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In the context of energy crisis, the development of low-carbon integrated energy systems has become a prominent research area. This article addresses the challenges posed by high energy consumption and emissions in integrated energy systems by proposing a multi-stage planning method for low-carbon integrated energy that considers load time transfer characteristics. The first step involves examining the time transfer characteristics of demand response and analyzing the economic benefits of integrated energy systems participating in the electricity–carbon market. Subsequently, a multi-stage green low-carbon planning model for the integrated energy system is constructed. To validate the effectiveness of the proposed model, actual calculation results are obtained. These results demonstrate that the demand response, specifically in data centers, can significantly reduce the operational costs of integrated energy systems. Furthermore, the multi-stage low-carbon planning approach is shown to be more reasonable and economically beneficial compared to single-stage planning. Overall, this research article provides insights into the development of low-carbon integrated energy systems within the context of energy crisis. By considering load time transfer characteristics and employing a multi-stage planning method, this article highlights the potential for reducing costs and improving the overall efficiency of integrated energy systems.
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1 INTRODUCTION
With the energy crisis becoming increasingly serious (Yang L. et al., 2022), energy conservation and low-carbon development have gradually become the development philosophy of all countries in the world. The integrated energy system can achieve multi-energy coupling, improve the consumption rate of renewable energy through electricity–gas–thermal complementarity, and reduce carbon emissions. It is an important means to achieve carbon emission reduction goals. Therefore, it has received widespread attention from countries around the world (Lv et al., 2021). Therefore, in the context of green and low-carbon development, this article focuses on the planning of integrated energy systems and conducts research on multi-stage green and low-carbon comprehensive energy planning considering carbon emissions, providing theoretical and technical support for relevant researchers and planners.
2 RELATED WORK
At present, there are relatively mature research studies on the planning of integrated energy systems that consider carbon emissions, but the impact of the electricity–carbon market has not been fully considered in the planning. Chen et al. (2021) constructed a multi-stage planning method for the integrated energy system under a tiered carbon trading mechanism. Zhang et al. (2015) proposed a planning scheme that considers reliability, energy efficiency, and carbon emissions for the expansion plan of the electrical thermal coupling integrated energy hub. Xiong et al. (2021) studied the optimal configuration of hydrogen energy storage based on the electrical thermal load characteristics of integrated energy systems and verified its feasibility of reducing energy supply costs and carbon emissions. Li et al. (1608) proposed a low-carbon operation optimization strategy considering the electricity gas thermal hydrogen demand response and stepped carbon emission costs. Yuan et al. (2023) studied the optimization and scheduling method of integrated energy at the park level under the carbon green certificate trading mechanism. Zhang et al. (2020) introduced a reward and punishment tiered carbon trading mechanism to address the collaborative planning problem of integrated energy systems, taking into account the uncertainty of electric heating flexible loads, and proposed an integrated energy system planning model. Luo et al. (2021) constructed an integrated energy optimization scheduling model for the carbon green certificate joint trading mechanism, which can effectively improve the consumption rate of renewable energy. Liu et al. (2023) proposed dual-level optimization scheduling of integrated energy that considers carbon emission flow and demand side response to address the issue of low-carbon scheduling of integrated energy, which can achieve low-carbon economic operation. Qiu et al. (2015a) introduced a carbon trading mechanism and constructed an electricity gas joint expansion planning model that considers both economic and low-carbon aspects. Wang et al. (2019) proposed an optimal-capacity allocation model for the integrated energy system in the park, effectively improving the consumption rate of renewable energy and reducing carbon emissions. Shen et al. (2020) proposed data-driven robust planning for industrial integrated energy systems in response to various uncertainties. Zeng et al. (2023) proposed a double-layer optimization model based on the improved non-dominated sorting genetic algorithm-II (NSGA-II) and mixed-integer linear programming (MILP). Zhang et al. (2023) proposed a low-carbon economic dispatch model for an integrated energy system that considers an LCES and carbon capture system. The aforementioned literature conducted in-depth research on the low-carbon operation planning of integrated energy systems, but did not consider the impact of electricity markets on the power balance of integrated energy systems.
Many scholars have conducted multi-stage planning research on the planning of integrated energy systems. Zhao et al. (2020) constructed a long-term planning method for the integrated energy system of a park that takes into account the uncertainty of wind, light, and load. Wei et al. (2022) proposed a multi-objective extended planning model for the integrated energy system of electricity gas interconnection based on IGDT to address the problem of load fluctuations in the electricity gas system. Cao et al. (2020) proposed a multi-stage integrated energy system planning model to address the shortcomings of single-phase construction issues. Chen et al. (2022) constructed a dual-layer optimization configuration model for PIES that considers optimal construction timing and cloud energy storage. This model can improve the planning economy and equipment utilization efficiency of PIES. Qiu et al. (2015b) considered the uncertainty of load and cost and proposed multi-stage planning for a typical scenario based on an electric pneumatic coupling integrated energy system. Santos et al. (2015) proposed a multi-stage distributed generation planning model considering short-term and medium- and long-term uncertainties. Unsihuay-Vila et al. (2010) proposed an expansion model for a multi-region and multi-stage integrated energy system with electricity and gas coupling. Ding et al. (2018) proposed a multi-stage stochastic programming model for the electricity gas integrated energy system based on “wait-and-see decision-making” in response to load uncertainty. However, the aforementioned literature did not conduct research on how to achieve multi-stage energy structure transformation of the integrated energy system while meeting carbon emission reduction goals.
3 DISCUSSION AND LIMITATIONS
In summary, the current research has not fully considered the impact of the electricity–carbon market, and the constraints of different carbon reduction goals on the planning of the integrated energy system were omitted. The time transfer characteristics of demand response, such as data centers in the integrated energy system, were overlooked. In addition, existing multi-stage planning methods lack consideration for the exchange of information among various components of the integrated energy system, and different components are in a relatively fragmented state, which cannot coordinate planning and operation well to achieve economic optimal results (Zhao Ning et al., 2023; Gorski, 2023).
Therefore, this article considers the time transfer characteristics of data center servers and electric refrigerators, studies the optimal timing of energy equipment construction, and constructs a low-carbon multi-stage planning model of an integrated energy system considering carbon neutrality paths. A low-carbon integrated energy system planning model with the goal of minimizing comprehensive costs is proposed. It is converted into mixed-integer linear programming and solved by Gurobi. Finally, the effectiveness of the proposed model is verified by the results of practical examples.
This article is mainly divided into four parts. The first part constructs the overall framework of the integrated energy system, clarifying the main energy types, energy equipment types, and load types included in the integrated energy system. The second part studies the time transfer characteristic of the demand response and constructs adjustable models for servers and electric refrigerators. The third part constructs the income model of integrated energy in the electricity–carbon market. The electricity market considers the income of the day-ahead electricity market and the day-ahead frequency modulation market, and the carbon market considers the economic income under the stepped carbon trading mechanism. The fourth part is example verification.
4 STRUCTURE OF THE INTEGRATED ENERGY SYSTEM
The structure of the integrated energy system in this article is shown in Figure 1. The energy supply side of the integrated energy system includes the superior power grid, natural gas grid, photovoltaic, and wind turbine. Energy conversion equipment includes cogeneration units, gas boilers, electric refrigerators, absorption chillers, and P2G equipment. Energy storage equipment includes electrical energy storage and heat storage devices. Energy demand includes conventional electricity, thermal, cooling loads, and new loads. The demand response refers to data center servers and electric refrigerators.
[image: Figure 1]FIGURE 1 | Integrated energy system structure.
In the early stage of integrated energy construction, due to factors such as economic efficiency and power grid foundation, a large number of high-emission and high-energy-consumption energy equipment was constructed, resulting in a low penetration rate of renewable energy and high overall carbon emissions in the park. The energy utilization rate needs to be improved. Under the carbon goal, the integrated energy system needs to gradually retire high-emission and high-energy-consumption units, invest in more green and environmentally friendly energy equipment, and develop into a green and low-carbon integrated energy system mainly based on renewable energy.
5 TRANSFER CHARACTERISTIC OF DATA CENTER DEMAND RESPONSE
With the vigorous development of the new generation of information technology, the scale and volume of data centers have also grown rapidly. Due to the unique time migration characteristics of computing resources, the data center has become one of the most potential demand response resources. The new load mentioned previously mainly refers to the data center load, which generally includes servers and electric refrigerators. An adjustable model for the server and electric refrigerator is given in the following section.
5.1 Data center server model
The data center server is the main device for processing task requests. The task requests in data centers can be divided into two types: delay sensitive and delay tolerant. Among them, delay-tolerant task requests have lower execution time requirements and only need to be executed within the delay limit, which has good time transfer potential. The execution order of delay-tolerant task requests can be reasonably arranged based on the current energy supply situation of the integrated energy system.
The total power consumption of data center servers is related to active servers and task requests processed by servers, which can be expressed as (Yang T. et al., 2022)
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Here, Psrv,n,s,t is the total power consumption of the server at time t under scenario s in the nth year; mn,s,t is the number of active servers at time t under scenario s in the nth year; Pn is the idle power consumption of the server; Pp is the full power consumption of the server; vn,s,t is the total number of tasks processed by all active servers at time t under scenario s in the nth year; and F is the maximum number of tasks processed by a single server.
The aforementioned formula is simplified and converted into a linear function of active servers and task requests:
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Here, c1 and c2 are server performance-related parameters.
Some task requests are delay tolerant and can be adjusted in execution time.
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Here, vaj n,s,t is the number of delay-tolerant task requests at time t under scenario s in the nth year. vunaj n,s,t is the number of delay-sensitive task requests at time t under scenario s in the nth year. vaj -,n,s,t is the number of delay-tolerant task requests reduced in execution at time t under scenario s in the nth year. vaj +,n,s,t is the number of delay-tolerant task requests increased in execution at time t under scenario s in the nth year.
The linear relationship between the overall power consumption of data centers and server power consumption can be expressed as
[image: image]
Here, Pdc,n,s,t are the power consumption at time t under scenario s in the nth year of the data center and PUE is the energy efficiency coefficient of the data center.
5.2 Adjustable model of the electric refrigerator
The server generates a certain amount of thermal energy when processing computing tasks. In order to ensure the normal operation of the data center servers, the temperature of the data center computer room needs to be maintained within a certain range, so the data center needs to be equipped with sufficient electric refrigerators. At each moment, the data center server generates a certain amount of thermal energy, while the electric refrigerator provides a certain amount of cooling capacity. Therefore, based on the first-order equivalent thermal parameter model, the temperature variation relationship between the beginning and end of the time period can be obtained as follows (Ding et al., 2018):
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Here, Tin,n,t,s is the indoor temperature of the computer room at time t under scenario s in the nth year. Tout,n,t,s is the outdoor temperature at time t under scenario s in the nth year. R and C are the equivalent thermal resistance and equivalent thermal capacity of the electric refrigerator load, respectively. Qn,s,t is the cooling capacity of the computer room at time t under scenario s in the nth year. Qco,n,s,t is the cooling capacity of the electric refrigerator at time t under scenario s in the nth year. Ϛ is the ratio of server thermal energy to power consumption. Tmax temp and Tmin temp are the upper and lower limits of the computer room temperature, respectively, to ensure the normal operation of the data center. This article stipulates that the temperature of the computer room must be maintained between 18°C and 24°C (ASHRAE, 2021; Wu et al., 2023).
Considering that the electric refrigerator in the computer room is a variable-frequency air conditioner, the relationship between air conditioning power consumption and air conditioning cooling capacity is
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Here, k1, k2, l1, and l2 are a constant coefficient; Pco,n,s,t is the air conditioning power consumption of the computer room at time t under scenario s in the nth year. Pco max is the rated power consumption of the computer room air conditioner.
Therefore, while ensuring the temperature of the data center computer room, the cooling capacity of the air conditioning can be adjusted by adjusting the power consumption of the air conditioning to achieve load time transfer.
6 ECONOMIC BENEFIT IN THE ELECTRICITY–CARBON MARKET
6.1 Economic benefits in the electricity market
The economic benefits of the integrated energy system in the day-ahead electricity market conclude the benefits of the day-ahead electricity market and the day-ahead auxiliary frequency regulation market. In the day-ahead electricity market, integrated energy systems can purchase and sell electricity. In the frequency regulation market, the integrated energy system obtains economic benefits by providing frequency modulation capacity through the demand side response. The integrated energy system reports adjustable capacity, tracks the frequency modulation signal of the dispatching center, and finally, settles the frequency modulation capacity and frequency modulation mileage according to market rules (Liu et al., 2021). The revenue model of the day-ahead electricity market and frequency regulation market can be expressed as
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where C1,n and C2,n represent the economic benefits of the day-ahead electricity market and the frequency regulation market in the nth year, respectively. en,s,t represents the electricity price at time t of the sth typical scenario in the nth year. pe,sell,n,s,t represents the power sold to the superior power grid at time t of the sth typical scenario in the nth year. Pe,buy,n,s,t represents the power purchased from the superior power grid at time t of the sth typical scenario in the nth year. CAPn,s,t represents the bid winning capacity of the frequency regulation market at time t of the sth typical scenario in the nth year. λcp,n,s,t is the capacity price at time t of the sth typical scenario in the nth year. λmp,n,s,t is the mileage price at time t of the sth typical scenario in the nth year. Rmileage is the mileage coefficient. A is the demand side response performance coefficient.
6.2 Economic benefits of the carbon trading market
A certain capacity of P2G equipment has been built in the integrated energy system. On one hand, it can convert carbon dioxide generated into methane, effectively reducing carbon emissions. On the other hand, P2G equipment can play a role in energy storage. During the peak period of renewable energy generation, the energy generated from renewable energy that cannot be consumed is converted into chemical energy for storage, which effectively improves the renewable energy consumption rate of the integrated energy system. The integrated energy system can sell excess carbon quotas in the carbon market for profit (Zhou et al., 2023).
6.2.1 Integrated energy system carbon emission quota calculation
The carbon emission sources in the integrated energy system include electricity purchased from the superior power grid, CHP units, and gas boilers. Moreover, this article assumes that the electricity purchased from the superior power grid is all produced by coal-fired units. Therefore, the carbon emission quota model is (Yuan et al., 2023)
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where EˊIES,n, Eˊbuy,n, EˊCHP,n, and EˊGB,n represent the carbon emission rights quotas obtained by the integrated energy system, purchase of electricity from the superior power grid, CHP units, and gas boilers in the nth year, respectively. δˊe, δˊCHP, e, δˊCHP, h, and δˊGB, h represent the carbon emission rights quotas obtained by the superior power grid for purchasing electricity per unit, coal-fired unit production per unit, CHP unit production per unit of electricity and thermal power, and gas boiler production per unit of thermal power, respectively. Pg,buy,n,s,t is the purchased gas at time t of scenario s in the nth year. PCHP,n,s,t and HCHP,n,s,t are the electricity production and residual thermal of the gas turbine during the time period t of scenario s in the nth year. HGB,n,s,t is the thermal production of the gas boiler during the time period t of scenario s in the nth year. T is the scheduling cycle.
The actual carbon emission model of the integrated energy system can be expressed as
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6.2.2 Stepped carbon trading mechanism
The number of carbon emission quotas that can be purchased or sold in the carbon trading market by the integrated energy system can be expressed as
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This article adopts a tiered carbon trading mechanism, setting multiple price ranges. When the integrated energy system needs to purchase more carbon emission quotas, the corresponding range prices will also be higher, thereby further limiting carbon emissions (Yang T. et al., 2022).
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where CCO2,n is the economic return of the carbon trading market in the nth year, λ is the carbon trading base price, α is the price growth rate, and d is the length of the unit carbon emission interval.
7 INTEGRATED ENERGY SYSTEM MULTI-STAGE PLANNING
Due to the uncertainty of load growth, for planning over 10 years, single-stage planning easily leads to redundant or insufficient construction capacity due to inaccurate load forecasting. Therefore, for long-term planning, multi-stage planning is generally adopted, which can effectively reduce planning and construction risks.
7.1 Objective function
The equipment for planning in this article includes photovoltaics, wind turbines, CHP units, electrical energy storage, and thermal energy storage. With the goal of minimizing multi-stage integrated costs, a planning model for the integrated energy system is constructed. The integrated cost includes construction cost, operating cost, day-ahead market revenue, and carbon market revenue (Zhou et al., 2023):
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where Cconstr,k is the equipment construction cost for the kth planning stage. Cope,n, CDA,n, and CCO2,n represent the operating cost of the integrated energy system in the nth year, the daily market revenue, and the carbon market revenue, respectively. RAk, Rn, and RN represent the discount coefficients for the Akth planning year, the nth planning year, and the Nth planning year, respectively. Ak is the starting year of the kth planning stage. N is the total planning years. m is the type of equipment. M is the type of equipment, M = {PV, MT, CHP, GB, ESS, HS}. Cm,k is the cost per unit capacity of m equipment construction. Xm,k is a 0–1 variable, representing whether m equipment is constructed. Nm,k is the capacity of m equipment construction. LRV is the residual value of the equipment at the end of the planning period. Mx is the remaining equipment at the end of the planning period. cconstr,j represents the construction cost of j equipment. Tj is the number of years in use of the jth equipment among Mx at the end of the planning period. cdep,j is the annual depreciation cost of the jth equipment.
7.2 Constraints

(1) Energy equipment quantity constraints
Due to factors such as construction cost, there is an upper limit on the number of energy equipment to be planned for the integrated energy station in the station:
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where Nmax m,k is the maximum capacity of m-type energy equipment in the kth planning stage of the integrated energy system.
(2) Energy purchase constraints
Due to capacity limitations of gas and electricity stations, there are capacity limits for the purchased electricity and gas:
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(3) Energy and heat storage constraints
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where En,s,t is the energy storage capacity at time t of scenario s in the nth year. Pess,n,s,t is the energy storage capacity at time t of scenario s in the nth year. Δt is time interval. Emin and Emax are the lower and upper limits of the energy storage capacity, respectively. Qn,s,t is the heat of heat energy storage at time t of scenario s in the nth year. HHS,n,s,t is the power of thermal energy storage at time t of scenario s in the nth year. Qmin and Qmax are the lower and upper limits of electric energy storage capacity, respectively.
(4) P2G constraints
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where GP2G,n,s,t is the gas generated by the P2G equipment at time t of scenario s in the nth year. ηP2G is the efficiency of P2G. ξ is the low calorific value of gas. PP2G,n,s,t is the electrical power consumed by the P2G equipment at time t of scenario s in the nth year.
(5) Data center demand response constraint Eqs 1–13.
7.3 Model solving
According to the method proposed by Zhang et al., this article linearizes the tiered carbon trading price of Eq. 20. The integrated energy multi-stage planning model is a mixed-integer linear programming problem. This article uses PyCharm 2019.1.1 x 64 to call Gurobi 9.1.2 to solve the aforementioned model.
8 CASE ANALYSIS
The calculation example selects an electric gas thermal coupling integrated energy system with a data center in southern China and selects four typical-day data of spring, summer, autumn, and winter, as shown in Supplementary Figure S1 and Supplementary Figure S2 in the appendix. The electric heating and cooling load curve is shown in Supplementary Figure S3, and the annual load increases by 5% (Zhao X. et al., 2023). It is assumed that the planning period of this article is 30 years; carbon neutrality will be achieved at the end of the planning period, and the planning can be divided into five stages at most (Cao et al., 2020; Chen et al., 2022) for parameter settings such as investment, maintenance costs, and lifespan of each equipment to be built. It is assumed that CHP 1,320 kW and GB 850 kW have existed, the net residual value of equipment is 0.06, and the discount rate of investment is 8%. The parameter settings for demand response are shown in Appendix Table 1. The benchmark value for carbon trading prices in this article is 50 Y/t, with an annual growth rate of 6% (Ding et al., 2022). To compare and verify the superiority of the multi-stage planning method for optimizing construction timing proposed in this article, the following planning schemes are set up:
1) Scheme 1: Single-stage planning without data center demand response
2) Scheme 2: Single-stage planning with data center demand response
3) Scheme 3: Multi-stage planning of equipment to be built in the 1st, 7th, 19th, 25th, and 30th years of the planning period without data center demand response
4) Scheme 4: Multi-stage planning of equipment to be built in the 1st, 7th, 19th, 25th, and 30th years of the planning period with data center demand response
5) Scheme 5: Multi-stage planning with equipment construction year to be determined without data center demand response
6) Scheme 6: Multi-stage planning with equipment construction year to be determined with data center demand response
TABLE 1 | Parameter settings for demand response.
[image: Table 1]The configuration results of the equipment in each scenario are shown in Table 2. The cost composition of each planning scheme is analyzed, as shown in Figure 2:
(1) By analyzing schemes 1 and 2, 3 and 4, and 5 and 6, it can be concluded that the solution considering the response to new load demand has less equipment construction capacity and lower overall cost. Taking scheme 1 and scheme 2 as examples, it can be observed from Figure 2 that the construction cost and operation cost of planning scheme 2 are lower than those of scheme 1. There is no obvious difference in the carbon emission trading market income, but the electricity market income increases. This is because scheme 2 considers the demand response of the new load. On one hand, it can optimize the operation mode of the integrated energy system and reduce the operation cost through the time transfer of the new load. In addition, it can increase the flexible adjustment ability of the integrated energy system and increase the revenue in the day-ahead frequency regulation market. Similarly, scheme 4 considers the demand response, and its overall cost is lower than that of scheme 3. Schemes 5 and 6 also have the same conclusion.
(2) It can be observed that multi-stage planning has lower total costs and is more economical than single-stage planning because multi-stage planning can avoid construction redundancy and unnecessary operating and depreciation costs.
TABLE 2 | Comparison of planning schemes.
[image: Table 2][image: Figure 2]FIGURE 2 | Cost composition of each scheme.
Comparing the aforementioned six schemes, the multi-stage planning scheme considering the demand response is the most economical. Therefore, the following is a specific analysis of the scheduling results and carbon emissions of scheme 6.
8.1 Analysis of integrated energy system operation results
The integrated energy system includes electricity, thermal, and cooling loads. The cooling power balance is relatively simple. Therefore, this article selects scheme 6 to analyze the electricity and thermal power balance for the summer of 25 years.
It can be observed from Figure 3 that the electrical load of the integrated energy system is mainly met by photovoltaic power generation and wind power generation. Among these, photovoltaic power generation has a significant peak valley difference, but it can fill the power generation gap in the morning and evening when there is no light. At the same time, the peak period of photovoltaic power generation is at noon, and the peak period of wind power generation is in the morning and evening. The combination of photovoltaic power generation and wind power generation can reduce the peak valley difference of renewable energy power generation so as to better match the load curve. The power generated by CHP is relatively stable due to the poor regulation performance and high regulation cost of the CHP unit, which generally bears the basic load. The adjustable load of the data center includes electric refrigerators and servers. After the demand response, the difference between the peak and valley of the load power of the data center is significantly reduced. Energy storage provides flexible regulation capabilities for integrated energy systems, charging during periods of high renewable energy generation and discharging during periods of low renewable energy generation, thereby avoiding the phenomenon of wind and light abandonment. The power transmission of the power grid mainly plays a role in suppressing the load and mismatching the power curve. It serves as the main source of power supply during periods when renewable energy is scarce, ensuring the balance of power in the integrated energy system.
[image: Figure 3]FIGURE 3 | Electric power balance diagram.
It can be observed in Figure 4 that the heat load is mainly borne by gas boilers and CHP units, with a bimodal thermal load pattern and peak periods of 7–9 and 17–20. Due to the poor regulation performance of gas boilers and CHP units, the regulation speed and range are limited, and the thermal generation power cannot change rapidly. Heat storage plays a role in suppressing the fluctuation of thermal load and can, to some extent, reduce the peak valley difference of thermal load.
[image: Figure 4]FIGURE 4 | Thermal power balance diagram.
As shown in Figure 5, the difference between the peak and valley of adjusted server power is smaller, and demand response shifts the load from 8–17 and 19–22 to 1–5, 16–18, and 22–24, realizing load peak shaving and valley filling. The electric refrigerator ensures that the temperature of the machine room is between 19°C and 24°C. Data center demand response can effectively improve the load curve of the comprehensive energy system, thereby making the load curve more consistent with the energy supply curve.
[image: Figure 5]FIGURE 5 | Demand response curve of the data center.
Figure 6 shows that scheme 6 is planned in five stages. In the starting year of each stage, renewable energy increases significantly and carbon emissions decrease significantly. This is because photovoltaic and wind power are invested in the starting year of each stage. As the years increase, the load constantly increases, with non-renewable energy sources and carbon emissions slightly increasing. In the 30th year, the carbon emission of the integrated energy system is 0, achieving the goal of carbon neutrality.
[image: Figure 6]FIGURE 6 | Carbon emission of the integrated energy system.
8.2 Analysis of the impact of carbon emission targets
The carbon emissions of the integrated energy system depend on the energy structure and the emission coefficients of various pieces of energy equipment. Carbon emission targets are one of the most important factors that influence the energy structure of integrated energy planning. This article sets different carbon emission targets and analyzes the impact of different carbon emission constraints on the results of integrated energy system planning.
1) Carbon-free emission target: no carbon emission constraints
2) Carbon peaking target: carbon peaking is required before the end of the planning period
3) Carbon-neutrality goal: to achieve carbon neutrality at the end of the planning period
4) Carbon-neutrality goal in advance: carbon neutrality before the end of the planning period
Using scheme 6 for multi-stage planning, the planning results can be obtained (see Table 3):
(1) The carbon emission target affects the total cost. From the scheme of carbon target 1, if carbon emission constraints are not considered, the integrated energy system will greatly reduce the construction capacity of photovoltaic and wind power. Therefore, the power balance mainly relies on CHP units and external power grids. At the same time, the capacity of energy storage and P2G equipment construction in the integrated energy system was also greatly reduced. This is because the capacity of renewable energy decreased, which leads to integrated energy system reduction in the demand for flexible resources to handle load and renewable energy fluctuation.
(2) The stricter the carbon emission constraints, the more the renewable energy needs to be built in the integrated energy system. At the same time, more energy storage and P2G equipment need to be built to suppress fluctuations in renewable energy, resulting in an increase in total costs.
TABLE 3 | Comparison of planning schemes for different carbon emission targets.
[image: Table 3]From Figure 7, it can be observed that without carbon emission constraints, such as carbon target 1, as the load continues to increase, the carbon emissions of the integrated energy system continue to increase, which clearly does not comply with the concept of low-carbon development. For carbon target 2, the carbon peak target is achieved at the beginning of the second stage, and the carbon emissions in the subsequent planning stages are lower than those in carbon target 1. Carbon targets 3 and 4 have both achieved the carbon-neutrality goal, while carbon goal 4 is relatively early, which achieves in the fourth planning stage.
[image: Figure 7]FIGURE 7 | Carbon emissions of different schemes.
9 CONCLUSION
This article focuses on the low-carbon planning of an integrated energy system that includes a data center. It investigates the adjustable characteristics of the data center and analyzes the economic benefits of the integrated energy system participating in the electricity–carbon market. Furthermore, it develops a multi-stage planning model for achieving low-carbon integration, taking into account the time transfer characteristics of the data center in line with carbon neutrality goals. The calculation results reveal the following findings:
(1) The inclusion of demand response in the data center can lead to a reduction in the construction, operation, and depreciation costs of energy equipment. Additionally, demand response contributes to increased income for the integrated energy system in the electricity market, resulting in further cost reduction for the overall planning scheme.
(2) Multi-stage low-carbon planning for the integrated energy system proves to be more reasonable and economically advantageous than single-stage planning. With multi-stage planning, the need for pre-building excessive energy equipment is avoided, thereby reducing unnecessary operating costs and depreciation expenses. Furthermore, multi-stage planning enables adjustments in the capacity of energy equipment construction based on the rate of load growth, ensuring a more consistent alignment between the load curve and energy supply curve.
(3) The carbon emission target significantly impacts the planning scheme of the comprehensive energy system. Stricter requirements for carbon reduction result in higher total planning and construction costs for the integrated energy system. In practical engineering applications, a careful consideration of the economic and low-carbon aspects is necessary, taking into account the specific circumstances.
In summary, this article sheds light on the low-carbon planning of integrated energy systems, specifically focusing on data centers. By examining the adjustable characteristics of the data center, analyzing economic benefits, and presenting a multi-stage planning model, this article highlights the potential for reducing costs and achieving greater efficiency. The findings emphasize the importance of balancing economic considerations and low-carbon objectives in real-world applications.
In future research, the scale of this study can be expanded to regional integrated energy systems, which include multiple integrated energy systems, taking into account the resource characteristics of different integrated energy systems, and achieving overall optimal operation through power exchange. At the same time, in terms of demand response, more different types of flexible resources, such as electric vehicles, can be considered. By coordinating and scheduling various types of flexible resources, the operational economy and environmental protection of multiple integrated energy systems can be optimized, thereby achieving green and low-carbon planning of regional integrated energy systems.
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