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Abstract: In the global context of energy transition from fossil fuels to renewable sources of energy,
solar energy plays a key role in electricity generation, having the highest annual growth in the last
years. This case study focuses on improving the overall energy efficiency of a household through
thermal retrofitting, harnessing solar energy with photovoltaic (PV) systems and using air-source
(ASHP) or ground-source (GSHP) heat pumps. The electricity generated by the PV systems is used
to power the heat pumps and all other electricals of the household. The simulations for the ASHP
and GSHP systems were conducted with GeoT*SOL software, while for electricity generation by
PV systems, PV*SOL Premium software was used. The comparative results show: a decrease in the
heating load to about 51.56%; an annual heating requirement of 53.88% of the normed one; an energy
consumption index of about 58.34 kWh/m2·year; an annual energy consumption reduction of 88%
for ASHP and 91% for GSHP, compared with the current gas heating system; 34% of the household
consumption was covered by the PV system in the case of using ASHP and 36% for GSHP; and lower
operating costs by 47% for the PV system with ASHP and 53% for the PV system with GSHP.

Keywords: solar energy; thermal retrofit; photovoltaic panel; heat pump; energy efficiency

1. Introduction

Two of the essential issues facing humanity and the planet at present concern energy
resources and environmental conservation, which represent fundamental pillars within the
concept of sustainable development.

The demographic, socio-economic and technological developments have led to a
continuous increase in the world’s energy demands. Based on information from Our World
in Data, in 2021, the global primary energy consumption was more than 176,430 TWh,
of which around 82% came from fossil fuels while approximately 13% from renewable
sources [1]. Considering the limited nature of these resources, their dependency from
other countries, their increasing price but especially the negative impact of their use on the
environment and society due to the significant contribution to the increase in greenhouse
gas (GHG) emissions, a global shift from fossil fuels to low-carbon sources of energy will
be necessary [1,2]. The continuous development and improvement of technologies for the
harnessing of renewable energy sources (RESs) represent a key factor in achieving this
energy transition [3].

Worldwide, in the energy mix, the share of renewables in electricity generation grew
fast, reaching 28.36% in 2021 and, among the renewable sources of energy, solar energy had
the greatest annual growth of 22% from 2020 to 2021 and almost 24% from 2021 to 2022 [1].

Solar energy is the world’s most important, abundant and available source of en-
ergy [4,5]. Solar energy is the Earth’s energy source that allows life on Earth to be sustained
and is part of the category of clean, non-polluting energies, contributing to the drastic
reduction in substance emissions, especially of GHG emissions. It can be converted and
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used as a resource for various technical applications, such as electricity generation, lighting,
water heating and commercial or industrial consumption [6].

It is an inexhaustible source and is the result of the thermonuclear reactions of hydro-
gen transformation into helium that take place in the Sun, as a result of which a flow of
radiant energy is continuously and constantly released into space [7] (pp. 17–19) [8]. More
precisely, the Sun emits electromagnetic energy, with a rate of about 3.8 × 1023 kW/s. The
Earth intercepts only a part of this amount, particularly, 1.8 × 1014 kW/s. Further, about
60% of this, which represents 1.08 × 1014 kW/s, reaches the surface of the Earth, with the
other part being absorbed by the atmosphere or reflected back into space [9].

The radiations that reach the Earth are the following: ultraviolet radiation (3%), visible
radiation (42%) and infrared radiation (55%). They have different wavelengths [10] (p. 11),
as shown in Figure 1:
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One can see that a significant amount of solar energy is found in the field of infrared
radiation and not in the field of visible radiation, which leads to the idea that this radiation
can be efficiently captured, even in conditions where the sky is not perfectly clear.

The Sun can be considered an absolute black body, and the power emitted in a unit of
time, per unit of surface, by an absolute black body depends only on its temperature [11]
(pp. 65–69). It can be considered that the surface temperature of the absolute black body
that emits the same amount of energy as the Sun is 5777 K, i.e., 5504 ◦C [11] (pp. 65–69) [12]
(pp. 3–9).

The amount of energy that comes from the Sun and falls in a unit of time on a unit
surface, perpendicular to the solar rays, at the outer limit of the terrestrial atmosphere
(stratosphere) is called the solar constant Eo (W/m2). This value has undergone small
corrections over time, mainly due to changes of the Sun–Earth distance [12] (pp. 3–9).
Following the measurements made with the help of satellites, it can be approximated to
a value of 1367 W/m2, also adopted by the World Radiation Center [13]. The flow of
radiant energy that still reaches the Earth is diminished by the crossing of the terrestrial
atmosphere, namely (7–17) km through the troposphere, to the value of about 900 W/m2.

The atmosphere modifies the intensity and spectral and spatial distribution of solar
radiation through two mechanisms: absorption and diffusion.

The absorbed radiation is generally transformed into heat (air heat, water heat, latent
heat of evaporation of seas and oceans water), and the diffused radiation is retransmitted
in all directions into the atmosphere.

Global radiation is decomposed into direct, diffuse radiation and albedo, the latter
representing the fraction of radiation diffused or reflected by the soil [14] (pp. 97–112).

The variation of solar radiation at the level of the Earth’s surface depends on the
following parameters [7] (pp. 17–19): the incidence angle of solar radiation (measured
relative to the horizontal plane), the inclination angle of the Earth’s axis, the Earth–Sun
distance, geographic latitude and meteorological factors, including the transparency of the
atmosphere, the cloudiness, the type of cloud formations and their thickness and position.
The greatest impact is caused by cloudiness and the type of clouds (they even reduce by
90% the amount of solar radiation reaching the Earth’s surface).

The most direct way of converting solar energy into a useful form of energy is obtaining
electricity with the help of photovoltaic (PV) cells.

In 2022, the global cumulative capacity of solar PV energy reached around 1185 GW
and reduced CO2 emissions with almost 1399 MtCO2eq, so as a result of the fast-growing
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installing capacity, the decrease in the price of modules and the reduction in CO2 emissions,
solar PV technologies represent an essential contributor to the global energy transforma-
tion [15].

In the context of energy transition, among environmentally friendly technologies, PV
panels and heat pumps (HPs) are known to have the most dynamic development [16]. As
in the case of PV panels, heat pumps are widely recognized as an efficient technology for
carbon emission reduction, as Rosenow et al. [17] highlighted, but also for the increase
in energy efficiency and the promotion of renewable sources of energy. Harnessing the
available energy from the air, water or ground and consuming electricity, heat pumps can
provide thermal energy and, when the electricity need comes from low-carbon sources, the
thermal energy delivered by HPs will be low or zero carbon [17].

As a result of energy independence from primary energy resources, HPs contribute
to increasing the security of energy supply. Being more energy efficient than natural gas
boilers, in the current context of the global energy crisis, HPs reduce the exposure of house-
holds to rising fossil fuel prices and significantly decrease greenhouse gas emissions [18].
According to the report from International Energy Agency (IEA 2022) [18], even though
heat pumps in 2021 covered only about 10% of global heating requirements, the pace of
their installation is growing rapidly. HPs are seen at present as the main means of decar-
bonizing the heating of many types of environments, estimating an increase in the overall
capacity of heat pumps from 1000 GW in 2021 to almost 2600 GW by 2030.

Despite the higher cost of clean technologies, which will decrease in time, the total
cost has to be analyzed over their lifetime and, based on an estimation made for 2030–2040
regarding the cost in EUR/kWh for different heating technologies, heat pumps and solar
thermal are the ones with the lowest prices, being 68. . .76% cheaper than coal stoves and
51. . .63% cheaper than gas boilers [19].

Based on these data and the high prices for electricity and gas, using heat pumps
powered by photovoltaic systems will reduce the dependency on fossil fuels and their
rising prices, diminish consumers’ energy bills and also contribute to reducing carbon
emissions. In 2022, at the European Union level, both solar PV and heat pump technologies
reached a record growth and, consistent with the report Solar Power Heat [20], solar PV
installations rose by 47% compared with 2021, while heat pump installations grew by 42%.

Among heat pumps, ground-source heat pumps (GSHPs) are considered the most
efficient technologies that are always subject to innovation in order to continuously improve
the overall efficiency and, based on the significant contributions made by some researchers,
it was concluded that, by coupling different auxiliary components (such as solar panels,
boilers, cooling towers and lately dry coolers, in addition to improving the system’s
performance, the soil thermal storage is maintained in balance [21–23].

According to EU regulations [24,25], solar energy will be the key to achieving the
goal of reducing dependence on fossil fuels, being able to supply a substantial part of the
heat and electricity demand of a building by using photovoltaic systems and heat pumps.
Additionally, the expansion of the use of heat pumps should be addressed in parallel with
the increase in the number of installed solar PV systems, as the combination of them is
considered to be the most energy-efficient solution [25].

In Romania, as result of the analysis sessions between the representatives of the Eu-
ropean Commission DG Clima and representatives of the Romanian authorities, several
objectives were established for the period of 2021–2030, among which one mentions mea-
sures to improve the energy efficiency, objectives related to reductions in GHG emissions
by at least 40% compared to 1990 and objectives regarding the consumption of renewable
sources. Related to the latter, it was established that the renewable energy target in 2030
should increase the level of ambition from 27.9% to 34% [26]. According to the 2021–2030
Integrated National Energy and Climate Plan for Romania, to reach the planned target,
it is estimated that, for the years 2025 and 2030, an increase in the share of solar energy
to 15% and almost 20%, respectively, of the gross final consumption of electricity from
renewable sources is needed, while in the gross final consumption of electricity from re-
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newable sources in the heating and cooling sector, heat pumps and solar thermal panels
will represent viable alternatives [26].

In the Renovation Strategy Project on long-term building funds, in which the solutions
are established based on a multi-criteria analysis, the proposed goal is to achieve energy
class A for all types of buildings, except for single-family homes, where energy class B
is accepted.

From the point of view of RES use, it is recommended to encourage the development
of prosumers and the installation of photovoltaic panels, heat pumps and solar thermal
panels. In this context, the Romanian government supports the deployment rooftop PV
panels for residential buildings under the national net metering regime through the Green
PV Home program. According to the latest statistics from the International Renewable
Energy Agency, Romania had 1.39 GW of solar panels installed by the end of 2020 [27] and
over 1.7 GW in 2022 [28]. It is estimated that, by 2030, the energy consumption from solar
panels mounted on roofs will reach a value of 2.5 TWh, which represents 46.3% of the total
increase in the production of electricity produced from solar panels [26].

In this paper, the authors propose solutions to improve the energy performance of a
household, aimed towards:

3 The thermal rehabilitation of the building envelope;
3 The addition of PV panels for the production of electricity; thus, the current case

based on measurements and the one proposed by simulation are presented;
3 The use of heat pumps for heating, replacing the current situation in which a gas plant

is used.

2. Materials and Methods

The goal of this study was to save energy and to lower operating costs for a single-
family home in Romania, first by thermal insulation using energy-efficient and environment
friendly materials and then by harnessing solar energy through photovoltaic panels and
heat pumps. The schematic design of the proposed solutions is shown in Figure 2.
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To assess the impact of the proposed solutions compared to the current situation,
various tools and software were used. The analysis started from the gas and electricity
consumption recorded for the studied period, namely, the year 2022.

To simulate the energy production of the proposed PV system, two programs were
used, namely, PVGIS and PV*SOL Premium.

The PVGIS program [29] provides information about solar radiation and the electricity
production of photovoltaic systems for various panel-mounting positions in any location
in Europe.
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PV*SOL Premium [30] is a design and simulation software for PV systems with the
3D visualization of the building and panel assembly, as well as the analysis of factors that
influence system performance, such as shading analysis.

Regarding the thermal analysis of the building, the determination of the main charac-
teristics of the building elements, the calculation of the heating demand for heating and
domestic hot water and the analysis of the annual energy requirements, the current techni-
cal standards and norms were used [31–36]. For this purpose, Microsoft Excel® software
was used, by creating workbooks containing custom spreadsheets, which allowed us to
obtain the numerical and graphical results presented below in this paper.

The simulations for the heat pump systems were made using GeoT*SOL software, a
professional tool for the design and calculation of heat pump systems [37]. Considering
climate data for different locations, databases for different types of systems and components,
various heat sources and modes of operation, the heat pump systems can be simulated,
determining the energy generated, electricity consumption (from yearly to hourly scale)
and seasonal performance factor (SPF) [37,38].

2.1. Case Study and Solar Energy Context in Romania/Aiud

In Romania, five different geographical areas were identified according to the level of
recorded energy flow, as it is shown in Figure 3 [39]. The geographical distribution regime
of the solar energy potential shows that more than half of the country’s surface benefits
from an average annual solar irradiation of 1200 kWh/m2.
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The house for which the study was conducted, in order to improve its energy perfor-
mance, is situated in Aiud-Alba County and was built in 1998. It has a building footprint of
144 m2 with a basement and 2 stories (Figure 4). The height of the stories is 2.50 m. The
roof of the house has two sides with an E–W orientation, having an 35◦ inclination. At that
time, at least in our country, there was no special emphasis on the energy performance
of buildings both due to the lack of appropriate materials and technologies as well as
the mentality of the people, who did not realize the need for a special respect for energy
consumption and the environment.
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Figure 4. Case study house: Google Earth picture and floor plans of the house.

The level of solar radiation is one of the essential factors that influence the performance
of the photovoltaic system. The PVGIS program allows access to information about hourly,
daily or monthly values of solar radiation. Thus, Figure 5 shows the monthly values of
solar radiation for the location of the studied house. The panels respect the slope of the
roof, respectively 35◦.
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Figures 6 and 7 show the average values of solar radiation during one day in the
months of July and December for the two sides of the roof, respectively the months with
the highest and the lowest values of solar radiation.
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2.2. Current Structures of Building Elements
2.2.1. Main Building Elements

In order to make proposals for improving the structure of the building elements under
study, an extensive analysis of the current situation regarding geometric, physical and
thermal characteristics was conducted.

The construction elements of the building were divided into the following main cate-
gories: exterior walls (reinforced concrete, autoclaved aerated concrete or AAC and brick),
interior walls (brick masonry and AAC), slab floors with parquet or tiles as the finishing
layer and a slab floor over the last level and roof. Regarding the glazed construction
elements, the windows, exterior doors and interior doors were taken into account.

Using the values of the thermophysical properties of the building materials and the
indicated surface heat transfer coefficients, the following important characteristics of the
studied building elements were determined: thermal inertia index D, thermal massiveness
coefficient m, thermal resistance R and the overall heat transfer coefficient k or U-value.

The thermal inertia index D, the thermal assimilation coefficient s and the coefficient
of thermal massiveness m were determined using correlations from references [31,32] and
the material properties tables, e.g., Annex A [31] or Annex 2.1 [32].
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The specific thermal resistance Rs is usually calculated by using Formula (1) [31,32]:

Rs =
δ

λ
(1)

or its equivalent in English academic and technical literature (2):

Rs =
L
k

(2)

where δ (or L for English)—layer thickness (m); and λ (or k for English)—thermal conduc-
tivity of the material (W/m·K).

The thermal resistance R (the R-value) can be calculated by Formula (3), using the sum
of the resistances Rj of all layers and the inside and outside air-film resistances [40,41]:

R = Rsi + ∑n
j=1 Rj + Rse (3)

where Rsi—inside air-film resistance (m2-K/W); ∑n
j=1 Rj—sum of the resistances of “n”

layers (m2-K/W); and Rse—outside air-film resistance (m2-K/W). The R-value unit of
measurement in S.I. (International System of Units) for the specific thermal resistance is
(m2-K/W) and for absolute (total) thermal resistance is (K/W).

The Overall Heat Transfer Coefficient (OHTC) k or U-value is calculated using For-
mula (4) [31,32,42]:

k ≡ U =
1
R

(4)

where R—thermal resistance (R-value) (m2-K/W). The S.I unit for OHTC or U-value
is (W/m2-K).

2.2.2. Building Thermal Insulation

Among the main characteristics of the materials used for thermal insulation and the
structures of thermally insulated building elements in general, there are the following: ther-
mal conductivity λ (or k), thermal resistance, thermal transmittance thermal conductance
etc. [42].

As we know, the thermal conductivity of a material represents the time rate of the
steady state heat flow expressed in (W), through an area A = 1 m2 of thickness L = 1 m of a
homogeneous material, in a direction perpendicular to isothermal plates, which is induced
by a temperature difference ∆T = 1 K across the sample [40,41]. Thermal conductivity,
denoted by λ (or k in English), has the unit of (W/m-K) in S.I. and generally is a function
of material mean temperature and of the moisture content, material porosity pressure etc..
Basically, the thermal conductivity is a measure of how a material is efficient (or not) in
conducting heat.

On the other hand, the thermal resistance (known as the R-value) represents a measure
of the resistance or obstruction of heat flow as a result of diminishing the thermal conduction,
the thermal convection and/or the thermal radiation [42]. Usually, the thermal resistance is
considered to be a function of thermal conductivity, the thickness of material, density and
some others practical factors, such as the subsidence occurred during exploitation.

Very important for the calculation of heating or cooling loads is the thermal trans-
mittance, which is the rate of heat flow through an area A = 1 m2 of a structural element
having a temperature difference ∆T = 1 K between the surfaces of the two sides [41]. The
thermal transmittance is also called the overall heat transfer coefficient and is denoted by k
or the equivalent U-value in English.

Some of the most important factors that impact the proper selection of insulating
materials are well summarized in [42] as follows:

• Thermal performance: thermal resistance, thermal bridging and thermal storage;
• Cost: cost of insulation, cost of materials and workmanship, and impact on labor cost;
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• Ease of construction: impact on workmanship requirements, speed of construction,
maintenance and replacement;

• Building codes’ requirements: fire resistance, health hazards and structural stability;
• Durability: R-value changes over time, water and moisture effects, and dimensional

stability;
• Acoustical performance: sound absorption and insulation;
• Air tightness: vapor or infiltration barrier and wall and roof construction quality;
• Environmental impact and availability.

It is worth noting that, when considering energy conservation issues and generally
speaking thermal performance, one of the most important properties that is of interest is
obviously the thermal resistance of insulation materials [42].

The following materials and composites are used for many types of building thermal
insulation [41–43]:

• Inorganic materials: fibrous materials (slag wool, rock and glass) and cellular materials
(perlite, vermiculite and calcium silicate);

• Organic materials: fibrous materials (cotton, wood, cane and cellulose) and cellular
materials (polystyrene, polyurethane, foamed rubber and cork);

• Metallic/metallized reflective membranes with a gas-filled, air-filled or vacuous space.

Natural fibrous materials have numerous advantages over other materials and, being
environmentally friendly and renewable materials, they are considered to be some of the
most promising materials for building thermal insulation [43].

More recently, Kumar et al. [44] categorized building insulation materials using pri-
marily three main types, based on their origin, chemical substance and availability:

1. Conventional: inorganic insulation materials (fibrous insulation materials and cellular
insulation materials) and organic insulation materials (fibrous and cellular);

2. State of the art: closed-cell foam, aerogel [45], transparent insulation materials (TIM),
vacuum insulation panels (VIP) [46], reflective multi-foiled insulation materials (RM-
FIM), nano-insulation materials (NIM) and dynamic insulation materials (DIM);

3. Sustainable: bio-insulation materials (natural insulation materials based on agro-
and forest-residues natural insulation materials based on sheep wool) and recycled
insulation materials.

Amongst the three insulation types mentioned above, sustainable insulation materials
have the lowest environmental impact during the production stage and also a lower
embodied energy (EE) and embodied carbon (EC) [44].

Having proper physical characteristics, such as hygrothermal, fire resistance, strength,
acoustic, naturally regulating the indoor environment, low embodied energy and low
embodied carbon, make sheep wool a very good choice for a sustainable building insulation
material [44,47]. Investigations conducted by Ye et al. [48] showed that hemp and sheep
wool have an equal value of thermal conductivity at a given density, and Zach et al. [49]
found that sheep wool, because of having hygroscopicity of up to 30%, can absorb a large
amount of water vapor without significantly increasing its thermal conductivity.

Sheep wool can hold humidity by absorption up to 20% with a slight variation in thermal
conductivity, at a temperature t = 23 ◦C and relative humidity range of RH = 30. . .60% [44].

A series of important characteristic properties of some natural building insulation
materials, such as: corn, hemp, cotton stalk fibers, wood fibers and sheep wool, are shown
in Table 1 (after [44]).
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Table 1. Properties of some natural building insulation materials.

Insulation
Type

Thermal
Conductivity

λ (or k)
(W/m·K)

Density
ρ

(kg/m3)

Specific Heat
Capacity

cp
(J/kg·K)

Embodied
Energy

EE
(kJ/kg)

Embodied
Carbon

EC
(kg CO2/kg)

Ref.

Corn 0.101. . .0.139 148. . .257 1480. . .1720 – – [50]

Hemp 0.039. . .0.123 25. . .100 1700. . .1800 18,710 0.14 [51,52]

Cotton stalk fibers 0.058. . .0.082 150. . .450 130 44,000. . .480,000 2.40. . .2.70 [43]
Wood fiber 0.038. . .0.050 50. . .270 1900. . .2100 20,300 0.124 [53]
Sheep wool 0.038. . .0.054 10. . .20 1300. . .1700 5400 0.120 [54,55]

2.2.3. Glazed Building Elements

Glazed building elements (exterior fenestration and doors, glazed walls and skylights)
have several roles, of which the most important are the following: obtaining natural lighting
of rooms, the natural ventilation of interior spaces and to allow the partial passage of solar
radiation [32].

The exterior fenestration and doors consist of frame (frame and sash) and glass panels.
The frames are generally made of wood, metal or plastic (PVC and polyurethane) [31], and
regarding their opening mode, they are single, double or coupled. Windows can be single
(clear, absorbent or reflective) or thermally insulating (double or triple) [32].

Thermally insulating windows are usually made using two or three sheets of glass,
welded or sealed on the contour, having between them a hermetically sealed space, filled
with air or various inert gases: argon, krypton or xenon. One or both surfaces can be
specially treated in order to significantly reduce heat loss by reducing the OHTC. Another
manufacturing option is the use of three specially treated sheets of glass, between which
there is a vacuum space with a very small size (about 0.13 mm) and a high thermal
resistance [56].

Typically, the thickness of the glass pane is 4 mm, and the thicknesses of the gas layers
can be 6, 9, 12, 15 or 20 mm. Thus, various configurations can be obtained, for example,
4-6-4 or 4-20-4 (double glazing with a gas layer of 6 mm or 20 mm) or 4-6-4-6-4 or 4-12-4-12-4
(triple glazing with two gas layers of 6 mm or 12 mm).

The OHTC or U-value for a single window (UF), without or with additionally opaque
panels, and the U-value for a fully glazed door (UU) can be calculated using the correlations
suggested in [31].

For example, the OHTC or U-value for a double- or triple-insulating glass (Ug), where
the space between the glass sheets is filled with air, can be determined using Equation (5) [31]:

Ug =
1

Rsi + ∑
ng
j=1

δj
λj
+ ∑na

k=1 Ra,j + Rse

(5)

where Rsi—inside air-film resistance (m2-K/W); δj—the thickness of the glass panel or
material layer “j” (m); λj—thermal conductivity of the glazing panel or material layer “j”
(W/m K); Ra,j—thermal resistance of the air layer “j” between the glazing sheets (m2-K/W);
Rse—outside air-film resistance (m2-K/W); and ng, na—number of glass panels air layers
of the insulating window (–).

A series of Ug-values for double- and triple-insulating glasses, where the space be-
tween the glass sheets is filled with air, argon and krypton, for two typical configurations
4-6-4 and 4-20-4 (double glazing) and 4-6-4-6-4 and 4-12-4-12-4 (triple glazing), is presented
in Table 2 (after [31]).

The values in Table 2 are valid for gases (argon or krypton) with a concentration
greater than 90%. Inside and outside air-film resistances, Rsi and Rse, respectively, were
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considered with the following values: Rsi =
1
8= 0.125 m2·K

W and Rse = 1
24= 0.042 m2·K

W . For
the thermal conductivity of glass, the value λ = 1.0 W/m·K was used.

Table 2. The Ug-values for double- and triple-insulating glasses, with the space between the glass
sheets filled with air, argon and krypton.

No. Type Windows Coef. of Emission
(-)

Dimensions
(mm) Air Argon Krypton

1
Double-

insulating
glass

Normal glass
untreated

0.89
4-6-4 3.3 3.0 2.8

4-20-4 2.7 2.6 2.6

One surface
treated

≤0.40
4-6-4 2.9 2.6 2.2

4-20-4 2.2 2.0 2.0

≤0.10
4-6-4 2.6 2.2 1.7

4-20-4 1.6 1.4 1.3

≤0.05
4-6-4 2.5 2.1 1.5

4-20-4 1.5 1.2 1.2

2
Triple-insulating

glass

Normal glass
untreated

0.89
4-6-4-6-4 2.3 2.1 1.8

4-12-4-12-4 1.9 1.8 1.6

One surface
treated

≤0.40
4-6-4-6-4 2.0 1.7 1.4

4-12-4-12-4 1.5 1.3 1.1

≤0.10
4-6-4-6-4 1.70 1.3 1.0

4-12-4-12-4 1.1 0.9 0.6

<0.05
4-6-4-6-4 1.6 1.3 0.9

4-12-4-12-4 1.0 0.8 0.5

For insulating windows with metal spacers, the linear heat transfer coefficient Ψg is
indicated in Table 3, according to [31].

Table 3. Linear heat transfer coefficient Ψg for insulating windows with metal spacers.

No. Type of Carpentry
Double and Triple Glazing;

Untreated Windows
(Air or Gas)

Double Glazing with a Treated Surface;
Triple Glazing with Two Treated Surfaces

(Air or Gas)

1 Wood and PVC 0.04 0.06

2 Metal

With interruption
of thermal bridges 0.06 0.08

Without interruption
of thermal bridges 0.0 0.02

High quality windows and doors are currently a very important requirement for
energy-efficient buildings. In order to obtain an OHTC value lower than 0.85 W/m2·K for
the so-called “warm windows”, a proper installation is first necessary.

2.3. Heating Demand for Heating and Domestic Hot Water

The heating demand for heating a room is calculated using Formula (6) [32,33]:

Q = QT·
(

1 +
Ac + Ao

100

)
+ Qi (6)

where QT—heat transfer rate (heat flow per unit time) yielded by transmission (W);
Qi—heat transfer rate required for heating the infiltrated air through the leaks of doors and
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windows and also the air penetrated when opening them (W); Ac—add-on coefficient for
compensating the effect of cold surfaces (–); Ao—cardinal orientation add-on coefficient (–).

The heat transfer rate QT yielded by transmission (including the heat transfer rate Qs
yielded through the soil) and the heat transfer rate Qi required for heating the infiltrated
air are calculated by using the appropriated correlations indicated in [33].

The annual energy (heat) demand for heating, per 1 m3 of internal volume, is deter-
mined by Formula (7) [35]:

Q =
24

1000
·C·Nθi

12·G − (Qi + Qs)

[
kWh

m3·year

]
(7)

where Q—annual energy (heat) demand for heating, per m3 of heated volume (kWh/m3·year);
C—correction coefficient (–); Nθi

12—annual number of degrees–days taken into account
(K·days); G—overall coefficient of the thermal insulation of the building (W/m3·K);
Qi—useful energy (heat) input from inhabiting the building, per 1 m3 of heated volume
(kWh/m3·year); Qs—useful energy (heat) input from solar radiation, per 1 m3 of heated
volume (kWh/m3·year).

The annual number of degree–days taken into account N
θj
12, the overall coefficient G of

thermal insulation of the building and the useful energy (heat) input Qs from solar radiation
were calculated by formulae indicated in [35]. The useful energy (heat) input from inhabit-
ing the building can be considered according to [35], with the value Qi = 7 kWh/m3·year
in the case of a residential building.

Particularly relevant in the current context, especially for low-energy buildings or
energy-efficient buildings and passive houses, is to report the annual energy (heat) demand
per m2 of useful area. Using a set of relationships suggested in [35], we have:

Q1m2 = 3.125·Q
[

kWh
m2·year

]
(8)

The thermal load (heating demand) for the preparation of domestic hot water (DHW),
in the case of using a technical solution with storage, e.g., the use of DHW cylinders/storage
tanks (also known in our technical literature as “boilers”), can be determined with the
general correlation (9):

QDHW =
np·Czn·ρ·cp·(tB − tar)

3600·τ [W] (9)

where np—number of persons (–); Czn—DHW demand per person and day (L/pers·day);
ρ—water density (kg/m3); cp—specific heat of water (J/kg·K); tB—DHW temperature in
the DHW cylinder (◦C); tar—average temperature of the supply (cold water) (◦C); τ—DHW
preparation time (h).

The volume of DHW cylinder is usually determined using Formula (10):

VB = f·VB,min = f·
np·Czn·(tDHW − tar)

(tB − tar)
[l] (10)

where f—oversizing factor (–); VB,min—minimum DHW cylinder volume (l); tDHW—DHW
supply temperature (◦C); and np, Czn, tB, tar—the same as above.

The oversizing factor f has the value f = 1 in the case of using classical fuels, biogas,
biomass or electricity and the value f = 1.5. . .2 for DHW preparation using solar energy
and/or heat pumps.

2.4. Heat Pumps

Given the ability of the soil to store solar energy, both air- and ground-source heat
pumps capitalize on solar energy, the former directly, the latter indirectly.
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Due to the lower price of the investment and the simplicity in assembly, air-source heat
pumps (ASHP) have the largest market share of heat pumps. However, the performance of
these systems depends on the external climatic conditions, especially in cold areas [57]. As
for ground-source heat pumps (GSHP), although they represent more efficient solutions
(even in the case of the existing heating systems, with higher temperatures), in the mar-
kets of most EU states, they only hold a small market share compared to air-source heat
pumps [58].

To cover the thermal energy demand for the building proposed for thermal retrofit, a
heat pump was chosen and, to improve energy efficiency, to reduce carbon emissions and
the operational cost of the heat pump [59], two scenarios were analyzed: a PV system and
ASHP (case 1) and a PV system and GSHP (case 2).

The heat pump systems were designed to provide space heating and domestic hot
water preparation for the proposed renovated house located in Aiud, Romania.

The simulations for the heat pump systems were conducted with the GeoT*SOL soft-
ware [37], over a year. Two heat pump systems (HPSs) for space heating and DHW with
buffer tank and DHW tank were selected, one with air source and the second one with
ground source and geothermal collectors, due to the available land area. So, the simulations
started from the annual heating requirements for heating and domestic hot water prepa-
ration and the following input data: climate data for Aiud, Romania; standard outdoor
temperature of −18 ◦C; low temperature for space heating (35/30 ◦C); and monovalent
mode of operation for GSHP and monoenergetic partially parallel for ASHP.

The selected heat pumps from the software have the following properties: the ASHP
is a standard air/water heat pump with a nominal heating power of 13 kW and a heating
element of 6 kW, 4.1 kW electrical power and a coefficient of performance (COP) of 3.2
for the standard temperatures (A2/W35) according to EN 14511; the GSHP is a standard
brine/water heat pump with a nominal heating power of 14 kW, 3.26 kW electrical power
and a COP of 4.3 for the standard temperatures (B0/W35) according to EN 14511, COP
representing the ratio between the nominal heating power of the HP and the electrical
power input for specific conditions.

Two scenarios were analyzed in comparison with the existing system based on heating
with natural gas (case 0). The relevant performance values of the HP system, over a year, re-
sulted from the simulation are seasonal performance factor and energies: energy generated
by heat pump systems, energy used for heating and DHW and power consumptions for
heat pump, heating element and auxiliary energy (fans and external pumps on the side of
the heat source of the HP). The SPF of the HP is determined by simulation (in accordance
with EN 15316-4-2 Heating systems in buildings—method for calculation of system energy
requirements and system efficiencies—part 4-2: heat generation for indoor heating and heat
pump systems). It represents the ratio between the heat supplied by the HP for heating and
DHW and the power consumption of the HP (the compressor). For the HP system, SPF
is expressed as the heat supplied by the HP and the heating element divided by the total
electricity consumption of the HP, heating element and auxiliary energy.

The electricity generated by the PV system is used to power the heat pump systems
and, when the PV system is only able to partially cover the electricity required for the heat
pump systems, the rest is taken from the national electricity grid.

2.5. PV Panels

The most used material for the construction of PV cells is silicon, a cheap and abundant
material on Earth. The silicon atom is tetravalent, meaning the four electrons in the outer
orbit can be donated, shared or accepted by other atoms, being called valence electrons,
with an important role in photovoltaic conversion. Through them, several atoms unite
forming a crystal. Through the regular grouping of several crystals, a crystalline network is
formed.

Depending on the composition of the material, one can have: monocrystalline silicon,
polycrystalline silicon and amorphous silicon (similar to glass).
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The PV panels on which the measurements and studies were made in this paper were
of monocrystalline silicon, which is why certain specifications are provided.

A monocrystalline panel is obtained from a single silicon crystal by sectioning into thin
slices a large and chemically pure vein [60] (pp. 118–120). Due to this execution technology,
it is the most efficient type of cell in terms of conversion into electrical energy. Obviously,
the costs are higher, but if a few years ago, there was a reason why polycrystalline ones
were used, at present, the price difference has decreased, so that, weighing the advantages
and disadvantages, monocrystalline ones have become preferred.

Currently, monocrystalline panels have an efficiency of about 22.5%, and according to
studies, it seems that the maximum theoretical efficiency of conversion from light energy
into electrical energy is 29% [61] (pp. 82–86).

An important role in obtaining an optimal degree of solar energy conversion comes
from the orientation of the solar collectors. Their position is defined by two angles [7]
(pp. 17–19):

• The angle of inclination, that is, the angle between the panel and the horizontal plane,
which in the case of mounting on framework roofs, usually, is equal to the angle given
by the inclination of the slopes;

• The azimuth angle represents the orientation of the receiver plane relative to the south
direction.

Regarding the optimal tilt angle (OTP), several studies have been conducted on its
value, so as to result in a maximum efficiency of solar radiation conversion (SRC). The
results of Abdelaal et al. [62] showed that the optimal daily angle produces the highest
value of SRC, but this is difficult and with high costs to apply in practice. Following some
measurements and simulations made by the authors, it turned out that the alternation of
two inclinations provides good results in the warm season and in the cold season, being
lower by only 1.56% than in the case of daily adjustment.

As is known in the technical literature, the optimal angle of inclination is approximately
equal to the latitude. For the northern hemisphere, in autumn and winter, the recommended
angle of inclination is given by the latitude of the location +15◦, so that the PV panel is
positioned towards the Sun, which in winter has a lower height. In the summer, the
situation being reversed, the angle of inclination is lower, and it is recommended to be
equal to the latitude −15◦ [7,62].

Another factor that negatively influences the operation of a photovoltaic system is
represented by shading. This can be due to tall buildings in the neighboring areas, the
vegetation in the area or architectural elements in the structure of the building itself.
In this latter case, the analyzed building was included. The roof with two sides with
E–W orientation has an awning on both slopes, which produces shading on certain areas,
obviously depending on the position of the Sun.

The partial shading that involves the unequal distribution of light intensity can gener-
ate the appearance of hot-spot points on the PV modules, which has negative effects on the
performance and integrity of the modules [63].

In 2021, the owners of the assessed house installed 8 monocrystalline photovoltaic
panels through the Green PV Home Program, each having an efficiency of 19.6% and a
power of 395 W, yielding an installed power of 3.16 kW.

As can be seen in Figure 8, four panels were installed on the eastern slope and four
panels on the western slope.
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Figure 8. The position of the PV panels (existing situation).

The chart in Figure 9 shows the monthly electricity consumption for the year 2022.
The values were collected from the Solar Edge application that currently manages the
production of the 8 installed panels. For the analyzed year, the maximum consumption
occurred in December, namely, 940 kWh, and the minimum consumption in May, that is,
623 kWh. It can be seen that about 15% of the total energy consumption is covered by the
energy production of the PV panels.
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Figure 9. Monthly electricity consumption of the household.

The individualized information by category of appliances was not available at the
time of the study. The authors could only operate with the global consumptions, which
they processed using the real data existing in the invoices issued by the users’ supplier.
The electricity consumption of the household is high due to the many appliances used with
long running times, such as TVs (3), computer, laptop, refrigerators (2), freezers (2), electric
oven, microwave oven, electric stove, electric grill, washing machine, dryer, dishwasher,
air conditioner, pool recirculation and gas plant pumps, hydrophore and other occasional
consumers (such as food processor, blender, pressure cooker and vacuum cleaner). The
interior and exterior lighting system also contributes to the consumption of electricity.

The chart in Figure 10 shows how the energy produced with the PV panels is used,
respectively about 54% is used for their own consumption and the difference is delivered
to the grid. The maximum production of electricity occurs in June, namely, 370 kWh, and
in December, the electricity production is minimum, only 45 kWh.
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Figure 10. The use of PV energy.

3. Results

In 2021, the final energy consumption from households in Romania was the largest,
accounting for approximately 35%, and both in European Union and Romania, the high-
est share in energy balance was for heating (64.4% in EU and 62.4% in Romania), fol-
lowed by domestic hot water (14.5% in EU and 14.1% in Romania), while the third largest
share was electricity for lighting and household appliances (13.6% in EU and 13.3% in
Romania) [64,65]. Based on these, the first step to reduce energy consumption is to improve
energy performance at the envelope level.

3.1. Building Envelope

For the current building situation, the results obtained for thermal resistance R, OHTC
k- or U-value, thermal inertia index D and the coefficient of thermal massiveness m of the
main building elements are summarized in Tables 4 and 5.

A series of values for minimum thermal resistance R’min and maximum thermal
transmittance (maximum overall heat transfer coefficient) U’max, for buildings designed
after 1 October 2010, is shown in Table 6 (after [35]). According to the specifications, these
are reference values for the corrected thermal resistance (corrected thermal transmittance),
which was determined taking into account the influence of thermal bridges. In the clear
field assembly, the value of unidirectional thermal resistance R is much higher, and the
value of unidirectional thermal transmittance is much lower. The U’max value is calculated
using Formula (4).

Table 4. Summary of the results for the characteristics of the main building elements (walls).

No. Level
Building
Element

Code

Building
Element

Type

δ

(m)
R

(m2·K/W)

k- or
U-Value

(W/m2·K)

D
(-)

m
(-)

1 Basement PE-BAS Reinforced-concrete
exterior wall 0.326 0.379 2.640 3.229 1.064

2 Basement PE-BA Reinforced-concrete
exterior wall 0.335 0.381 2.626 3.226 1.064

3 Ground floor PE-BCA AAC exterior wall 0.438 3.438 0.291 5.022 1.000
4 1st Floor PE-CAR Brick exterior wall 0.438 2.762 0.362 4.708 1.000

5 Ground floor/
1st Floor PI-CAR Brick interior wall 0.230 0.536 1.865 2.714 1.000

6 Ground floor/
1st Floor PI-BA Reinforced-concrete

interior wall 0.230 0.400 2.500 2.223 1.000
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Table 5. Summary of the results for the characteristics of the main building elements (floor slabs
and roof).

No. Level
Building
Element

Code

Building
Element

Type

δ

(m)
R

(m2·K/W)

k- or
U-Value

(W/m2·K)

D
(-)

m
(-)

1 Ground floor/
1st Floor PL-PC Floor slab

(Warm floor—parquet) 0.245 0.476 2.099 2.670 1.000

2 Ground floor/
1st Floor PL-PR Floor slab

(Cold floor—tiles) 0.235 0.399 2.509 2.257 1.000

3 Basement PL-PS
Floor slab on the

ground
(Cold floor—tiles)

0.883 2.140 0.467 9.102 1.000

4 1st Floor PL-E Floor slab over the last
level 0.118 1.586 0.630 1.711 1.000

5 1st Floor PL-A Roof 0.167 2.627 0.381 1.686 1.141

Table 6. Minimum thermal resistances R’min and maximum thermal transmittance U’max.

No. Building Element R’min
(m2·K/W)

U’max
(W/m2·K)

1 External walls, including walls adjacent to open joints (excluding glazed surfaces) 1.80 0.56
2 Slabs over the top level, under terraces or attics 5.00 0.20
3 Slabs over unheated basements and cellars 2.90 0.35

4 Slabs that separate the building from the outside, at the bottom (bowindos and
passageways) 4.50 0.22

5 Slabs on ground (over SSL) 4.50 0.22
6 Slabs at the bottom of semi-basements or heated basements (under SGL) 4.80 0.21
7 External walls, under SGL, in semi-basements or heated basements 2.90 0.35
8 Exterior carpentry 0.77 1.30

Following the extended analysis conducted, it is noteworthy that, unfortunately, the
existing structures of the building elements studied do not have the necessary characteristics
to efficiently use the energy needed to heat the building in the cold season of the year
(winter) or to protect the construction well enough during the warm season (summer).

For example, the outer basement wall (code PE-BA), made of reinforced concrete, in
direct contact with the outside air (as well as the one below grade), does not have a thermal
insulation layer, and the thermal resistance R (Table 4) is totally insufficient at present.
The exterior walls on the ground floor (code PE-BCA) and 1st Floor (code PE-CAR), made
of AAC and brick with vertical gaps, respectively, have a thermal resistance R estimated
as having an approximately average value (R = 3.4378 m2·K/W and R = 2.7622 m2·K/W,
respectively), which can be easily increased by using another layer of thermal insulation
material, which is more energy efficient and at the same time more environmentally friendly.

The same observations may be extended to other types of building elements, such as inter-
mediate floor slabs and especially to the roof, whose thermal resistance of R = 2.6265 m2·K/W
or overall heat transfer coefficient of k = U = 0.3807 W m2·K (Table 5 and Figure 11) are
considered to be inadequate at present.

The proposals for improving the structures of the building elements had as their
main objective the important reduction in heat transfer through unprotected or less-well-
insulated building elements, ensuring a high degree of comfort for the building’s occupants,
both during the cold and warm seasons and also reducing the operating costs of the
heating installation.

Thus, measures were proposed for the thermal insulation of currently unprotected
building elements, for the use of ecological, environmentally friendly materials (sheep’s
wool), for increasing the thickness of the thermal insulation currently used (up to 25 cm),
and also for insertion, where possible, in the structure of the construction elements, of
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additional layers, such as a vapor barrier and anti-condensation foil, and the use of modern
and esthetic materials for the execution of exterior and interior plaster.
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Figure 11. Overall heat transfer coefficient k- or U-value for various building elements (the existing
situation and the proposed one).

The overall heat transfer coefficient k- or U-value, for the main building elements
analyzed, is graphically represented in Figure 11 for the existing situation and the proposed
one (improved building elements’ structure).

Figure 11 shows the considerable reduction in the overall heat transfer coefficient k- or
U-value for currently unprotected building elements and the decrease to about 50% in the
overall heat transfer coefficient for exterior walls (PE-BCA and PE-CAR).

There is also a significant decrease in the U-value for intermediate floor slabs (PL-PC,
PL-PR and PL-E) and roof (PL-A). It is important to note that all values presented in the
comparative analysis are related to an area A = 1 m2 of the considered building element.

The results obtained for characteristics of glazed building elements, for the current
building situation, are found in Table 7.

Table 7. Summary of the results for the characteristics of the glazed building elements.

No. Glazed Building
Element Code

Glazed Building
Element Type Position D

(-)
R

(m2·K/W)
k- or U-Value

(W/m2·K)
m
(-)

1 FE Outer window ECE 0.500 0.330 3.030 1.200
2 UE Exterior door ECE 0.500 0.431 2.320 1.200
3 UI Interior door ECI - 0.190 5.263 1.000

Regarding the glazed construction elements, through which significant heat losses are
recorded, it was found that they at present have totally inappropriate values of thermal re-
sistance R or overall heat transfer coefficient k- or U-value (Table 7 and Figure 12), requiring
their replacement with windows and doors made with modern materials and technology.

The overall heat transfer coefficient k- or U-value for the existing and proposed
situation, in the case of glazed construction elements, is graphically represented in Figure 12.
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Figure 12. Overall heat transfer coefficient k or U-value for windows and doors (the existing situation
and the proposed one).

3.2. Heating Load

The heating load was determined according to the methodology set out in Section 2.3,
using three calculation variants for comparison. In the first calculation case (HL-01), the cur-
rent structures of building elements with the characteristics presented in Tables 4, 5 and 7
were considered.

For the second case (HL-02), the characteristics of the structures of the building
elements were taken into account according to their improvement proposals (Figure 11),
including the replacement of glazed building elements with modern ones (Figure 12).

For both HL-01 and HL-02 cases, indoor temperatures close to those used to date
by the tenants were used in the calculation for some of the rooms of the building. For
example, for the office, dining room and bedroom, the indoor temperature of θi = +22 ◦C
was used, and for the bathroom θi = +24 ◦C. For the rest of the rooms, conventional indoor
temperatures were used according to [34].

In the third calculation case (HL-03), the same characteristics were used as in the
HL-02 case, but the indoor temperatures of all rooms of the building were considered as
the conventional indoor temperatures according to [34].

The obtained results are summarized in Figure 13.
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Figure 13. Comparison of the heating load cases.

The heating load for the existing situation is QHL-01 = 26.79 kW, and in the second
case, by improving the structures of the building elements, it was reduced to about
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QHL-02 = 14.883 kW. Considering the decrease in OHTC, the efficient indoor tempera-
tures of the rooms can be reduced accordingly, and the heating load decreased even more
to the value of QHL-03 = 13.815 kW.

In what follows, case HL-03 is considered as the reference case for comparing the
results obtained with those for other similar buildings. Considering that the analyzed
building has an E/V (Envelope/Volume) ratio of E/V= 0.717, the overall coefficient G of
the thermal insulation of the building has a much lower value than the maximum normed
GN according to [35] (G = 0.407 W/m3·K < GN = 0.743 W/m3·K). The annual heating load
is 15.05 kWh/m3·year or an equivalent value of about 47.04 kWh/m2·year, which also is a
much lower value than the annual standard heating load normed QN2 = 27.94 kWh/m3·year
or QN2 = 87.3 kWh/m2·year, determined according to [35].

For the DHW preparation, a number np = 4 persons was taken into account, with a
usual DHW demand per person and day of Czn = 50 L/pers·day, a DHW temperature of
tDHW = 45 ◦C, an average temperature of the supply (cold water) of tar = 10 ◦C and a regular
preparation time of τ = 8 h, resulting in a heating demand of QDHW = 1.01 kW, equivalent
to an energy consumption of 8.083 kWh or about 11.3 kWh/m2·year. The variation of the
heating demand for the DHW preparation with respect to time is shown in Figure 14.
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Figure 14. Heating demand with respect to time for the DHW preparation.

It can be seen from Figure 14 that, if the energy source, using its own automation, uses
a higher thermal output, the DHW preparation time can be greatly reduced. For example,
for a thermal load of 8 kW, the DHW preparation time is reduced to about 1 h (for higher
powers even less), thus increasing the comfort of the building occupants in terms of DHW
use. Considering a safety factor f = 2, the result is the required volume V = 280 L for the
DHW cylinder.

In the current situation, the heating and hot water preparation are conducted using a
38 kW condensing gas boiler and a 150 L hot water tank. The distribution pipes for heating
are made of copper and the heating elements are aluminum radiators, sized for flow/return
temperatures of 70/50 ◦C. The distribution pipes on the domestic hot water are made of
polypropylene random copolymer (PPR), insulated only in the basement with a 9 mm
thickness. It is proposed to rehabilitate the house and replace the gas boiler with a heat
pump for heating and hot water preparation, with a buffer tank for heating and hot water
tank for domestic hot water. Instead of the heating elements, an underfloor heating system
is designed for flow/return temperatures of 35/30 ◦C with 16 × 2 mm Pe-X/Al/Pe-X pipes
in a bifilar layout with a peripheral area (using smaller laying intervals in the peripheral
areas along the external walls). Additionally, heat distribution conduits and heating-system
risers and conduits installed in the basement will be replaced with PPR pipes (16 × 2.2 mm,
20 × 2.8 mm and 25 × 3.5 mm dimensions, insulated with a 10 mm or 20 mm thickness and
a thermal conductivity of λ = 0.035 W/m·K, based on where the heating conduits are laid).
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3.3. Heat Pump System Simulations

Considering the important role that natural gas plays in terms of heating and hot
water preparation in Romania (34.5% for heating and 59% for domestic hot water in 2021)
to accelerate the green transition [64,66], the consumers from our country will have to
invest in technologies related on renewable sources of energy, such as heat pumps.

Based on the simulations conducted with the GeoT*SOL software, the following were
determined for the two heat pump systems: energy taken from the source (air or ground),
energy generated for heating and DHW preparation, electricity consumption and SPF.

In the case of ASHP, the energy taken from the source (10,094 kWh/year) depends
on the variation of the outside air (−18. . . + 35 ◦C), as can be seen in the Figure 15, and
represents 65% of the energy supplied by the HP system.
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In the case of GSHP, since the temperature of the heat pump brine inlet shows much
smaller variations between −5 and + 7 ◦C, the performance of the system is better, and the
amount of energy taken from the ground reaches an annual value of 11,637 kWh (as can be
seen in Figure 16), representing 75% of the energy supplied by the HP system.
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Figure 16. Hourly brine inlet temperature and thermal energy from the ground (GSHP).
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For both systems, 81% of the energy generated is used for heating and 19% for DHW
preparation.

The annual electricity consumptions resulting from the two analyzed cases and the
seasonal performance factor are presented in Figure 17. As it can be seen, the highest elec-
trical consumption was for ASHP (5452 kWh/year), while for the GSHP with geothermal
collectors, the consumption was 23% lower. In terms of SPF, the annual value reported for
the entire heat pump system (considering all the electrical consumptions for the compressor,
heating element and auxiliary energy) was 3.73 for GSHP and 2.85 for ASHP, about 24–26%
lower than the SPF for the HP.
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Figure 17. Annual electricity consumption and annual average seasonal performance factors for
ASHP and GSHP.

Analyzing the distribution of annual electrical consumption, it was observed that, for
the ASHP, the power consumption of the heat pump compressor represents 96% and the
remaining 4% is recorded for the heating element, while for the GSHP, 94% was for the heat
pump compressor and 6% for the auxiliary energy (Figure 18).
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Figure 18. Electrical energy distribution for (a) ASHP and (b) GSHP.

Collecting the simulated monthly values from the software (Figure 19), it was noticed
that, in the case of using an ASHP, to cover the energy requirement in January and February,
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the heating element is operated, thus increasing the electricity consumption to 1355 kWh
in January and 837 kWh in February and so decreasing the SPF of the heat pump system.
In the case of GSHP, the auxiliary energy (external pump on the side of the heat source of
the HP) is added to the heat pump consumption (the compressor) every month, with the
largest values being recorded in January–March and November–December.
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Figure 19. Electrical energy for: (a) ASHP (case 1); (b) GSHP (case 2).

Analyzing the hourly variation of the electrical energy consumption compared to the
variation of the SPF (Figures 20 and 21), it was noticed that: in the case of ASHP in the
period with the highest electrical consumption of the heat pump and the heating element
(January–February), the SPF of the HP system decreased to values between 1 and 1.5, while
in the spring and autumn seasons, the SPF exceeded the value of 4, with the largest value
recorded being 4.35 in August; in the case of the GSHP, the SPF of the HP system varied
between 2.5 (in the winter season) and even values over 6.
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Figure 21. Hourly electrical energy consumption and SPF (GSHP).

When using a GSHP, all the energy required for space heating and DHW is covered
by the heat pump (auxiliary energy representing the power consumption for the source
side pumps), with the power consumption being around 20% smaller in the period of
January–March and September–December than in the case of using an ASHP.

Based on the gas consumption recorded in 2022 for the existing heating plant (case 0)
and the electricity consumption simulated with the GeoT*SOL software for the proposed
system, in Figure 22 (ASHP (case 1) and GSHP (case 2)), the percentage reductions in
energy consumption are presented monthly. As seen in the figure, by replacing the gas-
based system with an air- or ground-source heat pump, the annual energy consumption is
reduced by 88% for ASHP and 91% for GSHP, with the largest decreases being expected
in the case of implementing a GSHP (between 85–93% in the period of January–May and
September–December). All these energy reductions, compared to the present conventional
natural gas heating system, will lead to a reduction in energy operating costs and thus
monthly energy bills for heating.
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Figure 22. Electrical energy reductions for the ASHP and GSHP systems compared with the existing
system.
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3.4. PV Panels

The subsidies offered by the Romanian state through the Green House program
and the extra funding options through the REPowerEU plan promote the installation of
photovoltaic systems and help prosumers to recover their investment faster [67].

In this context, in order to increase the percentage of electricity produced from solar
energy, we proposed the addition of 24 PV panels of the same type, having the technical
characteristics specified in Table 8.

Table 8. Technical characteristics of the PV panels.

No. Parameter Value

1 Maximum power 395 W
2 Open-circuit voltage 49.45 V
3 Short-circuit current 10.35 A
4 Voltage at point of maximum power 41.07 V
6 Current at point of maximum power 9.62 A
7 Module efficiency 19.6%
8 Weight 23.5 kg
9 Length 2008 mm
10 Width 1002 mm
11 Temperature range −40 to 85 ◦C

The PV*SOL Premium program can calculate the shading areas that were taken into
account when placing the 32 panels, including the existing 8, respectively 16 on each side
(Figure 23).
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Figure 23. Location of the proposed PV system.

The chart in Figure 24 shows the results of the simulations performed with PV*SOL
Premium regarding the electricity production of the proposed PV system with an installed
power of 12.64 kW compared to the existing PV system with an installed power of 3.16 kW.
It is observed that the energy production using the proposed system is 5.23 times higher
than that with the existing system, reaching a maximum production of 1672 kWh in June.
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Figure 24. Average monthly electricity production.

In the chart in Figure 25, a comparison was conducted between the simulation results
regarding the electricity production obtained with the PV panels and the electricity con-
sumption, including the consumption generated by the heat pump in the two proposed
cases: case 1 with an air-source heat pump and case 2 with a ground-source heat pump
with geothermal collectors. As it can be seen in Figure 25, the electricity requirement of
the house is not fully covered, the deficit being greater in the cold season months. One
mentions the fact that, by installing the heat pump, the consumption of electricity increases,
instead, heating using fossil fuel plant is no longer used.
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Figure 25. Energy production vs. energy consumption.

Figure 26 shows how the energy consumption is covered in the two proposed cases.
In case 1 with ASHP (Figure 26a), the energy consumption is covered by the production of
PV panels to an extent of 34.3%, the difference of 65.7% being supplied by the grid.

In case 2 with GSHP (Figure 26b), the energy produced by the PV panels covers 36.3%
of the energy consumption, the grid providing the other 63.7%.
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Figure 26. The coverage of consumption: (a) case 1 with ASHP; (b) case 2 with GSHP.

The charts in Figure 27 show how the energy produced by the PV system is used in the
two proposed cases. Thus, it can be seen that most of the energy produced is sent into the
grid, 61% in case 1 and 62% in case 2. This is due to the fact that the high energy production
from PV, which occurs in the spring and summer months, is not in agreement with the high
energy demand that occurs in the cold months of the year.

Energies 2023, 16, x FOR PEER REVIEW 28 of 33 
 

 

 

 

(a) (b) 

Figure 27. The use of PV energy: (a) case 1 with ASHP; (b) case 2 with GSHP. 

4. Discussion 

While in Romania fossil fuels are the dominant energy source and under a quarter of 

primary energy comes from low-carbon sources, its electricity mix for 2022 was quite bal-

anced: around 25.3% hydropower, 20% nuclear, 18.5% coal, 17.6% gas, 12.6% wind, 3.2% 

solar, 1.6% oil and 1.2% bioenergy, with the share of renewable sources of energy in elec-

tricity mix exceeding 42% [1].  

Between the second half of 2021 and the same period for 2022, both electricity and 

gas prices grew enormously, with our country recording the highest increase in the price 

of electricity among all EU members (112%) and the second largest rise for gas price 

(165%) [68]. 

Taking these things into account, thermal rehabilitation to reduce energy consump-

tion together with the transition from gas heating to a heat pump powered by a solar PV 

system will improve energy efficiency, increase the share of solar energy, reduce fossil 

fuel consumption and reduce carbon emissions but also costs, being in line with the en-

ergy and climate objectives and the REPowerEU plan [66]. Additionally, according to the 

review conducted by Mohammed et al. [69] for residential buildings, the most effective 

mechanisms to improve energy efficiency and to model sustainable cities are solar energy 

and building’s envelope thermal performance.  

Analyzing Figure 12, one immediately notices the positive effect of the proposed 

changes for the structures of the building elements, by using efficient thermal insulation 

materials that are friendly to the environment and the use of modern glazed building el-

ements with a high thermal resistance or an equivalent low OHTC. 

The heating load for case HL-02 represents only about 55.55% of the heat requirement 

for the HL-01 case and, moreover, reducing the indoor temperatures to the conventional 

values according to [34] for HL-03 case leads to an even lower value of the heating load 

QHL-03, representing only about 51.56% of that corresponding to the HL-01 case. The annual 

heating load expressed in kWh/m3·year or the equivalent for typical comparations in 

kWh/m2·year represents only about 53.88% of the annual standard heating load normed 

by [35]. 

To meet the thermal energy needed by the household from this case study, the pro-

posed heat pump system can provide many advantages compared to the current classic 

heating system based on natural gas: the elimination of fossil fuel dependence (in this 

case, from natural gas), significant energy and costs savings by reducing consumption and 

of course reducing primary energy, and the negative impact on the environment by min-

imizing CO2 emissions. 

0

500

1000

1500

2000

Ja
n

F
eb

M
ar

A
p

r

M
ay Ju
n

Ju
l

A
u

g

S
ep O
ct

N
o

i

D
ec

P
V

 e
n

er
g

y
 [

k
W

h
]

Direct own use To grid

0

500

1000

1500

2000

Ja
n

F
eb

M
ar

A
p

r

M
ay Ju
n

Ju
l

A
u

g

S
ep O
ct

N
o

i

D
ec

P
V

 e
n

er
g

y
 [

k
W

h
]

Direct own use To grid

Figure 27. The use of PV energy: (a) case 1 with ASHP; (b) case 2 with GSHP.

4. Discussion

While in Romania fossil fuels are the dominant energy source and under a quarter
of primary energy comes from low-carbon sources, its electricity mix for 2022 was quite
balanced: around 25.3% hydropower, 20% nuclear, 18.5% coal, 17.6% gas, 12.6% wind,
3.2% solar, 1.6% oil and 1.2% bioenergy, with the share of renewable sources of energy in
electricity mix exceeding 42% [1].

Between the second half of 2021 and the same period for 2022, both electricity and
gas prices grew enormously, with our country recording the highest increase in the price
of electricity among all EU members (112%) and the second largest rise for gas price
(165%) [68].

Taking these things into account, thermal rehabilitation to reduce energy consumption
together with the transition from gas heating to a heat pump powered by a solar PV
system will improve energy efficiency, increase the share of solar energy, reduce fossil fuel
consumption and reduce carbon emissions but also costs, being in line with the energy
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and climate objectives and the REPowerEU plan [66]. Additionally, according to the
review conducted by Mohammed et al. [69] for residential buildings, the most effective
mechanisms to improve energy efficiency and to model sustainable cities are solar energy
and building’s envelope thermal performance.

Analyzing Figure 12, one immediately notices the positive effect of the proposed
changes for the structures of the building elements, by using efficient thermal insulation
materials that are friendly to the environment and the use of modern glazed building
elements with a high thermal resistance or an equivalent low OHTC.

The heating load for case HL-02 represents only about 55.55% of the heat requirement
for the HL-01 case and, moreover, reducing the indoor temperatures to the conventional
values according to [34] for HL-03 case leads to an even lower value of the heating load
QHL-03, representing only about 51.56% of that corresponding to the HL-01 case. The
annual heating load expressed in kWh/m3·year or the equivalent for typical comparations
in kWh/m2·year represents only about 53.88% of the annual standard heating load normed
by [35].

To meet the thermal energy needed by the household from this case study, the pro-
posed heat pump system can provide many advantages compared to the current classic
heating system based on natural gas: the elimination of fossil fuel dependence (in this
case, from natural gas), significant energy and costs savings by reducing consumption
and of course reducing primary energy, and the negative impact on the environment by
minimizing CO2 emissions.

According to the SolarPower Europe report [20], an average European home equipped
with heat pumps powered by PV systems brought savings between 62% and 84% on energy
bills in 2022, compared with a house using a natural gas boiler for heating and obtaining
electricity from the grid. From the study conducted by Bellos et al. [70] for a building
in Athens resulted that, for the current electricity price (0.2 EUR/kWh), the system with
an air-source heat pump and PV panels had the minimum investment costs. Comparing
the heat pump systems proposed in our study to replace the existing heating system and
considering the current national price for natural gas (0.063 EUR/kWh) and electricity
(0.26 EUR/kWh), the most significant reductions are occurring in the energy operating
costs for heating: 49% in the case of the air-source heat pump and 60% for the ground-
source heat pump, percentages that will be improved by combining these heat pumps with
photovoltaic systems.

According to Zhang et al. [71], both solar-assisted air-source and ground-source heat
pumps could considerably reduce primary energy consumption, but to achieve a high
performance, it is recommended to use low-temperature heating instead of radiators,
air-source heat pump for hot climates and ground-source heat pumps for cold climates.

Based on the simulations performed with GeoT*SOL, the primary energy savings
and avoided CO2 emissions determined for the two heat pump systems, compared to a
classic heating system, revealed primary energy reductions of over 9920 kWh for ASHP
and 13,590 kWh for GSHP and CO2 emissions reductions of over 2450 kgCO2eq for ASHP
and 3360 kgCO2eq for GSHP.

Although the total annual electricity produced by the PV system represents 88% of the
annual consumption in case 1 and 96% of the annual consumption in case 2, in fact, only
39% of the energy produced by the PV system is used for own consumption in case 1 and
37.7% in case 2, as shown in Figure 21.

A first limitation of this paper consists in the fact that the use of these systems is not
stable, being influenced and affected by the climatic and geographical conditions specific
to the site area: solar radiation, air temperature and soil characteristics. Another limita-
tion is the access to different simulation software, and the differences and compatibility
between them.

Likewise, in the case of installing PV panels, there are limitations regarding the space
available on the roof and the weight supported by the existing structures. In addition,
when equipping with PV panels, one must also consider the shaded areas that can decrease
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the efficiency of the panels. In this case, the PV*SOL Premium program helps the user in
choosing the most favorable solution.

At present, there are much better performing panels with a power of about 600 W,
but since the house was under monitoring after it was equipped with eight panels in 2021
through the Green House program, and in order not to disturb the operation of the system,
we chose panels of the same type, so that they can be integrated on each side and an
inverter can be connected. In the near future, we aim to make comparative simulations on
the several ways of connecting photovoltaic panels and inverters to analyze the possibility
of storing energy in periods without consumption and also equipping with optimizers to
reduce consumption from the national electricity grid in cold periods, when the heat pump
registers the highest electrical consumption.

5. Conclusions

Combining the results of the heating requirements for heating (47.04 kWh/m2·year)
and DHW preparation (11.3 kWh/m2·year), an index of the required energy per m2 of use-
ful area of about Q1m2 = 58.34 kWh/m2·year or an annual consumption of 15,233 kWh/year
was obtained, which places the proposed modernized building in the low-energy building
consumption category.

Taking into account all the improvements regarding energy efficiency, the use of solar
energy, CO2 emissions reduction and also operating costs, the fact that the investment
cost for an ASHP is lower than that for a GSHP (to the purchase price adding the cost of
excavation) and benefits from easier installation, the system with an ASHP powered by PV
systems is a suitable choice for the occupants of the household studied.

Comparing the results obtained from simulations in PV*SOL Premium with the data
related to the electricity and gas consumption from the existing situation, considering the
gas and electricity prices mentioned above, it resulted that the implementation of the two
proposed solutions considerably lowered the cost of household maintenance. Thus, by the
addition of 24 panels and installing a heat pump, the annual bill decreased by 47% in case 1
with ASHP and by 53% in case 2 with GSHP in relation to the existing situation, namely,
with eight PV panels and a gas plant for heating and domestic hot water. However, given
that there is a bidirectional meter, if at the end of the year a balance is established between
the energy consumed from the grid and the energy delivered to the grid, the annual savings
increase significantly, i.e., 89% in case 1 and 97% in case 2, compared to the current case.

All the results of this study were received with great interest by the owners of the
household, being appreciated as valuable in order to reduce energy consumption and
operating costs of installations, thus concluding, globally, to improve the overall energy
efficiency of the building.

At present, the final decision of the owners is awaited regarding the investment
necessary to make the planned changes to the structures of the building elements, the
addition of supplementary PV panels and the equipping with modern air–water heat
pumps for heating and DHW preparation.
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