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Abstract

:

Incentive policies play a crucial role in encouraging the adoption of renewable energy sources and energy efficiency measures. This study analyzes and compares the incentives for energy transition in the South Tyrol region of Italy using a marginal abatement cost (MAC) curve constructed with an expert-based approach. The incentives for residential energy efficiency, mobility, and boiler replacement are characterized based on assumptions for costs, energy savings, and parameters. The resulting expert-based MAC curve analysis reveals boiler replacement incentives to be the most cost-effective, yielding CO2 reductions at the lowest cost but with limited potential as the incentive is limited to apartment blocks that are not in district heating areas. Mobility incentives enabling electric vehicle adoption have the highest CO2 reduction potential, albeit at higher costs per ton abated. Residential energy efficiency incentives fall between the two for cost-effectiveness and potential. The MAC curve approach provides a useful comparison of cost-effectiveness versus potential, guiding policy prioritization. This techno-economic assessment methodology can be applied to other regions pursuing energy transition. Overall, a balanced policy mix encompassing transport, buildings, and heating is required for comprehensive low-carbon transition.
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1. Introduction


Energy policies play a crucial role in addressing the growth and use of energy, encompassing aspects such as energy production, distribution, and consumption. The book “Energy for Sustainable Development—Demand, Supply, Conversion and Management” written by M.M. Islam and M. Hasanuzzman in 2020 states that an “Energy policy is the scheme in which the government (or any organization) addresses issues related to energy growth and usage including energy production, distribution, and consumption. The attributes of energy policy may include legislation, international treaties, incentives to investment, guidelines for energy conservation, taxation, and other public policy techniques” [1]. Energy policies and incentive programs are critical tools for promoting renewable energy sources, energy efficiency, and sustainable transitions [2]. Well-designed policies can help overcome barriers to technology adoption while optimizing social, economic, and environmental objectives [3].



The European Parliament has established an integrated energy market, the security of energy supply, and the sustainability of the sector as the core objectives of its energy policy [4]. South Tyrol is an autonomous province located in the northern Italian region of Trentino-Alto Adige. The Klimaplan is South Tyrol’s energy and climate strategy document outlining policies and targets to decarbonize the province’s energy system by 2040 [5,6].



This research focuses on a specific aspect of energy policy: incentives. Incentives, in this context, refer to financial motivations that encourage citizens to adopt certain actions or behaviors. These incentive policies are designed to overcome barriers that may hinder the implementation of specific interventions. In South Tyrol, the Province of Bozen/Bolzano aims to promote the use of renewable energy sources and the adoption of more sustainable energy solutions by providing economic benefits to the population [5].



By examining the incentives in South Tyrol as a case study, this research investigates the investment trends and incentives provided in South Tyrol for facilitating the energy transition, with the goal of identifying, through a techno-economic evaluation, which measures yield greater results in terms of CO2 emission savings at the same cost, and which have a higher emission reduction potential. The findings of this analysis contribute to the development of future decarbonization strategies aimed at achieving the best outcomes at the lowest possible cost.



To achieve this, the study constructs a Marginal Abatement Cost (MAC) curve, which enables the visualization of various incentives organized according to the cost of CO2 abatement. By analyzing and comparing these incentives, this research seeks to determine the most cost-effective and efficient measures for reducing CO2 emissions in South Tyrol, ultimately guiding policy-makers in implementing effective and sustainable energy transition strategies.



Various approaches have been employed to compare energy policies in the existing literature. The use of the Marginal Abatement Cost curve as a tool for comparing and evaluating energy policies has rarely been identified in the scientific literature in the past decades. For this reason, this section will first analyze the alternative methods used to estimate the effectiveness of energy policies and subsequently identify the most relevant studies that have made use of the MAC curve in the energy sector.



A growing body of research has focused on empirically assessing the effectiveness of subsidies and public funding programs. Caloffi et al. [7] conducted a comparative evaluation of regional subsidies for collaborative versus individual R&D projects in Italian SMEs. Using propensity score matching, they found that collaborative R&D subsidies increased later networking while individual R&D subsidies increased unsubsidized R&D spending. Chinetti [8] analyzed investment subsidies for innovation in Italian lagging regions, finding a positive effect on treated firms’ investment spending using a difference-in-differences approach.



Recent research has employed a range of methodological approaches to evaluate and compare energy policies. Indicator-based assessments using metrics spanning environmental, economic, social, and institutional dimensions are common [9]. Greenhouse gas (GHG) emissions reduction is a prominent environmental indicator, as demonstrated in Arbolino et al.’s (2019) study on the effectiveness of the European energy policy on the Italian system [10]. Within the economic concern, two subcategories have been identified: economic-cost and economic-competitiveness. Macro- and micro-economic indicators, such as Gross Domestic Product [11] and energy price [12], are considered in the economic-cost subcategory, while market orientation indicators, like investment incentives, are examined in the economic-competitiveness subcategory [13].



Schmid [14] empirically analyzes the impacts of India’s 2003 Electricity Act, 2006 Tariff Policy, feed-in tariffs, renewable quotas, and private sector participation on the development of grid-connected renewable power across nine Indian states from 2001 to 2009. Shrimali et al. [15] develop a levelized cost of electricity models to evaluate the cost-effectiveness of the policies needed to meet India’s 2022 renewable energy targets for wind and solar power. Li et al. [16] utilized panel regression models to evaluate the effectiveness of different economic policy instruments on photovoltaic (PV) and wind power development across European Union member countries. Their findings confirm feed-in tariffs as the most effective policy for promoting both PV and wind, while renewable portfolio standards had a positive but smaller impact on wind development. The results suggest that financial support to reduce initial investment costs is important for wind power expansion.



The social category also contains two subcategories: social-equity and social-employment, with key indicators including public acceptance of specific energy technologies [17] and the employment or unemployment rate influenced by energy policies [18]. The institutional concern comprises indicators related to the policy environment [19]. It appears that the economic concern is the most frequently addressed in the reviewed literature. This research employs an economic indicator, combined with an environmental one, by analyzing the euros spent per ton of CO2 emission saved.



The emphasis of this research was placed on the comparison of the efficiency of the energy policies using the Marginal Abatement Cost curve. The use of the MAC curve is crucial in this research, as it allows the identification of the incentives with the greatest emission abatement potential at the same cost for the public purse. In addition, the MAC curve makes it possible to display the various incentives according to their CO2 abatement cost.



In the literature, MAC curves have emerged as a useful tool for visualizing and comparing the costs and emission reduction potentials of various decarbonization measures. Huang et al. [20] identified two primary methods for constructing MAC curves: expert-based and model-based approaches. Expert-based MAC curves rely on individual assessments of abatement options to calculate incremental costs and CO2 savings. This generates a step-wise curve with each discrete step representing the emissions reduced by a specific measure [21]. However, expert curves can overlook the systemic interactions between sectors and have inconsistent baseline assumptions [22].



Alternatively, model-based MAC curves utilize an energy system model (bottom-up, top-down, or hybrid) to simulate progressive CO2 taxes or emissions constraints. This captures sectoral interactions and avoids double counting [23]. But bottom-up models lack macro-economic feedback [24] while top-down models lack technological detail [24]. The resulting MAC curve is smooth rather than step-wise [25]. Recent work by Kesicki [26] advanced model-based MAC curves by using MARKAL modeling with decomposition analysis. This allowed an inspection of mitigation costs and potentials while retaining technological specificity [27]. Another application of model-based MAC curves is given by Prina et al. [28], who developed the EPLANoptMAC model, which couples an optimization model to EnergyPLAN software [29] to obtain MAC curves. A similar approach has been implemented by Groppi et al. [30] to study the best decarbonization measures at an insular level. Chang et al. [31] used the EPLANoptMAC [28] to study Chile’s energy transition and compared the results to the ones obtained through simulated expert-based scenarios. Misconel et al. [32,33], through the use of the bottom-up linear optimization model ELTRAMOD, realized a similar approach and developed MAC curves to study the German sector-coupled power system in 2030.



However, applications of MAC curve analysis to incentive policies remain limited in the scientific literature. This research addresses this gap by constructing MAC curves to assess the incentives for energy transition. The analysis provides a novel application of MAC curves for comparing cost-effectiveness and the potential of distinct incentives targeting the building, transport, and heating sectors. The results yield actionable insights to guide incentive prioritization and the design of balanced policy mixes for cost-effective deep decarbonization. While focused on South Tyrol, the methodological approach is generalizable to incentive assessments for local energy transitions globally.



This research provides the reader with an overview of the current incentives provided in South Tyrol for energy transition with the intention of comparing them according to their emission reduction cost. After a brief introduction, Section 2 presents the materials and methods used to complete the research, while the following section presents the South Tyrol case study. In Section 3, the three incentive categories are characterized. For each incentive, the data necessary for the construction of the corresponding MAC curve are calculated and presented in Section 4. Finally, Section 5 contains the discussion of the results obtained in the previous section, while the Section 6 presents the concluding remarks of the paper.




2. Materials and Methods


This study utilizes the MAC curve to analyze and compare the incentives for energy transition in South Tyrol. The MAC curve is a graphical representation of the cost of the CO2 abatement associated with various energy transition measures. The MAC curve graphs the cost of abating CO2 emissions (y-axis) against the potential CO2 emission reductions (x-axis) for each incentive measure. This visualizes the relationship between abatement costs and emission reduction potentials. There are two main approaches to constructing a MAC curve: expert-based and model-based. Expert-based approach: This method, chosen for this study, relies on expert knowledge to estimate the costs and potential emission reductions associated with each incentive. The expert-based approach is typically used when detailed data are limited or when a high degree of flexibility in assumptions is required. Model-based approach: In contrast, the model-based approach uses a detailed mathematical model to simulate the impacts of different energy transition measures. This method is more appropriate when extensive data are available and a higher degree of precision is necessary.



In this study, the MAC curves have been developed using an expert-based approach, which relies on estimating costs and CO2 savings for each incentive based on available data and reasonable assumptions. This flexible approach is suitable when detailed quantified data may be limited, as in this case study of diverse incentive measures. The key parameters calculated for each incentive are: (i) tCO2 saved, actual lifetime CO2 emissions reduced due to the incentive, and (ii) potential tCO2 saved, maximum additional CO2 emissions that could be reduced if the incentive were fully adopted.



The general formula to calculate the cost of CO2 abatement (CCA) is given by Equation (1).


  C C A =  €  t C  O  2   s a v e d       =   A m o u n t   o f   t h e   c o n t r i b u t i o n   t C  O  2   s a v e d   i n   l i f e t i m e      



(1)




where:




	
Amount of the contribution (€) is the total subsidy provided;



	
tCO2 saved is the lifetime CO2 emissions reduced due to the incentive.








The potential tCO2 saved depends on the specific incentive. The potential tCO2 saved is given by the annual tCO2 saved per intervention times the number of feasible interventions. Annual tCO2 saved per intervention is the yearly CO2 reduction for intervention (in the energy efficiency of buildings, mobility, and boilers replacement sectors). The potential CO2 savings associated with each incentive depends on key parameters specific to that category.



For residential building efficiency incentives, the potential CO2 savings are determined by multiplying the annual CO2 reductions per home retrofitted by the total number of applicable homes in South Tyrol. The annual CO2 savings per home retrofit are estimated based on the energy savings from enhanced insulation, windows, etc., and the emission factor for natural gas heating. The total number of applicable homes is based on the housing type, age group, and heated area data for South Tyrol.



For mobility incentives, the potential CO2 savings are calculated by multiplying the annual CO2 reductions per vehicle switched from petrol/diesel to electric by the total number of private petrol/diesel vehicles currently on South Tyrol’s roads. The annual CO2 savings per vehicle switch are estimated from differences in fuel efficiency, annual mileage, and emissions factors.



And for boiler replacement incentives, the potential CO2 savings are estimated by multiplying the annual CO2 reductions per boiler replacement by the total number of apartment blocks still using gas/diesel boilers and the share without access to district heating. The annual CO2 savings per boiler switch depend on the old and new system efficiencies and fuels’ emission factors.



2.1. Residential Energy Efficiency


An important category of incentives for energy transition in South Tyrol targets improvements in residential energy efficiency through building insulation and window upgrades. Enhancing efficiency in the region’s building stock offers significant potential for emissions reduction given that space heating accounts for the majority of household energy demands. However, assessing the cost-effectiveness and potential of residential efficiency incentives requires a characterization of the building stock.



This section details the key assumptions made in modeling South Tyrol’s residential buildings to enable a comparison of the insulation and window replacement incentives. Housing Types: Four housing types were considered: single-family homes, small multi-family homes (<5 units), large multi-family homes (>5 units), and apartment blocks [6]. It is important to specify that the Province of Bozen/Bolzano defines a condominium as a building with at least five residential units [34]. According to this specification, small and large multi-family houses are also part of this category. Age Groups: Buildings were categorized into 7 age groups by year of construction, influencing energy savings: <1945, 1946–1969, 1970–1979, 1980–1989, 1990–1999, 2000–2010, and post-2010 [35]. Table 1 and Table 2 first show the heated surface area in     Mm  2    [6] and then the consumption in kWh/   m 2  y   [35] for each type of housing unit and the corresponding year of construction.



As illustrated, single-family homes comprise the largest share of heated floor area and energy use. Older buildings from before 1980 generally have higher consumption, indicating greater efficiency improvement potential. Key parameters for estimating CO2 savings and costs of roof, wall, and window upgrades build on this housing data along with assumptions detailed further in Appendix A. The pie chart (Figure 1) demonstrates that 75 percent of the total consumption of residential buildings is accounted for by single-family houses.




2.2. Mobility


Transportation is a major contributor to greenhouse gas emissions globally. Decarbonizing the transport sector through electrification and other low-carbon alternatives is therefore essential for climate change mitigation. This makes incentives aimed at accelerating the transition to electric vehicles an important policy lever for reducing emissions. This section outlines the assumptions made in evaluating the cost-effectiveness and emission reduction potential of electric vehicle incentives in South Tyrol. Four scenarios were assessed based on switching from petrol or diesel vehicles to full electric or plug-in hybrid electric vehicles [36]. The key parameters modeled include annual vehicle kilometers traveled, vehicle lifetimes, energy consumption, and emissions factors. The analysis relies on reasonable assumptions for these factors based on data for South Tyrol and Italian driving patterns. The assumptions provide an indicative basis to compare the mobility incentives using the MAC curve methodology, although uncertainties remain. Further sensitivity analysis on the parameters could enrich the assessment.



In addition, it was assumed that the total number of cars in South Tyrol is about 450,000, with 259,650 diesel-powered and the remaining 58%, namely 180,900, petrol-powered [37]. Furthermore, it is supposed that the vast majority of citizens (80%) would opt to transition to a full electric vehicle and that the remaining 20 per cent would choose to transition to a plug-in hybrid vehicle. An average annual vehicle mileage of 11,200 km was utilized based on the data of the driving patterns of Italian motorists [6]. A higher annual mileage would improve the cost-effectiveness of electrification by allowing more fuel/emissions savings per vehicle. On the other hand, a lower annual mileage would reduce the relative benefit of electrification. An average lifetime of 10 years was assumed for all vehicle types [36]. This affects total lifetime emissions reductions. Longer assumed lifetimes would increase the total emissions savings, while shorter lifetimes would reduce it. Advanced batteries could potentially extend electric vehicle lifetimes in the future. Values for kWh/100 km were used to estimate EV efficiency. A value of 13.61 kWh/100 km was used for BEVs and 32 kWh/100 km for PHEVs based on typical efficiencies [6]. Factors of 0 tCO2/MWh for electric (considering the South Tyrol electricity mix mostly based on Hydro power [6,38]), 0.25 tCO2/MWh for petrol, and 0.27 tCO2/MWh for diesel were used based on a life cycle analysis of fuels [37]. This accounts for upstream emissions from fuel production and electricity generation. Lower grid emissions will enhance the benefits of electrification over time.



A high 80% BEV adoption share and 20% PHEV share was assumed if consumers switched from petrol/diesel vehicles [6]. This significant preference for BEVs maximizes potential emissions reductions but is dependent on battery prices, charging infrastructure, and consumer preferences. More conservative adoption shares could be tested in sensitivity analyses. The amount of the contribution for the purchase of the full electric or plug-in hybrid vehicles was calculated as follows. To the €2000 for the purchase of the electric vehicle or the €1000 for the hybrid vehicle, €248.75 was added for the exemption from car tax for the first five years of use and a further €55.96 for the reduction to 22.5% of the tax after the first five years [36].




2.3. Replacement of Diesel and Gas Boiler in Apartment Blocks


Transitioning from fossil fuel boilers to lower carbon heating technologies like heat pumps, district energy systems, and biomass offers significant decarbonization potential. Incentives can help drive this transition in the building sector. This section details the assumptions made in assessing the incentives for replacing old gas or diesel boilers in apartment blocks in South Tyrol. It must be recalled that the Province of Bozen/Bolzano defines an apartment block as a residential building with at least five residential units inside it; therefore “Small multi-family houses” and “Large multi-family houses” are also considered for the subsequent calculations. Seven alternatives have been identified [34], i.e., the transition from a:




	(1)

	
Gas boiler—Connection to a district heating network;




	(2)

	
Diesel boiler—Connection to a district heating network;




	(3)

	
Gas boiler—Installation of a heat pump;




	(4)

	
Diesel boiler—Installation of a heat pump;




	(5)

	
Gas boiler—Installation of a hybrid heating system;




	(6)

	
Diesel boiler—Installation of a hybrid heating system;




	(7)

	
Gas boiler—Installation of biomass heating system.









The Province of Bozen/Bolzano specifies that “For the replacement of diesel and gas boilers within an area served by a district heating system delimited by the Autonomous Province of Bolzano-Alto Adige, subsidies are provided only for connection to the district heating system” [39]. This implies that if a citizen decides, for example, to replace his or her gas boiler with a hybrid heating system, when in fact he or she would have the possibility of connecting to district heating, he or she would not be able to receive the subsidies foreseen for the installation costs of the hybrid heating system.



The following assumptions were made regarding district heating in South Tyrol. It is assumed that the maximum potential extension of district heating in a city could be up to 70 per cent, following what was evaluated for the city of Copenhagen [24]. This resulted in approximately 20 per cent of the South Tyrolean population having possible access to district heating. The remaining 80% that cannot access district heating is assumed to be divided equally between the installation of a heat pump, a hybrid system, and a biomass system. In addition, it was assumed that 55.70% of the apartment blocks in South Tyrol dispose of a gas boiler and 10.07% of the apartment blocks own a diesel boiler [6].





3. Case Study


This research analyzes the incentives for energy transition in the Alpine region of South Tyrol, Italy. South Tyrol provides a relevant case for applying and assessing the MAC curve approach to analyze energy transition incentives. As an autonomous province, South Tyrol has autonomy in setting policies and incentive programs aligned with the local context. The comprehensive decarbonization framework outlined in South Tyrol’s Klimaplan, along with the suite of provincial incentive programs, provides a rich setting to examine and compare the cost-effectiveness of incentives targeting buildings, transport, and heating. The lessons learned from constructing the MAC curve and evaluating South Tyrol’s incentives can help guide other sub-national jurisdictions in balancing localized incentive programs for cost-effective deep decarbonization.



Initially, all incentives made available by the Province of Bozen/Bolzano for the promotion of energy efficiency and the use of renewable energy sources were identified in accordance with Article 2 of Provincial Law No. 9 of 7 July 2010 and subsequent amendments [40]. The subsidies are provided in implementing the principles contained in Directive 2010/31/EU of the European Parliament and the Council of 19 May 2010 on the energy performance of buildings [41] and Directive (EU) 2018/2001 of the European Parliament and of the Council of 11 December 2018 on the promotion of the use of energy from renewable sources [42].



First of all, the criteria for the granting of subsidies were established, defining the beneficiaries and general requirements. Concerning this research, incentives were considered only with regard to natural person and the interventions are considered eligible if the planned costs are not less than €1500.00, excluding VAT [39]. Finally, it is specified that the provincial contributions are not cumulative with other contributions or subsidies with the same admissible costs and calculated according to the same criteria, provided for by the state regulations [39].



Data on the incentives were collected from the website of the Province of Bozen/Bolzano, which aims to promote renewable energy and energy efficiency through economic benefits to citizens [5]. Table 3 shows the incentives considered in this study subdivided by sector. While the incentives assessed are not directly aimed at increasing renewable energy penetration, they exemplify measures targeting reduced energy consumption, improved efficiency, electrification, and lower-carbon heating sources. As such, this analysis of incentives for demand-side management and carbon abatement in buildings, transport, and heating provides insights into cost-effective technologies and policies to enable the deep decarbonization of South Tyrol’s energy system consistent with the focus of this special issue.



For each category of contributions, several assumptions were made. Appendix A describes in detail all the assumptions and sources selected for each of these three categories. Assumptions were made about the characteristics of each incentive. Table 4 shows the main assumption for each considered sector.



To evaluate the incentives for residential energy efficiency, mobility, and boiler replacement, certain simplifying assumptions were made, as described further in Appendix A. For the residential building incentives, assumptions were made regarding housing types, age groups, heated areas, and energy consumption profiles. The mobility incentives were modeled based on assumed vehicle lifetimes, annual mileages, energy use, and emissions factors. And the boiler replacement incentives relied on assumptions around potential replacement systems, district heating accessibility, boiler use shares, and emissions factors. These assumptions aimed to provide representative values to allow a fair comparison between the incentives using the MAC curve methodology. Unavoidably, the assumptions entail certain simplifications and uncertainties. Further sensitivity analyses could be beneficial to test the robustness of the findings. However, the assumptions provide a reasonable starting basis to apply the MAC framework for this initial comparison of the cost-effectiveness and emissions reduction potentials across the main categories of the energy transition incentives available in South Tyrol. The details of the assumptions and data sources are documented in Appendix A.




4. Results


The aim of this research is to identify which, among the incentives characterized in the previous section, produce the greatest results in terms of     CO  2    emission savings for the same costs and which of these have the greatest emission abatement potential. It is achieved by constructing a MAC curve, which allows the visualization of the various incentives organized according to their     CO  2    abatement cost. This section will present the specific MAC curves for each incentive and an overall MAC curve depicting all the measures.



4.1. Results for Residential Energy Efficiency


Figure 2 plots the MAC curve comparing the residential energy efficiency incentives for roof insulation, external wall insulation, and window replacement. The curve plots the cost of CO2 abatement in euros on the y-axis against the emission reduction potential in tonnes CO2 on the x-axis. The chart reveals window replacement as the least cost-effective option, requiring the highest spend per ton of CO2 abated. This is attributed to the relatively lower energy savings from window replacement. In contrast, roof insulation emerges as the most cost-effective option, achieving CO2 reductions at the lowest cost per ton. External wall insulation falls between the two with moderate cost-effectiveness.



Figure 3 provides further insights by examining the residential energy efficiency incentives across different house types. For all housing categories, roof insulation again shows the greatest cost-effectiveness. However, for single-family homes in particular, roof insulation dramatically outperforms the other two measures. This suggests that the existing incentives on roof insulation for single-family homes could be an impactful approach. For multi-family homes and apartment blocks, the relative cost-effectiveness between the measures is more balanced, implying that a broader intervention mix may be suitable.



Figure 4 focuses on the influence of the building age on cost-effectiveness. The lowest values of the cost per t of saved CO2 are given by the incentives on roof insulation for buildings constructed before 1980. This indicates that well-targeted policies towards roof insulation for older single-family homes could be especially high-impact.




4.2. Results for Mobility


Figure 5 presents the MAC curve comparing the mobility incentives for electric vehicle adoption with two scenarios: (1) switching from petrol to full electric vehicle and (2) switching from petrol to plug-in hybrid. The chart illustrates full electric vehicles as substantially more cost-effective, achieving higher CO2 reductions per euro spent on incentives. This large cost-effectiveness gap arises from the higher efficiency of full electric vehicles compared to plug-in hybrids.



However, the emission reduction potential is significantly higher for full electric vehicle adoption. This is attributed to the assumption that most consumers would opt for a full electric vehicle if purchasing a new vehicle.




4.3. Results for the Replacement of Diesel and Gas Boilers in Apartment Blocks


Figure 6 displays the MAC curve comparing the incentives for replacing gas or diesel boilers in apartment blocks. Four replacement options are assessed: district heating, heat pump, hybrid system, and biomass boiler. The chart reveals a connection to district heating as the most cost-effective option, achieving the greatest CO2 reductions per euro of the incentive. The transition from a diesel boiler to district heating is especially cost-effective. This highlights the substantial benefits of incentivizing district heating connections where viable. However, district heating has lower overall emission reduction potential than heat pumps or biomass. This stems from the limited accessibility of district heating networks currently.



Heat pump adoption demonstrates both moderately high cost-effectiveness and potential, indicating that it could be an impactful technology target if district heating access is restricted. Hybrid systems show slightly lower cost-effectiveness than heat pumps, while biomass performs well on potential but is less cost-effective. These results emphasize the value of prioritizing district heating incentives where infrastructure allows. Beyond that, heat pumps present a balanced option between cost-effectiveness and potential. Hybrid systems and biomass may play more niche roles depending on the circumstances. The analysis underscores the importance of mapping local district heating accessibility to optimize cost-effective boiler replacement incentives. It also suggests that heat pumps warrant a high policy focus after the district heating potential is fulfilled, to maximize CO2 impact.




4.4. Overall Results


Figure 7 combines the individual MAC curves into one aggregated curve comparing all the assessed residential energy efficiency, mobility, and boiler replacement incentives. The consolidated curve illustrates the boiler replacement incentives as the most cost-effective, achieving maximum CO2 reductions per euro spent. However, these have a relatively low total emission reduction potential. This is mainly due to the assumptions set in the study. In fact, the incentives regarding boiler replacement are limited to apartment blocks which are not in district heating areas. In contrast, the mobility incentives enabling electric vehicle adoption demonstrate the highest potential for overall CO2 savings. But they are less cost-effective than the boiler measures, with higher costs per tonne abated.



The residential energy efficiency incentives, especially roof insulation, fall between boilers and mobility in cost-effectiveness. Certain measures like roof insulation for older single-family homes approach the cost-effectiveness of boiler replacement. The energy efficiency incentives also have a moderate total potential for CO2 reductions.





5. Discussion


The results of this study offer crucial insights into the cost-effectiveness and potential of various incentives of energy transition measures. Utilizing the MAC curve as an analytical tool, the study presents a comprehensive comparison of incentives in three primary categories: residential energy efficiency, mobility, and boiler replacement. The MAC curve analysis in this case study provides new insights beyond the existing literature on incentivizing energy transition. Previous studies of a quantitative comparison of energy policies have relied largely on indicator-based assessments focused on environmental, economic, social, and institutional metrics [9,10,13]. While helpful, such multi-criteria frameworks do not directly compare the cost-effectiveness of incentives targeting different sectors. The MAC analysis fills this gap by enabling a direct comparison of the abatement costs and potentials across key incentives for buildings, transport, and heating.



Focusing on the results of the analysis for South Tyrol, the MAC curve analysis indicated that boiler replacement incentives are the most cost-effective for generating CO2 emission reductions, albeit with the lowest emission reduction potential. In fact, the buildings to which these incentives can be applied are very limited as the incentives are limited to apartment blocks that are not in district heating areas. These measures are followed by specific residential energy efficiency incentives, particularly those associated with the insulating roofs and external walls of single-family houses built before 1980. It is noteworthy that the cost-effectiveness of residential energy efficiency measures in apartment buildings or multi-family houses is only marginally inferior (about 20%) to the mobility sector measures. In contrast, mobility incentives, particularly those promoting a shift from petrol or diesel-powered vehicles to full electric ones, demonstrated the highest potential for CO2 emission reduction as the majority of vehicles in the province are based on internal combustion engines and the share of full electric vehicles is still very low. It should be noted that this result is significantly influenced by the assumption that a large majority (80%) of people replacing their petrol or diesel car would opt for a full electric vehicle, with a smaller fraction (20%) choosing a plug-in hybrid. This assumption may be subject to change based on evolving consumer preferences and technological advancements in the automotive industry.



The analysis also underscores key uncertainties and areas for further research. The assumptions required for the MAC methodology, although based on current data, introduce simplifications. Sensitivity analysis on parameters like vehicle lifetimes, adoption rates, and annual mileages could strengthen the robustness of findings. Furthermore, coupling the analysis with energy system modeling realizing a model-based MAC curve could enrich insights, as could catching interactions and synergies between sectors [28,30,31,32,33].



These results underline the importance of a balanced and multi-faceted approach to energy transition. A mix of interventions targeting different sectors and aspects of energy use is necessary to achieve the best results. The insights from this study can be used to refine existing policies and to prioritize incentives based on their cost-effectiveness and emission reduction potential. Ultimately, a systematic and evidence-based approach to energy transition policy, as exemplified by this study, is crucial in our global pursuit of a sustainable and carbon-neutral future.




6. Conclusions


This research presented a comparative techno-economic analysis of the incentives for energy transition in South Tyrol, Italy, using marginal abatement cost (MAC) curves. The expert-based MAC approach provided vital insights on the cost-effectiveness and emission reduction potentials of distinct incentives targeting the building, transport, and heating sectors.



The analysis revealed that boiler replacement incentives achieved the greatest CO2 reductions per euro spent, making them the most cost-effective. However, their overall emission reduction potential was limited as the incentive is limited to apartment blocks that are not in district heating areas. These are followed by measures for the insulation of the roofs and external walls of single-family houses built before 1980. Next come the measures for the insulation of the roofs and external walls of apartment buildings built before 1980. Immediately afterwards are mobility incentives for a transition from a petrol- or diesel-powered vehicle to a full electric one. The other interventions for residential energy efficiency, mainly those related to the insulation of roofs and external walls in apartment blocks or large and small multi-family houses, only differ by about 20% in terms of cost-effectiveness in reducing CO2 emissions compared to those in the mobility sector. The remaining interventions experience a significant increase in the cost per tonne of CO2 saved. A mix of interventions, including the transition to plug-in hybrids and the replacement of windows in single-family houses built mainly after 1980, are therefore positioned at the end of Figure 7.



Mobility incentives have a higher potential reduction of CO2, especially those involving a change to a full electric vehicle. However, this result is strongly influenced by the assumption that 80 per cent of people who want to replace their petrol or diesel car would opt for a full electric car, while only 20 per cent would buy a plug-in hybrid vehicle. Immediately afterwards, interventions are placed on single-family houses built before 1980 for the insulation of roofs or external walls. Interventions for the replacement of boilers have the lowest emission abatement potential, being positioned on the left-hand side of Figure 7.



This analysis initially aimed to identify the incentives for energy transition available to a citizen in South Tyrol and then to evaluate and compare them both in terms of their cost and potential to abate CO2 emissions. Specifically, three categories of incentives were analyzed, namely residential energy efficiency, mobility, and boiler replacement. Particular emphasis was placed on the use of the MAC curve in the evaluation of incentive policies, as this graph displays on the y-axis the cost-effectiveness given in €/t saved CO2, and, on the x-axis, the potential abatement of emissions given in kt CO2. While marginal abatement cost curves have been used extensively to compare decarbonization measures, this study provides a novel application of the MAC approach focused on incentivizing energy transition technologies by evaluating and comparing the cost-effectiveness of distinct incentives targeting buildings, transport, and heating. It is hoped that this study and method will result in a systematic tool functional to policy-makers to evaluate energy policies.



Looking forward, integrating macro-economic considerations into the analysis and exploring uncertainties could enrich the insights. As clean energy transitions accelerate worldwide, rigorous policy assessments will remain crucial to steer our rapid decarbonization efforts and build equitable, sustainable energy systems. Given the findings that boiler replacement has emerged as the most cost-effective measure, policy-makers may want to evaluate the benefits of expanding the eligibility for these incentives beyond apartment blocks to also include other categories of buildings.
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Appendix A


This appendix provides details on the assumptions and data sources used to characterize the incentives in each of the three categories analyzed in this study: residential energy efficiency, mobility, and boiler replacement. The appendix is structured as follows: (A.1) Appendix A.1 Residential Energy Efficiency. It provides assumptions on the housing types, age, heated surface area, and energy consumption used to model the residential building incentives. (A.2.) Appendix A.2 Mobility. It outlines assumptions on the annual vehicle kilometers, lifetimes, energy use, and emissions factors used for the mobility incentives. (A.3) Appendix A.3 Boiler Replacement. It presents assumptions about the potential boiler replacement systems, access to district heating, and emissions factors used for the boiler incentives.



Appendix A.1. Residential Energy Efficiency


This section provides details on the assumptions and sources for each considered incentive of the residential energy efficiency sector: insulation of roofs, attic floors, and terraces, insulation of external walls, first floors, and arcades, and incentives for the replacement of windows and balcony doors. A further necessary remark to be made is that this research always considers buildings heated with a natural gas boiler and built with a building permit issued before 2005 [39]. First measure the insulation of roofs, attic floors, and terraces, as characterized in Table A1.





 





Table A1. Incentive for the insulation of roofs, attic floors, and terraces.






Table A1. Incentive for the insulation of roofs, attic floors, and terraces.














	
	Unit
	Reference
	Single-Family House
	Small Multi-Family House
	Large Multi-Family House
	Apartment Blocks



	Roof area
	    m 2    
	[6]
	70.84
	145.8
	368.16
	330.75



	Intervention costs
	€/   m 2   
	[35]
	175
	175
	175
	175



	Total costs
	€
	
	12,397.00
	25,515.00
	64,428.00
	57,881.25



	Contribution
	%
	[34]
	45
	70
	70
	70



	Amount of the contribution
	€
	
	8677.90
	17,860.50
	45,099.60
	40,516.88



	Energy saving
	%
	[35]
	20.77
	15.43
	15.43
	10.08



	Emission factor natural gas
	t    CO  2   /MWh
	[43,44]
	0.202
	0.202
	0.202
	0.202



	Lifetime
	years
	[35]
	30
	30
	30
	30








The total cost has been calculated by multiplying the intervention cost €/m2 by the roof area of the building. The amount of the contribution was obtained by multiplying the total cost by the percentage of the provincial contribution. The percentage of the contribution varies according to the type of housing unit. It corresponds to 70 per cent in the case of small and large multi-family houses and apartment blocks, because all three fall under the definition of apartment blocks according to the Province of Bozen/Bolzano. In regard to the single-family house the percentage is 45, because based on the calculations made, the energy saving achieved thanks to the intervention is not sufficient to achieve a ClimateHouse B certification; in this case, the contribution would instead rise to 60% [39].



Below are the characteristics and sources related to the incentives for the insulation of external walls, first floors, and arcades (Table A2) and the replacement of windows and balcony doors (Table A3). The total cost and amount of the contribution have been calculated in the same way as for the incentives for the insulation of roofs, attic floors, and terraces.





 





Table A2. Incentive for the insulation of external walls, first floors, and arcades.






Table A2. Incentive for the insulation of external walls, first floors, and arcades.














	
	Unit
	Reference
	Single-Family House
	Small Multi-Family House
	Large Multi-Family House
	Apartment Blocks



	Facade area
	    m 2    
	[6]
	181.72
	453.6
	905.06
	1367.1



	Intervention costs
	€/   m 2   
	[35]
	150
	150
	150
	150



	Total costs
	€
	
	27,258.00
	68,040.00
	135,759.00
	205,065.25



	Contribution
	%
	[34]
	45
	70
	70
	70



	Amount of the contribution
	€
	
	19,080.60
	47,628.00
	95,031.30
	143,545.50



	Energy saving
	%
	[35]
	44.34
	41.76
	41.76
	46.49



	Emission factor natural gas
	t    CO  2   /MWh
	[43,44]
	0.202
	0.202
	0.202
	0.202



	Lifetime
	years
	[35]
	30
	30
	30
	30








The same principle applies to the incentive for the insulation of external walls, first floors, and arcades for determining the percentage of the contribution (see Table A3).





 





Table A3. Incentive for the replacement of windows and balcony doors.
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	Unit
	Reference
	Single-Family House
	Small Multi-Family House
	Large Multi-Family House
	Apartment Blocks



	Windowed area
	    m 2    
	[6]
	18.48
	70.2
	122.72
	176.4



	Intervention costs
	€/   m 2   
	[35]
	650
	650
	650
	650



	Total costs
	€
	
	12,012.00
	45,630.00
	79,768.00
	114,660.00



	Contribution
	%
	[34]
	45
	45
	45
	45



	Amount of the contribution
	€
	
	5405.40
	20,533.50
	35,895.60
	51,597.00



	Energy saving
	%
	[35]
	8.08
	12.94
	12.94
	13.12



	Emission factor natural gas
	t    CO  2   /MWh
	[43,44]
	0.202
	0.202
	0.202
	0.202



	Lifetime
	years
	[35]
	30
	30
	30
	30








With respect to the replacement of windows, the percentage of the contribution is not increased for apartment blocks, but is equal to 45%, because the ClimateHouse B certification is not achieved as a result of the intervention [39].




Appendix A.2. Mobility


This section provides details on the assumptions and sources for each considered incentive of the mobility sector: switch from petrol to full electric car, switch from petrol to plug-in hybrid car, switch from diesel to full electric car, switch from diesel to plug-in hybrid car. Table A4 reports the characteristics and sources related to the incentives in the mobility sector.





 





Table A4. Incentives for mobility.
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	Unit
	Reference
	Full Electric
	Plug-In Hybrid
	Petrol
	Diesel



	Annual km per car
	km
	[6]
	11,200
	11,200
	11,200
	11,200



	Lifetime
	years
	
	10
	10
	10
	10



	kWh/100 km
	kWh/100 km
	[6]
	13.61
	32
	52.78
	46.11



	Emission factor
	t/MWh
	[37]
	0
	0.25
	0.25
	0.27



	Contribution for vehicle acquisition
	€
	[36]
	2304.71
	1304.71
	-
	-



	Contribution for charging systems
	€
	[36]
	1000.00
	1000.00
	-
	-



	Amount of the contribution
	€
	
	3304.71
	2304.71
	-
	-









Appendix A.3. Replacement of Diesel and Gas Boilers in Apartment Blocks


This section provides details on the assumptions and sources for each considered incentive of the mobility sector: switch from gas boiler to connection to a district heating network, switch from diesel boiler to connection to a district heating network, switch from gas boiler to the installation of a heat pump, switch from diesel boiler to the installation of a heat pump, switch from gas boiler to the installation of a hybrid heating system, switch from diesel boiler to the installation of a hybrid heating system, and switch from gas boiler to the installation of a biomass heating system. Table A5, Table A6, Table A7, Table A8, Table A9, Table A10 and Table A11 report the characteristics and sources related to the incentives in the replacement of diesel and gas boilers sector.





 





Table A5. Gas boiler—Connection to a district heating network.
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	Unit
	Reference
	Small Multi-Family House
	Large Multi-Family House
	Apartment Blocks



	Heated surface area
	    m 2    
	[6]
	540
	1535
	2205



	Total intervention cost
	€
	
	10,067.00
	11,111.75
	11,815.25



	Contribution
	%
	[34]
	30
	30
	30



	Amount of the contribution
	€
	
	3020.10
	3333.53
	3544.58



	Apartment blocks that can access district heating
	%
	[6]
	20.30
	20.30
	20.30



	Apartment blocks with gas boilers
	%
	
	55.70
	55.70
	55.70



	Emission factor natural gas
	t    CO  2   /MWh_th
	[43,44]
	0.202
	0.202
	0.202



	Emission factor district heating
	t    CO  2   /MWh_th
	[43,44]
	0.051
	0.051
	0.051



	Lifetime
	years
	[6]
	30
	30
	30








With regard to the connection to a district heating network, it is worth noting that the province also incentivizes companies that install the district heating network; therefore, the cost incurred by the province to incentivize the use of district heating is certainly higher than the amount of the contribution itself [26].





 





Table A6. Diesel boiler—Connection to a district heating network.






Table A6. Diesel boiler—Connection to a district heating network.













	
	Unit
	Reference
	Small Multi-Family House
	Large Multi-Family House
	Apartment Blocks



	Heated surface area
	    m 2    
	[6]
	540
	1535
	2205



	Total intervention cost
	€
	
	10,067.00
	11,111.75
	11,815.25



	Contribution
	%
	[34]
	30
	30
	30



	Amount of the contribution
	€
	
	3020.10
	3333.53
	3544.58



	Apartment blocks that can access district heating
	%
	[6]
	20.30
	20.30
	20.30



	Apartment blocks with diesel boilers
	%
	[6]
	10.07
	10.07
	10.07



	Emission factor diesel
	t    CO  2   /MWh_th
	[43,44]
	0.267
	0.267
	0.267



	Emission factor district heating
	t    CO  2   /MWh_th
	[43,44]
	0.051
	0.051
	0.051



	Lifetime
	years
	[6]
	30
	30
	30










 





Table A7. Gas boiler—Installation of a heat pump.
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	Unit
	Reference
	Small Multi-Family House
	Large Multi-Family House
	Apartment Blocks



	Heated surface area
	    m 2    
	[6]
	540
	1535
	2205



	Total intervention cost
	€
	
	51,030.00
	145,057.50
	208,372.50



	Contribution
	%
	[34]
	30
	30
	30



	Amount of the contribution
	€
	
	15,309.00
	43,517.25
	62,511.75



	Apartment blocks that cannot access district heating
	%
	[6]
	26.57
	26.57
	26.57



	Apartment blocks with gas boilers
	%
	[6]
	55.70
	55.70
	55.70



	Emission factor natural gas
	t    CO  2   /MWh_th
	[43,44]
	0.202
	0.202
	0.202



	Emission factor heat pump
	t    CO  2   /MWh_el
	[43,44]
	0.030
	0.030
	0.030



	COP
	
	[6]
	3
	3
	3



	Lifetime
	years
	[6]
	20
	20
	20










 





Table A8. Diesel boiler—Installation of a heat pump.
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	Unit
	Reference
	Small Multi-Family House
	Large Multi-Family House
	Apartment Blocks



	Heated surface area
	    m 2    
	[6]
	540
	1535
	2205



	Total intervention cost
	€
	
	51,030.00
	145,057.50
	208,372.50



	Contribution
	%
	[34]
	30
	30
	30



	Amount of the contribution
	€
	
	15,309.00
	43,517.25
	62,511.75



	Apartment blocks that cannot access district heating
	%
	[6]
	26.57
	26.57
	26.57



	Apartment blocks with diesel boilers
	%
	[6]
	10.07
	10.07
	10.07



	Emission factor diesel
	t    CO  2   /MWh_th
	[43,44]
	0.267
	0.267
	0.267



	Emission factor heat pump
	t    CO  2   /MWh_el
	[43,44]
	0.030
	0.030
	0.030



	COP
	
	[6]
	3
	3
	3



	Lifetime
	years
	[6]
	20
	20
	20










 





Table A9. Gas boiler—Installation of a hybrid heating system.
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	Unit
	Reference
	Small Multi-Family House
	Large Multi-Family House
	Apartment Blocks



	Heated surface area
	    m 2    
	[6]
	540
	1535
	2205



	Use of heat pump
	%
	[6]
	90
	90
	90



	Use of gas boiler
	%
	[6]
	10
	10
	10



	Total intervention cost
	€
	
	29,862.00
	84,885.50
	121,936.50



	Contribution
	%
	[34]
	30
	30
	30



	Amount of the contribution
	€
	
	8958.60
	25,465.65
	36,580.95



	Apartment blocks that cannot access district heating
	%
	[6]
	26.57
	26.57
	26.57



	Apartment blocks with gas boilers
	%
	[6]
	55.7
	55.7
	55.7



	Emission factor natural gas
	t    CO  2   /MWh_th
	[43,44]
	0.202
	0.202
	0.202



	Emission factor heat pump
	t    CO  2   /MWh_el
	[43,44]
	0.030
	0.030
	0.030



	COP
	
	[6]
	3
	3
	3



	Lifetime
	years
	[6]
	20
	20
	20










 





Table A10. Diesel boiler—Installation of a hybrid heating system.
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	Unit
	Reference
	Small Multi-Family House
	Large Multi-Family House
	Apartment Blocks



	Heated surface area
	    m 2    
	[6]
	540
	1535
	2205



	Use of heat pump
	%
	[6]
	90
	90
	90



	Use of gas boiler
	%
	[6]
	10
	10
	10



	Total intervention cost
	€
	
	29,862.00
	84,885.50
	121,936.50



	Contribution
	%
	[34]
	30
	30
	30



	Amount of the contribution
	€
	
	8.958.60
	25,465.65
	36,580.95



	Apartment blocks that cannot access district heating
	%
	[6]
	26.57
	26.57
	26.57



	Apartment blocks with diesel boilers
	%
	[6]
	10.07
	10.07
	10.07



	Emission factor natural gas
	t    CO  2   /MWh_th
	[43,44]
	0.202
	0.202
	0.202



	Emission factor heat pump
	t    CO  2   /MWh_el
	[43,44]
	0.030
	0.030
	0.030



	Emission factor diesel
	t    CO  2   /MWh_th
	[43,44]
	0.267
	0.267
	0.267



	COP
	
	[6]
	3
	3
	3



	Lifetime
	years
	[6]
	20
	20
	20










 





Table A11. Gas boiler—Installation of biomass heating system.






Table A11. Gas boiler—Installation of biomass heating system.













	
	Unit
	Reference
	Small Multi-Family House
	Large Multi-Family House
	Apartment Blocks



	Heated surface area
	    m 2    
	[6]
	540
	1535
	2205



	Total intervention cost
	€
	
	32,560
	46,490
	55,870



	Contribution
	%
	[34]
	30
	30
	30



	Amount of the contribution
	€
	
	9768.00
	13,947.00
	16,761.00



	Apartment blocks that cannot access district heating
	%
	[6]
	26.57
	26.57
	26.57



	Apartment blocks with diesel boilers
	%
	[6]
	10.07
	10.07
	10.07



	Emission factor gas
	t    CO  2   /MWh_th
	[43,44]
	0.267
	0.267
	0.267



	Emission factor biomass
	t    CO  2   /MWh_th
	[43,44]
	0
	0
	0



	Lifetime
	years
	[6]
	20
	20
	20
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Figure 1. Total consumption of residential buildings. 
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Figure 2. MAC curve incentives for residential energy efficiency. 
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Figure 3. MAC curve incentives for residential energy efficiency—focus on house types. 
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Figure 4. MAC curve incentives for residential energy efficiency—focus on years of construction. 
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Figure 5. MAC curve incentives for mobility. 
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Figure 6. MAC curve incentives for the replacement of diesel and gas boilers in apartment blocks. 
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Figure 7. MAC curve for all incentives. 
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Table 1. Heated surface area   M  m 2    [6].
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	Single-Family House
	Small Multi-Family House
	Large Multi-Family House
	Apartment Blocks





	<1945
	1.96
	0.35
	0.35
	0.80



	1946–1969
	2.67
	0.32
	0.32
	0.76



	1970–1979
	1.72
	0.13
	0.13
	0.37



	1980–1989
	1.46
	0.13
	0.13
	0.17



	1990–1999
	1.52
	0.21
	0.21
	0.22



	2000–2010
	0.64
	0.10
	0.10
	0.21



	Post 2010
	0.16
	0.04
	0.04
	0.08










 





Table 2. Consumption kWh/   m 2  y   [6].
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	Single-Family House
	Small Multi-Family House
	Large Multi-Family House
	Apartment Blocks





	<1945
	173.25
	103.57
	103.57
	107.92



	1946–1969
	175.78
	120.92
	120.92
	111.83



	1970–1979
	163.20
	111.92
	111.92
	103.65



	1980–1989
	131.38
	93.44
	93.44
	85.81



	1990–1999
	118.63
	81.62
	81.62
	77.14



	2000–2010
	107.86
	79.14
	79.14
	70.87



	Post 2010
	92.38
	66.66
	66.66
	61.61










 





Table 3. List of incentives of the Province of Bolzano considered in the study subdivided by sector.
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Considered Incentives






	
Residential Energy Efficiency—insulation, window replacement

	
Insulation of roofs, attics, and terraces




	
Insulation of external walls, first floors, and arcades




	
Replacement of windows and balcony doors




	
Mobility—subsidies for electric vehicles

	
Full Electric or Plug-In Hybrid vehicle purchase




	
Electric vehicle charging systems: contributions to individuals




	
Boiler Replacement—replacing old gas/diesel boilers

	
Replacement of diesel and gas boilers in apartment blocks











 





Table 4. List of main assumptions per incentive sector.
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Assumptions






	
Residential Energy Efficiency—insulation, window replacement

	
Four housing types were considered: single-family homes, small multi-family homes, large multi-family homes, apartment blocks




	
Homes were categorized into seven age groups by year of construction, influencing energy savings




	
Heated surface area, energy consumption data were estimated for each housing type and age group [35].




	
Mobility—subsidies for electric vehicles

	
Four scenarios were assessed based on switching from petrol/diesel to full electric or plug-in hybrid vehicles




	
Assumptions were made about annual vehicle kilometers travelled, vehicle lifetimes, and EV energy consumption




	
Boiler Replacement—replacing old gas/diesel boilers

	
Seven boiler replacement options were evaluated, including district heating, heat pumps, hybrid systems, and biomass boilers.




	
Assumptions were made about the share of buildings with access to district heating vs. other systems
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