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Abstract

In frigid environments, antiquated office structures are typically marked by elevated energy
usage owing to the constraints of their building shell. This research centres on Xi’an, a city
famous for its frigid winters and oppressive summers. This study uses DesignBuilder V6.1
to develop energy-consumption models for standard buildings, assess the energy-saving
potential of external wall insulation, window selection, and roof insulation retrofits, and
analyse the return on investment for each initiative. The implementation of an expanded
polystyrene external thermal insulation system can lead to a reduction in total annual
energy consumption by roughly 25–30%; employing low-emissivity double-glazing along-
side polyvinyl chloride window frames can decrease heating and cooling energy usage
by about 12–15%; notable energy-saving advantages are noted when the thickness of Ex-
truded Polystyrene insulation boards on the roof is below 80 mm, whereas the incremental
energy-saving benefits lessen when the thickness surpasses 80 mm. Considering the energy
efficiency and cost-effectiveness of various measures, this research recommends a strategy
that maximises energy-saving advantages per investment unit: an Expanded Polystyrene
external wall insulation system, Low-Emissivity double-glazed windows, Polyvinyl Chlo-
ride window frames, and Extruded Polystyrene roof insulation boards ranging from 20 to
80 mm in thickness. This plan achieves an optimal equilibrium between energy efficiency
and affordability, making it highly suitable for extensive implementation. This research
serves as a benchmark for the initial selection of energy-efficient renovation strategies and
the development of policies for analogous older office structures in Xi’an and areas with
similar climatic and architectural characteristics.

Keywords: building skin renovation; ageing office buildings; cold-climate regions; energy
efficiency; sustainable renovation strategies

1. Introduction
In light of worldwide climate change and the energy crisis, concerns about energy

usage and carbon emissions in structures are garnering heightened scrutiny. The thermal
efficiency of the building envelope, which serves as the interface with the external envi-
ronment, significantly affects energy usage and indoor environmental conditions. In frigid
temperature regions, the efficacy of building envelopes in numerous older office struc-
tures has declined, leading to elevated energy usage for heating and cooling. Enhancing
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building envelopes through energy-efficient retrofits is a crucial strategy for diminishing
carbon emissions and augmenting energy efficiency in structures; the Chinese ‘Evaluation
Standard for Green Retrofits of Existing Buildings’ identifies envelope performance as a
vital control metric [1]. Xi’an is designated as Cold Climate Zone B, characterised by frigid
winters and sweltering summers which impose significant requirements on building en-
velopes. Numerous ageing office edifices in the vicinity were built to inadequate standards;
their envelope constructions have degraded, leading to considerable energy inefficiencies.
Thus, investigating energy-efficient retrofitting techniques for the façades of ageing office
structures in Xi’an possesses considerable practical engineering significance.

The refurbishment of building exteriors depends on the enhancement of materials
and construction techniques to attain thermal insulation; pertinent studies are mainly
carried out in three areas: materials, construction, and system integration, with a significant
emphasis on construction optimisation in the renovation of pre-existing structures [2].
Pertinent studies suggest that the essential factor for retrofitting in frigid climates is the
thermal insulation of the building envelope and the utilisation of high-performance exter-
nal windows; nevertheless, there exists significantly less research on older office structures
with substantial glazing, built during an era of less rigorous energy efficiency standards
compared to residential buildings [3]. Research from real retrofitting initiatives demon-
strates that passive building exterior upgrades can yield a positive cost-benefit ratio [4].
Numerous studies have shown that the CatBoost model can be used to predict and im-
prove rehabilitation strategies for ageing office buildings by incorporating metrics such
as energy use, natural lighting, and thermal comfort [5]. Moreover, cohesive restoration
strategies that synchronise building services, the building exterior, and illumination can re-
alise maximum energy and financial advantages [6]. At the physical level, innovations like
multi-layer composite structures [7], dynamic shading [8], and green facades can enhance a
building’s thermal efficiency [9]; prior studies have established that the thermal efficacy
of building envelopes is vital for energy conservation in frigid climates [10], and that
wall construction, thickness [11], and material combinations markedly affect a building’s
thermal performance [12].

Investigations into building envelopes in frigid climates have predominantly con-
centrated on enhancing thermal insulation efficacy and refining airtightness [13,14]. The
airtightness of a structure directly influences its heating requirements, and deficiencies in
airtightness can markedly elevate heating energy usage in colder climates [15]. Current
studies have suggested techniques for assessing the airtightness of residential structures,
emphasising its crucial role in a building’s energy efficiency; however, prevailing regula-
tions inadequately address airtightness, potentially resulting in poor ventilation and exces-
sive energy loss [16]. A comparative analysis of the energy usage, thermal comfort, and
carbon emissions efficacy of 46 varieties of building envelope materials in office structures
across five domestic climate zones demonstrated that, in extremely cold areas, modified
foam cement insulation boards can diminish energy loss by as much as 55.98% [17]. Given
the substantial heating requirements typical in frigid areas, addressing thermal bridging is
essential for improving the thermal insulation of building exteriors [18]. A comparative
examination of energy efficiency criteria for building envelopes in frigid locations across
countries such as Canada, Finland, and Iceland reveals significant disparities in thermal per-
formance thresholds between nations [19]. Current research typically utilises polystyrene
foam boards, rock wool boards, and vacuum insulation panels to improve the thermal
resistance of exterior walls, while advocating for the implementation of double-glazed
units and Low-Emissivity (Low-E) glass to minimise heat loss. Nonetheless, the majority of
current retrofitting approaches emphasise fulfilling winter heating requirements, whereas
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addressing indoor overheating during summer continues to be a significant obstacle in
architectural design for colder climates.

In contrast to demolition and new construction, renovating existing office buildings
can be more cost-effective and reduce embodied carbon emissions [20]. Current reno-
vation strategies predominantly encompass external wall insulation [21], high-efficiency
windows [22,23], outside shading [24], and vegetated facades [25]. Research on external
window retrofitting indicates that, particularly in frigid climates, the goal should not be
solely an exceedingly low heat-transfer coefficient [26]; instead, multi-objective optimisa-
tion has been used to identify effective combinations of external windows and insulation
for office buildings [27].

In terms of economic assessment, the majority of current studies on life-cycle cost
(LCC) and life-cycle assessment (LCA) have concentrated on residential and rural struc-
tures [28–30]. The previously described LCC and LCA analyses have primarily concen-
trated on residential or rural structures. The ‘Code for Thermal Design of Civil Buildings’
categorises severely cold and cold places into Severely Cold Zones A, B, and C, as well as
Cold Zones A and B, according to heating degree days (HDD); Xi’an is classified under
Cold Zone B. Research on ageing office structures in cold Zone B regions has primarily
focused on empirical evaluations and initial design choices; additionally, certain innovative
technologies encounter geographical constraints: dynamic shading provides minimal en-
ergy conservation advantages in cold climates where heating takes priority, whereas green
facades struggle with issues related to plant survival during winter. The present study on
office building facades centres on achieving a balance between energy efficiency and func-
tional demands, while also addressing the spatial requirements of contemporary offices [31].
It is important to acknowledge that, while the literature encompasses a broad spectrum of
technical domains—from innovative thermal insulation materials to dynamic shading and
green facades—not all technologies are equally suitable for older office structures. In light
of the aforementioned factors, and adhering to the essential criteria for the fundamental
thermal efficacy of building envelopes delineated in the Chinese ‘Evaluation Standard
for Green Renovation of Existing Buildings’, this research emphasises three passive static
renovation strategies that exhibit the highest universality and practicality—external wall
insulation, external window replacement, and roof insulation—to perform comprehensive
energy efficiency simulations. The prospect of utilising emerging technologies (including
dynamic shading, smart glass, and phase-change materials) in ageing office structures
located in cold climate regions will be examined as a focus for future investigation.

This investigation addressed the previously identified research deficiencies by gath-
ering data on the structural and façade designs of ageing office buildings in the historic
centre of Xi’an using field surveys. A foundational prototype model was created utilising
DesignBuilder V6.1 software, with parameters determined by local climatic information
and building typology features. A dynamic energy usage simulation system was subse-
quently utilised to evaluate the individual energy-saving impacts of various refurbishment
strategies. This methodology facilitates the separation of the energy conservation impacts
of specific factors, establishing a foundation for incremental remodelling choices. Moreover,
by integrating this with an economic assessment grounded in local material and labour
expenses, it computes the investment expenditures and return on investment for various
renovation strategies, thus rectifying the deficiency in current research concerning the
absence of a cohesive energy-efficiency and economic analysis in the domain of ageing
office structures in cold Zone B.
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2. Methodology
2.1. Study Area and Building Selection

The plains of Xi’an City have a temperate semi-humid continental monsoon climate,
characterised by pronounced seasonal variations of cold and warm, as well as dry and
wet phases. Winters are cold, with mild winds and little precipitation; springs are mild
yet windy, with fluctuating conditions; summers are hot and humid, marked by severe
droughts; autumns are cool, with rapid temperature drops and ample rainfall. The annual
mean temperature varies from 13.0 ◦C to 13.7 ◦C. January is the coldest month, with an
average temperature between −1.2 ◦C and 0.0 ◦C, while July is the hottest month, averaging
between 26.3 ◦C and 26.6 ◦C. Annual precipitation ranges from 522.4 to 719.5 mm, with
July and September recognised as the two principal peak months for rainfall. The yearly
sunshine hours range from 1646.1 to 2114.9 h, with the prevailing wind direction being
northeast [32]. China is classified into five climatic zones according to the thermal zoning
classification of GB50176 [33] (Code for Thermal Design of Civil Buildings): severe cold,
cold, hot summer and cold winter, hot summer and warm winter, and temperate. Xi’an
is categorised as Cold Zone B, characterised by 90 to 145 days where the daily average
temperature remains below 5 ◦C. The heating degree days (HDD18) range from ≥2000 to
<3800, whereas the cooling degree days (CDD26) exceed 90. In Xi’an, HDD18 is 2178, and
CDD26 is 153.

Numerous office buildings in Xi’an are over two decades old, particularly those
within the city walls, which serve as quintessential examples. To conduct an extensive and
focused investigation, office buildings constructed in the 1980s and 1990s were selected
as the research subjects. After a selection procedure, 26 pre-existing multi-storey office
buildings, including those with internal corridors, in the Lianhu and Xincheng Districts,
located within the confines of Xi’an’s city walls, were selected for on-site examination. All
these structures are extant multi-storey brick-concrete or reinforced concrete frame edifices
that are over twenty years old, characterised as older, corridor-style office buildings with
energy efficiency ratings below 50%. These structures have several decades of service
life; nonetheless, they exhibit persistently high energy consumption, insufficient internal
illumination and comfort levels, and external skin issues such as cladding detachment
and cracking. They no longer meet contemporary living standards. In alignment with
green energy principles, the most prudent approach for such buildings is renovation rather
than demolition and reconstruction. Investigations of target structures will encompass
year of construction, structural configuration, number of stories and floor-to-ceiling height,
column span and depth, external wall composition, window-to-wall ratio, external window
design and materials, and shading features and forms. This extensive study aims to identify
common issues impacting the building skins of existing office buildings in Xi’an, especially
those that most significantly affect energy use.

An examination of the current condition of office buildings in Xi’an indicates that
most were erected after 1980, with 1990s structures accounting for the largest share. Office
buildings in Xi’an from the 1980s and 1990s are primarily brick-and-concrete structures
that use ordinary clay bricks as the main material for their exterior walls (Table 1). By the
mid-to-late 1990s, Xi’an began extensive use of high-performance, lightweight materials,
including aerated concrete bricks, hollow clay bricks, sintered shale aerated bricks, and
aerated concrete blocks. An examination of the surveyed older office buildings identified
six prevalent external wall construction techniques: water-washed stone sintered brick
walls, water-washed stone concrete walls, painted sintered brick walls, sintered brick walls
with adhered facing tiles, concrete walls with adhered facing tiles, and exposed brick walls.
Exterior window types were classified into four standard constructions: single-glazed
aluminium alloy windows, double-glazed aluminium alloy windows, single-pane plastic
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steel windows, and double-pane plastic steel windows. Roof types were classified into
four standard constructions: cement-expanded perlite-insulated roofs, cement-vermiculite-
insulated roofs, extruded polystyrene-board-insulated roofs, and uninsulated roofs. The
thermal performance of the outdated office buildings was evaluated by determining the
heat transfer coefficients of the various structures.

Table 1. Summary table of the survey regarding historical office structures in Xi’an.

Survey Region Participants in the Survey Categories of
Architectural Constructions

Number
of Stories

Construction
Period

Lianhu District Xiliang Industrial Co., Ltd. Office Building,
Xi’an, China Frame structure 6 1990s

Lianhu District Xi’an Municipal Public Security Bureau
Office Building, Xi’an, China Masonry concrete structure 4 1980s

Lianhu District Baiyuehui Pharmaceutical Co., Ltd. Office
Building, Xi’an, China Frame structure 4 1990s

Lianhu District Urban Housing Services Office Building,
Xi’an, China Frame structure 4 1990s

Lianhu District Office Building No. 1, Lianhu District
Traffic Police Brigade, Xi’an, China Masonry concrete structure 5 1980s

Lianhu District Office Building No. 2, Lianhu District
Traffic Police Brigade, Xi’an, China Masonry concrete structure 4 1980s

Lianhu District
The Shaanxi Provincial Department of
Agriculture and Rural Affairs Building,

Xi’an, China
Frame structure 5 2000s

Lianhu District
Xi’an Municipal Real Estate Rights and

Cadastral Survey Centre Office Building,
Xi’an, China

Frame structure 6 1990s

Lianhu District
The Shaanxi Provincial Academy of

Chinese Painting Office Building,
Xi’an, China

Masonry concrete structure 5 1980s

Lianhu District Yiqin Company Office Building,
Xi’an, China Frame structure 4 2000s

Lianhu District Office Building of the Institute of Applied
Electronics, Xi’an, China Masonry concrete structure 3 1980s

Xincheng District Shaanxi Electric Power Investment
Company Office Building, Xi’an, China Frame structure 6 1990s

Xincheng District Xi’an Municipal Sports Trade Union Office
Building, Xi’an, China Frame structure 4 1990s

Xincheng District
Shaanxi Provincial Institute of

Ophthalmology Office Building,
Xi’an, China

Frame structure 6 1990s

Xincheng District

The Office Building of the Criminal
Investigation Detachment of the Xi’an

Municipal Public Security Bureau,
Xi’an, China

Masonry concrete structure 4 1980s

Xincheng District
The Office Building of the Xincheng Branch

of the Xi’an Municipal Public Security
Bureau, Xi’an, China

Frame structure 5 1990s

Xincheng District Xin Cheng District Administrative School,
Xi’an, China Frame structure 6 1980s

Xincheng District Xi’an Yi Carving and Engraving Factory
Office Building, Xi’an, China Frame structure 4 1990s

Xincheng District

Office Building of the Shaanxi Provincial
Institute for the Supervision and Testing of

Electronic Information Products,
Xi’an, China

Frame structure 5 1990s

Xincheng District PetroChina Shaanxi Regional Sales
Company Office Building, Xi’an, China Masonry concrete structure 4 1990s
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Table 1. Cont.

Survey Region Participants in the Survey Categories of
Architectural Constructions

Number
of Stories

Construction
Period

Xincheng District Public Transport Business Office Building,
Xi’an, China Frame structure 5 1990s

Xincheng District Xinmin Street Office Building, Xi’an, China Frame structure 6 1990s

Xincheng District
Office Building of the Xinjiang Uyghur

Autonomous Region People’s Government
Representative Office, Xi’an, China

Frame structure 6 1990s

Xincheng District Bank of Communications Xiwu Road
Branch Office Building, Xi’an, China Masonry concrete structure 3 1990s

Xincheng District
Shaanxi Provincial Affordable Housing

Management Centre Office Building,
Xi’an, China

Masonry concrete structure 2 1980s

Xincheng District China National Grain Reserves Office
Building, Xi’an, China Masonry concrete structure 5 1980s

Source of table: author’s original conception.

2.2. Assessment Standards

In accordance with the ‘Thermal Design Code for Civil Buildings’ GB 50176-2016 [33],
the ‘Energy Efficiency Design Standard for Public Buildings’ GB 50189-2015 [34], the ‘Xi’an
Standards for Energy-Efficient Design of Public Buildings’ DBJ/T 61-60-2011 [35], among
other regulations, the limit values for heat transfer coefficients and shading coefficients
of external walls, windows, and roofs have been compiled (Table 2). By comparing the
information in Table 2 with the thermal efficiency of older office building envelopes in the
study region and using the Chinese Code for Thermal Performance and Energy-Efficient
Design of Buildings as the benchmark for these older offices, we assess the need for
their refurbishment.

Table 2. Threshold values for the thermal transfer coefficients and shading coefficients of exterior
walls, external windows, and roofs.

Components of the Building Skin
Thermal Transmittance Coefficient K [W/(m2·K)] Solar Heat Gain

Coefficient SCShape Factor ≤ 0.30 0.3 < Shape Factor ≤ 0.40

External walls (including non-transparent curtain walls) ≤0.60 ≤0.50 —

Single-faceted external
windows (including

transparent curtain walls)

The proportion of window space to
wall area ≤ 0.20 ≤3.50 ≤3.00 Unrestricted

0.20 < The proportion of window space
to wall area ≤ 0.30 ≤3.00 ≤2.50 Unrestricted

0.30 < The proportion of window space
to wall area ≤ 0.40 ≤2.70 ≤2.30 ≤0.70

0.40 < The proportion of window space
to wall area ≤ 0.50 ≤2.30 ≤2.00 ≤0.60

0.50 < The proportion of window space
to wall area ≤ 0.70 ≤2.00 ≤1.80 ≤0.50

0.70 < The proportion of window space
to wall area ≤ 0.85 ≤1.80 ≤1.60 ≤0.45

Roofs ≤0.55 ≤0.45 —

Transparent sections of the roof ≤2.7 ≤2.7 ≤0.50

Source of figures: ‘Xi’an Standards for Energy-Efficient Design of Public Buildings’ DBJ/T 61-60-2011 [33].
These statistics also comply with the relevant limit requirements in the ‘Standards for Energy-Efficient
Design of Public Buildings’ GB 50189-2015 [34] and the ‘Thermal Design Code for Civil Buildings’
GB 50176-2016 [35].
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2.3. Current Thermal Transfer in Antiquated Office Structures

This research evaluates the facade types of 26 deteriorating office structures in Lianhu
District and Xincheng District, situated within the Xi’an City Walls, and determines the stan-
dard façade heat-transfer coefficients and overall thermal resistance of the surveyed ageing
office buildings, while contrasting and analysing the findings according to contemporary
design standards.

The mean thermal transmittance coefficient of the building envelope is determined in
accordance with Equation (1) [34]:

K = φKp (1)

In the equation

• K—average thermal transmittance coefficient of the building envelope [W/(m2·K)];
• Kp—thermal transmittance coefficient of primary elements of building envelope

structure [W/(m2·K)];
• φ—correction factor for the thermal transmittance coefficient of the primary element

of the building envelope.

The correction factor φ for the heat transfer coefficient is to be set at 1.20 for external
insulation, and 1.25 for sandwich insulation.

The thermal resistance of the building envelope’s flat wall, as presented in the table, is
computed using Equation (2) [35]:

R0 = Ri + R + Re (2)

In the equation

• R0—thermal resistance of the building envelope (m2·K/W);
• Ri—resistance to heat transmission on the inside surface (m2·K/W);
• Re—resistance to heat transmission at the external surface (m2·K/W);
• R—thermal resistance of the planar surface of the building envelope (m2·K/W).

The equation for determining the thermal transmittance coefficient of external win-
dows is presented in Equation (3):

K = KF · η + KG · (1 − η) (3)

In the equation

• KF—thermal transmittance coefficient of window frames, W/(m2·K);
• KG—thermal transmittance coefficient of glazing, W/(m2·K);
• η—proportion of window frame area to total window area;
• 1 − η—proportion of glass surface area to overall window area.

The findings of the calculations (Table 3) indicate that the thermal transmittance of the
external walls and roofs of the 26 ageing office buildings in the study region fails to comply
with contemporary criteria for cold climates. The thermal transmittance coefficients of
external windows are often elevated, and most do not meet design specification criteria.
The primary single-glazed aluminium alloy windows exceed permissible limits by more
than twice. Therefore, improving the thermal efficiency of the building skin is crucial
and beneficial.
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Table 3. Thermal efficiency of the building skin in historical office structures.

Building Skin Varieties of Building Skin Aggregate Thermal
Resistance (m2·K/W)

Thermal Transmittance
Coefficient
[W/(m2·K)]

Exterior wall

Exterior walls composed of water-brushed stone
sintered bricks 0.493 2.03

Concrete exterior walls treated with
water brushing 0.317 3.155

Exterior walls adorned with painted
sintered bricks 0.483 2.071

Tiled surfaces on ceramic brick walls 0.483 2.02

Concrete substrate for tile adhesion 0.311 3.215

Unfinished brick wall 0.645 1.55

Exterior window

Single-glazed aluminium alloy window - 6.2–6.6

Double-glazed aluminium alloy windows - 3.6–4.0

Single-pane plastic steel window - 4.5–5.1

Double-pane plastic steel window - 2.3–2.8

Roof

Cement-expanded perlite insulated roofing 0.461 2.17

Cement-vermiculite insulated roofing 0.592 1.69

Extruded polystyrene board insulated roof 1.316 0.76

Non-insulated roof 0.426 2.35

Source of table: author’s original conception.

2.4. Energy Simulation Model
2.4.1. Simulative Software

This research employs DesignBuilder as the software for building simulation optimisa-
tion. DesignBuilder serves as a graphical user interface for Energy Plus, integrating all Energy
Plus building envelope and lighting system data inputs, together with databases for building
components, materials, glazing, and lighting fixtures. The primary applications encompass
thermal environment analysis, including hourly heat gain/loss, energy consumption mod-
elling for air conditioning systems, annual load distribution studies, and simulations of direct
and indirect solar radiation along with fundamental wind conditions. This software lacks
a Chinese version and utilises the American standard U-value for thermal transmittance
coefficient rather than the Chinese standard K-value, both expressed in W/m2 K. The
conversion formula between U-value and K-value is 1 BTU/h·ft2 ◦F = 5.68 W/m2 K, where
1 BTU = 0.291 W and 1 ft2 = 0.092903 m2.

2.4.2. The Formation of the Standard Model

Preliminary research revealed that, spatially, the older office buildings in Xi’an com-
prise essential functional areas, such as offices and conference rooms, as well as auxiliary
spaces, including restrooms, stairwells, and hallways. These structures predominantly
feature an elongated design, with interior corridors linking primary and secondary spaces
to create a linear layout. Circulation and ancillary sections are positioned on either the
southern or northern sides in the layout designs. However, a south-facing orientation
on the southern side is markedly inefficient in terms of space use. Consequently, the
standard model designates auxiliary areas on the northern side. The majority of older
office buildings in Xi’an have four to six stories, with five stories being the most common
configuration. Thus, the traditional model consists of five stories. The basic model was
based on the typical floor-to-floor height of 3.6 m found in most older office buildings.
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The standard measurement of 7800 mm was selected for both column spacing and room
depth. Investigations into window-to-wall ratios indicated prevailing values of 0.35 for
south-facing windows, 0.30 for north-facing windows, and 0.15 for east–west orientations,
which have been designated as the standard ratios for construction(Figure 1).

Figure 1. (a) Five varieties of floor plans for antiquated office structures; (b) standard model.

2.4.3. Configuration of Model Parameters

The study focuses on Xi’an, which was selected as the basis for the simulation. The
DesignBuilder database includes climate data for multiple areas; before creating a model,
a specific location can be selected to import local weather conditions automatically. This
study primarily examines techniques for renovating the building envelope of older office
buildings, with the external walls, roof, and external windows of the standard model
designated as variables. The original external wall design was a non-insulated envelope, a
typical characteristic of the surveyed buildings, with a standard cement-vermiculate insula-
tion layer on the roof. Single-glazed PVC-framed casement windows were chosen for the
external openings, as they are commonly found in existing office structures. Consequently,
based on the construction types of external walls, roofs, and windows identified in the
survey results, adjustments were made to the standard model, allowing for the calculation
of peak and minimum annual energy consumption for various construction methods. The
particulars of the standard model are delineated in Table 4.

Data regarding indoor parameters, occupancy density, HVAC systems, ventilation
modes, lighting power, and fresh air systems have been categorised as quantitative and will
remain invariant during the modelling process. The precise origins of the aforementioned
criteria are as follows:

The standard model for interior characteristics is based on the prevalent internal
functional categories observed in older buildings in the study area, namely open-plan
offices, enclosed offices, circulation areas, rest and activity areas, and ancillary spaces.
Enclosed office spaces are classified into ‘Enclosed Office 1’ and ‘Enclosed Office 2’ based
on dimensions and occupancy levels. The model allocates varying parameter values to
these specific spatial features, including occupant activity, HVAC, equipment consumption,
and illumination.

Regarding tenant activity data, usage timings for each area were set according to
regular working hours in China: 09:00–18:00, Monday through Friday. The quantity of
occupants and the mean occupancy density were subsequently established for each of the
six spatial categories. The open-plan office space accommodates 50 individuals, with an
average occupancy density of 2.6676 square meters per person. Transport spaces exhibit a
distinctive pattern: high utilisation rates occur only during the morning and evening peak
hours, while the rest of the time they remain significantly underutilised. Thus, the model
establishes occupancy rates for transit areas based on designated time intervals: the per-
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person density is 3.1262 square meters from 08:30 to 09:00, and 4.8560 square meters from
15:00 to 16:00. From 12:00 to 14:00, the per capita utilisation density is 6.5810 square meters.

Table 4. Parameters of the standard model.

Building Skin Materials Construction Technique (Interior to
Exterior)/Specifications Parameter Settings

Thermal
Transmittance

Coefficient
[W/(m2·K)]

Exterior wall

Uninsulated building
envelope—Terrazzo

walls constructed with
ordinary fired bricks

Pre-mixed mortar/20 mm
Fired clay bricks/240 mm

Utilise a 1:3 ratio of cement to mortar for
the base coat and surface roughening
Unadulterated cement mortar/5 mm

Cement and aggregate in a 1:15
proportion for exterior-wall

rendering/20 mm
 

2.03

Roof
Standard cement

vermiculite insulation
layer roofing

Reinforced concrete roofing slab/120 mm
Cementitious slag screed layer

Cementitious slag screed layer/60 mm
Cement mortar levelling layer/20 mm

Two thicknesses of felt and three
applications of bitumen
waterproofing/10 mm

A cement-to-sand ratio of 1:3 is
employed for the protective coating on

outside walls/30 mm  

1.69

Exterior window Single-glazed PVC
casement window

Total sunlight transmittance: 0.75
Light transmittance: 0.744

 

4.5–5.1

Source of table: author’s original conception.

Concerning internal temperature regulations, the air conditioning summer and winter
settings must adhere to the stipulations outlined in DBJ/T 61-60-2011 [33], ‘Energy-Efficient
Design Standards for Public Buildings in Xi’an’. For Category 1 offices, the designated
temperature is 24 ◦C during summer and 20 ◦C in winter; for Category 2 offices, it is
26 ◦C in summer and 18 ◦C in winter; for Category 3 offices, the temperature is set at
27 ◦C in summer and 18 ◦C in winter; and for communal areas like meeting rooms and
multi-functional halls, the preferred temperature ranges from 25 ◦C to 27 ◦C in summer
and 16 ◦C to 18 ◦C in winter. Indoor relative humidity is maintained between 20% and 80%,
in line with standard thermal comfort parameters for office environments. The ventilation
system uses a hybrid approach of natural and mechanical ventilation: a temperature limit of
24 ◦C is set; when the indoor temperature dips below 24 ◦C, natural ventilation engages to
harness passive cooling; the mechanical ventilation system runs continuously year round.

For HVAC and other installations, the HVAC system uses a constant-flow fan coil
unit with a fresh-air system arrangement, common in older office buildings in Xi’an.
The fresh-air supply rate is set at 30 m3/(h·p) to comply with regulations. At the same
time, performance metrics such as COP/SCOP and EER/SEER are obtained using the
standard performance curves in the integrated ‘fan coil unit + fresh air system’ template
in DesignBuilder. During the summer months, considering the amalgamated partial load
attributes, distribution system losses, and the effects of operational modifications, the
system’s seasonal energy efficiency ratio (SEER) for cooling is roughly 2.2; conversely, in
winter, after factoring in defrosting losses, duct heat dissipation, and efficiency decline due
to sporadic operation, the system’s seasonal heating energy efficiency ratio (SCOP) is about
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2.4. For the distribution system, the fan coil unit’s fan uses about 0.32 W/(m3/h) per unit
airflow, while the fresh air fan uses about 0.42 W/(m3/h).

The national standard GB 50034-2013 [36] ‘Design Standards for Building Lighting’
is utilised for lighting design: regular offices require an illuminance of 300 lx, whereas
high-end offices necessitate an illuminance of 500 lx. The power density for illuminance
design in premium offices is between 15 W and 18 W/m2, but for basic workplaces it
ranges from 9 W to 11 W/m2 [36]. The model specifies 300 lux for open-plan office
environments, reflecting standard office lighting needs, while enclosed office areas are
assigned an enhanced lighting requirement of 500 lux. Power density characteristics are
adjusted to meet national standard criteria.

The national standard GB 50736-2012 [37], titled ‘Design Code for Heating, Ventilation
and Air Conditioning in Civil Buildings,’ is utilised for fresh air supply settings, stipulating
a standard fresh air supply rate of 30 m3/h per individual. In the database parameter
settings, the unit is litres per second per person (L/s/p). The conversion formula between
the two units is 1 m3/h = 1000 L/3600 s = 1/3.6 (L/s). The fresh air volume in the model is
8.333 L/s/p.

3. Analysis of Energy Efficiency
3.1. Energy Consumption of the Conventional Model

The specifications established in Section 2.4.3 were entered into the DesignBuilder
programme to create a standard model, which acted as the reference point for later compar-
ative evaluations of various refurbishment strategies. Simulation computations produced
outcomes regarding the building’s yearly energy usage by classification and changes in the
internal temperature conditions. The energy consumption for cooling in the building dur-
ing the peak month was 128,485.45 kWh, whereas the heating energy usage in the coldest
month amounted to 75,933.372 kWh; the yearly energy consumption for indoor lighting
and appliances remained fairly consistent. The variation in indoor air temperature across
the year ranged from 15 ◦C to 28 ◦C, with the radiant temperature marginally exceeding
the indoor air temperature. The whole yearly energy usage of the building for cooling
amounted to 331,346.956 kWh, for heating 240,659.043 kWh, for equipment 78,018.169 kWh,
and for lighting 226,109.786 kWh (Figure 2).

This research will analyse the conventional structural arrangements of the external
walls, roofs and windows of aged office buildings discovered via field surveys and integrate
these findings into a standardised model of building envelope structures for simulation.
Subsequently, it will compute the overall yearly energy usage and energy consumption per
unit area for each refurbishment project, thereby offering foundational data for evaluating
the energy efficiency of various building envelope designs.

3.2. Energy Efficiency of Exterior Wall Thermal Insulation Systems

Exterior wall thermal insulation systems are primarily categorised into internal and
external insulation types. The adoption and implementation of internal insulation sys-
tems face limitations, failing to meet modern energy conservation standards and lacking
essential criteria. In contrast, exterior wall thermal insulation systems offer a simpler instal-
lation process and improved thermal performance, making them the preferred insulation
type recommended for widespread application. This study expands on the usual model
by integrating five prevalent and efficient external wall insulation systems (Figure 3) to
examine their thermal transfer coefficients. Annual energy conservation is determined
by energy-use simulations (Table 5), facilitating the choice of an external wall insulation
system appropriate for the Xi’an area.
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Figure 2. Summary of standard model simulation data.

Figure 3. K-values of external walls under different insulation schemes (insulation thickness:
100 mm).

The initial K-value for the standard model’s external wall thermal conductivity was
1.925 W/m2·K, reflecting inadequate thermal efficiency; nevertheless, following the en-
hancement of the external walls through the installation of a 100 mm EPS insulation board
system, the K-value decreased to 0.334 W/m2·K. After enhancing the building’s outside
walls with 100 mm thick XPS insulation boards, the K-value decreased to 0.251 W/m2·K;
subsequent optimisation using polymer-modified polystyrene particle mortar resulted in a
K-value of 0.607 W/m2·K. After enhancing the building’s exterior walls with a sprayed
polyurethane rigid foam coating, the K-value was reduced to 0.414 W/m2·K; subsequent
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optimisation with a rock wool composite insulation layer resulted in a U-value reduction
to 0.480 W/m2·K.

Table 5. Comparative analysis of annual energy savings for insulation systems.

Reduce
Refrigeration Energy
Consumption (kWh)

Reduce Energy
Consumption per

Unit Area for
Refrigeration

(kWh/m2)

Reduce Heating En-
ergy Consump-

tion (kWh)

Reduce the Energy
Consumption
per Unit Area

for Heating
(kWh/m2)

Reduce Total Energy
Consumption (kWh)

EPS Thermal
Insulation System 98,833.624 24.866 71,783.41 17.667 170,617.034

XPS Thermal
Insulation System 80,699.899 20.404 59,855.238 14.722 140,555.137

Thermal Insulation
system utilising

polymer-modified
polystyrene beads

61,491.314 15.134 43,955.446 10.818 105,446.760

Composite Thermal
Insulation System

of Rigid
Polyurethane Foam

74,124.842 18.787 53,828.426 13.249 127,953.268

Rockwool Composite
Thermal

Insulation System
74,502.036 18.879 53,648.064 13.205 128,150.100

Source of table: author’s original conception.

The simulation findings indicate substantial variations in the energy conservation
efficacy of several external wall insulation schemes. The EPS insulation system provides
superior energy efficiency; in comparison to the baseline model lacking insulation, total
yearly energy usage decreases by 170,617.034 kWh, and annual energy consumption per
square meter diminishes by 42.533 kWh/m2. The insulation system utilising polymer-
modified expanded polystyrene (EPS) had the least effective energy-saving capabilities,
with a reduction of just 105,446.760 kWh in total yearly energy consumption and a de-
crease of 25.952 kWh/m2 in energy consumption per unit area. The total energy usage of
the polyurethane rigid foam composite insulation system and the rock wool composite
insulation system were comparable; however, the XPS insulation system demonstrated
marginally superior energy efficiency compared to the first two. An additional analysis of
the energy conservation benefits from both cooling and heating indicates that all varieties of
external wall insulation systems concurrently diminish a building’s energy usage for sum-
mer cooling and winter heating. During the summer months, solar radiation penetrating
the external walls generates a cooling demand, whereas in winter, heat dissipation through
the building envelope results in a heating requirement; the insulation layer diminishes the
thermal conductivity of the walls, thus offering thermal insulation in summer and thermal
retention in winter. Moreover, since energy conservation in heating is mainly dictated by
heat transfer through temperature gradients and is directly proportional to floor space,
while energy savings in cooling are affected by both conductive heat transfer and solar
exposure, with various materials playing unique roles, the correlation between overall
energy usage and energy consumption per unit area varies marginally.

3.3. Energy Efficiency of Materials Used in External Window Frames

Heat-absorbing and heat-radiating glass are common types that efficiently impede
heat and solar radiation from the external environment, making them particularly suitable
for various southern climates. Low-E glass effectively reflects substantial solar radiation
heat during summer while retaining interior warmth in winter, hence enhancing building
thermal insulation. Insulating glass combines the advantages of multiple glass types,
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yielding significant improvements in thermal and optical performance. It enables flexible
selection of composite glass based on specific criteria. Consequently, this article identifies
insulating Low-E glass as the material for upgrading the external window glazing in older
business buildings in Xi’an.

Window frames are fundamental components of external windows. Notwithstanding
their restricted surface area, they exhibit a notable heat conductivity coefficient. The heat
transfer coefficient for a single-glazed aluminium alloy window is 6.2 W/(m2·K), but
for a single-glazed plastic window it is 4.6 W/(m2·K). Comparing the two, changing the
window materials can result in a difference of 1.6 W/(m2·K) in the external window’s heat
transfer coefficient. Thus, the choice of window materials significantly impacts the overall
energy efficiency of external windows. Common materials for window frames include
timber, aluminium alloy, steel, and plastic. Despite timber’s inferior heat transmittance
coefficient, its limited availability and susceptibility to rot and distortion have led to its
discontinuance. Aluminium alloy and PVC-coated steel are predominantly employed in
China at present. As a result, LOW-E double-glazed units were chosen for simulation with
PVC-coated steel window frames and thermally fractured aluminium alloy window frames.
The optimal external window refit strategy for Xi’an was established based on yearly
energy conservation statistics. In the simulation of window frame materials, the external
walls of the initial model were preserved in their pre-optimization condition devoid of
thermal insulation, while the internal characteristics were left unaltered. The influence
of substituting window frame materials on the heat transfer coefficient was evaluated by
modifying the structural parameters of the external window frames in the base model. The
findings indicated that specifying thermal-break aluminium window frames resulted in
a K-value of 3.279 W/m2·K, but the specification of PVC-steel window frames led to a
K-value of 3.476 W/m2·K. A comparative examination of yearly total energy usage and
energy consumption per unit area was conducted for the two scenarios featuring PVC-steel
window frames and thermally fractured aluminium alloy window frames (Table 6).

Table 6. Comparative simulation table for window materials.

Category of Energy Consumption Total Energy
Consumption (kWh)

Energy Consumption per
Unit Area (kWh/m2)

Thermally insulated
aluminium window frames

Refrigeration energy consumption 295,230.137 72.648

Heating energy consumption 214,427.207 52.765

PVC plastic steel
window frames

Refrigeration energy consumption 292,248.015 71.914

Heating energy consumption 212,261.275 52.232

Source of table: author’s original conception.

3.4. The Impact of Roof Insulation Thickness on Energy Consumption

A significant quantity of ageing office structures in the Xi’an region are deficient in
thermal insulation on their rooftops. Where the current roof waterproofing membrane re-
mains undamaged, a thermal insulation layer and a protective layer can be applied directly;
roof reconstruction should focus on addressing leaks and localised repairs. Should the
current waterproofing membrane have degraded and failed, a comprehensive renovation
is necessary prior to the reinstallation of the thermal insulation system. The choice of
roofing insulation materials exhibits numerous parallels with the selection of external wall
insulation materials. Extruded polystyrene (XPS) panels have superior moisture-resistant
and waterproof characteristics, rendering them particularly appropriate for the humid
environments commonly found on roofs; they are presently a prevalent choice in roofing
insulation endeavours.
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This segment focuses on XPS boards for optimising roof insulation by adjusting the
thickness of the insulation panels to minimise the roof’s heat transfer coefficient. The
thickness of the XPS board ranges from 20 mm to 200 mm, increasing at 20 mm intervals.
The various thickness scenarios were entered into DesignBuilder for simulation, producing
the annual heating and cooling energy consumption outcomes of the structure under varied
insulation thickness settings (Table 7).

Table 7. Relationship between XPS board thickness and annual energy consumption of standard models.

Thickness of
XPS Board

Energy Consumption
per Unit Area

for Refrigeration
(kWh/m2)

Energy Consumption
per Unit Area

for Heating
(kWh/m2)

Comprehensive
Energy Consumption

per Unit Area
(kWh/m2)

No insulation layer 82.082 59.223 141.305
20 mm 75.614 53.964 129.578
40 mm 74.346 52.186 126.532
60 mm 73.428 51.273 124.701
80 mm 72.826 50.725 123.551

100 mm 72.382 50.362 122.744
120 mm 72.078 50.096 122.174
140 mm 71.790 49.893 121.683
160 mm 71.575 49.740 121.315
180 mm 71.397 49.613 121.010
200 mm 71.255 49.511 120.766

Source of table: author’s original conception.

A negative correlation exists between the thickness of XPS insulation boards on
rooftops and the overall energy consumption of the building: as the insulation thickness
increases, the thermal resistance of the roof increases, leading to a decline in annual energy
consumption; nonetheless, the rate of this reduction diminishes over time, indicating a
distinct trend of diminishing marginal returns. This phenomenon can be examined in
relation to Figure 4. The most substantial decrease in the overall energy usage of the
building occurs when insulation is enhanced from zero to 20 mm; this change results
in a reduction of about 9.0%, highlighting the considerable advantages of the retrofit.
Within the 20 mm to 80 mm spectrum, an increase in insulation thickness correlates with
a decrease in energy consumption; nevertheless, the energy savings per unit thickness
progressively lessen, with reduction rates at each interval being 2.4%, 1.4%, and 0.9%,
respectively. Once insulation thickness surpasses 80 mm, additional increases in panel
thickness lead to a further decline in the rate of energy consumption reduction; within the
80 mm to 200 mm range, the cumulative energy savings rate is just 0.3%. In Figure 4, the
80 mm threshold represents a crucial turning point; past this thickness, the cumulative
energy-saving rate curve levels off, and the incremental energy-saving advantage per unit
thickness diminishes swiftly.

This leads to two separate optimisation strategies for engineering applications: if the
goal is ‘highest energy conservation per unit of expenditure (best economic efficiency)’,
a thickness of 20 mm is ideal; however, to enhance overall energy savings, augmenting
the insulation thickness within the 20–80 mm spectrum can still provide significant energy
conservation advantages, whereas exceeding 80 mm results in only marginal additional
energy savings. Consequently, for genuine engineering retrofits, it is advisable to utilise
XPS insulating boards with a thickness ranging from 20 to 80 mm; the precise thickness
within this spectrum should be ascertained according to the project’s financial constraints
and defined energy efficiency objectives.
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Figure 4. Sensitivity of insulation board thickness and marginal energy savings benefit.

4. Economic Feasibility Analysis
4.1. Economic Assessment of Exterior Wall Thermal Insulation Systems

The savings-to-investment ratio (SIR) serves as the economic assessment metric for
optimisation initiatives; this metric offers a fairly comprehensible depiction of the corre-
lation between energy conservation and additional investment. The more substantial the
energy-saving advantages achieved for an equivalent investment cost, the superior the
cost-effectiveness, the higher the SIR value, and the greater the energy-saving benefits per
unit of investment. In contrast, insulation methods that require greater financial input to
achieve equivalent energy-saving outcomes have lower cost-effectiveness, a proportionally
lower SIR value, and yield reduced energy-saving benefits per unit of investment.

SIR = S/I (4)

In the equation

• S—energy conservation resulting from the optimisation program, kWh;
• I—the capital expenditures necessary for executing the optimisation plan, yuan;
• SIR—annual energy savings relative to the investment expenditure, kWh/yuan.

The fundamental expenses for executing the renovation project include material and
labour costs. The expense data is sourced from construction cost statistics available on the
official Xi’an municipality website; the reference prices for this analysis are determined
by computations of the annual monthly averages and on-site assessments of the building
materials market for the refurbishment of aged structures.

The economic advantages were determined utilising the SIR formula based on the
material expenses obtained from the survey, followed by a comparative study. Section 3.1
calculated the energy savings (S) for each external wall insulation system, while the invest-
ment expenses (I) for each component were sourced from the gathered data (Table 8). The
standard model’s external wall surface area is 1624.320 m2; we computed the comprehen-
sive construction expenses and SIR values for each optimised system (Table 9).

The EPS insulation system has the highest SIR value and provides the most sub-
stantial energy-saving advantages for each unit of expenditure. Subsequently, rock wool
insulation and the polymer-modified expanded polystyrene particle insulation system
are utilised; while their thermal insulation efficacy is not particularly remarkable, their
lower cost provides marginally greater energy-saving benefits per unit of investment. The
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polyurethane rigid foam composite insulation system exhibits the lowest SIR value. For the
energy-efficient restoration of external walls of older office buildings in the Xi’an region, the
EPS (expanded polystyrene) exterior wall thermal insulation system should be prioritised,
followed by the rock wool insulation system, which provides exceptional fire resistance.

Table 8. Material expenses associated with each insulating system.

EPS Expanded
Polystyrene

Insulation System

XPS Extruded
Polystyrene Board

External Insulation and
Rendering System

Rubber Powder and
Polystyrene

Granule System

Spray-Applied Rigid
Polyurethane
Foam System

Rockwool
Insulation System

EPS (thickness: 100 mm)
35.96 yuan/m2 XPS: 54.95 yuan/m2 Styrene-butadiene rubber

granules: 6.42 yuan/m2

Sprayed polyurethane
rigid foam: 35.00 yuan/m2

(Thickness: 5 mm)

Rock wool board:
16.50 yuan/m2

(Thickness: 50 mm)

Adhesive: 6.05 yuan/m2
Extruded polystyrene

board primer:
5.50 yuan/m2

Crack-resistant mortar:
5.80 yuan/m2

polymer mortar:
6.70 yuan/m2 Adhesive: 6.05 Yuan/m2

Rendering mortar:
6.00 yuan/m2 Adhesive: 6.05 yuan/m2 Alkali-resistant fibreglass

mesh: 2.20 yuan/m2
Styrene-butadiene rubber
granules: 4.28 yuan/m2

Alkali-resistant fibreglass
mesh: 2.20 yuan/m2

Alkali-resistant fibreglass
mesh: 2.20 yuan/m2

Alkali-resistant fibreglass
mesh: 2.20 yuan/m2

Rendering mortar:
6.00 yuan/m2

Crack-resistant mortar:
5.80 yuan/m2

Styrene-butadiene rubber
granules: 1.28 yuan/m2

Plastic expansion bolts:
2.40 yuan/m2

Rendering mortar:
6.00 yuan/m2

Guide prices for labour
costs: 36.00 yuan/m2

Alkali-resistant fibreglass
mesh: 2.20 yuan/m2

Rendering mortar:
6.00 yuan/m2

Guide prices for labour
costs: 18.00 yuan/m2

Plastic expansion bolts:
2.40 yuan/m2 - Rendering mortar:

6.70 yuan/m2
Anchor bolt:

2.40 yuan/m2

- Guide prices for labour
costs: 18.00 yuan/m2 - Guide prices for labour

costs: 36.00 yuan/m2
Guide prices for labour
costs: 35.00 yuan/m2

Note: the material and labour costs of exterior wall, window and roof renovation are sourced from
the official Xi’an construction cost information [38].

Table 9. A comparison of the economic benefits of various insulation systems.

Name of Thermal Insulation System Total Cost (yuan) Energy Savings (kWh) SIR Value (kWh/yuan)

Extruded polystyrene (EPS) thin-coat
rendering system 114,693.23 170,617.034 1.487

XPS board thin-coat rendering system 154,472.83 140,555.137 0.909

Rubber powder and polystyrene
granule system 91,644.13 105,446.76 1.150

Polyurethane rigid foam composite
insulation system 157,039.25 127,953.268 0.814

Rock wool composite
insulation system 113,351.54 128,150.100 1.130

Note: The material and labour costs of exterior wall, window and roof renovation are sourced from
the official Xi’an construction cost information [38].

4.2. Cost-Effectiveness Analysis of Roof Insulation Systems

To enhance the practical significance of the renovation study, the SIR economic analysis
technique was utilised to evaluate the cost-efficiency of insulation board thickness, consid-
ering two elements: energy conservation and material costs. This assessment concentrated
on a comparative evaluation of energy savings and cost-efficiency among insulation boards
of varying thicknesses, maintaining consistent material costs aside from the insulation
boards and labour expenses, while solely altering the thickness of the XPS boards. XPS
insulation boards cost 54.95 yuan/m2 for a thickness of 100 mm, as shown in Table 8; the
basic model’s roof surface area is 812.76 m2. Table 10 presents the findings.
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Table 10. Economic benefits of XPS roof insulation at different thicknesses.

Thickness of
Insulation Boards Total Cost (yuan) Energy Savings

(kWh)
SIR Value

(kWh/yuan)

20 mm 8932.232 47,656.183 5.335
40 mm 17,864.464 60,034.517 3.360
60 mm 26,796.697 67,475.334 2.518
80 mm 35,728.929 72,148.704 2.019
100 mm 44,661.162 75,428.191 1.688
120 mm 53,593.394 77,744.558 1.450
140 mm 62,525.626 79,739.884 1.275
160 mm 71,457.859 81,235.362 1.136
180 mm 80,390.091 82,474.821 1.025
200 mm 89,322.324 83,466.388 0.934

Source of table: author’s original conception.

Among ten roof insulation systems utilising extruded polystyrene (XPS) boards of
differing thicknesses, the 20 mm-thick XPS board exhibited a distinct superiority in SIR
value, principally because of its comparatively low cost. Nonetheless, the 40 mm, 60 mm,
and 80 mm thicknesses demonstrated specific advantages, as all SIR values surpassed 2.0.
Insulating systems employing XPS insulating boards with thicknesses above 100 mm exhibit
a low cost-to-energy-saving ratio, resulting in an undesirable SIR value. Consequently,
during the renovation of roofs on older office buildings in Xi’an, emphasis should be placed
on insulation boards with thicknesses of 20–80 mm.

4.3. Economic Evaluation of Materials for Outside Window Frames

To maintain consistency with the assessment approach used for refurbishments of
external walls and roofs, we use energy savings per unit of investment (SIR) as the economic
evaluation metric for external window refurbishments, applying the same calculation
formula outlined in Section 4.1. In this equation, the energy conservation is obtained from
the simulation outcomes on the energy-saving efficacy of the aforementioned external
window frame materials: In scenarios where the glazing arrangement remains constant
(LOW-E double-glazed units) and only the window frame profiles are altered, employing
thermal break aluminium alloy frames diminishes the building’s yearly heating and cooling
energy usage by 62,348.653 kWh relative to the standard model, whereas utilising PVC-
coated steel frames results in a reduction of 67,496.709 kWh; the latter thus realises a savings
advantage of 5148.056 kWh over the former.

The disparity in window pricing arises mostly from the frame profiles, while the
glazing configuration, opening mechanisms, and installation methods are the same for
both alternatives. Investment expenditures are derived from the Xi’an Construction Cost
Information Database, supplemented by on-site assessments, pricing enquiries at building
materials marketplaces, and local construction cost data for refurbishing ageing structures
in the Xi’an region. The typical market rate for a fully thermally insulated aluminium
alloy window is around 400 yuan per square metre, whereas a PVC-steel window is about
270 yuan per square metre. The simulated operating conditions are predicated on the
thermal performance thresholds for Category B public buildings in frigid climates, as
delineated in GB 50189-2015 [34] ‘Energy-Efficient Design Standards for Public Buildings’:
if the building form factor is below 0.30, the heat-transfer coefficient for external windows
on the north and south façades, within a window-to-wall ratio of 0.35 to 0.30, must not
surpass 2.4 W/(m2·K), and the solar heat-gain coefficient (SHGC) must remain below
0.48. The cumulative surface area of external windows in the basic model measures
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719.20 m2. Consequently, we compute the aggregate investment and SIR figures for the
two programmes (Table 11).

Table 11. An evaluation of the economic efficiency of materials for exterior window frames.

Window Frame Design Total Cost (yuan) Energy Savings
(kWh)

SIR Value
(kWh/yuan)

Thermally insulated aluminium
window frames 287,680.00 62,348.653 0.217

PVC plastic steel window frames 194,184.00 67,496.709 0.348

Table 11 shows that the SIR value for the PVC-coated steel window frame is
0.348 kWh/yuan, while the thermal-break aluminium alloy window frame is
0.217 kWh/yuan; the former is about 1.60 times higher. PVC-coated steel window frames
save 5148.056 kWh more energy annually than thermally broken aluminium alloy window
frames, with 2982.123 kWh saved during cooling and 2165.933 kWh during heating, with
cooling mode accounting for roughly 57.9 percent of the overall savings. In terms of invest-
ment, PVC-coated steel windows cost only 67.5 percent of the thermal-break aluminium
alloy window frame system, while delivering superior energy savings. In conclusion, it is
advisable to use PVC-coated steel window frames with LOW-E double-glazed units for
external window renovations of ageing office structures in Xi’an. This solution delivers
annual energy savings of 5148.056 kWh compared with thermal-break aluminium alloy
window frames, while reducing the overall investment by 93,496.00 yuan and yielding an
SIR of 0.348 kWh/yuan, making it the most favourable energy-saving return per unit of
investment of the two proposals.

5. Discussion
5.1. Analysis of Research Findings

This study analyses energy efficiency and cost-effectiveness for an ageing office build-
ing in Xi’an’s Cold Zone B based on energy consumption simulations and a comparison
of various schemes, concentrating on three envelope renovation strategies: external wall
insulation, choice of external window frames and roof insulation thickness. The simulation
outcomes are analysed with current research results on comparable subjects.

An analysis of energy conservation shows that the thermal performance of external
wall insulation directly affects a building’s energy-saving benefits; better insulation corre-
lates with a significant decrease in annual energy use, especially during extreme winter
cold and high summer temperatures. The findings of this research demonstrate that the
EPS external wall insulation system provides the most effective energy-saving performance
overall; this assertion aligns with prevailing patterns noted in pertinent studies regarding
building retrofits in cold areas of China [39]. Nevertheless, owing to the effects of local solar
radiation in Xi’an and the initial thermal conditions of the current structures, the precise
energy savings achieved in this investigation vary quantitatively from those studies. Con-
cerning external windows, utilising uniform double-glazed Low-E glass, PVC-coated steel
window frames can diminish the building’s heating and cooling demands more effectively
than thermally broken aluminium alloy window frames, while also providing reduced
material expenses, leading to enhanced energy efficiency and economic viability [40]. This
outcome aligns with research on retrofitting existing external windows, validating the
efficacy of low-thermal-conductivity window frames in upgrading older office structures
in frigid climates. For roof insulation retrofits, a clear diminishing-returns trend emerges:
although increasing insulation thickness consistently lowers a building’s energy use, the
energy savings per additional unit of thickness decline; beyond 80 mm, further increases
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provide minimal additional energy savings [41]. This trend aligns with studies on building
thermal performance and shows that improving roof insulation should not focus solely on
increasing thickness; instead, it is essential to balance energy efficiency with construction
costs [42].

A comparative analysis of the economic evaluation indicates notable disparities in
energy-saving returns per investment unit among the three categories of building envelope
retrofitting: XPS insulation boards on roofs yield an SIR of 5.335 kWh/yuan at a 20 mm
thickness, consistently exceeding 2.0 throughout the 20–80 mm thickness spectrum; the
external wall insulation utilising expanded polystyrene (EPS) boards presents the highest
efficiency, with an SIR of 1.487 kWh/yuan Nonetheless, it is important to recognise that
although external windows exhibit the highest energy-saving potential per square metre,
the expense associated with replacing a complete window significantly exceeds that of
substituting wall and roof insulation materials; therefore, the incremental energy-saving
advantage of such an investment diminishes swiftly as the unit cost escalates. It is important
to recognise that the SIR indicates energy-conservation benefits per unit of expenditure
rather than total energy conserved. Nevertheless, the findings do not diminish the energy-
saving significance of external window renovation. Practically, with limited renovation
funds, the focus should be on thermal insulation improvements for roofs and external walls.
In contrast, evaluate external window replacement based on pragmatic factors such as
comprehensive building envelope refurbishment and the condition and expected lifespan
of the windows and doors.

5.2. Limitations of the Study and Future Directions

Despite this investigation’s comprehensive findings, several constraints remain. Ini-
tially, the research focused primarily on the climatic conditions in Xi’an; the relevance of
the findings to structures in other frigid or diverse climatic areas requires further validation
and adaptation. Second, adjusting the standard model to empirical measurements requires
further validation with field data to improve simulation precision. Ultimately, since the
main aim of this research was to assess the comparative economic advantages of various
retrofitting strategies, the SIR indicator was chosen as the economic assessment metric;
nonetheless, more extensive economic indicators—such as energy price variations, dynamic
payback durations, and life-cycle expenses—were excluded, representing a limitation of
this study.

Future research could be conducted in the following areas: firstly, by expanding the
scope of the study to cover more cold and other climatic regions in China, and further
refining the analysis of the economic benefits and renovation strategies associated with wall
insulation and window refurbishment; secondly, by introducing intelligent control systems
and combining them with emerging energy-saving technologies such as dynamic shading
and smart glass to enhance the overall energy efficiency and indoor comfort following
building refurbishment; finally, a full life-cycle economic analysis should be conducted,
incorporating more comprehensive economic indicators—such as fluctuations in energy
prices following building retrofitting and dynamic payback periods—to establish a more
comprehensive economic evaluation system, thereby providing a more thorough basis for
decision-making regarding energy-efficient building retrofitting.

6. Conclusions
This study examines the renovation of building skin in Xi’an’s cold-climate regions,

employing an energy consumption simulation model to systematically evaluate the energy-
saving impacts of diverse refurbishment strategies including exterior wall thermal insula-
tion, window materials, and roof insulation. The results demonstrate that renovating the
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building skin can substantially decrease operating energy usage and markedly enhance the
building’s energy efficiency.

Various restoration strategies yield differing levels of energy conservation in the
heating, cooling, and lighting of buildings. Concerning exterior wall insulation, EPS ex-
ternal wall insulation can diminish heating and air-conditioning energy usage by roughly
29.8% (which corresponds to about 19.5% of total yearly energy consumption); for external
windows, utilising Low-E double-glazed units in conjunction with uPVC-framed (uPVC
window frame with steel reinforcement) can lower heating and cooling energy consumption
by about 12–15%. In roof retrofits, 80 mm is the threshold for insulating board thickness:
below this, energy consumption diminishes substantially; however, as thickness increases
from 80 mm to 200 mm, the reduction in energy consumption is only 0.3%. Considering
the energy efficiency outcomes and economic viability of all strategies, this research has
ultimately pinpointed the subsequent refurbishment plan as providing the maximum en-
ergy conservation advantages per investment unit: an EPS external wall insulation system,
Low-E double-glazed units, uPVC-framed (uPVC window frame with steel reinforcement),
and XPS roof insulation panels ranging from 20 mm to 80 mm in thickness. This initiative
holds considerable promise for broader implementation as a method for validating the
energy-efficiency advantages of buildings in terms of units of investment.

Concerning model precision, the research formulated a benchmark model utilising
empirical data and enhanced it through simulation trials with various façade structures;
the variance between the simulation outcomes and the empirical data remained within an
acceptable limit, thus affirming the efficacy and dependability of the model created in this
investigation. Additionally, a representative model was developed utilising field survey
data from 26 ageing office structures in the Xi’an region. This model methodically assessed
the energy conservation and financial advantages of upgrading various building envelopes
in older office structures located in Cold Climate Zone B, serving as a pragmatic reference
for energy-efficient retrofits in cold climates while also delivering scientific insights for
design choices in engineering within the construction sector.
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