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Abstract:



Considering the nearly zero energy building (nZEB) and the increased measures for the improvement of the energy efficiency, the international literature indicates an extended use of specialized materials and technical installations. An increase in the embodied energy follows that use, with a final share between 74% and 100% in the total life cycle energy of residential nZEBs. The current energy efficiency legislation considers only the impact from the operational phase and ignores the embodied impact from the remaining life cycle phases of the building. Nevertheless, the delegated regulation 244 of 2012 acknowledges the incompleteness of this assessment and provides an optional consideration of the embodied (“grey”) energy. The current study applies this option through the macroeconomic global cost calculations and the cost-optimal levels of nZEBs. The results indicate a limited effect of the embodied impact on the cost-optimal levels and in specific on extended calculation periods and in combination with other key parameters of the sensitivity analysis. An increase in the primary energy and a transposition to variants with lower use of materials and decreased embodied emissions follow this effect. Sensitivity analysis confirms the calculation period as a key parameter and indicates the need for further research.
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1. Introduction


The European Union in 2010 enhanced the framework for the reduction of energy consumption and emissions in the building sector, via the recast of the European Directive 2010/31/EE [1], the Delegated Regulation 244/2012 [2] and the accompanying guidelines [3]. This reinforcement of the regulations for the energy efficiency of buildings focuses on the energy and the emissions related to the operating phase of the building’s life cycle. Literature reviews which concern conventional, low energy, passive and nearly zero energy buildings [4,5,6,7], indicate a reduction of the operating energy. A respective increase in the embodied energy and for the life cycle energy analysis (LCEA) perspective follows that reduction. The final share of the embodied energy in the total life cycle energy of residential buildings ranges between 74% and 100% when the zero energy target is achieved [7]. The extended use of materials and technical installations [8] identifies the increased initial, recurring [9] and “overlooked” [10] embodied energy and leads to proposals for accounting embodied energy in the life cycle (LC-ZEB) and rating (LC-BER) of nearly zero energy buildings [11] or even for the consideration of the environmental impact on monetary values and also of the environmental savings for the sustainability assessment of retrofitting measures for residential buildings [12].



In particular, the Building Sustainability Assessment Tools (BSATs) and the national regulations acknowledge the embodied environmental impact and provide its evaluation through their certification framework by various direct and indirect approaches. In Switzerland, the Minergie A standard, which launched in 2011 as a step closer to the definition of the nearly zero energy building, provides a life cycle approach to the energy efficiency of buildings and also a limit value for embodied energy as a precondition for the certification [13]. Also, Building Research Establishment and Environmental Assessment Method (BREEAM) [14] and Code for Sustainable Homes (CSH) [15], assess the management, energy, water, waste, transportation etc. and additionally address a whole Life Cycle Assessment (LCA) as a way to a high rated certification [14]. At this point, it is important to mention that the majority of BSATs, addresses the environmental impact through a qualitative approach by awarding a good practice via a credit point system. Even though when a whole LCA has been conducted, the quantified results in embodied energy for CSH and Deutsche Gesellschaft für Nachhaltiges Bauen (DGNB) [15,16], in carbon emissions with the global warming potential impact category for BREEAM, DGNB, Sustainable Building Toll for Portugal (SBToolPT) and Comprehensive Assessment System for Building Environmental Efficiency (CASBEE) [17,18,19,20] or even more in a range of impact indicators for CSH, DGNB and SBToolPT [15,18,19] such as the acidification potential, the eutrophication potential and the photochemical ozone creation, those are transformed in a qualitative form and awarded with a predefined number of credits. Along with the direct LCA, a variety of indirect considerations of the environmental impact have enhanced the life cycle thinking in the building industry, such as the use of certified materials through the Environmental Product Declaration (EPD) system [14,21], materials with a responsible and recognized extraction and sourcing [21], with a low Global Warming Potential (GWP) effect [14] or even materials with an environmental or social standard recognition [22]. Moreover, the Building Sustainability Assessment Tools award the use of local materials, the reuse or recycling of materials, a demolition-construction and operation waste management plan [21,23], the convenience and minimization of the effort for disassembling the products at the end of their life cycle [19,24] or even the extension of the building’s lifespan through the service life of its structural materials and components [20]. Even though the environmental impact appears to be “embodied” in the framework of most BSATs, there is a deficiency on capturing the actual performance of the structures [25] along with a weighting set that promotes the energy efficiency and site impacts related decisions [26]. In most BSATs, the LCA is under-awarded by the weighting set with the highest weighting under 10% [27]. Therefore, a different approach on the awarding of credits [25] or an adaptable weighting set may customise the system [28] and adjust it to the increasing importance of the embodied environmental impact.



Except for the national regulations and the Building Sustainability Assessment Tools, the current legislation for nearly zero energy buildings as defined by the recast of the European Directive 2010/31/EE, the Delegated Regulation 244/2012 and the accompanying guidelines is characterized by an incompleteness of the assessment, “as life cycle methodologies are not considered in detail on the EPBD (Energy Performance of Buildings Directive) recast” [29]. The calculations for the macroeconomic perspective consider the environmental impact in the form of greenhouse gas emissions and only for the operating phase of the building, with the transformation of CO2 emissions into monetary values. Nevertheless, the accompanying guidelines of the delegated regulation 244/12 acknowledge the incompleteness of the assessment and provide an optional consideration of embodied (“grey”) energy “as Member States are however free to extend the methodology towards full life cycle costing and might consider for this purpose also EN ISO 14040 [30], 14044 [31] and 14025 [32]” [3].



The scope of this study is to extend the framework for the cost-optimal levels of nearly zero energy buildings to a whole life cycle assessment and cost approach. The final goal is to assess the potential effect of the embodied environmental impact on the cost-optimal levels of nearly zero energy residential buildings and identify the most significant parameters affecting the final result.




2. Materials and Methods


2.1. Case Study Reference Building


Recent reports state that the Greek Government has not fulfilled the obligation for the definition of nearly zero energy buildings, the cost-optimal levels and the reference buildings [33,34]. Therefore, a statistical analysis of the Greek residential building stock [35] and especially for the regions that compose the climatic area C [36], provided the case study reference/representative building. The outcome of the statistical analysis is a residential building with a total area of 191.10 m2 and a heated floor area of 123.75 m2 (Table 1). The building is a “representative” example of the Greek building construction for single-family buildings in the city of Thessaloniki. Nevertheless, it should not be confused with the Greek national reference residential building as its definition is still in progress by the Greek government.



Table 1. Main features of the case study reference building.







	
Building Features

	
Value






	
Total area (m2)

	
191.10




	
Heated (reference) area (m2)

	
123.75




	
Non-heated area (m2)

	
34.86




	
Pilotis-open area (m2)

	
32.49




	
External wall area (m2)

	
210.11




	
Fenestration area (m2)

	
31.37




	
Window to wall ratio (%)

	
14.93










In particular, the building is located in climatic area C of Greece and more specifically in northern Greece and the city of Thessaloniki, at a latitude of 40°31′, a longitude of 22°58′ and an altitude of 4.0 m. The current study considers a heating period of 181 days, a cooling period of 184 days and a south orientation. It is a two storey single-family house designed for six occupants (Figure 1, Figure 2 and Figure 3) in an urban area of Thessaloniki. It has three bedrooms, two living rooms with a kitchen, two bathrooms, a small Water Closet (WC)-toilet, a room for the Heating Ventilation and Air-Conditioning (HVAC) equipment and a garage (pilotis). Furthermore, the building has a structural frame of reinforced concrete and is dimensioned according to the minimum requirements of the current Greek national building construction and energy efficiency regulations. It is composed of two heated zones (ground and first floor) and two non-heated zones (staircase and HVAC equipment room). The vertical opaque elements of the building envelope are insulated with an external layer of 7 cm of extruded polystyrene (XPS) and also a final coating of plaster and paint for both the interior and exterior surfaces. The horizontal opaque elements (flat roof, floor over pilotis and ground floor) are insulated with a layer of 8 cm of extruded polystyrene (XPS), with a final exterior coating of concrete slabs, paint or gravel and an interior coating of paint or ceramic tiles respectively. The building elements which are in contact with the non-heated areas have an insulation thickness of 4 cm. The fenestration is composed of polyvinyl chloride (PVC) windows with double glazing (4/6air/4). The reference/representative building is dimensioned for the minimum requirements of energy efficiency class B, according to the Greek Regulation for the Energy Efficiency of Buildings (KENAK) [37]. In addition, the energy requirements for the heating and the cooling of the building were calculated through dynamic energy simulation, with software Energy Plus [38] and the energy demand for the domestic hot water (DHW) was calculated according to the technical guides of KENAK [39], EN 15316-3-2 [40] and EN 15316-3-3 [41]. The building has natural ventilation and there is no consideration of the energy requirements for lighting, as indicated by the current Greek national legislation for residential buildings. The annual energy requirements are calculated according to KENAK and the recast of the European Directive 2010/31/EE for a square meter of the reference area, that for the current case study matches the heated floor area of the building.


Figure 1. Case study reference building. First floor plan.
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Figure 2. Case study reference building. Ground floor plan.
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Figure 3. Case study reference building. 3D view.
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A detailed presentation of the energy efficiency features and the energy demand of the reference building is presented in Table 2 and also in the following (Section 2.2.1 Energy Analysis). The total energy demand for the case study reference/representative building is 117.16 kWh/m2∙annually (Table 2). The primary energy for the minimum requirements of the systems’ efficiencies according to the Greek Regulation for the Energy Efficiency of Buildings and by considering the use of oil for the heating and the domestic hot water, electricity for the cooling and the national primary energy factors (Section 2.2.1 Energy Analysis), is calculated at 143.94 kWh/m2∙annually, and within the range of the building stock for single family houses and climatic area C (between 0 kWh/m2∙annually for the A+ energy efficiency class/highest performance and about 626 kWh/m2∙annually for the G energy efficiency class/lowest performance) [42]. According to statistical data of Energy Performance Certificates issued between 2011 and 2015 for the Greek residential building stock, the average primary energy consumption for single family houses, the climatic area C of Greece and the energy efficiency class B, is 120 kWh/m2∙annually [42]. These values refer to averages and the calculation of the building’s energy consumption when issuing an Energy Performance Certificate is based on the monthly quasi-steady-state method, in contrast to the dynamic energy simulation of the current case study.



Table 2. Annual energy demand for the case study reference building.







	
Energy Demand

	
(kWh/m2∙a *)






	
Heating

	
53.59




	
Cooling

	
33.27




	
Domestic Hot Water

	
30.30




	
Total

	
117.16








* a: annually.









2.2. Analysis


For the analysis of the data and in order the case study reference/representative building to reach the nearly zero energy target and also to extend the already existed methodological framework of the recast of the European Directive 2010/31/EE into a whole life cycle approach, is considered extremely important to conduct three core calculation processes (Figure 4), which follow a prior design of the building variants and of the energy efficiency measures:

	
Energy Analysis: For the quantification of the energy demand for the heating, cooling, domestic hot water and the electricity production, the calculation of the consumption and generation of fuels and electricity and finally the primary energy consumption of the building’s variants.



	
Life Cycle Assessment (LCA): For the quantification of the embodied impact, through process analysis and for the whole life cycle of the building, in carbon dioxide emissions equivalent.



	
Life Cycle Cost (LCC) Analysis: For the calculations of the initial, the running, the replacement, the energy, the carbon and the disposal costs, the residual value and finally the total global costs for the macroeconomic calculations and for both steps of the procedure (Section 2.3 Method).







Figure 4. Analysis and correlation of the main core processes of the calculation procedure.
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A detailed description of the calculation procedure follows in Section 2.2.1 Energy Analysis, Section 2.2.2 Life Cycle Assessment (LCA), Section 2.2.3 Life Cycle Cost (LCC) Analysis and Section 2.3 Method.



2.2.1. Energy Analysis


Concerning the energy analysis and in order the case study reference/representative building to reach the nearly zero energy target and also to define the cost-optimal levels, it is important to apply several energy efficiency measures, such as the increase in insulation thickness, energy efficient windows and photovoltaic panels (PV) for electricity production along with their combination in packages of measures and variants of the building. The energy analysis of the building and the electricity production from photovoltaic panels was conducted with software Energy Plus and through dynamic energy simulation. It should be mentioned that even though the minimum insulation requirements for climatic area C is 7 cm for the vertical and 8 cm for the horizontal opaque elements, the current analysis considers a range of insulation thickness between 3 cm (minimum U-value) and 14 cm (maximum U-value) (Table 3) with 1 cm step increase and by excluding 11 cm and 13 cm due to lack of availability in the Greek market in order to provide a full range of the global costs. The insulation is extruded polystyrene with a thermal conductivity coefficient (λ) of 0.035 (W/m∙K).



Table 3. Energy efficiency measures. Insulation thickness. Thermal transmittance (U-value) of the case study reference building and U-value range for the energy efficiency measures.







	
Building Element

	
Min U-Value (W/m2∙K)

	
Reference U-Value (W/m2∙K)

	
Max U-Value (W/m2∙K)






	
Wall of reinforced concrete

	
0.866

	
0.387

	
0.233




	
Masonry of bricks

	
0.685

	
0.346

	
0.217




	
Flat roof

	
0.691

	
0.348

	
0.218




	
Ground floor

	
0.742

	
0.613

	
0.402




	
Floor over pilotis

	
0.825

	
0.379

	
0.230




	
Floor in contact with non-heated area

	
0.726

	
0.601

	
0.397




	
Wall of reinforced concrete in contact with non-heated area

	
0.800

	
0.651

	
0.418




	
Masonry of bricks in contact with non-heated area

	
0.663

	
0.558

	
0.377










For the fenestration of the building, were examined eight different types of windows with a variation in the glazing units and a standard PVC frame with a Uf value of 1.60 (W/m2∙K). The windows differentiate in the number of panes, the gas (air or argon) and the type of glass (flat or with low-e coating) (Table 4). The U value of doors is 1.40 (W/m2∙K) for all scenarios.



Table 4. Energy efficiency measures. Building fenestration. Average window thermal transmittance (Uw-value).







	
Window Glazing

	
Uw-Value (W/m2∙K)






	
W0: Reference (4/6air/4)

	
2.74




	
W1: 6/12air/6

	
2.56




	
W2: 6/12argon/6

	
2.44




	
W3: low-e 6/12air/6

	
1.95




	
W4: 6/12air/6/12air/6

	
1.88




	
W5: 6/12argon/6/12argon/6

	
1.78




	
W6: low-e 6/12argon/6

	
1.76




	
W7: low-e 6/12air/6/12air/6

	
1.61




	
W8: low-e 6/12argon/6/12argon/6

	
1.47










The difference in the total energy demand of the case study reference building and the alternative combinations of energy efficiency measures is described in detail in Table 5. The energy savings from the increase in insulation thickness and the energy efficient windows, with the highest value of −22.01 kWh/m2∙annually that reflects a total energy demand of 94.95 kWh/m2∙annually indicate the need for the installation of photovoltaic panels for electricity production in order the case study reference/representative building to reach the nearly zero energy target. The simulation of electricity production from photovoltaic panels was conducted with the equivalent one diode method of software Energy Plus. The selected type of PV module with an area of 1.65 m2 provides in Standard Test Conditions (STC) a maximum power (Pmax) of 250 Wp, module efficiency 15.1%, open circuit voltage (VOC) 37.5 V, short circuit current (ISC) 8.8 A, maximum power voltage (VMPP) 30.5 V and a maximum power current (IMPP) of 8.2 A. Furthermore, the inverter efficiency is considered to be 96%. The electricity production analysis includes a minimum installed power of 1.0 kW with an increasing step of 0.5 kW and a maximum value of 4.0 kW (Table 6). The installation is connected to the grid on a “fixed price” contract and a feed-in tariff [43] as this reflects the Greek market for electricity production in the residential building sector. The analysis is completed by an additional scenario with no electricity production and a zero installed power. The case study reference building has zero installed power of PV.



Table 5. Difference in the total energy demand (heating, cooling and DHW) between the case study reference building and the alternative combinations of energy efficiency measures (insulation and window glazing).







	
Difference in Total Energy Demand (kWh/m2∙a)

	
Window Glazing




	
Insulation Thickness (m)

	
W1

	
W2

	
W3

	
W4

	
W5

	
W6

	
W7

	
W8






	
0.03

	
30.51

	
29.96

	
25.49

	
26.41

	
25.86

	
24.11

	
23.48

	
22.48




	
0.04

	
20.28

	
19.74

	
15.02

	
16.04

	
15.49

	
13.63

	
12.93

	
11.93




	
0.05

	
13.30

	
12.76

	
7.82

	
8.95

	
8.40

	
6.45

	
5.66

	
4.67




	
0.06

	
8.17

	
7.64

	
2.54

	
3.74

	
3.20

	
1.17

	
0.33

	
−0.66




	
0.07

	
3.13

	
2.59

	
−2.69

	
−1.41

	
−1.95

	
−4.06

	
−5.00

	
−5.98




	
0.08

	
0.01

	
−0.53

	
−5.89

	
−4.58

	
−5.13

	
−7.27

	
−8.25

	
−9.22




	
0.09

	
−3.31

	
−3.85

	
−9.33

	
−7.97

	
−8.52

	
−10.71

	
−11.72

	
−12.69




	
0.10

	
−5.29

	
−5.82

	
−11.37

	
−9.99

	
−10.54

	
−12.75

	
−13.79

	
−14.77




	
0.12

	
−9.31

	
−9.84

	
−15.52

	
−14.09

	
−14.64

	
−16.91

	
−17.99

	
−18.96




	
0.14

	
−12.22

	
−12.75

	
−18.53

	
−17.06

	
−17.60

	
−19.91

	
−21.04

	
−22.01










Table 6. Energy efficiency measures. Annual electricity production from photovoltaic panels.







	
Installed Power (kW)

	
Number of Modules

	
PV Area (m2)

	
Electricity Production (kWh/a)






	
1.0

	
4.0

	
6.6

	
1420.89




	
1.5

	
6.0

	
9.9

	
2097.31




	
2.0

	
8.0

	
13.2

	
2785.59




	
2.5

	
10.0

	
16.5

	
3444.97




	
3.0

	
12.0

	
19.8

	
4141.71




	
3.5

	
14.0

	
23.1

	
4812.77




	
4.0

	
16.0

	
26.4

	
5471.66










Concerning the energy efficiency measures, their combination to every possible way leads to a final number of 10 × 8 × 8 = 640 variants.



The case study reference building is also analysed for three different fuels: gas, oil and electricity [44]. The current minimum requirements and values of system’s efficiencies for the heating, the cooling and the DHW (Domestic Hot Water) equipment along with the national primary energy factors (PEFs) (Table 7) according to the Greek Regulation for the Energy Efficiency of buildings [39], provide the building’s fuel and electricity consumption along with their transformation into primary energy.



Table 7. Scenarios of HVAC systems, fuels, system efficiencies and primary energy factors.







	
Scenario

	
System

	
Fuel

	
Efficiency

	
Primary Energy Factor






	
1

	
Heating

	
Gas

	
0.812

	
1.05




	
Cooling

	
Electricity

	
2.790

	
2.90




	
DHW

	
Gas

	
0.794

	
1.05




	
Production

	
Electricity (PV)

	
0.960 (inverter)

	
2.90




	
2

	
Heating

	
Oil *

	
0.812

	
1.10




	
Cooling

	
Electricity *

	
2.790

	
2.90




	
DHW

	
Oil *

	
0.794

	
1.10




	
Production

	
Electricity (PV)

	
0.960 (inverter)

	
2.90




	
3

	
Heating

	
Electricity

	
2.980

	
2.90




	
Cooling

	
Electricity

	
2.790

	
2.90




	
DHW

	
Electricity

	
0.980

	
2.90




	
Production

	
Electricity (PV)

	
0.960 (inverter)

	
2.90








* Systems and efficiency of the case study reference building.








These minimum efficiencies refer to the total efficiency of the system including production, distribution and terminal units. For scenarios 1 and 2 (Table 7), have been taken into consideration the same reference heating-DHW (boiler-burner, radiators, piping, circulator pump) and cooling (air to air heat pump) systems, with a differentiation limited to the fuel (oil and gas). Even though a gas boiler provides an increased efficiency in reference to an oil boiler, the oil and gas systems in the current study follow the values of the minimum/reference efficiencies according to the Greek Regulation for the Energy Efficiency of buildings [39]. Scenario 3 (Table 7) is composed of an air to air heat pump for the heating and the cooling of the building and an electric boiler for domestic hot water. The electricity production system for all three scenarios consists of photovoltaic panels, with a 96% efficiency of the inverter and no further losses considered.




2.2.2. Life Cycle Assessment (LCA)


In the building industry, life cycle assessment is a method used for the quantification of the environmental impact through the life cycle of a building “as a more mature environmental tool” [45] and with a framework defined by ISO 14040 [30], ISO 14044 [31] and ISO 14025 [32]. The current analysis follows a cradle to grave approach in order to assess the total environmental impact during the lifespan of the building and within the boundaries of its system (Figure 5), as indicated by EN 15978 [46] and EN 15804 [47].


Figure 5. Life cycle processes and boundaries of the system.
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Specifically, the Global Warming Potential Effect (GWP-100a) in kg of carbon dioxide emissions equivalent (kg CO2 e) of method CML (Centrum voor Milieuwetenschappen) 2 Baseline 2000 v.2.05 [48], is the selected indicator for the quantification of the environmental impact. Life Cycle Inventory (LCI) data derive from the environmental impact as calculated in a building element level for the SYNERGY 2011 project database [49], where the SYNERGY 2011 project was a national research program with a primary goal to develop a database for the analysis of high energy efficiency building elements by their additional analysis through life cycle assessment. Environmental impact database is based on LCA calculations through software Sima Pro v.7.3.3 [50] and Ecoinvent v.2.2 database [51]. Every necessary additional information comes from the international literature [52,53,54] and the Environmental Product Declaration (EPD) system [55]. The information related to the EPD system refer to single-company product-specific EPD’s [56,57,58,59,60]. The use of international LCI data from the Ecoinvent database and also from EPD’s due to lack of a comprehensive Greek LCI database indicates potential uncertainties in the final results.



For the case study reference building, a life cycle assessment for the total quantities and materials of the whole building construction and for every variant by excluding only the final wall decorations and coatings in kitchens and bathrooms, and the sanitary and electrical equipment and plumbing that are not related to the energy efficiency of the building, provides the total environmental impact. Moreover, the drawings of the building provide the bill of quantities (Table 8) for the upstream (A1–A3), replacement (B4) and end of life processes (C4).



Table 8. Bill of quantities range, LCA information and LCI data for the variants of the building.







	
Materials & Components

	
Unit

	
Quantity (min/max) 1

	
Transportation A4/C2 (km) 2

	
Reference Service Life (years)

	
Waste Factor (%)






	
Plaster [49]

	
kg

	
37,581.48

	
20/25

	
40

	
10




	
Mortar [49]

	
kg

	
5212.20

	
20/25

	
40

	
10




	
Internal paint [59]

	
kg

	
241.89

	
20/25

	
10

	
7




	
External paint [58]

	
kg

	
212.77

	
20/25

	
10

	
7




	
Concrete [49]

	
kg

	
224,807.94

	
20/25

	
100

	
10




	
Brick [49]

	
kg

	
61,797.24

	
15/25

	
90

	
10




	
Glass fiber [49]

	
kg

	
41.67

	
20/25

	
30

	
7




	
XPS [49]

	
kg

	
355.54/1466.18

	
70/25

	
40

	
7




	
Adhesives [49]

	
kg

	
1522.69

	
20/25

	
50

	
0




	
Steel (reinforcing) [49]

	
kg

	
9036.78

	
30/25

	
100

	
7




	
HDPE [49]

	
kg

	
57.51

	
20/25

	
30

	
7




	
Gravel [49]

	
kg

	
15,843.60

	
40/25

	
80

	
10




	
Poor concrete [49]

	
kg

	
17,807.04

	
20/25

	
80

	
10




	
Ceramic tiles [49]

	
kg

	
2629.82

	
1400/25

	
50

	
10




	
Bitumen [49]

	
kg

	
601.72

	
20/25

	
30

	
7




	
Argon [49]

	
kg

	
0.00/0.99

	
8/25

	
25

	
0




	
PVC profile [49]

	
kg

	
137.17

	
8/25

	
50

	
10




	
Flat glass [56]

	
kg

	
686.50/1028.25

	
8/25

	
25

	
0




	
Glass (low-e) [57]

	
kg

	
0.00/342.75

	
8/25

	
25

	
0




	
Wood (Oak) [49]

	
kg

	
1130.40

	
30/25

	
50

	
7




	
MDF [49]

	
kg

	
343.80

	
30/25

	
60

	
7




	
PV panels [49]

	
kg

	
0.00/319.52

	
2000/25

	
30

	
7




	
Heating & DHW system (Scen. 3 1 & 2) [49,53]

	
kg

	
345.00/465.00

	
700/25

	
25

	
6




	
Electronics [49]

	
kg

	
0.00/85.00

	
2000/25

	
15

	
6




	
Galvanized steel [60]

	
kg

	
0.00/160.00

	
30/25

	
40

	
5




	
Inverter [49]

	
kg

	
0.00/37.00

	
2000/25

	
15

	
5




	
Cooling System (Scen. 1, 2, 3) [49]

	
kg

	
131.09

	
2000/25

	
20

	
10




	
Heating & DHW system (Scen. 3) [54]

	
kg

	
251.09

	
700/25

	
25

	
6




	
Demolition & Site restoration [49]

	
m3

	
591.74/629.24

	
Ν/Α/Ν/Α 4

	
Ν/Α

	
Ν/Α




	
Electricity(A5) 5 [52]

	
kWh

	
16,938.00

	
Ν/Α/Ν/Α

	
Ν/Α

	
Ν/Α








1 Minimum/maximum quantities for the materials and the different variants of the examined building; 2 Transportation distance from the factory to the construction site (A4) /from the construction site to the landfill for the final disposal (C2); 3 Scenario; 4 Not Applicable; 5 Building construction (A5): electricity use and crane lifting.








For the transportation processes (A4 and C2) a Euro 4 lorry and transportation with a train were considered for a distance below and over 800 km respectively. For the materials/components that are produced by local Greek factories, the exact transportation distance was calculated for their transportation to the construction site. Concerning the ceramic tiles these are considered to be imported from Italy (1400 km) and the electricity production and the cooling systems from Germany (2000 km). The data for the construction process (A5) of the building derived from the literature [52] and also from personal contact with local contractors in the city of Thessaloniki. For the construction (A5) and replacement (B4) processes waste factors were applied from the literature [61,62,63,64] and also from estimations for the Greek construction activity. A reference service life for every material and component [55,65,66], along with the initial impact provided the estimation of the replacement process (B4) related environmental impacts. The demolition, the deconstruction of the building and the restoration of the site are performed by a hydraulic digger and a skid steer loader as this appears to be the common practice indicated by local contractors for single-family residential buildings. The end of life process reflects a worst case scenario with the disposal of all demolition waste in a landfill located 25 km away from the construction site. For the current framework, three different time periods define the applicable timeframe. Specifically, even though the lifespan of a building could reach 80–100 years, these time periods include a 30 year calculation period based on the recast of the European Directive 2010/31/EE [1], a 50-year calculation period based on the Product Category Rule for Buildings PCR 2014:02 [67] and a 60 year calculation period based on the framework of Building Sustainability Assessment Tools [14,21].



The operational energy for the use phase (B6) was calculated as described in the previous (Section 2.2.1 Energy Analysis) in primary energy (kWh), along with the transformation of the energy and fuel consumption to carbon dioxide (CO2) emissions (Table 9).



Table 9. National Greek fuel CO2 emission factors [39].







	
Fuel

	
CO2 Emission Factor






	
Gas

	
0.196




	
Oil

	
0.264




	
Electricity

	
0.989











2.2.3. Life Cycle Cost (LCC) Analysis


Life cycle costing “is a methodology for systematic economic evaluation of life cycle costs over a period of analysis, as defined in the agreed scope” [66]. In particular, for the building sector, the method is used for the estimation of the total costs through the life cycle of a building. In the recast of the European Directive 2010/31/EE, life cycle costing follows the Net Present Value (NPV) method for the calculation of the initial (material, labour, construction and design costs), the recurring (running, replacement, energy and emission costs) and the end of life (disposal) costs, along with additional guidance through EN 15459 [68]. In the current case study, the costs considered for the macroeconomic calculations are described in detail in Table 10. Furthermore, the design costs are estimated to be 50% (local construction market trend) of the minimum cost, as indicated by the Technical Chamber of Greece, for the design and construction supervision of the case study building. The material, transportation, labour, replacement and demolition costs derived from a Greek database [69] used for the cost estimation of building construction related public works. The database costs were updated and validated with offers from local contractors, factories and construction material retailers, for an accurate estimation of the current market policy and prices.



Table 10. Costs for the macroeconomic global cost calculations.







	
Cost Category

	
Cost Type






	
Initial

	
Design




	
Material




	
Transportation to the construction site




	
Energy for construction




	
Labour




	
Recurring

	
Running




	
Replacement




	
Energy




	
Emission (carbon)




	
Disposal

	
Demolition




	
Transportation to landfill




	
Landfill disposal










The running costs are considered to be 3% of the initial investment cost for the HVAC equipment and installations [68]. The energy and fuel costs reflect the market prices at the end of 2015 [70,71,72], as the starting year of the calculation period is 2016. The emission costs follow the different scenarios for carbon prices [2,3]. The disposal cost is the entrance fee per ton of the untreated construction and demolition waste in a landfill located 25 km away from the construction site at the suburbs of Thessaloniki.





2.3. Method


In the European Union, the European Directive 2010/31/EE (EPBD recast), the delegated regulation 244/12 and the accompanying guidelines define the framework for nearly zero energy buildings. An extended framework provides guidance for the calculation of the global costs for the financial and macroeconomic perspectives, the cost-optimal levels and the definition of the nZEB by the member states towards the goal of 2020. The global cost calculations follow the net present value (NPV) method for the discounting of future costs into present costs at the starting year of the calculation period. That specific framework defines the calculations of the initial and the recurring costs and provides an optional consideration of the disposal costs at the end of the building’s life cycle. The macroeconomic perspective considers the environmental impact of the operating phase of the building with the calculation and transformation of the annual greenhouse gas emissions into monetary values, indicating the current Commission projected Emission Trading System (ETS) prices per ton of CO2 equivalent as a base value. The calculations of the global costs and for the macroeconomic perspective follow in the next two equations:


[image: there is no content]



(1)




and:


[image: there is no content]



(2)




where:

	
[image: there is no content] is the calculation period in years



	
[image: there is no content] is the global cost (referred to the starting year [image: there is no content]) over the calculation period in euro



	
[image: there is no content] is the initial investment cost for measure or set of measures j in euro



	
[image: there is no content] is the annual (running, energy and replacement) cost during year i for measure or set of measures j in euro



	
[image: there is no content] is the discount factor for year i based on the discount rate r to be calculated



	
[image: there is no content] is the number of years from the starting period



	
r is the real discount rate



	
[image: there is no content] is the residual value of measure or set of measures j at the end of the calculation period (discounted to the starting year τ0) in euro and



	
[image: there is no content] is the carbon cost of measure or set of measures j during year i in euro.








For the macroeconomic calculations, the prices considered are prices excluding all applicable taxes, VAT (Value Added Tax), charges and subsidies. The methodological framework followed in the current case study consists of two steps:

	
Step 1. Global cost calculation for the macroeconomic perspective, as defined in the recast of the European Directive 2010/31/EE, the delegated Regulation 244/2012 and the accompanying guidelines.



	
Step 2. Global cost calculation for the macroeconomic perspective, with the extension of the emission costs and the consideration of carbon emissions for the whole life cycle of the building.








2.3.1. Step 1


In the first step, the global costs for the macroeconomic perspective refer only to the carbon costs of the operating phase of the building. The global costs through the cost categories of the previous (Section 2.2.3 Life Cycle Cost Analysis) and Table 10 are calculated for every variant of the building, for the total cost of the construction and for a square meter of the reference area. The reference service life (Table 8) of each material and component defines the year that a replacement cost takes place and along with the calculation period provide the final residual value. The avoided costs from the produced renewable energy are included as earnings in an annual base even though this option is “best suited” for the financial perspective [3]. A “fixed price” contract with the Hellenic Power Transmission Regulator [43] is considered with the assumption of “only” a feed-in tariff of 0.115 € per kWh of produced electricity. For the reference scenario (Table 11), the discount rate is set at 3% in real terms and the calculation period starting from the year 2016 at 30 years. The evolutions of energy and carbon prices follow the scenarios and trends provided by the delegated regulation 244/2012.



Table 11. Basic parameters and values for the reference (Re) scenario.







	
Parameter

	
Value






	
Calculation period (τ)

	
30 years




	
Starting year ([image: there is no content])

	
2016




	
Discount rate ([image: there is no content])

	
3.0%




	
Gas price

	
0.050€




	
Oil price

	
0.053€




	
Electricity price

	
0.1557€




	
Feed-in tariff

	
0.115€




	
Evolution of energy prices

	
2.8%




	
Carbon price, year 2020

	
16.5€




	
Carbon price, year 2025

	
20.0€




	
Carbon price, year 2030

	
36.0€




	
Carbon price, year 2035

	
50.0€




	
Carbon price, year 2040

	
52.0€




	
Carbon price, year 2045

	
51.0€




	
Carbon price, year 2050

	
50.0€










The calculation of primary energy is conducted for the energy and fuel consumptions, efficiencies and primary energy factors for every variant of the building (Table 3, Table 4 and Table 7) along with the subtraction of the produced energy from renewable energy sources (Table 6). Even though the produced energy from photovoltaic panels that is fed to the grid is a part of the primary energy balance [2], in the delegated regulation 244/2012 there is no reference for the benefit and the avoided emissions from the production of electricity from renewable energy sources. The current case study considers this benefit as a suitable approach on a macroeconomic scale and the avoided emissions match the emissions produced during the consumption of one kWh of electricity (Table 9). The final result of the first step is the definition of the cost-optimal level.




2.3.2. Step 2


The second step, for the global costs and the macroeconomic perspective, considers the carbon emissions for the whole life cycle of the building. A life cycle assessment for every process within the boundaries of the system (Figure 5) provides an estimation of the total environmental impact in kg CO2 equivalent. Every emission is calculated and placed in the specific year of the calculation period, transformed into monetary values through the carbon price scenarios, added to the carbon costs of the operating phase and discounted to the starting year of the calculation period:


[image: there is no content]



(3)




and:


[image: there is no content]



(4)




where:

	
[image: there is no content] is the global cost (referred to the starting year [image: there is no content]) over the calculation period in euro, for the total life cycle assessment, including the embodied and operating carbon costs



	
[image: there is no content] is the carbon cost of measure or set of measures j during year i in euro, from the operation of the building



	
[image: there is no content] is the embodied carbon cost of measure or set of measures j during year i in euro and



	
[image: there is no content] is the carbon cost of measure or set of measures j during year i in euro, from the total life cycle of the building.








After the global cost calculations, the cost-optimal range and the economic cost-optimal level are redefined and compared with the results of the first step.




2.3.3. Sensitivity Analysis


The Delegated Regulation 244/2012 and the accompanying guidelines define the obligation for a sensitivity analysis of the key parameters, such as the discount rate and evolution of energy prices, along with other parameters that their future development could influence the final result [2]. For the sensitivity analysis on the discount rate, a value of 3% is indicated for the macroeconomic calculation and at least two additional values should be examined. In the current analysis, two additional discount rates of 2% and 4% are considered in real terms (Table 12). The economic crisis in Greece initiated an average annual decrease of −2.32% in the construction costs since 2011 [73] and justified the need for an additional sensitivity scenario. Carbon prices are analysed for two additional scenarios [2] and the evolution of energy prices for a 50% increase and a 50% decrease in the reference scenario values. Sensitivity analysis is completed by using three alternative values for the calculation period: a 30 year calculation period based on the recast of the European Directive 2010/31/EE, a 50-year calculation period based on the Product Category Rule for Buildings PCR 2014:02 and a 60 year calculation period based on the framework of BSATs. The different scenarios of the analysis (Table 13) are examined for each of the selected values of discount rate and calculation period (Table 12) and for both steps of the procedure.



Table 12. Key parameters and values for the sensitivity analysis.







	
Parameter

	
Sensitivity Value




	
Discount rate

	
2.0%

	
3.0% *

	
4.0%




	
Evolution of energy prices

	
1.87%

	
2.8% *

	
4.2%




	
Evolution of construction and labour prices

	
0.0% *

	
−2.32%




	
Calculation period

	
30 years *

	
50 years

	
60 years




	
Evolution of Carbon Prices




	
2020

	
2025

	
2030

	
2035

	
2040

	
2045

	
2050




	
16.5€ *

	
20.0€

	
36.0€

	
50.0€

	
52.0€

	
51.0€

	
50.0€




	
25.0€

	
38.0€

	
60.0€

	
64.0€

	
78.0€

	
115.0€

	
190.0€




	
25.0€

	
34.0€

	
51.0€

	
53.0€

	
64.0€

	
92.0€

	
147.0€








* Reference scenario (Re).








Table 13. Sensitivity analysis scenarios. Different scenarios for the evolution of the key parameters.







	
Scenario

	
Values




	
Evolution of Energy Prices (%)

	
Evolution of Construction Costs (%)

	
Evolution of Carbon Prices (€)






	
Re 1

	
2.80

	
0.00

	
16.5–50.0




	
Lpr 2

	
2.80

	
−2.32

	
16.5–50.0




	
HCO23

	
2.80

	
0.00

	
25.0–190.0




	
MCO24

	
2.80

	
0.00

	
25.0–147.0




	
Len 5

	
1.87

	
0.00

	
16.5–50.0




	
Hen 6

	
4.20

	
0.00

	
16.5–50.0








1 Re: Reference scenario; 2 Lpr: Decrease in construction and labour prices; 3 HCO2: High evolution of carbon prices; 4 MCO2: Medium evolution of carbon prices; 5 Len: Low evolution of energy prices; 6 Hen: High evolution of energy prices.











3. Results and Discussion


The global costs were recalculated as the difference between the global costs of the reference building and the building’s variants and for the each step of the procedure (Table 14, Table 15 and Table 16) with the horizontal axis indicating the global costs (zero difference) for the reference building (Figure 6).


Figure 6. Global costs and cost-optimal level for the reference (Re) scenario. Step 1 ([image: there is no content]) and step 2 ([image: there is no content]).
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Table 14. Sensitivity analysis. Macroeconomic calculations. 30 year calculation period. Cost-optimal.







	
Step 1




	
Discount Rate (%)




	

	

	
2.0%

	
3.0%

	
4.0%




	
Scenarios

	
PE 1 (kWh/m2∙a)

	
[image: there is no content]2 (€)

	
PE (kWh/m2∙a)

	
[image: there is no content](€)

	
PE (kWh/m2∙a)

	
[image: there is no content](€)




	
Scenario

	
Re

	
−0.06

	
−57.82

	
35.61

	
−46.69

	
40.91

	
−40.01




	
Lpr

	
−0.06

	
−58.17

	
35.61

	
−46.99

	
40.91

	
−40.27




	
HCO2

	
−0.06

	
−89.67

	
−0.06

	
−67.33

	
37.60

	
−50.93




	
MCO2

	
−0.06

	
−78.01

	
−0.06

	
−57.77

	
37.60

	
−47.10




	
Len

	
35.61

	
−61.16

	
37.60

	
−51.92

	
40.91

	
−45.03




	
Hen

	
−0.06

	
−66.33

	
−0.06

	
−47.67

	
−0.06

	
−32.52




	
Step 2




	
Discount Rate (%)




	

	

	
2.0%

	
3.0%

	
4.0%




	
Scenarios

	
PE (kWh/m2∙a)

	
[image: there is no content]3 (€)

	
PE (kWh/m2∙a)

	
[image: there is no content](€)

	
PE (kWh/m2∙a)

	
[image: there is no content](€)




	
Scenario

	
Re

	
−0.06

	
−56.71

	
35.61

	
−45.81

	
40.91

	
−39.44




	
Lpr

	
−0.06

	
−57.06

	
35.61

	
−46.11

	
40.91

	
−39.71




	
HCO2

	
−0.06

	
−87.91

	
−0.06

	
−65.64

	
37.60

	
−49.83




	
MCO2

	
−0.06

	
−76.31

	
−0.06

	
−57.77

	
37.60

	
−45.99




	
Len

	
35.61

	
−60.28

	
37.60

	
−51.17

	
40.91

	
−44.47




	
Hen

	
−0.06

	
−65.22

	
−0.06

	
−47.67

	
−0.06

	
−31.46








1 PE: Primary Energy; 2[image: there is no content]: Global costs (step 1); 3[image: there is no content]: Global costs (step 2).








Table 15. Sensitivity analysis. Macroeconomic calculations. 50 year calculation period. Cost-optimal.







	
Step 1




	
Discount Rate (%)




	

	

	
2.0%

	
3.0%

	
4.0%




	
Scenarios

	
PE 1 (kWh/m2∙a)

	
[image: there is no content]2 (€)

	
PE (kWh/m2∙a)

	
[image: there is no content](€)

	
PE (kWh/m2∙a)

	
[image: there is no content](€)




	
Scenario

	
Re

	
−0.06

	
−85.02

	
−0.06

	
−57.35

	
−0.06

	
−36.85




	
Lpr

	
−2.35

	
−89.41

	
−0.06

	
−60.06

	
−0.06

	
−38.79




	
HCO2

	
−2.35

	
−185.50

	
−0.06

	
−130.37

	
−0.06

	
−91.04




	
MCO2

	
−0.06

	
−152.56

	
−0.06

	
−106.57

	
−0.06

	
−73.41




	
Len

	
−0.06

	
−73.05

	
35.61

	
−52.72

	
40.91

	
−45.35




	
Hen

	
−7.91

	
−113.69

	
−2.35

	
−76.51

	
−0.06

	
−50.42




	
Step 2




	
Discount Rate (%)




	

	

	
2.0%

	
3.0%

	
4.0%




	
Scenarios

	
PE (kWh/m2∙a)

	
[image: there is no content]3 (€)

	
PE (kWh/m2∙a)

	
[image: there is no content](€)

	
PE (kWh/m2∙a)

	
[image: there is no content](€)




	
Scenario

	
Re

	
−0.06

	
−82.34

	
−0.06

	
−55.14

	
−0.06

	
−34.98




	
Lpr

	
−2.35

	
−86.57

	
−0.06

	
−57.85

	
−0.06

	
−36.92




	
HCO2

	
−2.35

	
−178.90

	
−0.06

	
−125.49

	
−0.06

	
−87.13




	
MCO2

	
−0.06

	
−147.31

	
−0.06

	
−102.41

	
−0.06

	
−70.01




	
Len

	
−0.06

	
−70.36

	
37.60

	
−50.92

	
40.91

	
−44.17




	
Hen

	
−2.35

	
−110.80

	
−2.35

	
−74.17

	
−0.06

	
−48.54








1 PE: Primary Energy; 2[image: there is no content]: Global costs (step 1); 3[image: there is no content]: Global costs (step 2).








Table 16. Sensitivity analysis. Macroeconomic calculations. 60 year calculation period. Cost-optimal.







	
Step 1




	
Discount Rate (%)




	

	

	
2.0%

	
3.0%

	
4.0%




	
Scenarios

	
PE 1 (kWh/m2∙a)

	
[image: there is no content]2 (€)

	
PE (kWh/m2∙a)

	
[image: there is no content](€)

	
PE (kWh/m2∙a)

	
[image: there is no content](€)




	
Scenario

	
Re

	
−0.06

	
−119.99

	
−0.06

	
−77.71

	
−0.06

	
−48.78




	
Lpr

	
−11.97

	
−128.15

	
−0.06

	
−81.15

	
−0.06

	
−51.17




	
HCO2

	
−2.35

	
−245.80

	
−0.06

	
−165.46

	
−0.06

	
−111.60




	
MCO2

	
−0.06

	
−205.03

	
−0.06

	
−137.13

	
−0.06

	
−91.32




	
Len

	
−0.06

	
−101.38

	
35.61

	
−69.37

	
37.60

	
−55.04




	
Hen

	
−11.97

	
−181.33

	
−7.91

	
−109.35

	
−0.06

	
−68.66




	
Step 2




	
Discount Rate (%)




	

	

	
2.0%

	
3.0%

	
4.0%




	
Scenarios

	
PE (kWh/m2∙a)

	
[image: there is no content]3 (€)

	
PE (kWh/m2∙a)

	
[image: there is no content](€)

	
PE (kWh/m2∙a)

	
[image: there is no content](€)




	
Scenario

	
Re

	
−0.06

	
−117.29

	
−0.06

	
−75.49

	
−0.06

	
−46.90




	
Lpr

	
−7.91

	
−124.29

	
−0.06

	
−78.93

	
−0.06

	
−49.29




	
HCO2

	
−0.06

	
−239.09

	
−0.06

	
−160.54

	
−0.06

	
−107.66




	
MCO2

	
−0.06

	
−199.73

	
−0.06

	
−132.94

	
−0.06

	
−87.90




	
Len

	
−0.06

	
−98.68

	
35.61

	
−67.41

	
37.60

	
−53.59




	
Hen

	
−11.97

	
−176.88

	
−7.91

	
−106.33

	
−0.06

	
−68.66








1 PE: Primary Energy; 2[image: there is no content]: Global costs (step 1); 3[image: there is no content]: Global costs (step 2).








For the reference scenario the global costs of the cost optimal level (step 1, [image: there is no content]) are 1285.83 €/m2, with a primary energy at 35.61 kWh/m2∙annually and a difference of −46.69 €/m2 from the reference building’s global costs (Figure 6). The cost-optimal level reflects a 10 cm thickness of insulation layer, fenestration (W6, Table 4, PVC frame and low-e 6 glazing/12argon/6 glazing) with an average Uw = 1.76 (W/m2∙K), a 4.0 kW installation of photovoltaic panels for electricity production and the use of electricity (scenario 3, Table 7). The cost-optimal level of the total LCA approach (step 2) and the reference scenario matches the results of the first step. The global costs of the second step ([image: there is no content] = 1305.26 €/m2) indicate an increase of 1.5% in reference to the global costs of the first step and a difference from the reference building’s global costs (of step 2) at −45.81 €/m2 (Figure 6).



The embodied environmental impact appears to have no influence on the cost-optimal level for the reference scenario and also for every scenario of the sensitivity analysis for the 30 year calculation period (Table 14), as there is no transposition for the primary energy levels of the cost-optimal level when the embodied impact is considered. The low contribution of the emission costs to the total global costs with the highest value of 4.6% for the first step and the lowest discount rate of 2%, along with the short calculation period of 30 years and the offsite benefit from the avoided emissions through electricity production from renewable energy sources, could justify this result. The effect of the embodied impact is located at low discount rates of 2% and 3% (shaded cells of Table 15 and Table 16), where the future costs, including the recurring emission costs, have higher contribution in the total global costs and in combination with an increase in carbon prices (HCO2 scenario, shaded cells of Table 16) or even a decrease in other cost categories, such as the construction costs (Lpr scenario, shaded cells of Table 16) and the energy prices (Len scenario, shaded cells of Table 15), enhance the influence of carbon emissions. A transposition to variants with lower use of materials and lower embodied impact is indicated for the three aforementioned scenarios, with a decrease in the number of panes from triple (W8, Table 4) to double glazing (W6, Table 4) for the HCO2 scenario (shaded cells of Table 16) and a decrease in the insulation thickness from 10 cm to 9 cm and from 14 cm to 12 cm for the Len scenario (shaded cells of Table 15) and the Lpr scenario (shaded cells of Table 16) respectively. For the Hen scenario, the 50 year calculation period and the 2% discount rate, the increase of energy prices leads to a transposition of the cost-optimal level to variants with higher insulation thickness and lower primary energy and also to a sensitivity range between −0.06 kWh/m2∙annually (Re, step 1, Table 15) and −7.91 kWh/m2∙annually (Hen, step 1, Table 15) for the first step of the calculation procedure.



The embodied emissions in the second step minimize the sensitivity range between −0.06 kWh/m2∙annually (Re, step 2, Table 15) and −2.35 kWh/m2∙annually (Hen, step 2, Table 15) and indicate an alternative variant with lower insulation thickness (transposition from 12 cm to 10 cm), lower embodied impact and higher primary energy for the cost-optimal level. The calculation period appears to be a key parameter for the global cost calculations and the sensitivity range of the primary energy (Figure 7), as the sensitivity range increases between the 30 and the 50 and 60 year calculation period by 19.17% and 21.01% respectively and leads to lower primary energy levels. The total sensitivity range of primary energy for all the scenarios and calculation periods of the sensitivity analysis ranges between −11.97 kWh/m2∙annually and 40.91 kWh/m2∙annually. The results for the 50 year calculation period indicate that the application of the embodied impact leads to a reduction in the sensitivity range (Figure 7).


Figure 7. Sensitivity range of primary energy for the cost-optimal level (step 1 [image: there is no content]) and step 2 ([image: there is no content]).



[image: Energies 10 00740 g007]






The transposition of the cost-optimal level to higher levels of primary energy with lower insulation thickness, lower number of window panes and lower use of materials is indicated for the 50 and 60 year calculation period (shaded cells of Table 15 and Table 16), with the effect of the embodied impact located only within the range as calculated through the framework of the current energy efficiency regulations for buildings (step 1, Figure 7). The assumption of “only” a feed-in tariff in the global cost calculations, confirms “a bias at the expense of reduced demand for heating and cooling” [2], considering the current case study assumptions (macroeconomic perspective and a low feed-in tariff). Nevertheless, for the extension of the analysis to higher discount rates (5–7%), the building variants with a zero installed power of PV (no electricity production) replaced the variants with high installed power of PV for the cost-optimal level. The results of high discount rates are not presented in this paper as they best suit calculations for the financial perspective and further validation is needed.



The limitations of the current case study (building typology, building orientation and climatic conditions) are important. It must be noted that the sensitivity that derives from the LCI data, the reference service life of materials and components, the static methodological approach in reference to the climate and energy mix changes, and also the consideration of “only” a feed-in tariff for the macroeconomic perspective, should not be ignored.



The use of international generic LCI data, as a Greek database is not available, could provide uncertainty in the results and the embodied impact, considering the differentiation in the production processes or even the variation in the electricity production mix [74]. The embodied CO2 emissions for the case study reference building, for the 50 year calculation period and for the cradle to grave approach considered are 958.11 kg CO2 e/m2 of the total area (Table 1) of the building. Another case study of Greek single family dwellings [75], that follows a cradle to gate approach and with LCI data from the Inventory of Carbon and Energy database [76], results to embodied CO2 emissions between 871 kg CO2 e/m2 and 876 kg CO2 e/m2 of the total area of the building. When the embodied impact of the current case study reference building was recalculated in a cradle to gate approach, lead to a value for embodied emissions of 555.94 kg CO2 e/m2 of the total area of the building, indicating a deviation between the two Greek case studies, deriving probably from the differentiation in the boundaries of the system, the LCI data and the design of the building.



The validation of the results with a global cost calculation for the four main orientations of the case study reference building and for all four climatic areas of Greece, with the extension of the calculations to a multi-family residential building, the potential consideration of embodied energy in the primary energy balance of the building along with a sensitivity analysis on the LCI data and a PV simulation based on net metering as an additional approach that reflects the upcoming trend in the Greek market are of significant importance.




4. Conclusions


The current research examines the effect of the embodied environmental impact on the cost-optimal levels of nearly zero energy buildings, with the consideration of the embodied emissions and of a total life cycle approach, as an effort to eliminate the acknowledged “incompleteness” of the assessment defined by the framework of current European energy efficiency regulations. The limited contribution of the emission costs to the total global costs, results to an effect of the embodied environmental impact on the primary energy of the cost-optimal levels only in the sensitivity scenarios with low discount rates of 2% and 3% that enhance this contribution along with high carbon, low energy and low construction prices. This effect is located in the extended calculation periods of 50 and 60 years, where the replacements, the recurring embodied impact and the carbon prices are significantly higher in reference to the 30 year calculation period. The application of the embodied emissions results to a decrease between 1.99 kWh/m2∙annually and 5.56 kWh/m2∙annually in the primary energy of the cost-optimal level and to a transposition to variants with higher primary energy, lower levels of insulation thickness (decrease between 1 cm and 2 cm), lower number of window panes (from triple to double glazing) and consequently to lower embodied environmental impact. The sensitivity range of primary energy increases along with the extension of the calculation period with the highest increase of 21.01% indicated between the 30 and the 60 year timeframe and confirms its significance as a key parameter that should be considered in the sensitivity analysis as defined by the framework of the EPBD recast, the delegated regulation 244/2012 and the accompanying guidelines. Nevertheless, the limitations of the case study indicate the need for further research and validation of the results.
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