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Abstract: Energy-efficient retrofitting has emerged as a primary strategy for reducing the energy
consumption of buildings. Buildings in China account for about 40% of total national energy
consumption. Large office buildings account for the most. Less than 5% of the building area of
existing office buildings is energy efficient. Energy-efficient retrofitting for sustainable buildings is a
complicated system that involves various sustainable dimensions and operational technical schemes.
Making multi-criteria decisions becomes a challenging problem for stakeholders. Based on the theory
of sustainability, this paper establishes a sustainable analysis framework to guide stakeholders to
select an optimal technical combination of energy-efficient retrofit measures for large office buildings.
Based on empirical data collected in Beijing, a number of energy efficiency measures are selected,
tailored and applied to a virtual model of a typical large office building. Technical features and the
energy performance are simulated accordingly. The energy consumption, energy-saving ratio and
lifecycle costs are derived to identify the optimal configuration. The outcome of this research offers a
feasible technical plan for stakeholders relating to technical design and design making. The study
finds that an LED lighting system and frequency conversion device for the cooling water chiller
cannot only sufficiently reduce the building’s energy consumption but also perform economically.
Different thermal insulation materials for reconstructing the building envelope have no obvious
effect on the thermal performance in comprehensive simulations of technology combinations. The
sustainable analysis framework offers theoretical and practical support and can be used as a reference
for the other types of buildings in future research.

Keywords: energy-efficient retrofitting; large office building; building energy-efficiency technologies
(BEETs); sustainability; lifecycle cost; multi-criteria decisions

1. Introduction

Climate change is a challenge all over the world. Responding to climate change,
China has pledged to considerably reduce its CO2 emissions to reach carbon peak before
2030 and achieve carbon neutrality before 2060 [1]. When considering buildings’ energy
efficiency, existing buildings can play an important role in energy conservation and emission
reduction [2]. Energy consumption in buildings accounts for nearly 40% of the total
primary energy consumption in China [3]. Public buildings (in China, these are not limited
to government-owned properties but also include office buildings; hotels; commercial
buildings; science, education, culture and health buildings; communication buildings
and transportation buildings [4]) account for approximately one-fifth of the total energy
consumption of buildings [4,5]. Existing office buildings occupy about 4.5 billion square
meters of total floor area, and less than 5% of floor area achieves the required energy
efficiency [6]. Energy consumption in existing office buildings is markedly high in terms
of heating, cooling, ventilation and lighting. Especially in northern China, winter heating
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and summer cooling consume a lot of energy. Besides this, the heat produced by a large
amount of office equipment means the energy load of office buildings is higher than those
of other types of buildings. Therefore, existing office building retrofits have great potential
for improving energy efficiency in the building sector, which could help with meeting the
overall nationwide energy efficiency objectives, aimed at reducing the country’s energy
consumption and the associated negative environmental impacts.

Applying building energy-efficiency technologies (BEETs) is the most effective way
to achieve energy savings for existing buildings [3,7,8]. The common energy-efficiency
technologies are: reconstruction of building envelope, highly efficient lighting systems and
heating, ventilation and air conditioning (HVAC) systems [4]. These technologies show
good energy-saving performance according to the analysis and simulation of different as-
pects of energy consumption [3,4,9]. However, there are some interactions among different
kinds of BEETs, which may have a great influence on the final energy-saving effect [10,11].
Meanwhile, most of the research about BEETs focuses on the energy performance of a
particular technology but not the overall energy performance when integrating all types of
BEETs [12–14]. In addition, from the perspective of stakeholders, architects, designers and
engineers are enthused by retrofitting technologies and schemes. Building owners, though,
who are the key decision-makers in energy-efficient retrofits, care more about the costs and
benefits of building energy conservation [15]. Balancing multiple factors that achieve the
highest energy-saving performance and the least retrofitting cost represents a significant
challenge for stakeholders.

To address the above research gap and encourage the market to conserve energy
through existing buildings, it is important to establish a comprehensive and systematic
method to select feasible energy-efficiency technologies and measure their integrated
performance. This study aimed to develop a holistic and comprehensive analysis method
integrating technology, energy and the economic effect, to offer stakeholders a reference for
how best to select a feasible technical scheme based on multi-criteria.

Many research projects have been carried out on BEETs. Boyano et al. selected three
climate zones in Europe, then created a typical model in each of the local areas using the
software EnergyPlus. The researchers calculated buildings’ energy consumption under
three different settings for the envelope, illumination density and lighting control, and
finally proposed feasible technology measures suitable for the three climate zones [11].
Moncef et al. comparatively evaluated the optimal energy-efficiency designs for French and
US office buildings [16]. Baranova et al. analyzed buildings’ energy performance across
the Baltic Sea region, to investigate the influence of local building norms on buildings’
energy consumption [17]. However, the typical models developed in the above research
are limited to a local context because they use local indexes. Ibrahim et al. developed an
integrated classification methodology for retrofitting heritage residential buildings in Khe-
divial, Cairo by connecting retrofitting strategies with that classification of buildings [18].
Pasichnyi et al. established a data-driven approach to create energy retrofitting strategies
at the city level [19]. Pardo-Bosch et al. compared three major retrofitting interventions
in three European cities, which each aimed at achieving a sustainable city [20]. These last
two approaches to achieving sustainability at a city level were more beneficial to urban
planners or the government than those before.

Further researchers conducted economic analyses of retrofitting technologies. Qichen
et al. conducted an economic analysis of three aspects of energy-saving renovation—the
envelope heat insulation, building shading and natural ventilation—based on a residen-
tial building located in Xiamen, China [21]. By involving the concept of the lifecycle,
Shadram et al. compared the optimal retrofitting solutions to achieve newbuild near-zero
energy standards in Sweden [22]. Ren et al. carried out lifecycle financial evaluation, which
can be used for an economic index of building energy-saving retrofits [23]. Although the
need for and potential benefits of energy retrofits have been well-documented, the pace
of adoption of energy-efficient practices and technologies has been slow, and significant
barriers—both perceived and actual—persist in limiting building energy investments [24,25].
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Kurnitski et al. conducted a study on cost-optimal solutions for residential and office build-
ings; they calculated the labor, material and construction costs, but did not consider the
maintenance cost. Those studies gave clear retrofitting technology cost calculation methods,
but they all tended toward a basic cost and technical-economic analysis [26]. Paolo et al.
illustrated how to cost-design nZEBs for a warm climate in Italy, selecting the most effi-
cient combination of energy-saving technologies [27]. Yang et al. built a typical office and
commercial building model for three locations—Beijing, Shanghai and Guangzhou—using
the software EnergyPlus and calculated the energy-saving ratio and economic efficiency,
then proposed technology selections [28]. Kim carried out an economic analysis of energy-
saving technologies for complex manufacturing buildings, and the return on investment
was determined by using payback analysis and lifecycle cost analysis [29]. Egiluz et al.
developed a multi-criteria decision-making method for retrofitting based on the concept of
sustainability [30].

Almost all of the existing research on office building energy conservation technology
focused on the overall energy-saving effect and economic benefit, and less on the need to
integrate adoption of technology with the need to be economical. Furthermore, most re-
search has focused on new buildings. The objective of this paper is to discuss energy-saving
retrofitting technologies that can be applied to existing large office buildings. After defining
a baseline reference building, a typical large office building energy consumption model in
Beijing was built. Several technical variants were selected and applied. Energy-saving ratio
and lifecycle retrofitting cost calculations were made for the obtained configurations, to
determine the maximum energy-saving effect and minimum cost. A financial and macroe-
conomic study was carried out to establish the cost-optimal technology combinations and
optimum energy-saving effect.

According to an analysis of the existing literature, most research has been on the
application of energy-efficiency technologies to different types of buildings and different
climate regions in the United States and Europe, or focused on optimizing the approach to
building energy-efficiency strategies in different scenarios. These studies offer a reference
for the processes that can be applied to evaluate BEETs. Yet, most of the research findings
are more useful for specific countries and regions because of corresponding area indexes
and data supports in the economic evaluation. In China, there is little research on integrated
energy-efficiency technologies for buildings in different climate zones, and there is a lack
of systematic research on energy-efficiency strategies applying a typical city-level building
model. It is necessary to develop a typical building model considering the climate zones in
China. Yet, there are some difficulties with conducting a comprehensive technical-economic
analysis, which have created obstacles to promoting building energy efficiency in China.

This study took large office buildings in Beijing as an example and developed an
operational framework for sustainable, energy-efficient building retrofits. It used a mixed-
methods research approach. Empirical data on retrofitting demonstration cases for Beijing’s
existing office buildings and Chinese building energy conservation statistics report were
applied to construct a virtual model of a physical building representing a typical large office
building in Beijing. This simulated the building’s energy performance when combining
technologies in different systems. In this way, the comprehensive energy performance
after retrofitting could be simulated by considering the interactions of different energy
systems. The model was then combined with a conceptual framework of sustainability
to discuss how to select an optimal technological combination to achieve lower lifecycle
costs. A quantitative paradigm set the basis for this research, with qualitative perspectives
integrated to develop the operational framework. An economic analysis was conducted by
estimating the initial retrofitting investments, related payback periods and other economic
indicators. The inclusion of lifecycle costs in the economic analysis brought an innovative
perspective as it took the lifecycle of each system into consideration, which allowed the
total costs of energy consumption and operation to be largely predicted.

This research (1) measured which type of the technical scheme had great energy-saving
potential; (2) calculated how the energy-saving benefits offset the energy consumption
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costs and the payback period; and (3) offers stakeholders a reference for which type of
energy-efficient retrofit measures to focus on and how to choose a feasible energy-efficient
retrofitting scheme. The process for achieving these objectives offers a holistic opera-
tional framework for evaluating feasible technical schemes, considering the interactions
of different energy systems and their lifecycle costs. The results of this research add new
information on energy-efficient retrofitting for office buildings. This will facilitate future
action to reduce China’s energy consumption and operational costs. This research could
act as a reference for other types of buildings and regions.

2. Methodology
2.1. Definition of the Research Scope

Office buildings refer to the office premises of enterprises, public institutions, state
organs, organizations, schools and hospitals, including commercial office buildings [31].
As public buildings, based on the total floor area and energy intensity except for heating,
office buildings can be divided into two types: (1) large office buildings that make use
of a central air-conditioning system, where a single building covers over 200,000 square
meters, and (2) ordinary office buildings. According to the functions, construction area and
energy consumption of the buildings, in this study, large office buildings are selected as the
research subject, considering their significant energy consumption.

Existing office buildings are office buildings that have been constructed and put into
use. An energy-saving retrofit of one of these transforms an energy-wasting existing
office building into one that meets energy-saving requirements. The scope of such an
energy-saving retrofit must comply with China’s design code of building energy efficiency.
This paper focuses on large office buildings built from 1981 to 2005, which do not satisfy
China’s “Design Standard for Energy Efficiency of Public Buildings” [5]. According to
the virtual energy consumption data of existing office building retrofitting demonstration
cases, the retrofits in the paper are conducted on the envelope and the heating, ventilation
and air conditioning (HVAC) systems and lighting systems. Renewable energy systems are
also contributing to reducing the energy consumption of fossil fuels, but the focus of this
research is how to improve the energy efficiency of the current systems by consuming less
energy and yet upholding the same amount of indoor environment. The options for using
renewable energy systems are another type of decision-making problem; therefore, they are
not considered as a part of the building energy-efficiency technologies in this paper. The
purpose of this paper is to improve the energy efficiency of the current systems and evaluate
the comprehensive energy performance of the improved energy-efficiency technologies.
After a retrofit, the building’s energy consumption should meet the minimum requirements
of the latest national “Design Standard for Energy Efficiency of Public Buildings GB50189-
2015” [5].

This research was based on simulating buildings’ energy consumption before and after
retrofitting. The simulation was implemented on a typical physical model of a standard
large office building developed according to historical and normal information and the
“Design Standard for Energy Efficiency of Public Buildings GB50189-2015” [5], including
the climate conditions, indoor environment settings, operating period and settings and
physical information on large office buildings in Beijing [6,32–44].

2.2. Geographical Location

The reference office building of this study is located in Beijing, in the north of China
and cold climatic zone II. It is characterized by a monsoon climate of medium latitudes
with cold and dry winters (average temperatures from −10 ◦C to 0 ◦C) and hot and rainy
summers (average temperatures from 20 ◦C to 35 ◦C). In this area, buildings should meet
the requirements of being cold-proof, heat preserving and antifreeze in winter, while also
providing heat protection in summer. This research represents a typical example as a
reference for similar studies in other climatic zones.
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2.3. Typical Physical Model of Large Office Buildings in Beijing
2.3.1. Selection of the Modeling Method

This research developed an operational framework for stakeholders to use to evaluate
feasible technical schemes. By using simulation software, the comprehensive energy
performance integrating all kinds of energy systems could be simulated to show the energy-
saving potential after retrofitting. Building energy simulations have been demonstrated
to be efficient tools throughout a building’s lifecycle to analyze the energy performance
in complex scenarios [45–47]. By constructing a “typical office building”, the researchers
characterized the general office in terms of its space, form and thermal properties, which
helps to guide energy-efficient design for this type of building. At present, there are
two methods to establish a typical building model: the benchmark building method [48]
(adopting a survey) and the simplified model method [49] (adopting a fitting formula).
This paper used the benchmark building method to create a large office building model
according to the literature on the virtual measured data for large office buildings’ energy
consumption in Beijing, Beijing’s existing office building retrofitting demonstration cases
and a Chinese building energy conservation statistics report [6,32–44]. As this research
was not focused on a particular building, it based the work on a virtual building model
representing a typical large office building in Beijing. The parametric data designed in
the model were collected from current cases and the process of constructing a benchmark
building followed a standardized method. Due to a lack of data on energy consumption
after retrofits, the model could not be calibrated to be closer to a real situation. Although
further calibration was not involved due to limited data access, the simulation results from
the proposed model for the energy consumption before retrofitting were compared with an
actual case of original energy consumption before retrofitting. The relative error was less
than 10%, which meant the results could be considered reliable (the results are shown at
the end of Section 2.3). Detailed information about the assumptions of benchmark building
modeling is introduced in the following section.

2.3.2. Geometrical Features’ and Construction Elements’ Properties

The typical existing large office building has 13 above-ground floors and two under-
ground floors. The total floor area is about 21,751.2 square meters, and the height of each
story is 4 m. The building faces south, and on each side, the window-to-wall area ratio is
about 40%. The structure of the building is a tower, with the center built as a core tube, as
shown in Figure 1.

Figure 1. Typical large-scale office building model in Beijing.
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The designed temperature of the office building is 26 ◦C in summer and 20 ◦C in
winter. The working hours are from 7 a.m. to 6 p.m., Monday to Friday. Information on
the building operations was collected from the “Design Standard for Energy Efficiency of
Public Buildings GB50189-2015” [5]. From 7 a.m. to 6 p.m., the cooling and heating are on
full blast. From 6 a.m. to 7 a.m., there is partial cooling, set at a 28 ◦C indoor temperature.
From 5 a.m. to 7 a.m., the heating is partial, set from a 12 ◦C to 18 ◦C indoor temperature.
The ventilation is switched on from 6 a.m. to 7 p.m. The artificial lighting system and
electrical equipment work partially from 6 a.m. to 8 a.m. and 5 p.m.to 7 p.m., and they
work fully from 8 a.m. to 5 p.m. Detailed operating information for the typical office
building on working days is summarized in Table 1.

Table 1. Operating information of the typical office building on a working day.

Items
Time Schedule

0:00–1:00
a.m.

1:00–2:00
a.m.

2:00–3:00
a.m.

3:00–4:00
a.m.

4:00–5:00
a.m.

5:00–6:00
a.m.

Cooling (indoor temperature/◦C, “-” stands
for natural temperature) - - - - - -

Heating (indoor temperature/◦C) - - - - - 12

Lighting (ratio of lights on/%) 0 0 0 0 0 0

Occupancy of the room (%) 0 0 0 0 0 0

Ventilation (1 stands for open and 0 stands for
closed) 0 0 0 0 0 0

Electrical equipment (ratio of use/%) 0 0 0 0 0 0

Items 6:00–7:00
a.m.

7:00–8:00
a.m.

8:00–9:00
a.m.

9:00–10:00
a.m.

10:00–11:00
a.m.

11:00–12:00
a.m.

Cooling (indoor temperature/◦C, “-” stands
for natural temperature) 28 26 26 26 26 26

Heating (indoor temperature/◦C) 18 20 20 20 20 20

Lighting (ratio of lights on/%) 10 50 95 95 95 95

Occupancy of the room (%) 10 50 95 95 95 95

Ventilation (1 stands for open and 0 stands for
closed) 1 1 1 1 1 1

Electrical equipment (ratio of use/%) 10 50 95 95 95 95

Items 12:00–1:00
p.m.

1:00–2:00
p.m.

2:00–3:00
p.m.

3:00–4:00
p.m.

4:00–5:00
p.m.

5:00–6:00
p.m.

Cooling (indoor temperature/◦C, “-” stands
for natural temperature) 26 26 26 26 26 26

Heating (indoor temperature/◦C) 20 20 20 20 20 20

Lighting (ratio of lights on/%) 95 95 95 95 95 30

Occupancy of the room (%) 95 95 95 95 95 30

Ventilation (1 stands for open and 0 stands for
closed) 1 1 1 1 1 1

Electrical equipment (ratio of use/%) 95 95 95 95 95 30

Items 6:00–7:00
p.m.

7:00–8:00
p.m.

8:00–9:00
p.m.

9:00–10:00
p.m.

10:00–11:00
p.m.

11:00–12:00
p.m.

Cooling (indoor temperature/◦C, “-” stands
for natural temperature) - - - - - -

Heating (indoor temperature/◦C) 18 12 - - - -

Lighting (ratio of lights on/%) 30 0 0 0 0 0

Occupancy of the room (%) 30 0 0 0 0 0

Ventilation (1 stands for open and 0 stands for
closed) 1 0 0 0 0 0

Electrical equipment (ratio of use/%) 30 0 0 0 0 0
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Before the retrofit, the air conditioning system of the typical building adopted a fan
coil unit and independent outdoor air system, which are commonly used in the domestic
office building. The retrofit system was selected and calculated by the software Design
Builder. The cold and heat sources were the typical combination of electric refrigerating
units and gas-fired boilers. The water system was a constant-flow primary pump system.
The retrofit water pump and other equipment were selected and calculated by Design
Builder software. The building’s retrofit needed to meet the minimum design standards of
GB50189-2015 for public building energy-saving. The external walls, floor and roof had
to be adjusted to meet the design standard of the “corresponding climate division” for
the energy efficiency of public buildings in GB50189-2015 and the thermal performance
parameters of the building envelope structure [5]. The retrofit equipment selection for the
HVAC system was based on the existing typical building model, carried out following
the guidelines for improving energy efficiency and completed by Design Builder software.
The indoor environmental quality was considered for the model design, including the
thermal comfort, indoor air quality and visual comfort [50]. The settings for the indoor
temperature, occupancy, ventilation and lighting operation can be found in Table 1. The
settings for the lighting density, illumination and outdoor air quantity can be found in
Table 2. In this research, energy-efficient retrofitting did not affect the indoor environmental
quality, neither thermally nor visually, and the settings were regulated as shown in Table 2.
Specific values for the indoor loads—for lighting, equipment and personnel, as determined
by reference to relevant national standards [5,51]—are shown in Table 2.

Table 2. Model parameters of typical large office building in Beijing.

Benchmark Model Parameter Status before Retrofit Status after Retrofit

Lighting density/W/m2 11 11

Illumination/Lux 350 350

Equipment power/W/m2 17.5 18

Personnel density/m2/people 6 6

Window heat transfer
coefficient/W/(m2K) 5.8 2.7

External wall heat transfer
coefficient/W/(m2K) 2.6 0.6

Roof heat transfer coefficient/W/(m2K) 1.4 0.55

Interior design temperature/◦C 26 ◦C in summer, 20 ◦C in winter 26 ◦C in summer, 20 ◦C in winter

Outdoor air quantity/m3/(h*person) 30 30

Air conditioning system
End: Fan coil unit plus outdoor air unit End: Fan coil unit plus outdoor air unit

Heat source: Gas-fired boiler Heat source: Gas-fired boiler
Cold source: Electric refrigerating unit Cold source: Electric refrigerating unit

Based on this office building model, this paper used the software Design Builder to
simulate the energy consumption of transformed designs.

Here, it needs to be specified that the model did not simulate the scenario of summer
overheating because there was a lack of information on developing measurements for
overheating and a lack of data and reporting of overheating in office buildings in Beijing. To
offset this issue, the selection of materials considers the thermal mass because heavyweight
building materials have thermal masses that can smooth out peaks in temperatures [52].
The selection of materials in Section 3.2.1 addresses this, too. Related cooling strategies and
a credible overheating risk assessment must be calculated and developed when data are
fully accessible [53,54]. Gaujena et al. [55] demonstrated that modern HVAC systems offer
both advanced automatic and manual control possibilities to adjust indoor environment
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parameters. As this research used a typical office building as a simplified scenario to
evaluate technical schemes, the overheating issue is not discussed further.

The technical guide for energy-efficient retrofits of public buildings shows the average
energy consumption of large office buildings in Beijing as 111 Wh/m2a, and the energy
consumption of the initial model simulated by the software was 102.8 kWh/m2a. As the
relative error was 7.4%, i.e., less than 10% [56], this model could be considered accurate
and reliable.

2.4. Conceptual Framework Based on the Concept of Sustainability
2.4.1. Conceptual Framework of Sustainability

The concept of sustainability is a broad global issue comprising various interrelated
issues about people, the environment and society [57]. It requires improvement in economic
and social living conditions according to a long-term process [58]. It is ultimately suggested
that sustainability involves three dimensions: environmental, sociocultural and economic
sustainability [58].

2.4.2. Sustainability in Building Retrofits

In essence, achieving sustainability in the built environment is recognized as a holistic
approach to adapting to environmental, economic and sociocultural concerns [59]. It also
represents a new approach for the building sector, based on a rethinking process designed
to link the entire implementation of building retrofits to the environment, economy, society
and people [59]. Indeed, sustainability can also be achieved by considering respective fea-
tures during the early stages of the conceptual design process [60]. It involves two aspects,
one is maintaining the outcomes, goals and products, and the other is institutionalizing the
process [61].

The major criteria for sustainable building retrofits were introduced by Kibert [62]
and refer to reducing the resource consumption, reusing the resources, utilizing recycled
materials, conserving the natural environment, removing toxins, considering economic
efficiency and reinforcing the quality. These are substantially recommended for ensuring
sustainable construction. Meanwhile, the main factors for sustainable building projects
and facilities encompass four main parameters: reducing the environmental impact, de-
creasing the resources used, increasing the utility and being more economical. These
can be achieved by development objectives that target the environmental impact, energy
consumption, external benefits and financial return, respectively [63]. Also, Godfaurd,
Derek and George [64] highlighted that sustainable buildings must be developed based
on a clear understanding of the main targets of sustainable development for a low-carbon
future. Based on the theory of sustainability, Ding’s criteria [63] can be categorized as the
sustainable development framework of building retrofits shown in Figure 2.
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Figure 2. Framework of sustainable development of building retrofits, adapted from ref. [63].

2.4.3. Operational Framework of Sustainable Buildings’ Energy-Efficient Retrofits

According to the analysis in the last section, sustainable retrofits should focus on three
perspectives: financial return, energy consumption/environmental impact and external
benefits.

Applying the concept of sustainability, the conceptual framework of sustainable
retrofits in existing large office buildings is composed of three elements:

Firstly, external benefits are considered as the overall policy background, where energy
conservation is the main way to achieve carbon reduction and neutrality in the building
sector, which benefits the whole society. Yet, at present, existing building energy-efficient
retrofits are not compulsory and the government only gives the energy-saving label for
inspiration, so the benefits that the owners receive for contributing socially cannot be easily
quantified. Therefore, this factor is not directly included in the calculations for making
decisions in this study.

Technologies are the foundation for developing energy-efficient retrofit schemes. Se-
lecting technical schemes will directly influence the other two elements of the conceptual
framework: energy consumption and financial returns.

Energy consumption is one index with which to select energy-efficient retrofit mea-
sures and calculate the operating cost savings. These can be calculated by simulating the
energy consumption using a typical large office building model and building simulation
software. The effects of energy consumption can be transformed into energy-saving benefits
as the building retrofit process can reduce negative externalities of energy consumption by
building owners.

Financial returns are considered as the profitability of conducting energy-efficient
retrofits. The process of selecting retrofit technologies is a decision-making procedure
considering the lifecycle costs. The net present value (NPV) and payback period are used
to measure profitability. Lifecycle costs combine the retrofit investment, lifecycle operating
cost and benefits of lifecycle energy savings.

From this framework, building owners can determine clearly how much they pay in
costs and the energy-saving benefits they could receive if they take up combined energy-
saving retrofitting technologies. The concept of the lifecycle is applied in the whole cal-
culation, and lifecycle energy conservation is transformed into cost savings to enable
direct comparison of technical schemes. The conceptual framework of sustainable building
energy-efficient retrofitting is shown in Figure 3.
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Figure 3. Conceptual framework of sustainable existing-large-office building retrofit.

3. Materials

In the annual energy consumption of office buildings, the consumption of heating,
ventilation, air conditioning and domestic hot water accounts for about 50–60%, and light-
ing uses about 20–30%. About 40% of the energy for heating, ventilation, air conditioning
and domestic hot water is lost by heat transfer to the outdoors, and 30–40% is occupied
with outdoor air treatment [32]. The analysis in this study demonstrated great potential to
change that situation in large office buildings by addressing the building envelope, heating,
ventilation, air-conditioning and lighting.

3.1. Current Energy-Efficient Retrofitting Technologies and Energy Saving Potential
3.1.1. Building Envelope

Over time, the building envelope ages and brings about poor thermal performance,
leading to high energy consumption for heating and air conditioning. Related to this, in
Beijing, thermal insulation performs poorly, with less than 10% of large office buildings
having adopted external wall thermal insulation technology and nearly 70% of large office
buildings using ordinary single glazing. Moreover, the city suffers for its inordinate pursuit
of the external facade effect, using a large proportion of transparent glass curtain walling
that creates cold areas of buildings. Also, in Beijing, aluminum alloy window frames are
often used, with no thermal insulation measures for these.

Therefore, the reconstruction of external walls and the proper insulation of windows,
with replacement hollow double-layer Low-E glass, can greatly reduce the heat lost through
the building envelope. After adopting these measures, the air conditioning load can be
reduced by 15–45% and the energy-saving rate of the air conditioning system can reach
15–25% [40].
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3.1.2. Heating, Ventilation and Air Conditioning (HVAC) Systems

With existing office building air conditioning systems and their actual operating sit-
uation, there is a common phenomenon where the selection of cold and heat sources is
inefficient. For instance, selecting equipment that is too large, opting for an imbalanced hy-
draulic, non-adjustable terminal system, making a blind increase of the indoor temperature
requirement and operating for too long on part load. The energy consumption of the air
conditioning equipment of cold and heat sources accounts for 50–60% of the total energy
consumption, and the water delivery system accounts for a further 20–25%. For almost 80%
of the operating time of an air conditioning system in a large office building, it is running
at under 50–60% of the design load, so there is a great energy-saving potential for an air
conditioning system [40].

1. Cold and heat sources of building

There are mainly three problems with the cold and heat sources of large office buildings
in Beijing: the chiller and boiler are too large, the inlet and outlet temperature difference of
the cold water chiller is small and the operating strategy for the water chiller is unreason-
able.

Therefore, through using efficient boilers and refrigeration equipment and improving
the automatic control measures for cold and heat sources, it is possible to realize equipment
control based on the actual energy demand. The energy storage of air conditioning technol-
ogy can play the roles of transferring the optimum electricity (up to 50–100%), balancing
the difference of peak valley and improving the turbine efficiency and economic efficiency.
Combining cold air distribution with an air conditioning water system can reduce 10–30%
of the energy consumption of the air conditioning system [40].

2. Heating, air conditioning, transmission and the terminal system

There are four main problems with the terminal systems of large office buildings in
Beijing: the system is nonadjustable and has no heat recovery device; part of the outdoor
air system experiences a blockage and cannot meet wind requirements; the fan coil water
system is not equipped with an electric two-way valve; the fan power’s consumption is too
great and there are no frequency conversion measures.

Accordingly, four measures can be taken to implement energy-efficient retrofits:
Firstly, solve the hydraulic balance problem by balancing measures, which can save

about 15% of the coal and electricity used.
Secondly, adopt frequency-conversion control technology, meaning the energy-saving

rate of the air conditioning water system can reach 10–50%.
Thirdly, strengthen the end-regulation measures. According to spot checks and ex-

aminations of a typical room, it was found that the water pipe and solenoid valve of the
fan coil unit switch did not work, with the result that although the staff had turned off the
wind turbine coils, the chilled water was still circulating in the coil for the room. Increasing
the chilled water flow of the system will increase the energy consumption of the chiller
pump. For the fan coil system, a “wind authority” measure should be adopted for an
energy-saving rate of 4%. The modular air handling unit, electric valve and solenoid valve
of the fan coil water system should also be checked to see if they can play a role.

Finally, setting up a total heat exchanger in the exhaust air can reduce 55% of the cold
and hot air conditioning load from the outdoor airflow.

3.1.3. Lighting Systems

There are three main problems with the electrical system, lighting and office equipment
of large office buildings in Beijing: the load rate of the transformer is low, the air condition-
ing control system is imperfect and efficient energy-saving lamps are not widely used.

Accordingly, an energy-saving retrofit can be carried out for the following aspects:
using an energy-efficient light source to reduce the lighting power density value; adjusting
the lighting control circuit and turning off the lamps on the sides of windows when the
illumination is strong, to make full use of the light-penetration glass curtain wall; increasing
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the light sources on work stations and reducing the lighting sources in large areas; turning
off the lights when they are not in use, and turning on the lights when needed. After
adopting the above measures, the lighting power can be reduced to achieve an energy-
saving rate of about 5% under the premise of guaranteeing the work.

3.1.4. Summary

According to the analysis of the situation for existing large office buildings in Beijing,
this section summarized the potential for energy-saving renovation of existing large office
buildings in Beijing, as outlined in Table 3.

Table 3. Present situation and potential analysis of existing large office buildings in Beijing.

System Content Current Level
Direction of

Energy-Efficient
Retrofit

Strategy of
Energy-Efficient

Retrofit

Building envelope

Reduce energy
demand, improve

natural lighting, lower
heat loss and enhance

thermal comfort

Sintering sludge
common brick

Insulate the exterior
wall and roof

Adopt thermal
insulation block with

good thermal
performance

Aluminum alloy single
glass window

Replace the outer
window

Convert to a Low-E
glass window, double
glazing or take other

airtight measures

HVAC
Update the energy
supply mode and

energy system

Low efficiency of the
central air conditioning

system

Retrofit the central air
conditioning system

Build heating and
cooling system and

energy consumption
measuring system

Electric lighting system

Reduce the energy
consumption of

lighting and other
office appliances

No energy-saving
lighting equipment and

no energy-saving
control lighting device

Reinstall the circuit and
use energy-efficient

appliances

Reconstruct LED
lighting system and

light pipe

3.2. Measures of Energy-Efficient Retrofits
3.2.1. Building Envelope

1. External wall

As a rule, the interior walls of an office building are preserved in a retrofit, with
exterior and interior thermal insulation technologies for the external walls usually adopted.
In cold regions, interior thermal technology adopted for external wall insulation in parts
of the thermal bridge of the building surface has easily generated dew and become wet,
even leading to mildew. When this technology has been adopted in parts of the foundation
walls and at the insulation layer interface, it has also been prone to causing water vapor
condensation. Therefore, it may be that exterior thermal insulation technology should
be used instead of interior thermal insulation for the external walls. According to the
EBEBRY [38] and considering the thermal mass [52], exterior insulation of the external
wall in a cold area mainly uses a thin plaster external thermal insulation system and
gives priority to sticking insulation board (thin plaster). There are several commonly used
thermal insulation materials, and their performances are shown in Table 4.
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Table 4. Thermal performance of external wall thermal insulation material applied in an office
building.

Index

Material Name Extracellular
Polysaccharide

Board (EPS Board)

Polyurethane Rigid
Polyurethane (PU)

Extruded
Polystyrene Board

(XPS Board)

Phenol
Formaldehyde

Board (PF Board)

Apparent density, kg/m3 18–22 25–45 25–35 50–60
Thermal conductivity, W/(m × K) ≤0.041 ≤0.024 ≤0.030 ≤0.035

2. External window

Existing buildings with single glass windows (curtain walls) are not energy efficient.
In general, a retrofit requires the complete replacement of windows that have only a small
use-value, serious deformation, poor airtightness or an old appearance. Alternative energy-
saving windows are hollow glass plastic windows, hollow glass heat insulation aluminum
alloy windows, Low-E hollow glass plastic windows, Low-E hollow glass heat insulation
aluminum alloy windows and so on [38].

3.2.2. Heating, Ventilation and Air Conditioning (HVAC) Systems

1. Cold and heat sources

(1) Selection technology of air conditioning cold and heat sources
The cold and heat sources of the air conditioning system are generally equipped with

centralized hot- and cold-water heating units, heating and heat exchange equipment. At
present, the cold sources are mainly lithium bromide chillers, screw chillers, centrifugal
chillers and piston chillers. The heat sources commonly use an urban heat supply network,
coal-fired boiler, gas/fuel boiler, heat pump and so on [38]. The cooling and heating system
of the central air conditioning system of a large office building can become significantly
more economical through an energy-saving retrofit, but compared with a new building, the
cost of replacing cold and heat source equipment is relatively high. The retrofit of the cold
and heat source should comply with the relevant provisions of the “Technical Standards
for Energy Saving of Public Buildings JGJ176-2009” and “Public Building Energy-Efficiency
Design Standards GB50189”. The refrigeration performance factors for equipment type
selection are shown in Table 5.

Table 5. Refrigeration performance coefficient of cold- and heat-source equipment.

Type Nominal Refrigerating
Capacity (CC; kW)

Performance Coefficient
(COP) in Cold Area (W/W)

Water-cooling

Piston/scroll CC ≤ 528 4.10

Screw
CC ≤ 528 4.70

528 < CC ≤ 1163 5.10
CC > 1163 5.50

Centrifugal
CC ≤ 1163 5.20

1163 < CC ≤ 2110 5.50
CC > 2110 5.80

Air-cooled or
evaporative cooling

Piston/scroll
CC ≤ 50 2.60
CC > 50 2.80

Screw pole CC ≤ 50 2.80
CC > 50 3.00

(2) Retrofit technology of frequency conversion
The design of a chiller or a heat pump is based on the most unfavorable conditions,

so the installed capacity is too large to enhance the efficiency of the chiller under a partial
load. At night, unless it is summer, the chiller temperature is often lower than the design
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value, and the unit efficiency will be reduced when the compressor operating point is
adjusted by reducing the load or by thermal bypass. In this context, a frequency-control
device can be added to the original chiller or heat pump to improve the unit operation
efficiency. The frequency converter can optimize the motor speed and the guide vane
opening by controlling the temperature difference of the practical and set values of the
outlet for chilled water and compressor head, which can limit the unit running speed and
improve its efficiency. Doing so can achieve a great energy-saving effect whenever it is
used with a full load, some negative pressure or there is a low cooling-water temperature.

2. Transmission and distribution system

The central air conditioning system has many disadvantages, such as low fan efficiency,
a large selection of equipment and improper control methods. In practice, there are two
ways to adjust the fan volume: by changing the pipe network characteristic curve (throttling
adjustment) and changing the fan performance curve (speed regulation) [22]. The VAV
system has many forms and control modes, and the operating state of the system is
complicated. In the actual operation, double-speed or variable-speed fans can be adopted
to ensure the minimum indoor air volume. When the variable-speed fans do not work or
the retrofit cost is too high, a high-efficiency blower can be used as a replacement.

3. Terminal system

(1) New wind and adjustable outdoor air technology
Outdoor air cooling refers to using outdoor low-temperature air to deal with the

indoor cold load during the transition season (spring and autumn). It is one of the ways to
make rational use of natural cold sources for cooling.

(2) Exhaust air heat recovery technology
The energy contained in the exhaust air conditioner is considerable, and the cold

energy can be recovered by an exhaust heat recovery device, which can effectively reduce
the cold and hot loads of outdoor air and has good energy-saving and environmental
benefits. Therefore, in the retrofit of an air conditioning system, installing a reasonable
exhaust heat recovery device can do a lot to help. At present, the common methods of
exhaust air heat recovery are using a rotary full heat exchanger and heat recovery system,
heat recovery ring, heat pump energy recovery and plate-fin heat exchanger.

3.2.3. Lighting System

The most common lighting sources in a large office building are fluorescent lamps,
including straight tubular fluorescent lamps and compact fluorescent lamps. At present,
the commonly used compact fluorescent light effect is 50–70 lm/W and the life is 5000–
8000 h. A Tricolor T5 fluorescent lamp’s lighting effect can reach 90–110 lm/W and the
life expectancy is 8000–12,000 h, while the general color rendering index is above 80 [38].
In addition, the market also has high-frequency T8 fluorescent lamp products, with light
effects that can reach more than 100 lm/W, equal to the performance of three primary color
T5 fluorescent lamps.

At the same time, in recent years, semiconductor lighting technology has been devel-
oped rapidly and has begun to enter the field of general lighting. The luminous efficiency
of LED bulbs can reach over 60 lm/W, which is about six times that of the traditional
incandescent lamp. The system performance of some LED lamps has exceeded 100 lm/W.
At present, all large office buildings can use efficient LED lamps.

3.3. Technical Variants and Combinations

According to the analysis of the energy-saving technology of large office buildings in
Beijing mentioned above, the energy-saving technologies studied in this paper are shown
in Tables 6–8.
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Table 6. Energy-efficient retrofitting technologies for the envelope of typical large office buildings
in Beijing.

Element Classification No. Energy-Saving Technology Heat Transfer
Coefficient U Thickness Cost (¥/m2)

External wall A A1 EPS board 0.133 0.59 78
A2 XPS board 0.119 0.59 75
A3 PU 0.121 0.59 100

External
window B B1

Hollow glass thermal
insulation aluminum alloy

window 6 + 13
2.665 210

B2
Low-E hollow glass thermal
insulation aluminum alloy

window 3 + 13
1.786 390

B3
Low-E hollow glass thermal
insulation aluminum alloy

window 3 + 6
2.47 340

Table 7. Energy-efficient retrofitting technologies for the HVAC system of typical large office buildings
in Beijing.

Type Element Classification No. Energy-Saving
Technology Efficiency COP/IPLV Cost (¥/pcs)

Cold and heat
source system Cold source C C1 Water chiller retrofit 5.5 1 million

C2
Frequency
conversion
technology

3.67 45,000

Transmission
and

distribution
system

Fan coil unit F F1 Heat recovery
technology 70,000

F2
Frequency
conversion
technology

75% 60,000

Table 8. Energy-efficient retrofitting technologies for the lighting system of typical large office
buildings in Beijing.

Element Classification No. Energy-Saving Technology Cost (¥/m2)

Lighting D D1 LED 120
D2 T5 fluorescent lamp (16 mm) 90
D3 T8 fluorescent lamp (25 mm) 90

In practice, buildings often use more than one energy-saving technology, most of
which combine several technologies. Energy-saving technological development should
be extended to a number of technical skills not yet addressed. It is necessary to retrofit
energy-saving technology for building envelopes, HVAC systems and equipment and
lighting systems, explore how to achieve a comprehensive energy-saving effect and take
the mutual influence of different energy-saving technologies into account. According to the
analysis of the energy-saving potential of the individual technologies mentioned above, a
total of 13 energy-saving technologies may be applied with technological integration. The
selected 13 energy-saving technologies may be combined and tailored to obtain an accu-
rate cost-optimal solution. In considering how best to do this, 108 combinations (of three
external wall thermal insulation technologies * three external-window thermal-insulation
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technologies * two cold-source energy-saving technologies * two transmission and distribu-
tion system energy-saving technologies * and three energy-saving lighting technologies)
were simulated by Design Builder software. Based on their energy consumption data and
market investigation and installation and repair quota cost estimations in Beijing, this paper
calculated the integrated effect of those combinations and their economic costs.

4. Results and Discussion

Based on the simulation results for the energy consumption after retrofitting the
108 combinations of technical schemes, further assessment of energy performance and
economic analysis were conducted to provide additional detail.

4.1. Assessment of Energy Performance
4.1.1. Energy-Saving Ratio of Energy-Efficient Retrofit

After the energy-efficient retrofit, the building’s energy consumption changed. The
energy-saving ratio can be used to evaluate energy efficiency, via the following formula:

ε =
E− E0

E0
, (1)

where ε stands for the energy-saving rate, E represents the energy consumption after the
energy-efficient retrofit and E0 represents the original energy consumption before the
energy-efficient retrofit.

According to the technical selection and energy consumption simulation, the effects
of the different combinations of energy-efficient retrofitting technologies for a large office
building in Beijing are shown in Figure 4.

Figure 4. Total energy consumption at end of each technical combination after energy-efficient retrofit.
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Based on the original building’s energy consumption, according to the formula to
calculate the energy-saving ratio, the energy efficiency rates of the building after applying
each combination technique are shown in Figure 5.

Figure 5. Energy-saving rate of each technical combination after energy-efficient retrofit.

From the above two figures, we can see that combinations 13, 49 and 85 of energy-
efficiency technologies have a good energy-saving effect, as shown in Table 9. From the
table, it can be seen that there are common technologies chosen for energy-efficient retrofits
in these three combinations, i.e., the installation of Low-E hollow glass heat aluminum alloy
windows (model: 3 mm + 13 mm air), high-COP chillers using hot-air exhaust recovery
technology, and an LED lighting system. The addition of external wall thermal insulation
has little influence on the overall energy consumption. The energy-saving rates of these
three technical schemes are over 13%.

Table 9. Arrangement of technology with the highest energy saving rate after energy-efficient retrofit.

C.No. 1 External
Wall

External
Window

Cold
Source

Heat
Source T&D 2 Lighting

Total End Energy
Consumption

(kWh/m2)

Energy-Saving
Rate (%)

13 A1 B2 C1 E F1 D1 88.85415 13.57
49 A2 B2 C1 E F1 D1 88.83945 13.58
85 A3 B2 C1 E F1 D1 88.8468 13.57

1 C.No. = Combination number; 2 T&D = Transmission and distribution system.

4.1.2. Lifecycle Retrofitting Composite Cost

While considering the energy-efficiency effect of a retrofit, it is necessary to pay
attention to the cost of the retrofit and the benefit of reducing the energy consumption of
the building in the future. So, this research took the cost-effectiveness and cost-economy
into consideration. This study considered the costs of investment, annual maintenance
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costs of equipment, the comprehensive costs over time and the costs of energy consumption
to represent the total lifecycle costs. The equipment maintenance fees were understood
to be 3% of the investment cost, according to a market investigation. Then, to calculate
the economic efficiency of each energy-saving technology, the energy consumption was
converted into a unified price according to the simulation of the total energy consumption of
the building, the market price of electricity and the market price of natural gas. According
to the basic situation for the construction industry, the discount rate was held as 10%. The
total lifecycle cost could then be calculated as follows.

C(τ) = CI + ∑j

(
∑τ

i=1 Cm(j)× (1 + r)−τ
)
+ ∑j(∑

τ

i=1 Ce(j)× (1 + r)−τ), (2)

where τ represents the life period of the building system (the life period without a need to
replace the original equipment, but with the installation of a frequency conversion device,
was defined as five years, while the span until equipment would need to be replaced was
defined as 20 years); CI represents the total costs of restructuring investment; j represents
every modification to the building, such as to the building envelope, HVAC system and
lighting system; Cm represents the annual maintenance costs of the equipment; Ce represents
the total energy consumption per year of construction (and energy benefits refer to the
difference in energy consumption before and after energy-efficient retrofitting); r stands for
discount rates.

According to the above calculation, a comprehensive breakdown of the energy-saving
rate and costs is shown in Figure 6.

Figure 6. Technical combinations of lifecycle cost and energy-saving ratio.

In Figure 6, we can see that when the lifecycle costs of the building are considered
together with the energy-saving rates, combinations 16, 19, 20, 22, 52, 55, 56, 58, 88, 91, 92
and 94 have the better overall energy-saving effect, varying from 12.8% to 13.2%. Among
them, the installation of Low-E hollow thermal insulating aluminum alloy windows (model:
3 mm + 13 mm Air) is a common technical choice. In cold-source systems, 75% opt for
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cooler frequency updates. In lighting systems, 75% of the technical schemes select LED
energy-saving technology. There is little influence of external thermal insulation technology
among the technical schemes. Detailed information for the selected technical combinations
is shown in Table 10.

Table 10. The optimized technical combined arrangement of cost and energy efficiency after the
energy-efficient retrofit.

C.No. External
Wall

External
Window

Cold
Source

Heat
Source T&D Lighting

Total End Energy
Consumption

(kWh/m2)

Energy-Saving
Rate (%)

16 A1 B2 C1 E F2 D1 89.55975 12.88
19 A1 B2 C2 E F1 D1 89.58915 12.85
20 A1 B2 C2 E F1 D2 89.3466 13.09
22 A1 B2 C2 E F2 D1 89.55975 12.88
52 A2 B2 C1 E F2 D1 89.54505 12.89
55 A2 B2 C2 E F1 D1 89.57445 12.87
56 A2 B2 C2 E F1 D2 89.3319 13.10
58 A2 B2 C2 E F2 D1 89.5377 12.90
88 A3 B2 C1 E F2 D1 89.5524 12.89
91 A3 B2 C2 E F1 D1 89.5818 12.86
92 A3 B2 C2 E F1 D2 89.33925 13.09
94 A3 B2 C2 E F2 D1 89.54505 12.89

4.2. Economic Analysis of Energy Reduction Retrofitting Effect

The economic evaluation of energy-efficient retrofits for existing public buildings
mainly required investigating the profitability of the investment in the project and compar-
ing it with the situation before the energy-efficient retrofit. The main economic evaluation
indexes used were the NPV and investment payback period.

The NPV is a dynamic evaluation index reflecting the energy-saving benefit in the
lifecycle of the building, which is calculated based on the difference between the energy-
saving benefits and operation costs. According to the selected discount rate, the value at
the time of evaluation can be calculated using the investment costs minus the total present
value of the benefits for balance.

The formula for calculating the net present value is:

NPV = CI −∑n
t=1(CE− CM)× t× (1 + i)−t (3)

where NPV represents the net present value, CI represents the total investment of building
energy-efficient retrofits, CE represents the benefits of energy savings, CM represents
the annual maintenance cost of the building, t represents the life expectancy under one
technological combination of energy-efficient retrofits and i represents the discount rate.

The dynamic investment payback period is the time taken for the total energy-saving
benefits of the building, in the process of use, to compensate for the energy-saving renova-
tion investment. Calculating the overall energy saving benefit involves adding together
all kinds of different energy-efficient technologies’ impacts. Recovering the investment as
soon as possible and reducing the investment costs are two great concerns for investors.
The payback period method is simple and easy to use together with net present value, and
can help investors to make reasonable investment decisions. The formula for calculating
the investment payback period is:

∑Pt
t=0(CI − CE + CM)× t× (1 + i)−t = 0 (4)

where CI represents the total investment in energy-efficient retrofits, CE represents the
benefits of energy savings, CM represents the annual maintenance cost of the building,
t represents the life expectancy under one technological combination of energy-efficient
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retrofitting, i represents the discount rate and Pt represents dynamic investment recovery
period.

According to the chosen technical combination schemes in the previous section, the net
present value and dynamic payback period were used to analyze the economic efficiency
of the schemes. The results are shown in Table 11.

Table 11. Economic efficiency analysis of the combination of energy-efficient technology in the whole
life cycle after retrofitting.

C.No. E.W. 1 E.
WW. 2

C.S.
3

H.S.
4 T&D L. 5

Energy
Saving
Benefits
(¥/Year)

Total
Retrofit
Cost (¥)

Annual
Maintenance

Cost of
Equipment

(¥/Year)

NPV (¥)
Dynamic
Payback
Period
(Year)

Total
Lifecycle
Cost (¥)

16 A1 B2 C1 E F2 D1 287,991.33 3,589,132.02 19,577.25 −703,971.66 13.37 20,340,499.01
19 A1 B2 C2 E F1 D1 287,351.84 2,289,135.02 6577.25 36,103.31 8.15 14,303,292.27
20 A1 B2 C2 E F1 D2 292,627.59 2,275,541.52 6441.30 82,949.36 7.95 14,256,446.23
22 A1 B2 C2 E F2 D1 287,991.33 2,089,138.02 4577.25 252,318.81 7.37 14,087,076.78
52 A2 B2 C1 E F2 D1 288,311.07 3,574,652.10 19,577.25 −686,769.59 13.30 20,323,296.94
55 A2 B2 C2 E F1 D1 287,671.58 2,274,655.10 6577.25 52,547.91 8.09 14,286,847.67
56 A2 B2 C2 E F1 D2 292,947.34 2,261,061.60 6441.30 99,393.96 7.89 14,240,001.63
58 A2 B2 C2 E F2 D1 288,470.94 2,074,658.10 4577.25 269,745.75 7.31 14,069,649.84
88 A3 B2 C1 E F2 D1 288,151.20 3,695,318.10 19,577.25 −808,796.66 13.76 20,445,324.02
91 A3 B2 C2 E F1 D1 287,511.71 2,895,321.10 11,577.25 −599,823.26 10.49 14,939,218.85
92 A3 B2 C2 E F1 D2 292,787.47 2,881,727.60 11,441.30 −552,977.22 10.24 14,892,372.80
94 A3 B2 C2 E F2 D1 288,311.07 2,695,324.10 9577.25 −382,625.43 9.67 14,722,021.01
13 A1 B2 C1 E F1 D1 303,338.97 3,789,129.02 21,577.25 −790,332.62 13.45 20,426,859.97
49 A2 B2 C1 E F1 D1 303,658.72 3,774,649.10 21,577.25 −773,130.55 13.38 20,409,657.90
85 A3 B2 C1 E F1 D1 303,498.84 3,895,315.10 21,577.247 −1,495,157.62 13.82 20,531,684.98

1 E.W. = External wall; 2 E.WW. = External window; 3 C.S. = Cold source; 4 H.S. =Heat source; 5 L. = Lighting.

This analysis demonstrated that of the 15 shortlisted technical combinations, six
technical schemes had an NPV of greater than 0. They were combinations 19, 20, 22, 55,
56 and 58. In these technical schemes, installing an LED lighting system and a frequency
converter for the electric refrigeration chiller were the common choices. The payback
period of investment was then less than 10 years, with it floating in 7–8 years. All of them
met the economic evaluation requirements for a large office building in Beijing. Although
technical combinations 13, 49 and 85 show greater energy-saving rates, when considering
the economic perspective together with this, they were not the optimal technical schemes,
having payback periods of over 13 years.

5. Conclusions

This study developed an operational framework for stakeholders to use when planning
sustainable energy-efficient retrofits of buildings. The operational framework was finetuned
based on the conceptual framework of sustainability. The energy consumption, external
benefits and financial return were considered as the three main aspects of importance.

In this research, the emphasis on was integrating the selection of energy-efficient
technologies with the energy effect and lifecycle costs of retrofits. The energy effect after
retrofitting was simulated to understand the comprehensive energy performance when
integrating all kinds of energy-efficiency technologies. The energy performances of different
combinations of technical schemes were analyzed together with the whole lifecycle costs.
The energy-saving rates and energy-saving economic benefits were calculated based on
combinations of various energy-efficiency technologies for a model of a typical large office
building in Beijing. According to the results of this study, the key findings were as follows:

(1) Energy-saving effects cannot be increased only by adding more energy-efficiency
technologies but should instead be considered and balanced by reviewing the overall, com-
prehensive technical scheme integrating different kinds of energy-efficiency technologies.

(2) Lighting and air conditioning systems have the potential to reduce the energy con-
sumption greatly via all kinds of energy-efficiency technologies. Combined retrofit works
on both lighting and air conditioning systems have a mutual influence. Improvements to
these can reduce the total energy consumption of the large office building by around 8–13%.
Though changing the setting of the heat exhaust system can help the air-conditioning
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system to consume less energy to a certain extent, the cost-saving over the whole lifecycle
is not significant.

(3) Installing an LED lighting system and the frequency conversion device for the
water chiller cannot only sufficiently reduce the building’s energy consumption but also
make it more economical. Different thermal insulation materials for reconstructing the
building envelope had no obvious effect on the thermal performance in a comprehensive
simulation of technological combinations.

(4) The optimal technical schemes can reduce the total energy consumption by around
13% and their payback periods are around 7–8 years.

(5) Information on the building’s structure and detailed operating information are
beneficial to selecting an energy-efficient technical portfolio when conducting retrofits.
Especially for large office buildings, there is a high requirement for HVAC and so it is
necessary to conduct a comprehensive analysis of technological combinations that will
facilitate an optimized air-conditioning system. Considering the specific lifecycles of
different items of equipment makes it simple to decide whether to replace these with new
equipment or install a frequency conversion device.

This study established a typical building model to simulate and analyze the energy
efficiency of various energy-saving combinations. The accuracy of the simulation depended
largely on the rationality and representativeness of the model. Establishing a typical large
office model depended on a great amount of statistical data. If more accurate and complete
data can be collected in the future, that will make the benchmark model more accurate
and reliable after correction, and will lead researchers to obtain more convincing results.
Moreover, if more data (related to uncertainties or changes influencing the energy use) can
be accessed to calibrate the simulation model to make it closer to a real situation, the accu-
racy and reliability of the model can be improved. The schemes of technical combinations
established in this paper involved one from each type of energy-efficient retrofitting system,
and we did not analyze the superimposed effect of a number of technologies introduced to
one system. This work was close in its scope to the actual energy-efficient retrofits of large
office buildings, and was conducive to facilitating more accurate simulation results and
conclusions in the future. Furthermore, validation is needed whereby researchers simulate
the results using actual project examples, to verify whether the simulated effect is equal to
the actual energy performance after retrofitting.

This study selected Beijing as representative of the cold climate region and as a location
where many large office buildings are found. Ultimately, we offered a feasible technical
plan for stakeholders and demonstrated how we took a holistic operational approach to
evaluating the technical schemes, considering the interactions of different kinds of energy
systems and their lifecycle costs. The proposed approach may be used as a reference for
future research on other climatic zones and types of buildings.
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