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Abstract: Single-family residential buildings represent the highest share of building sector in Romania. Their
operation emits the most COz into Earth’s atmosphere, as most of them are not energy efficient. A life cycle
assessment is performed for a case study building, built in 2019 in Romania, establishing its carbon footprint.
The study compares the results and extrapolate them to all single-family residential buildings in Romania,
regarding CO2 emissions with an emphasis on the operational stage. The results illustrate a considerable re-
duction in CO2 emissions from old, high energy consumption buildings to new, low energy consumption build-
ings. Moreover, using a heat pump in the detriment of firewood or gas boilers decreases the CO2 emissions for
the operational stage up to 34% and 26% respectively. Due to the higher cost of electrical energy compared to
natural gas in Romania, gas boilers are more cost-effective than heat pumps. Because of this, and the higher
implementation costs, the tendency is towards natural gas. This in turn will result in an increase of CO2 emis-
sion for the entire life cycle of the building by approximate 32% for new buildings and 86% for old, high energy
consumption buildings.

Keywords: carbon footprint; life cycle assessment; CO:2 emissions; construction stage; operational stage; dem-
olition stage

1. Introduction

Climate Change phenomena are on the rise and their impact on the environment and society is
also increasingly growing [1]. This is mainly related to global warming, which has intensified con-
siderably in recent decades. The increase in mean annual temperature is mainly driven by rising
greenhouse gas emissions (GHG), particularly carbon dioxide (CO2).

The building sector plays a significant role in global energy consumption and GHG emissions.
According to a recent report by the International Energy Agency (IEA), buildings account for 37% of
global energy consumption [2], taking the embodied cradle-to-grave emissions into account [3]. Of
these, 27% are attributed to the operating activities of buildings, and 10% come from the production
of building materials [4].

In order to limit the effects of global warming, future ambitious targets have been set globally to
reduce mean annual temperatures and reduce GHG emissions. A key milestone in this respect is the
Paris Agreement, signed by 195 countries at the COP21 Conference in 2015, which aims to keep the
global temperature rise below 1.5 °C. The main objective of this agreement is to prevent the effects of
climate change from getting worse and, to achieve it, an 7.6% annual reduction of GHG emissions by
2030 should be done [5]. Moreover, the Paris Agreement specifies climate neutrality by 2050, com-
mitting the signatory states to achieve a balance between greenhouse gas emissions and their absorp-
tion by natural or technological methods by the middle of the century.

In addition to the Paris Agreement, several complementary measures have been globally
adopted to support the achievement of the targets set and to reduce GHG emissions. In the European
Union, the European Climate Law, part of the European Green Deal (Green Deal), sets climate neu-
trality targets by 2050 and GHG emissions reductions by 55% by 2030 compared to 1990 levels. In
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addition, the European Union adopted the , Fit for 55”7, which includes policies to increase energy
efficiency and expand the share of renewable energy, by 2030, renewable energy sources constitute
at least 40% of the EU's total energy consumption. These include solar, wind, biomass and hydro-
power.

In Romania, in 2023, the long-term strategy, named "Implementing the national energy and cli-
mate plan and developing the long-term strategy of Romania", was adopted - a key strategic docu-
ment to achieve the national climate neutrality target by 2050. This strategy is part of Romania's com-
mitments to the European Green Pact (Green Deal) and is perfectly consistent with the goals of the
Paris Agreement.

In the United States of America, in 2021, the Infrastructure Investment and Jobs Act [6] was
adopted. It includes important measures to reduce greenhouse gas (GHG) emissions. These include
incentives to promote electric vehicles, support renewable energies and develop clean energy infra-
structure. The act also provides for significant research and development investments for innovative
carbon capture technologies and advanced energy solutions. In the same year, another key step hap-
pened, the US returned to the Paris Agreement, reaffirming the country's commitment to fighting
climate change.

China, the world's largest CO:z emitter, has adopted strict regulations to reduce GHG emissions.
Key objectives include:

e  Commitment to becoming carbon neutral by 2060;
¢  Commitment to reduce CO:2 emissions per unit of GDP by 65% by 2030 compared to 2005 levels.

Other Asian economies, such as Japan and South Korea, have introduced regulations and com-
mitments to achieving carbon neutrality by 2050, setting clear targets for GHG emissions reductions
by 2030.

In conclusion, both in the European Union, the United States and Asia, key legislative measures
have been implemented to reduce GHG emissions. These regulations play a crucial role in fighting
climate change and in achieving international goals. Although the approaches vary according to the
specific economic and political context of each region, all these measures reflect global commitments
to reduce greenhouse gas emissions and promote a sustainable future.

Figure 1 [7] presents global collected data from Global Building Emissions [8], representing the
total global energy related CO: emissions. According to it, globally in 2022, the building sector was
one of the three major carbon emitting sectors (along with transportation [9] and industry [10]), add-
ing up to around 14 Gt (Figure 1A) of the total energy-associated global CO: emissions that were 36
Gt. These carbon emissions from the operation of buildings, called operational carbon, reached a rec-
ord level of almost 10 Gt (Figure 1B) [7]. Between 2000 and 2022, carbon emissions per usable area
gradually decreased, reducing carbon intensity in global building operations by more than 1.5% per
year. Although decarbonization efforts in emerging economies are progressing, they have proven to
be less effective than those in developed economies (Figure 1C).

During the lifespan of the building several stages can be identified such as preconstruction, con-
struction, operation, maintenance and demolition [11]. In all these stages buildings emit GHG in dif-
ferent quantities [12], [13], [14]. The operational GHG emissions of a building are considered to be
higher than its incorporated emissions [15], so an important role in reducing them is decreasing en-
ergy consumption and the use of renewable energy sources such as heat pumps systems [16], solar
assisted heat pump systems [17], photovoltaics [18], multi-purpose envelope like a Trombe Wall [19],
etc.
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Figure 1. Global carbon distribution and trends for the Buildings Sector: (A) Share of the overall energy con-
sumption of the buildings sector and corresponding CO2 emissions in 2022; (B) Potential changes in operational
CO2 emissions from the buildings sector, 2010-2070; (C) The contribution of leading economies (for example, the
US, China and Europe) to global CO2 emissions in the buildings sector in 2010 and 2020) [7].

The challenge to decrease GHG emissions according to targets set within the Paris Agreement is
two-fold: (i) reducing emissions associated with the energy demands during the operational phase
of buildings, for which several different technologies already exist and are increasingly applied [20],
[21], [22], [23], [24] and (ii) lowering so-called embodied GHG emissions, associated with the manu-
facturing, maintenance and end-of-life of building materials, which are found to be a hidden major
issue for effective decarbonisation of the built environment [4], [25].

The aim of this study is to analyse the life cycle of single-family residential buildings, with an
emphasis on the operational stage. The assessment is based on the data registered on a case study
building and extrapolated for typical single-family residential buildings in Romania, encompassing
new buildings as well as older existing buildings.

2. Residential Buildings Sector in Romania

The building sector consists of approximately 5.6 million buildings, covering a total heated use-
ful area [26]. The largest share is represented by residential buildings, which account for approxi-
mately 90% of the entire building sector, adding up to 582 million m?, as seen in Figure 2.

w4
\

1%

4%

W Single-Family Residential Buildings

M Education Buildings
1% Administrative Buildings

33% Collective Residential Buildings
M Health Buildings

B Comercial Buildings

58%

Figure 2. Buildings sector in Romania and its sub-sectors share [26]
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Nationwide, the total energy consumption for buildings is approximately 9.52 Mtoe, with over
81% consumed by residential buildings and the remaining 19% by other types of buildings. Because
of this, it can be considered that the building sector is the one with the highest potential to make
significant reductions in energy consumption and GHG emissions reduction through thermal reha-
bilitation and using renewable energy sources.

4% | 2%

3% 1077 = Single-Family Residential Buildings
8 < o
: \ = Education Buildings

Administrative Buildings

31%
Collective Residential Buildings

= Health Buildings

= Comercial Buildings

Figure 3. Final energy consumption by buildings sub-sectors [26]

At the end of 2023, the housing stock in Romania included 9,722,223 homes, with a total liveable
area of 474,517,092 m?2. Of these, 58% were in urban areas, representing 55% of the country's habitable
area, while the rest were in rural areas.

In recent years, there has been a slow growth in housing stock in Romania. New-build houses
annually have a small share, approximately 0.7%, of the total existing ones, data presented in Table
1. Replacing old buildings is done at a very slow pace, the percentage of demolished houses annually
being only 0.06% of the total existing ones.

Table 1. Housing stock in Romania for 2019-2023 [27].

New Built Repurposed Redesignated Demolished

Year Houses Houses Houses Houses Existing Houses
2023 70957 575 573 4421 9722223
2022 73338 849 875 5655 9655685
2021 71405 659 688 5304 9587153
2020 67816 1007 931 4544 9587153
2019 67488 1027 1069 5800 9587153

A defining aspect of the housing stock is that about 98% of existing houses are privately owned.
This makes it difficult to rehabilitate them on a large scale without adequate awareness of the owners
regarding the advantages brought by modernization. Also, about 47% of houses were built before
1970, and over 83% of them date back to 1989, as presented in Figure 4.
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Figure 4. The residential building stock shares according to the construction period [26]

The residential buildings built before 1989 are distinguished by a low level of energy perfor-
mance, having an energy consumption between 150 and 400 [kWh/m?year]. Thermal energy is the
dominant component of total energy consumption in the residential sector, reaching values of up to
55% for collective residential buildings and up to 80% for single-family residential buildings [28].

A real improvement in the energy performance of residential buildings was achieved after 2000,
when the energy consumption decreased below 200 [kWh/m?year]. Energy-efficient buildings are
those constructed after the implementation of the Methodology for calculating the energy perfor-
mance of buildings, indicative Mc 001-2022 [29] and have an energy consumption of less than 80
[kWh/m?year], presented in Table 2.

This housing stock structure underlines the importance of modernizing and energy efficiency of
existing buildings to reduce energy consumption and increase sustainability in the Romanian con-
struction sector. Due to the fact that 58% of the building sector in Romania represents single-family
houses and that 50% of the primary energy consumption is used for the operation of residential sin-
gle-family buildings, this study undergoes a Life Cycle Assessment (LCA), for single-family building.
For this, a case study building was analysed, and multiple solutions for decreasing CO: emissions are
investigated.

Table 2. Energy performance characteristic of residential buildings [30]

Vertical Transmittance = Horizontal Transmittance Energy Consumption

Year U [W/m?K] U [W/m?K] [KWh/m2year]

<1960 1.40-2.00 0.90-1.80 150-400
1961-1980 1.35-1.90 0.90-1.80 150-400
1981-1989 1.25-1.60 0.90-1.80 150-400
1990-1994 1.10-1.50 0.90-1.80 150-350
1995-1999 0.80-1.50 0.90-1.80 140-280
2000-2023 0.70-1.50 0.90-1.80 120-230

>2023 0.25 0.20 40-80

3. Materials and Methods
3.1. Case Study Building

The case study building considered in this paper represents an existing single family residential
building with the gross floor area of approximate 160m?, on two levels, ground floor and attic. This
building is representative for a common building type in the region of Brasov, and it is also equipped
with renewable energy sources systems. The building is located in a typical suburban residential area
near Brasov, in Romania, at approximatively 45° 37’N and 25° 28’E. Orientation is S-E 25°. Figure 6
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presents the ground floor and attic plans and the aerial 3D view extracted from the design stage of
the building.

The case study building was constructed in 2019, before the nZEB methodology for calculation
of energy performance of a building was approved in Romania (Mc001/2022) [29], but measures to
ensure a lower energy requirement were implemented. The structure of concrete and bricks is insu-
lated with mineral rockwool of 15cm (Figure 5), ground slab was insulated with 8cm of extruded
polystyrene. The sling roof was covered with tiles and is insulated with 30cm of mineral rockwool as
well. In addition, three-layer glass windows with solar protection and inert gas were used to reduce
the heat transfer and maintain a comfortable indoor climate throughout the year. In Table 3, the U-
value is presented. The building plinth, foundation walls, terrace and exterior stairs were thermally
insulated with 10cm and 5cm of extruded polystyrene respectively, for eliminating the thermal
bridges with the surrounding ground.

Table 3. Case study building envelope thermal characteristics

No. Building Component Thermal Transmittance U Unit
1 Exterior wall 0.17* W/m2K
2 Roof 0.13* W/m2K
3 Ground slab 0.27* W/m2K
4 Windows and exterior doors 0.99** W/m2K

* thermal transmittance calculated according to [29]. ** thermal transmittance from product data sheets.

Figure 5. Photographs of the mineral wool insulation of the case study building during the construction stage,
in 2019
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Figure 6. The Case Study Building: a) south-west 3D view; b) south-east 3D view; c) ground floor 2D layout; d)
attic 2D layout

The heating load is covered with a ground source heat pump, NIBE F1255-6R, which covers also

the domestic hot water with a built-in boiler of 180l. The heat pump collects a proportion of the
ground's stored solar energy by means of a horizontal collector that is buried in the ground at ap-
proximatively 2m deep. There are 4 circuits of PE J40mm PN10, presented in Figure 7 with a total
length of approximatively 360m, each one arranged in a non-uniform closed single loop. The pipes
are connected to a manifold in the basement, under the terrace, and from there to the technical room.
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Figure 7. The horizontal ground heat exchanger distribution from the basement of the case study building: a)
the site plan representing the 4 ground closed loop piles and the distance between them and the building; b) a
photograph from the building construction stage, in 2019, with the trenches dug for the closed loop pipes place-
ment and the entrance towards the technical room in the basement for heat pump connection.

The F1255-6R heat pump is equipped with an inverter-controlled compressor and variable speed
circulation pumps and it offers a thermal output of max 6 kW. This model is designed to ensure high
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efficiency in heating, with a coefficient of performance (COP) between 4.5 and 5.0 at 35°C for water
heating. The NIBE F1255-6R (Figure 8) can also provide passive cooling, depending on system con-
figuration. Using refrigerant R-407C, which is efficient and has a low environmental impact, this heat
pump helps to reduce carbon emissions and energy costs. Its advanced features include quiet opera-
tion, precise temperature control and the ability to integrate renewable energy solutions. As back-up
it has integrated an electrical heater of 0.5-6.5kW that automatically starts as necessary.

Figure 8. NIBE F1255: a) heat pump: b) automation panel; ¢) domestic hot water boiler

Underfloor heating is presented in Figure 9. It was selected as an efficient and comfortable heat-
ing solution that ensures even heat distribution throughout the building. This system uses hot water
heat pipes (Rehau PE-Xa @16mm) mounted under the floor to radiate heat directly into the living
space, eliminating cold areas and creating a uniform indoor environment. The underfloor heating
system installed in combination with the NIBE F1255 heat pump optimizes performance and energy
efficiency as it operates at lower operating temperatures, which contributes to substantial energy
savings. Its installation not only improves thermal comfort, but also maximizes the useful space of
the dwelling, eliminating the need for traditional radiators and contributing to significant energy
savings. Distribution is made through 2 manifolds, one for each floor, and 5 circuits on each floor.
The 2 bathrooms and 2 entrances are equipped with radiators on each of the rooms, connected on
separate circuits but on the same thermal agent temperature range.

Figure 9. Underfloor heating placement during the construction stage for the case study building

The use of renewable energy sources in the building for various applications such as water heat-
ing, heating/cooling and electricity generation is a defining feature for nZEB aspiring buildings. The
main objectives of the deployment of renewable energy technologies are to reduce the use of fossil
fuels and reduce CO2 emissions. Thus, a photovoltaic system of 6 kWh (Figure 10) was mounted
composed of 16 panels Canadian Solar of 380 Wp and 1 inventor of 6 kW triphasic which made that
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overall electricity intake from the national grid to be reduced by almost 50%, from the total energy
consumption of the building.

Figure 10. Photovoltaic panels for the case study building: a) roof close-up after instalment; b) building view
during instalment.

A 3D and energy model were developed in Revit in the early design phase of the construction
for quantities assessment and energy performance calculations, presented in Figure 11. This ensured
an exact quantities assessment for the construction phase, reducing the costs and increasing the con-
struction efficiency.

Table 4 presents the construction quantities extracted from the Revit model. These quantities
were used in the construction stage and the difference between the Revit obtained quantities and the
real quantities used in construction was insignificant. The energy consumption (Table 5) and energy
production (Table 6) have been registered since the building had been constructed, in 2019, but the
first year-round data is 2020. The PV panels have been installed in 15 August 2022 and the electrical
energy production has been registered since then. PV panels are used to supply electrical energy for
HVAC, lighting and electrical equipment. However, the heat pump is only used for heating purposes,
as presented in Table 5 and 6, the months May to August the heat pump is mostly off, only heating
domestic hot water. This overlaps with the period in which the PV panels produce the most energy.
The surplus is sold back to the national electrical grid.

Figure 11. The Case Study Building Revit Model used for quantities assessment and thermal loads pre-calcula-
tions

Table 4. Building materials quantities for the case study residential building

No. Material Quantity Unit
1 Concrete 192.960 t
2 Brick 95.745 t
3 Cement 1.600 t
4 Limestone 4.500 t
5 Mortar 14.400 t
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6 Gravel 18.600 t

7 Stone 14.500 t

8 Steel 4.980 t

9 Ceramic tiles 1.121 t

10 Paint 300 kg

11 Glass 2.025 t

12 Wood 7.000 t

13 Organic materials 2.180 t

14 Aluminium 100 kg

15 Copper 25 kg

16 Photovoltaic panels 16 pieces

Table 5. Monthly Electrical Energy Consumption for 2020-2024 for the Case Study Residential Building
2020 2021 2022 2023 2024

Month A>(- B>(->(- A* B** A* B** A* B** A>{- B**

January 850 600 1188 938 800 550 590 360 828 568
February 550 300 550 300 433 183 644 404 520 265
March 400 150 450 200 500 250 541 321 525 285
April 300 50 300 150 320 170 454 314 340 190

May 250 0 180 0 279 0 332 0 332 0
June 200 0 253 0 222 0 249 0 307 0
July 150 0 148 0 151 0 243 0 263 0
August 360 0 369 0 240 0 249 0 211 0

September 400 150 351 101 290 40 280 40 340 140

October 450 200 450 200 364 114 335 90 430 200
November 800 550 850 600 485 235 635 370 589 349
December 1000 750 900 650 640 390 799 459 735 505

* total electrical energy consumption in [kWh]; ** electrical energy used by the heat pump for heating in [kWh]

Table 6. Monthly Energy Production from the HP and PV panels for 2020-2024 for the Case Study Residential

Building
2020 2021 2022 2023 2024
Month C>(- D** C>(- D** C* D** C* D** C* D**
January 2400 - 3752 - 2200 - 1440 278 2272 301
February 1200 - 1200 - 732 - 1616 255 1060 470
March 600 - 800 - 1000 - 1284 671 1140 655
April 200 - 600 - 680 - 1256 586 760 855
May 0 - 0 - 0 - 0 851 0 895
June 0 - 0 - 0 - 0 792 0 971
July 0 - 0 - 0 - 0 921 0 933
August 0 - 0 - 0 253 0 925 0 871
September 600 - 404 - 160 609 160 855 560 723
October 800 - 800 - 456 669 360 694 800 658
November 2200 - 2400 - 940 334 1480 284 1396 357
December 3000 - 2600 - 1560 306 1836 259 2020 143
* thermal energy output from the heat pump in [kWh]; ** electrical energy output from the photovoltaic panels

in [KWh]

Figure 12 presents the registered data from Tables 5 and 6, in yearly amounts. The negative
values represent the energy consumption for and the positive values represent the energy production
for the Case Study Building. The thermal energy produced by the heat pump varies strictly depend-
ing on the mildness of each winter season, as it is only used for heating and not for cooling.
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Figure 12. Yearly energy consumption and production for the Case Study Building: A, total electrical energy
consumption; B, electrical energy used by the heat pump for heating; C, thermal energy output from the heat
pump; D, electrical energy output from the photovoltaic panels.

3.2. Life cycle CO2 emissions mathematical model

The mathematical model used for the calculation of the CO2 emissions has been described in the
“2006 IPCC national greenhouse gas inventory categories” in [31], used in earlier research as well
[32]. The life cycle CO2 emissions are separated into three categories, representing the building con-
struction stage, the building operational stage and the building demolition stage. Each category can
be divided into multiple operations that contribute to the total CO2 emissions in the atmosphere, as
presented in Figure 13.

Therefore, the equation used for the calculation of the CO:2 emissions during the building life
cycle is:

C=Ces+Cos +Cags — Csy (€Y)

where C, represents the total emissions during the building life cycle; Ces, represents the total

emissions during the building construction stage; Cos, represents the total emissions during the build-

ing’s operation stage; Cas, represents the total emissions during the building demolition stage and

Csv, represents the total carbon sequestration from the vegetation surrounding the building inside its
own property.

During its entire construction stage, building materials are produced from raw materials, trans-
ported and used during the actual building construction. The equation used to calculate the construc-
tion stage COz emissions is:

Ces = Cmp + Cone + Ce (2)

where Cmp, represents the total emissions from the building materials production; Cm, represents

the total emissions from the building materials transportation and C, represents the total emissions
from the building construction.
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Figure 13. The CO2 emissions block diagram for the building life cycle.

The CO:2 emissions from the building materials production, Cmp, is calculated for each of the
materials used for the building construction with the following equation:

Crmp = Qump,i X CEFpp; (3)

where Qmp,i, represents the quantity of each “i-th” material used for the construction, in [t] and

CEFmp,, represents the carbon emissions factor for each “i-th” material in [t CO2/t]. The carbon emis-
sions factors in Table 7, are collected from the existing literature [33].

The CO2 emissions from the building materials transport, Cmi, is calculated for each of the mate-
rials used for the building construction that are being transported by any means of transport. In Ro-
mania the main transportation type represents diesel or gasoline trucks with the following equation:

Cot = th,i X CEFmt,i X di (4’)

where Qmi, represents the quantity of each “i-th” material transported, in [t] and CEFmi, repre-

sents the carbon emissions factor for each “i-th” material, which has the value of 1.68x10* [t COz/km]
for land transportation [34] and d;, the transportation distance in [km].

Table 7. Emission factor for building materials from the existing literature [33],[35]

No. Material Emission Factor Unit
1 Concrete 0.242 t CO2/t
Brick 0.200 t CO/t
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3 Cement 0.894 t COo/t
4 Limestone 1.200 t COo/t
5 Mortar 0.792 t CO2/t
6 Gravel 0.002 t CO2/t
7 Stone 2.330 t COo/t
8 Steel 2.208 t COo/t
9 Ceramic tiles 1.400 t COo/t
10 Paint 0.890 t COo/t
11 Glass 1.400 t CO2/t
12 Wood 0.200 t COo/t
13 Organic materials 17.070 t CO/t
14 Aluminium 1.407 t CO2/t
15 Copper 1.010 t CO/t
16 Photovoltaic panels 80.113 [35] kg CO2/kW

The CO2 emissions from the actual construction itself, Cs, is calculated summing the emissions
from all the processes happening during construction, with the equation:
Ce = Ceee + Cere + Ceit (5)
where Cee, represents the total CO2 emissions generated from the electrical energy usage; Ccl,
represents the emissions generated from excavation and landscape on building site and Cei, repre-
sents the transportation from the building site, horizontal or vertical, from the equipment needed for
the construction itself. The following equations are used:

Ceee = Ags X E. X CEF,, (6)

Cete = Vie X CEFe ™

Ceit = Qcie X CEFye X d (8)

where the detailed information for the parameters in equations (6), (7) and (8) are presented in

Table 8.

Table 8. Parameters for the construction itself, C., from the existing literature [34]

Eq. Parameter Description Value Unit
Agt Gross Floor Area - m?2
(6) Ee Electrical energy consumption for construction - kWh/ m?
CEFe Emission factor for electrical energy in Romania 0.265 t CO/MWh
@) Vie Volume of excavated and landscaped earth - m?
CEFe Emission factor for excavation and landscape 2.15 kg COz2/m?
Quit Quantity of transported material in site - t
(8) CEFit Emission factor for in site transportation 0.190 t CO2/km
d Horizontally or vertically transported distance - km

The operation stage of the building represents the longest period in which COz2 is emitted into
the atmosphere, which is considered 50 years according to existing literature [32]. The equation used
to calculate the operation stage CO2 emissions is:

Cos = (CHVAC + Crigur + CEQUIP) Xn = (EEHVAC + EEpigur + EEEQUIP) X CEF,e Xn C))

where Cuvac and EEnvac, represents the total emissions or the total electrical energy consump-

tion for heating, cooling, ventilation and air conditioning; Cricur and EEvicHr, represents the total

emissions or the total electrical energy consumption for artificial lighting; Cequrr and EEequrr, repre-

sents the total emissions or the total electrical energy consumption for everything else that use elec-
tricity and it is not lighting and n, represents the building lifespan duration.

The demolition stage of the building represents the amount of CO:2 emissions during the build-
ing’s life cycle end. The equation used to calculate the demolition stage CO:2 emissions is:

Cas = Cpa + Caw (10)

where Cbq, represents the total emissions from the building demolition process, generated from

the machinery used to take down the building in [t] and Caw, represents the total emissions from the
demolition waste transportation in [t].
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The emissions from the demolition process itself are calculated with the equation:

where CEFq., represents the emission factor for the required energy for demolition machinery in
[kWh/m?], Agt and CEFe., representing the gross floor area and electrical energy emission factor that
were previously described.

The emissions from the demolition waste transportation are calculated with the equation:

de = th,i X CEth X di (11)

where Qmii, represents the quantity of the transported materials, that were used same as the
quantity of the construction materials, in [t], CEFa;, represent the emissions from the demolition waste
transportation in [t/txkm] and di the transportation distance.

The landscape around the building has an important role in the CO2 emissions for the building
life cycle, due to the carbon sequestration from the surrounding vegetation, Csv. The equation used
for its calculation is:

44
CS,,=CR,,><AI,,><A,,><n><E (12)

where CRy, represents the carbon ration of the ground biomass, with the value of 0.47 [tcarbon/tdry
viomass], Alb, represent the annual increase in the ground biomass, with the value of 8 [tdry biomass /acres
x years], Ap, represents the total green area of the building property, n represents the lifespan period
of the building.

4. Results
4.1. Life Cycle Analysis for the Case Study Single Family Residential Building

Carbon Footprint represents the mark that the GHG emissions leave on Earth’s atmosphere. To
assess the impact, a Life Cycle Analysis (LCA) is performed, obtaining an overall perspective for the
three main stages a building can be: construction, operation and demolition [36]. The LCA of this
study is based on the mathematical model presented in chapter 3.2, used for the case study building
presented in chapter 3.1. Table 9 presents the results obtaining from the mathematical model, accord-
ing to which the materials production sub-stage has the highest calculated value of CO2 emissions.
This is mainly because the building situates in A+ Romanian energy class (that requires under 67
[W/m?2xyear] energy consumption).

Figure 14 presents the results with better visualization. The CO2 emissions for HVAC represent
approximately a quarter of the total amount, just below the construction materials production per-
centage. From the total 7,26% that encompass all the other sub-stages, the highest generation of CO:
emissions over the full life cycle, is represented by the building electrical equipment usage.

Although the results show that most of the improvements should be done in the materials pro-
duction sub-stage, this case study building is not a perfect representation of the single-family resi-
dential buildings that are being built today in Romania. Most of them even if they do have as good
of a thermal insulation degree as the case study building are not using heat pumps or photovoltaic
panels to help mitigate the negative impact the building will have in its entire lifespan for Earth’s
atmosphere. Due to the high investment cost for such systems the average Romanian family will
choose a gas boiler over a heat pump and no photovoltaics. The photovoltaic panels have been chang-
ing in the past years although due to the government policies to subsidy approximate 4000 € for each
individual system that is installed. Even so, a lot more government policies should be set into motion
for reaching the goals set by the Romanian Energy Strategy [37].

Table 9. COz2emissions for each life cycle sub-stage for the case study building

No. Life Cycle Stage Life Cycle Sub-Stage Value Percent Unit
1 Materials Production 172.34 66.99% t CO2
2 Construction Materials Transportation 3.02 1.17% t CO2
3 Building Construction 2.18 0.85% t CO2
4 HVAC 66.25 25.75% t COz
5 Operation Lighting 3.31 1.29% t CO2
6 Electrical Equipment 6.63 2.58% t CO2
7 Demolition Building Demolition 2.51 0.98% t CO2
8 Waste Transportation 1.03 0.40% t CO2
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Figure 14. The CO2 emissions for each life cycle sub-stage for the case study building in percentages

The electrical energy conversion factor for the GHG emissions in Romania is 0.278 [kg CO2/kWh]
[38], according to the latest data published by the Romanian Government. This value represents the
average of the individual values based on the fuel used for electrical energy production. In 2024,
electrical energy production is almost evenly split between hydro (28%), natural gas (20%), nuclear
(21%), coal (14%), wind (12%), solar (4%), biomass (1%), according to Romanian electrical energy
transport entity “C.N.T.E.E. Transelectrica S.A.” data [39].

4.1.1. Construction Stage

This stage is the highest CO2 emissions generator for the case study building. Almost all the
emissions are solely generated by the materials production sub-stage as materials transport and
building construction generated less than 2% each from the total of 177.55 [t COz], as presented in

Figure 15.
Materials Production 172.34 tCO2
Materials Transportation I 3.02tCO2
Building Construction I 2.18 tCO2

Figure 15. The CO2 emissions for the construction stage split into sub-stages

The CO: emissions factors used for the materials production are presented in Table 7, from ex-
isting literature. The average distance used for materials transportation resulted close to 50 km there-
fore this value was chosen as the distance of materials transportation to the construction site. For the
building construction sub-stage, a total of 10,069 kWh/m? of buildings GFA was consumed and reg-
istered with the construction site energy meter. Also, a total of 742 cubic meters of soil was excavated
and landscaped by the end of the building construction. A total of 167.08 tons of material have been
maneuvered on the building site with an estimated accumulated distance of 5 km.
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4.1.2. Operation Stage

Second highest CO: emissions generator was the operational stage. The total emissions from the
operational stage were 76.19 t CO2, with HVAC representing 86% of the total, as presented in Figure
16. The period for the operational stage was considered 50 years. From the registered energies the
yearly average value for HVAC is 5 [MWh/year], for Lighting is 0.25 [MWh/year] and for Electrical
Equipment is 0.5 [MWh/year].

Lighting 3.31 tCO2

Electrical equipment 6.63 tCO2

Figure 16. The CO: emissions for the operation stage split into sub-stages

The energy consumption for HVAC for the case study building with a total GFA of 160 [m?], is
31.25 [kWh/m?year], which places the building between A+ and passive house energy consumption,
the latter requiring less than 15 [kWh/m?year].

4.1.3. Demolition Stage

The demolition stage is the least CO2 emissions generator by far. Out of the total emissions for
the entire lifespan of the building is only 1.38%, with actual building demolition generating more
than double than the waste transportation as presented in Figure 17. The total quantity of transported
materials was considered the total quantity of the construction materials. Moreover, the distance be-
tween the demolition site to the waste disposal area was considered 15 km representing the distance
from where the construction is now for the case study building.

Building Demolition .51 tCO2

Waste Transportation

Figure 17. The CO2 emissions for the demolition stage split into sub-stages

The carbon sequestration from the vegetation was also calculated for the case study building for
the 50 years lifespan considered. The approximate vegetation area belonging to the case study build-
ing on its property is 750 [m?]. Benefitting from this generous outdoor area, the resulting CO:2 seques-
trated by the vegetation is 127.52 [t COz]. Considering that the total CO2 emissions, representing the
carbon footprint of the case study building is 257.29 [t COz2], the carbon sequestration can absorb
49.5% of it. This result marks the importance of a green outdoor area for the single-family residential
building, and how a well-planned neighbourhood can improve the carbon footprint of the buildings.
Figure 18, illustrates how the carbon sequestration will reduce the total Carbon Footprint of the case
study building to 129.76 [t CO2], representing only 50.5% of the total.
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Figure 18. The CO: emissions for each of the building stages with the carbon sequestration from the vegetation
outdoor area and the total carbon footprint of the case study building

4.2. The Evolution of Carbon Footprint Over Time for Single-Family Residential Buildings in Romania

Historically, in Romania building with energy efficiency in mind is quite a recent phenomenon.
Even if since its EU adherence in 2007, Romania pledged to fulfil the Energy Performance Building
Directive (EPBD)[37], the general mindset of the people was unhinged for many years. Since 1990,
residential buildings in Romania started to improve, firstly by increasing the thermal insulation de-
gree of the building envelope and afterwards by using renewable sources technologies such as heat
pumps and photovoltaic panels. Moreover, the CO2 emissions factor for the electricity production
has improved over time. Today its value is less than half of the 2007 value of 0.566 [kgCO:/kWh] [40].
The emissions factors from electrical energy generation in Romania and other representative coun-
tries in the world are presented in Table 10 for the past 5 years.

Table 10. CO2 emissions factors from electrical energy generation in Romania and other countries world-wide
for the last 5 years (2019-2024), according to Carbon Database Initiative [41]

Grid Electricity Emissions Factors

Year Romania Germany UK USA China Unit

2024 0.278 0.379 0.207 0.374 0.660 kgCO2/kWh
2023 0.270 0.358 0.207 0.388 0.676 kgCO2/kWh
2022 0.260 0.325 0.193 0.377 0.692 kgCO2/kWh
2021 0.309 0.357 0.212 0.401 0.703 kgCO2/kWh
2020 0.325 0.411 0.233 0.424 0.715 kgCO2/kWh
2019 0.337 0.415 0.255 0.422 0.697 kgCO2/kWh

Energy consumption for heating for single-family residential buildings has decreased consider-
ably, according to data from the Ministry of Development in Romania that was presented in Table 2
in Chapter 2. Without the use of a heat pump, the residential buildings in Romania are either heated
by either gas or firewood boilers. Therefore, the carbon footprint can be calculated for the operational
stage for an earlier period of time, varying the energy consumption for heating and using the CO:
emissions factors for natural gas, 0.205 kg CO2/kWh and for firewood, 0.39 kg CO2/kWh [38].

This study aim is to also analyse the CO: emissions from the operational stage of the building
and its evolution over time in Romania for single-family residential buildings. Therefore, the base of
the analyse represents the case study building. Figure 19, presents the results for the HVAC opera-
tional sub-stage over the years in Romania, with the average heating consumption for a typical single-
family residential building (Table 2). The impact of the implementation of European Union measures
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is visible as in less than 20 years the carbon footprint dropped 4 to 5 times for HVAC operational sub-
stage, mainly from increasing the thermal insulation degree.
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Figure 19. The CO: emissions for the HVAC operational sub-stage, from 1989 onwards, for heating with fire-
wood (F) or natural gas (G) and for the Case Study Building (CSB) and Passive House (PH)

The highest decrease has been for the single-family residential buildings that are heated with
natural gas. Since 1989 to 2023 the CO2 emissions dropped from 574 t COz to 114 t CO2., meaning 5
times less. For the firewood, the decrease was only 4.4 times less but the overall amount was higher,
the emissions decreasing from 963 t CO2 to 218 t COs.

With the resulted data for the case study building, the life cycle CO2 emissions can be analysed
by using the operational stage emissions form the past years averages presented in Figure 19. The
resulted data is presented in Figure 20. For the case study building, the CO2 emissions share for the
operational stage is only 29.61%. For passive house energy consumption for HVAC requirements this
share decreases to 18.73%.


https://doi.org/10.20944/preprints202502.1519.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 February 2025 d0i:10.20944/preprints202502.1519.v1

20 of 6

<1989 - (F) <1989 - (G) 1990-1994 - (F) 1990-1994 - (G)

[imn] | sl [=o]

82.88%

84.17%

1995-1999 - (F) 1995-1999 (G) 2000-2023 - (F) 2000-2023 (G)

m\

70.86%

2023 - (F) 52023 - (G)

44.50% 120w |

. Operation . Demolition

Figure 20. The CO:z emissions shares for construction, operation and demolition stages, from 1989 onwards, for
heating with firewood (F) or natural gas (G) and for the Case Study Building (CSB) and Passive House (PH)

Construction

However, when compared with the shares for firewood and natural gas for a typical building in
1989, it is clear that energy consumption for the operational stage has improved. Up until 2000 the
operational stage share for firewood was above 80% and for natural gas above 70%. For the entire
period of 2000-2023 the decrease was negligible, with only 3-6% decrease. The highest decrease is
recorded for buildings built since 2023, where the operational stage share is less than the construction
stage shares for natural gas and close to it for firewood. With the decrease of the operational stage
share of CO:z emissions for single family residential buildings, the emphasis on the construction stage
shares of CO:z emissions becomes more important. For further decrease of the carbon footprint the
materials production must be improved.

4.3. Carbon Footprint Potential Reduction Analysis for Operational Stage

4.3.1. Building Insulation Degree

Considering the results presented in Figure 19 and 20, there is potential to decrease the CO:
emissions and as an end goal the carbon footprint for existing single family residential buildings in
Romania. The most practical method for this is to decrease the CO2 emissions for the operational
stage of the building life cycle. Romanian Energy Classes for Buildings classifies buildings from G to
A+ in accordance with the energy used for HVAC [29]. With the data available from the Romanian
Calculation Methodology for the energy performance of buildings, the potential for reducing the en-
ergy consumption is presented in Table 11. The results indicate that for older existing buildings that
resides in class C or more, the building is required to be insulated with a minimum of 15cm of insu-
lation for its energy consumption to decrease to A+ class value. Class B buildings are already insu-
lated with 5cm of thermal insulation and those need an additional 10cm for reaching Class A+ values
as well.
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Table 11. Insulation required for reducing the Energy Consumption of existing buildings in lower energetic

classes
E C tion Re- Existi
nergy‘ onsum? ion Re- Existing Required
. Energy Per- duction Required to Insula-
Energy Consumption for . Insula-
formance Reach: tion K
Year HVAC Class Class Thick tion
Class B Class A Thickness
A+ ness
[kWh/m2xYear][MWh/Year] [Class] [KWh/m2xYear] [cm] [em]

<1989 275 44 C 87 181 208 1 15
1990-

1994 250 40 C 62 156 183 2 15
1995-

1999 210 33.6 C 22 116 143 3 15
2000-

2023 175 28 B - 81 108 5 10
>2023 60 9.6 A+ - - - 15 0
CSB* 31.25 5 A+ - - - 15 0
PH** 15 2.4 A+ - - - 20 0

* Case Study Building; ** Passive House

Figure 21 illustrates, how increasing the thermal insulation degree of the building envelope will
result in energy consumption reduction for HVAC to reach class A+. This in turn will lower the CO:
emissions for the life cycle of the building to values close to the case study building values. For build-
ings before 2000 an energy reduction for HVAC of approximate 70% is required to reach class A+ and
this reduce to a quarter share of the total CO2 emissions for the operational stage (according to the
case study results). For buildings after 2000 but before 2023 an energy reduction for HVAC of ap-
proximate 60% is required.

Buildings that are built in earlier times before 1960 (Table 2), fit into lower energy classes, from
C to G and all of them not only require thermal insulation but an overall renovation as the majority
of them have hydro insulation issues, time wear issues or structural issues from previous earthquakes
or other calamities. As far as reducing the energy consumption for the operational stage for those
buildings go, thermal insulating with at least 15cm of insulation will decrease their consumption
according to Figure 21.
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Figure 21. The insulation thickness required in concordance with the energy reduction required to reach class
A+ of energy performance for older existing buildings
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4.3.2. Heat Pumps

The use of renewable energy sources is an important factor in reducing the CO: emissions for
the entire life cycle of the building. Figure 22 presents the results using the energy consumption from
energetic classes B, A, A+, the case study building and a fictitious passive house.
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>
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m Energy Consumption for HVAC — ==O=Firewood Natural Gas  ==O==Heat Pump

Figure 22. The CO2 emissions reduction for the HVAC operational sub-stage by using a heat pump to the detri-
ment of gas or firewood boilers, for different Energy Performance Classes for single-family residential buildings
in Romania

Consequently, for each one of the classes the CO2 emissions in the entire operational stage of 50
years have been calculated for three different energy sources: firewood, natural gas and a heat pump.
The CO:z emissions for a class B building even using a heat pump has almost 200 t CO: for the opera-
tional stage, highlighting the thermal insulation importance. Moreover, due to the close values of the
emissions factor for heat pump and natural gas in Romania, the difference between the natural gas
and heat pump narrows down as the building tends towards passive house thermal insulation level.

The CO: emissions reduction from using a heat pump in the detriment of a firewood boiler is
approximately 65% and in the detriment of a natural gas boiler is 26%. Of course, this will vary de-
pending on the real Coefficient of Performance of the heat pump which is lower if the renewable
energy source is air than if it is the ground source, as in this case study analysed building.

4.3.3. Photovoltaics Panels

Heating and cooling with a heat pump provides another possibility for the CO2 emissions re-
duction from using electrical energy produced by photovoltaic panels instead of grid electricity. For
the case study building, the total electrical energy produced in 2023 was 7.37 MWh and for 2024 was
7.83 MWh. This electrical energy can be used for the heat pump, for the lighting and for the electrical
equipment. As the case study building only uses the heat pump for heating, the electrical energy that
the Photovoltaic (PV) panels produce in the months of May to August has no use for the HVAC
operational sub-stage. Considering that when the heat pump is turned on, the PV panels only supply
the heat pump, the period for which the PV panels supply the lighting and electrical equipment is
limited. This covers approximately a third of their yearly consumption (for when the heat pump is
off). Figure 23, presents the results for the case study building operational stage, when considering
the photovoltaic panels electricity production also. As the HVAC consumption in operation is the
highest for the life cycle of the building, the highest reduction in CO:2 emissions is also for that sub-
stage, with a reduction of approximately 80%. The entire operational stage CO2 emissions for the case
study building resulted to 76.18 t CO:z as presented in chapter 4.1. The operational stage CO:
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emissions when using electrical energy from the photovoltaic panels for the entire lifespan of the
building, decreases to 19.90 t CO, by 73.87%.

HVAC Lighting Equipment
250
13.25tCO2
200 2.22tC0O2 4.44tC0O2
g 150
&
E 100 66.25t CO2
&=
3.31tCO2 6.63 t CO2
) l— l
0
B Operational stage electricity consumption B Photovoltaic electricity production
CO2 emissions resulted from PV consumption B CO2 emissions resulted from grid consumption

Figure 23. The CO2 emissions reduction for the operational stage by using a heat pump and photovoltaic panels
for the case study building

The CO: emissions from the PV panels manufacture have been calculated in the construction
stage. For the total installed power of 7kW, the manufacture produces 0.563 t CO2. Considering their
life expectancy of 20-25 years [35], for the 50 years lifespan of the building will need to be replaced 3
times. This will sum the CO:z emissions to 1.689 t CO2. Moreover, for the recycling of the solar panels
230 kgCO:2 are emitted for each 1m? of solar panel [42]. In this case, for one recycling a total of 6.256 t
COz are emitted and for all three systems a total of 18.76. In the end, this equals to 20.457 t CO2 for
the solar panels manufacture and recycling for the entire lifespan of the building. Subtracting this
from the total reduction of the operational stage, the reduction of CO2 emissions will decrease from
76.18 to 40.35 t COz, by approximately 47%.

4.4. Economic Analysis

A life cycle assessment regarding CO: emissions and discussing potential reduction methods
needs to also take into consideration the economic aspect impact. Therefore, for the main three stages
of the building lifespan the cost can be calculated for the case study building. The total construction
cost, including the land acquisition for the case study building added up to 137,630 €, the individual
components cost being detailed in Table 12. The highest cost share is represented by the building
structure and architecture, 61%, followed by the building services share of 24%, while the remaining
percent represents the land, utility and design for the construction to be possible.

Table 12. Cost detailed for the construction stage of the building, from 2019

No. Chapter Description Value Unit
1 Land Land acquisition 14,000 €
2 Utility Services connections 700 €
3 Required studies 600 €
4 Design Authority approvals 1800 €
5 Project 2200 €
6 Excavation® 5800 €
7 Structure and Ar- Structure and envelope 20,500 €
8 . Roof, porch, garage 7800 €

chitecture ’
9 Plastering 6700 €
10 Walls finish 3400 €
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11 Envelope insulation 8500 €
12 Windows and doors 7800 €
13 Bathroom tiles and furniture 8230 €
14 Kitchen tiles and furniture 4500 €
15 Landscape vegetation 2500 €
16 Landscape pavements 3200 €
17 Property Fence 5500 €
18 Sanitary and plumbing 4000 €
19 Building Services Electrical 6900 €
20 HVAC 13,500 €
21 Photovoltaic panels 9500 €

* including trenches for heat pump horizontal ground heat exchanger.

Today in Romania the electrical energy cost has different values based on the amount of electri-
cal energy that the customer absorbs [37]:

° 0.68 RON/kWh for maximum 100 kWh/month;
e  0.80 RON/kWh for maximum 255 kWh/month;
° 1.30 RON/kWHh for more than 255 kWh/month.

For the case study building, the cost for the electrical energy is 0.8 RON/kWh (Romanian Leu
Currency), which is approximately 0.16 €/kWh. Although the heat pump consumption was more than
255 kWh/month for the case study building, the amount absorbed from the national grid was less
due to electrical energy produced by the PV panels. The natural gas energy cost is 0.31 RON/kWh,
which is approximately 0.06 €/kWh, meaning 2.6 times less than the medium electrical energy cost.
Compared with the 1.3 RON/kWh, which is approximately 0.26 €/kWh, the natural gas cost is 4.19
times less. This is a common practical barrier in Romania regarding the use of heat pumps, because
if the COP of the heat pump is less than 4.19 (if there are no PV panels), or less than 2.6 times (if there
are PV panels installed) it will be cheaper to heat with natural gas instead.

Considering the above, an analysis was performed, using the minimum energy requirement
from energetic class B, class A and class A+, together with the case study building and a passive
house, results being illustrated in Figure 24. The compared cases also included heating with a gas
boiler versus a heat pump for the energetic classes B, A and A+. For this, the construction cost differed
by up to 13%, the class B with natural gas having the highest construction cost from removing the
heat pump system and insulation. The highest construction cost resulted for the passive house, re-
quiring the highest thermal insulation degree. Furthermore, the demolition cost of the building was
calculated with an average cost in Romania today of 150€/m? of GFA. Finally, the operational stage
cost was calculated for a 50 years lifespan, using the costs for electrical energy and natural gas that
are available today in Romania, not taking into consideration the changes that will happened in 50
years period.
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Figure 24. The cost shares for construction, operation and demolition stages, for energetic classes B, A and A+,
for heating with electricity (E) or natural gas (G) and for the Case Study Building (CSB) and Passive House (PH)
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The highest operational stage share of cost is represented by the class B heated with a heat pump,
due to low thermal insulation degree and high electricity cost. As the building energetic class in-
creases the operational stage shares start to decrease. Although, a better thermal insulation degree
will translate to less energy needed for a heat pump to function, for the A+ class is still better to use
a gas boiler instead. The heat pump is efficient over natural gas for a 50 years operational stage when
the building insulation degree closes up to a passive house standard. For these calculations, the av-
erage COP of 4 was used, representing the case study building average COP.

5. Discussion and Conclusions

This study aims to establish a direct link between operational stage of a building life cycle and
the CO2 emissions that the building will emit for the entire lifespan, for the single-family residential
buildings in Romania. Consequently, the construction and demolition stages were considered while
analysing a case study building built in 2019, in Romania. The case study building is energy efficient,
residing between a Romanian energetic class A+ and a passive house standard.

Furthermore, the case study building was used to create plausible other cases for single-family
residential buildings in Romania, focusing on a wide array:

e  from older than 1989 buildings to new after 2023 buildings;

e  from high energy consumption buildings (class B: 257 kWh/m?year) to low energy consumption
buildings (passive house: <15 kWh/m?year), including the case study building;

e for not using renewable energy sources with equipment such as heat pump or photovoltaic pan-
els and for the cases of renewable energy usage.

This provided a meaningful insight over the current situation of single-family residential build-
ings in Romania, regarding the energy consumption and carbon footprint for the entire lifespan of a
building, with an emphasis on the operational stage. The most important observation being that as
buildings in Romania started to be more energy efficient, their construction cost increased but their
CO2 emissions over the entire lifespan will decrease considerably.

Moreover, after analysing the economical aspect of building with energy efficiency in mind, the
results showed that because of the high electrical energy cost compared with the natural gas cost in
Romania, if the building is not reaching a thermal insulation degree higher than what is required for
a energetic class A+, the operational stage cost in time will be less using a gas boiler instead of a heat
pump, that in return will emit a lot more CO: into the atmosphere in the long run.

Therefore, the main conclusions of this case study with an extrapolated building life cycle anal-
ysis are:

e  for the case study building, the total CO:2 emissions for the entire life cycle resulted 257.29 t COz;
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e for the case study building, the highest CO2 emissions represent the construction stage with
66.99% while the HVAC share is 25.75%;

e  for the case study building, the carbon sequestration from vegetation absorbs 127.53 t CO2, low-
ering the total carbon footprint to 129.76 t COz, meaning 50% less;

e compared with the case study building, a building constructed before 1989 will mostly reside in
energetic classes C to G and will emit 12.67 times more CO2 when heated with firewood and 7.55
times more when heated with natural gas, for the operational HVAC sub-stage;

e compared with the case study building a passive house will emit 1.8 times less CO, for the op-
erational HVAC sub-stage;

o  for the total life cycle of the building, the operational stage share for the case study building is
29.61%, while for a building heated with firewood, built before 1989 the share is 84.17% and for
natural gas is 76.01%;

e in order to achieve class A+ of energy consumption, the buildings need to be insulated with at
least 15cm of thermal insulation;

e using a heat pump in the detriment of a firewood boiler will decrease the HVAC sub-stage CO:
emissions by 34% while using it in the detriment of a natural gas boiler will decrease the CO2
emissions by 26%;

e using photovoltaic panels to produce electrical energy for the heat pump will reduce the CO:
emissions by 80% for HVAC sub stage and 73.8% for the entire operational stage for the current
electricity cost in Romania;

e  the operational stage cost share for the case study building is 20%, with 68% representing the
construction stage and 12% the demolition stage;

e for a class B building, heated with natural gas the operational stage cost share is 38% while for
heating with a heat pump the cost share is 41%;

e for a passive house the cost share for the operational stage is 10% and the construction stage
share is 77%, rest representing demolition.

This study results are important to be taken seriously when designing single-family residential
buildings. The fine line between implementation cost and CO2 emissions in the entire building life
cycle needs careful and thoughtful assessment for each individual building, including creating green
vegetation areas to combat the building carbon footprint.

Future research should focus on improving the embodied carbon footprint, due to the fact that
after decreasing the operational carbon footprint the construction share increases to approximately
65%, according to the case study building results. Furthermore, research for other buildings sub-sec-
tors should be the focus in order to analyse potential measures to be taken for decreasing their oper-
ational carbon footprint as well.
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