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Abstract:



The joint action of the European directives and the national strategies make the issue of energy efficiency of the dwelling stock one of the main research directions in the field. The purpose of this study is to create and apply a methodology for developing the portfolio of projects to increase the energy efficiency of the dwelling stock at a regional level through the use of life cycle cost. For this, eight types of energy efficiency improvement projects and three implementation scenarios were selected for the dwelling stock. For each project life cycle cost was determined in each county of the South-Muntenia region based on the estimation of the energy requirements, the costs of implementation and exploitation. In all three scenarios, the P3 Energy Efficiency Project (the reference building without shutters under the Romanian normative) had minimal life cycle cost in most counties in the region. For each scenario the life cycle cost was determined for the optimal portfolio of projects at regional level. The maximum scenario was chosen as the optimal scenario for regional implementation.
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1. Introduction


Energy efficiency has become one of the most important research topics in the current era in terms of its multiple approaches: ecological, technological, economic or social. It is regarded as a key economic and social development resource [1] and as one of the most effective ways to achieve climate change mitigation [2].



In the European Union, buildings are the most important element of energy efficiency policies. They account for almost 40% of final energy use at the EU level. The national demand for energy was 21,644 toe from which 7375 toe was the energy used in households, 6472 toe energy used in industry, 1762 toe energy used in services, 5577 toe energy used in transports and 458 toe energy used in agriculture. In Romania, residential and non-residential energy use accounts for almost 45% of total energy use. As it makes a significant contribution to energy use, the residential sector is subject to several policies aimed at reducing energy use in this sector. At national level, it is necessary to implement the requirements of Directive 2010/31/EU on the energy performance of buildings [3] and of Directive 2012/27/EU on energy efficiency [4]. Directive 2009/28/EC (RED) requires the use of minimum levels of energy from renewable sources for new buildings and existing buildings undergoing major renovations [5].



At a European level, in addition to the three targets for 2020 (20% reduction of greenhouse gas emissions in the EU, 20% increase in the share of energy from renewable sources), a number of long-term objectives for 2050 with an obvious impact on the residential sector were established: moving to a low-carbon economy (which will involve a significant reduction in residential carbon emissions) and the energy perspective that involves increasing the energy efficiency of new and existing buildings. The issue of energy efficiency in buildings is one of the important themes of Romania’s energy strategy for 2016–2030, with the perspective of 2050, which has five fundamental strategic objectives: energy security, competitive markets, clean energy, upgrading of the energy governance system, poverty reduction energy and vulnerable consumer protection [6]. One of the five central issues of Romania’s energy strategy is to increase the energy efficiency in buildings and to reduce energy poverty. According to the strategy, the annual target of thermal rehabilitation is at least 3% of the public buildings stock. Also, one of the five new directions of development proposed by this strategy are intelligent, self-sustaining energy buildings in terms of architecture, operation, interchangeability and storage for all forms of energy. This development direction will be fundamental at national level to achieve the decarbonisation targets assumed for 2050.



At a sectoral level, a strategy was adopted in 2014 to mobilize investment in renovating the existing residential and commercial buildings at a national level. According to the strategy adopted at the sectoral level, the annual target for thermal rehabilitation is at least 1% of the existing national building stock [7]. The strategy foresees three programs to finance projects to increase the energy efficiency of the existing dwellings stock: a national program to increase the energy performance of housing blocks, funded by national and EU structural funds, a program for the renovation of residential buildings (with government-guaranteed bank loans) and the Green House program (with non-repayable funding) [7]. Also, some local authorities have started local investment programs to increase the energy efficiency of the existing dwellings stock. As can be seen from Figure 1, the need to increase the energy efficiency of the existing housing fund at the national level has had a double determination: the strategic objectives and directives of the European Union and the strategies/programs at the national level.


Figure 1. The main determinants of energy efficiency projects for dwellings stock.
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The research carried out in other European countries, such as Spain, has assessed the effects of energy efficiency investments on the sustainability of the development of the national economy. The main impacts studied were savings on energy use of dwellings, employment levels and CO2 emissions [8]. Other studies have focused exclusively on the value of the price risk reduction to a consumer that can be achieved with investments in energy efficiency [9]. Studies have shown that the potential for reducing the energy use of buildings is immense [10,11]. The magnitude of the impact of the reduction in energy use depends on the phase of the construction life cycle in which energy efficiency measures are implemented. Taking into account the energy efficiency of buildings at their design stage leads to significantly higher results compared to the implementation of this concept in the building exploitation phase. In some studies, it is considered that “from an economic point of view, it is crucial to minimize the life cycle cost of buildings undergoing energy renovations, hence an optimization approach is needed” [12]. Other research has shown that Life Cycle Cost (LCC) optimization and building categorization can be used to achieve a systematic study of cost-optimal energy efficiency potential (CEEP) [13]. In some studies, it is considered that the cost-optimal level of care for a whole building stock is a complex task [14,15,16,17]. To date, no regional studies have been carried out in Romania to assess the economic impact of energy efficiency projects for the dwellings stock at the level of Romania’s development regions over longer horizons. The main purpose of this research is to create and apply a methodology for selecting projects to increase the energy efficiency of the dwellings stock at regional level so as to constitute an optimal portfolio.




2. Research Methodology. Materials and Methods


Based on the results obtained in previous researches, revealed by the literature, the following objectives were set for the research:

	
Selection of the most representative types of projects for increasing the energy efficiency of the dwellings stock that can be achieved in the South-Muntenia region and their implementation scenarios;



	
Determining the type of project for increasing the energy efficiency of the dwellings stock that can be applied at the level of each county of South-Muntenia region on the basis of the life cycle cost related to the application of each project variant at regional level;



	
Determining the type of project to increase the energy efficiency of the dwellings stock that can be applied at regional level;



	
Establishing the optimal implementation scenario at regional level.








In order to achieve these objectives, a research methodology was developed that includes the following steps presented in Figure 2.


Figure 2. Research methodology.
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1. Choosing the most suitable development region for research on projects for increasing the energy efficiency of the dwelling stock. The South-Muntenia region was chosen for this research because all its counties are located in the same climatic zone (Romania’s climate zone II), which will allow for a unitary appreciation of the effects of projects for increasing the energy efficiency of the dwelling stock. The region has seven counties (Argeş, Călăraşi, Dâmboviţa, Giurgiu, Ialomiţa, Prahova and Teleorman). In each of them, the effects of the projects for increasing the energy efficiency of the dwellings stock were studied.



2. Establishing the typology of projects for increasing the energy efficiency of the dwellings stock. Eight types of projects for increasing the energy efficiency of the dwelling stock in Romania have been considered.



The reference building chosen for the dwelling stock energy efficiency projects is one in which the space heating is done by a central installation with vertical columns connected to the district heating system. The cooling is done with split equipment. Hot water is supplied by a local thermal power point and electricity is provided through the public network. From the point of view of the geometry of the reference building, the total envelope comprises opaque and transparent vertical elements, adjacent to the natural environment, the terrace, the floor above the technical basement, the wall to the staircase.



The building is ground floor plus five floors, 25.8 m long, 14.8 m wide and 16.76 m high and the surface/volume ratio is 0.422 m2/m3. The ratio between the glazed surface and the total building envelope is: South—4.89%; East—2.40%; North—4.89%; West—2.40%. The use of the building is equivalent to the building block proposed in Appendix A (Table A1) of Directive 2010/31/EU and the average heat input from the occupants is 6.10 W/m2. The specific electrical power of the lighting system is 5.08 W/m2 and the equipment is 10.5 W/m2. The average U value of the walls is 1.521 W/m2K, the roof is 0.917 W/m2K, the basement is 2.624 W/m2K and the windows is 2.739 W/m2K. For thermal bridges the total length is 669.88 m and the average linear thermal transmission is 0.215 W/m2K. The recording temperature is 20–24 °C in winter and 22–27 °C in the summer. Moisture humidity is 60% both in summer and winter. The program is: occupancy—24 h/day, lighting—8 h/day, heating system—24 h/day, cooling system 0.35 h/average hot season. Infiltration rate (air exchanges per hour) is 0.65. The energy requirement for the reference building was determined taking into account: the energy required for heating, the energy required for cooling, the energy required for domestic hot water, the energy required for humidification-dehumidification, the energy use for ventilation, the energy use for indoor lighting, other energy use (for home appliances, external lighting, auxiliary systems, etc.).


Table A1. LCC at the regional level for the minimum scenario (billions euro).





	
Project/County

	
Argeș

	
Călarași

	
Dâmbovița

	
Giurgiu

	
Ialomița

	
Prahova

	
Teleorman

	
Regional Level






	
P1

	
11.218

	
4.408

	
8.573

	
4.563

	
4.419

	
13.625

	
6.038

	
52.844




	
P2

	
11.083

	
4.353

	
8.465

	
4.506

	
4.363

	
13.454

	
5.962

	
52.186




	
P3

	
10.897

	
4.282

	
8.328

	
4.433

	
4.424

	
13.236

	
5.866

	
51.467




	
P4

	
10.703

	
4.310

	
8.312

	
4.462

	
4.320

	
13.322

	
5.904

	
51.333




	
P5

	
11.069

	
4.453

	
9.013

	
4.798

	
4.646

	
14.325

	
6.348

	
54.651




	
P6

	
10.712

	
4.308

	
8.378

	
4.460

	
4.288

	
13.315

	
5.904

	
51.365




	
P7

	
10.681

	
4.341

	
8.443

	
4.494

	
4.352

	
13.419

	
5.947

	
51.678




	
P8

	
11.047

	
4.662

	
9.066

	
4.826

	
4.673

	
14.410

	
6.386

	
55.070




	
LCCro

	
51.099










The calculation method used is dynamic simulation—a model for hourly time calculation, evaluation of the natural thermal regime and necessary utilities in thermal comfort regime. The primary energy conversion factors used were: district heating—0.92; cogeneration electricity—2.62. For the reference building, consideration was also given to the possibility of generating energy on site: heat from renewable sources, electricity generated in the building and used on-site, electricity generated in the building and used on the market.



Project 1 (P1) is the reference building in its current state. For this project, the building’s energy needs include heating and cooling energy, domestic hot water, energy use for indoor lighting and other household appliances, outdoor lighting and auxiliary systems. Project P1 does not include energy used for humidification-dehumidification nor for ventilation. P1 also does not include on-site power generation.



Project 2 (P2) is the reference building with organized natural ventilation, used in the hot season, economical lighting. For this project, the building’s energy needs include heating and cooling energy, domestic hot water, energy used for indoor lighting and other energy used for home appliances, auxiliary systems. No energy used for humidification and de-humidification, nor for ventilation is achieved in this project. Project P2 does not involve power generation on site. Organized natural ventilation is a controlled movement between outdoor and indoor air, due to fresh air entering the door and window joints, as well as through the pores of the materials from which the walls of a building are made, so without the provision of special devices for the purpose of air circulation organized ventilation. The specific electrical power of the lighting system is 1.02 W/m2 and the equipment is 10.5 W/m2. The program is: occupancy—24 h/day, lighting—8 h/day, heating system—24 h/day, cooling system 0.07 h/average hot season. Infiltration rate (air exchanges per hour) is 0.65.



Project 3 (P3) is the reference building under the Romanian normative without shutters. For this project, the energy needs of the building include heating and cooling, domestic hot water, energy for indoor lighting and other energy use (especially for home equipment). This project does not involve generating energy on site. The specific electrical power of the lighting system is 1.02 W/m2 and the equipment is 10.5 W/m2. The average U value of the walls is 0.557 W/m2K, the roof is 0.197 W/m2K, the basement is 0.352 W/m2K and the windows is 1.349 W/m2K. For thermal bridges the total length is 669.88 m and the average linear thermal transmission is 0.195 W/m2K. The program is: occupancy—24 h/day, lighting—8 h/day, heating system—24 h/day, cooling system 0.07 h/average hot season.



Project 4 (P4) is the reference building equipped with heat recovery and shutters. The energy needs of the building include: heating energy, cooling energy, domestic hot water, energy used for ventilation, energy for indoor lighting and other energy use (especially for home appliances). Project P4 does not include energy used for humidification and de-humidification in determining the energy demand of the building. This project does not have the effect of generating energy on site. The specific electrical power of the lighting system is 1.02 W/m2 and the equipment is 10.5 W/m2. The average U value of the walls is 0.557 W/m2K, the roof is 0.197 W/m2K, the basement is 0.352 W/m2K and the windows is 0.978 W/m2K. For thermal bridges the total length is 669.88 m and the average linear thermal transmission is 0.195 W/m2K. The program is: occupancy—24 h/day, lighting—8 h/day, heating system—24 h/day, cooling system 0.07 h/average hot season.



Project 5 (P5) is the reference building equipped with heat recovery, shutters, solar panels and photovoltaic panels. The energy requirement of the reference building resulting from this project includes: energy required for heating and cooling, domestic hot water, energy for ventilation, energy for indoor lighting and other energy used (especially for home appliances). In determining the energy requirement, energy used for humidification and dehumidification was not included. This project includes the generation of onsite energy by thermal energy from renewable sources (solar collectors) and electrical energy generated in the building and used on site. The specific electrical power of the lighting system is 1.02 W/m2 and the equipment is 10.5 W/m2. The average U value of the walls is 0.557 W/m2K, the roof is 0.197 W/m2K, the basement is 0.352 W/m2K and the windows is 0.978 W/m2K. For thermal bridges the total length is 669.88 m and the average linear thermal transmission is 0.195 W/m2K. The program is: occupancy—24 h/day, lighting—8 h/day, heating system—24 h/day, cooling system 0.07 h/average hot season. Infiltration rate (air exchanges per hour) is 0.05.



Project 6 (P6) is a modernized building with natural ventilation and summer blinds. Following the implementation of this project, the energy requirements of the reference building include only energy used for heating, cooling, domestic hot water. This energy efficiency improvement project does not involve generating energy on site. The modernized building is the one where other works of rehabilitation of structural and non-structural elements (wall repairs, finishing, re-partitioning) have been carried out besides those strictly related to energy efficiency projects but have an impact on them. The specific electrical power of the lighting system is 1.02 W/m2 and the equipment is 10.5 W/m2. The average U value of the walls is 0.396 W/m2K, the roof is 0.197 W/m2K, the basement is 0.351 W/m2K and the windows is 0.978 W/m2K. For thermal bridges the total length is 669.88 m and the average linear thermal transmission is 0.115 W/m2K. The program is: occupancy—24 h/day, lighting—8 h/day, heating system—24 h/day, cooling system 0.05 h/average hot season. Infiltration rate (air exchanges per hour) is 0.05.



Project 7 (P7) is the modernized building with summer blinds, shutters and heat recovery. As a result of the implementation of this project, the energy needs of the reference building include the energy required for heating and cooling, domestic hot water, ventilation energy consumption, energy for indoor lighting and other energy used (especially for home appliances and other auxiliary systems). Project P7 does not have the effect of generating energy on site. The specific electrical power of the lighting system is 1.02 W/m2 and the equipment is 10.5 W/m2. The average U value of the walls is 0.396 W/m2K, the roof is 0.197 W/m2K, the basement is 0.351 W/m2K and the windows is 0.827 W/m2K. For thermal bridges the total length is 669.88 m and the average linear thermal transmission is 0.115 W/m2K. The program is: occupancy—24 h/day, lighting—8 h/day, heating system—24 h/day, cooling system 0.05 h/average hot season. Infiltration rate (air exchanges per hour) is 0.05.



Project 8 (P8) is the modernized building with summer blinds, equipped with shutters and heat recovery solar panels and photovoltaic panels. The energy requirement of the reference building resulting from this project includes: energy required for heating and cooling, domestic hot water, ventilation energy consumption, energy for indoor lighting and other energy used (for outdoor lighting, home appliances and other auxiliary systems). The implementation of the P8 project would have the effect of generating on site energy as heat from renewable sources (solar collectors) and electricity generated in the building and used on site. The specific electrical power of the lighting system is 1.02 W/m2 and the equipment is 10.5 W/m2. The average U value of the walls is 0.396 W/m2K, the roof is 0.197 W/m2K, the basement is 0.351 W/m2K and the windows is 0.827 W/m2K. For thermal bridges the total length is 669.88 m and the average linear thermal transmission is 0.115 W/m2K. The program is: occupancy—24 h/day, lighting—8 h/day, heating system—24 h/day, cooling system 0.05 h/average hot season. Infiltration rate (air exchanges per hour) is 0.05.



A summary of the characteristics of each energy efficiency project in the South-Muntenia region is presented in Table 1.


Table 1. The main characteristics of energy efficiency projects in the South-Muntenia region1.





	Project/Characteristics
	Heating System
	Domestic Hot Water
	Ventilation System
	Cooling System
	Lighting
	Additional Amenities





	P1
	Central heating, district network
	District network
	Natural ventilation
	Split equipment
	Incandescent
	-



	P2
	Central heating, district network
	District network
	Unorganized natural ventilation, mobile blinds
	Split equipment
	Incandescent
	-



	P3
	Central heating, district network
	District network
	Unorganized natural ventilation, mobile blinds
	Split equipment
	Incandescent
	-



	P4
	Central heating, district network
	District network
	Heat recovery, mechanical ventilation, mobile blinds
	Radiant cooling
	Economic
	-



	P5
	Central heating, district network
	District network
	Heat recovery, mechanical ventilation, mobile blinds
	Radiant cooling
	Economic
	Solar installation and photovoltaic panels



	P6
	Central heating, district network
	District network
	Unorganized natural ventilation, mobile blinds
	Radiant cooling
	Economic
	-



	P7
	Central heating, district network
	District network
	Heat recovery, mechanical ventilation, mobile blinds
	Radiant cooling
	Economic
	-



	P8
	Central heating, district network
	District network
	Heat recovery, mechanical ventilation, mobile blinds
	Radiant cooling
	Economic
	Solar installation and photovoltaic panels







1 Based on Ministry of Regional Development and Public Administration data.








3. Establishing scenarios for the implementation of projects to increase energy efficiency of the dwellings stock. Taking into account the objectives of the national strategy [7], three scenarios of analysis were established:

	(a)

	
A minimum scenario, corresponding to the minimum targets of the national strategy in the field, which implies the thermal rehabilitation of 1% of the dwellings stock per year until 2050;




	(b)

	
An average scenario involving the thermal rehabilitation of 2% of the dwellings stock per year by 2050;




	(c)

	
A maximum scenario involving the thermal rehabilitation of 3% of the dwellings stock per year over the same period.









The rehabilitation rate for each scenario has been determined taking into account the built-up area of the dwellings stock at regional level published by the National Institute of Statistics in Romania. The propagation of the rehabilitation rate was calculated by determining the product between the rehabilitation rate and the area built at county and regional level.



The scenarios chosen, according to the objectives of the national strategy, may seem optimistic but the economic growth in 2017 at national level was 7%, in 2016 it was 5% and in 2015 was 4%. According to the National Forecast Commission, economic growth will be 6.1% in 2018 and the trend will continue in the coming period. The volume of work on energy efficiency projects in buildings follows the trend of GDP growth at national level. This is explained by the many sources of funding: European funds dedicated to this area, national programs in the field, local and private funding. Even if the trend of economic growth slows, this area will be less affected as it will only reduce private contribution but national or European funding sources.



4. Determining the implementation cost for each project type for increasing the energy efficiency of the dwellings stock. The implementation cost for each project variant was expressed in euro/m2. The implementation cost for each project included costs for each category of works provided in national costing standards at the time of the research methodology.



5. Determining the operating cost for each project type for increasing the energy efficiency of the dwellings stock. The operating cost for each variant was determined based on the cost of maintenance and the cost of energy (expressed in euro/m2/year).



The cost of maintenance included: the cost of maintaining the heating/cooling system, the cost of maintaining the solar panels, the costs of changing bulbs. The cost of energy was determined taking into account the energy billing tariff, the electricity tariffs delivered by the final suppliers to the final consumers who did not exercise their eligibility right and the reactive energy prices.



6. Calculation of the area rehabilitated annually for each scenario and for each county of the South-Muntenia region. The calculation of the area rehabilitated annually was done taking into account the thermal rehabilitation rate for each scenario.



7. LCC determination for each energy efficiency project variant. The calculation was made for each type of project in all counties:
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where:



LCCpc—the lifetime cost of the project “p” to increase the energy efficiency of the dwellings stock in the county “c”;



Cih—the cost of implementing the project “p” to increase the energy efficiency of the dwellings stock in the county “c” in year “h”;



Ceh—the energy cost related to the year “h” of exploitation of the project “p” to increase the energy efficiency of the dwellings stock in county “c



Cmh—the maintenance cost of the year “h” of exploitation of the project “p” to increase the energy efficiency of the dwellings stock in county “c”.



Crh—the replacement cost of the year “h” of exploitation of the project “p” to increase the energy efficiency of the dwellings stock in county “c”.



Cdh—the removal and final disposal cost of the year “h” of the project “p” to increase the energy efficiency of the dwellings stock in county “c”.



a—the discount rate. A discount rate of 5% was chosen to perform the calculations.



The discount rate was chosen taking into account: the nationally recommended discount rate for national energy efficiency investment projects for the 2014–2020 period, the evolution of the interest rate, the inflation rate and the risks associated with this type of projects on a long-term exploitation period of 30 years.



The chosen period for LCC determination was 30 years, from the perspective of the 2050 targets according to the national strategy. According to Romanian design codes, the lifetime of residential residential buildings is between 50 and 100 years. The choice of the 30-year period for the calculations is explained by the fact that the dwelling stock at the regional level consists of 80% of the existing dwellings built at least 50 years ago. At regional level, 31% of the dwelling stock was built before 1961, 19% was built between 1961–1970, 23% were built between 1970 and 1980 and 14% between 1981 and 1989.



8. Centralization of the results obtained in the LCC calculation for each research project and for each county for all three scenarios. Establishing the optimal regional portfolio. The centralization of the results is aimed to facilitate the choice of the optimal project option for increasing the energy efficiency of the dwellings stock at county level and creating the optimal portfolio of projects increasing the energy efficiency of the dwellings stock at regional level.



The optimal regional portfolio will be the one that will have the minimum lifecycle cost. It will include the sum of lifetime cost of projects with minimum LCC for all counties:
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where LCCro is the the optimal life cycle cost at a regional level (corresponding to the optimal portfolio of projects) to increase the energy efficiency of the housing fund at regional level.



9. Choosing the optimal regional scenario. The optimal scenario is the one whose cost-optimal regional life cycle is minimal. For this purpose, the LCCro values will be compared for the scenarios considered and the scenario for which the LCCro is the lowest will be chosen.




3. Results


3.1. Preliminary Results


The research carried out had as initial results the determination of the energy requirement for the reference building in the case of the implementation of each of the eight studied projects, the calculation of the cost related to the implementation of the eight projects for increasing the energy efficiency of the dwelling stock, the determination of the operating cost of the reference building for the eight project variants and the calculation of the area rehabilitated annually in each scenario for each county of the South-Muntenia region. Based on these results LCC was determined for each of the eight projects to increase the energy efficiency of the dwellings stock in each county of the region. By selecting projects with the lowest LCC in each county for each scenario, LCCro could be determined for the optimal portfolio of projects for increasing the energy efficiency of the dwelling stock in the South-Muntenia Region.



The energy requirement for the reference building for the implementation of each type of project is presented in Figure 3. This table also presents the primary energy requirement compared to the reference building.


Figure 3. The energy requirement for the reference building as a result of implementing each type of project (in kWh/m2).
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The P1 project, which represents the reference building at its current stage, has the highest energy requirement. Project P2 has a primary energy requirement relatively close to the reference building at its current stage (only 9% lower than the reference building). Projects P3, P4, P6 and P7 have a primary energy requirement of about half that of the reference building at the current stage (P1 project).



This situation can be explained by analyzing the data presented in Figure 4 because the energy used in heating for these projects is much lower compared to the reference building. Also, the energy used for hot water in these projects has considerably lower values than the reference building. The big differences between the P1 project and the other projects mentioned above stem from the higher endowment of these projects with equipment that leads to lower energy consumption (heat recovery, shutters, solar panels and photovoltaic panels).


Figure 4. The energy used for heating, cooling, ventilation, hot water, lighting (kWh/m2) as a result of implementing each type of project.
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The P7 and P8 projects have the lowest primary energy requirement (15.42% and 12.51% of the reference building’s energy requirement) because they benefit from solar relay and photovoltaic panels.



Figure 4 shows the energy used for heating, cooling, ventilation, hot water and lighting as a result of implementing each type of project. For all projects the highest share in energy used is the energy used for heating and hot water. The highest energy use for P1, P2, P3 projects is for heating. For projects P4, P5, P6, P7, P8 the highest share in energy used has the energy used for hot water. In most projects, the energy used for cooling has a very low share in total consumption.



Table 2 presents the cost of implementing the eight project variants to increase the energy efficiency of the dwelling stock. The cost of implementing projects covers all the work needed for installing the main units and also the cost needed for adapting the system to an existing building. The P1 project involves a zero implementation cost as it represents the reference building at the current stage. Since it is only a minimal upgrade version of the reference building at the current stage, the P2 project has a very low implementation cost. The most significant implementation costs are those for P5 and P8 projects, since for these projects the investment expenditures with the additional endowments are the highest of all the costs of implementing the projects for increasing the energy efficiency of the dwellings stock.


Table 2. The cost of implementing projects to increase energy efficiency.





	Project
	Project Type for Increasing the Energy Efficiency
	Cost of Project 1 Implementation (Euro/m2)
	Cost for Installing New Units (Euro/m2)
	Cost of the Works Needed for Adjusting the Existing Building (Euro/m2)





	P1
	The reference building at its current state
	-
	-
	-



	P2
	Reference building with organized natural ventilation, used in the hot season, economical lighting
	2.49
	2.25
	0.24



	P3
	Reference building according to Romanian normative without shutters
	43.93
	35.23
	8.7



	P4
	Reference building equipped with heat recovery and shutters
	76.01
	64.77
	11.24



	P5
	The reference building equipped with heat recovery, shutters, solar panels and photovoltaic panels
	202.98
	178.18
	24.8



	P6
	Modernized building with natural ventilation and summer blinds
	69.75
	54.25
	15.5



	P7
	Modernized building with summer blinds, shutters and heat recovery
	101.83
	84.21
	17.62



	P8
	The modernized building with summer blinds, equipped with shutters and heat recovery solar panels and photovoltaic panels
	228.89
	193.25
	35.64







1 Based on Romanian cost standards.








The costs of other energy efficiency improvement projects of the dwelling stock are either half the cost of project P5 (P7 project case) or one quarter of the project cost P5 (P3 project case). These projects represent modernization options involving investments in additional facilities as important as the P5 and P8 projects.



The operating costs of the reference building following the implementation of the energy efficiency improvement projects are presented in Table 3. The highest operating costs are those for the P1 project—the reference building at the current stage. Although they are the lowest energy cost variants, the P5 and P8 projects have the highest operating costs compared to the P1 and P2 projects (the current reference building) as the cost of maintenance is very high.


Table 3. Operating costs of the reference building following the implementation of the energy efficiency improvement projects.





	Project
	Project Type for Increasing the Energy Efficiency
	Cost of 1 Maintenance (Euro/m2/Year)
	Cost of Energy (Euro/m2/Year)





	P1
	The reference building at its current state
	21.76
	21.96



	P2
	Reference building with organized natural ventilation, used in the hot season, economical lighting
	18.98
	20.36



	P3
	Reference building according to Romanian normative without shutters
	18.98
	10.85



	P4
	Reference building equipped with heat recovery and shutters
	18.98
	9.68



	P5
	The reference building equipped with heat recovery, shutters, solar panels and photovoltaic panels
	36.06
	3.32



	P6
	Modernized building with natural ventilation and summer blinds
	18.98
	9.94



	P7
	Modernized building with summer blinds, shutters and heat recovery
	18.98
	9.04



	P8
	The modernized building with summer blinds, equipped with shutters and heat recovery solar panels and photovoltaic panels
	36.06
	2.66







1 Based on Ministry of Regional Development and Public Administration data.








Projects P3, P4, P6 and P7 have lower operating costs than projects P5 and P8, although they are at a disadvantage in terms of energy costs. The cost of maintenance for the implementation of these projects is much lower—almost half that of the P5 and P8 projects—which leads to a much lower operating cost.



Maintenance costs are based on the specificity of each type of project: the heating/cooling maintenance costs; the cost of solar panels maintenance; the cost of changing incandescent and economical bulbs. For incandescent bulbs there were 2 replacements per year, and for the economic one a two-year replacement. Project P1 has the higher maintenance cost because the size of annual maintenance works will be higher than other projects as this project does not involve any investment. Projects P5 and P8, as the cost of solar panels maintenance is the case.



For each project, a replacement of the equipment was foreseen over the 30 years analyzed (replacement of the equipment is done for each project after the 15th year of operation). Replacement costs for each project, in euro/m2 are shown in Figure 5. The projects with the highest replacement costs are P5 and P8 projects because these projects involve the highest initial investment in equipment.


Figure 5. The replacement costs in euro/m2 for implementing each type of project.
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Figure 6 shows removal and final disposal costs. The projects with the highest removal and final disposal costs are the P8 and P5 projects, followed by the P7 project. These projects involve significant costs for decommissioning and transporting installations and equipment in relation to the other projects under consideration. Projects P1 and P2 require minimum removal and final disposal costs because initial investment in equipment is very low.


Figure 6. The removal and final disposal costs in euro/m2 for implementing each type of project.



[image: Energies 11 01586 g006]






Table 4 shows the areas rehabilitated annually in each scenario for each county of the South-Muntenia region. The calculations were based on data from the National Institute of Statistics on the surface of the dwellings in the South-Muntenia region. At the regional level, in each of the three scenarios considered, the counties Arges, Dâmboviţa and Prahova hold the most important shares of the existing surface of the existing dwellings.


Table 4. The surface of the dwellings rehabilitated annually in each scenario for each county of the South Muntenia region 1.





	No
	County
	Minimum Scenario (1% of the Area- m2/Year)
	Average Scenario (2% of the Area- m2/Year)
	Maximum Scenario (3% of the Area- m2/Year)





	1
	Argeș
	130,904
	261,808
	392,712



	2
	Calarași
	51,440
	102,880
	154,320



	3
	Dâmbovița
	100,040
	200,079
	300,119



	4
	Giurgiu
	53,252
	106,505
	159,757



	5
	Ialomița
	51,564
	103,127
	154,691



	6
	Prahova
	158,999
	317,999
	476,998



	7
	Teleorman
	70,462
	140,925
	211,387



	8
	South-Muntenia region
	616,661
	1,233,323
	1,849,984







1 Based on National Institute of Statistics data.








In the minimal scenario, energy efficiency projects will include nearly one-third of the surface area of dwellings by 2050, and in the maximum scenario, energy efficiency projects will cover the entire surface of dwellings by 2050.



The evolution of the dwellings area rehabilitated annually in each scenario is shown in Figure 7. After 10 years in the minimum scenario, 10% of the area of dwellings in the South-Muntenia Region will be rehabilitated and 30% of the same area will be rehabilitated in the maximum scenario. At the end of the analyzed period, after 30 years, the majority of the building area will be rehabilitated in the maximum scenario and one third of the area in the minimal scenario.


Figure 7. The evolution of the surface of the dwellings rehabilitated annually in each scenario (in thousand m2).
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3.2. LCC for Implementing Energy Efficiency Projects at Regional Level


LCC for each project variant in each county (and each scenario) and LCCrovalues for each scenario are presented in Figure 8, Figure 9, Figure 10, Figure 11, Figure 12 and Figure 13.The LCC determination for each project in each county was carried out for a period of 30 years, in the perspective of 2050.


Figure 8. LCC at county level for the minimum scenario (bln.euro).
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Figure 9. LCC at regional level for the minimum scenario (bln.euro).
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Figure 10. LCC at county level for the average scenario (bln.euro).
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Figure 11. LCC at county level for the average scenario (bln.euro).
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Figure 12. LCC at county level for the maximum scenario (bln.euro).
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Figure 13. LCC at county level for the maximum scenario (bln.euro).
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The LCC determination for each project in each county in the case of the minimal scenario (presented in Figure 8 and in Appendix A, Table A1) shows that in most of the counties of the region (in four out of seven counties) the draft project for increasing the energy efficiency of the dwelling stock with the minimum LCC is the project P3—reference building according to the Romanian normative without shutters. In three counties, project variants with minimal LCC were other than the project P3. In Argeş the project with minimal LCC was the project P7 (modernized building, summer shutters, shutters and heat recovery), in Dâmboviţa county the project with minimal LCC was the project P4, and in the Ialomița county the project version with minimal LCC was the project P6.



Project variants P5 and P8, with the most important additional equipment, were not among the minimal LCC variants in any county of the South Muntenia region. LCCro at the regional level (presented in Figure 9 and in Appendix A, Table A1), which represents the minimum LCC at regional level, corresponding to the optimal portfolio, amounting to 51.099 billion euros was determined by adding up the project variants with the lowest LCC in each county.



In the case of the LCC average scenario at regional level, for each project in each county, it is presented in Figure 10 and Figure 11 (see also Appendix B, Table A2). In this scenario, in five counties of seven (Călăraşi, Dâmboviţa, Giurgiu, Prahova, Teleorman) the project of increasing the energy efficiency of the dwelling stock with the lowest LCC is the project P3—reference building according to the Romanian normative without shutters.


Table A2. LCC at the regional level for the average scenario (billions euro).





	
Project/County

	
Argeș

	
Călarași

	
Dâmbovița

	
Giurgiu

	
Ialomița

	
Prahova

	
Teleorman

	
Regional Level






	
P1

	
11.218

	
4.408

	
8.573

	
4.563

	
4.419

	
13.625

	
6.038

	
52.844




	
P2

	
10.936

	
4.297

	
8.357

	
4.449

	
4.308

	
13.283

	
5.886

	
51.516




	
P3

	
10.577

	
4.087

	
8.052

	
4.303

	
4.304

	
12.847

	
5.693

	
49.864




	
P4

	
10.189

	
4.212

	
8.139

	
4.360

	
4.222

	
13.018

	
5.769

	
49.909




	
P5

	
10.921

	
4.427

	
9.453

	
5.032

	
4.872

	
15.024

	
6.516

	
56.246




	
P6

	
10.206

	
4.208

	
8.183

	
4.356

	
4.218

	
13.005

	
5.764

	
49.940




	
P7

	
10.145

	
4.275

	
8.313

	
4.425

	
4.285

	
13.213

	
5.855

	
50.513




	
P8

	
10.876

	
4.915

	
9.560

	
4.850

	
4.928

	
14.741

	
6.734

	
56.603




	
LCCro

	
49.345










However, assuming that only one project variant should be selected for all counties, the project P3 would lead to the lowest LCC at regional level, but the project P6 has the lowest LCC at the regional level. The methodology for this research leads to LCCro at regional level, which represents the minimum level of regional LCC obtained by selecting project variants with minimum LCC for each county.



Only in two counties (Argeş and Ialomiţa) the project for increasing the energy efficiency of the dwellings stock with the lowest LCC is different from the P3 project. In Argeş County, the project with minimal LCC is the P7 project and in Ialomiţa County the project with minimal LCC is the project P6 (modernized building with natural ventilation and summer blinds).



LCCro for the second scenario valued at 49.345 billion euros is lower than the first scenario considered.



Figure 12 and Figure 13 (and also Appendix C, Table A3) presents LCC at regional level for each project in each county for the maximum scenario. And in the case of this scenario in most counties in the South Muntenia region (Călăraşi, Dâmboviţa, Giurgiu, Prahova, Teleorman) the project P3 is the one that has a minimum LCC.


Table A3. LCC at the regional level for the maximum scenario (billions euro).





	
Project/County

	
Argeș

	
Călarași

	
Dâmbovița

	
Giurgiu

	
Ialomița

	
Prahova

	
Teleorman

	
Regional Level






	
P1

	
11.218

	
4.408

	
8.573

	
4.563

	
4.419

	
13.625

	
6.038

	
52.844




	
P2

	
10.795

	
4.242

	
8.250

	
4.391

	
4.252

	
13.112

	
5.811

	
50.852




	
P3

	
10.257

	
3.955

	
7.838

	
4.173

	
4.178

	
12.458

	
5.460

	
48.319




	
P4

	
9.674

	
4.114

	
8.000

	
4.258

	
4.123

	
12.715

	
5.626

	
48.510




	
P5

	
10.772

	
4.592

	
9.893

	
5.103

	
5.099

	
15.724

	
6.968

	
58.153




	
P6

	
9.701

	
4.107

	
7.988

	
4.252

	
4.117

	
12.695

	
5.626

	
48.487




	
P7

	
9.608

	
4.210

	
8.514

	
4.356

	
4.218

	
13.007

	
5.764

	
49.679




	
P8

	
10.705

	
5.170

	
10.054

	
5.330

	
5.182

	
15.979

	
7.081

	
59.501




	
LCCro

	
47.610










Project variants for increasing the energy efficiency of the dwelling stock with the most important facilities are not among those providing a minimum LCC in any county in the case of the maximum scenario.



LCCro in the case of the maximum scenario, amounting to 47.610 billion euros, is the lowest of all three scenarios analyzed for the implementation of projects to increase the energy efficiency of the housing stock.



Since the LCCro maximum scenario is the lowest value compared to the other two scenarios analyzed, it should be chosen for the 2050 perspective.




3.3. Sensitivity Analysis


For the maximum scenario, a sensitivity analysis was carried out in view of the various changes that may occur in the evolution of the economy. Values of variables used in LCC determination may undergo changes and may affect the expected situation. In this respect, it is necessary to test the sensitivity of the maximum scenario to changes of the key variables. The sensitivity analysis was performed for the following key variables: cost of project implementation, maintenance cost and energy cost. For each of the key variables, the assumption of 10% growth was considered in relation to the projected trend. The results of the sensitivity analysis are presented in Table 5, Table 6, Table 7 and Table 8.


Table 5. LCC variation at the regional level for the maximum scenario (%) in the case of the increase of the implementation cost by 10%.





	
Project/County

	
Argeș

	
Călarași

	
Dâmbovița

	
Giurgiu

	
Ialomița

	
Prahova

	
Teleorman

	
Regional Level






	
P1

	
0.00%

	
0.00%

	
0.00%

	
0.00%

	
0.00%

	
0.00%

	
0.00%

	
0.00%




	
P2

	
0.02%

	
0.02%

	
0.02%

	
0.02%

	
0.02%

	
0.02%

	
0.02%

	
0.02%




	
P3

	
0.45%

	
0.12%

	
0.45%

	
0.45%

	
0.44%

	
0.45%

	
0.35%

	
0.41%




	
P4

	
0.00%

	
0.76%

	
0.76%

	
0.76%

	
0.76%

	
0.76%

	
0.74%

	
0.61%




	
P5

	
0.00%

	
0.52%

	
1.68%

	
1.41%

	
1.68%

	
1.68%

	
1.68%

	
1.25%




	
P6

	
0.00%

	
0.72%

	
0.72%

	
0.72%

	
0.72%

	
0.72%

	
0.72%

	
0.58%




	
P7

	
0.00%

	
1.04%

	
0.90%

	
1.03%

	
1.03%

	
1.03%

	
1.03%

	
0.81%




	
P8

	
0.00%

	
1.86%

	
1.86%

	
1.83%

	
1.86%

	
1.86%

	
1.86%

	
1.52%




	
LCCro

	
0.34%









Table 6. LCC variation at the regional level for the maximum scenario (%) in the case of the increase of the maintenance cost by 10%.





	
Project/County

	
Argeș

	
Călarași

	
Dâmbovița

	
Giurgiu

	
Ialomița

	
Prahova

	
Teleorman

	
Regional Level






	
P1

	
4.98%

	
4.98%

	
4.98%

	
4.98%

	
4.98%

	
4.98%

	
4.98%

	
4.98%




	
P2

	
4.91%

	
4.91%

	
4.91%

	
4.91%

	
4.91%

	
4.91%

	
4.91%

	
4.91%




	
P3

	
5.17%

	
5.41%

	
5.17%

	
5.17%

	
5.16%

	
5.17%

	
5.22%

	
5.19%




	
P4

	
5.48%

	
5.06%

	
5.06%

	
5.06%

	
5.06%

	
5.06%

	
5.07%

	
5.14%




	
P5

	
6.54%

	
6.27%

	
5.44%

	
5.62%

	
5.44%

	
5.44%

	
5.44%

	
5.73%




	
P6

	
5.46%

	
5.07%

	
5.07%

	
5.07%

	
5.07%

	
5.07%

	
5.07%

	
5.15%




	
P7

	
5.51%

	
4.94%

	
4.84%

	
4.95%

	
4.95%

	
4.95%

	
4.95%

	
5.04%




	
P8

	
6.58%

	
5.36%

	
5.36%

	
5.38%

	
5.36%

	
5.36%

	
5.36%

	
5.58%




	
LCCro

	
5.25%









Table 7. LCC variation at the regional level for the maximum scenario (%) in the case of the increase of the energy cost by 10%.





	
Project/County

	
Argeș

	
Călarași

	
Dâmbovița

	
Giurgiu

	
Ialomița

	
Prahova

	
Teleorman

	
Regional Level






	
P1

	
5.02%

	
5.02%

	
5.02%

	
5.02%

	
5.02%

	
5.02%

	
5.02%

	
5.02%




	
P2

	
5.07%

	
5.07%

	
5.07%

	
5.07%

	
5.07%

	
5.07%

	
5.07%

	
5.07%




	
P3

	
4.38%

	
4.47%

	
4.38%

	
4.38%

	
4.40%

	
4.38%

	
4.43%

	
4.40%




	
P4

	
4.52%

	
4.18%

	
4.18%

	
4.18%

	
4.18%

	
4.18%

	
4.19%

	
4.25%




	
P5

	
3.46%

	
3.21%

	
2.88%

	
2.97%

	
2.88%

	
2.88%

	
2.88%

	
3.02%




	
P6

	
4.54%

	
4.21%

	
4.21%

	
4.21%

	
4.21%

	
4.21%

	
4.21%

	
4.28%




	
P7

	
4.49%

	
4.02%

	
4.26%

	
4.03%

	
4.03%

	
4.03%

	
4.03%

	
4.15%




	
P8

	
3.42%

	
2.78%

	
2.78%

	
2.79%

	
2.78%

	
2.78%

	
2.78%

	
2.89%




	
LCCro

	
4.40%









Table 8. LCC variation at the regional level for the maximum scenario (%) in the case of the increase of all key variables (implementation, maintenance and energy costs) by 10% 1.





	
Project/County

	
Argeș

	
Călarași

	
Dâmbovița

	
Giurgiu

	
Ialomița

	
Prahova

	
Teleorman

	
Regional Level






	
P1

	
10.00%

	
10.00%

	
10.00%

	
10.00%

	
10.00%

	
10.00%

	
10.00%

	
10.00%




	
P2

	
10.19%

	
10.19%

	
10.19%

	
10.19%

	
10.19%

	
10.19%

	
10.19%

	
10.19%




	
P3

	
10.22%

	
10.22%

	
10.22%

	
10.22%

	
10.21%

	
10.22%

	
10.22%

	
10.22%




	
P4

	
10.31%

	
10.28%

	
10.28%

	
10.28%

	
10.28%

	
10.28%

	
10.28%

	
10.29%




	
P5

	
10.13%

	
10.13%

	
10.11%

	
10.11%

	
10.11%

	
10.11%

	
10.11%

	
10.11%




	
P6

	
10.53%

	
10.49%

	
10.49%

	
10.49%

	
10.49%

	
10.49%

	
10.49%

	
10.49%




	
P7

	
10.10%

	
10.09%

	
10.06%

	
10.09%

	
10.09%

	
10.09%

	
10.09%

	
10.08%




	
P8

	
10.05%

	
10.04%

	
10.04%

	
10.04%

	
10.04%

	
10.04%

	
10.04%

	
10.04%




	
LCCro

	
10.22%










The chosen scenario has a low sensitivity to change of the implementation cost of the projects to increase the energy efficiency of the dwelling stock as LCCro increases by only 0.34%. The same effect is to increase the cost of implementation for all project variants implemented in all counties. LCC variations are very low (below 2%) as a result of increasing implementation costs.



At regional level, the most affected projects to increase the cost of implementation are projects P5 (the reference building equipped with heat recovery, shutters, solar panels and photovoltaic panels) and P8 (the modernized building with summer shutters, photovoltaic panels). The least affected is the P1 project (the reference building at its current state) because it does not involve implementation costs.



This is understandable because these projects have the highest implementation costs and the most important endowments of all energy efficiency projects taken into account in this research. The regional energy efficiency projects are not significantly affected by the increase in implementation costs.



At a regional level, the chosen scenario has a relatively high sensitivity to increased maintenance costs as LCCro increases by 5.25%. The highest LCC variations at project level are those for P5 and P8 projects.



The increase in energy costs also has a significant impact on LCC at regional level, as there is a 4.40% increase in this indicator compared to the initial situation. The most affected projects in the case of increasing the cost of energy are P1 and P2 projects in all counties because in their case the energy needs are the highest.



The sensitivity analysis revealed that the increase of the operation costs has more significant effects on the LCC at regional level compared to the increase of the cost of the projects implementation. The situation is the same in the application of the eight project variants in each county.



In the last part of the sensitivity analysis, the combined effect of the three factors previously analyzed (cost of implementation, maintenance cost and energy cost) was studied. Table 8 presents these results.



The combined action of the three factors considered has significant effects on all projects, leading to an LCCro increase of 10.22%. This increase in LCC at regional level shows that projects are sensitive to a combined action of the three factors considered.





4. Discussion


The issue of energy efficiency and energy efficiency improvement has been addressed from multiple points of view [1,2,10,18,19,20,21,22,23] until this study was carried out. As compared to other previous studies [2,10,24,25,26,27,28,29,30,31] the research carried out has studied the issue of projects for increasing the energy efficiency of the dwelling stock at regional and county level, showing that an optimal portfolio of projects at the regional level can be created by using LCC as a criterion for setting up this portfolio. LCCro was determined in the research, corresponding to the optimal portfolio of projects at a regional level.



The application of the methodology and the LCCro was done on the example of the South Muntenia region of Romania. LCCro was determined for each of the scenarios considered over the 30-year horizon for the year 2050. Based on LCCro, the maximum scenario was selected as the best scenarios to be applied at regional level to increase the energy efficiency of the dwelling stock.



However, the methodology has a number of application limits: it is based on a single project chosen at the county level (the lowest LCC); depends on the knowledge of the existing surface of the existing dwelling stock and the knowledge of the investment costs per square meter. Determining the cost of operation depends on certain project variants, on the existing situation at one time and on the foreseen market in the maintenance services market.



The research in this article will be continued in the future by expanding the criteria taken into account for choosing the optimal project option to increase the energy efficiency of the dwelling stock. LCCro will continue to remain an important element in building a portfolio of projects to increase the energy efficiency of housing stock but as part of a multi-criteria analysis. Also, the research methodology has been applied in a region comprising counties that are in the same climate zone. In future research, the research methodology will be expanded and will apply to regions that include counties that are in different climatic zones.




5. Conclusions


Energy efficiency of the dwelling stock is an important research subject given the importance of reducing energy use of households. In Romania there are several determinants that lead to the need to implement energy efficiency improvement projects of the housing fund: the European directives, the national energy strategy and the sectoral strategies that have imposed a set of objectives in the perspective of the 2050 horizon.



In this article, according to the research methodology elaborated, eight project variants or increasing the energy efficiency of the dwelling stock applicable to the South-Muntenia region of Romania were selected. For each project, the cost of implementation and the operating cost (at euro/m2) were determined on the basis of energy needs and maintenance costs. For the South-Muntenia region, three scenarios (minimum, average and maximum) for the implementation of the eight project variants were selected based on the annual rehabilitation rate of the dwelling stock in each county of the region.



On the basis of these inputs LCC was determined for each project to increase the energy efficiency of the dwellings stock and the optimal project variants were chosen for each county of the South-Muntenia region. By selecting projects with minimal LCC, the optimal project portfolio for each scenario was established and LCCro determined for this portfolio.



In the minimal scenario the energy efficiency improvement project with the minimal LCC for the dwelling stock in four counties of seven is project P3—reference building according to the Romanian normative without shutters. Similarly, in the other two scenarios, the P3 project had a minimal LCC for five of seven counties (Călăraşi, Dâmboviţa, Giurgiu, Prahova, Teleorman). In all three scenarios analyzed, the project variants of energy efficiency increase of the housing fund, which have the most important facilities (P5 and P8 projects), are not among those providing a minimum LCC in any county.



Among the scenarios analyzed, the scenario providing a minimal LCC in the South-Muntenia region is the maximum scenario involving the thermal rehabilitation of 3% of the housing stock per year over 30 years. This is the scenario that, implemented, would ensure an increase in the energy efficiency of the entire housing stock in the South-Muntenia region.



Through this research, a methodology has been developed and applied which allows the creation of an optimal portfolio of projects for increasing the energy efficiency of the housing fund at regional level through the use of LCC. In the future, we will be pursuing the extension of the analysis carried out by some of the multicriteria type, which include several climatic zones in the same region.
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