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Analyzing building loads and energy-efficient retrofits is crucial for effective en-
ergy management and sustainable development. Strengthening the identification 
and analysis of factors that impact energy consumption is informative for devising 
appropriate measures. In order to address the current limitations in analyzing 
building energy consumption, the present study proposes a combination of the arc 
elasticity analysis method with CO2 storage technology. By introducing sensitivity 
and arc mean elasticity indices, the cooling and heating loads of building energy 
consumption can be analyzed. Subsequently, a CO2 refrigeration system and com-
pression process can be designed to optimize the storage of CO2 and facilitate its 
role in energy conservation and reduction of energy consumption. Thus, the re-
search aims to fulfill the potential of CO2 in promoting energy efficiency and re-
ducing consumption. The study utilized software simulation and experimental 
analysis to examine the impact of the proposed method. The findings revealed a 
positive correlation between the heat transfer coefficient and the building's annual 
heat load. In addition, the maximum data variation of the building's cold load was 
a mere 0.05 per cent, and the relative discrepancy between the software simulation 
and the actual load values was less than 10 per cent. The exterior building's total 
cold load value showed a difference of more than 25 per cent when cooled with 
CO2 intervention compared to the non-intervention result. Furthermore, the build-
ing's maximum load reduction reached 3.4 per cent when uniformly varying the 
thickness of the insulation layer from 40 mm to 100 mm. The proposed method 
demonstrates a positive impact on building energy sensitivity analysis. Its energy 
loss design for various parts of the building could offer useful references for prac-
tical engineering designs. 

Key words: arc elasticity analysis, CO2, building load, 
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Introduction 

Energy is essential for enhancing a country's strength, improving quality of life, and 

promoting economic development. However, overuse of energy is associated with significant 

environmental and social problems. To address this situation, improving energy efficiency has 

become an important focus for all industries [1]. One of the goals outlined in the 13th Five-Year 
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Plan is to meet energy-saving standards in the construction industry. The plan aims to promote 

the implementation of energy-efficient technology (EET) in various sectors, including construc-

tion and industry, within the framework of resource efficiency. This is a demand that resonates 

with the public and the country at large [2]. The expansion of building space and the widespread 

use of heating equipment have increased residents' comfort but also heightened the risk of en-

ergy waste. Traditional heating equipment is susceptible to internal and external interference 

factors, resulting in a fifth of energy loss, with uneven heating being a significant contributing 

factor [3]. The focus of building EET research is shifting from single energy-saving preserva-

tion towards sustained efficiency. An analysis of the degree of sensitivity of building energy 

efficiency factors to energy consumption can aid in distinguishing between primary and sec-

ondary energy efficiency implementation. Sensitivity analysis is a method utilized to evaluate 

how a model or system is responsive to alterations in input parameters. This analytical approach 

enables us to comprehend the model's steadiness and resilience. By noting changes in input 

parameters, examining regular variations is advantageous for decision-making and risk evalu-

ation [4]. Arc elasticity analysis (AEA), a fundamental principle of mechanical equations and 

materials mechanics, is employed in building load (BL) and energy-saving analysis. This ena-

bles assessment of a building's energy consumption and thermal environment to aid in the se-

lection and optimization of measures to save energy [5]. A parameter sensitivity analysis can 

assist in elucidating the interrelationship between the energy consumption load of a building 

and its structural parameters. The building arc averaging method enables the analysis of the 

sensitivity between building energy consumption load and energy-saving renovation technol-

ogy. It also permits the comparison of the effects of different parameters on building energy 

consumption load. Furthermore, it provides parameter suggestions and guidance for reducing 

building energy consumption load in severely cold areas. A sensitivity analysis is a quantitative 

analysis that examines the degree of influence of a specific factor or a combination of factors 

on a target variable. A sensitivity analysis of building energy consumption load is a local sen-

sitivity analysis, which is defined as an analysis that examines the impact of single parameter 

changes on load. In contrast to global sensitivity analysis, arc mean elasticity, as a dimension-

less indicator, permits the direct analysis of the sensitivity of different factors to the dependent 

variable, as well as the analysis of all data pertaining to the target result. The calculation is 

straightforward and impartial, enabling the ranking of sensitivity between different parameter 

factors, the analysis of the trend of sensitivity changes of parameters, and the provision of more 

comprehensive analysis functions [6, 7]. The arc mean elasticity calculation method can be 

employed to analyze the influence of disparate factors on the annual cooling and heating loads 

of buildings, circumventing the potential for quantification errors associated with different fac-

tors. Furthermore, it enables a comprehensive analysis of BL. Therefore, this study integrates 

AEA with CO2 storage technology to enhance building energy efficiency and examines the 

factors that impact building energy consumption. The ultimate goal is to provide more precise 

and targeted recommendations. The study innovatively combines AEA and CO2 technology to 

analyze building energy efficiency and incorporates a sensitivity analysis to examine the factors 

that must be considered for retrofitting building energy efficiency, both vertically and horizon-

tally. The ultimate aim is to reduce heating energy costs and wastage whilst ensuring occupants' 

comfort. The study examines the use of building envelopes and energy conservation by review-

ing literature and discussing current EET. The second part of the study focuses on the use of 

AEA and CO2 storage technology to address building envelopes and energy conservation. The 

effectiveness of the methodology is evaluated in the third part of the study using software sim-

ulation and case studies. The conclusion summarizes the findings of the full study. 
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Related works 

The distribution of clean energy within China's residential buildings demonstrates no-

table climatic and geographical features. Scholars Wu [8] analyzed the production and con-

sumption of clean energy using the STIRPAT model and found that solar power and wind en-

ergy are the predominant methods of utilizing clean energy in both the northern and southern 

regions. These results provided valuable data support for the energy upgrade of the city's resi-

dential buildings. Guo et al. [9] argued that in the current energy-saving retrofit market for 

existing buildings, energy-saving service companies can better facilitate energy savings by en-

hancing operational and developmental optimization of the retrofit market. In response to the 

current severe climate crisis, one of the shallow ground source heat pump systems has demon-

strated a broader carbon reduction application with the help of load-bearing structural elements 

for heat transfer. However, the energy pile analysis in this system technology does not take into 

account the variability of the spatial medium and is affected by model uncertainty. Based on 

this, Shi and Wang [10] scholars carried out thermal-mechanical load transfer mechanism anal-

ysis and soil parameter modelling with the help of stochastic finite difference model and Bayes-

ian compression perception. The results showed that the method can achieve the quantification 

of uncertainty index, and it shows good sensitivity to the measurement of structural data. Zhu 

et al. [11] scholars verified with the help of experiments that the insulated concrete wall system 

exhibits lower energy consumption on the exterior walls of the house, and its thermal mass wall 

achieves better heat storage. Green roofs can play a better role in thermal insulation, and Cai et 
al. [12] scholars conducted a study on the ecological benefits of green roofs with the help of 

experimental research and numerical simulation. The results indicated that the design of green 

roof can effectively play the energy saving and ecological benefits, and the annual carbon emis-

sion reduction reached 9.34 kg/m2, effectively reducing the energy consumption of the building. 

Aiming at the current situation and development trend of energy consumption, Li [13] 

scholars proposed that coal development can be innovated in the directions of development, 

conversion, carbon capture, utilization and storage, and put forward corresponding key tech-

nology descriptions. Li et al. [14] established a decoupling effort model between CO2 and re-

gional economy with the help of two-stage decomposition model and decoupling index, and 

with the help of data analysis, the researchers believed that accelerating the adjustment of power 

generation structure can promote the development of power industry. Garimella et al. [15] 

scholars considered the phase-out of synthetic refrigerants used for vapor compression heating 

as the main current difficulty in the energy section of buildings, based on which he proposed 

building energy reduction with the help of carbon-free heat and desiccant-coated heat exchanger 

technology and provided an engineering solution. The results showed that this energy saving 

method was effective in reducing energy losses and carbon emissions. Liu et al. [16] scholars 

proposed PV, energy storage and flexible building power system operation scheme and con-

structed a numerical model of PV energy storage with the optimization objective of compre-

hensive building efficiency. The results demonstrated that the method can effectively control 

the cost and show better efficiency and effectiveness in energy consumption and carbon emis-

sion limitation. For the current oilfield CO2 capture and storage technology, Guofeng [17] 

scholars developed a low-energy decarbonization technology based on a new type of activator 

through simulation calculations and experimental practice, and designed different pipeline net-

work delivery operation modes as well as three kinds of CO2 recycling and injection technolo-

gies. The results showed that this CO2 sequestration and safety detection technology can effec-

tively achieve low-energy CO2 capture with good sequestration effect. 
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Most scholars in the field of building energy efficiency agree that employing clean 

energy, incorporating insulation materials, designing carbon-free technology, and conducting 

analysis and design using the STIRPAT model and other numerical models and parameters are 

beneficial. However, the research undertaken in this area is relatively common and to some 

extent, it is challenging to analyze the demand for building energy consumption. Therefore, the 

study integrates both AEA and CO2 storage technology into structural theory. It examines build-

ing energy consumption through software simulation, experimental analysis, process design, 

and other methods, with the aim of offering practical recommendations for energy efficiency 

and emission reduction in building design. 

Design of AEA combined CO2 storage technology in

building retrofits 

The significance of enhancing building energy efficiency as a policy measure for pro-

moting sustainable development is increasingly gaining attention. Given the present state of 

building energy efficiency and its attendant challenges, this study suggests that a combination 

of AEA and CO2 storage technology could be implemented for BL and retrofit analysis. The 

AEA would examine the building's energy load, while CO2 storage technology would aid in 

better energy management and consumption reduction through process design and other means. 

This combination would support the development of a skills programme and guarantee the 

practicability of its implementation. The combination of these two factors promotes the creation 

of targeted skills programmes and guarantees their practicality. Using the arc-elastic mean 

method to analyze BL and CO2 technology compression preparation technology, this study fo-

cuses on energy saving and consumption reduction. The study analyzes the factors and contents 

that affect energy demand of buildings, including sensitivity index, compression refrigeration 

system and compression process. The goal is to provide actionable suggestions for energy-sav-

ing renovations and achieve sustainable energy management for buildings. 

The AEA design in building load 

The AEA in the field of construction engineering is a method of analyzing and eval-

uating structures, which is used as an analytical method in structural mechanics to analyze the 

behavior and response of a structure when subjected to forces with the help of the theory of arc 

elasticity. The method predicts the deformation and stress distribution of a structure under force 

by considering the arc characteristics of the structure and the elastic properties of the material, 

which is modeled and analyzed as an approximate numerical method. Analyzing the load re-

sponse of a building under different environmental conditions can identify energy wastage in 

the building, and AEA enables the energy flow of a building to be quantified, improving the 

safety and stability of building analysis [18, 19]. Arc elasticity emphasizes the difference in 

mean values before and after the change of different demand points on the arc, therefore the 

study applies the AEA method to the building analysis to design the retrofit from the income of 

sensitivity analysis of energy consumption factors. Sensitivity analysis theory is originally ap-

plied to the theory of the role of incentives in automatic control and economics, which is mainly 

with the help of quantitative ways to analyze the impact of changes in factors on the target 

structure, according to the difference in the number of its factors, it can be divided into local 

sensitivity and global sensitivity analysis. The sensitivity equation can be expressed as: 

OP OP
IC

IP IP

 
= =
 

 (1) 
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where DOP is the amount of input parameter changes and DIP – the amount of output parameter 

changes. The study is based on the specificity of the research object, and the arc-mean elasticity 

is chosen as the analysis index, then the equation is changed into: 

OP OP
MAE

IP IP

  
=        

 (2) 

where ,IP OP  is the mean value of input parameters and output parameters in the range of 

changes. Arc-mean elasticity in the conduct of indicator analysis can directly achieve the degree 

of sensitivity of different factors change on the dependent variable, and more according to the 

trend of its change and the interval to determine the degree of sensitivity, has a better objectivity 

[20]. In the process of BL analysis, the arc-mean elasticity indexes can be introduced in the 

building cold load, heat load, average cold load, and average heat load to carry out the sensitiv-

ity analysis of factor changes. Where the arc-mean elasticity index of cold load can be expressed 

with the help of: 
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where a  is the average value, xcQ  – the average value of a factor over all taken values of 

building cooling loads, Dax,x+1 – the amount of change, DQxc,(x+1)c – the amount of change in 

building cooling loads, and ACMAE – the average arc-mean elasticity index of building heat 

loads. The heat load and the associated mean values can be solved similarly along the lines of 

equation. The average arc-mean elasticity index under different loads can be used to make a 

horizontal comparison of factors, which in turn affects the sensitivity ranking of the BL impact 

factor, and can better solve the problem of prioritization in building energy efficiency. 

Building energy efficiency involves a wide range and variety of more, and to a certain 

extent, showing regional and targeted, so the study of building energy efficiency analysis, from 

the building envelope, building environment heat disturbance control and air conditioning en-

ergy saving three aspects of the analysis. The building envelope, including external walls, 

Figure 1. Schematic diagram of sensitivity analysis scheme for external and 

internal walls of the enclosure structure 



Gao, L., et al.: Application of Arc Elasticity Analysis Method Combined … 2750 THERMAL SCIENCE: Year 2024, Vol. 28, No. 3B, pp. 2745-2764 

external windows, roofs, etc., is an important part of energy consumption control, and its loss 

can basically account for about 60% of the total loss, and different materials and operating 

methods can lead to changes in heat transfer coefficients in different buildings, and therefore 

the main EET used are also different [21]. In contrast, the thermal disturbance control of the 

built environment includes three main aspects: indoor personnel, equipment, and lighting. The 

study is analyzed in the energy efficiency retrofit of the building based on the limit values of 

its different structures. Among them, in the external envelope, the study is based on the original 

wall structure, affecting the heat transfer coefficient by changing the thermal insulation layer, 

and changing its thickness to achieve load sensitivity analysis. The retrofit programme is shown 

in fig. 1. 

The study is carried out by setting different thicknesses of insulation under the original 

building envelope coefficients and analyzing the coefficients by varying the difference of the 

coefficients uniformly for better analysis of the change in cooling and heating loads of the 

building. The sensitivity of the roof can be analyzed with the help of the same analytical idea, 

the scheme of which is shown in fig. 2. 

The thickness of the insulation layer can be increased to enhance its thermal insulation 

performance. However, to achieve energy efficiency benefits simultaneously, a study is con-

ducted to determine the economic thickness using the life cycle depletion method. The mathe-

matical expression of this method is presented in: 

293.94 ( )
f

op i o w

c i

PWFC DD
R R R

H C


 




= − + +  (4) 

where dop [mm] denotes thickness of economic insulation, PWF – the discount factor, Cf, and 

Hc – the coal price and heat generation, DD – the number of heating degree days, l – the thermal 

conductivity coefficient, Ci – the price of insulation materials,  – the efficiency of the heating 

system, and Ri, Ro, Rw are the thermal resistance within the wall, outside, and in the envelope, 

respectively, [22]. The buildings selected by the research institute are situated in cold regions, 

and their cooling load can be studied using the average value, obviating the necessity for a 

separate explanation of the cooling load. Nevertheless, the heat load in cold regions is subject 

to a number of variables. The calculation of the thickness of the insulation layer not only en-

hances the insulation performance of buildings but also facilitates the observation of energy-

saving benefits. Subsequently for the thermal control of the building environment in the 

Figure 2. Schematic diagram of roof sensitivity analysis scheme in the enclosure structure 
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sensitivity analysis, such as in the analysis of public buildings need to be analyzed from the 

personnel density, lighting power two aspects of the analysis, the personnel density and the size 

of the lighting power will have an impact on the building's energy saving situation. 

In the process of building operation, the cooling and heating effect of the air condi-

tioning system will occupy a large proportion of the building energy consumption, common 

civil building heating design specifications for interior design put forward a certain range of 

provisions. In the heating condition, the relative humidity is set to be more than or equal to 30% 

when the temperature is 22~24 ℃, at this time, the thermal comfort level is one. Under cooling 

conditions, the comfort level is one when the temperature and humidity are 24~26 °C and 

40~60%, respectively [23]. Therefore, the study needs to calculate the arc-mean elasticity index 

under different air-conditioning temperatures when carrying out the analysis of the building 

cooling and heating loads, and select the cooling and heating loads of the space as 2173.49 kW 

and 1987.54 kW, respectively, with the cooling source being the rated screw chiller and the 

heating source being the secondary water treated by the plate heat exchanger. At the same time, 

taking into account the dynamics of the load under the change of outdoor environmental pa-

rameters, the pump speed is adjusted with the help of pump frequency conversion technology 

to reduce the energy consumption of air conditioning. Where the relevant parameters of the 

water pump change as shown in: 
2 3

2 2 2 2 2 2

1 1 1 1 1 1

, ,
Q n H n N n

Q n H n N n

   
= = =   

   
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        (4) where Q is the flow rate, H – the head, N – the shaft power, and n – the pump speed. Equation 

(5) references the ratio in the fan water pump, where subscripts 1 and 2 represent water pump 

machine 1 and water pump machine 2, respectively: 

0

( ) 0
tP

t

t

CI CO
=

− =  (6) 

where Pt [year] is the static investment payback period, CI [Yuan] – the cash inflow, CO [Yuan] 

– the cash outflow, and t represents the year. The initial cost encompasses the expenses associ-

ated with the construction and subsequent maintenance of the renovated building. The renova-

tion cost encompasses the expense of renovating the outer enclosure structure, which is primar-

ily attributable to the cost of installing the insulation layer. The operating cost primarily affects 

the cost of maintaining a comfortable internal environment through personnel, lighting adjust-

ments, and air conditioning energy conservation. 

The CO2 storage technology design for building energy retrofits

The CO2 storage technology is an important method of combating climate change and 

carbon emissions by safely storing captured CO2 gas in underground rock reservoirs to reduce 

CO2 technology in the atmosphere. Commonly applied CO2 storage technology is realized with 

the help of carbon capture and sequestration technology, or CO2 is used as a building refrigerant 

or heating medium to perform heat transfer properties, which in turn achieves the effect of 

reducing energy consumption [24]. Also the application of CO2 storage technology in materials 

can better improve the insulation and heating system of buildings, reduce the dependence on 

traditional energy sources, and reduce the energy consumption of buildings [25]. In order to 

reduce building energy consumption, the study is based on the principle of CO2 compression 

refrigeration, clean CO2 as a refrigerant for thermal insulation research, the system content 
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includes compression refrigeration system as well as two aspects of the thermal insulation sys-

tem, its system layout structure diagram shown in fig. 3. 

While the compression refrigeration system consists of a compressor, a cooler, an 

expander and a heat exchanger, the insulation system consists mainly of intelligent ducts at-

tached to the building surface. The low temperature, low pressure CO2 is heated up in the ducts 

and then compressed adiabatically for specific zones. The CO2 can enter the heat exchanger in 

the smart duct for constant pressure heat absorption after processing in the refrigeration system 

to reduce its surface temperature, forming a cycle between the two systems. In the analysis of 

the energy consumption of the building, it is analyzed with the help of the thermal time constant 

model of the building mass, which considers the presentation of a particular temperature as a 

superposition of several temperature process effects, the mathematical expression of which can 

be seen in: 

( ) ( ) ( )a b sol lwt t t t  = +  − (7) 

where ( )at   is the air temperature, ( )at   – the base temperature, ( )solt   – the change in air

temperature due to solar radiation heat in the building complex, ( )lwt   – the falling tempera-

ture under long wave radiation, and   – the calculation time. Changes in solar radiation cause 

the heat situation in the air to occur waveforms of which the change in temperature due to 

changes in solar radiation can be expressed as: 

0

( ) ( ) 1 expsol pen

m t
t I

CTTC

 




 



=

=

 −  
 =  −   

  
  (8) 

where m is the solar radiation absorption rate of the lower mat surface, a – the integrated heat 

transfer efficiency, ( )penI   – the time-averaged step of daily direct solar radiation illumination 

per unit area, and CTTC – the thermal time constant of the building complex. The heat transfer 

brought about when solar radiation irradiates the building façade can be calculated as a time-

dependent cold load, the mathematical expression of which is given in: 

( )o o lo dl a p nQ K F t t C C t= − −    (9) 

Figure 3. Schematic diagram of CO2 compression system 
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where Ko is the heat transfer coefficient of the external wall, Fo – the area of the external wall, 

lot  – the hour-by-hour value of the cold load, dlt  – the location correction coefficient of the 

enclosure, Ca – the corrected value of the exothermic coefficient of the external surface, and Cp 

– the corrected value of the solar absorption coefficient of the external surface of the enclosure.

In the building structure, for the temperature increase of CO2 in the duct in the calculation model, 

where the thermal time constant can better reflect the heat storage capacity of the structure. 

Where the integrated heat transfer coefficient is under the consideration of radiation and con-

vection effects, where the average integrated heat transfer coefficient under the urban cover can 

be expressed as: 

r v  = +  (10) 

where e is the emissivity of the cryogenic surface, ar – the radiative heat transfer coefficient, 

and av – the convective heat transfer coefficient caused by the wind speed of the lower mat. 

The primary function of CO2 storage technology is to alter the flow rate of gas by compressing 

its volume. This principle has been the subject of research into the use of clean CO2 as a refrig-

erant and insulation. The parameters that influence CO2 storage technology include the effi-

ciency of the compression machine and the settings of external conditions (air ducts). In the 

absence of alterations to the volume and coverage area of the exterior wall, the supplementary 

cooling capacity resulting from solar radiation within the building can be diminished by the 

installation of air ducts on the surface of the wall. A study is conducted on building models to 

assess the impact of air ducts on heat transfer. The study considers a CO2 flow thickness of 20 

mm and a thermal conductivity of 0.08 W/m2℃. The findings are used to modify the formula 

and derive an: 

1

1 1
c

r h




 

=
 

+ + 
 

(11) 

where ac is the corrected comprehensive heat transfer coefficient, h – the convective heat trans-

fer coefficient of the air duct, l – the absorption rate of the underlying surface, and d – the wind 

speed. 

The current carbon capture for CO2 is still facing high cost and material sustainability 

issues, the research design analyses the CO2 compression system to better achieve energy sav-

ing and consumption reduction. the CO2 compression process flow is shown in fig. 4. 

The decarbonized CO2 gas is removed from impurities by a droplet separator, cooled 

by pressure compression, and the separated oil and water products are fed into the desulphuri-

zation process for desulphurization, filtration, compression and cooling until the final product 

is fed into the high pressure synthesis system. It should be noted that the volume of CO2 gas 

decreases more quickly, and in practice, the production load of the compression system is usu-

ally related to the gas flow rate value, then with the help of the Klaber equation and the mass 

of the substance for deduction, when the temperature of the compressed gas rises, it is easy to 

cause the system of ammonia-carbon ratio imbalance, so it is necessary to pay attention to the 

system cooling and loading situation. 

Effectiveness of the application of combined treatment technology in 

building load and energy saving retrofits 

In the experimental process, the study is carried out with the help of Designers Simu-

lation Tookit (DeST) software for building model construction and analysis, DeST software to 
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natural room temperature for building and environmental control links, its design and simula-

tion process of the stage can better reflect the idea of the stage of the sub-points, and the soft-

ware also has a good inclusiveness and openness. The DeST software includes indoor lighting 

module, natural ventilation simulation module, meteorological module, building shading cal-

culation, and air conditioning system scheme and air handling equipment module, etc. An old 

building in a city with a height of 23 m and a floor area of 6500 m2 is selected as the object of 

the study, and its floors are divided into an above-ground part (6 floors) and a below-ground 

part (1 floor). At the same time, the building area has a typical oceanic climate, with an average 

annual temperature and average precipitation of 12.5 °C and 778 mm, respectively, and the 

outdoor humidity and solar radiation in the area can be seen in fig. 5. 

The maximum humidity of the air in this area can reach 15.51 g/kg, and the maximum 

solar radiation can reach 1066.05 W/m2, and the overall data shown has a large fluctuation and 

seasonality. The objective is to analyze the energy consumption status of the building area, with 

a particular focus on the above-ground portion. The original building prototype featured curved 

walls, which the DeSt software is unable to accurately represent. Consequently, the study 

Figure 4. Schematic diagram of CO2 compression process 

Figure 5. Outdoor moisture content and solar radiation; (a) outdoor moisture content and 
(b) outdoor solar radiation situation 
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simplified the curved walls during wall construction and designed them in the form of multiple 

line segments. During the model construction process, the merging of air-conditioned rooms 

with the same orientation yields a schematic diagram of the model, as illustrated in fig. 6. 

Subsequently, the parameters of the building model are designed, and the detailed 

results of its parameters are shown in tab. 1. 

For the thermal disturbance parameters of the building, the study makes a comprehen-

sive judgement based on the energy saving design standard for public buildings, setting typical 

room parameters, including the lighting situation, the flow of people and the air-conditioning 

system settings. It is recommended that load sensors be installed in various key locations of the 

building, including power, lighting, air conditioning, and heating, in order to monitor energy 

consumption in real-time and record daily, weekly, or monthly energy consumption data of the 

building. This data should include electricity consumption, water consumption, and gas con-

sumption, among other things. Additionally, the energy consumption of various parts of the 

building at different time periods should be monitored, including that of enclosure structures, 

air conditioning energy efficiency, and so forth. The data obtained from real-time monitoring 

Table 1. Parameter information table 

Building 
structure 

Structural materials 
Structural 
parameters 

Heat transfer 
coefficient 

K [Wm–2K–1] 

Enclosure 
structure 

Exterior 
wall 

Mixed mortar reinforced concrete 
polystyrene cement mortar 

200 mm 
insulated wall 

0.96 

Inner 
wall 

Cement mortar - reinforced concrete - 
cement mortar 

140 mm 
thick wall 

/ 

Floor Reinforced concrete cement mortar 
200 mm 

thick concrete 
1.1 

Floorslab 
Cement mortar - reinforced concrete - 

cement mortar 
150 mm 

reinforced concrete 
2.7 

Roof 
Oil felt cement mortar polystyrene 
reinforced concrete mixed mortar 

120 mm insulation 
and waterproof layer 

0.98 

Figure 6. Building model diagram; (a) DeSt model of the building, 
(b) Architectural prototype diagram, (c) southeast side of the DeSt 
model of the building, and (d) northeast side of the architectural 

DeSt model 
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must be processed, analyzed, and compared in order to ascertain the actual load situation of the 

building. Subsequently, the cooling and heating load conditions of the building can be simulated 

and calculated, with the results presented in fig. 7. 

Figure 7 shows that the software simulation results in the load situation and the actual 

results are generally the same, the maximum cooling load of 1963.25 kW, the maximum heat 

load of 1828.02 kW. The simulation results and the actual results in the maximum cooling load 

and the maximum heat load of the relative error results in the maximum load of not more than 

10%, the data are 8.64% and 8.23% respectively. The reason for this result is that the simulation 

software can grasp the relationship between different structural parameters in a dynamic way, 

and the error exists due to the fact that the actual results are presented as instantaneous results, 

and the load results will be somewhat different due to the way of calculating the heat transfer 

Figure 7. Calculation results of cooling and heating load for buildings; (a) annual hourly air 

conditioning load per unit area and (b) relative error results between simulated and 
actual load results 

Figure 8. Test results of different simulation software; (a) winter daily room temperature, 
(b) summer day room temperature, (c) room cooling load and (d) room heat load 
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coefficient. A comparative analysis is conducted on the simulation models proposed in the study. 

To facilitate a meaningful comparison, a room in the northwest corner of the building is selected 

for analysis under identical parameter settings. The results are presented in fig. 8. 

Figure 8 illustrates a notable discrepancy between the indoor temperature estimates 

generated by the two software programs and the actual measurements. In particular, during the 

summer months, the EnergyPlus simulation software exhibits an average discrepancy of at least 

0.5% in comparison to the actual results, which is observed after a period of over 10 hours. 

Conversely, during the winter season, a certain degree of discrepancy persists between the sim-

ulation results of the EnergyPlus software and the actual results. The simulation outcomes of 

the DsST software proposed in the study are highly concordant with the actual outcomes. Fur-

thermore, the discrepancy between the simulation results of the EnergyPlus software and the 

actual data in terms of heat and cooling loads exceeds 5%. Additionally, there is a lack of data 

in the simulation results under heat load conditions. The aforementioned results demonstrate 

that the simulation software proposed in the study is effective in practice. The study takes into 

account the economy and rapidity in the process of energy-saving renovation, the study changes 

the original heat transfer coefficient of the building, and analyses the sensitivity of the building 

under the arc-elastic mean index, and the results are shown in fig. 9. 

The results in fig. 9 show that there are some differences in the BL situation at differ-

ent heat transfer coefficients for the exterior walls. Specifically, there is a positive relationship 

between the heat transfer coefficient and the annual heat load of the building, and at a coeffi-

cient of 0.86 W/m2K, reaching a maximum heat load of 143289.11 kWh. The data change of 

the building cold load is overall smaller, and its effect is much smaller than that of the heat load, 

with the maximum change in the data reaching 0.05%. From the BL arc-mean elasticity values, 

Figure 9. Load situation and arc mean index of exterior walls and roofs 
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the maximum values of arc-mean elasticity of cold load and arc-mean elasticity of heat load are 

3.08 per cent and 14.13 per cent, and the average arc of the total load is 6.05 per cent for the 

range of heat transfer coefficients of the external walls from 0.36 W/m2K to 0.86 W/m2K. The 

overall trend of numerical changes in the three curves is relatively stable, and the building heat 

load is more sensitive under the change of the number of heat transfers from the external walls. 

Subsequently, the BL of the air-conditioning system at different temperatures is statistically 

analyzed, and the results are shown in fig. 10. 

Figure 10 results show that when the air-conditioning temperature setting temperature 

of 25 C to 26 C, the arc mean elasticity value of the comprehensive cold load of the building 

changes basically more than 300 per cent, and with the rise of the building floors, the average 

value of its cold load also shows slight fluctuations, but fluctuations of no more than 5 per cent, 

the building's heat load change is slightly lower than the cold load situation. Rooms with higher 

floors are more sensitive to cold temperature changes than to heat loads. The humidity condition 

is varied from 40% to 70%, the study selected the rooms of the floors with intermediate number 

of floors for load sensitivity analysis and the results showed that the reduction of humidity in 

the rooms brings about a reduction in the cold load. The arc-mean elasticity change curves of 

the cooling loads of different floor buildings show a decreasing trend, where the 3rd floor has 

a reduction of 54126.27 kWh when the humidity is reduced from 70% to 40%. Subsequently, 

the energy effect of the pump regulation method proposed by the study is analyzed and the 

results are shown in fig. 11. 

The results in fig. 11 show that the pump-regulated system shows a reduction in en-

ergy consumption compared to the theoretical data, and the reduction in energy consumption 

Figure 10. The BL and arc mean under different temperatures and humidity; 
(a) changes in cooling load on different floors, (b) heat load changes on different floors, 
(c) cooling load of building floors under different humidity levels, and 
(d) cooling load of building floors under the same humidity 
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reaches a maximum of 16.54% at a rated flow rate of 70%. The overall trend seems to be that 

the improved method results in a significant reduction in energy consumption. At the same time, 

the supply and return water data of the air conditioning system also showed that the temperature 

difference between the water temperature decreased significantly, with the maximum tempera-

ture difference decreasing from 8.5 ℃ to 0.4 ℃. The cooling load of the building with CO2 

technology is then analyzed and the results are shown in fig. 12. 

Figure 12 shows that with the gradual increase of the compressor suction temperature, 

the water content volume fraction of CO2 is showing a decreasing trend, which shows an average 

water volume fraction of 1.4% at a temperature of 10 ℃, and an average water volume fraction 

of 11.83% at a temperature of 50 ℃. After the application of CO2 compression technology, the 

parameters of the equipment also changed, in which the second out pressure, four into the tem-

perature are less than 1.4 MPa and 140 ℃, and the flow rate and output are also improved com-

pared with the application of the former. The above results show that CO2 compression technol-

ogy can better reduce the water content in the system, which is helpful for the reduction of energy 

consumption in the compression process of the system. In addition, the BL situation under CO2 

cooling technology is statistically analyzed and the results are shown in tab. 2. 

Figure 11. Energy consumption and temperature difference changes under 

water pump regulation method; (a) water pump energy consumption and 
(b) temperature difference between supply and return water of air conditioning chilled water 

Figure 12. The CO2 application effect; (a) moisture content of CO2 under different temperature 
and pressure and (b) equipment operating parameters before and after application 
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 The results in tab. 2 show that the total cooling load values of the facade building 

under CO2 intervention cooling are significantly lower than the results without intervention, 

and the maximum load difference between the two is more than 2 kW with the enhancement of 

time, with the maximum difference magnitude exceeding 25%. The cold loads on the façade of 

the building show a small overall fluctuation over time, with the loads changing from 6.22 kW 

to 8.53 kW in the intervention scenario, with a variation of 37.13%. The heat transfer values of 

the façade with air ducts reached the minimum (1.49 kW) and maximum (2.79 kW) values at 9 

and 18 hours, with a significant improvement in the radiant effect. The CO2 treatment has a 

significant intervention effect on the cold load of the building. The total cooling load of the 

exterior wall after setting up the air duct is statistically analyzed, and the results are shown in 

tab. 3. 

The results presented in tab. 3 demonstrate that following the installation of air ducts, 

the cooling load changes of the building exhibit a relatively stable pattern over different time 

periods, with a notable reduction in the value of radiation heat. Further analysis is conducted 

on the compression system proposed in the study, and the results are presented in fig. 13. 

The results presented in fig. 13 demonstrate that the energy consumption of the com-

pressor exhibits a notable decline across a range of heat transfer efficiencies, with a reduction 

from 80 kW to 68 kW. The energy consumption of the cooler is also affected, with a decrease 

from 70 kW to 60 kW. The numerical alterations to the heat exchanger are relatively minor. 

With an increase in heat exchange efficiency, there is a notable decline in the thermal efficiency 

of the compressor and cooler. Consequently, the operational efficiency can be enhanced by 

optimizing the heat transfer efficiency of the compressor within the compression system. Sub-

sequently, a technical and economic analysis is conducted on the simulation method proposed 

in the study. This analysis reveals that the extruded polystyrene insulation performed better in 

terms of price and cost, as well as economic thickness. Consequently, the results of the BL 

Table 2. Changes in cooling load of exterior wall buildings under CO2 cooling intervention 

Hourly cooling of external walls [kW] 

Time 3 6 9 12 15 18 

Total load without CO2 [kW] 6.25 6.81 9.68 9.64 11.03 9.89 

Total load with CO2 [kW] 6.22 6.51 8.47 8.53 8.25 8.24 

Total cooling load under duct setting [kW] 

Time 3 6 9 12 15 18 

Heat transfer 2.06 2.21 1.49 1.39 1.81 2.79 

Radiation 1.05 1.18 4.02 3.74 4.46 2.62 

Sensible heat 0.76 0.82 1.04 1.06 1.07 1.07 

Latent heat 3.03 3.03 3.03 3.03 3.03 3.03 

Table 3. Total cooling load of outer wall after air passage setting 

Load [J] 4 8 12 16 20 

Heat transfer 1.98 1.44 1.16 1.73 2.56 

Radiation 0.95 3.47 3.54 4.12 2.42 

Sensible heat 0.57 0.79 0.86 0.86 0.86 

Latent heat 2.82 2.82 2.82 2.82 2.81 
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simulation are analyzed first, and different thicknesses of the insulation are set up. The contents 

of these simulations are shown in fig. 14. 

The results presented in fig. 14 demonstrate a linear decrease in the heat load per unit 

area as the thickness of the external wall insulation increases under the software model simula-

tion. This leads to an external wall heat load of 65.23 kWh/m2 when the insulation layer reaches 

a thickness of 100 mm. Furthermore, the area heat load reduction is positively proportional to 

the energy saving investment. The results of the load reduction rate demonstrate that when the 

thickness of the insulation layer undergoes a uniform change from 40 mm to 100 mm, the values 

are 3.4%, 2.2%, 1.7%, 1.4%, 1.2%, 0.7%, 0.6%, and that the energy saving reduction after the 

thickness exceeds 80 mm is less than 1%. The result is in close alignment with the actual theo-

retical results, which demonstrate the efficacy of the model simulation analysis. Subsequently, 

a number of different methods are employed to assess the applicability of insulation materials. 

The results of these analyses are presented in fig. 15. 

The results in fig. 15 show that the exterior wall and roof insulation have better eco-

nomic indicators at different initial investment costs, with values above 0.5 and 0.6, and the 

insulation effectiveness of both is less affected by the experimental cycle time. The above re-

sults show that the material selection method proposed by the study can greatly save costs and 

Figure 13. Energy consumption and heat exchange of different components; 
(a) component energy consumption and (b) component heat exchange 

Figure 14. Heat load per unit area and load reduction rate of buildings under 
different insulation layers; (a) area heat load under different insulation layer thicknesses and 

(b) load reduction rate under different insulation layer thicknesses 
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reduce energy consumption in terms of revenue investment. The data on the recovery benefits 

and investment cycle time of the insulation materials are also analyzed and the results are shown 

in fig. 16. 

The results in fig. 16 show that the static payback periods for building facades and 

roofs are shorter, with minimum values of 8.23 and 6.11 years, and that their overall initial 

investment in insulation effectiveness is relatively smooth, with fluctuations of no more than 7 

per cent, which makes them overall more economical. 

Conclusion 

Considering the present state of BL and energy-saving research, the research aims to 

conduct a combined investigation of AEA and CO2 storage technology. Furthermore, it chooses 

a building district in a city for testing and analysis. The study revealed that the software simu-

lation accurately reflected the loading conditions, with relative errors of 8.64% and 8.23%. The 

maximum cooling load was measured at 1963.25 kW, while the maximum heat load at 1828.02 

kW. The analysis of the building's sensitivity to variations in heating and cooling showed a 

positive correlation between the heat transfer coefficient and the building's heat load throughout 

the year. The coefficient value was 0.86 W/m2K. This resulted in a maximum heat load of 

1432089.11 kWh. The air-conditioning system load results indicated that the fluctuation of the 

average cold load value did not surpass 5%. Additionally, the cold load mean value's elasticity 

Figure 15. Economy of building structural insulation materials; (a) external wall economy and 
(b) roof economy 

Figure 16. Recyclability of building structural insulation materials; 

(a) external wall economy and (b) external roof economy 
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change curve for different floors of the building illustrated a declining pattern. Following the 

adjustment of the water pump in the air conditioning unit, the energy consumption decreased 

to a maximum of 16.54% when operating at 70% of the flow rate. Additionally, improvements 

were observed in temperature stability. The CO2 technology outlined in the study indicated 

average water volume percentages of 1.4% and 11.83% at 10°C and 50°C correspondingly. The 

façade's heat transferred load values with a duct setup had reached a minimum (1.49 kW) and 

maximum (2.79 kW) at 9 and 18 hours, respectively, with significant intervention impact. The 

heat load per unit area of the external wall exhibited a linear decrease, with the heat load 

amounting to 65.23 kWh/m2 at an insulation layer thickness of 100 mm. Once the layer thick-

ness surpassed 80 mm, the decrease in energy savings due to insulation became negligible, with 

a result close to the theoretical standards. The initial investment value in the building under the 

research procedure did not fluctuate by more than 7%, and the general economy is favorable. 

Essential future study elements include enhancing the use of new materials in the CO2 com-

pression process and analyzing various index factors that influence the building economy. 

Data availability 

The datasets used and/or analyzed during the current study available from the corre-

sponding author on reasonable request. 
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