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Abstract

:

Driven by market value, a co-benefits assessment framework to encompass various benefits arising from distributed energy systems is developed. Using a monetization approach, a quantitative analysis model is established to evaluate both direct and indirect benefits. According to the simulation results of typical distributed energy systems, the distributed photovoltaic (PV) system demonstrates superior economic performance compared with the gas-fired distributed energy system, highlighting its potential for widespread commercialization. Moreover, the inclusion of indirect benefits significantly enhances the economic viability of the distributed energy system. While the PV system exhibits a more favorable promotional impact, it also renders the gas-fired distributed energy system commercially feasible.
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1. Introduction


A distributed energy system is an innovative approach to energy generation and distribution that promotes the decentralization and diversification of energy sources. It encompasses a variety of technologies that generate electricity at or near where it will be used, such as photovoltaic (PV) units and combined heat and power (CHP) systems [1]. Acknowledged as an efficient, reliable, and environmentally friendly alternative to the traditional energy system, it is globally recognized as a promising solution for energy sustainability [2,3].



In the late 1970s, two oil crises promoted developed countries like those in Europe, America, and Japan to focus extensively on energy efficiency. In this context, the cogeneration system gained widespread attention and emerged as the primary form of distributed energy in its early stages, driven by the concept of energy cascade utilization [4,5]. After entering this century, global environmental concerns, particularly related to greenhouse gas emissions, have escalated. Distributed energy has assumed a new role in addressing these challenges. It has evolved from conventional fossil fuel-based systems to encompass distributed renewable energy solutions like PV and decentralized wind power. This evolution has led to the creation of a multi-energy complementary distributed energy system [6,7]. In recent years, propelled by advancements in modern information technology and the advent of digital and sharing economies, distributed energy has undergone a transformative upgrade. This upgrade is evident in the emergence of concepts such as integrated energy systems and the energy internet, facilitated by cross-border integration [8,9].



Despite its widespread popularity and the global push for energy transformation, the actual installation of distributed energy systems has not met expectations. Shanghai, a pioneer in China’s distributed energy development, has introduced five rounds of subsidy policies for gas-fired distributed energy systems over a decade. Surprisingly, the total number of projects amounts to only about 70, making a negligible contribution to Shanghai’s overall energy supply. Beyond the well-discussed issues like gas prices, heat prices, and initial investment, the undervaluing of distributed energy systems might pose significant constraints on their promotion [10]. As a component of urban energy infrastructure, the distributed energy system holds a distinct social and public dimension. Its successful implementation not only yields direct economic benefits, primarily through reduced energy costs, but also generates broader indirect advantages, including socio-economic development, improved residential living standards, and a secure and sustainable energy supply. These indirect benefits are substantial, and understanding them comprehensively can significantly enhance the societal welfare stemming from distributed energy systems, further driving project implementation. Conversely, a lack of recognition regarding these benefits may result in a limited understanding of the value of deploying distributed energy systems, leading to an incomplete assessment of overall benefits and impeding their commercialization and widespread application.



Since the inception of the distributed energy concept, studies have predominantly concentrated on evaluating its technical [11], economic [12], energy-saving [13], and environmental [14] merits, which were easily quantifiable and analyzable. In recent years, scholars have started to recognize the inherent public attributes of energy projects and analyze their indirect benefits, such as environmental improvement and risk mitigation [15]. For instance, Nehler et al. [16] conducted a qualitative analysis of the indirect benefits generated by industrial energy conservation, underscoring the importance of assessing these indirect gains to drive investments in energy efficiency. Skumatz [17] analyzed the relevance of indirect benefits in the planning, evaluation, and decision-making of energy efficiency programs. Fleiter et al. [18] confirmed the importance of indirect benefits with the creation of a classification table for energy efficiency programs. Trianni et al. [19] proposed a comprehensive framework for designing energy efficiency programs while considering indirect benefits. Tonn et al. [20] conducted a quantitative analysis of the indirect benefits associated with energy efficiency programs, such as residential upgrades, the impact of disaster prevention and evacuation, and regional economic effects. Schweitzer et al. [21] examined the indirect benefits of energy efficiency retrofit programs for low-income buildings in the United States and discovered that the overall value of the indirect benefits exceeded the direct economic advantages of the retrofits. Outcault et al. [22] discussed the occupant non-energy impacts of an energy retrofit.



According to the above discussion, the evaluations of indirect benefits have concentrated on energy-saving endeavors within individual units, such as industries and buildings, thus overlooking the potential indirect benefits of distributed energy systems. To foster the healthy and sustainable development of distributed energy systems, it is of vital importance to establish a comprehensive co-benefits assessment framework that encompasses both direct and indirect advantages. This study aims to reconstruct the valuation framework for distributed energy systems. Using a unified monetary assessment encompassing both direct and indirect benefits, this study aims to augment the perceived value of distributed energy systems. The main contributions of this study are as follows:




	(1)

	
A comprehensive assessment index system that considers both direct and indirect benefits of the introduction of distributed energy systems is proposed.




	(2)

	
The monetization measures of various indirect benefits are proposed using diverse non-market value assessment methods.









Therefore, this study is organized as follows: Section 2 introduces the assessment index and corresponding monetization measures. Section 3 presents the assumptions of the numerical study. A detailed discussion is given in Section 4. The conclusions are given in Section 5.




2. Materials and Methods


2.1. Index System and Evaluation Method for Co-Benefits


The direct benefits of distributed energy systems primarily entail the economic advantages directly derived from their operation. These stem from the systems’ high efficiency, leading to reduced operational costs. Moreover, the demand-side proximity allocation principle results in savings in initial investment costs for pipelines and associated equipment. On the other hand, distributed energy systems bring about indirect benefits, particularly in terms of environmental advantages. With energy cascade utilization and the substitution of clean energy, these systems contribute significantly to reducing carbon emissions and other pollutants such as SO2 and NOx.



Moreover, the introduction of distributed energy systems on the demand side holds the potential to generate a ripple effect within the regional economy. The establishment of energy infrastructure and investments in associated equipment are poised to stimulate nearby industries, fostering regional economic growth. Simultaneously, the implementation of these systems will elevate the quality of nearby commercial and residential buildings, augmenting the value of real estate assets. In addition, deploying distributed energy systems will ensure a diversified and reliable supply for various energy needs like cooling, heating, and electricity. This diversification fosters energy complementarity, reducing risks and creating a mutual insurance effect against potential energy-related challenges.



On the other hand, for end-users, the utilization of distributed energy systems results in improvements to both indoor and outdoor micro-environments. This enhancement leads to increased comfort levels and higher work efficiency within indoor spaces. Furthermore, as an emerging energy technology, distributed energy systems contribute to an improved perception of energy conservation and environmental preservation among users. This creates a demonstration effect and yields promotional advantages for the technology.



Following the analysis of direct and indirect benefits discussed earlier, a structured co-benefits evaluation index system for distributed energy systems was developed, which is presented across three hierarchical levels, as outlined in Table 1. The index system includes primary indexes encompassing direct and indirect benefits, secondary indexes featuring direct economic benefits, environmental benefits, regional economic impact benefits, risk aversion benefits, popularization and inspiration benefits, and comfort enhancement benefits. Additionally, these secondary indexes feed into a tertiary index, composed of ten distinct benefits, offering a comprehensive assessment of the impact of distributed energy systems across various facets of the regional economy, environment, and society with greater granularity.



The estimation of direct economic benefits is typically straightforward, relying on the direct market method. However, for some indirect social benefits (such as comfort enhancement and risk aversion) lacking clear market-oriented values, the non-market value assessment method is necessary. After analyzing the core principles, applicability, scope, strengths, and limitations of prevalent non-market value assessment methods (e.g., cost-of-illness method, alternative market method, etc.), specific evaluation methods compatible with each benefit were identified and refined.



	(1)

	
Energy cost reduction benefits.







As mentioned earlier, distributed energy systems can effectively reduce energy consumption and energy costs. These benefits can be quantified and converted into monetary values using the direct market approach, as shown in Equation (1).


   B c  =   ∑  m = 1     C m  ⋅  P m     



(1)




where    B c    is the monetary value of energy cost reduction (USD/Year),    C m    is the amount of energy reduction of the mth energy source (MJ/Year), and    P m    is the market price of the mth energy source (USD/MJ).



	(2)

	
Carbon emissions reduction benefits.







The application of either gas-fired distributed energy or distributed renewable energy can result in significant reductions in carbon emissions. These benefits can be monetized by considering the current carbon market price, as shown in Equation (2).


   B o  =  C o  ⋅  P o   



(2)




where    B o    is the monetary value of carbon emission reduction benefits (USD/Year),    C o    is the volume of CO2 emissions reduction (t-CO2/Year), and    P o    is the market price of CO2 (USD/t-CO2).



	(3)

	
Green energy penetration benefits.







Distributed energy systems can acquire green power certificates (referred to as green certificates) through the production and utilization of renewable energy. Each green certificate typically represents 1000 kWh of green power and can be traded on the market. The trading price of green certificates is generally determined by market supply and demand. Therefore, the benefits of green energy penetration can be realized with the trading of green certificates, as shown in Equation (3).


   B g  =  P g  ⋅ n  



(3)




where    B g    is the green energy penetration benefit generated by green certificate trading (USD),  n  is the number of green certificates (Sheet), and    P g    is the price of green certificate trading (USD/Sheet).



	(4)

	
Equipment investment ripple benefits.







As energy infrastructure, distributed energy systems usually involve a relatively high initial investment. The investment and operation of equipment will continuously impact the regional economy, which can be estimated using Equation (4).


   B i  =  I 0  ⋅ α /  T i   



(4)




where    B i    is the ripple effect of the equipment investment (USD/Year),    I 0    is the initial investment of the project (USD),  α  is the crude value-added productivity (%), and    T i    is the duration of the ripple effect (Years).



	(5)

	
Real estate value-added benefits.







Distributed energy systems can enhance the quality of the local micro-environment, such as reducing the heat island effect, leading to optimized nearby residential and commercial settings. This enhancement is often reflected in increased property values and the willingness of individuals to invest in real estate. By utilizing the alternative market approach, the added value of distributed energy systems on real estate can be estimated, as shown in Equation (5).


   B r  = A ⋅  P r  ⋅ η /  T r   



(5)




where    B r    is the monetary value of real estate appreciation (USD/Year),  A  is the land area of the study object (m2),    P r    is the unit price of the original real estate (USD/m2),  η  is the growth rate of house price (%), and    T r    is the duration of the value-added effect (Years).



	(6)

	
Energy supply interruption avoidance benefits.







The implementation of distributed energy systems can enhance the reliability of energy supply. This improvement can be estimated using the value of energy services offered by distributed energy sources during interruptions in conventional energy supply, as demonstrated in Equation (6).


   B s  =  P s  ⋅ C ⋅  t s  ⋅ β  



(6)




where    B s    is the energy supply interruption avoidance benefit (USD/Year),    P s    is the unit energy supply interruption loss amount (USD/kWh),  C  is the capacity of the distributed energy system (kW),    t s    is energy supply interruption time (Hours/Time), and  β  is the energy supply interruption incidence (Times/Year).



	(7)

	
Low-carbon concept popularization benefits.







The introduction of distributed energy as a pioneering energy technology can inspire and educate communities about energy conservation and environmental protection, yielding intangible social benefits. To quantify this benefit, it can be estimated by considering the costs incurred by non-profit institutions in promoting these concepts, as illustrated in Equation (7).


   B e  =  N e  ⋅  P e  ⋅  λ e   



(7)




where    B e    is the enlightenment benefit for popularizing low-carbon and environmental protection concepts (USD/Year),    N e    is the number of target population (person/Year),    P e    is the unit cost of enlightenment and education (USD/Person), and    λ e    is the impact coefficient (Year/Year).



	(8)

	
Advanced technology advertising benefits.







As demonstrated earlier, the integration of advanced energy technologies like distributed energies can enhance the reputation of a company or region, yielding intangible advertising benefits. This benefit can be estimated using Equation (8).


   B a  =  P a  ⋅ μ ⋅  λ a   



(8)




where    B a    is the benefit of advertising and publicizing advanced technologies and ideas (USD/Year),    P a    is the equivalent advertising and publicizing cost (USD/Year),  μ  is the coefficient of advertising and publicizing effect, and    λ a    is the impact coefficient (Year/Year).



	(9)

	
Indoor comfort enhancement benefits.







Using the Conditional Value Assessment Method (CVM), the benefits associated with improved life satisfaction and comfort resulting from the implementation of a distributed energy system, such as increased willingness to pay for indoor comfort, can be indirectly quantified, as depicted in Equation (9).


   B  i c   = F ⋅  N  i c    



(9)




where    B  i c     is the monetary value of comfort enhancement benefits (USD/Year),  F  is the average willingness-to-pay measure (USD/Person-Year), and    N  i c     is the number of subjects (Persons).



	(10)

	
Health level enhancement benefits.







The value of enhancing residents’ health with distributed energy systems can be estimated using the cost-of-illness method. This method takes into account all costs associated with illness, including medical expenses and income loss due to absenteeism. By assigning an economic value to the time and resources consumed by illness, Equation (10) illustrates how this estimation can be performed.


   B  i h   =   ∑ k   (  W k  +  M k  ) ⋅  N k  ⋅ δ    



(10)




where    B  i h     is the monetary value of the health enhancement benefit (USD),    W k    is the average level of wages lost due to illness and the inability to go to work (USD/Person),    M k    is the average cost of medical care (USD/Person),    N k    is the number of people impacted (Persons), and  δ  is the probability that the impact will occur (%).




2.2. Framework of the Cost–Benefit Analysis


Using the co-benefits evaluation index developed for distributed energy systems, specific quantitative indexes of co-benefits can be obtained for a particular distributed energy system with monetized evaluation methods like the market value method and alternative market method. Combining these indexes with the calculation of project-related investment and operation costs establishes the framework for conducting a cost–benefit analysis of the distributed energy system, as shown in Figure 1.



The total monetized benefits of the distributed energy system are calculated by considering both direct and indirect benefits, as illustrated in Equation (11).


  B = E B + N E B  



(11)




where  B ,   E B  , and   N E B   are the co-benefits, direct benefits, and indirect benefits of the distributed energy system, respectively.



The direct benefits can be calculated directly using Equation (1), while the indirect benefits are the sum of all the indirect benefits mentioned earlier, as indicated in Equation (12).


  N E B =  B o  +  B g  +  B i  +  B r  +  B s  +  B e  +  B a  +  B  i c   +  B  i h    



(12)







The monetized co-benefits and total monetized costs of the distributed energy system are combined to establish the cost–benefit assessment method, as shown in Equation (13).


  B / C =   E B + N E B  C   



(13)




where  C  is the total cost of the distributed energy system, and the calculation details can be found in Ref. [23].





3. Numerical Analysis


3.1. Study Object and Load Characteristics


In this study, a residential neighborhood in Shanghai is selected as the research subject, encompassing a total floor area of approximately 100,000 m2 with an average building height of four floors. Figure 2 illustrates the hourly energy loads on typical days during the winter, summer, and transitional seasons. Normally, residential demand is concentrated during non-working hours, peaking between 17:00 and 19:00. The cooling and heating loads display notable seasonal fluctuations and are the predominant load patterns in the summer and winter, while electrical and hot-water loads remain relatively stable.




3.2. Design of the Distributed Energy System


In accordance with green and low-carbon design principles, two typical distributed energy systems, namely, the PV system and the CCHP system, are examined, as illustrated in Figure 3. The PV system’s structure is relatively straightforward, utilizing the community’s roof resources to install PV cells, following the conventional separated energy supply mode. The power generated by the PV system is primarily consumed within the community, with any excess sold back to the grid.



The deployment of the CCHP system involves a comprehensive transformation of the entire regional energy supply structure. It necessitates the establishment of a centralized energy center at the community level, equipped with on-site power generation units like gas engines, to fulfill the region’s electricity demand. Any deficit in power supply will be supplemented by the utility grid, while surplus electricity can be returned to the grid. Moreover, the waste heat generated during power generation is utilized to provide heating and cooling for the area. If the waste heat output is insufficient, gas boilers and electric chillers are used as additional sources for heating and cooling, respectively.



The installed capacity of the distributed energy system is confined to 2.5 MW for the PV system, constrained by the available roof space within the community. As for the primary power source, a gas engine with an installed capacity of 650 kW was selected, aligning with pertinent design expertise [24].




3.3. Parameter Setting


The technical parameters for both the PV system and the CCHP system were established using data from reputable manufacturers and references, detailed in Table 2 [25,26,27,28,29]. The capacity subsidy, an essential policy promoting the adoption of the CCHP system, was taken into account.



Given the economic focus of this study, the establishment of energy-related parameters is pivotal and primarily relies on the present conditions in Shanghai, outlined in Table 3 [30,31]. In addition to the time-of-use tariff for electricity purchase, the feed-in tariff for surplus electricity sold back to the grid was also considered. Moreover, a discounted price was available for the gas consumption of the CCHP system.



Furthermore, for the monetized conversion of indirect benefits, related parameters are assumed as presented in Table 4 [32,33,34,35,36,37].





4. Results and Discussion


4.1. Operation Strategy of the Distributed Energy System


After the installation of the PV system in the designated area, the hourly electrical balance on typical days is depicted in Figure 4. Given that the cooling and heating needs in the community are met with domestic air conditioners, they are converted into electrical loads, causing a rise in overall electrical demand during the winter and summer. As shown in Figure 4, due to the mismatch between the PV output period and the electricity consumption period of residential users, the amount of PV output used for self-consumption is relatively limited. Subsequently, a considerable portion of the on-site generation is fed back into the grid. Consequently, the introduction of PV systems in residential areas does not substantially promote the local utilization of renewable energy, and a majority of the electrical demand continues to rely on the utility grid.



After the installation of the CCHP system, the hourly electrical balance on typical days is illustrated in Figure 5. Operating in heat-tracking mode, the CCHP system generates substantial electricity throughout both the winter and summer. During peak periods, the system operates at its rated load, mainly producing electricity for self-consumption, with any surplus electricity sold back to the grid. Conversely, during transitional seasons with reduced hot water demand, the prime mover generates less electricity, and the grid meets the majority of the electrical demand.




4.2. Results of the Co-Benefits Evaluation


For the two system forms (PV and CCHP systems) implemented in this study, the system configuration and operation strategy are determined based on the hourly load characteristics of the selected neighborhood. Utilizing these data, the overall energy supply cost in the district, encompassing annualized investment costs and operating costs, can be calculated. Furthermore, by taking into account the pertinent assumptions provided in Table 4 for monetizing indirect benefits, the co-benefits arising from the implementation of the distributed energy system, covering both direct and indirect benefits, can be estimated. The findings from these estimations are presented in Table 5.



Generally, within the spectrum of co-benefits, direct economic benefits account for 47% and 57% for PV and CCHP systems, respectively. Concerning indirect benefits, the PV system demonstrates a relatively significant share of benefits in terms of energy supply interruption avoidance and popularization of the low-carbon concept. In contrast, the CCHP system exhibits substantial benefits in carbon emission reduction, popularization of the low-carbon concept, and improvement in indoor comfort.




4.3. Overall Cost–Benefit Analysis


The results of the overall cost–benefit analysis for the two distributed energy systems are presented in Figure 6. Without considering indirect benefits, the B/C values for the PV and CCHP systems stand at 2.2 and 0.8, respectively. Despite the PV system’s inability to utilize its power generation for self-consumption in residential areas, it still generates considerable economic benefits due to the notable decrease in PV investment in recent years. Conversely, the CCHP system’s direct economic benefits are less promising, posing challenges to its support and application. Similarly, the direct economic benefits of gas-fired distributed energy systems are discouraging, hampering their widespread adoption. However, when considering indirect benefits, the B/C values for the PV and CCHP systems increase to 4.7 and 1.4, respectively, marking a substantial increase of approximately 114% and 75%.



Therefore, considering indirect benefits may positively influence the deployment of distributed energy systems, particularly in promoting distributed renewable energy systems like solar power. Owing to their inherent social advantages, the indirect benefits of distributed renewable energy systems might even outweigh their direct benefits.





5. Conclusions


As a holistic energy-saving solution, distributed energy systems exhibit distinctive traits, including substantial investment, extended construction timelines, and slower efficiency gains. These factors considerably impede their commercialization process in comparison with conventional single-unit energy-saving approaches. In this study, a co-benefits evaluation index system is introduced, shaped by market value considerations, to encompass the diverse advantages derived from deploying distributed energy systems. Using monetization methods, both direct and indirect benefits are quantitatively assessed. Using a numerical analysis of an illustrative example, the following conclusions can be drawn.



	(1)

	
Distributed PV systems demonstrate superior economic performance compared with gas-fired CCHP systems, positioning them favorably for commercial promotion.




	(2)

	
The incorporation of indirect benefits notably bolstered the economic feasibility of distributed energy systems. While it notably benefits the promotion of distributed PV systems, it also fosters favorable commercial conditions for CCHP systems.







It is important to highlight that the effective collection and rational setting of parameters play a crucial role in evaluating indirect benefits. In this study, some parameters were determined based on individual case investigations. For more scientific and reasonable evaluation outcomes, conducting a large-scale investigation in future studies could be advantageous. Additionally, the diverse benefits outlined in this study may pertain to different stakeholders. To enhance the enthusiasm of all parties in promoting distributed energy systems, rational allocation of benefits among stakeholders becomes vital. Thus, developing a reasonable benefit allocation mechanism is expected in future studies.



Furthermore, this study exclusively focused on PV and CCHP systems for the numerical analysis. However, the proposed assessment framework is adaptable for conducting cost–benefit analyses of diverse distributed energy systems, incorporating both direct and indirect benefits. Future research endeavors are anticipated to delve into an in-depth cost–benefit analysis of an integrated energy system covering diversified distributed generators.







Author Contributions


Conceptualization, H.R.; data curation, A.L. and Z.W.; methodology, L.M., Y.D. and S.Z.; resources, S.Z., Y.D. and L.M.; software, Y.Z.; writing—original draft, Y.Z.; writing—review and editing, H.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the Shanghai Rising-Star Program (No. 22QA1403900), the National Natural Science Foundation of China (No. 71804106), and the Non-carbon Energy Conversion and Utilization Institute under the Shanghai Class IV Peak Disciplinary Development Program.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Shah, K.K.; Mundada, A.S.; Pearce, J.M. Performance of U.S. hybrid distributed energy systems: Solar photovoltaic, battery and combined heat and power. Energy Convers. Manag. 2015, 105, 71–80. [Google Scholar] [CrossRef]

	



Maharjan, K.; Zhang, J.; Cho, H.; Chen, Y. Distributed energy systems: Multi-objective design optimization based on life cycle environmental and economic impacts. Energies 2023, 16, 7312. [Google Scholar] [CrossRef]

	



Wang, Z.; Xu, G.; Wang, H.; Ren, J. Distributed energy system for sustainability transition: A comprehensive assessment under uncertainties based on interval multi-criteria decision making method by coupling interval DEMATEL and interval VIKOR. Energy 2019, 169, 750–761. [Google Scholar] [CrossRef]

	



Hoettecke, L.; Schuetz, T.; Thiem, S.; Niessen, S. Technology pathways for industrial cogeneration systems: Optimal investment planning considering long-term trends. Appl. Energy 2022, 324, 119675. [Google Scholar] [CrossRef]

	



Vialetto, G.; Noro, M. An innovative approach to design cogeneration systems based on big data analysis and use of clustering methods. Energy Convers. Manag. 2020, 214, 112901. [Google Scholar] [CrossRef]

	



Keskin, I.; Soykan, G. Distribution grid electrical performance and emission analysis of combined cooling, heating and power (CCHP)-photovoltaic (PV)-based data center and residential customers. J. Clean. Prod. 2023, 414, 137448. [Google Scholar] [CrossRef]

	



Elkadeem, M.R.; Abido, M.A. Optimal planning and operation of grid-connected PV/CHP/battery energy system considering demand response and electric vehicles for a multi-residential complex building. J. Energy Storage 2023, 72, 108198. [Google Scholar] [CrossRef]

	



Zhou, Y.; Ma, Z.; Shi, X.; Zou, S. Multi-agent optimal scheduling for integrated energy system considering the global carbon emission constraint. Energy 2024, 288, 129732. [Google Scholar] [CrossRef]

	



Zou, X.; Qiu, R.; Zhang, B.; Klemeš, J.J.; Wang, B.; Liao, Q.; Liang, Y.; Zhang, H. Roadmap to urban energy internet: Techno-enviro-economic analysis of renewable electricity and natural gas integrated energy system. J. Clean. Prod. 2022, 373, 133888. [Google Scholar] [CrossRef]

	



Zhang, L.; Qin, Q.D.; Wei, Y.M. China’s distributed energy policies: Evolution, instruments and recommendation. Energy Policy 2019, 125, 55–64. [Google Scholar] [CrossRef]

	



Das, S.; De, S. Technically efficient, economic and environmentally benign hybrid decentralized energy solution for an Indian village: Multi criteria decision making approach. J. Clean. Prod. 2023, 388, 135717. [Google Scholar] [CrossRef]

	



Ren, H.; Gao, W. Economic and environmental evaluation of micro CHP systems with different operating modes for residential buildings in Japan. Energy Build. 2010, 42, 853–861. [Google Scholar] [CrossRef]

	



Wang, Y.; Kuckelkorn, J.; Li, D.; Du, J. Evaluation on distributed renewable energy system integrated with a Passive House building using a new energy performance index. Energy 2018, 161, 81–89. [Google Scholar] [CrossRef]

	



Pehnt, M. Environmental impacts of distributed energy systems—The case of micro cogeneration. Environ. Sci. Policy 2008, 11, 25–37. [Google Scholar] [CrossRef]

	



Nehler, T. Linking energy efficiency measures in industrial compressed air systems with non-energy benefits—A review. Renew. Sust. Energ. Rev. 2018, 89, 72–87. [Google Scholar] [CrossRef]

	



Nehler, T.; Rasmussen, J. How do firms consider non-energy benefits? Empirical findings on energy-efficiency investments in Swedish industry. J. Clean. Prod. 2016, 113, 472–482. [Google Scholar] [CrossRef]

	



Skumatz, L.A. Efficiency Programs’ Non-Energy Benefits: How States Are Finally Making Progress in Reducing Bias in Cost-Effectiveness Tests. Electr. J. 2015, 28, 96–109. [Google Scholar] [CrossRef]

	



Fleiter, T.; Hirzel, S.; Worrell, E. The characteristics of energy-efficiency measures-a neglected dimension. Energy Policy 2012, 51, 502–513. [Google Scholar] [CrossRef]

	



Trianni, A.; Cagno, E.; Donatis, A.D. A framework to characterize energy efficiency measures. Appl. Energy 2014, 118, 207–220. [Google Scholar] [CrossRef]

	



Tonn, B.; Peretz, J.H. State-level benefits of energy efficiency. Energy Policy 2007, 35, 3665–3674. [Google Scholar] [CrossRef]

	



Schweitzer, M.; Tonn, B. Non-energy benefits of the US Weatherization Assistance Program: A summary of their scope and magnitude. Appl. Energy 2003, 76, 321–335. [Google Scholar] [CrossRef]

	



Outcault, S.; Sanguinetti, A.; Dessouky, N.; Magaña, C. Occupant non-energy impact identification framework: A human-centered approach to understanding residential energy retrofits. Energy Build. 2022, 263, 112054. [Google Scholar] [CrossRef]

	



Ren, H.; Gao, W. A MILP Model for Integrated Plan and Evaluation of Distributed Energy Systems. Appl. Energy 2010, 87, 1001–1014. [Google Scholar] [CrossRef]

	



Yang, X.Z. Planning, Design, Construction and Operation of Gas Triple Supply System; China Electric Power Press: Beijing, China, 2014; pp. 3–100. [Google Scholar]

	



Yamano, S.; Nakaya, T.; Ikegami, T.; Nakayama, M.; Akisawa, A. Optimization modeling of mixed gas engine types with different maintenance spans and costs: Case study OF CCHP to evaluate optimal gas engine operations and combination of the types. Energy 2021, 222, 119823. [Google Scholar] [CrossRef]

	



Liu, H.; Zhu, T.; Zhang, T. CCHP-ORC system evaluation and analysis of different types of buildings in Shanghai. Chin. J. Electr. Eng. 2016, 36, 3198–3206. [Google Scholar]

	



Guo, Y.; Xiang, Y. Cost–benefit analysis of photovoltaic-storage investment in integrated energy systems. Energy Rep. 2022, 8, 66–71. [Google Scholar] [CrossRef]

	



Ren, H.; Jiang, Z.; Wu, Q.; Li, Q.; Yang, Y. Integrated optimization of a regional integrated energy system with thermal energy storage considering both resilience and reliability. Energy 2022, 261, 125333. [Google Scholar] [CrossRef]

	



Ren, H.; Wu, Q.; Li, Q.; Yang, Y. Optimal design and management of distributed energy network considering both efficiency and fairness. Energy 2020, 213, 118813. [Google Scholar] [CrossRef]

	



Wang, L.; Chen, Z.; Qin, C.; Gu, Y. Economic analysis of gas heat pump in different building applications: A case study in Shanghai. Case Stud. Therm. Eng. 2022, 38, 102303. [Google Scholar] [CrossRef]

	



Zheng, C.; Wu, J.; Zhai, X.; Wang, R. Impacts of feed-in tariff policies on design and performance of CCHP system in different climate zones. Appl. Energy 2016, 175, 168–179. [Google Scholar] [CrossRef]

	



Shanghai Environment and Energy Exchange. Available online: https://www.cneeex.com/sshqt/quotshow.html (accessed on 1 November 2023).

	



Green Power Certificate Trading Platform of China. Available online: https://www.greenenergy.org.cn/ (accessed on 1 November 2023).

	



Hideho, Y. Calculation of economic ripple effect of local government. J. Gakuyo Shobo 2008, 41, 23–31. [Google Scholar]

	



Ren, H.; Jiang, Z.; Wu, Q.; Li, Q.; Lv, H. Optimal planning of an economic and resilient district integrated energy system considering renewable energy uncertainty and demand response under natural disasters. Energy 2023, 277, 127644. [Google Scholar] [CrossRef]

	



Shi, Y. Financial liberalization and house prices: Evidence from China. J. Bank. Financ. 2022, 145, 106655. [Google Scholar] [CrossRef]

	



Xu, D.; Pan, J.; Dai, X.; Hu, M.; Cai, Y.; He, H.; Zhang, Y.; Liao, J.; Chen, Y.; Gong, W.; et al. Comparative evaluation of medical service delivery performance between Beijing and Shanghai from 2010 to 2016. China Health Econ. 2018, 37, 62–67. [Google Scholar]








[image: Sustainability 16 00820 g001] 





Figure 1. Image of the cost–benefit analysis. 
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Figure 2. Hourly energy loads on typical days. 
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Figure 3. Flow chart of the distributed energy system. 
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Figure 4. Electrical balance of the PV system on typical days. 
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Figure 5. Electrical balance of the CCHP system on typical days. 
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Figure 6. B/C analysis of distributed energy systems. 
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Table 1. Evaluation index system for the co-benefits of distributed energy systems.
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Primary Index

	
Secondary Index

	
Tertiary Index






	
Direct benefits

	
Direct economic benefits

	
Energy cost reduction benefits




	
Indirect benefits

	
Environmental benefits

	
Carbon emissions reduction benefits




	
Green energy penetration benefits




	
Regional economic impact benefits

	
Equipment investment ripple benefits




	
Real estate value-added benefits




	
Risk aversion benefits

	
Energy supply interruption avoidance benefits




	
Popularization and inspiration benefits

	
Low-carbon concept popularization benefits




	
Advanced technology advertising benefits




	
Comfort enhancement benefits

	
Indoor comfort enhancement benefits




	
Health level enhancement benefits











 





Table 2. Technical parameters of energy equipment.






Table 2. Technical parameters of energy equipment.





	
Equipment

	
Parameter

	
Unit

	
Value

	
Reference






	
Gas engine

	
Electricity efficiency

	
%

	
40

	
[25]




	
Heat recovery efficiency

	
%

	
45

	
[25]




	
Initial investment

	
USD/kW

	
1118

	
[25]




	
Subsidies for installation

	
USD/kW

	
350

	
[26]




	
Operation and maintenance cost

	
USD/kWh

	
0.01

	
[25]




	
PV unit

	
Efficiency

	
%

	
20

	
[27]




	
Initial investment

	
USD/kW

	
560

	
[27]




	
Operation and maintenance cost

	
USD/kWh

	
0.001

	
[27]




	
Absorption chiller

	
COP

	
-

	
1.2

	
[28]




	
Electric chiller

	
COP

	
-

	
5

	
[28]




	
Air conditioner

	
COP (cooling)

	
-

	
4.4

	
[28]




	
COP (heating)

	
-

	
3.7

	
[28]




	
Heat exchanger

	
Efficiency

	
%

	
95

	
[29]




	
Gas boiler

	
Efficiency

	
%

	
90

	
[29]











 





Table 3. Information on energy prices [30,31].
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Energy Form

	
Price Pattern

	
Unit

	
Value






	
Electricity

	
Time-of-use tariff (peak hour)

	
USD/kWh

	
0.095




	
Time-of-use tariff (valley hours)

	
USD/kWh

	
0.047




	
Feed-in tariff

	
USD/kWh

	
0.058




	
PV subsidies

	
USD/kWh

	
0.021




	
Natural gas

	
Gas for CCHP systems

	
USD/m3

	
0.369




	
Gas for non-residential users

	
USD/m3

	
0.510




	
Gas for residential users

	
USD/m3

	
0.461











 





Table 4. Parameters for monetization conversion of indirect benefits.
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	Parameter
	Unit
	Value
	Reference





	CO2 price
	USD/t-CO2
	16.77
	[32]



	Green certificates trading price
	USD/Sheet
	0.978
	[33]



	Crude value-added rate
	%
	50
	[34]



	Duration of the ripple effect
	Year
	20
	[35]



	House price growth rate
	%
	0.5
	[36]



	Duration of value-added effect
	Year
	20
	[35]



	Amount of loss per unit of interrupted energy supply
	USD/kWh
	25.72
	[35]



	Duration of interruptions in energy supply
	Hours/Time
	72
	[35]



	Incidence of energy supply disruptions
	Times/Year
	0.022
	[35]



	Unit cost of inspired education
	USD/Person
	27.67
	Field investigation



	Impact factor
	-
	0.3
	Field investigation



	Advertising and promotion costs
	USD/Year
	70,000 (PV)/84,000 (CCHP)
	Field investigation



	Coefficient of advertising
	%
	2
	Field investigation



	Average value of willingness to pay
	USD/Person
	14 (PV)/70(CCHP)
	Field investigation



	Average medical costs
	USD/Year
	674
	[37]



	Probability of occurrence
	%
	1
	[35]



	Number of people affected
	-
	2000
	Field investigation



	Average absence pay
	USD/Day
	36
	Field investigation










 





Table 5. Results of cost-benefit analysis for two systems.
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Type of Cost or Benefit

	
Cost-Effectiveness Value (Million USD/Year)




	
PV

	
CCHP






	
Cost (C)

	
Annualized investment costs

	
8.41

	
4.01




	
Annual running costs

	
0.40

	
42.31




	
Direct benefits (EB)

	
a. Direct economic benefits

	
a1. Energy cost reduction benefits

	
24.98

	
40.15




	
Indirect benefits (NEB)

	
b. Environmental benefits

	
b1. Carbon emission reduction benefits

	
2.26

	
13.15




	
b2. Green energy penetration benefits

	
0.28

	
-




	
c. Regional economic impact benefits

	
c1. Equipment investment ripple benefits

	
2.62

	
1.25




	
c2. Real estate value-added benefits

	
0.87

	
0.87




	
d. Risk aversion benefits

	
d1. Energy supply interruption avoidance benefits

	
10.18

	
2.65




	
e. Popularization and inspirational benefits

	
e1. Low-carbon concept popularization benefits

	
8.30

	
8.30




	
e2. Advanced technology advertising benefits

	
0.04

	
0.05




	
f. Comfort enhancement benefits

	
f1. Indoor comfort enhancement benefits

	
1.40

	
6.99




	
f2. Health level enhancement benefits

	
1.06

	
1.06
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