insulation is 30 mm, even when seeking the largest degree 

of energy conservation. Thicker insulation is unnecessary given the climatic conditions. 

Moreover, if planning to reduce energy consumption by less than 30%, it is better to install 

insulation only on the southern and western walls in order to save money. The optimal 

orientations for wall insulation indicate that the most sensitive directions for solar radiation on 
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walls are the south and west, the key to improving wall thermal performance being to reduce 

heat transfer and solar heat gain in these directions.  

Different energy-saving targets involve very different solutions for window retrofits. First, 

it is unnecessary to upgrade the window system if the purpose is to achieve a 20% reduction in 

energy use. To obtain 30% energy conservation, 6 mm single low-e glazing should be used to 

replace the current 5 mm single-pane glazing on the north wall, and 6/12 mm double glazing 

needs to be installed on the east and west walls (Table 5). For higher energy efficiency, all 

window glazing should be double-pane, low-e glass to reduce energy consumption further. In 

addition, external overhangs and internal shading devices are needed to reduce heat gain when 

aiming for 40% energy savings. The investment in retrofitting increases with building energy 

efficiency targets, with a retrofit cost for a 40% energy reuse saving being double that for a 

30% reduction and five times that for a 20% improvement (Table 6).  

 

 
Fig. 3. Investment in optimal retrofit measures for various energy-saving targets in the 

temperate zone (USD) 

 

Table 6. Investment in optimal retrofit measures for various energy-saving goals in the 

temperate zone (USD) 
Retrofit measures Energy saving goal 
 20% 30% 40% 
Daylighting control 70 70 70 
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26 
 

Occupancy control 120 120 120 
LED 60 60 60 
BEM 0 0 0 
Solar water heater 0 0 720 
Wall insulation on south 200 200 200 
Wall insulation on north  210 210 
Wall insulation on east 0 10 10 
Wall insulation on west 240 230 230 
Window retrofit on south 0 0 530 
Window retrofit on north 0 400 650 
Window retrofit on east 0 100 100 
Window retrofit on west 0 100 100 
External overhang on south 0 0 0 
External overhang on north 0 0 0 
External overhang on east 0 0 30 
External overhang on west 0 0 30 
Internal venetian blind on south 0 0 0 
Internal venetian blind on north 0 0 30 
Internal venetian blind on east 0 0 0 
Internal venetian blind on west 0 10 0 
Total 690 1,510 3,090 

 

The biggest reason for this difference is caused by the varying investments in window 

retrofitting. There is no need to improve the thermal performance of windows to achieve 20% 

in energy savings, as shown in Table 6 and Fig. 3, but to achieve a 40% improvement in energy 

efficiency, it is critical to use double-pane, low-e glazing to replace all existing window 

glazing. This level of window renovation occupies more than 45% of the total retrofit 

investment. If the target were set at a 30% reduction, the overall cost of retrofitting windows 

would be USD 600, which accounts for approximately 40% of the entire retrofit cost. It is 

therefore better to pay close attention to the window retrofit cost regarding economic 

feasibility.  

The second most important factor for the economic analysis of retrofits is wall insulation, 

since it appears in every optimal retrofit scenario. In particular, wall insulation is the key 

component in reducing energy consumption and increasing retrofit costs, and accounts for up 

to 64% of the total retrofit investment. As energy efficiency increases, so does the wall retrofit 

cost, but its entire renovation fraction expense decreases. For instance, the percentage drops to 

21% for the 40% energy efficiency target from the 43% equivalent for the 30% target. 

A slight difference in optimal retrofit measures occurs with shading devices: only when 

pursuing more than 30% energy conservation are these included. Internal devices (e.g. 

Venetian blinds) are much cheaper than external ones, their cost being no more than USD 30 

(Table 6). The cost of external overhangs is around USD 80/m2 floor area, although these 

provide a most effective way of reducing solar heat gain, especially on the west and the east 
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walls. Based on the reduced energy use provided by overhangs and their cost, this retrofit 

measure is still a value-providing choice for a 40% energy-saving target. 

 

Table 7. Earnings s from retrofits for different energy-saving targets in the temperate zone 
NPV (USD) Investment 

(USD) 
Saved energy 

(kWh/m2/year) 
(ESpC) Energy 
savings per cost 

(kWh/USD) 

Energy 
saving 

Energy saving 
target 

2,630 690 27 93 21.97% 20% 
3,230 1,520 39 60 31.34% 30% 
3,040 3,090 50 38 40.13% 40% 

 

 
Fig. 4. Economic analysis of building retrofitting in the temperate zone 

 

A comparison of the net earnings from building retrofits for different energy-efficient 

standards indicates that the largest optimal NPV can be gained by achieving the 30% energy 

saving, as illustrated in Table 7 and Fig. 4, with net savings of approximately USD 3,230 for 

an investment of around USD 1,520 – much less than the USD 3,090 needed for a 40% 

reduction. The optimal NPV has an inverted U-shape, rising from the beginning and starting to 

fall on reaching the 30% level. As Fig. 4 shows, overall investment grows continuously, but 

slows in the 20-30% range. The retrofit cost becomes dramatically larger once the reduction in 

energy use reaches 30%, and the absolute amount investment is much larger than for a 20% 

improvement. The ESpC reaches its peak at the beginning of a retrofit and then declines. Its 

average value is around USD 63/kWh, with the energy reduction generated by each dollar in 

the 30% plan of about USD 60. Thus, the optimal set of retrofit measures may be the best 

choice for the retrofit decision in this area from the viewpoint of economic rationality and 

energy-saving potential. 
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4.2. Hot summer-cold winter zone 

4.2.1. Optimal retrofit measures 

The largest optimal NPV can be obtained when energy consumption is reduced by 40% in 

this region. Apart from improvements to the lighting system similar to those used in the 

temperate zone, the optimal retrofit solutions focus on the heating system, wall insulation, 

upgrading window glazing, and shading devices (Table S2). In this zone, heating and cooling 

demands consume more than 40% of the total delivered energy; energy used for heating alone 

accounts for 29%. The dominant energy demand is heating in winter, so the major concern of 

a building retrofit is to reduce heating demand. Improving the energy efficiency of a heating 

system is a direct way to reduce the delivered energy while fulfilling the same heating need. 

Inverted air conditioners have higher COPs than existing fixed-frequency air conditioning 

systems. Their 3.5 COP will lead to a better thermal performance than the existing air 

conditioners, which deliver only 2.5 COP. 

Another focus of retrofits in this region is upgrading the building envelope, including walls 

and windows. As Table S2 shows, the walls on all four orientations require insulation, with the 

maximum thickness being 50 mm on the west wall. In order to balance the costs and earnings 

of building retrofit , 30 mm insulation is applied to the walls on the other three orientations. 

Windows are also a key component, with 6/12 mm double-pane, low-e glazing for all the north, 

east, and west windows being the most cost-effective solution that provides a 40% 

improvement. 

Both external and internal shadings are taken into account. As shown in Table S2, the 270 

mm external overhang is needed on the west wall as it reduces solar heat gain, and thus cooling 

demand, better than internal shading and avoids significant energy consumption for cooling. 

For the more sheltered eastern and northern windows, only the more economical Venetian 

blinds are needed to help decrease solar heat gain. 

The economic analysis of optimal retrofit solutions for a 40% improvement is shown in 

Table 8 (calculated based on Table S2), the NPV being up to USD 2,770, with energy savings 

produced of approximately 95 kWh/m2/year against a total retrofit cost of more than USD 

3,300. The largest expense is the wall insulation, which, at USD 1,410, constitutes more than 

40% of the entire building retrofit investment. More than half of this is the west wall’s 50 mm 

insulated renovation, confirming the building’s west side importance in improving energy 

efficiency in this zone. 

The second largest expenditure is the air conditioner replacement, the total investment in 

an inverted air conditioner being more than USD 1,000. For heating- and cooling-dominant 
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regions, improvements in the thermal performance of mechanical systems are needed to meet 

the energy efficiency standard even though they increase the retrofit cost significantly, and it 

may be impossible to reach a 40% reduction in energy use without this type of renovation. 

The third important group concerns window glazing, which consumes more than 28% of 

the total investment. The general 6/9 mm double glazing is much cheaper than 6/12 mm double-

pane, low-e glazing; as a result, it is used to replace the existing windows on the south, where 

the solar radiation on the south is not as strong as on other orientations and windows with 

relatively high thermal properties can help occupants reduce solar heat gain and heat transfer. 

The investment in southern windows is lower than the eastern windows, although they have 

the same window area. 

The cost of shading devices is much lower than other retrofit measures, with that of an 

external overhang at around USD 40 and internal Venetian blinds only USD 10-20, as shown 

in Table 8. The combination of external and internal shading provides the best way to obtain 

both the optimal NPV and the required energy savings.  

 

Table 8. Economic analysis of retrofitting for a 40% energy reduction in the hot summer-

cold winter zone 
Retrofit measures Retrofi

t cost 
(USD) 

Saved energy 
use 

(kWh/m2/year) 

Energy 
saving per 

cost 
(kWh/USD) 

Energy 
saving per 

cost 
(kWh/USD) 

NPV of 
optimal net 

revenue (USD 

Fully occupancy control 50  
 
 
 
 
 
 
 
 
 
 

95 

 
 
 
 
 
 
 
 
 
 
 

27 

 
 
 
 
 
 
 
 
 
 
 

6,110 

 
 
 
 
 
 
 
 
 
 
 

2,770 

Fully constant lighting 
control 

20 

LED 40 
Using invert air 
conditioner 

1,010 

30 mm EPS on south, 
north and east 

470 

50 mm EPS on west 720 
6/9 mm double glazing 
on south 

220 

6/12 mm double low-e 
glazing on north, east 
and west 

740 

270 mm overhang on 
west 

40 

Venetian blind north and 
east  

30 

Total 3,340 95 27 6,110 2,770 
 

4.2.2. Comparison between optimal retrofit choices for various energy-saving targets 

As shown in Table 9, all optimal retrofit sets employ the same measures for the lighting 

system, but there are different solutions for mechanical systems to achieve different energy 
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efficiency targets. The investment in retrofitting air conditioning systems is quite high, as 

shown in Table 10 (calculated results based on Table 9), making it unreasonable from an 

economic perspective to use a higher energy-efficient heating system to achieve a 20% energy 

saving, so no improvement is proposed for mechanical systems in the first-level retrofit 

scenario. For an improvement of at least 30% building energy efficiency, the existing air 

conditioner needs to be replaced with one that is 3.5 COP (a B-class BEMS is needed for a 

50% reduction to eliminate the occupants’ improper use of controls). Similarly, solar water 

heaters are not commonly used in retrofit proposals due to their high cost, but a greater energy 

efficiency requirement must use RE equipment to achieve the reduction in the energy 

consumption needed. 

 

Table 9. Optimal decisions for various energy-saving targets in the hot summer-cold winter 

zone 
Building 
systems 

Groups of retrofit options 20% energy 
saving 

30% energy 
saving 

40% energy 
saving 

Lighting 
system 
 
 
 

T1 - Daylighting control No retrofit No retrofit No retrofit 
T2 - Lighting occupancy 

control 
Fully automatic 
control 

Fully automatic 
control 

Fully automatic 
control 

T3 - Constant lighting 
control 

Fully automatic 
control 

Fully automatic 
control 

Fully automatic 
control 

T4 - Lighting lamps LED LED LED 
Air 
conditioning 
system 
 

T5 - Heating system No retrofit Invert air 
conditioner with 
3.5 cop 

Using invert air 
conditioner with 
3.5 cop 

T6 - Cooling system No retrofit No retrofit No retrofit 
T7 - BEM system No retrofit No retrofit No retrofit 

RE T8 - Solar water heater No retrofit No retrofit No retrofit 
External wall 
 
 

T9 - Insulation on south 30 mm EPS 30 mm EPS 30 mm EPS 
T10 - Insulation on north 30 mm EPS 30 mm EPS 30 mm EPS 
T11 - Insulation on east No retrofit 30 mm eps 30 mm EPS 
T12 - Insulation on west 30 mm EPS 30 mm EPS 50 mm EPS 

Window 
system 
 
 
 

T13 - Window retrofit on 
south 

No retrofit No retrofit 6/9 mm double 
glazing 

T14 - Window retrofit on 
north 

No retrofit No retrofit 6/12 mm double 
low-e glazing 

T15 - Window retrofit on 
east 

No retrofit No retrofit 6/12 mm double 
low-e glazing 

T16 - Window retrofit on 
west 

No retrofit 6/9 mm double 
glazing 

6/12 mm double 
low-e glazing 

External 
shading 
 
 

T17 - Overhang on south No retrofit No retrofit No retrofit 
T18 - Overhang on north No retrofit No retrofit No retrofit 
T19 - Overhang on east No retrofit No retrofit No retrofit 
T20 - Overhang on west No retrofit No retrofit 270 mm overhang 

Internal 
shading 
 
 

T25 - Shading on south No retrofit No retrofit No retrofit 
T26 - Shading on north Venetian blind Venetian blind Venetian blind 
T27 - Shading on east Venetian blind Venetian blind Venetian blind 
T28 - Shading on west Venetian blind Venetian blind No retrofit 
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The choice of window retrofit varies with different energy-saving targets. It is unnecessary 

to upgrade windows for a 20% reduction in energy use, but existing windows need to be 

replaced with low-e glazing for a 40% increased energy efficiency. To obtain a 30% 

improvement, only the western windows need replacing with low-e glazing. Whatever energy 

efficient standard is applied, the southern and northern walls all need to have 30 mm insulation. 

For eastern walls, insulation plays an important role in improving their thermal properties in 

most retrofit cases, except when a 20% saving is the goal. Regarding the western side, 30 mm 

insulation is sufficient, but only thicker insulation, such as 50 mm, can obtain the largest 

optimal NPV and best building thermal performance at the 40% point (Table 10 and Fig. 5). 

Table 10. Investment in optimal retrofit measures for various energy-saving goals in the hot 

summer-cold winter zone (USD) 
Retrofit measures Energy saving goal 
 20% 30% 40% 
Occupancy control 50 50 50 
Constant lighting control 20 20 20 
LED 40 40 40 
Heating system 0 1,010 1,010 
Cooling system 0 0 0 
BEM 0 0 0 
Solar water heater  0 0 
Wall insulation on south 80 80 80 
Wall insulation on north 230 230 230 
Wall insulation on east 0 160 160 
Wall insulation on west 430 430 720 
Window retrofit on south 0 0 220 
Window retrofit on north 0 0 320 
Window retrofit on east 0 0 280 
Window retrofit on west 0 110 140 
External overhang on south 0 0 0 
External overhang on north 0 0 0 
External overhang on east 0 0 0 
External overhang on west 0 0 40 
Internal venetian blind on south 0 0  
Internal venetian blind on north 20 20 20 
Internal venetian blind on east 10 10 10 
Internal venetian blind on west 10 10 0 
Total 890 2,170 3,340 
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Fig. 5. Investment in optimal retrofit measures for various energy-saving targets in the hot 

summer-cold winter zone (USD) 

 

Most retrofit scenarios tend to avoid the application of external shading devices and prefer 

internal shadings to reduce solar heat gain, with internal venetian blinds often installed on the 

north, east, and west sides. Only the west side needs an overhang instead of internal shading 

devices, which helps with higher energy efficiency requirements. 

As shown in Table 10 and Fig. 5, retrofit costs rise disproportionally as energy efficiency 

increases – from USD 890 to 5000, for instance, for 20% to 50% improvement (the best choice 

is around USD 3,340 for 40% improvement). Retrofitting the lighting system is the most 

popular method because of its low cost of around USD 110, which accounts for less than 4% 

of the entire expense, even with the largest optimal net revenue from a retrofit. The investment 

in heating system renovation is much higher at 47%, 30%, and 20% of total retrofit costs for 

30%, 40%, and 50% improvements respectively. Both a BEMS and solar water heaters are also 

expensive, so they are only applied to the highest energy efficiency standards. These two items 

make up more than 38% of the retrofit costs involved in a 50% energy-saving plan. Wall 

insulation is another steady cost; it only varies modestly for each orientation once the energy 

consumption target rises above 20%. Only when the purpose is to obtain the largest optimal 

NPV does the investment in western wall insulation become notably larger than on the other 

orientations. Although the absolute value of total insulation costs is similar in different retrofit 

sets, their proportions within each optimal retrofit set vary widely: at more than 80%, 40%, 
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35%, and 18% for 20%, 30%, 40%, and 50% improvement scenarios respectively. Internal 

shading devices are quite inexpensive and thus are always chosen to reduce solar heat gain. 

Their total cost is less than USD 50 in all potential retrofit solutions, making them less than 

5% of the overall investment in a retrofit. From an economic viewpoint, therefore, this retrofit 

measure is not a key factor in determining the optimal NPV. 

 

Table 11. Earnings from retrofits with different energy-saving targets in the hot summer-cold 

winter zone 
NPV 

(USD) 
Investment 

(USD) 
Saved energy 

(kWh/m2/year) 
(ESpC) energy savings 

per cost (kWh/USD) 
Energy 
saving 

Energy saving 
target 

2,160 880 48 52 20.04% 20% 
2,470 2,170 72 32 30.50% 30% 
2,770 3,340 95 27 40.18% 40% 
2,630 5,000 119 23 50.19% 50% 

 

 
Fig. 6. Economic analysis of building retrofitting in the hot summer-cold winter zone 

 

Compared to other optimal NPVs, the maximum NPV is USD 2770, which is gained from 

the savings achieved by 40% energy consumption (Table 11). As Fig. 6 shows, the optimal 

NPV begins to increase at the initial stage of a retrofit and declines once the 40% threshold is 

reached. The reduced energy use with a 40% target is about 95 kWh/m2/year, which is much 

more than what is saved in the 20% target. The absolute value of saved energy grows as the 

building energy efficiency increases; however, as depicted in Table 11, the investment in unit 

energy saving rises sharply. For instance, the largest ESpC is more than 50 kWh/USD at the 

beginning of building renovation but drops to 23 kWh/USD when achieving the highest energy 

efficiency.  

More importantly, the total investment involved in the 50% target is much higher than the 

optimal NPV. Fig. 6 shows that the ESpC has a slow decline, while the expenses required 
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slowly increase in the 30-40% goal range. If the absolute value of investment in retrofit and 

the corresponding energy savings is the most important consideration, it is better to adopt 

retrofit measures to attain an approximately 30% improvement in energy efficiency. Once the 

improvement is around 35%, the retrofit costs exceed the NPV dramatically, while the 

corresponding energy savings do not increase significantly. 

 

4.3. Interzonal comparison of optimal retrofit measures 

The optimal sets of retrofit measures vary widely between the different climatic zones, even 

with the same energy-saving target. At the 40% improvement level, lighting control is useful 

to reduce electric lighting usage and save energy, and thus is always included in an optimal 

sustainable retrofit of both climatic zones: the replacement of lamps always being an effective 

way of improving the energy efficiency of a lighting system, since it can dramatically reduce 

electricity use for lighting demands. LEDs are one of the most popular energy-efficient forms 

of lighting (Table 12).  

 

Table 12. Interzonal comparison of optimal measures and costs for a 40% improvement in 

energy efficiency  
Building 
systems 

Groups of retrofit options 
 

Temperate zone Hot summer-cold winter 
zone 

Retrofit measures Costs 
(USD) 

Retrofit measures Costs 
(USD) 

Lighting 
system 
 
 

T1 - Daylighting control Fully automatic 
control 

70 No retrofit 0 

T2 - Lighting occupancy 
control 

Fully automatic 
control 

120 Fully automatic 
control 

50 

T3 - Constant lighting 
control 

No retrofit 0 Fully automatic 
control 

20 

T4 - Lighting lamps LED 60 LED 40 
Air 
conditioning 
system 
 

T5 - Heating system No retrofit 0 Using invert air 
conditioner 

1010 

T6 - Cooling system No retrofit 0 No retrofit 0 
T7 - BEM system No retrofit 0 No retrofit 0 

RE T8 - Solar water heater 175L solar water 
heater 

720 No retrofit 0 

External wall 
 

T9 - Insulation on south 30 mm EPS 200 30 mm EPS 80 
T10 - Insulation on north 30 mm EPS 210 30 mm EPS 230 
T11 - Insulation on east 30 mm EPS 10 30 mm EPS 160 
T12 - Insulation on west 30 mm EPS 230 50 mm EPS 720 

Window 
system 
 
 

T13 - Window retrofit on 
south 

6/12 mm double 
low-e glazing 

530 6/9 mm double 
glazing 

220 

T14 - Window retrofit on 
north 

6/12 mm double 
low-e glazing 

650 6/12 mm double 
low-e glazing 

320 

T15 - Window retrofit on 
east 

6/12 mm double 
low-e glazing 

100 6/12 mm double 
low-e glazing 

280 

T16 - Window retrofit on 
west 

6/12 mm double 
low-e glazing 

100 6/12 mm double 
low-e glazing 

140 
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External 
shading 
 
 
 
 

T17 - Overhang on south No retrofit 0 No retrofit 0 
T18 - Overhang on north No retrofit 0 No retrofit 0 
T19 - Overhang on east 270 mm overhang 30 No retrofit 0 
T20 - Overhang on west 270 mm overhang 30 270 mm overhang 40 
T21 - Side fins on south No retrofit 0 No retrofit 0 
T22 - Side fins on north No retrofit 0 No retrofit 0 
T23 - Side fins on east No retrofit 0 No retrofit 0 
T24 - Side fins on west No retrofit 0 No retrofit 0 

Internal 
shading 
 
 

T25 - Shading on south No retrofit 0 No retrofit 0 
T26 - Shading on north Venetian blind 30 Venetian blind 20 
T27 - Shading on east No retrofit 0 Venetian blind 10 
T28 - Shading on west No retrofit 0 No retrofit 0 

Total   3,090  3,340 
 

A BEMS requires a higher investment and thus is inappropriate for lower building 

performance targets. To obtain the optimal net revenue from a retrofit, it is important to forgo 

a smart control system for heating and cooling to obtain improvement of up to 40% energy 

reduction. Solar water heaters are part of the optimal retrofit solutions in the temperate zone. 

In the temperate zone, insulation is required on southern, eastern, and western walls only as the 

thermal properties of northern walls are not a key component in determining energy savings. 

In order to obtain a 40% energy saving, low-e glazing is preferred to reduce heat demand in 

the hot summer-cold winter zone while, in the temperate zone, it is necessary to use 6/12 mm 

low-e glazing to replace the existing 5 mm single-pane, with clear windows in all directions. 

From an economic perspective, it is better to combine the external overhang with internal 

Venetian blinds in both temperate and hot summer-cold winter zones. The temperate zone 

allocates most retrofit funds to upgrading window systems, especially on the southern and 

northern faces – the eastern windows playing a more important role in the reduction of energy 

consumption in the hot summer-cold winter zone.  

 

Table 13. Interzonal comparison of earnings from building retrofits for 40% energy saving 
Parameters 

 
 

Temperate 
zone 

Hot summer and cold 
winter zone 

NPV (USD) 3,040 2,770 
Investment (USD) 3,090 3,340 
Energy savings (kWh/m2/year) 50 95 
Energy savings per cost (ESpC) (kWh/USD) 39 27 

 

In the hot summer-cold winter zone, it is difficult for the retrofit measures used for the 

reduction of solar heat gain and heat transfer to have the same impact on building thermal 

performance as in heating- or cooling-dominant zones. That is because some measures may be 

useful to reduce heating demand but increase cooling demand. Therefore, the lowest optimal 
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NPV occurs in the hot summer-cold winter zone; it is approximately USD 2770, which 

indicates that the economic gains produced by retrofits in mixed-climatic zones are not as 

attractive (Table 13). The second highest investment in retrofits is in the hot summer-cold 

winter zone, which uses renovation measures to improve the building’s heating system for the 

40% energy-saving target, with the corresponding cost much higher than other retrofit 

solutions.  

 

4.4. Sensitivity analysis 

4.4.1. Optimal NPV sensitive parameters for 40% energy saving  

The bigger the absolute value regression coefficient of a factor, the greater the uncertainty 

effect of this factor on the optimal NPV. A negative number means that all the critical factors 

have a negative impact on the output. In temperate zones, the most significant impact factor is 

the cost of double-pane, low-e glazing to obtain the optimal NPV. As shown in Fig. 7, the unit 

price of 6/12 mm double-pane, low-e glazing is the dominant factor. Most existing windows in 

temperate zones must be upgraded to double-pane, low-e glazing, making this retrofit measure 

a significant component of the solution. Thus, a change in its cost can lead to a change in NPV, 

so the overall retrofit cost focus should be on the price of double-pane, low-e glazing in this 

climatic zone. The second most important factor is the cost of solar water heaters, since they 

are more expensive than conventional heaters and their installation fees are high. Of all the 

retrofit measures applied in the temperate zone, the unit price of solar water heaters is the 

highest. The uncertainty of this cost will cause more uncertainty of the financial savings 

involved. The third most sensitive input parameter is the cost of 30 mm thick wall insulation, 

which means that this is very important, because its cost is a decisive factor determining the 

optimal NPV. More importantly, the cost of 30 mm insulation has a significant impact on the 

economic return; thus, the most suitable insulation thickness is 30 mm in this region. 
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Fig. 7. Optimal NPV regression coefficients in the temperate zone 

 

Integrating the flowing sensitivity index with the deviation of the NPV and the cost of low-

e glazing indicates that an increase of one unit in the cost of 6/12 mm double-pane, low-e 

glazing can heavily influence changes in the optimal NPV in the temperate zone. The mean 

value of 6/12 mm double-pane, low-e glazing is USD 57 (SD 5.70). The optimal NPV SD for 

a 40% improvement is USD 146.98. According to equation 7, the decrease in optimal NPV that 

is made by a one-dollar increase in 6/12 mm double-pane, low-e glazing cost is approximately 

USD 14.96. Similarly, the unit price SD of 6/9 mm double-pane glazing is USD 4.50, so a one-

unit change can cause around USD 11.76 in the output variance, when other inputs are held 

constant. The uncertainty range of double-pane, low-e glazing is much wider than that of the 

wall insulation cost, which helps the cost of double-pane, low-e glazing become the most 

significant factor, with the top coefficient index. However, the unscaled coefficient of 

insulation cost is higher than that of low-e glazing, which implies that a change of one unit of 

wall insulation cost has a more significant impact on the optimal NPV variance. It is therefore 

sensible to pay more attention to changes in insulation cost in the optimal NPV analysis even 

though it costs much less than that of double-pane, low-e glazing. Although the cost of solar 

water heaters regression coefficient ranks second highest, its unscaled coefficient is around 

unity, since the solar water heater cost SD is 72. This low unscaled coefficient indicates that a 

unit change in solar water heater cost can only cause a change of around USD 1 in the optimal 

NPV. It is therefore unnecessary to consider the cost of solar water heaters when making a 

retrofit decision. 
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According to the regression coefficients shown in Fig. 8, the most influential optimal NPV 

input parameters are related to the cost of double-pane, low-e window glazing, 50 mm wall 

insulation, and the U-value of walls with 30 mm insulation. Except for the cooling plant COP, 

all parameters have a negative effect on the optimal NPV. An increase in the window and wall 

retrofit costs will reduce the net economic earnings generated by building renovation. In 

particular, the cost of 6/12 mm double-pane, low-e glazing is a more important factor in 

determining change in the optimal savings, which means that most existing window glazing 

should be replaced by this low-e glazing.  

The second most sensitive factor is the cost of 50 mm thick wall insulation, which indicates 

that this may be the best thickness. The third most critical input is the thermal properties of 30 

mm wall insulation. The U-values of walls are the main determinants of their thermal 

performance, which affects the building’s energy demand. In other words, a wall’s U-value has 

a close relationship with energy reduction and thus affects the economic return from energy 

savings.  

 

 
Fig. 8. Regression coefficients of the optimal NPV in the hot summer-cold winter zone. 

 

However, the sensitivity ranking is based on the scaled regression coefficients, which may 

rely on the uncertain range of a parameter, with a wider range having a greater impact on the 

ranking. To clarify the actual impact of the unit change of a parameter on the outcome, it is 

better to conduct an analysis of the unscaled regression coefficients according to equation 7. 

For instance, the SDs of 6/12 mm low-e windows and optimal NPV are USD 7.9/m2 and USD 

144.46 respectively. The 6/12 mm low-e window cost scaled regression coefficient is 0.52 and 
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its unscaled coefficient is around 9.5. This means that the optimal NPV will decrease by USD 

9.50 if the unit price of low-e window glazing increases by USD 1/m2. Regarding the unit cost 

of 50 mm wall insulation, its SD is USD 2.8/m2, and its scaled regression coefficient is 0.5. 

Thus, its unscaled coefficient is 25.8, according to equation 7. This computed index indicates 

that a change of one unit of wall with 50 mm insulation will lead to a USD 25.8 variance in the 

optimal NPV. The wall insulation cost actual impact is much higher than that of the window 

glazing cost, which leads the sensitivity rankings. This is because the uncertainty range of low-

e glazing is much wider than that of wall insulation. 

 

4.2.2. Sensitive parameters of energy saving for 40% energy saving 

According to Fig. 7, the four most important factors affecting energy savings in the 

temperate zone are the western wall’s U-value, southern window glazing, and both northern 

walls and windows. Except for the southern windows SHGC, all the impact factors have a 

negative effect on energy savings and thus an increase in their values increases energy 

consumption. An increase in the wall and window U-values inhibits energy consumption 

reduction since it increases thermal transmittance through the walls and windows. Lower wall 

and window U-values can help reduce heat transfer and thus decrease both cooling demand 

and heating demand. The most significant input is the western walls’ thermal properties; their 

regression coefficient is up to 0.54. The second sensitive factor affecting energy saving is the 

southern window’s U-value, which has a coefficient index very close to the highest. The 

northern wall’s U-value, with a regression coefficient of around 0.39, plays a less important 

role.  

 
Fig. 9. Regression coefficients of energy saving in the temperate zone. 
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In order to conduct a further analysis of these critical impact factors’ importance in this 

zone, it is better to calculate their unscaled coefficients according to equation 7, based on the 

probability distribution of saved energy shown in Fig. 9 (and the probability distribution of 

NPV given in Fig. S1). The unscaled coefficient can reflect the impact of the unit change of an 

input parameter on the output variance. For instance, the U-value SDs of walls with 30 mm 

insulation, of 6/9 mm double-pane glazing, and 6/12 mm double-pane, low-e glazing are 0.04, 

0.15, and 0.13 respectively. As shown in Fig. 10, the energy saved SD is 0.43. The three highest 

regression coefficient indices are 0.84, 0.34, and 0.25 respectively. According to equation 7, 

their corresponding unscaled coefficients are 8.6, 0.97, and 0.83 respectively, all of which have 

rankings consistent with the sensitivity rankings based on the scaled index. Even if different 

methods are used for evaluating the impact of the uncertainty of inputs, the most significant 

factor is the insulated wall U-value. Although the window glazing U-value is the second most 

important factor affecting the energy saving variance, its influence is much less than the 

insulated wall. More importantly, the importance of the U-values of double-pane, generic 

glazing, and low-e glazing is similar to each other since there is only a slight difference in their 

effects of their unit change on output. A unit increase in the U-value of 6/9 mm double glazing 

can cause a 0.97 kWh/m2/year variance in energy saving, while a unit increase in the U-value 

of 6/12 mm double-pane, low-e glazing can increase energy saving by 0.83 kWh/m2/year. 

Therefore, in terms of the unscaled regression coefficient, the building retrofit focus should be 

on the wall insulation instead of window glazing. 

The amount of energy saved in the hot summer-cold winter zone is mainly influenced by 

the two types of building envelope thermal properties: the U-values of walls and windows. As 

shown in Fig. 11, the most important factor is the U-value of a wall with 30 mm insulation, as 

its scaled regression coefficient is much higher than other impact factors. In this climatic zone, 

increasing the cooling plant COP and southern wall emissivity helps increase energy savings, 

while all others have a negative effect. Lower window and wall U-values transfer more heat 

between the indoor and outdoor environments and thus cause a higher energy demand. 

 



41 
 

 
 

Fig. 11. Regression coefficients of energy saving in the hot summer-cold winter zone. 

 

 
 

Fig. 12. Probability distribution of energy saving in the hot summer-cold winter zone. 

 

To identify the actual effect of the significant factors in this zone, it is better to compute 

the most important factors’ unscaled coefficients according to equation 7, based on the 

probability distribution of saved energy as shown in Fig. 12. The U-value SD of a wall with 30 

mm insulation is 0.04, and its scaled coefficient is 0.85 (Fig. 11) (the NPV probability 

distribution is given in Fig. S2). The saved energy SD is 1.17 as shown in Fig. 12. Based on 

the relationship of the SD of the input wall U-value and saved energy output, and the wall U-

value scaled coefficient, the calculated unscaled coefficient is 24.86, which indicates that a unit 

increase in the U-value of a wall with 30 mm insulation can increase energy consumption by 
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24.86kWh/m2/year. As for a wall with 50 mm insulation, its SD is 0.03, and its scaled 

regression coefficient is 0.33, which is much less than a 30 mm insulated wall. Thus, its 

unscaled coefficient is 12.87 and a unit decrease in its U-value can save around 

12.87kWh/m2/year. The U-value unscaled coefficient of 6/12 mm double-pane, low-e glazing 

can be easily identified by the same process. The unit increase of its U-value leads to an 

increase of only 2.34kWh/m2/year in energy consumption. In other words, the uncertainty of 

the low-e glazing U-value does not have a serious impact on the building’s thermal 

performance, but the uncertain U-value of walls is a significant factor affecting energy savings. 

This study considers the important aspects of retrofitting, including the building 

characteristics, local climatic conditions, and associated retrofitting costs through extensive 

review and case study in this optimization. While it is difficult to compare the findings with 

other studies due to the diverse climatic conditions, retrofit measures and associated costs 

locally, the results obtained in this study are consistent with other studies. This study found a 

40% energy conservation optimally with a selection of proper retrofit measures in the studied 

zones. A 14% reduction in space heating energy consumption with a payback period 10 years 

in multi-family residential building in Canada for only renovating HVAC system. Li et al. 

(2020) reported the annual energy saving of 7.01 kWh/m2 for only building envelope retrofit 

in China, while only window retrofit can save 7-16% of the energy demand in the residential 

buildings in USA (Hart et al., 2019). By installing new insulation and high efficiency windows, 

40% reduction of heating energy demand was predicted in South Korea (Lee et al., 2019). 

Around 15% energy reduction with a payback period of only 10.4 years was predicted with the 

potential measures in residential building in Brazil (Sartori and Calmon, 2019). On the other 

hand, 50% of the heating demand can be reduced after improving the window, wall and roof 

systems of a single-family house in Turkey (Gugul et al., 2018).  

The energy savings and associated costs depend on some other factors such as the 

characteristics of the initial materials and construction solutions, their degradation level when 

they are replaced, the users’ habits, the dynamic energy efficiency of mechanical systems and 

domestic appliances in use, the real quality of materials, and the interactions of construction 

retrofitting solutions. In addition, the study assumes an average 20-years’ service life of the 

retrofitting solutions, which may be high for some. Moreover, this study did not consider the 

relevant policies for selecting retrofit measures and the specific energy saving potential (e.g. 

40% improvement obtained in this study) corresponding to that policies. The consideration of 

such policies is important to identify the gap between the energy saving potential and the target 

of energy efficiency (e.g. a near-zero or zero energy building), incentives for such renovation 
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measures, etc. Furthermore, the lifecycle environmental impacts (e.g. CO2 emissions) of the 28 

retrofit solutions adopted are yet to be studied. Therefore, future research studies are needed to 

cover these aspects to improve the robustness of the decision-making process. 

 

5. Conclusion 

This study develops a deterministic cost-effectiveness optimization model to evaluate the 

energy-saving potential of sustainable retrofit measures to a typical apartment in two different 

climatic zones in China. Based on the analysis, the optimal energy saving target and 

corresponding retrofit revenue NPV are estimated. To obtain the maximum net retrofit revenue 

, the most appropriate energy-saving target is approximately 30% in the temperate zone, and 

approximately 40% in the hot summer-cold winter zone. Should greater attention be paid to 

energy saving, the best energy saving target may be 40% in the temperate zone since it would 

provide the same optimal NPV as the 30% reduction.  

When the retrofit cost is taken into account, the energy saving target is still 30% in the hot 

summer-cold winter zone. The maximum retrofit revenue NPV (USD 27/m2) is obtained with 

a 30% improvement in the building’s energy efficiency but a 40% energy saving can produce 

the same net revenue (USD 27/m2) in the temperate zone. Based on the same NPV, the optimal 

retrofit solution may be related to the 40% energy saving since such an energy-saving plan can 

save much more energy. The largest NPV (USD 58/m2) produced by 40% energy saving in the 

hot summer-cold winter zone is slightly higher than the NPVs generated by 30% and 50% 

improvement of energy efficiency in a 20-year lifespan (USD 51/m2 and USD 54/m2 

respectively).  

The lighting system renovation (including control systems and lighting lamps) is applicable 

to both climatic zones as they are always the first choice because of their energy-saving 

potential and low cost. The building renovations priorities in the temperate zone are wall 

insulation (e.g. 30 mm insulation) and window glazing (e.g. double low-e glazing); while, for 

the hot summer-cold winter zone, the optimal retrofit measures are the heating system (e.g. 

invert air conditioner), wall insulation (e.g. 30 mm and 50 mm insulation), window glazing 

(e.g. double low-e), and shading devices (e.g. external overhangs and internal shading devices). 

The decisive factors in the choice of retrofit in both zones are the cost of window glazing and 

wall insulation, and the insulated wall thermal transmittance, as the energy saving mostly relies 

on upgrading the wall and window thermal properties. The results and analysis here can be 

effectively used as a reference for existing building retrofit decisions in the climate regions of 

China studied here, with the potential for adaptation in the country’s other regions and beyond. 
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