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Abstract. Different types of fibers can be used to improve the mechanical behavior of steel
fiber reinforced concrete. However, the degree to which this occurs also depends on certain
characteristics of the structural element section. This paper studies the effects of adding
fibers on the bending moment and shear force resistance depending on the geometry of the
transversely unreinforced section, but also on the amount of longitudinal reinforcement.
The results show a significant increase of the resisting moments for a high fiber content
and reduced longitudinal reinforcement, but also a significant increase of the resisting
shear force for a high fiber content, regardless of the amount of longitudinal reinforcement.

Key words: fiber reinfored concrete, bending moment, shear force, strength,

Rezumat. Diferite tipuri de fibre pot fi folosite pentru a genera o imbundtdtire a
comportdrii mecanice a betonului armat dispers. Insd gradul in care aceasta se produce,
depinde si de anumite caracteristici ale sectiunii elementului structural. In aceastd lucrare
sunt studiate efectele adaugarii fibrelor in functie de geometria sectiunii nearmate
transversal, dar si de cantitatea de armatura longitudinald asupra rezistentei la moment
Incovoietor si fortd tdietoare. Rezultatele aratd o crestere semnificativi a momentelor
capabile pentru un dozaj mare de fibre si armari longitudinale limitate, dar si o crestere
semnificativa a fortei tdietoare capabile pentru un dozaj mare, independent de cantitatea
de armatura longitudinala.

Cuvinte cheie: beton armat dispers, moment incovoietor, forta tdietoare, rezistenta

1. Introduction

The beginning of fiber-reinforced concrete (FRC) as a genuine construction
material can be traced back to the early 1960s. Fiber-reinforced concrete is a composite
material combining a matrix (concrete) and reinforcement (fibers). The main role of the
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fibers is to control cracking and absorb stress at any cracks that may develop. They give
the concrete performance and properties related to their nature, shape, and mechanical
characteristics. The range of uses for FRC has become extremely wide. FRC enriches
the range of concrete construction solutions, thanks to the continuous development of a
range of fibers with multiple properties.

Depending on their nature, fibers have specific geometric and mechanical
characteristics and very different stress-strain behavior. The reinforcing capacity of a
fiber depends in particular on its anchorage, tensile strength, and Young's modulus. Each
has a particular influence on the mechanical behavior of concrete, which translates into
specific, tailored applications. The choice of fiber type therefore depends on the field of
application and the desired performance. Fibers are only useful if the concrete is
subjected to tensile forces greater than its own strength. If cracks appear in the concrete,
they allow the forces to be transmitted through the cracks.

Specific dimensioning methods (for structural applications: slabs, piles, etc.) and
implementation techniques are now fully mastered for designing perfectly durable FRC
structures.

Methods for optimizing their formulation have been specially developed. Fibers
are highly compatible with the various components of concrete, including admixtures.

The structure of FRC and its mechanical characteristics also depend on how it is
implemented (effects related to flow; preferential orientation of the fibers parallel to the
direction of concrete flow and depending on the geometry of the structure). It is therefore
necessary to know the implementation technique in order to develop the formulation
and design of structures.

The expertise acquired through numerous research projects, FRC behavior tests,
and multiple projects now makes it possible to characterize and specify FRC adapted to
the performance requirements for each use. FRC can be formulated to be self-
compacting and pumpable. Below, we will detail the behavior of this type of concrete
and compare it to reinforced concrete. Finally, we will present a calculation example to
illustrate the difference between this new type of concrete and traditional concrete.

2. Metal fibers and the composition of fiber-reinforced concrete

2.1. Metal fiber

This material is obtained by wire drawing and cutting rolled steel.

Whether glued, rounded, or with hooked ends, steel fiber comes in the form of
steel wires with a diameter of one millimeter and a length of between 35 and 60 mm.

Micro-metal fibers, which are latest-generation materials, are also available on
the market. This type of concrete offers optimal mechanical strength.

Metal fibers come in a variety of types and shapes and are highly compatible with
concrete. Fig. 1 shows different metal fiber geometries.

» Straight metal fibers (a)

» Hooked metal fibers (b)

* Corrugated metal fibers (c)
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* Milled metal fibers (d)

Fig. 1 Different types of fibers [1]

To use fibers, all the ingredients must be mixed for 2 minutes before adding water.

To improve concrete performance, fibers must:

* be flexible without being fragile;

* be relatively long and thin;

* have a large specific surface area;

+ offer good deformation capacity;

+ ensure good anchoring in the concrete;

» have good adhesion to the cement paste.

Thanks to their mechanical properties, fibers make it possible to better mobilize
the intrinsic strength of concrete, produce large thin sections, and offer designers greater
architectural freedom.

They give concrete many advantages:

» crack control;

» case and speed of implementation;

* multidirectional and homogeneous reinforcement;

 partial or total replacement of traditional reinforcement

2.2. The composition of fiber-reinforced concrete

The composition of FRC is very similar to that of ordinary concrete. When
designing the mix of fiber-reinforced concrete, the amount of fiber varies depending on
the application and type of fiber. In addition, before adding fibers, it must be ensured
that they are compatible with the other materials in the mix.

In order to obtain a fluid mix, which is not always easy in the presence of fibers,
we must add an admixture. To achieve the correct workability, FRC often requires
admixtures such as superplasticizers. These allow to obtain workable concrete, even in
the presence of fibers.

The fracture pattern of FRC under tension shows the effect of the fibers: the fibers
protrude from the crack surface, indicating that before fracture they connected the
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opposite sides of the crack (Fig. 2). This is in fact the main way in which fibers can
improve the mechanical behavior of concrete: the bridging effect across the crack,
limiting its propagation and opening.

Fig. 2 Fracture pattern of FRC under tension [2]

3. Classification of FRC based on strength and ductility

The classification of FRC according to strength and ductility is carried out, in
accordance with the new version of Eurocode 2[3], based on two characteristic values
of residual strength obtained from the standard 3-point bending test on notched prisms
[4,5]. These are fr3y, the residual strength value for a crack width w = 2.5mm, and
fr1k» the residual strength value for a crack width w = 0.5mm. The value fz3 ;, rounded
down to certain thresholds specified by the standard, gives the strength class, while the value
of the ratio fg3 x /fr1 k- also rounded down to other thresholds, gives the ductility class. The
strength class is expressed by the afore mentioned strength threshold in MPa, a number (1,
1.5,2,25,3,3.5,4,45,5, 6,7, 8), while the ductility class is expressed by a letter (a-¢)
associated with the ductility threshold (a for fz3/frix > 0.5; b for frsx/frix > 0.7; ¢
for fra/frik > 0.9; dfor frsi/frix > 1.1 and e for frzr/frix > 0.5).

4. Calculation of high-strength FRC at ultimate limit state

4.1. Bending calculation

In order to study the influence of certain parameters on the flexural strength and
shear strength of a reinforced concrete element, it is first necessary to know the
properties of the materials. However, in the specific case of FRC, it is not sufficient to
consider only one compressive strength class. This is because the tensile strength class
in a cracked state is related not only to the concrete, but also to the quality and quantity
of the fibers. Consequently, interdependent concrete strength parameters occur. In this
situation, we are led to consider properties corresponding to a real study of the literature
(Table 1).
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Table 1
Strength and ductility of fiber reinforced concrete [6]
Fiber amount fek Strength and ductility class
20kg /m3 75 MPa 1b
60 kg / m3 75 MPa 5a

From this study, not only the strengths for two fiber contents will be used, but
also the method for calculation of the resisting bending moment, the ultimate moment,
noted M,, 4. This ultimate moment will be calculated not only for FRC, but also for non-
fiber-reinforced concrete, in order to allow a comparison.

The calculation is based on the behavior laws of materials expressed by
stress/strain relationships. Depending on the case, the stresses are tensile or
compressive. The particularity of FRC consists in the fact that tensile strength is not
negligible. Even if the fibers do not prevent the formation of cracks, they oppose their
propagation and are subjected to tensile stress at the crack. Their contribution to the
strength and stiffness of compressed concrete can be neglected, as it is not significant.
Therefore, the behavior laws that need to be taken into account are those of compressed
concrete, tension steel reinforcement (and compressed reinforcement, if any), and
cracked fiber-reinforced concrete.

Those for compressed concrete and reinforcing steel are known from the strength
classes. Behavior laws similar to those in Eurocode 2 [7] are used: parabolic/rectangular
for compressed concrete and elastoplastic for steel. For FRC cracked under tension, a
stress/crack opening relationship is used [3].

However, in order to determine the ultimate moment for an element at a given
section, we do not a relationship between stress and crack opening, but a stress/strain
relationship. The solution is to first calculate the relationship between stress and crack
opening, and then convert it according to the characteristics of the element into a
relationship between stress and strain, which is then taken into account. The tipe of
constitutive relationship between stress and crack opening is that illustrated in the article
by Buttignol et al (Fig. 3). It is therefore a constant stress fr, for crack openings w <
w,,. The value of the ultimate crack opening, w,,, is determined knowing that only values
w < 2.5 mm are acceptable.

o, =F/A

w, CMOD

Fig. 3 Stress (ay) / crack opening (w) curve for the analysis [6]
In this regard, the values of residual strength in service state, frys, and ultimate

limit state, fryy 3k, are determined from the values fry, and fr3) derived from the
strength and ductility class (relations (1) and (2)).
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freske = 0,45 frak (1)
thu3,k =0,5 'fr3,k -0,2 'frl,k (2)
After establishing the constitutive relationship of FRC in tension, the constitutive
relationship of compressed concrete is determined. In this regard, the ultimate limit state
uses the rectangular block of constant stress, defined based on the factors A and n, in
accordance with Eurocode 2 ((3) and (4)).

. (fac—50) 3)
2:=08 (f—4 . go)

4 Uk ~ 4)
n:=1 200

For steel, a bilinear behavior law is used, with a horizontal yield point and no
stress limit, in accordance with Eurocode 2.

As concerns the section geometry, a rectangular section is used, without compression
reinforcement, with a width b = 12.5 ¢m and height h = 25 cm, with two longitudinal bars
with a diameter ¢p = 16 mm, strength class S500, and a cover ¢ = 20 mm.

At this point, it is possible to focus on the constitutive relationship of FRC, and
more specifically on the conversion between the stress/crack opening relationship and
the one used for calculation, expressed in stress/strain. The essential quantity for this
method is the characteristic length, [, which is essentially the distance between cracks.
In this regard, it is necessary to know the effective height of the tension zone that acts
as a tension tie, denoted h .. The calculation is performed according to the rules of
Eurocode 2 [7], but with a change for the height of compressed concrete, x. For safety
reasons, in order to consider the presence of steel fibers, the value corresponding to the
ultimate limit state is considered, but neglecting the presence of fibers. The relationships
for calculating x and h, . are (5) and (6). Consequently, the values of the area of the tie

zone working in pure tension, A..fr, and the effective reinforcement ratio, pgf, are
calculated from the relations (7) and (8).

X = Ag - fyd (5)
AN feab
_ h—xh (6)
B = min ([2,5 (- d) = ED
Ac,ef =b- hc,ef (7)
A (8)
ps,f - Ac,ef

Subsequently, the characteristic length [, is calculated according to the
relationships in the article by Buttignol et al [6]. In order to do this, the average stress in
the service state, fr;s, and the average adhesion stress, 7,,, (relations (9) and (10)), are
determined using the characteristic service stress, fr;s and the average tensile strength
of the concrete, f.,. In this way, we determine the maximum transmission length
between cracks, for average stresses, noted g4, (11), and from this, the maximum
distance between cracks, S, g, (12). The characteristic length, [.;, becomes the
maximum between the latter and y (the height of the tensioned zone) (13).
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_ fresik 9)
thS,m 0 7
Tom = L8+ ferm (10)
lsmax k'C+1' o 'fctm_ths,m (11)
4 ps,ef Thrm
Srmax = 15 * lsmax (12)
les = min(sr,max }/) (13)

Thus, it is possible to determine the ultimate crack opening, w,, as that
corresponding to a strain &, = 0.2% (14). Subsequently, the ultimate characteristic
stress, frey (15), and the ultimate design stress, fry, g (16), are determined using the
partial safety coefficient, y = 1.5.

wy, = min([l¢s - €, 2,5 mm]) (14)
w.
thu,k = fresk — ZSﬁ ) thu3,k (15)
_ thu,k (16)
thu,d - -

Then, from the stress-strain relationships of the three components of the section
in the ultimate limit state (compressed concrete, steel and cracked concrete), it is
possible to determine the resisting (ultimate) moment of the section. First, the height of
the compressed concrete, x, is determined from the projection equation onto the section
(17). Once this has been determined, it is possible to determine the compressive force
in the concrete, R4 (18), and its lever arm relative to the tensioned steel, z. (19), as well
as the tensile force in the cracked concrete, Ryy (20) and its lever arm relative to the
tension steel, z¢ (21). The value of the ultimate moment, M4, is determined from the
moment equation with respect to the center of the tension reinforcement (22).

X = As'as+thu,d'b'h (17)
n- Or85 'fcd b +thu,d b
Rcd=n-0,85-&-b~x (18)
x Ye
Z, = d—z (19)
Rfd = thu,d b (h—x) (20)
(h—x) 21)
Zf = 2 —as
Myg = Req - zc — Rfd “Zf (22)

For concrete without fibers, firstly, the height of the compressed concrete, x (23),
is determined and then the value of the ultimate moment from the moment equation
written with respect to the center of the tension reinforcement (24).

x= s I (23)
“b-n-f.q-085 .
Mud=(b’7l‘x)'fcd'0,85'(d—z) (24)
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4.2. Shear force

The ultimate shear force of FRC reinforced longitudinally, but not transversely,
was calculated according to relationship (25):
; ! (25)
Veas = | Crae k- (100 - (1 +75. ”""‘) -fck> b-d
f ctk
Where f, is the tensile strength of concrete without fibers, while fg;, . 1S that
of fiber concrete, obtained for a crack opening w, = 1.5mm, and f. is the
characteristic compressive strength of concrete.
The resisting shear force of reinforced concrete without fibers, not transversely
reinforced, denoted Vg . 1s obtained using relationship (26):

1

5. Parametric study

(26)

In order to verify the effectiveness of adding fibers, a parametric study was
carried out, focusing on two characteristics: the geometry of the section and the amount
of longitudinal reinforcement. To this end, resisting (ultimate) moments and resisting
shear forces were calculated for 3 section height/width ratios (noted h/b) and three
reinforcement ratios (noted p;). For these cases, the ratios between the resisting
moments of FRC and non-FRC (M,4 r/M,,4) and between the resisting shear forces of
FRC and non-FRC (Vg ¢ / Vgqa,c) Were calculated for the two fiber contents (20kg/ m3

and 60 kg / m3). These ratios were represented graphically by means of balls related
to the unit reference (Fig. 4).

Ratios of resisting efforts (FRC and non FRC)

5
®1 (100%)
45 O Mudf/Mudc(Fz0)
4 O Mudf/Mudc(F6o)
VRdf/VRdc(Fz0)
s O VRdf/VRdc(F60)
3 1,5 (F6o) 1,5 (F6o) 1,5 (F6o)
: . Q ‘ @
15
 — Constant properties :
E T ey Concrete : f,, = 75 MPa
bl Section : h = 25 cm
5
-0.5%  0.9% 0.5% 2.0% 2.5% 3.0% 3.5% 4.0% 4.5% 5.0%

-0.5
P

Fig. 4 Ratios between forces with and without fibers for different h/b ratios and longitudinal
reinforcement ratios p;
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In this figure, we can see that the M, 4 r/M,,4 ratios vary between 1 and 1.11 for
FRC with low fiber content (20kg / m3 shown in light blue) and between 1.02 and 1.7 for
concrete with high fiber content (60 kg /m? shown in dark blue). The maximum ratios 1.11
and 1.7 were obtained for the lowest reinforcement ratio (p; = 0.25%) and are not
influenced by the h / b ratio on the section (1.02 and 1.11 for the two contents respectively
in the presence of p; = 1.45%). For the maximum reinforcement ratio, p; = 4%, the ratios
M,,q,r/M,q are almost equal to 1 for both fiber contents, the strength increase brought about
by the fibers being insignificant. These aspects demonstrate the high effectiveness of fiber
addition, particularly in the region of low longitudinal reinforcement ratios and for higher
fiber contents. The addition of fibers leads to an increase in ultimate moments, but this is
significant particularly for low rates of longitudinal reinforcement, in the range of minimum
reinforcement accepted by the standard. At low fiber contents, strength increases are fairly
small, even for low longitudinal reinforcement ratios.

In terms of shear forces, the ratios Vgy ¢ / Vg range from 1.17 for FRC with
low fiber content (20kg/m3 shown in light green) to 1.5 for FRC with high fiber content
(60kg/m3 shown in dark green). These ratios are unaffected by either the section
slenderness ratio, h/b, or the reinforcement ratio p;. It can therefore be seen that the
addition of fibers has a significant effect on shear strength, particularly for higher fiber
contents. This observation is valid in the context where the reinforced concrete section
considered is transversely unreinforced. Therefore, it would be possible to replace a
certain amount of transverse reinforcement with a quantity of fibers that brings about
the same increase of resistant shear force. Depending on the case, if the increase needed
of resistant shear force is low, even a low fiber content could be sufficient, as its effect
is not negligible.

6. Conclusion

In this study, the effect of fiber addition on bending moment and shear strength
was investigated for a reinforced concrete element without transverse reinforcement, by
varying the cross-section geometry and longitudinal reinforcement ratio.

Bending moment and shear force resistances were obtained in accordance with
current standards and with certain adaptations for fiber-reinforced concrete, following
procedures used in the literature.

The effect of adding fibers was found to be most significant in terms of increased
bending moment, for low longitudinal reinforcement ratios but high fiber content. For
low fiber content, the increase in bending moment resistance is quite small, even for low
longitudinal reinforcement rates.

As far as shear strength is concerned, the effect is significant for high fiber
content, and also not negligible for low contents either.

The practical utility of this study is to verify the possibility of replacing
conventional reinforcement by means of steel rebar by adding fibers to the concrete to
ensure a certain resisting effort, whether flexural or shear. The results show that this is
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possible, particularly for high fiber contents. However, in terms of bending moment,
fibers are only effective in the presence of low levels of longitudinal reinforcement.
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Abstract: Road pavements in Nigeria and other developing regions are often faced with
premature failures due to suboptimal asphalt mix designs, particularly related to bitumen
content (5%, 6%, 7% and 8%) as this affects the mechanical and durability properties of
asphalt used for flexible pavement construction. Laboratory tests, including penetration,
ductility, viscosity, flash and fire points, Marshall Stability, flow, bulk density, air voids
and drying shrinkage tests were conducted. The results indicate that an optimum bitumen
content of approximately 6.67% provides the best balance of stability, density and
durability. Higher contents lead to excessive deformation and rutting, while lower
contents result in inadequate cohesion and strength. These findings highlight the
importance of adequate mix design to enhance pavement performance and longevity in
similar conditions

Keywords: bitumen content, asphalt, flexible pavement, Marshall Stability, optimum

1. Introduction

The transportation industry is an important aspect of the economic growth of any
given country, since road systems contribute to commerce, trade and social interaction
[1]. Flexible pavements are the most common types of pavements because of their low
cost of construction, maintenance and their ability to accommodate different traffic
demands [2]. Hot mix asphalt, comprising aggregates and bitumen as a binding agent,
is the main material used in flexible pavement construction. The composition of
asphalt pavements and bitumen content are the key factors that determine the
performance of these materials and durability of asphalt pavements [3].

The surface layer of the pavement structure is the most important layer as it is
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expected to provide the ultimate function of an economic, safe and comfortable riding
surface to users thereby protecting the sub- structure layers from infiltration of water
and foreign materials and distributing stresses from axle loads satisfactorily to layers
beneath without comprising durability [4].

Bitumen is a viscoelastic material that provides cohesion within asphalt mixtures,
ensuring structural stability and resistance to external loads [5]. However, variations in
bitumen content can significantly affect pavement performance. A low bitumen content
results in weak bonding between aggregates, leading to high air voids, premature
cracking and raveling. Conversely, excessive bitumen content can cause bleeding,
rutting and reduced resistance. Thus, determining the optimal bitumen content is
essential for achieving a balance between durability and flexibility in asphalt pavements.

In Nigeria, road infrastructure continues to face challenges such as premature failure,
potholes and frequent maintenance due to poor asphalt mix design. Several roads
deteriorate within a few years of construction,

quality of asphalt used in flexible pavements construction, with a focus to improving
mix design for better road performance.

2. Methodology

This study adopts an experimental research design, which is appropriate for evaluating
the effects of varying bitumen content on the quality of asphalt used in the
construction of flexible pavements. The experimental design involves the laboratory
preparation and testing of asphalt samples with different bitumen contents to assess
their mechanical and durability properties. The results obtained from these tests will
provide empirical evidence on the optimal bitumen content required to achieve high-
quality asphalt pavement [7].

2.1 Sample Collection and Preparation

The materials used for this study include bitumen and aggregates (coarse and fine) and
filler material. The bitumen was sourced from a bitumen supplier in Omuo-EKkiti, Ekiti
State, Nigeria. The grade of the bitumen used was 60/70 grade. The aggregates
(granite and stone dust) were sourced from a sales point along Akure- [jare road. The
filler material is a modified material made from combining crushed ceramic tiles
sourced locally and very fine stone dust.

Asphalt samples were prepared with varying bitumen contents to determine its impact
on asphalt performance. The bitumen content variations were set at 5%, 6%, 7% and
8% by weight of the total mix. These percentages were chosen based on Federal
Ministry of Works (FMW 2007) standards [8]. The aggregates and bitumen were
thoroughly mixed under controlled conditions to ensure even distribution and proper
coating of the aggregates, creating consistent and reliable samples for testing.
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The asphalt mixtures were shaped into cylindrical specimens using a Marshall
compactor, ensuring they were ready for testing. Compaction was carried out
following standard protocols to guarantee consistent density and structural integrity
across all samples. Once compacted, the specimens were left to cure properly before
being subjected to laboratory tests. This step ensures the samples are stable and
representative of real-world conditions for accurate evaluation.

Figure 1 (a) to (d): Materials used in preparing the asphalt samples.
(a) stone dust, (b) granite, (c¢) filler material, (d) bitumen

=Fer g ' ==

Figure 2: Cast Asphalt Sanibles
2.2 Laboratory Tests
All laboratory tests were carried out at the Transport and Materials Laboratory in the
Department of Civil and Environmental Engineering, Federal University of
Technology Akure (FUTA), Akure, Nigeria. To evaluate the effects of bitumen
content on asphalt quality, the following laboratory tests were conducted:

2.2.1 Bitumen Tests

e Penetration Test: The penetration test evaluates the hardness or softness of
bitumen by measuring how far a standard needle can penetrate into it under controlled
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conditions. The test is conducted at 25°C with a penetrometer having a 100-gram
weight applied for 5 seconds. The depth of penetration is measured in tenths of a
millimeter [9].

e Viscosity Test: The viscosity test checks how easily bitumen flows at different
temperatures. It is usually carried out at 60°C (representing road temperature) and
135°C (representing mixing and compaction temperature). The test is conducted using
a viscometer, which measures how much time it takes for bitumen to flow through a
standard orifice [10].

e Flash and Fire Point Test: The flash and fire point test determines the temperatures
at which bitumen controlled manner. In the Pensky-Martens closed-cup apparatus
method, a sample of binder is placed in a sealed cup that is gradually heated (typically
at 5-6°C/min) while a standardized ignition source is introduced at regular temperature
intervals [11].

e Ductility Test: The ductility test measures how far bitumen can be stretched
before breaking, indicating its ability to form a continuous film and resist cracking. It
involves heating bitumen to a fluid state and pouring it into a briquette mould. The
filled mould is cooled in air for 30-40 minutes, then placed in water bath at a standard
temperature for a specified time [12].

e Specific Gravity Test: The specific gravity test determines the density of binder
relative to water by using a calibrated pycnometer at 25°C: after heating the bitumen,
the empty pycnometer is weighed (M1), then filled with water (Mz), partly filled with
bitumen and submerged (M3) and finally filled with bitumen topped to the mark with
water (M4). The specific gravity is then calculated as shown in equation 1 [13].

2.2.2 Asphalt Mechanical Tests

e Marshall Stability Test: Marshall Stability refers to the maximum load an asphalt
sample can withstand before failure, while flow measures the extent of deformation
under loading. The Marshall Stability Test is essential in determining the strength and
stability of asphalt mixtures. It involves loading a compacted asphalt specimen until
failure to measure its maximum load-bearing capacity [14].

e Durability Tests: Durability tests assess how well asphalt can withstand long-term
exposure to environmental conditions such as temperature changes, moisture and
oxidation. Durability tests were conducted to assess the resistance of asphalt to
weathering and aging. These tests simulate long-term exposure to environmental
conditions such as moisture, temperature variations and oxidation [15].

3 Results and Discussions

The fundamental properties of the bitumen were evaluated to establish a baseline for
mix design and to assess its conformity with typical specification requirements.
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3.1 Analysis of the Bitumen Properties
3.1.1 Penetration Test

The penetration test measures the hardness of bitumen by measuring the depth (in
tenths of a millimeter) a standard needle penetrates under specified conditions. The
average penetration value of 69.3 as shown in table 1 places the bitumen in the 60/70
grade. The results indicate that the bitumen has a balanced consistency and can resist
deformation under loading while maintaining flexibility [9].

Table 1
Penetration test values
| S/N | First trial (d-mm) \ Second trial (d-mm) |
1 75.80 66.90
2 76.20 67.40
3 69.20 60.30
AVG 69.3

3.1.2 Ductility Test

Ductility measures the distance a standard briquette of bitumen can be elongated
before breaking, indicating its tensile properties and internal cohesion. The average
ductility value recorded as shown in table 2 suggests that the bitumen is relatively
highly flexible and capable of withstanding significant elongation before failure.
According to standard specifications, ductility value should be >100cm, which
indicates good quality for most paving applications [12].

Table 2
Ductility Test Results
| S/N | Ductility Tests (cm) |
1 88.00
2 84.10
3 137.20
AVG 103.10

3.1.3 Flash and Fire Point Tests

The flash point is the lowest temperature at which the binder produces ignitable
vapors, while the fire point is the lowest temperature at which sustained combustion
occurs. These are critical safety parameters for handling and mixing. The flash point,
as shown table 3, is relatively low for bitumen, particularly for grade 60/70 bitumen.
According to standard specifications, a minimum flash point of 220°C is required for
safety during storage, transportation and hot-mix asphalt production. The flash point
suggests that the bitumen may release volatile vapors at a lower temperature,
increasing the risk of ignition during heating process [11].
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Table 3
Flash and fire point Test Results
| S/N | Flash point (°C) | Fire point (°C) |
First trial 172.3 221.2
Second trial 167.5 240.0
AVG 169.9 230.6

3.1.4 Viscosity Tests

Viscosity measures the bitumen’s resistance to flow. The average viscosity value, as
shown in table 4 suggests that the bitumen is relatively resistant to flow within a 60/70
grade, which can enhance resistance to rutting, especially in hot climates [10].

Table 4
Viscosity Test Results
| S/N | Viscosity Reading (mPa.s) |
1 3442.00
2 3360.00
3 3259.00
AVG 3353.67

3.1.5 Specific Gravity Test

The specific gravity of the bitumen was determined using a pycnometer and the
following weights:

Weight of empty bottle M; = 63.12¢g

Weight of bottle + Sample M> = 87.13¢g

Weight of bottle + sample + water M3 = 122.71g

Weight of bottle + water = M4 = 122.35¢g

; ; = M, -M,
Specific gravity (SG) (M, =M, )~ (M, —M,]
SG= 87.30-63.12

(122.35-63.12)-(122.71-87.30)

SG=1.02

3.2 Marshall Mix Design Analysis for Optimum Bitumen Content

The Marshall mix design method was employed to determine the optimum content by
evaluating key performance parameters across a range of bitumen contents (5% to
8%). The relationship between bitumen content and these properties (shown in table 5)
is fundamental in understanding mix behaviors [14].
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Table 5
Relationship between bitumen percentages and stability and flow values
% bitumen Dry (\g)e ight Wet (‘g )e ight Su&r;;rhgted Stability inkg | Flow in mm

5% 984.58 992.77 562.25 2291 3.79
6% 1007.70 1013.73 581.45 18.65 3.91
7% 1035.32 1040.10 586.17 23.19 6.06
8% 1058.30 1063.25 601.23 20.06 5.94

24.00

23.00

22.00

21.00

20.00

19.00

18.00

17.00

5% 6% 7% 8%

Figure 2: Graph of stability against bitumen percentages

The stability values, as in figure 1, demonstrate a non-linear relationship, initially
decreasing from 5% to 6% before peaking at 23.19 kg for the 7% mix and then
decreasing at 8%. This occurs because at low bitumen contents (i.e. 5%), the mix is
lean and incomplete coating of aggregates leads to lower cohesion and stability. As
bitumen increases to 7%, it provides optimal coating and lubrication during
compaction, resulting in a strong, cohesive matrix that maximizes internal friction and
stability. At high bitumen contents (i.e. 8%), excess binder acts as a lubricant, pushing
aggregates particles apart and reducing inter-particle friction and stability [14].

6.00
5.50
5.00
4.50
4.00
3.50

3.00
5(%1

6%

7%

8‘;{1

Figure 3: Graph of flow against bitumen percentages
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The flow values, as shown in figure 2, indicate a significant increase after 6% bitumen
content. The rise from 3.91 mm at 6% bitumen content to 6.06 mm at 7% bitumen
content indicates a transition from a stiff and elastic mix to a more plastic and
deformable one. According to standard specification, the typical acceptable flow range
is 2-4 mm. The 7% and 8% mixes exceed this limit, indicating a potential for
excessive plastic deformation and rutting under traffic [14].

Calculation of Bulk density

dry mass

Specific Gravity (Gmb) =

984.58

For 5%. Gy =——= 2.29
o, Gub = o s6225
1007.70
For 6%. Gy = ———— = 2.33
1013.73 -581.45
. 1035.32
For 7%, Gppy = —————— = 2.28
1040.10-586.17
, 1058.30
For 8%, Gup = —————— = 2.29

1063.25-601.23

saturated surface dry mass — mass of sample submerged in water

Relationship between Bulk density and varying bitumen contents

% bitumen | Bulk Specific Gravity

5% 2.29

6% 2.33

7% 2.28

8% 2.29

AVG 3353.67
2.34
2.33
2.32
2.31
2.3
2.29
2.28
2.27
5% 7% 8%

Figure 4: Graph of bulk density against bitumen percentages

(2

Table 6



Effects of Bitumen Content on the Quality of Asphalt Used for the Construction of Flexible Pavements

The bulk specific gravity (Gmsb), representing the bulk density (as in figure 3) of the
compacted mix shows a clear peak at 6% bitumen content. This occurs because up to
6%, the additional bitumen provides better lubrication, allowing aggregate particles to
be arranged into a denser configuration during compaction. Beyond 6%, the volume of
bitumen exceeds the void space available in the mineral aggregates’ matrix. Since
bitumen is less dense than aggregate, the overall mix density begins to decrease.

Calculation of Percentage Air Voids

~ Gmm-Gmb
Gmm

P

a

x100 3)

P, - percentage air voids in in the asphalt samples
Gmm - maximum specific gravity of the asphalt samples
Gmpb - bulk specific gravity of the asphalt samples

But maximum specific gravity (Gmm) is given as

Cpp—— @)

e ( Ps ) (ij

B N

Gse Gb
Gmm - maximum specific gravity of the asphalt samples
Ps - Percentage by weight if aggregates
Py, - Percentage by weight of bitumen
G - Effective specific gravity of the aggregates (assumed to be constant for different
asphalt contents
Gy - Specific gravity of asphalt
Ps= 95%
Gse = 2.7 [13]
Py =5% to 8%
Gy = 1.02 (from laboratory tests)

10— 2.495

EHER
]:01- 600. (_im_tu = FS_]Ii(O_G_) = 2.435

27)" \1.02

s FDI 500. Glmn =

2.7
100
@)+()

100
s~ = 2.324

)

For 7%. Gum = = 2.378

FOI' SD 0. Gnnn =
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; o SMER-Gob g
Gmm
At 5%, P, = 22257229 o 100 = 8.032%
2.495
At 6%, P, = 22322233 + 100 = 4.312%
2.435
At7%, P = 2222 100 = 4.121%
At 8%, P, = 23227229 100 = 1.463%
2.324 (5)

AIR VOIDS PERCENTAGE AGAINST
BITUMEN %
9%
7%
6%
5%
4%
3%
2%
1%
0%
5% 6% 7% 8%

Figure 5: Graph of percentage air voids against bitumen percentages

The percentage of air voids (VTM), as shown in figure 3, exhibits a steady, inverse
relationship with bitumen content. This is a result of the additional binder
progressively filling the voids between the compacted aggregates particles. According
to standard specification, the target air void percentage is 4%, which is achieved at
approximately 7% bitumen content. Air void below 3% can lead to bleeding and
rutting, as seen in the 8% mix [15].

Calculation of Optimum Bitumen Content

Optimum Bitumen Content
__ Optimum Marshall stability + Optimum bulk density + 4% air voids
- 3

T4 647
- 3
20

3
= 06.67% (6)
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3.3 Analysis of Drying Shrinkage Test

Table 7
Drying shrinkage values of the varying bitumen content

%

bitumen after casting after 7 days after 28 days

%

o
diameter height Volume diameter height Volume o diameter height Volume
volume 3 volume
(cm) (cm) (cm’)

(cm) (cm) (em’)  (em) (cm) (cm’) change change

5% 1020  5.92 483.80 10.13 590 47557 -1.70% 10.12 5.82 468.20 -3.23%

6% 1023 592 486.65 10.21 590 483.11 -0.73% 10.20 5.62 459.29 -5.62%

7% 10.18  6.27 51040 10.05 6.21 492.69 -3.47% 10.00 6.03 473.66 -7.20%

8% 1027  6.30 52195 10.12  6.09 489.92 -6.14% 10.05 6.00 476.02 -8.80%

All samples shrank over the 28-day period. This is because as the bitumen cures,
volatile materials evaporate and the materials consolidate under their own weight. The
highest total volume loss occurs at 6% bitumen content. Its significant height loss is a
major red flag for stability. At 8% bitumen content, the volume loss was highest
overall, indicating poor initial stability. At 7% bitumen content, the mix shrank more
uniformly and in a stable manner; its deformation was mostly complete after the first 7
days, showing good curing stabilization. At 5% bitumen content, the mix showed
gradual but consistent shrinkage, which may be as a result of insufficient binder
content.

In summary, it can be deduced that the optimal bitumen content for achieving the best
balance of initial workability and long-term dimensional stability of the mix was at
7%.

4. Conclusions

This study investigated the effects of bitumen content (5%, 6%, 7% and 8%) on the
properties of asphalt for flexible pavement construction using the Mashall mix design
method. Based on the laboratory experiments and subsequent analysis, the following
conclusions are drawn [7]:

i. Determination of Optimum Bitumen Content (OBC): The study established the
optimum bitumen content (OBC) for the specific materials and conditions tested. The
OBC was calculated to be 6.67%, derived from the optimum values for Marshall
Stability, Bulk Density and 4% Air Voids. This value falls within the range specified
by the Federal Ministry of Works (FMW) Nigeria standards (i.e. 5.0% -8.0%) and
represents the binder proportion that provides the best balance of strength, density and
durability [8].

ii. Effects on Mechanical Properties: The bitumen content significantly influenced
the mechanical properties of the asphalt mix. Marshall Stability, which indicates load-
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bearing capacity, peaked at 7% bitumen content. However, the flow value at this
percentage bitumen content exceeded the acceptable standard range (i.e. 2-4mm),
indicating excessive deformation. At 6% bitumen content, the mix showed a better
balance of adequate stability and acceptable flow, highlighting the trade-off between
strength and flexibility [14].

iii. Effects on Volumetric Properties: The bulk specific gravity, which is related to
density and compactness, was highest at 6% bitumen content. The percentage of air
voids (Pa) decreased progressively with increasing bitumen content. The 4% air void
criterion was met at approximately 7% bitumen content. This demonstrates that
volumetric properties are highly sensitive to binder content and are critical for
determining the OBC [13].

iv. Dimensional Stability: The drying shrinkage test revealed that all samples
experienced volume reduction over 28 days. The mix with 7% bitumen content
demonstrated the most uniform and stable curing behavior. This suggests that the OBC
provides not only good mechanical and volumetric properties but also superior long-
term dimensional stability, reducing the potential for cracking.

v. Bitumen Binder Quality: The tests on the bitumen with 60/70 penetration grade
showed a high ductility value (103.10cm), indicating good flexibility and cohesion.
However, the flash point (169.9°C) was below the standard safety threshold (i.e.
220°C according to ASTM standards), necessitating strict temperature control during
handling and production to prevent fire hazards [11].
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Abstract. The article aims to present in general terms a concept that can be applied to
streamline the cooling and hot water preparation processes in buildings located near
surface water sources. The proposed solutions use logical principles, available
equipment and are economically accessible from the point of view of cost-benefit
analysis.

Key words: energy efficiency, free cooling, hot water, water-water heat pump

1. Introduction

In recent years, reducing energy consumption in buildings has become a
priority, especially in developed countries around the world, and has led to significant
efforts in terms of improving energy efficiency and implementing it in all building
categories [1]. In practice, the concept of energy efficiency in buildings is related to
the energy supply necessary to ensure environmental comfort conditions while
minimizing energy consumption [2], [3]. In most building categories (residential,
public, industrial, etc.) most of this energy is used in heating, cooling and mechanical
ventilation systems and it is expected that by 2050, energy consumption for cooling
buildings will triple [4], especially in urban areas. A distribution of energy
consumption for residential and commercial buildings is shown in Fig. 1.

The article was received on 28.04.2025, accepted on 02.02.2026 and published on 24.02.2026
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Fig. 1. Energy consumption distribution [4-7]
a) commercial buildings, b) residential buildings

F. J. Zarco-Soto et all. say that it is expected that by 2030, in the world, the
population living in cities will reach 60% and by 2050 it will exceed two thirds.
Moreover, currently, in Europe these percentages exceed 75%, and it is estimated that
in 2050 they will reach 85% [8]. Therefore, the highest energy consumption is and will
be recorded in urban areas. In 2023, in a report by the United Nations Environment
Programme, it is stated that the built environment sector is responsible for 37% of
CO2 emissions and over 34% of global energy demand [9].

On the other hand, F. J. Zarco-Soto et all. and Shahrokni et al. also say that,
usually, natural gas is used for heating buildings, and electricity for cooling [8], [10].
Practically, for a correct approach to energy efficiency solutions, it is necessary that
design criteria that can reduce energy demand are addressed in the design phase.
Regarding the heating and cooling of buildings, the criteria are based on the adoption
of appropriate parameters, the parameters that are synthesized by Ekici and Aksoy, as
follows [11]:

- physical parameters of the environment:

0 daily outdoor temperature, in °C;

0 solar radiation, in W/m?;

0 wind direction and speed, in m/s.

- design parameters.:

O building form factor and orientation;
thermophysical properties of building materials;
building spacing;
type of roof;
glazed surfaces;
shading systems;
passive heating and cooling mechanisms.

Thus, to design an energy-efficient building, the design variables and
parameters of the building must be optimized [12], and the integration of sustainable
strategies should be done in the conceptual design phase. W. Wang et al. demonstrated
that if these mechanisms are put into action right at the beginning of the construction
phase, the implementation costs will be reduced compared to the situation in which

O O0O0O0O0O0
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they are implemented in the later stages of construction [13]. Obviously, these
concepts based on energy-saving criteria will reduce costs and CO> emissions
throughout the life of the building, due to lower energy consumption, and this is worth
more than a large initial investment.

Typically, building cooling can be achieved using passive or active methods,
such as:

- passive cooling: natural ventilation (indoor air refreshening by creating a
volumetric flow to dissipate heat) [14], [15], thermal mass (the material’s
property to absorb, store, and release heat - thermal lag is the time rate at which
a thermal material releases the stored heat) [16], evaporative cooling (the
process where water evaporates, absorbing latent heat and cooling the
surroundings-used for dry climates) [17], [18], etc;

- active cooling: earth-to-air heat exchanger-ground coupling (an earth-to-air heat
exchanger draws ventilation supply air through buried ducts or tubes in the
ground) [1], [19], open or closed loop water-to-air heat exchanger (exploits the
relatively stable temperature) [20], mechanical (or forced) ventilation (is driven
by fans or other mechanical plant and can be of several types, for example: wall
fan extract ventilation system, the roof fan extract ventilation system, the spot
cooling system, etc) [21] , chilled water (Chilled water is typically provided by
chiller units using absorption refrigeration or compression refrigeration) [22],
[23], refrigerants (is based on the flow of refrigerant between an external
condensing unit and multiple internal evaporators - typically fan coil units)
[24], [25], etc.

Taking into account all the aspects presented above, the article proposes a
conceptual approach to energy efficiency of cooling processes and hot water
preparation in buildings located near surface water sources. For cooling buildings, it is
proposed to reduce energy consumption by approaching the free cooling concept. The
proposed free cooling system involves using the thermal potential of surface waters to
cool buildings. That is, when surface water is cold enough, it can be used as a cooling
medium or as a direct source of cold for buildings. Recent studies by the authors have
shown that the external temperature of surface water (Bega Chanel) in the city of
Timisoara in Romania is lower than the temperature inside buildings for the summer
period, making free cooling of the analyzed space possible [26]. Studies by Hainan
Zhang et al. show this is true for a long period of the year [27]. Recently, a new type of
free cooling system has been developed and put into operation, namely the heat pipe
cooling system, which can achieve considerable reductions in building energy
consumption [28], but raises problems regarding the transmission of bacteria inside
buildings.
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2. Description of the concept

The concept is based on the use of the most favorable thermal potential for the
preparation and supply of chilled water necessary for cooling indoor spaces. Such a
cooling system is mainly composed of a water-water heat pump that uses, according to
a logical prioritization system, a low-potential coolant from various sources, namely:
water from the surface source, atmospheric air, cold water used for the preparation of
hot water for consumption or for the consumption of sanitary objects.

Figure 2 presents the concept of a system that proposes energy efficiency the
cooling processes and the preparation of hot water in buildings located near surface
water sources using a heat pump and a local electricity production system using
photovoltaic panels.
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Fig. 2. Schematic diagram for energy efficiency of the cooling and hot water preparation system

The proposed concept can be applied, in the general situation proposed, for the
energy efficiency of existing buildings. An improved version, with an electrical energy
storage system and a diurnal storage system for chilled and hot water, is generally
suitable as a solution for the design and construction of new buildings because they
may require additional spaces to accommodate this equipment. In the case of the latter,
the implementation of a cooling/heating system that allows the accumulation of
thermal energy in the building's construction elements must also be considered.

The entire system is based on the logical correlation of input data that the
automation system processes and interprets in order to make the best decision for
prioritizing the energy sources that will be used so that the overall efficiency of the
installation is optimal for the respective conditions.

Among the input data required by the system, we list: indoor temperature,
outdoor air temperature, surface water source temperature, cold water temperature, hot
water temperature, photovoltaic system electricity production, building operating
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schedule, cooling demand, heating demand, hot water demand, weather forecast,
thermal inertia of the envelope system, annual history of surface water temperatures, etc.

All this data will be integrated into the building and HVAC control system so
that the control system operates automatically and requires minimal operator
intervention.

The physical implementation of the logical signals and decisions will be made
simply by starting up equipment and operating three-way valves that will open/close
various circuits as needed. The main elements of the system are temperature sensors,
pressure gauges, and the PLC or ECL control system.

The conditioning method will be done by transmitting the given signals
depending on the state of some logical operators of the type (and, or, etc.)

For even greater energy independence, the proposed concept also allows for
other subsequent developments such as:

- using a system for storing electrical energy in accumulators to be used by
HVAC systems when their efficiency is maximum;

- extracting the energy necessary to prepare hot water for consumption from
surface water using a heat pump;

- the inclusion of solar panels for direct preparation of hot water and for
providing a contribution to cover the thermal energy requirement during the cold
season;

- use of tanks for accumulation in the daytime of cooled water and heated water
in order to increase the energy efficiency of the system;

- analyzing the possibility of using the public district heating network to supply
the adjacent buildings with surplus chilled water and hot water in case of availability
(for example during the holidays);

- the system is designed to allow periods of the year when the surface water
temperature allows, the use of the free/direct cooling mode of the interior spaces,
reducing in this situation the consumption of electricity to a minimum.

3. Conclusions

Given the European Union's assumed objective of reducing the energy
consumption of all public buildings by 2050, it is imperative to identify and exploit to
the maximum and in a realistic manner all locally available renewable natural
resources and all forms of residual energy resulting from technological, commercial or
residential processes.

In this context, the article analyses a possibility of capitalizing on the energy
potential of surface water courses. Thus, the thermal potential in the form of thermal
energy contained in the surface water source was considered to be a resource that is
found in abundance, and which is currently not sufficiently well capitalized, although
in some cases these water sources are found even in the near of buildings. Therefore,
the article proposes a concept that is based on the use of the most favorable thermal
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potential for the preparation and supply of chilled water necessary for cooling indoor
spaces. Such a cooling system is mainly composed of a water-water heat pump that
uses, following a logical prioritization system, a low-potential coolant from various
sources, namely: water from the surface source, atmospheric air, cold water used for
the preparation of hot water for consumption or for the consumption of sanitary
objects.

The authors of the article intend to implement this concept on a pilot scale and
compare the results obtained with the estimates obtained by using mathematical
models that calculate the energy efficiency of the system for various configurations
and loading and operating regimes.
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Abstract. Recent advancements in material research and technological innovations in
the processing of raw materials for concrete production, combined with global shifts and
the pursuit of sustainability, have prompted increased interest in the development of novel
concrete mixtures. Despite several decades of intensive research in concrete technology,
the practical implementation of these advancements remains relatively limited. This
paper reviews existing testing methods and synthesizes the most relevant findings, while
emphasizing the specific contributions and limitations of each study.

Key words: engineered cementitious composites, mechanical properties, sustainability

1. Introduction

Concrete has been used since antiquity, most prominently during the Roman
Empire and in other early civilizations, and continues to serve as an indispensable
construction material in the modern era. Its inherent lack of tensile strength led to the
development of reinforced concrete (RC), followed by fiber-reinforced concrete (FRC)
and, more recently, engineered cementitious composites (ECC) [1].

Incorporating randomly oriented short fibers into concrete leads to notable
enhancements in its mechanical performance, particularly in tensile and flexural
strength, ductility, fatigue performance and resistance to impact loading [2].

The article was received on 30.10.2025, accepted on 02.02.2026 and published on 24.02.2026
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Despite their superior properties, these advanced materials face limited adoption
due to high production costs, absence of standardized design guidelines, and
insufficient practical knowledge. Establishing a solid research foundation and
translating findings into design standards and reference materials are essential steps
towards enabling the widespread implementation of ECC in construction practice [3].

The distinctive response of ECC mixtures under impact loading and tensile
strain has prompted extensive research aimed at developing design guidelines for their
use in protective and other structural applications. Numerous experimental and
numerical studies have investigated the impact resistance of ECC elements. Recent
research has primarily focused on the impact behaviour of cement-based composites
reinforced with either mono-fibers or hybrid-fibers incorporating two or more fiber
types. Due to the technical challenges and high costs associated with large-scale
impact tests, researchers have often employed small-scale drop-weight tests, projectile
impact tests, or weighted pendulum tests, despite the intrinsic limitations of these
methods.

This paper reviews the predominant laboratory testing methods used to assess
the mechanical properties of fiber-reinforced concrete, highlighting their key
contributions and inherent limitations.

2. Classification and ECC behaviour

Engineered Cementitious Composites, along with related mixtures, are
classified within the broader category of high-performance fiber-reinforced
cementitious composites (HPFRCCs). The defining attributes of ECC are their
enhanced tensile ductility, typically reported in the range of 3-5% strain, and their
tensile strength, generally between 4-6 MPa, achieved with a fiber volume fraction of
approximately 1.5-2%. Under uniaxial tensile loading, ECCs exhibit a characteristic
tensile-strain-hardening response, initiated by the formation of multiple fine cracks
and sustained by effective stress redistribution through fiber bridging mechanisms.
The progressive development of cracks ultimately results in localized deformation and
failure along a preferential plane where the tensile stress surpasses the material’s
capacity.

Under certain conditions, however, the formation of a single dominant crack
may govern the material response during testing, resulting in tensile-strain-softening.
The principal parameters governing this behaviour include the following:

e Fiber type, such as polyethylene (PE), polypropylene (PP), polyvinyl alcohol
(PVA), or steel.
Relative proportions of the primary mix constituents.
Mixing sequence and associated processing parameters.
Type of mechanical test employed and corresponding testing parameters.
Fiber dispersion within the matrix.
Figure 1 presents the stress-strain and deformation responses up to failure, as
obtained from uniaxial tensile tests reported by Fakharifar et al. [4].
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Fig. 1. Typical tensile stress-strain or deformation relation up to failure of: (a) Normal Concrete (NC);
(b) Fiber Reinforced Concrete (FRC); and (c) High Performance Fiber Reinforced Cementitious
Composites (HPFRCC); o, First cracking stress; opc, Post cracking stress; €., First cracking strain;
€pc, Post cracking strain.

3. Common laboratory testing methods used for the evaluation of mechanical
properties

While RC is a widely adopted material and has been extensively employed in
conventional construction projects in conjunction with steel, fiber-reinforced concrete
has experienced relatively limited adoption and remains uncommon in standard
practice. The widespread use of RC in recent decades can be attributed, in part, to the
accumulation of a substantial body of knowledge and the accessibility of this
information to practitioners, combined with its low production cost and broad range of
applications. Moreover, governing bodies have established comprehensive standards
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that regulate the application, design, and conditions of use for RC, thereby facilitating
its integration into mainstream construction practices.

Due to the high level of academic interest in ECC, numerous studies have been
published on the mechanical behaviour and properties of these mixtures. Typically,
these properties are assessed using the standard methods applied to plain concrete,
namely the uniaxial compression test, the uniaxial tension test and the beam flexural
(bending) test. However, because ECC exhibit significantly enhanced tensile strain
capacity and superior performance under dynamic loading, these conventional tests
alone are insufficient to fully capture its mechanical response. Consequently,
additional testing methods are frequently employed, including the drop-weight test
(instrumented or non-instrumented), the instrumented gas gun test and the
instrumented pendulum test, which provide further insight into the behaviour of ECC
under impact and high-strain-rate conditions. Table 1 summarizes the testing methods
and outlines the distinguishing characteristics of each study.

Table 1
Summary of tests conducted in literature
Mixture . . Testing . ..
Reference type Fiber type Fiber content method(s) Particularities
6 FRC Steel and PP 0.2-1% %\5]11} Dual fiber reinforcement
7 N/A N/A N/A C.DWT (I) Cmmfb rubber substitute
or aggregates
2% PVA .
10 ECC PVA and SMA 0-1.5% SMA T, DWT Dual fiber reinforcement
o
11 ECC Steel and PE 0'51 /,;;nd T,P Dual fiber reinforcement
. 0
12 FRC CF and HF 0.5-1.5% F, DWT Dual fiber reinforcement
13 ECC PP 2% C,F,DWT Exposure to 500 °C
C,TF . .
o, ) 9 )
14 ECC PVA 2% DWT Varying FA proportions
15 Concrete Micro-steel 0.5-1% DWT Self-compacting
concrete
16 | ECC/EGC PVA 2% C’T’(g WT | Different drop heights
2% PVA C,T,DWT .
17 ECC SMA and PVA 0-1.5% SMA I Dual fiber reinforcement
18 Concrete N/A N/A P Model comparison
1.75% PVA .
19 ECC PVA and Steel 0.58% Stecl P Dual fiber reinforcement
20 ECC N/A N/A Ch Review and commentary

FRC, Fiber Reinforced Concrete; ECC, Engineered Cementitious Composite; EGC, Engineered
Geopolymer Composite; PP, Polypropylene; PVA, Polyvinyl Alcohol; SMA, Shape Memory Alloy;
PE, Polyethylene; CF, Crimped Fiber; HF, Hooked end Fiber; C, Compression; ST, Splitting Tensile,
T, Tension; DWT, Drop-Weight Test; DWT (I), Drop-Weight Test Instrumented; P, Penetration; F,
Flexural; Ch, Charpy Test; FA, Fly Ash; N/A, Not Applicable.
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3.1. Uniaxial compression test

The uniaxial compression test is one of the most widely employed material tests
for concrete, primarily due to its relevance in characterizing the material’s resistance
under compressive stresses, which may range from 20 MPa to 95 MPa in the case of
ECC [5]. In accordance with established standards (ASTM C39, EN 12390-3), the
procedure involves subjecting standardized specimens — commonly cylinders or cubes
to a gradually increasing load applied along a single axis, while permitting lateral
deformation. The specimen is positioned between two rigid plates to ensure uniform
load transfer, and the compressive force is increased at a controlled rate until failure
occurs.

The principal parameter obtained from this test is the compressive strength (fc)
which is widely recognized as a fundamental indicator of concrete quality and
performance. Furthermore, additional mechanical properties, such as the elastic
modulus (E), may also be determined in accordance with relevant standards (ASTM
C469, EN 12390-13), thereby providing a more comprehensive understanding of the
material’s behaviour.

One study reported a 14.4% increase in compressive strength when fibers were
incorporated into the mixture to produce FRC, compared with plain concrete [6]. In
contrast, another investigation examining the replacement of the aggregate with crumb
rubber observed substantial reductions in both compressive strength (94%) and elastic
modulus (96%) when comparing specimens with 100% crumb rubber to control
specimens containing no rubber [7].

3.2. Uniaxial tension test

When considering ECC as a primary building material, its superior tensile
strength (ranging from 4 MPa to 12 MPa) represents a key advantage over
conventional concrete, as this mechanical property enhances crack resistance, ductility
and long-term structural durability [5].

Given its importance, tensile strength is frequently employed to characterize
ECC specimens and to evaluate the overall performance of the material. This property
is typically measured using standardized coupon or cylindrical specimens, in
accordance with the Japan Society of Civil Engineers (JSCE) [8], which are clamped
at both ends and subjected to a controlled displacement rate of 0.5 mm/min in
opposing directions, thereby generating a uniaxial tensile stress response. Although
numerous experimental tensile test have been reported in the literature, ACI 544 [9]
acknowledges that no standardized tensile testing procedure has been established
specifically for FRC or ECC to accurately characterize the tensile response,
particularly in the cases where strain-hardening behaviour and multiple cracking under
tension are observed.

In a 2017 study published by Ali et al., the ultimate tensile strength of the ECC
mixture containing 2% PVA fibers was 301.7% higher than that of the control mixture
without fibers [10]. Similar results were obtained by Maalej et al. in a study that

35



loan Stefan Zavaschi, Calin Grigore, Radu Mircea

investigated the dynamic properties of ECC specimens, observing an increase in
ultimate tensile strength of 190% with higher strain rates applied to the samples [11].

As an alternative to the direct uniaxial tensile test, indirect methods are
recommended, in particular the splitting tensile test conducted in accordance with
ASTM C496 or EN 12390-6. In this procedure, compressive load is applied to a
cylindrical specimen along two diametrically opposed generating line, inducing a
uniform tensile stress perpendicular to the line of loading which leads to failure of the
specimen once the ultimate tensile strength is reached.

3.3. Beam flexural (bending) test

To address the inherent difficulties associated with performing direct tensile
tests, several standards recommend flexural testing methods [9], specifically three-
point or four-point bending. These are conducted in accordance with ASTM C293 or
EN 12390-5 in the case of three-point bending. The testing method involves applying
point loads to beam-sized specimens at prescribed locations, with the specimen
typically supported in a simply supported configuration. During the test, both the first
peak load and the residual load at specified deflections can be recorded, while
simultaneously determining the modulus of rupture (MOR).

Several studies have reported that the incorporation of fibers leads to a
significant enhancement in flexural strength, with FRC or ECC exhibiting
improvements of 13% to 55% over plain concrete, depending on the fiber type, fiber
volume fraction and mixture proportions [12]. One study reported that exposure to 500
°C resulted in a reduction of approximately 43% in the flexural strength of both ECC
and PC specimens, a decrease more pronounced than that observed in compressive
strength. This behaviour was attributed to the melting of PP fibers in the ECC matrix
at approximately 180 °C and their subsequent evaporation at around 350 °C, which
generated continuous voids within the microstructure and consequently weakened the
material [13].

In a 2023 study, Guo et al. investigated the dynamic mechanical behaviour of
ECC and found that increasing the fly ash (FA) content reduced the flexural peak load
while increasing the flexural peak displacement. This behaviour was attributed to the
ability of FA to lower the bonding force between the PVA fibers that were used and
the matrix, thereby enhancing deformability [14].

3.4. Impact performance tests

In recent years, considerable research has been devoted to enhancing the
understanding of the behaviour of ECC and FRC mixtures under various loading
conditions. Particular attention has been directed toward impact loading, driven by
recent global events (such as explosions, terrorist attacks, bombings and wars) and the
consequent demand for construction materials with superior performance
characteristics. It should be noted that, in the case of impact testing, the most
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commonly used standards are the ACI 544 [9] and the JSCE Concrete Engineering
Series 82 [8], both of which provide guidelines for various types of testing procedures.

The multiple drop-weight test, either non-instrumented or instrumented, is the
most widely employed method for evaluating impact performance. In the conventional
non-instrumented drop-weight test, a weight is released from a predetermined height,
and the number of impacts required to induce a defined level of distress is recorded.
Although limited to qualitative assessment, the non-instrumented method enables
comparative evaluation of different ECC specimens and provides a general indication
of their impact resistance. In a study on the impact performance of self-compacting
concrete reinforced with micro-steel fibers, it was observed that the specimen with 1%
fiber volume required 672 blows from a 4.5 kg mass dropped at a height of 450 mm to
initiate first cracking, while 789 blows were required to reach failure [15]. A similar
high number of impacts was documented in another study on impact resistance that
utilized two different types of fibers with varying volume fractions [12]. In
instrumented impact testing, a specialized drop tower is typically employed, allowing
sensors to capture parameters such as impact forces, displacements, and total energy
absorption, thereby enabling a quantitative analysis of the results. A 2022 study on the
low-energy impact behaviour of ECC and engineered geopolymer composite (EGC)
reported dissipated energy values ranging from 2.1 J to 12.2 J, depending on drop
height and mass [16]. Comparable results were documented in another study which
reported a range of 10.3 J to 11 J on first impact and noted a nearly elastic response
with no physical damage at lower energy levels [17].

During projectile testing, a projectile is launched toward a panel or comparable
ECC specimens, and the dimensions of the resulting impact crater or scab are
recorded. In the evaluation of concrete-based specimens, several challenges may arise,
including the generation of dust that can hinder data acquisition of the impact event, as
well as the ejection of debris from both the impact face and the rear face of the
specimens. In a paper by Li et al., which addressed some of the shortcomings of
projectile testing, it was concluded that coarse aggregate size has a greater influence
on the impact resistance of the target than its hardness, thereby leading to the proposal
of a new model for predicting the depth of penetration [18]. In another study on the
impact resistance of ECC panels, Soe et al. reported that ECC panels absorbed nearly
all of the impact energy compared to plain concrete, while exhibiting different failure
modes depending on the number of impacts and the impact velocity [19]. These
findings confirmed the results of an earlier study by Maalej et al. [11].

In certain studies, weighted pendulum tests are conducted using a conventional
Charpy pendulum machine. The procedure consists of raising the pendulum to a
predetermined height and subsequently releasing it to strike the test specimen. Upon
impact, the specimen fractures and absorbs part of the pendulum’s energy. The
residual energy enables the pendulum to ascend to a final height, from which the
absorbed energy can be quantified. It should be emphasized that, a considerable
portion of energy is dissipated during the test through friction and vibration. In a
review study on the Charpy impact test applied to ECC, the authors concluded that
several issues require further attention in the literature. These include specimen size
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and inconsistencies related to specimen dimensions, the advantages of using notched
versus unnotched samples, and the detailed reporting of testing procedures, constituent
materials and specimen characteristics [20]. The conventional testing machine may be
instrumented with load cells, accelerometers and photocells to enable more precise
measurements during the testing procedure.

Alternative impact tests may be performed using hydraulic universal testing
machines, which are capable of inducing failure within short time intervals (on the
order of 20 milliseconds), or by applying variable loading rates so as to generate
distinct strain-rate conditions in the specimen.

4. Conclusions

Recent advancements in concrete research have led to the publication of
numerous studies investigating fiber-reinforced mixtures and their potential integration
into mainstream construction practices. To establish a robust understanding of the
material’s behaviour, various testing methodologies are employed to evaluate its
mechanical properties and performance under diverse conditions. Nevertheless,
notable discrepancies exist among testing procedures, standards used and other
important criteria that may significantly influence the resulting data and
interpretations. To facilitate further advancements in this field and promote the
widespread adoption of fiber-reinforced concrete in practical applications, it is
essential to develop and implement unified testing standards. Such standardization
would provide the foundation for experimental evaluation and contribute to the
subsequent formulation of comprehensive design guidelines.

References

[1] J. Li, Y.X. Zhang, ,Evaluation of constitutive models of hybrid-fiber engineered cementitious
composites under dynamic loadings”, in Construction Building Materials, vol. 30, May 2012,
pp- 149-160.

[2] R. F. Zollo, ,Fiber-reinforced concrete: An overview after 30 years of development”, in Cement
and Concrete Composites, vol. 19, 1997, pp. 107-122.

[3] M. A. Kewalramani, O. A. Mohamed, Z. I. Syed, ,,Engineered cementitious composites for modern
civil engineering structures in hot arid coastal climatic conditions”, Procedia Engineering, vol.
180, May 2017, pp. 767-774.

[4] M. Fakharifar, A. Dalvand, A. Arezoumandi, M. K. Sharbatdar, G. Chen, A. Kheyroddin,
»Mechanical properties of high performance fiber reinforced cementitious composites”, in
Construct. Build. Materials, vol. 71, Nov. 2014, pp. 510-520.

[5] V. C. Li, ,Engineered Cementitious Composites (ECC) — Material, Structural, and Durability
Performance”, University of Michigan, Aug. 2007.

[6] A. Alavi Nia, M. Hedayatian, M. Nili, V. Afrough Sabet, ,,An experimental and numerical study on
how steel and polypropylene fibers affect the impact resistance in fiber-reinforced concrete”, in
International Journal of Impact Engineering, vol. 46, Jan. 2012, pp. 62-73.

[7] A. O. Atahan, A. O. Yiicel, ,Crumb rubber in concrete: Static and dynamic evaluation”, in
Construction Building Materials, vol. 36, Apr. 2012, pp. 617-622.

38



Engineered Cementitious Composites (ECC): A Review of the Most Common Laboratory Testing Methods

[8] JSCE-Concrete Engineering Series 82, ,,Recommendations for Design and Construction of High
Performance Fiber Reinforced Cement Composites with Multiple Fine Cracks (HPFRCC)”,
Japan Society of Civil Engineers, 2008.

[9] ACI 544.9R-17, ,Report on Measuring Mechanical Properties of Hardened Fiber-Reinforced
Concrete”, American Concrete Institute, 2017.

[10] M. A. E. M. Ali, A. M. Soliman, M. L. Nehdi, ,,Hybrid-fiber reinforced engineered cementitious
composite under tensile and impact loading”, in Materials and Design, vol. 117, Dec. 2016, pp.
139-149.

[11] M. Maalej, S. T. Quek, J. Zhang, ,Behavior of Hybrid-Fiber Engineered Cementitious
Composites Subjected to Dynamic Tensile Loading and Projectile Impact”, in Journal of
Materials in Civil Engineering, vol. 17, Apr. 2005, pp. 143-152.

[12] M. Ganesh, A. S. Santhi, G. Murali, ,Jmpact Resistance And Strength Reliability Of Fiber-
Reinforced Concrete In Bending Under Drop Weight Impact Load”, in International Journal of
Technology, vol. 5, July 2005, pp. 111-120.

[13] R. A. Al-Ameri, M. Ozak¢a, E. E. Karatas, M. T. Géogiis, A. H. Tanrtkulu, ,,Drop-Weight Impact
Tests on Engineered Cementitious Composites heated to 500 °C”, in Wasit Journal of
Engineering Sciences, vol. 10, Aug. 2022, pp. 240-251.

[14] W. Guo, Y. Tian, W. Wang, B. Wang, P. Zhang, J. Bao, ,,Dynamic mechanical behavior of strain-
hardening cementitious composites under drop weight impact loading”, in Journal of Materials
Research and Technology, vol. 23, Feb. 2023, pp. 5573-5586.

[15] S. R. Abid, M. L. Abdul-Hussein, N. S. Ayoob, S. H. Ali, A. L. Kadhum, ,Repeated drop-weight
impact test on self-compacting concrete reinforced with micro-steel fiber”, in Heliyon, vol. 6,
Jan. 2020.

[16] J. Cai, J. Pan, J. Han, Y. Lin, Z. Sheng, ,Low-energy impact behavior of ambient cured
engineered geopolymer composites”, in Ceramics International, vol. 48, Dec. 2021, pp. 9378-
9389.

[17] M. L. Nehdi, M. A. E. M. Ali, ,,Experimental and Numerical Study of Engineered Cementitious
Composite with Strain Recovery under Impact Loading”, in Applied Sciences, vol. 9, Mar.
2019.

[18] Y. Li, H. Wu, Q. Fang, Y. Peng, ,,A note on the impact resistance of concrete target against rigid
projectile”, in International Journal of Protective Structures, vol. 9, Apr. 2018, pp. 397-411.

[19]1 K. T. Soe, Y. X. Zhang, L. C. Zhang, ,Impact resistance of hybrid-fiber engineered cementitious
composite panel”, in Composite Structures, vol. 104, Feb. 2013, pp. 320-330.

[20] R. J. Thomas, A. D. Sorensen, ,Charpy Impact Test Methods for Cementitious Composites:
Review and Commentary”, in Journal of Testing and Evaluation, vol. 46, Nov. 2018, pp. 2422-
2430.

39



Romanian Journal of Civil Engineering, Volume 17 (2026), Number 1 © Matrix Rom

Evaluation of algae drying process using a solar air dryer
built from recycled materials

Evaluarea unui uscator solar cu aer, construit din materiale reciclate, pentru
uscarea algelor

Rafaela Pontes'*, Razvan Calota!, Charles Berville!, Paul Danca!

"Technical University of Civil Engineering of Bucharest (UTCB) Building Services Engineering
Faculty, Bucharest, Romania

121-126 Bvd Lacul Tei, Bucharest, Sector 2, Romania

*E-mail: pontesrafac@gmail.com; razvan.calota@gmail.com

DOI: 10.37789/rjce.2026.17.1.5

Abstract. This article presents a preliminary evaluation of a low-cost solar drying system,
built entirely from recycled materials and tested for marine biomass applications. The
experiment was set up using an air solar collector constructed from a reused window frame
and a drying chamber housed inside a repurposed refrigerator. Tests were conducted on
commercial wakame (Undaria pinnatifida) under forced convection, using a solar
simulator with 2.0 kW halogen lamps. After 3.75 hours of system operation, a 47.2%
reduction in mass was observed, from 477.7 g to 252.3 g. The recycled collector raised the
drying air temperature by about 14...15°C above ambient, with a peak of 33.9°C and an
air velocity of 0.5...0.6 m/s. The results show that the system is promising, but insulation
and airflow need improvement to increase even further the drying air temperature.

Key words: solar drying, TSC, recycled materials, algae, energy efficiency

1. Introduction

1.1 Background

Interest in algae applications is increasing worldwide due to the fact that they
contain high levels of protein, minerals, antioxidants, and other important active
compounds. These qualities make seaweed useful for many purposes, such as food,
beauty products, medicine, and green energy. New studies show that seaweed is
important for the production of sustainable and environmentally friendly products [1],
[2]. However, the final product after extracting the substances necessary for cosmetics
can be further used as algae pellets. In order to reach this format, the drying process is
high energy consumer.

Undaria pinnatifida, which people call wakame, is one of the most eaten brown
seaweeds globally. It has good nutritional value, including lipids, essential minerals, and
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pigments such as fucoxanthin [3], [4]. Wakame naturally has a high level of humidity,
often more than 80%, fact generally common in the case of algae and from the point of
view of elemental composition is similar with a vast range of algae species.

Drying, besides being a necessary process before transforming algae into pellets,
is the most common way to keep seaweed fresh and prevent spoilage. If dried properly,
seaweeds become safer to store, easier to move, and last longer. But the drying method
can significantly alter important features, such as color, chemical composition, and
antioxidant activity of the seaweed [5-7].

A number of drying methods are currently available for processing seaweeds,
such as sun drying, hot-air drying, lyophilization, and microwave drying. While freeze-
drying produces an excellent-quality product, the high cost makes it impractical for
smaller producers. Hot-air drying is easy to manage but, over time, it can destroy
sensitive compounds. Recent research on modern drying techniques has shown that they
can alter the levels of pigments and antioxidants in wakame [8], [9].

Solar drying is an energy efficient alternative. By using renewable energy, the
operational costs are cut down on. Studies suggest solar dryers can significantly speed
up the drying process. Furthermore, they keep the material safe from dust and
contamination [10], [11]. Researchers have already tested various types of solar systems,
for example mixed-mode or forced-convection, for different seaweeds [12-14]. It is
worth noting that the method has even been used successfully to dry microalgae [15].

In Romania, green seaweeds like Ulva, Enteromorpha, and Cladophora are
common along the Black Sea coast [16]. Although these species could be useful for
supplements (nutraceutical) or industry, there are still very few studies about using solar
dryers for marine algae in this specific region, as well as the possibility to valorize them
in efficient burning equipment.

Studies on macroalgae drying show that moderate air velocity (about 0.3 to 2
m/s) works best, as it can efficiently remove moisture without overheating the biomass
[17]. Still, there is very little information available on simple, low-cost solar collectors.
Specifically, there is a lack of data on those built with recycled materials and tested in
colder and temperate climates.

Because of these gaps in the research, the current study aims to investigate a low-
cost solar air heater built from recycled materials for drying Undaria pinnatifida. The
main goal is to understand how this system performs under controlled airflow and assess
its potential for use in areas with variable sunlight, such as the Romanian region.

2. Methodology

2.1 Algae from Romania and target species

There are several types of seaweed that grow along the Romanian Black Sea
coast, the most common being Ulva lactuca, Enteromorpha intestinalis, and
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Cladophora vagabunda [16]. These algae contain numerous bioactive compounds such
as polysaccharides, pigments, vitamins, and minerals. They are therefore considered
promising sources for new nutraceutical products. Researchers are also studying
polysaccharides from green algae, such as ulvan, for use in edible films and coatings for
food packaging [18].

Due to climatic and seasonal conditions, Romanian green algae were not used in
this experiment. Instead, Undaria pinnatifida, also known as wakame, was chosen as
the model algae, a well-studied brown alga. The goal of the study was to evaluate the
time interval needed to reduce the mass to around 50% from the initial mass through
drying. It has a complex lipid profile, including many glycolipids and phospholipids,
which makes it highly nutritious [3], [4]. Recent research has used wakame to compare
different drying methods and their effects on pigments and antioxidant compounds [6-
8], [19].

Wakame contains more than 80% water (very similar to other types of
macroalgae), so it spoils quickly if not processed immediately after harvesting. This
makes it a good material for testing new drying systems. In this project, the use of
wakame is only the first step. Our main goal is to apply this solar dryer project to local
green algae in Romania, after perfecting the system and, of course, during the
appropriate season.

2.2 Solar air collectors for drying

Solar drying is tested for processing seaweed and other foods, as it relies on
renewable energy and helps reduce costs. Studies show that solar dryers can dry algae
faster and offer better protection against contamination than traditional sun drying [12-
14]. Many projects use simple or recycled materials, making this technology easy for
small producers to adopt [20], [21].

The effectiveness of the drying process depends mainly on temperature and air
flow. Some studies on macroalgae suggest using temperatures between 40 ... 60 °C and
moderate air flow rates of 0.3..2.0 m/s. These settings help to remove moisture
efficiently without overheating the product or causing any type of degradation [17], [22].
Air speeds of 0.5 to 1.0 m/s are presented as a good balance between efficiency and
energy use.

3. Experimental Set Up

The experimental drying setup is illustrated in Figure 1, comprising a solar air
collector and a drying chamber. The detailed internal configuration of the chamber is
shown in Figure 1(a), while the full assembled system can be seen in Figure 1(b). The
controlled heat input was provided by a solar simulator, as depicted in Figure 1(c).
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A

F1g 1. Drying setup. (a) Interior of the drymg chamber with seaweed samples on trays (b) Overall
view of the recycled solar dryer, showing the solar air collector and the drying chamber. (c) Halogen
lamps used as a solar simulator to provide a controlled heat source.

3.1 Solar Air Collector (Recycled Window Frame)

The solar air collector was made from an old window frame, using a glass panel
as the cover. The inside was painted black to absorb more heat. Air entered through a
back lower opening, passed through the heated collector, and exited through an upper
outlet into the drying chamber. This design warmed the air efficiently with sunlight or
artificial light and kept the structure lightweight and inexpensive.

3.2 Drying Chamber (Repurposed Refrigerator Body)

The drying chamber was constructed from the body of an old refrigerator which is
no longer in operation. All internal parts were removed or adapted as drying trays. In
addition, insulation was applied to maintain a stable temperature during testing. The algae
samples were spread in a single thin layer to ensure that air flowed evenly over the entire
material. The fan speed was adjusted to maintain an air velocity in approximately 0.5 m/s
inside the chamber (the recommended speed for gently and efficiently drying
macroalgae), and the speed was measured with a Testo 410-2 pocket anemometer.

The dryier indoor temperature and velocity were measured using a Testo 425 hot
wire anemometer. Moisture loss was determined gravimetrically.

3.3 Light Source (Solar Simulator)

To provide constant heat (in the absence of natural sunlight), four halogen lamps
(J500-118 Ecolite, 500 W) were mounted above the collector. These lamps acted as a
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solar simulator, providing a constant heat source so that the system could operate under
controlled and repeatable conditions, even indoors or when there was insufficient natural
light.

3.4 Sample Preparation and Procedure

The experiment used a commercially available frozen algae salad mix
comercially available. The product was brought to the room temperature and then rinsed
three times with fresh water to remove oils and sugars [6], [23]. After the final wash,
the seaweed was drained. The initial mass was measured, and the algae was spread
evenly on the drying tray. The samples were weighed before and after drying to monitor
moisture loss, which marked the end of the process.

4. Results and discussions
4.1 Drying Conditions

During the test, the air temperature entering the collector was mantained at
20+1°C. The temperature inside the drying chamber gradually increased during the
process reaching 33.9 °C by the end of the test. This showed that the recycled system
could raise the air temperature by roughly 14...15 °C above ambient air temperature.
The air velocity inside the chamber remained stable at 0.5-0.6 m/s.

The total drying time was 3.75 h, achieved using the four 500 W halogen lamps
to simulate sunlight.

4.2 Mass Loss of the Seaweed

Table 1 summarizes the main results for the single batch of commercial algae.

Table 1
Drying performance of the recycled solar dryer (single batch)

Parameter Value

Initial mass, my (g) 471.7

Final mass, m (g) 2523

Mass Loss, 4, (g) 2254

Relative mass loss (%) 47.2

Drying time (h) 3.75

Air temperature range (C) 28.7...33.9
Air velocity (m/s) 0.5...0.6

The relative mass loss was calculated using a simple gravimetric approach:

my—m
Mass loss (%) = Om—f x 100 (1)
0
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The system removed about 47% of the initial mass in 3.75 h. The results clearly
show that the small, recycled stand successfully removed a significant amount of water
from the biomass under mild drying conditions.

Visual analysis of the samples shown in Figure 2 confirms a mild alteration in
the algae green color following the drying process. This change suggests that even the
low air temperature range of 28.7..33.9°C employed was sufficient to affect the
pigments of the wakame sample. This observation is relevant because the drying
method, even at low temperatures, can affect the color and quality of the final product,
a finding often discussed in the literature regarding pigment degradation [5], [6].
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Figure 2. Comparison of the seaweed sample mass before and after drying. (a) Initial mass of the fresh
sample (477.7 g) used for the experiment. (b) Final mass of the dried sample (252.3 g) after 3.75 hours
of operation.

To reach the recommended 40...60°C range for algae drying, the optimum period
is during summer, when the average temperature in Romania is around 30°C. By
increasing the air temperature at the dryer inlet, the temperature around the algae will
also rise. Additional improvements include using better insulation around all
components of the setup and eliminating unsealed areas.

4.3 Practical Implications and Scalability

Even with these limits, the experiment shows that a low-cost dryer made from
recycled materials can raise temperatures and effectively remove water from seaweed.
Reusing a window frame as a collector and a refrigerator body as a chamber confirms
that simple materials work well for drying applications to promote sustainability and
smart recycling.
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Although only one batch was tested, the stand's design allows more trays to be

added inside the recycled refrigerator body. This means the system can be scaled up to
process larger amounts by increasing the drying area. Future work will focus on
improving insulation, testing the set up under real outdoor sun, and applying this method
to local green macroalgae from the Romanian Black Sea coast or even invasive species
present in lakes in Bucharest. After drying these products can be further used as pellets
in thermal efficient burning equipment.
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Abstract. Variable refrigerant flow systems offer significant advantages over traditional
air conditioning systems. They enable individual temperature control for each indoor
unit, providing superior comfort compared to the uniform settings of conventional
systems. VRF optimizes energy efficiency by adjusting the refrigerant flow according to
overall demand, thus preventing excessive energy consumption. Due to their scalability
and easier integration into modern buildings, VRF systems represent a highly efficient
and adaptable solution for contemporary climate control.

Key words: Variable, efficiency, systems, refrigerant
1. Introduction

Sustainability in building design depends on implementing systems that
preserve future access to resources. Ensuring efficient maintenance of comfort
conditions poses challenges for air conditioning systems, particularly during
transitional seasons like autumn and spring. Smooth transitions between heating and
cooling operations are often based on preset external temperatures.

2. Theoretical aspects

The VREF systems (Variable Refrigerant Flow) are similar to a normal domestic
air conditioning system, but designed on a larger scale. A VRF system consists of one
or a group of outdoor units that supply refrigerant through a piping network connected
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to multiple indoor units. Each indoor unit, by opening its expansion valve, can access
the refrigerant for either cooling or heating purposes. Each individual indoor unit
determines the capacity it needs based on the actual indoor temperature and the desired
(set) temperature. The total demand from all the indoor units determines how the
outdoor unit regulates the volume and temperature of the refrigerant. VRF is a
technology that adjusts the refrigerant volume within the system to match the exact
needs of the building. To maintain the set temperatures and automatically stop
operation when no one is present in the room, only a minimal amount of energy is
required. VRF systems are carefully engineered, featuring single or multiple
compressors, multiple indoor units, and advanced refrigerant management and control
components. They offer flexibility, allowing the use of various types of indoor units
(with different capacities and configurations), individual zone control, and the unique
ability to simultaneously provide heating and cooling in separate zones on a shared
refrigerant circuit. They also allow heat recovery from one zone to another. Typical
capacities range from 5.3 to 223 kW for outdoor units and from 1.5 to 35 kW for
indoor units. VRF systems are equipped with at least one variable-speed compressor
and/or variable-capacity compressor. Figure 1 illustrates the capacity control of a
single variable-speed compressor; the compressor varies its speed to operate only at
the levels necessary to maintain the indoor environments at the specified requirements.

MAX.

CAPACITATE CAPACITATE INCALZIRE/RACIRE
CONTROL
CAPACITATE

MIN.

CAPACITATE
MIN. Hz MAX. Hz
FRECVENTA COMPRESORULUI

Fig. 1. Capacity control of a single variable-speed compressor

The studied system is a Variable Refrigerant Flow (VRF) configuration
utilizing two pipes for both heating and cooling modes, combined with a heat recovery
function to maximize energy efficiency.
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Fig. 2. VRF Systems in two pipes with heat recovery

VRF systems can be used in various applications, such as: office buildings,
educational facilities (schools, universities), historic buildings, retail stores, production
facilities (factories), cooling-only applications for data centers. VRF systems achieve
individual temperature control for each zone, primarily by managing the refrigerant
flow. Indoor units constantly react to changes in heating/cooling loads within each
zone and maintain set conditions by controlling superheat through the use of an
electronic expansion valve or a linear expansion valve. Inverter compressors, or a
combination of inverter and constant-speed compressors, commonly found in VRF
systems, modulate the refrigerant flow and work in synchronization with the
refrigerant volume required by the indoor units. The major advantage of VRF air
conditioning systems is energy efficiency. If the system operates at only 20% capacity,
it does not consume energy as if it were running at 100% (unlike recirculation pumps
that operate at full capacity), and the piping network where no indoor units are active
has no energy consumption. In spaces with multiple rooms, a VRF system is much
easier to manage because its electronic controls inherently know how to manage all
indoor units. This also makes it very easy to implement a centralized control system
for the VRF network, which, for example, allows all indoor units to be turned off from
a single point.

3. Case study

This study addresses both the comparative analysis between a classic system
(boiler — chiller — fan coil units) and a modern system (VRF — Variable refrigerant
flow — indoor units) for heating and cooling, as well as the design approach and cost
analysis for the construction of a Production hall — Sewing factory.

Building characteristics:
Importance category: “C”
Importance class: I1I (according to P100-1/2013)
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Fire resistance rating: II

Height regime: Ground floor only (P)

External climate parameters:

Winter outdoor temperature: —18°C

Summer outdoor temperature: 35°C

Summer relative humidity: 35%

Winter relative humidity: 80% (seems duplicated; might need checking)
Indoor temperature targets:

25-27°C during the warm season for the production hall (sewing factory)

The cooling of indoor spaces, to maintain the temperature levels specified in
standards (SR 6648-1,2), will be achieved through the following systems:
a) Chiller and fan coil units
b) VRF (Variable Refrigerant Flow) system with indoor units
Temperature regulation within the space will be performed using manual room
thermostats. All equipment will be supplied through multilayer pipes with high
resistance, certified for buried installation. The pipes will be insulated to prevent
condensation and energy loss. Distribution will occur vertically through dedicated pipe
shafts and horizontally through suspended ceilings. Pipes will be fixed to the building
structure (where applicable) using single or double pipe clamps with rubber gaskets.
Number of people = number of workstations: 448 workstations
Specific heat released: 23 W/person (based on 15 standard, light work category)
From lighting: 20 W per m? in the production area
From other sources: 26.88 kW from sewing machines (300 W/sewing machine x 448
machines)
The distribution of the heating medium (hot water) will be made at the upper part,
through the false ceiling in the main hallway.
The shortest routes from the distribution system to the fan coil units will be selected.
Supply pipes will use multilayer high-resistance pipes, certified for buried installation.
For straight pipe sections longer than 7 meters, expansion loops will be provided.
Following the calculations to determine the cooling requirement, a total of 96.34 kW
was needed.

Description of HVAC Systems
a) Classic system:
Boiler with a power of 60 kW (running on liquid fuel/gas)
Chiller with a power of 100 kW
10 fan coil units (Heating capacity: 3 kW each, Cooling capacity: 10 kW each)
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Fig. 3. Classic System

b) Modern system:

VRF (Variable Refrigerant Flow) system with one outdoor module
Cooling capacity: 100 kW

8 indoor units (5 units of 14.2 kW and 3 units of 11.2 kW)
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4. Conclusions

Following the study, the following conclusions were drawn:

- The VRF (Variable Refrigerant Flow) system offers greater long-term
sustainability, as clients save on energy costs while simultaneously reducing
carbon emissions by 35%.

- Higher energy efficiency - VRF systems use inverters and variable-speed
compressors, adjusting the refrigerant flow based on actual needs, and are
known for their enhanced energy efficiency.

53



Tulian Enaru, Marius-Costel Balan, Andrei Burlacu, Robert Stefan Vizitiu, Stefanica Eliza Tansanu

ANALIZA DE COST A INVESTITIEI SI DIFERENTA DINTRE CELE DOUA

SISTEME
ECONSUM DE ENERGIE

40000 D COSTUL ENERGIEI CONSUMATE
000 BCOST MENTENANTA
36000
31000
26000
21000
16000
11000

6000

1000

SISTEM A SISTEM B

Fig. 5. Investment cost
The cost difference between the two systems (System A — traditional and

System B — VRF) is 9.41%, with System B being more expensive at acquisition and
commissioning.
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Fig. 6. Investment cost
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Fig. 7. Environment impact
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Abstract. The European Commission's (EC) policy to phase out fossil fuels from the
energy system has forced the reconfiguration of electricity systems (ESS) as a result of
the large-scale introduction of remewable energy systems (RES). Achieving these
objectives while ensuring energy security must lead to a balanced energy mix capable of
ensuring an energy price that can be borne by end consumers, a goal that can be
achieved by installing energy storage systems.

Key words: storage, energy, wind, photovoltaic, RES, energy securyty, cost

1. Introduction

Population growth, excessive urbanization, and the emancipation of the
population have led to the development of a society based on consumption,
determining the development of the means of production and the increase in energy
consumption. Access to energy resources depends largely on technical, economic,
political, cultural, geographical and military circumstances, highlighting the concept of
energy poverty. [1-3].

The 1973 oil crisis highlights for the first time the energy vulnerability,
including that of rich countries, and practically determines the start of research into
renewable energy conversion systems. [1,4]. The attention of researchers, decision-
makers, investors and last but not least, users has turned to energy sources capable of
ensuring long-term sustainability. Research has been intensified into the use, in
addition to waterfalls, of other renewable energy sources (RES): wind, solar,
geothermal, tidal and biogas energy [5]. In the early 1980s, important research centers
in Romania, under the coordination of the Research Center of the Traian Vuia
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Polytechnic Institute in Timisoara, started a large-scale project to exploit the wind
potential on Semenic Mountain [1,6].

Experts discuss the issue of depletion of energy resources but also the increase
in greenhouse gas emissions (GHG). Thus, the end of the 20th century and the
beginning of the 21st century mark the beginning of actions against global warming by
reducing GHGs [2,3].

Even though Romania has the possibility of using a diversified range of primary
energy resources (oil, natural gas, coal, hydropower, nuclear energy and renewable
resources), in the current energy context, this sector is not immune to problems. In Fig.

1 este reprezentata evolutia productiei de energie electrica pe surse de energie primara
in perioada 2017-2050 [7].
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Fig. 1 Evolution of electricity production based on primary energy sources

On the other hand, in Fig. 2 it can be seen that a carbon-neutral Europe relies on
solar and wind energy. Offshore wind technologies will become the most important
source of electricity in the EU by 2040, complementing other renewable sources
leading to a fully decarbonised energy system [8].

25%
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20% Wwind Onshore
Nuclear
15% Bioenergy
Photovoltaic
10% Hydropower
Natural Gas
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Coal
2018 2025 2030 2035 2040 2045 2050 year

Fig. 2 Electricity production quotas in the EU according to the technologies used,
in the scenario SDD [8]
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The achievement of the objectives imposed by energy strategies at European level
must be accelerated so that through the diversification of energy sources, energy
security and an energy price that can be borne by end consumers are ensured.

2. Analysis of the National Energy System during the period 01.04.2025-
21.04.2025

The announcements made by the Ministry of Energy proposing measures to
support investments in new renewable electricity generation capacities [9,10] will
increase the number of prosumers Table. 1, registered in the records of the National
Energy Regulatory Authority (ANRE) [11]. All this confirms the trend towards the
widest possible use of electricity from RES.

Table 1
Situation of the number of prosumers on 31.11.2023 versus 31.11.2024 [11].
Individual prosumers (IP) Legal entity prosumers (PJ) Total number of prosumers
2023 2024 2023 2024 2023 2024
92569 172546 14432 22357 107001 194903

Analyzing the energy mix in the National Energy System (SEN) Fig.3, during
the period 01.04.2025- 23.04.2025, its inability to ensure the energy needs was found,
the positive balance is greater than the negative balance. It is worrying that with few
exceptions Romania imported energy both on weekends and weekdays, Fig.4.
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Fig. 3 Energy mix in the period 01.04.2025- 23.04.2025 [12]
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Even though the installed power in the NES increased by 4.52% in 2025
compared to 2024 [23], from a technical point of view, the failure to ensure the load
curve, except for solar and wind systems, was due to the operation of classic

conversion systems at 30.96% of the installed power [12], Table 2.

Table 2
Installed powers in NES [11,12]
Installed capacity | Installed capacity | Average power charged in SEN
Energy source in 2024 in 2025 in April 2025
[MW] [MW] [MW]

Wind 3026.91 3091.31 801.56
Photovoltaic 1626.74 2334.75 311.23
Hydropower 6639.06 6687.78 1658.78

Coal 2762.20 2762.20 676.18
Hidrocarbs 2684.43 2727.38 468.38

Nuclear 1413.00 1413.00 1368.40
Biomass 106.27 106.27 69.00

At the same time, it is noted that adopting only measures to increase the
installed photovoltaic and wind power cannot ensure the ever-increasing demand for
energy. Measures are required to improve the efficiency of coal-fired thermal power
plants either by adopting Ultra-Supercritical (USC) technology or CO2 Capture and
Storage (CCS) technologies [14], or by supplementing nuclear capacity [15] and
electrical energy storage systems [16]. Practically, the optimization of hybrid energy
systems that integrate RES is only possible by installing energy storage systems. All
the more the storage systems are necessary for the optimization of small prosumer
systems, which must be able to store the energy produced in favorable climatic
conditions and return it to cover the load peaks during the day or when the production
of renewable systems is not possible.

3. Electricity storage systems

The choice and sizing of electrical energy storage systems must take into
account the nature and amplitude of fluctuations in the NES, the energy storage time,
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the operating duration, the size of the storage system and, last but not least, the
possibility of storing energy in natural environments or environments that do not
generate electrotechnical waste.

Except for electrical and electrochemical storage systems, storing electrical
energy with mechanical systems involves converting it into another form of energy.
The classification of electrical energy storage systems is shown in Figure 5 [16].
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Fig. 5 Tehnologii de inmagazinare a energiei

In Fig. 6 shows the electrical energy storage systems ordered according to the
power density (kW/kg), the energy density (kWh/kg) that it can store, but also
according to the time in which the system can return the stored electrical energy to the
SEN [5].
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Fig 6 Systems of electrical energy storage [17]

The time in which an energy storage system returns the necessary energy can be
in the order of seconds, minutes, hours, days, and the factors that influence the ability
to return the stored energy are power density and energy density.

Mechanical energy storage systems are based on the transformation of kinetic
and/or gravitational energy into electrical energy. Mechanical energy storage can be
achieved in simple or complex systems, where the primary source can be water,
compressed air, pressurized gases, thermal energy, etc. [18]. These systems have the
advantage of qualitative and quantitative regulation of the NES, being able to return
large amounts of energy in a very short time. The main electrochemical storage
technologies presented in Fig. 7 refer to the storage of electrical energy in batteries,
capacitors/supercapacitors and fuel cells, representing storage solutions in areas where
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there are no storage possibilities in natural environments [1,16]. The electrochemical
storage solution is compact, easy to install with fast charge/discharge cycles and is
recommended for prosumers, but can also be adopted for large-scale RES systems.

10

100

Power Density (W/kg)

0.01 01 1 10 100 100
Energy Density (Wh/kg)

Fig. 7. Electrochemical storage systems [1]

3. Considerations regarding improving energy balance

The sizing of the storage system for the period analyzed in Fig. 8 must take into
account the nominal voltage, maximum power, stored energy and the time in which it
is stored and returned.
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The value of the imported/exported energy £, in MWHh, is obtained with the aid
of rel.1:
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Where: P is the electrical power in MW; #- time in h
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For the period 04/01/2025- 04/23/2025, the energy required to cover the load
curve calculated with rel, (1) is 11544MWh, at a maximum power of 2334MW
(Fig.8). Assuming that we want to cover the load curve in Fig. 8, in the interval 18-04-
2025 17:27:50 to 20-04-2025 17:38:07, i.e. 1128.59MWh with the energy produced up
to that moment 1917.75MWh, a 2300MWh electrochemical storage system is
proposed, the block diagram of which is presented in Fig. 9.

Compmuication —— DC cable
—— AC cable
Communication cable
RES
5 [ Intelligent Step
Sgage Irverter Transformer— up — MNES
ISEm Substation Station
Distribution
Transformer

Fig. 9. Block diagram of the storage system

To size the storage system, the technical data sheet of the LUNA2000-
4.5SMWH-2H1 high-capacity battery, with 4.5MWh and 2h autonomy, was analyzed..
To store the energy produced during the analyzed period, 256 such batteries are
required, each containing 104 cells of 280Ah/93.18kWh. Since the nominal power of
the battery is 2236kW, peak loads will be covered from another source. The design of
the system also involves the design of the site, which must take into account the fact
that each unit is containerized, occupies an area of 17.55m? and a volume of 42.78m°.
For this reason, attention must be paid to the land areas occupied and to the design of
the post-use phase of electrotechnical waste.

3. Conclusions

Without having a clear picture of the unavailability of already installed energy
capacities, the inability of the NES to ensure consumption was observed even in the
conditions in which there was an increase in installed power from RES compared to
the previous year.

Thus, the targets assumed without careful analysis, the abandonment of fossil
fuels without re-engineering thermoelectric plants based on the examples of good
practices already on the table of the Ministry of Energy by Deloitte Touche Tohmatsu
Limited, lead to massive imports of electricity to increase the price of electricity, to
instability and energy poverty.

The need for electrical energy storage is accepted in all scientific and
engineering circles, even by investors. The authors of this paper, analyzing the
worrying situation of the NES, present the advantages of energy storage, but also draw
attention to the occupied land areas and the obligation to design the post-use phase of
electrotechnical waste.
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Abstract. The current trend to decrease greenhouse gas emissions through increasing
the efficiency of fossil fuel consumption implies the use of lighter materials in building
construction, with a lower carbon footprint compared to materials commonly applied in
the present. Composites prepared from vegetable fibres constitute a viable solution to
reach this objective. The precursors adopted for the production of the geopolymer
composite were fly ash, granulated blast furnace slag, and rice husk ash, as alumina-
silicate materials with cementitious properties, to which hemp fibres were added with a
major role in reinforcing the composite. Results showed increasing the compression and
flexure strength.

Key words: vegetable fibre, geopolymer composite, reinforcement, strength, hemp fibre.
Rezumat. Tendinta actuala de a reduce emisiile de gaz cu efect de serd prin cresterea
eficientei consumului de combustibil fosil implica utilizarea materialelor mai usoare in

constructia cladirilor, cu amprenta de carbon mai redusa, comparabil cu materialele
aplicate in prezent in mod obisnuit. Compozitele preparate din fibre vegetale constituie o
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solutie viabila pentru atingerea acestui obiectiv. Precursorii adoptati pentru producerea
compozitului geopolimeric au fost cenusa zburdtoare, zgura de furnal granulata si
cenusa cojilor de orez, ca materiale aluminosilicatice cu proprietati de cementare, la
care au fost adaugate fibre de cdanepa cu rolul major de armare a compozitului.
Rezultatele au aratat cresterea rezistentei la compresiune $i incovoiere.

Cuvinte cheie: fibra vegetald, compozit geopolimeric, armaturd, rezistenta, fibrd de
canepa.

1. Introducere

The current trend to reduce greenhouse gas emissions by increasing the
efficiency of fossil fuel consumption implies the use of lighter materials in the
construction sector, with more reduced carbon footprint compared to the materials
commonly used today. Composites made from natural plant-based fibres represent an
interesting solution to achieve this objective. According to [1], this fibre type comes
from renewable resources such as flax, hemp, jute, cotton, coconut, ramie, sisal, kenaf,
etc. placed in a matrix derived from biomass.

The fibres contain variable proportions of cellulose, hemicellulose, and lignin.
Cellulose and hemicellulose are polymers containing glucose and polysaccharides,
respectively. Unlike these, lignin is an amorphous mixture of aromatic polymers and
phenylpropane monomers [2].

Due to their excellent chemical and thermal resistance, high adhesion and
mechanical strength properties, thermosets are widely used as matrices in bio-
composites. Although it seems that thermoset matrices are more difficult to recycle at
the end of their life, a more environmentally friendly matrix can be obtained by adding
biodegradable fillers [3].

The prices of the main natural fibres available in the world vary according to [4]
within quite wide limits between 200-4200 USD/ton. Among the cheapest, coir, kenaf,
and pineapple are mentioned (between 200-550 USD/ton), followed by sisal and
bamboo (600-900 USD/ton). Hemp fibre has values considered average (between
1000-2100 USD/ton), while cotton and flax reach the highest price ranges (between
1500-4200 USD/ton).

According to the literature [5], natural fibres exhibit high tensile strength, but
their modulus of elasticity is slightly deficient. Several advantages of using natural
fibres have been experimentally identified by researchers: the setting time of the
composite cement is low as a result of releasing acidic components of fibres, the
cement hydration is avoided due to the presence of hemicellulose and lignin, most
natural fibres naturally decompose at end-of-life, the high availability and durability of
resources from which natural fibres come, the low denseness of fibres favouring
preparing lightweight materials, and the price of natural fibres mentioned above is
much lower than that of glass, carbon or polymer fibres, the price of carbon fibres
exceeding 12,000 USD/ton.
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Traditionally, the techniques applied until recently were those based on
reinforcing fibers from steel and synthetic materials. Currently, economic reasons
make these fibre types no longer acceptable. Also, their manufacture is based on the
consumption of non-renewable resources and emits CO; into the atmosphere [6].

Under the conditions in which of composite materials progress is in
continuously growing, developing the new construction materials could not be left
behind. In principle, the addition of fibres aims to prevent tensile cracking of
materials, and improve other characteristics such as impact resistance and thermal
insulation. Vegetable fibres whose structures include both crystalline and amorphous
areas create problems related to porosity and water absorption, generating weak
bonding between fibres and matrix [6].

A new challenge in the construction field in the last decade has emerged in the
form of using vegetable materials as bio-aggregates in ecological concrete. As a result
of recent research, innovative applications of natural fibres in construction have been
promoted. Among the natural fibres mentioned above, hemp has been adopted for the
manufacture of the new hemp concrete, considering its special peculiarities. Thus,
fibres constitute about 33 % from the entire stem material, the remainder being the
woody core. These components are processed into pieces with lengths between 2-25
mm called "hurds”. Hemp does not need special protection against parasites because it
does not contain nutrients. According to [7], the new hemp-based concrete is fireproof.

Results of research undertaken in the last two decades on the use of vegetable
fibres as reinforcement in cement-matrix composites were presented in [8].
Applications of composites with reinforced vegetable fibre in structural and non-
structural constructions to improve their mechanical properties were highlighted in this
paper. It has been found that short vegetable fibres used as internal reinforcement
increase the flexural and tensile strength as well as the hardness of cement-based
composites. Long vegetable fibres are mainly used as external reinforcement,
increasing the strength and ductility of composites. In accordance with authors, the
information regarding the durability of fibres incorporated into cement matrices is still
insufficient, leading to the deferral of their application in structural building
components requiring high resistance to mechanical stress.

Reinforcing with hemp fibres (in weight ratios of 3 and 9 %, respectively) of a
geopolymer material based on fly ash and red mud was experimentally tried [9]. The
geopolymer matrix was made of 70 % fly ash with a grain size under 21 pm and 30 %
red mud with a grain size under 75 pm. The aqueous solution including sodium
silicate, sodium hydroxide in the form of pellets dissolved in deionized water, and
hemp fibres was poured over the solid mixture. It has been observed that a hemp fiber
content higher than 9 % adversely affects the homogeneity of the fibre distribution in
the matrix, disturbing the mechanical properties of the geopolymer. Also, increasing
the fibre content causes a decrease in workability, allowing air bubbles to enter and to
be trapped in the geopolymer mass during the pouring of the paste into the mould. On
the other hand, loading hemp fibres in the mentioned range of 3-9 % does not allow
the formation of voids and uniform dispersion of fibres can be obtained. In general, it
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was found that by increasing the proportion of added fibres, the compressive strength
of the geopolymer composite tends to slightly decrease.

In another work [10], the effect of the binder type used to produce hemp-lime
concrete on its mechanical strength and durability was investigated. The following
types of binder were tested: hydrated lime, hydraulic lime, and Portland cement.
Metakaolin and granulated blast furnace slag as pozzolanic materials were added to the
manufacturing mixture due to their rapid setting and high reactivity. Due to its role on
improving mechanical properties, hydroxymethyl cellulose has been used in optimal
ratio of 0.8 % [11] as well as hemp fibres. The mixing procedure consisted in creating
a slurry with binder and water before adding the fibres. The fresh concrete was poured
into a mould and lightly pressed. Then, the material removed from the mould was
placed in a curing chamber at about 16 °C and relative humidity between 50-60 %.
The compression strength of the product had values in the range of 0.02-0.04 MPa
after 5 days and 0.29-0.39 MPa after 28 days.

In a recent work [12], the influence of length and amount of hemp fibres on the
properties of composite based on blast furnace slag reinforced with fibres was
investigated. Thus, fibres with length of 10 and 20 mm, in proportions of 0.5; 1; 2; and
3 % from the cement weight were tested. Determining the compression and flexure
strengths were carried out after 7 and 28 days. Values of the two resistance types after
28 days varies between 1.28-2.73 MPa (in the case of compression) and between 0.48-
1.65 MPa (in the case of flexure), Determining the sample resistance to temperatures
within the limits of 250-750 °C showed that the use of 20 mm hemp fibres led to
increasing the compression and flexure strength, but also contributed to increase the
heat conductivity.

An authors’ team of the current paper recently investigated [13] a technique for
manufacturing a reinforced concrete composite with hemp fibres using as a binder a
mixture composed of alumina-silicate industrial by-products (fly ash and granulated
blast furnace slag) as well as residual building concrete from demolition. Hemp fibres
were added to the starting mixture, their weight proportion varying within the limits of
2.44-8.67 %. By mixing, a slurry resulted, being poured into a mould. Introduced into
an laborator y electric oven, the mould containing the paste was heated with hot air at
80 °C for 4 hours. The hemp concrete specimen removed from the mould was
subjected to the curing process at ambient temperature for 28 days. The experimental
results indicated the following values: density between 303-350 kg-m™, porosity in the
range of 83.5-85.8 %, heat conductivity in the range of 0.084-0.102 W-m™'-K'!,
compressive strength between 7.6-8.5 MPa, and water uptake in the range of 2.2-2.9
vol. %. The optimal version was identified as the one in which the hemp fibre amount
was 5.66 g per 100 g solid mixture. The product corresponding to the optimal version
had the density of 327 kg'm™, heat conductivity of 0.094 W-m™-K-!, and compression
strength of 8.1 MPa.

The current work presented below brought several changes in the composition
of the starting materials and the peculiarities of preparing and hardening process of the
geopolymer composite reinforced with vegetable fibres, aiming to improve its
mechanical properties.
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2. Materials and methods

Materials adopted for manufacturing geopolymer composite reinforced with
vegetable fibres were coal fly ash, ground granulated blast furnace slag, and rice husk
ash, all being cementitious materials with pozzolanic properties, suitable for producing
geopolymers. The combination of fly ash and granulated blast furnace slag in this
process type is quite frequently used, according to the literature, while the addition of
rice husk ash to this mixture is much less applied.

Coal fly ash was the main material used in the solid mixture of the geopolymer
composite, coming as a by-product of the energy producing industry. Fly ash is the
result of burning the coal in boilers of the Paroseni thermal power plant, being
captured in its electrostatic precipitators. The grain size of this by-product is below
250 um. The ash was purchased by authors about 10 years ago, at a period when
anthracite was the used coal type. For this reason, the fly ash is classified as class F,
characterized by low proportion of calcium oxide. The waste purchased from Paroseni
was subjected to mechanical processing for reducing its grain size under 80 um. The
chemical composition of the ash was determined through analysis in the AXIOS type
X-ray fluorescence spectrometer from the Romanian Metallurgical Research Institute.
The oxide composition of fly ash included the following components: 50.2 % SiO»,
25.6 % AlO3, 3.5 % CaO, 3.3 % MgO, 5.9 % Nax0, 4.0 K20, 6.9 % Fe20;.

Granulated blast furnace slag procured from ArcelorMittal Galati (Romania) 12
years ago is a by-product of the metallurgical industry. Granulated slag is obtained by
pouring hot slag into a water bath, resulting in the form of spheres with diameter
between 2-6 mm. For use in the manufacture of the geopolymer composite, the
granulated slag was ground in a ball mill to particle size below 70 um. The chemical
composition of the slag includes 36.5 % SiO,, 11.7 % ALOs, 41.5 % CaO, 5.7 %
MgO, 0.5 % MnO, 0.9 % Fe20s3, 0.3 % NaxO, 0.4 % KO.

Rice husk ash is a by-product of the rice milling industry, resulting from the
burning or incineration of rice husks at high temperature. The process of controlled
burning in a furnace or reactor reduces the rate of silica crystallization, simultaneously
increasing the amorphous silica content. Burning at temperatures between 550-800 °C
favours the formation of amorphous silica, while higher temperatures lead to the
formation of crystalline silica. The particle size of rice husk ash is within the limits of
5-10 um and the silica content of the ash varies between 84.4-93.1 % [14].

The alkaline activation of the above-mentioned alumina-silicate materials
involved the formation of a liquid mixture including NaOH in the form of pellets
dissolved in distilled water (the molarity of the solution being 12M) and a sodium
silicate solution (38 % concentration). Also, short hemp fibres were introduced and
mixed into the alkaline liquid solution.

NaOH pellets were purchased from the market. The basic properties of NaOH
pellets are high solubility, high alkalinity, non-volatility, and hygroscopic nature [15].
Also, sodium silicate solution with 38 % concentration was procured from the market.
Sodium silicate or water glass is produced by melting quartz sand together sodium
carbonate. Most commonly, water glass is a silicate binder dissolved in water. The
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main suppliers of water glass are in Germany (Bockling GmbH, Caldic Deutschland
Chemie B.V.), Poland (Chematex Sp.z.0.0.), Austria (Deuring GmbH), China (MC
Glass). Short hemp fibres originating from the United States were also commercially
purchased. Hemp production has significantly increased in the last decades due to the
intense demand for environmentally friendly and sustainable products. Hemp fibres
are concentrated in the stem of the plant, so harvesting the stems and separating the
fibres are the main fibre recovery operations.

The method of turning alumina-silicate waste as inert materials into
geopolymer composites was based on their alkaline activation with a liquid mixture of
NaOH and water glass. Through alkaline activation, the geopolymerization reaction is
initiated and developed leading to the formation of a geopolymer, according to the
discovery of the French researcher J. Davidovits [16].

Peculiarities of the geopolymerization process of alumina-silicate minerals are
presented in [17]. Geopolymers having an amorphous microstructure are formed
through co-polymerization of individual aluminum and silicates species that come
from the dissolution of precursor materials containing silicon and aluminum in the
presence of soluble alkali-metal silicates. Alumina-silicate materials are largely
soluble in the alkaline activator solution, the dissolution degree being higher in NaOH
solution compared to KOH solution. It was found that materials with a higher
dissolution degree facilitate to obtain higher compression strength after
geopolymerization. On the other hand, the use of KOH solution instead of NaOH
solution favours the development of the geopolymerization process.

Geopolymerization involves a non-homogeneous chemical reaction between the
alkaline solution and alumina-silicate oxides. Thus, conditions are created for the
formation of semi-crystalline polymer systems containing Si-O-Si and Si-O-Al bonds.
Poly(sialates) are known as ring polymers and chain with AP** and Si** [18]. J.
Davidovits, the inventor of geopolymer, has found that the by-product of the reaction
of alkaline activator with aluminum and silicon could be used for producing
geopolymers.

The methods used for investigating the composite specimen features were the
following. The geopolymer composite density was determined by Archimedes’
method through the water intrusion technique (ASTM D792-20). Porosity was
calculated as a percentage of the difference between the estimated density of vegetable
fibre composite without voids and the measured density including the void volume
related to the composite density without voids, in accordance with NE 012-99 (Code
1999). The compression strength was measured with a 2000 kN-compression fixture
Wyoming Test Fixture [19] and the flexural strength was determined by carrying out
the three-point bend test on the specimen (SR EN ISO 14125:2000). Heat conductivity
at room temperature was determined with HFM 446 Lambda apparatus using the heat-
flow method (SR EN 1946-3:2004). Water uptake was determined by the immersion
method of the sample under water for 24 hours (ASTM C948) at the end of the curing
process (28 days) and the specimen mass was identified through weighing. The
microstructural appearance of geopolymer composite specimens was investigated with
the Biological Microscope model MT5000.
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3. Results and discussion
Four experimental versions were chosen for making the hemp fibre reinforced

geopolymer composite. The quantity and composition of materials that composed up
the starting mixture are shown in Table 1.

Table 1
Composition of experimental versions
Composition Experimental version (g)
1 2 3 4
Coal fly ash 45.2 44.0 42.8 41.6
Granulated blast 29.5 29.0 28.5 28.0
furnace slag
Rice husk ash 22.7 22.3 21.9 21.5
Hemp fibre 2.6 4.7 6.8 8.9
Total solid 100.0 100.0 100.0 100.0
Water glass 30.5 30.5 30.5 30.5
solution
12M NaOH 12.0 12.0 12.0 12.0
solution
Water addition 7.5 7.5 7.5 7.5
Total liquid 50.0 50.0 50.0 50.0
Total slurry 150.0 150.0 150.0 150.0

In accordance with the data in Table 1, the amount of coal fly ash varied
between 41.6-45.2 g, granulated blast furnace slag had values between 28.0-29.5 g,
and rice husk ash within the limits of 21.5-22.7 g, all being decreasing, while hemp
fiber had increasing values between 2.6-8.9 g. The total solids of the mix in all four
versions were set to be 100 g. Liquid components were kept at constant values: Water
glass solution (30.5 g), 12M NaOH solution (12 g), and water addition (7.5 g), and the
total of their value was 50 g. The water glass/NaOH ratio was also constant for all
versions, 1.e. 2.54.

Applying the requirements of the adopted production method, including also the
parameters of the curing process of the fresh materials (at 28 days), four cured
specimens of hemp fiber geopolymer composite were obtained, shown in Fig. 1.
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c d
Fig. 1. Images of the surface of geopolymer composite specimens
reinforced with hemp fibre
a— version 1; b — version 2; ¢ — version 3; d — version 4.

Physio-mechanical and heat characteristics of composite specimens are
presented in Table 2.

Table 2
Physio-mechanical and heat characteristics of the hemp fibre
eopolymer composite specimens

Characteristic Version 1 | Version 2 Version 3 Version 4
Density (kg'm™) 352 335 317 300
Porosity (%) 83.0 83.9 84.8 85.9
Heat conductivity 0.105 0.098 0.091 0.083
(W-m'-K™"
Compression
strength
(MPa)
- after 7 days 2.5 2.6 2.1 1.5
- after 28 days 6.3 6.8 5.5 4.7
Flexural strength
(MPa)
- after 7 days 1.2 1.0 0.9 0.6
- after 28 days 1.7 1.6 1.2 0.8
Water uptake 3.0 2.8 2.7 2.5
(vol. %)

Table 2 presents the evolution of geopolymer composite features between the
four experimental versions made by slight decrease in the proportion of the main
components of the mix (fly ash, slag, and rice husk ash) and the quite pronounced
increase in the amount of hemp fibre. A significant decrease in the density of
specimens (from 352 to 300 kg'm™) was observed simultaneously with an increase in
their porosity (between 83.0-85.9 %). Interesting effects on the compressive strength
were felt after 28 days of curing. Thus, first, the strength value slightly increased, then
in the case of the last two versions it had a clear decreasing trend, still remaining in
remarkably high value range (up to 4.7 MPa). The improvement in compressive
strength at early age (after 7 days) was achieved slowly in all tested versions with
values of 2.5-2.6 MPa in the case of the first two versions and 1.5-2.1 MPa in versions
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3-4. On the other hand, the flexure strength value registered a decrease from 1.7 to 0.8
MPa after 28 days in the ascending order of experimental versions. The measurement
results carried out at early age showed that the flexure strength values reached high
levels compared to the values at the end of the curing process (between 62.5-75 %).
Water uptake measured in the case of geopolymer composite reinforced with hemp
fibres was in the range of 2.5-3.0 vol. %, being considered at a normal level for this
material type.

Microstructural peculiarities of geopolymer composite specimens reinforced
with hemp fibre are shown in Fig. 2.

Fig. 2. Microstructural peculiarities of geopolymer composite specimens
reinforced with hemp fibre
a— version 1; b — version 2; ¢ — version 3; d — version 4.

The length of fibres used in this experiment was within the limits of 13-19 mm.
The pictures in Fig. 2 show the increase conditions of hemp fibres ratio between
versions 1-4.

The environmentally friendly and economic role of using various alumina-
silicate industrial by-products in the production process of geopolymer composites as
substitutes for traditional cementitious and pozzolanic materials (Portland cement) has
already been evaluated in recent decades. These wastes, as well as other natural
alumina-silicate materials nominated and claimed by the inventor of geopolymers J.
Davidovits, have allowed the manufacture, through various combinations in the
starting mixture, of new construction materials with excellent physical, mechanical,
chemical, and thermal features.

Vegetable fibres have already confirmed their effect on increasing the strength
of these composites. In the current work, coal fly ash, granulated blast furnace slag,
and rice husk ash were adopted as precursor materials and hemp fibres as reinforcing
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vegetable fibres. Regarding hemp fibre, this type of vegetable fibre is probably one of
the most appreciated materials for reinforcing geopolymer composites.

Of course, it is well known that vegetable fibsres do not have a reinforcing
effect comparable to that of steel, glass, or carbon fibres, which were used intensively
until recently, but the price of these fibres is very high, incomparable to that of
vegetable fibres. This is the main reason why there is a clear trend in the world to
adopt vegetable fibres in manufacturing processes of composites.

According to [5], natural fibres show high tensile strength, although their
modulus of elasticity is deficient. Based on experimental determinations, several
advantages of using natural fibres should be mentioned: availability and durability of
resources containing natural fibres, setting time of the composite cement is low,
cement hydration is avoided due to hemicellulose and lignin presence, most natural
fibres decompose at end-of-life, contributing to environmental protection.

4. Conclusions

The paper aimed at the production of a geopolymer composite based on
alumina-silicate precursor materials (fly ash, granulated blast furnace slag, and rice
husk ash) from industrial by-products. The composite was reinforced with vegetable
fibres (hemp fibres). The inert material mixture was activated with a liquid alkaline
solution containing NaOH dissolved in deionized water and water glass (sodium
silicate). Therefore, the work fell within the modern trend of using cheap residual
materials, including also vegetable reinforcement fibres, incomparably less expensive
than steel, glass or carbon fibres intensively utilized until now. Among the many types
of vegetable fibre available in the world, short hemp fibres with a length between 19-
29 mm were chosen. The advantages of their use include some peculiarities such as
durability, versatility, and availability. Lately, the interest in this plant and especially,
the recovery of its fibres is growing. The method for producing the hemp fibre-
geopolymer composite tried in this experiment generally adopted the principles
expounded and claimed by the inventor of geopolymers the French researcher J.
Davidovits at the end of the 20th century and the beginning of the new millennium.
The coal fly ash as well as the metallurgical slag are industrial by-products suitable for
the manufacture of geopolymers, being recommended by the French inventor. The rice
husk ash used by authors in the experiment described in this paper constitutes another
adequate, but less applied, waste type. Apart from the particular combination of
material precursors, another element of originality of the work is represented by the
adopted ranges of their quantity values. The test results showed the possibility of
obtaining relatively high values of compressive strength after the 28-day curing
process (6.8 MPa in the case of experimental version 2). The peculiarity of the flexural
strength was the high level of the values of this resistance at early age (after only 7
days) compared to its final values after 28 days.
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Abstract. The main source of energy loss within water supply systems is found within the
loss of water from within said systems.Understanding the reasons for these losses and
taking the proper steps in curtailing their occurence while also reinforcing the reliability
of the systems will ensure not only the optimal operational regime for the system but also
increase the energy economy.
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1. Introduction

Water losses in water supply systems are the most common phenomena that
lead to large energy losses.

Water losses in water supply systems of populated centers and industries, i.e.
water that does not bring in revenue (Non Revenue Water) is understood as the amount
of water that leaves the installations without a specific use, due to leaks in pipe joints,
the operation of reservoir overflows, etc. and must represent a percentage as small as
possible of the total volume of water distributed [6], [8], [16], [17].

Upon a deeper analysis of the phenomenon of water losses, it is found that these
losses are divided into three categories:

A) Technological water loss, referring to the water used to ensure the proper
functioning of the water treatment process.

The article was received on 08.12.2025, accepted on 02.02.2026 and published on 24.02.2026
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According to IWA (International Water Association) this is a loss of water
because it does not bring in income. However, this loss of water should not be
quantified as water that does not bring in income, due to the fact that if a treatment
plant is not maintained in proper operating condition, we will have nothing to sell, so
we will have no income. However, there is also a component of this water that can be
perceived as a loss of water, namely, the part of the technological consumption used
independently of the water strictly necessary for the maintenance of the plant.

For example, if the operator washes the filter with 4 1/s-m? in a time interval of
20 minutes instead of 15 minutes as would be necessary, although normally, the filter
can be washed with 2 1/s:m?, then the difference between the actual consumption
required and the actual consumption used constitutes a loss of water. In addition, the
tank is washed until the resulting water at the spillway is clear, or washing could be
stopped when the resulting water has a turbidity equivalent to the decanted water.

By proceeding in this way, washing water can be saved, thus reducing the loss
of technological water. This additional water consumption is considered a real loss, as
is the water for discharging the sludge when it is very diluted. In the end, it can be
concluded that water loss is only the amount of water used irrationally in the station.

B) Physical loss of water that occurs through leaks in pipes, basins, overflows,
hydrants, etc. located on the water circuit between the point of capture and the
consumer.

These constitute effective water losses and can be divided into two categories:

- technically admissible loss — refers to the "losses" (consumptions) of water
necessary to ensure the technological process. The logical question would be: who and
how establishes the limit from which the costs are exaggerated, given that the amount
of water required for the technological process is related to local conditions and
especially to the real cost of water;

- real water loss in addition to the technically admissible loss; is in fact the true
water loss; this depends on many elements that will be detailed below.

C) Water waste is considered to be the loss of water at the user, a loss of water
that also produces income; it is metered water (carrying fictitious lost water) or not
(but accepted and sold at a flat rate) but water that is actually a real loss of water.

If the garden is irrigated with tap water, even if it is paid for, this is lost water
considering that it is used for a completely different purpose than the one for which it
was intended; this forces the entire system to introduce more water into the locality,
therefore, to increase the pressure in the pipes, inevitably leading to a greater real loss
from group B. Although it is metered water, it still falls into the category of water loss.

Washing hands is another common operation. We can imagine how much water
flows when we wash our hands under the water jet in contradiction to the amount
normally used. In the same way, the question arises: what happens if the tap is used at
a higher water pressure? If we are more responsible with water, we open the tap less
and in this way, apparently, the washing time is extended. How significant is this? It
should not be. We can imagine how water is used in an apartment on the ground floor
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of a 10-story building and how water is used in a similar apartment on the 10th floor.
The risk of water waste is all the greater the higher the pressure at the tap.

Waste can be fought through permanent control of external and internal
buildings and installations and by measuring the quantities of water actually
consumed, using water meters.

The own needs of the water supply system objects are calculated analytically,
based on the following elements:

- The technology used, as well as the components of the treatment plant; the
admissible technological losses in the treatment plant should not exceed 6% of the
quantity of water produced; in situations where the recirculation of the supernatant
from the waters from cleaning the decanters and washing the filters is ensured, the
technological losses can be reduced to 3%; for groundwater, the increase must be
provided on a case-by-case basis;

- based on an operational plan for cleaning the network sections, the water
requirement for periodic cleaning of the distribution network can be established; this
depends on the pipe material, water quality and the affinity of the materials to form
biofilm; the quantities of water used should not exceed 1...2%o of the volume of water
distributed;

- the water requirement for washing and sanitizing the system tanks; Once or
twice a year, each tank in the system's tanks will be emptied, washed and disinfected;
the quantities of water required for washing the tanks do not exceed 0.4...0.5% of the
annual water volumes consumed.

Technically permissible water losses in the distribution network must be
classified as water losses. In distribution networks less than 5 years old, it is estimated
that losses will be less than 15% of the volume of water distributed (K,* = 1,15); these
may be the result of improper execution, daily pressure variations or due to defective
materials. In the case of existing distribution networks, where renovation and/or
expansion works are being carried out, losses can reach values of up to 35% (Kp =
1.35). Percentages exceeding 35% as a value of water losses are considered abnormal,
in which case appropriate measures must be adopted.

Solutions to reduce water losses exist, but they must be applied with the help of
water users and equipment manufacturers. In the following, I will highlight a series of
aspects that require reflection and to impose ourselves on finding solutions step by
step. In order to quantify the magnitude of the phenomenon and adopt a solution based
on certain data, not on assessments, it is necessary to have clear evidence of
achievements.

* K, este un coeficient de majorare a necesarului de apd, pentru a tine seama de pierderile tehnic admisibile in
obiectele sistemului de alimentare cu apd (1,15 <K, < 1,35).
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A series of proposals, some of which have already been applied in practice,
although not in all countries, are:

- Faucets with smaller diameters;

- The obligation to install flow control valves at the entrance to the internal
installation;

- Installing check valves to allow the flow to be regulated in the internal
installation (against water losses by maintaining the flow in the area where the meter
does not react);

- Pressure control in the general network or in restricted areas;

- Two-speed toilets;

- Variable speed pumps,

- Leak detection equipment,

- Relining technologies, etc.

All of these have repercussions on the functioning of the water supply system,
but also on the proper functioning of the sewage system (sewage network, as well as
the treatment plant) by reducing the flow of wastewater.

Water supply companies can obtain viable solutions and communicate them to
others for efficient use of information. The costs cannot be stopped, but over time,
they will contribute to reducing social efforts, while also ensuring a quality service.

2. Detection of water losses in the water supply network

An important economic task is to reduce water losses in its distribution.
Through the methods of detection of losses, resources are saved, quality is ensured and
costs are reduced.

The strategy of any operator managing water resources in a locality must be a
good management of the detection of water losses. To achieve this goal, it is necessary
to use specialized personnel or experienced companies.

-l

Fig. 1. — Ilustration of water losses

The results obtained through the water loss detection process will be recorded
in a breakdown statistics and thus will represent the basis for the systematic renewal of
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the distribution network. It is recommended that the initiation of loss detection and
personnel training be done in cooperation with equipment manufacturing companies.

It is not uncommon for losses greater than 50% to be found, which represents a
significant waste of resources and even one of the essential points from an economic
point of view for water distribution operators.

Water supply can be organized in the following six stages: capture, pumping,
transport, treatment, storage, distribution. In general, each step is equipped with
technical equipment, which depends on the availability of energy (pumps,
compressors, etc.). In this way, each drop of water can be accounted for both
economically and energetically. In locations where water availability is limited, water
losses will jeopardize the security of supply, or will generate new costs for the
construction of efficient capture facilities.

In locations where water leaks from the supply network, it leads, under low
pressure conditions, to infiltration of foreign water, endangering the health of the
population. It can be mentioned that in 2008 such conditions led to a devastating
cholera epidemic in Harare (Zimbabwe) with numerous deaths.

Water that is introduced into the distribution network but is not metered is
considered a loss in the balance sheet. In the event that the metering instruments are
missing or lack precision, as well as in the event that the water is used for the benefit
of the municipality (network washing, irrigation of green spaces, firefighters, washing
roads), it is not metered and falls into the category of apparent losses.

Also in the category of apparent losses are illegal uses of water.

Real losses also occur if water leaks uncontrollably through a crack and the
connections between pipes or hydrants as well as the tanks are not tight.

In conclusion, the water distributor has the obligation to maintain only real
losses. Apparent water losses must be correctly cataloged from an economic
perspective, so that the water supply is not overloaded. Detecting cracks in the
network and fixing them is the responsibility of the distributor and must be done with
the utmost seriousness.

Knowledge of all equipment and the network as a whole is vital for all
maintenance work.

Lately, most distributors recognize the need for this technique, even having
switched to mapping water networks in digital form.

A continuous update of the documents is required, in parallel with having a
coherent action plan to avoid any failures in time.

There must be as accurate information as possible between the company
managers so that the management of changes in the network can be operated on time.

From the design phase of a water plant, the fight against network losses must be
taken into account, which is why the design must be entrusted only to qualified
engineers. It is of great importance both the correct location of the network, as well as
the correct choice of materials to be used, according to the hydraulic and construction
conditions.
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In addition to the own control service that most companies have, it is imperative
to ensure their own site management through their own personnel trained in this
direction or by hiring people for this purpose. This way, mistakes during the work can
be avoided, which can be repaired more difficult later (collection and provision of
evidence, trial, digging again, additional costs).

Both the operation and maintenance of the network and the equipment require a
series of maintenance and periodic inspection works for which inspection programs
and procedures will be drawn up.

Based on these programs and procedures, the work of the operating personnel
will be organized. Periodic inspection of tanks, hydrants and flushing of the network,
as well as continuous supervision and inspection of pumping equipment and treatment
stations are among the important tasks.

Water leak detection must be done systematically and with great responsibility,
thus guaranteeing the formation of a complete picture of the entire network. For this
purpose, specially trained personnel must be employed in this direction.

Taking into account the fact that any leak discovered and repaired must be
documented, it is necessary to draw up damage statistics, which will allow to establish
the vulnerabilities of certain areas of the network in time and thus to avoid losses by
drawing up programs for replacing the respective part of the network. Emergencies,
such as a cracked pipe, must be immediately identified and remedied, in order to avoid
additional damage to streets and other nearby utilities.

According to the IWA (International Water Association), inspections will be
carried out regularly at the following intervals:

- annually, in the case of large leaks;

- once every three years, in the case of medium leaks;

- once every six years, in the case of small leaks.

The detailed detection of water losses involves:

- a reduction in water losses due to leaks in raw water pipes, connections or any
cracks in the supply pipes;

- a reduction in the costs incurred in paying for damages caused by cracks or
even burst pipes;

- ensuring appropriate water quality in accordance with current regulations;

- a reduction in costs by increasing the reliability of the networks;

- areduction in the costs of maintaining and repairing pipes;

- a reduction in the energy required for the proper functioning of the networks.

Through a competent inspection of the pipe networks, possible blockages and
damages can be prevented, thus increasing the safety of distribution. The Water
Companies are responsible for the annual inspection of the networks, with the
obligation to comply with the imposed norms. It is mandatory to use competent and
well-trained personnel for such work, and it is also advisable to contract external
specialized companies.
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The methods used to detect water losses are:

- flow analysis;

- measurement correlation;

- geophone listening;

- reinforcement verification techniques.

Quantifying water losses through percentage reports can lose their value when
the following are not known: the length of the network, the number of consumers or
the conditions in which the water distribution takes place.

For illustration, the following simulation example will be given:

A consumption of 1000 m3 of water per day is estimated for a small town.

A loss of 10% is found, equivalent to 100 m3/day. The respective town is also
about to open an industrial park that will consume an additional 1000 m3 of water.

If water losses continue to remain at the value of 100 m3, this quantity will now
represent only 5% of the total. The conclusion is that a qualitative characterization of
the network status cannot be made only in percentage terms. The recommendation is
as follows: the estimated losses will be counted quantitatively per unit of time, in
relation to the network length. The calculation of the loss value can be done with the
following formula:

0. .,
876

g, = (3.1)

where:

qv— loss value

O, — annual loss volume

Lr —network length

8760 — number of operating hours per year

The approximation of the network condition is determined by the specific loss
depending on the soil conditions.

For the detection of polymer pipes, it is possible to use a shear probe or a
device with a magnetic field transmitter. The proposed methods can be used in the
case of detection of leaks in non-metallic pipes. Manufacturers of polymer pipes and
pipes can provide more information on drinking water distribution networks.

82



Dragos — Vasile Ille, Coita Flaviu-Glad, George — Lucian Ionescu

Fig. 2. - Illustration of how to use metal rods to listen to consumer connections and network fittings
3. Conclusions

Applying polymer coatings to the surface of the pipes — necessarily protected
from any sharp stones — will lead to better anti-corrosion protection of the networks.
Correct insulation of the connections after installation is mandatory.

The classic principle on which the aforementioned technologies for detecting
water leaks are based is based on the fact that water produces noise when it gushes out
of a pipe under pressure.

English specialists, 100 years ago, used metal rods with a wooden funnel to
listen to consumer connections and fittings on the network (Fig. 3.2.).

Later, in the 1960s, electronic sticks (ground microphones) also known as
“electronic ears” appeared. These instruments proved to be useful by amplifying the
sound produced by a water leak, thus allowing easier detection. Noise correlators,
similar to today's sonic equipment, only appeared in the late 1970s. The evolution of
the noise correlator materialized over the next 20 years, moving from the size of a box
with appreciable weight and with which it took half a day to locate a water leak, to a
small device that can identify a leak in just a few minutes.

A chronological evolution of water loss detection technologies looks like this
[15]:

- 1850 — Use of the rod listening method;

- 1880 — Use of water meters;

83



Latest solutions in optimizing electrical energy consumption in water supply systems. Water losses in the water
supply system
- 1920 — transition to helical water meters with paddles;
- 1930 — Implementation of the "step by step" test - zero consumption;
- 1965 — Use of the ground microphone;
- 1978 — Use of noise correlators;
- 1980 — Sectorization;
- 2001 — Use of a combined method — loggers-correlator;
- 2002 — Use of ground penetrating radars - Acoustic loggers;
- 2002 — Digital correlator;
- 2003 — Introduction of advanced detection microphones;
- 2006 — use of leakage indicators.

Due to the exponential development of localities and implicitly of water
distribution networks, the need to introduce zonal metering was imposed, which
included between 500 and 3,120 connections. As a measure to increase the efficiency
of detecting water losses, it is necessary to introduce pressure and flow monitoring
points in these areas.

The most modern methods of detecting water losses, which due to their high
costs are still quite rarely applied, would be: the isotope method, ground radar, infrared
measurement methods, the use of tracer gas, the air pressure method, the air piston
press, etc.

Starting from May 2011, the General Urban Planning Regulation was
implemented in our country, approved by Government Decision number 525/2008,
which provided in paragraph (2), "The construction and expansion of municipal
networks provided for in paragraph (1) letter ¢), including for their crossing of public
roads, shall be carried out in the underground location variant, in compliance with the
specific technical regulations in force."

"On the routes of municipal networks located underground, non-destructive
identification systems, namely markers, shall be provided for the operative detection
of the position of municipal networks in the horizontal and vertical plane, for the
purpose of carrying out intervention works on them." (paragraph 7).

A major problem was the accurate location of underground networks due to the
large amount of time that had to be allocated for detecting the fault and the additional
costs. It was important to note that excavation was no longer necessary to detect the
underground water network.

3M systems (www.3M.ro/MarcareSiLocalizare) offer solutions for more

accurate location of the municipal network in a relatively short time and at low costs.
The localization process is as follows:
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1. 3M markers are inserted during the execution or maintenance process of the
municipal network in the ground. These markers can be with or without iD. The
difference is that iD markers contain a chip inside that stores information, such as: the
type of network, its depth, the date of its installation, etc. Writing and reading data was
allowed precisely because of the iD function. The only supplier of iD markers on the
Romanian market is 3M.

2. To detect the marker and implicitly the water network, the 3M Dynatel TM
localization device is passed over the marker, at the surface of the ground.

A detection method used by locators is based on capturing the signal, having a
certain frequency, emitted by radio waves, generated by a transmitter.

GPS communication is characteristic of 3M systems and has applicability to
GIS maps for cable/locator devices and markers.

The advantages of the 3M solution are: low costs, simple applicability and
durability.
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Abstract. This paper provides a comparative analysis of the estimated versus actual
energy production of a residential photovoltaic system installed on a single-family home.
The aim is to assess the accuracy of simulations conducted using PV*Syst and PVGIS
software, using different climatic data sources. The system under study has a total
installed capacity of 6.56 kWp and it is equipped with monocrystalline panels and an on-
grid inverter. By comparing the simulated results with real data recorded monthly, the
differences between the estimated and observed performance during operation are
highlighted. The findings emphasize the importance of validating simulations through
practical measurements and the relevance of selecting appropriate meteorological data
for accurately sizing a photovoltaic system and estimating the return on investment.

Key words: residential photovoltaic system, simulation, renewable energy

Rezumat. Lucrarea prezintd o analiza comparativad intre productia estimata si cea reald
a unui sistem fotovoltaic rezidential instalat pe o locuinta unifamiliald. Scopul este
evaluarea acuratetei simularilor realizate cu ajutorul software-urilor PV*Syst si PVGIS,
utilizand diverse baze de date climatice. Sistemul analizat are o putere instalata de 6.56
kWp si este echipat cu panouri monocristaline si un invertor on-grid. Prin compararea
rezultatelor simulate cu datele reale inregistrate lunar, se evidentiaza diferentele dintre
performanta estimatd si cea observata in exploatare. Rezultatele subliniaza importanta
validarii simularilor prin mdasurdtori practice si relevanta alegerii corecte a datelor
meteorologice pentru dimensionarea corectd a unui sistem fotovoltaic si estimarea

Cuvinte cheie: sistem fotovoltaic rezidential, simulare, energie regenerabila

1. Introducere

Schimbadrile climatice devin tot mai evidente la nivel global, iar impactul
acestora asupra mediului si societatii este din ce in ce mai resimtit. Aceste fenomene
sunt strans legate de incalzirea globala, care s-a intensificat considerabil in ultimele
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decenii. Cresterea temperaturii medii anuale este determinata, in principal, de emisiile
crescande de gaze cu efect de sera, in special dioxidul de carbon .[1,2]

Pentru a contracara aceste efecte, se impune o tranzitie rapidd catre surse de
energie regenerabild, care sa reduca dependenta de combustibilii fosili si sd contribuie
la limitarea emisiilor de gaze cu efect de seri. In acest context, energia solard
fotovoltaica reprezintd una dintre cele mai promitatoare solutii pentru producerea de
electricitate curata si sustenabila.

In Romania, in special, panourile fotovoltaice au devenit o componenti
esentiala a pietei de energie regenerabild, avand un impact semnificativ in cresterea
capacitdtilor de productie de energie din surse regenerabile . Numadrul instalatiilor
fotovoltaice, In majoritate sisteme de tip On-Grid, montate pe acoperisurile locuintelor
unifamiliale, este in continua crestere, datorita accesului la fonduri guvernamentale si
scaderii costurilor de implementare s1 intretinere .[3]

In proiectarea sistemelor fotovoltaice, una dintre cele mai importante intrebari
pe care le pun oamenii este, intr-adevar, cata energie pot produce cu sistemul respectiv
si cat de mult din aceasta poate acoperi consumul lor de energie.

Raspunsul la aceste intrebari este esential pentru a evalua atat eficienta, cat si
rentabilitatea unei investitii fotovoltaice. Astfel, lucrarea de fatd isi propune sa
analizeze performanta unui sistem fotovoltaic instalat pe o locuintd unifamiliald din
Romania, comparand rezultatele obtinute prin simulare cu cele Iinregistrate in
exploatarea reala.

2. Descrierea sistemului fotovoltaic

Sistemul fotovoltaic analizat este instalat pe o locuintd unifamiliala situatd in
orasul Covasna, Romania. Acoperisul casei are o orientare predominant sud-sud-est
(S-SE), cu un azimut de -17°, ceea ce inseamnd o abatere de 17° spre est fatd de
directia sud ideala. Inclinatia acoperisului este de aproximativ 39°, un unghi foarte
apropiat de valoarea optima pentru latitudinea locala, ceea ce favorizeaza o captare
eficientd a radiatiei solare pe tot parcursul anului.

Sistemul este compus din 16 panouri fotovoltaice Longi LR5-55HIH-410M,
fiecare avand o putere nominald de 410 W, rezultdnd o putere totala instalatd de 6.56
kWp. Panourile utilizeaza tehnologie monocristalind Half-Cut, recunoscutd pentru
eficienta ridicatd si performanta superioara in conditii de umbrire partiala si radiatie
solard difuza. Panourile sunt conectate in doud stringuri egale, fiecare format din 8
panouri, ceea ce asigurd o distributie echilibratd a curentului si o mai buna
compatibilitate cu invertorul utilizat. (Fig.1)

Pentru conversia energiei electrice, sistemul este echipat cu un invertor Huawei
SUN2000-5KTL-L1 de tip on-grid, monofazat, cu o putere nominala de 5 kW.
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Fig. 1. Sistemul fotovoltaic studiat

3. Metodologia de lucru

Pentru analiza performantei sistemului fotovoltaic propus, au fost utilizate doua
instrumente software specializate: PV*Syst si PVGIS. Scopul acestei abordari a fost
compararea rezultatelor obtinute din simulari, precum si evaluarea influentei bazei de
date climatice asupra estimarii productiei de energie electrica.

a. Simularea Tn PV*Syst 8.0.9 (Fig.2)

In cadrul software-ului PV*Syst[4], au fost realizate trei scenarii de simulare,
fiecare bazat pe o alta baza de date meteorologica. Acestea sunt:

1. Meteonorm - Baza de date meteorologica cu acoperire globala, generata
pe baza datelor din peste 8000 de statii meteo din intreaga lume. Utilizeaza metode
statistice pentru completarea si interpolarea datelor lipsa.

ii. PVGIS TMY (Typical Meteorological Year) - Este o baza de date
disponibila in cadrul platformei PVGIS, care ofera un an meteorologic tipic (sintetic),
calculat pe baza unei perioade istorice de referintd. Acesta combina cele mai frecvente
conditii climatice lunare Intr-un set standardizat de date, util pentru estimari de
productie anuale.

iii. NASA-SSE (Surface meteorology and Solar Energy) - Baza de date
globald, dezvoltata de NASA, care oferda informatii despre radiatia solara si alti
parametri meteorologici pe baza observatiilor satelitare. Are o rezolutie spatiala medie
si o acoperire istorica ampla, fiind Ade sea folositd in zone cu acces limitat la date
locale detaliate.[5]
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Fig. 2. Rezultate obtinute prin simulare in PVSyst
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b. Simularea in PVGIS (Fig.3)

In paralel, au fost efectuate simuldri si pe platforma online PVGIS[6]
(Photovoltaic Geographical Information System), dezvoltatd de Comisia Europeana. In
acest caz, au fost analizate doud scenarii, fiecare corespunzator unei baze de date
diferite:

i.  SARAH (Surface Solar Radiation Data Set — Heliosat) — Set de date
de inalta rezolutie privind radiatia solara, furnizat de EUMETSAT. Informatiile sunt
obtinute pe baza imaginilor captate de satelitii Meteosat si prelucrate cu ajutorul
algoritmului Heliosat. SARAH este recunoscut ca una dintre cele mai precise surse
pentru analiza resurselor solare in Europa si Africa.[7]

ii. ERAS - este o reanaliza climatica globald furnizata de Centrul European
pentru Prognoze pe Termen Mediu (ECMWF), in cadrul programului Copernicus.
Aceasta combina observatii din multiple surse cu modele numerice atmosferice,
oferind date orare privind radiatia solard, temperatura, vantul si alti parametri, la o
rezolutie spatiala de aproximativ 31 km. Este ideald pentru analize pe termen lung si

estimdri in regiuni cu date meteo limitate.|[§]
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Fig. 3. Rezultate obtinute prin simulare in PVGIS

Ambele baze de date sunt disponibile direct in interfata PVGIS si permit
estimarea productiei anuale si lunare pe baza parametrilor specificati ai sistemului.

Productia de energie reald a sistemului fotovoltaic a fost monitorizata si
inregistratd lunar prin intermediul invertorului. Acesta a colectat date detaliate privind
energia produsd de panourile fotovoltaice pe parcursul anului 2024, oferind informatii
precise despre performanta sistemului in fiecare luna.

4. Rezultate si discutii

Compararea productiei de energie estimatd cu cea Inregistratd in exploatarea
realda a sistemului fotovoltaic, prezentatda in Tabelul 1, a evidentiat diferente
semnificative intre valorile simulate si cele masurate in anul 2024. In timpul iernii,
productia reala scade semnificativ din cauza zapezii care se acumuleaza pe panouri, un
efect ce nu este luat in calcul de software. In perioadele cu precipitatii reduse,
performanta sistemului a fost afectata de depunerile de praf si alti factori atmosferici,
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care reduc eficienta panourilor fotovoltaice. Pe de o altd parte, trebuie mentionat ca pot
exista abateri de la un an la altul in ceea ce priveste productia de energie, deoarece
softurile folosesc date climatice ideale, bazate pe medii multianuale. Din acest motiv,
simuldrile ofera doar o estimare orientativa, iar performanta reald trebuie analizatd in
functie de conditiile specifice fiecdrui an. Aceste aspecte evidentiazd importanta
monitorizdrii continue si a intretinerii regulate a sistemului, pentru a asigura o
functionare cat mai eficienta.

Tabelul 1
Compararea rezultatelor simulate si reale ale sistemului fotovoltaic

Energia Simulare . IS)l\r/nSuyl:tre_: Simulare | Simulare

prgdusa de | PVSyst- | Simulare PVSyst - Baza de PVGIS - PVGIS -

Luna 31stemu1' Baza de Baza de date date Baza de Baza de
fqtovoltalc date METEONORM NASA- date date -
in 2024 PVGIS (kWh) SEE SARAH ERAS
(kWh) (kWh) (kWh) (kWh) (kWh)
lanuarie 329 415 549 542 367 484
Februarie 427 361 586 605 439 570
Martie 627 611 823 771 646 822
Aprilie 817 635 868 764 707 863
Mai 908 821 901 866 780 901
Junie 984 1042 928 835 788 859
Julie 1000 1013 957 887 861 909
August 920 1022 998 899 883 912
Septembrie 772 746 842 761 717 774
Octombrie 724 813 702 665 629 649
Noiembrie 391 546 502 491 429 457
Decembrie 150 345 416 468 297 396
Total anual 8050.18 8369.4 9071.5 8553.6 7542.5 8594.8

6. Concluzii

Analiza comparativd dintre productia estimatd si cea reala a sistemului
fotovoltaic instalat pe o locuinta unifamiliald evidentiaza importanta validarii
simuldrilor prin masuratori reale si a implementarii unor strategii eficiente de
monitorizare si intretinere. Rezultatele obtinute subliniazd ca software-urile
specializate, cum ar fi PV*Syst si PVGIS, tind sa supraaprecieze productia de energie
in sezonul de iarna, dar subapreciazd usor productia de energie in sezonul de
vard.(Fig.4) Acest lucru se datoreaza faptului ca fiecare regiune si fiecare sistem au o
configuratie si o locatie unica, care nu pot fi complet reflectate de modelele
standardizate utilizate in simulari. Astfel, estimarile generate de aceste instrumente
trebuie considerate orientative si nu ca predictii exacte ale performantei reale.
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Referinte

[1] B. G. Vutoiu, M. B. Téabacaru, G. A. Beschea, Stefan 1. Campean, A. M. Bulmez, and G. Nastase,
‘Seven continents. 737 One sky’, 2024

[2] M. Azhar Khan, M. Zahir Khan, K. Zaman, L. Naz, ,,Global estimates of energy consumption and
greenhouse gas emissions”, in Renew. Sustain. Energy Rev., 29,2014, pp.336-344

[3]https://energie.gov.ro/ministerul-energiei-relanseaza-doua-apeluri-de-proiecte-care-privesc-
bateriile-si-panourile-fotovoltaice-suma-totala-depaseste-278-milioane-euro/

4]https://joint-research-centre.ec.europa.eu/photovoltaic-geographical-information-system-pvgis_en

5] https://ntrs.nasa.gov/citations/20080012200

6]https://www.pvsyst.com/

71https://joint-research-centre.ec.europa.eu/photovoltaic-geographical-information-system-
pvgis/pvgis-data-download/sarah-solar-radiation_en

[8] https://cds.climate.copernicus.eu/datasets/reanalysis-era5-single-levels?tab=overview

[
[
[
[

93



Romanian Journal of Civil Engineering, Volume 17 (2026), Number 1 © Matrix Rom

Prospects for sustainable development of the energy sector
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Abstract. The paper analyzes the impact of the EcoVoucher Program on the sustainable
development of the energy sector in the Republic of Moldova. Launched in November 2023
with the support of UNDP (United Nations Development Programme) Moldova and funded
by the European Union, through the former Energy Efficiency Agency-now the National
Center for Sustainable Energy (CNED) -the program aimed to support vulnerable
households in replacing old household appliances with modern, energy-efficient ones.
During the pilot stage, carried out between October 2023 and July 2024, a total of 198,685
vouchers were distributed, of which 39,084 were redeemed, resulting in annual energy
savings of approximately 1.6 million kWh or 7 million MDL, and contributing to a
reduction of over 830 kg of CO: emissions annually. Subsequently, the program was fully
taken over by CNED, which in 2024 issued 17,305 vouchers, of which 7,223 were used,
achieving additional savings of 1.5 million kWh or 6.6 million MDL, and contributing to a
reduction of 789.6 kg of CO: emissions annually.

Keywords: Energy sector, programs, EcoVoucher, sustainable development, energy
efficiency.

Rezumat. Lucrarea analizeaza impactul Programului EcoVoucher asupra dezvoltarii
durabile a sectorului energetic din Republica Moldova. Lansat in noiembrie 2023 cu
sprijinul PNUD (Programul Natiunilor Unite pentru Dezvoltare) Moldova si finantat de
Uniunea Europenea, prin intermediul fostei Agentii pentru Eficienta Energeticd, actualul
Centru National de Energie Durabila (CNED), programul a avut drept scop sprijinirea
gospodariilor vulnerabile in procesul de inlocuire a echipamentelor electrocasnice vechi
cu unele moderne, eficiente energetic. In etapa pilot, desfasuratd intre octombrie 2023 si
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iulie 2024, au fost distribuite 198.685 de vouchere, dintre care 39.084 au fost valorificate,
ceea ce a generat economii anuale de circa 1,6 milioane kWh sau 7 milioane lei,
contribuind la reducerea emisiilor cu peste 830 kg CO: anual. Ulterior, programul a fost
preluat complet de catre CNED , care in 2024 a emis 17.305 vouchere, dintre care 7.223
au fost utilizate, obtindndu-se economii suplimentare de 1,5 milioane kWh sau 6,6 milioane
lei, contribuind la reducerea de emisii cu 789,6 kg CO: anual.

Cuvinte cheie: Sectorul energetic, programe, EcoVoucher, dezvoltare durabila, eficienta
energeticd.

Introducere

Sectorul energetic al Republicii Moldova trece printr-un proces amplu de
transformare, determinat atadt de contextul geopolitic regional, cat si de necesitatea
alinierii la obiectivele europene de dezvoltare durabila [1]. Criza energeticd din 2022 a
evidentiat vulnerabilitatea dependentei de resurse externe si a subliniat necesitatea
consolidarii securitatii energetice prin diversificarea surselor si cresterea eficientei
consumului [2] [3]. Un exemplu concret in aceasta directie este Programul de Vouchere
pentru Electrocasnice (,,EcoVoucher”), adoptat prin Hotararea Guvernului nr. 533/2024
[4], o initiativa guvernamentald, menita sa sprijine gospodariile vulnerabile in Tnlocuirea
echipamentelor vechi cu electrocasnice moderne si eficiente. Prin acoperirea a pana la
70% din costul de achizitie, programul contribuie la reducerea facturilor, la diminuarea
consumului de energie si la scaderea emisiilor de gaze cu efect de serd. Aceste masuri
sunt esentiale intr-un context in care producerea energiei electrice prin centrale
termoenergetice, bazate in mare parte pe combustibili fosili, continud sa fie una dintre
principalele surse de poluare, generand emisii considerabile de CO2, SO2 si particule in
suspensie. Astfel, Republica Moldova se afla la intersectia dintre provocari si
oportunitati: pe de o parte, gestionarea vulnerabilitatilor legate de securitatea energetica
si impactul poluant al sistemului traditional; pe de alta parte, valorificarea programelor
si proiectelor de eficientd energeticd, care constituie instrumente-cheie pentru
consolidarea rezilientei si pentru atingerea obiectivelor de dezvoltare durabild [5].

1. Programului EcoVoucher si perspectivele de dezvoltare durabila

Programul EcoVoucher (in continuare Program) reprezinta una dintre initiativele
guvernamentale inovatoare din Republica Moldova, orientatd spre promovarea unui
comportament ecologic responsabil si a utilizarii eficiente a resurselor energetice la
nivelul gospodariilor casnice. Programul a fost lansat oficial la 15 noiembrie 2023, si
constituie un instrument practic de aplicare a politicilor publice in domeniul eficientei
energetice si al reducerii emisiilor de gaze cu efect de sera. Obiectivele principale ale
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prezentului articol vizeaza o analizd comparativa privind reducerea consumurilor de
energie electricd in sectorul rezidential, a emisiilor de gaze cu efect de sera, cresterea
gradului de constientizare privind consumul sustenabil si imbunatatirea calitatii vietii
beneficiarilor.

Resursele financiare ale programului provin din bugetul de stat si din fonduri
externe, fiind directionate atat catre subventionarea achizitiilor, cét si catre campanii de
promovare si instruirea comerciantilor autorizati. Programul genereaza efecte pozitive
pe mai multe planuri: scdderea cheltuielilor energetice la nivel de gospodarie,
impulsionarea pietei echipamentelor eficiente, sprijinirea grupurilor vulnerabile si
reducerea presiunii asupra infrastructurii energetice. Totodata, programul contribuie la
atingerea angajamentelor Republicii Moldova privind agenda de dezvoltare durabila
pand 2030 si Pactul Verde European. Din perspectiva dezvoltarii durabile, extinderea
programului ar putea include noi tehnologii verzi (boilere eficiente, pompe de caldura,
termostate), consolidarea mecanismelor financiare si digitalizarea monitorizarii
rezultatelor. Astfel, Programul EcoVoucher poate deveni un model de buna practica
regionald in tranzitia energetica, cu beneficii simultane economice, sociale si ecologice.

2. Provociri in procesul de implementare a programului

Programul EcoVoucher a fost initial implementat ca proiect-pilot in perioada 26
octombrie 2023 — 22 iulie 2024. La aceasta etapa au fost distribuite un total de 198 685
de vouchere energetice catre beneficiarii eligibili, dintre care vouchere pentru becuri
LED si echipamente electrocasnice. Repartizarea statistd a acestora este prezentata in
tabelul 1. Distribuirea a fost organizata in 29 de sesiuni, cu valabilitate de doua-trei
saptdmani, fiecare etapa fiind atent monitorizatd pentru a gestiona volumul mare de
solicitari si pentru a asigura o repartizare echitabild. O sesiune de distribuire a
voucherelor debuteazd cu identificarea potentialilor beneficiari eligibili, selectati
conform criteriilor de eligibilitate, din platforma compensatii.gov.md, unde acestia au
fost inregistrati in sezonul rece precedent. Ulterior, lista beneficiarilor propusi si bugetul
aferent sesiunii sunt examinate si aprobate 1n cadrul sedintei Comitetului de Finantare
si Risc (CFR), fiind stabilitd data oficiala a lansarii sesiunii [6] [7].

In ziua lansarii, beneficiarii sunt informati printr-un mesaj SMS, posti electronica
sau prin cabinetul personal din platforma compensatii.gov.md cu privire la
disponibilitatea voucherului. Sesiunea are o duratd medie de aproximativ trei sdptdmant,
iar cu cinci zile fnainte de expirare, beneficiarii sunt notificati suplimentar privind
termenul limita de utilizare a voucherului.

Dupa incheierea sesiunii, magazinele partenere prezinta rapoartele financiare
aferente, care sunt ulterior evaluate individual de cétre persoanele responsabile, in
vederea efectudrii platilor catre comercianti pentru voucherele valorificate.
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Tabelul 1
Vouchere emise, valorificate, retrase
Vouchere Emise Valorificate Retrase
Becuri LED 182300 31838 150462
Electrocasnice 16385 7246 9139
TOTAL 198685 39084 159601

Implementarea programului a scos in evidentd o serie de provocari. Unii
beneficiari nu au reactionat la mesajele initiale privind disponibilitatea voucherelor,
ceea ce a necesitat reluarea procesului de distribuire pentru a garanta accesul tuturor
persoanelor eligibile. In acest context, centrul de suport al programului a avut un rol
crucial, gestionand 11.664 apeluri telefonice (cu o duratd medie de aproximativ doua
minute) si 425 de solicitari scrise prin e-mail.

Interactiunile au vizat atat clarificari privind utilizarea voucherelor, cat si
informatii legate de criteriile de eligibilitate, interesul ridicat demonstrand relevanta si
utilitatea acestui instrument. Statistica acestora este prezentata in fig. 1.
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Fig. 1. Statistici privind voucherele emise, valorificate si retrase

Dupa cum se poate observa din figura 1, un numar important de vouchere nu au
fost utilizate. Motivele neutilizdrii au fost cauzate de diferiti factori. Cele mai frecvente
motive, conform apelurilor primite, au fost:

o Beneficiarii nu se aflau in tara;

e Beneficiarii nu au avut posibilitatea sa mearga la magazinele partenere din cauza
ca erau prea batrani, imobilizati la pat;

« Persoanele care s-au inregistrat au gresit date esentiale pe platforma compensatii,
IDNP-ul nu corespundea cu numele, prenumele.
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Dupa etapa de pilotare a programului a urmat faza de implementare, care a fost
initiatd in august 2024. Prima sesiunea s-a lansat pe 30 septembrie cu o durata de o luna.
In total au fost doud sesiuni gestionate de CNED [8], iar in total in anul 2024 au fost
lansate doua sesiuni de vouchere, conform tabelului 2.

Tabelul 2
Vouchere emise, valorificate, retrase
Vouchere Emise Valorificate Retrase
Electrocasnice 17 305 7223 10 082

3. Analiza economiilor de energie obtinute si reducerea emisiilor de CO;

3.1. Calculul economiilor de energie obtinute de la faza de pilotare a Programului

Conform datelor, disponibile pe perioada pilotarii, in cadrul Programului au
participat in familiile vulnerabile care au achizitionat cu ajutorul voucherelor 7.246 de
electrocasnice mari (3.819 de frigidere, 3.391 de masini de spdlat, 36 de aragaze)
si 303.336 becuri de tip LED. Totodata, prin intermediul programului au fost transmise
pentru reciclare 7.246 echipamente vechi si uzate. Conform estimarilor, o familie poate
economisi aproximativ 1.618 lei pe an la factura de energie electrica doar prin inlocuirea
becurilor incandescente cu cele economice de tip LED. Economia anuald in urma
inlocuirii unui singur bec incandescent de 60 W cu un bec LED de 7 W a fost estimat la
323 lei anual.

In tabelul 3 este prezentati informatia comparativa privind consumul de energie
electricd pentru echipamentele vechi versus cele noi, iar tabelul 4 reflectd economiile
totale de energie, ca rezultat al inlocuirii echipamentelor vechi pe cele noi. Totodata,
economiile financiare si reducerea emisiilor de CO2, sunt reflectate in tabelul 5,
respectiv 6.

Tabelul 3
Informatii privind consumul de energie echipamente vechi si noi
Consumul specific de Echipament nou
Echipament energie echipament vechi, Clasa Consumul specific,
kWh/an energetica kWh/an
- A -
Frigider, inclusiv ¢
congg(eilat,or inltlesgratu 450 B 110
450 C 140
450 D 180
Masina de spélat, inclusiv cu 200 A 45,5
uscator 200 B 56
Aragaze electrice 12 A 8
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Economiile totale de energie

Tabelul 4

Economii de Economii de
. . energie la energie totale,
Echipament Clasa energetica Nr. uni ta%ea de k%Vh/an
produs, kWh/an
A - - -
Frigider, inclusiv cu congelator B 60 340 20 400
integrat C 1437 310 445 470
D 2322 270 626 940
Total 3 819 920 1092 810
Masind de spalat, inclusiv cu A 2123 155 329 065
uscator B 1268 144 182 592
Total 3391 299 511 657
Aragaz electric | A 36 4 144
Total 36 144
Becuri LED | 303 336 48 14 560
Total 303 336 48 14 560
Total Frigidere + Masini de spalat + Aragaze 7 246 1604611
electrice
Tabelul 5
Economiile financiare determinate
Echipament N Ecqnomii de Tarif mediu, Ecgnomii.
energie, kWh/an lei/kWh financiare, lei/an
Total Frigidere + Magini de 7 246 1604 611 4,39 7 051 488, 29
spalat+ Aragaze electrice
Becuri LED 303 336 14 560 4.39 63 918, 4
Total 7 115406,7
Tabelul 6
Reducerea emisiilor de CO2
Economii de Factorul de Reducerea
Echipament Nr. energie, emisie utilizat, emisiilor de
kWh/an CO2/kWh C02, kgCO2
Total Frigidere + Masina de 7 246 1604 611 0,522 837,6
spalat + Aragaze electrice
Becuri LED 303 336 14 560 0,522 7,6

3.2. Calculul economiilor de energie obtinute la faza de implementare a

Programului

Pe baza datelor colectate si analizate, economiile de energie obtinute ca urmare a
inlocuirii echipamentelor au fost estimate in mod detaliat, fiind prezentate in tabelele de
mai jos. La faza de implementarea s-a demonstrat impactul concret pe care il are
Programului in termeni de consum redus de energie, economii financiare pentru
gospodarii si contributia acestuia la reducerea emisiilor de CO; [9].
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Tabelul 7
Informatii privind consumul de energie echipamente vechi si noi
Consumul specific de Echipament nou
Echipament energie echipament vechi, Clasa Consumul specific,
kWh/an energetica kWh/an
- . . - A -
el 5
450 C 140
450 D 180
Masind de spalat, inclusiv cu 200 A 45,5
uscator 200 B 56
Tabelul 8

Economiile totale de energie

Economii de Economii de
. . energie la energie total,
Echipament Clasa energetica Nr. Unitatea de KWh/an
produs, kWh/an
A - - -

Frigider, inclusiv cu B 45 340 15300
congelator integrat C 725 310 224 750
D 2453 270 662 310

Total 3223 920 902 360

Masina de spalat, inclusiv A 3276 155 506 142
cu uscator B 724 144 104 256
Total 4 000 299 610398

Total Frigidere + Magini de spalat 7223 1512758

Tabelul 9
Economiile financiare determinate
Echipament Nt Economii de Tarif mediu, Economii
P ’ energie, kWh/an lei/kWh Financiare, lei/an
Total Frigidere + Maginide | 55,3 1512758 439 6 641 008
spalat
Tabelul 10
Reducerea emisiilor de CO2
Economii de | Factor de emisie Reducerea
Echipament Nr. energie, utilizat, emisiilor de
kWh/an CO2/kWh C0O2, kgCO2
— n —
Total F“g“:;;at Masind de | 5553 1512758 0,522 789,6

Prin inlocuirea a peste 7.223 de echipamente vechi si ineficiente — in special
frigidere si masini de spdlat — cu aparate moderne, cu clasd energetica superioara,
programul a adus beneficii concrete si imediate In viata de zi cu zi a beneficiarilor.
Familiile care au accesat voucherele au beneficiat nu doar de aparate mai performante,

100



Alexandrina Berzerdeanu, Mihai Lupu, Galina Uzun, Vasile Daud

ci si de un consum mai redus de energie electrica, fapt ce s-a tradus 1n facturi mai mici
si un confort sporit in locuinta.

Economiile totale de energie, calculate pe baza datelor disponibile, depdsesc 1,5
milioane kWh pe an — o cantitate semnificativa ce reflecta eficienta masurilor adoptate.
La nivel financiar, acest consum evitat Inseamna economii anuale de peste 6,6 milioane
de lei pentru beneficiari — bani care pot fi redirectionati spre alte nevoi ale gospodariilor.

Totodatd, reducerea consumului de energie electricd a avut un efect pozitiv
asupra mediului. Calculele efectuate aratd o reducere a emisiile de dioxid de carbon cu
peste 750 de tone anual, contribuind astfel la eforturile tarii noastre de combatere a
schimbarilor climatice si de tranzitie catre un viitor mai verde.

Dincolo de cifre, programul a generat si un impact social important: a stimulat
un comportament mai responsabil in randul populatiei cu privire la consumul de energie,
a contribuit la o mai buna intelegerea etichetei energetice si a stimulat achizitia
electrocasnicelor care consuma mai putina energie.

Pentru a face o apreciere asupra reducerii consumurilor energetice in urma
implementarii Programului, in tabelul 11 de mai jos, sunt aduse datele comparative pe
perioada anului 2024 [10], unde sunt reflectate economiile financiare si de emisii la faza
de pilotare si implementare a Programului.

Tabelul 11
Totalul economiilor pentru anul 2024
PNUD
Echipament Economii.F inanciare, | Reducerea emisiilor de
lei/an CO2, kgCO2
Total Frigidere + Mag@ de spalat+ Aragaze 7051 488 837.6
electrice
Becuri LED 63918 7,6
CNED
Echipament Economii.Financiare, Reducerea emisiilor de
lei/an CO2, kgCO2
Total Frigidere + Masini de spélat 6 641 008 789,6
TOTAL 2024 13 756 414 16348

Concluzie

Programul EcoVoucher a demonstrat un impact semnificativ asupra eficientei
energetice si a sustenabilitdtii in Republica Moldova privind reducerea consumului de
energie electricd in sectorul rezidential. In etapa pilot, desfasurati sub coordonarea
PNUD, Programul EcoVoucher a generat economii anuale de aproximativ 1,6 milioane
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kWh, ceea ce a insemnat beneficii financiare de circa 7 milioane lei pentru gospodarii
si o reducere a emisiilor de dioxid de carbon cu peste 837,6 de tone. Ulterior, in etapa
de implementare gestionatd de CNED, au fost obtinute economii suplimentare de 1,5
milioane kWh, echivalent a 6,64 milioane lei, iar emisiile de CO2 au fost reduse cu
789,6 de tone anula. In total, pe parcursul anului 2024, programul a asigurat economii
de peste 3,1 milioane kWh, o reducere a facturilor gospodariilor cu aproximativ 13,75
milioane lei si o diminuare a emisiilor cu 1 634,8 kg CO2 anual.

Rezultatele confirma faptul ca EcoVoucher reprezinta un instrument eficient atat
pentru sprijinirea categoriilor vulnerabile, cat si pentru accelerarea tranzitiei energetice,
contribuind direct la atingerea obiectivelor Agendei de Dezvoltare Durabild pana in
2030 si ale Pactului Verde European [11] [12].
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Abstract. The article presents the development and analysis of an evacuation simulation
for the ground floor of a building intended for conferences and events, using geometric
modeling in SketchUp and occupant behavior simulation in Pathfinder. A total of 31
rooms and 41 doors (11 used as evacuation exits) were defined, along with a population
of 524-526 occupants, assigned with variable profiles regarding speed, behavior, and
anthropometric dimensions. Three scenarios were analyzed: normal evacuation,
evacuation including persons with disabilities and one blocked exit, and a severe
scenario with seven exits unavailable. The results show increases in evacuation time up
to 121.8 seconds and the occurrence of congestion zones caused by uneven occupant
distribution and reduced evacuation paths. The study highlights the importance of
redundancy in evacuation routes, optimal furniture arrangement, and assistance for
vulnerable individuals.

Key words: evacuation simulation, Pathfinder, SketchUp, fire safety, occupant behavior,
people flow.

Rezumat. Articolul prezintd realizarea si analiza unei simulari de evacuare pentru
nivelul parter al unei cladiri destinate conferintelor si evenimentelor, folosind modelarea
geometrica in SketchUp si simularea comportamentului ocupantilor in Pathfinder. Au
fost definite 31 de incaperi, 41 de usi (11 de evacuare), si o populatie compusa din 524—
526 ocupanti, inclusi cu profiluri variabile privind viteza, comportament si dimensiuni
antropometrice. Au fost analizate trei scenarii. evacuare normald, evacuare cu persoane
cu dizabilitati si blocarea unei usi, respectiv scenariu sever cu 7 usi blocate. Rezultatele
indica cregsteri ale timpului de evacuare pand la 121,8 s si aparitia zonelor de congestie
cauzate de distributia neuniforma si restrangerea cdilor de evacuare. Studiul evidentiaza
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importanta redundantei cailor de evacuare, configurarii optime a mobilierului si
asistentei pentru persoane vulnerabile.

Cuvinte cheie: simulare evacuare, Pathfinder, SketchUp, securitate la incendiu
comportament ocupanti, flux de persoane.

1. Introduction

The evaluation of the performance of evacuation systems in emergency
situations is a fundamental element in the analysis of the fire safety of modern
buildings. The progress of computer simulation tools today allows the detailed
reproduction of occupant behavior and the dynamics of evacuation flows, thus
contributing to the substantiation of technical decisions and the validation of
compliance with regulatory provisions. In this context, the use of specialized software,
such as SketchUp to create geometry and Pathfinder to simulate the evacuation, offers
the possibility of generating realistic and reproducible scenarios, which reflect both the
architectural conditions of the building and the behavioral variability of the people
involved.

This article presents the process of realizing a complex evacuation simulation
for the ground floor level of a building with conference, event and catering functions.
The modeling of the space included the faithful representation of the partitions,
furniture, level differences and escape routes, and subsequently, the configuration of
the population was made based on individualized profiles, differentiated according to
anthropometric, behavioral characteristics and functional role. In addition, three
distinct scenarios were analysed, including both the normal configuration of use and
situations of constraint generated by the blocking of escape doors or the presence of
people with disabilities requiring assistance.

By comparatively approaching these scenarios, the study aims to identify the
determinants of evacuation times, highlight critical congestion areas and assess the
capacity of the evacuation network to manage highly complex situations. The results
obtained contribute to an in-depth understanding of the interactions between the
architecture, the behavior of the occupants and the limitations of the evacuation
infrastructure, while providing support for the optimization of fire safety measures and
for the improvement of intervention strategies.

2. Methodology for conducting the simulation

Geometric modeling and plane import into the simulation environment

The realization of a credible simulation of the evacuation process requires the
construction of a geometric model that faithfully reproduces the spatial configuration
of the analyzed building. In this sense, the ground level of the objective, intended for
conferences and events, was modeled using the SketchUp software, thanks to its
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ability to quickly generate three-dimensional geometries compatible with the format
used by Pathfinder. The model includes partitions, furniture, escape routes, doors and
access areas, all of which are necessary to obtain a realistic simulation.

Subsequently, the plan was exported to the .dae format (Collada), natively
compatible with Pathfinder, and imported into the simulation mediator. At this stage,
scale and positioning adjustments were made to ensure the exact correspondence
between the model and the actual escape routes, avoiding geometric overlaps that
could affect the behavior of the simulated agents.

Definition of rooms and parameterization of escape doors

After importing the geometric model, the 31 rooms used in the simulation were
delimited: conference rooms, event rooms, hallways, public catering areas, changing
rooms, toilets, offices and corridors. This step is essential because it allows the
attribution of specific characteristics to each space, such as the maximum permissible
density and the behaviour of the occupants in relation to obstacles.

Similarly, 41 doors have been defined, of which 11 constitute exhaust exits to
the outside. The doors were classified by color codes: orange for the interior doors,
green for the exhaust doors, respectively red for the unavailable doors. The parameters
introduced — effective width, direction of circulation and direction of opening —
complied with the requirements of the P118/1 [1] standard on the dimensioning of
escape routes. The existing level differences in the plan also required the introduction
of two stairs with 16 steps, necessary to achieve the transition between the -1.50 m and
+0.00 m elevations.

Location and characterization of the simulated population

In order to reproduce the real conditions of use of the building, the population
distribution was made based on the functions of the rooms and the maximum densities
allowed according to the provisions of P118/1. In total, 524 occupants were
introduced: 279 men, 159 women, 40 children and 46 employees. They were evenly
positioned or concentrated in relevant areas (around tables, near the bar, in conference
spaces) using the "Add an occupant” function in Pathfinder.

For each simulated agent, individual anthropometric characteristics (height,
shoulder width, body mass) and mobility parameters (travel speed) were defined, thus
ensuring a realistic heterogeneity of the population. The initial position of the
occupants is a determining factor in the occurrence of congestion, temporary
blockages and in the general evolution of the evacuation process.

Behavioral profiles and inclusion of persons with disabilities

To reflect real behavioral diversity, distinct profiles have been created for each
category of occupants: men, women, children, employees and people with disabilities.
These profiles include parameters regarding travel speed, evacuation priority,
anthropometric characteristics and the associated 3D model.

A special profile was assigned to people with locomotor disabilities,
represented by "polygon" models configured with wheelchair animations. These
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people were set as not being able to leave the building autonomously, requiring the
support of evacuation teams. To this end, two additional behaviors were defined —
"evacuation team" and "person in need of help" — implemented through the "Assisted
evacuation teams" module. Designated employees (one for each person with
disabilities) start the action with a reduced delay, reflecting specific training in
evacuation procedures.

Simulation of evacuation in different scenarios

Scenario 1 — Evacuation under normal conditions

The first scenario simulates the evacuation of the 524 occupants under normal
operating conditions, using all 11 available escape doors. The general behavior
attributed to the agents was "go to any exit", they would go to the nearest door.

The prioritization given to the categories of occupants is as follows:

> Children
> Women
> Men

> Employees
A uniform delay of 20 s has been introduced for the perception of the alarm
signal, and the capacity of the doors has been set to 1-2 persons/s, depending on the
width of each door. The simulation does not involve artificial bottlenecks, except for
those naturally generated by flow congestions.
Total evacuation time: 102.8 s.

Scenario 2 — Presence of people with disabilities and locking a door

Two people with disabilities were introduced in this scenario, bringing the total
number of occupants to 526. At the same time, an escape door (door 41) has been
deactivated, reducing the number of available exits to 10.

People with disabilities received the behavior "Wait for assistance", and the
employees designated as companions — the behavior "Assist" followed by "go to any
exit". The reaction time for these employees has been reduced to 10 s, and the travel
speed during assistance has been set to 1 m/s.

Evacuation priorities become:

The rest of the parameters remain similar to the previous scenario.
Total evacuation time: 107.3 s.

> people with disabilities
> Children

> Women

> Men

> Employees

>

>

Scenario 3 — Locking the doors on the north side of the building
The third scenario involves a severely disrupted situation: 7 of the 11 escape
doors (doors 24, 23, 07, 25, 10, 08 and 09) were blocked, with only 4 doors on the
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south side being functional. This configuration forces all occupants in the northern half
of the building to travel longer routes, negatively affecting the total evacuation time.
The simulation further includes the two persons with disabilities and the related
evacuation teams, with the same characteristics as in scenario 2. The remaining factors
(densities, delays, priorities) are identical.
Total duration of the evacuation: 121.8 s.

3. Analysis of the results obtained

The analysis of the 3 scenarios is necessary to observe and highlight certain
factors that lead to the lengthening of evacuation times, the creation of congestion
areas, as well as the comparison of evacuation times between them and the degree of
use of each evacuation door according to their availability.

Scenario 1 Analysis

In scenario 1, a scenario in which the evacuation occurs normally, without
unforeseen events, the evacuation time is 102.8 seconds. The arrangement of the
occupants in the first second of the simulation is shown in Figure no. 1. A filter has
been applied to be able to visualize the density of people per m2, thus making it
possible to identify the busiest areas in the building and the most used doors and
escape routes.

Fig.1. Arrangement of the occupants in the first second of the simulation for scenario 1

According to the specifications made at the presentation of the first scenario, the
evacuation starts at the 20th second.

There are 4 large areas with a high density of users and an arrangement very close
to each other. As can be seen in Figure no. 2, this resulted in the creation of large queues
towards the exhaust outlets starting at 23 seconds, just 3 seconds after the start of the
exhaust and thus lengthening the exhaust time. The busiest doors at the beginning of the
evacuation are door 25 which connects to the outside and interior doors 26, 12 and 42
which connect the rooms and corridors leading to the exits to the outside.
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Fig. 2. 23 seconds, 3 seconds after the start of the evacuation for scenario 1

Starting with the 28th second, the maximum value of the density of persons/m?
supported by the program is reached, which is highlighted in the dark red color shown
in Figure no. 3. This demonstrates that in order to accommodate in a room that will
have a high density of users, it is advisable to use access doors in that room as wide as
possible to allow people to leave the room quickly and avoid possible blockages until
they enter the escape routes.

Fig. 3.Areas with very high density of people for scenario 1
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A notable aspect is found at 68.8 seconds where a congestion area is observed
near door no. 13. Here it can be seen that it is the last door at which a waiting line
made up of the last 68 occupants is formed.

The situation in question presents a major deficiency in the distribution of doors
intended for external evacuation because for the last 68 users another 34 seconds are
allocated to leave the building compared to the rest of the users who up to 68.8
seconds managed to evacuate in a very short time, which is due to the correct sizing of
the width of the interior doors and the correct placement of the escape doors.

Number of Occupants in Selected Rooms
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Fig. 4. Graph of users remaining in the rooms after moving to the escape doors in unit time for
scenario 1

The graph in Figure no. 4 presents the number of users left in the 4 crowded
rooms following their departure in time and states the situation presented in the
previous paragraph, room no. 26 having a very long time for the evacuation of all
occupants. This aspect can also be correlated with the Graph in Figure no. 5 which
shows no. of occupants evacuated in time.
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Fig. 5.Graph with users evacuated in time for scenario 1

The most used exhaust door for this scenario was door no. 13 with 157 evacuated
users, and the least used door was door no. 9 with only 7 occupants evacuated.
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Occupants evacuated on each evacuation door
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Fig. 6.Graph with the total number of users evacuated on each door for scenario 1

Scenario 2 Analysis

In scenario 2, a scenario in which the evacuation does not occur under normal
conditions, the evacuation time is 107.3 seconds, a time 4.38% longer compared to
that in scenario 1. This increase is due to door lock no. 41 as well as the addition of
persons who cannot evacuate themselves. The arrangement of the occupants in the first
second of the simulation is shown in Figure no. 7. A filter has been applied to putea
visualize the density of people per m? thus making it possible to identify the busiest
areas in the building and the most used doors and escape routes.

Fig. 7. Occupant arrangement in the first second of the simulation for scenario 2
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The new situations imposed by the locking of a door and the introduction of two
occupants who cannot evacuate themselves are, on the one hand, the increase of the
evacuation time by 4.5 seconds compared to the previous scenario and on the other
hand, the formation of new congestion zones (found in Figure no. 8), as well as the
change in the number of people evacuated over time and the number of people
evacuated on each escape door.

The first people to be evacuated were the people who cannot evacuate
themselves due to the staff who consider themselves trained in this regard and act 10
seconds before the other users.

Fig. 9. New area with increased density of people for scenario 2
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Fig. 10. Graph of users evacuated in time for scenario 2

Compared to scenario 1, there is a significant increase in users evacuated through
door no. 9 (from 7 users to 25), but also an increase of 6 users for door no. 13 which
was already very crowded.
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Fig. 11. Graph with the total users evacuated to each door for scenario 2

Scenario 3 Analysis

In scenario 3, a scenario in which the evacuation does not occur under normal
conditions, the evacuation time is 121.8 seconds, a time 18.48% longer compared to
that in scenario 1. The arrangement of the occupants in the first second of the
simulation is shown in Figure no. 11. A filter has been applied to be able to visualize
the density of people per m2, thus making it possible to identify the busiest areas in the
building and the most used doors and escape routes.
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Exited: 0/526

Fig. 12. Occupant arrangement in the first second of the simulation for scenario 3

The blocking of 7 doors led to a significant increase in evacuation time (19
seconds more than scenario 1) and also an increase in the number of people evacuated
on the few remaining doors that had around 50 users evacuated on each door (doors
17, 41, 13 and 35). Another effect is the creation of new congestion areas, as well as
the much higher use of stairs leading to the south side of the building.

Exited: 96 /526

Fig. 13. New areas with high density of people for scenario 3
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The first people to be evacuated were the people who cannot evacuate
themselves due to the staff who consider themselves trained in this regard and act 10
seconds before the other users.

Occupants evacuated in time

m——Occupants

Fig. 14. Graph of users evacuated in time for scenario 3

Compared to scenario 2, the curve is no longer so steep as users from the
northern part of the building have to cross the building to the southern part of it,
making it impossible to use the doors closest to the main entrance.
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Fig. 1. Graph with the total users evacuated to each door for scenario 2

Compared to scenarios 1 and 2, only 4 escape doors are used, and the number of
evacuated users on each door is considerably higher, in the case of the door no. 17
being about triple.

The scenario considered is a totally fictitious one, in practice it is impossible to
decommission 7 escape doors. A special mention is that it is impossible to pregétit o
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building for such a scenario with such exaggerated elements. For this case, the time
obtained is a very good one, being an evacuation executed in ideal time.
Solutions to make the evacuation more efficient

The analysis of the three simulated scenarios showed a significant increase in the
evacuation time when one of the escape doors was blocked (scenario 2) and, in
particular, when the doors at the main entrance became inaccessible (scenario 3). The
evacuation time increased from 103.8 seconds (scenario 1) to 122.8 seconds (scenario
3), which represents an increase of more than 18%, indicating a vulnerability of the
system in the absence of redundancy.

Based on these results, the following technical and organizational measures are
proposed:

1. Reconfiguring the furniture in event rooms and hallways

In the simulations carried out, accumulations of people were observed in the
vicinity of tables and chairs, especially in the areas between furniture and escape
routes. It is recommended to reposition or group furniture more airy, so as not to
reduce the width of the escape aisles and to allow a more fluid flow of people.

2. Resizing or supplementing secondary escape doors

The blocking of a single door led to an overload of the other exits. It is
recommended to consider the possibility of extending the width of secondary doors or
introducing a new direct exit to the outside from areas with high occupancy density
(e.g. breakfast room or conference room).

3. Installation of additional directional exhaust signs

In scenarios with blocked exits, occupants initially continued to orient
themselves towards inaccessible exits, wasting time. The implementation of dynamic
signaling panels, capable of indicating in real time the fastest available outputs (voice
alarm or sequential LEDs), can route flows adaptively and reduce local bottlenecks.

4. Provision of assistance for persons with reduced mobility

In scenario 2, the introduction of occupants who cannot evacuate themselves
generated delays in areas where they crossed paths with groups of mobile evacuees. It
is proposed to allocate dedicated routes for these trained occupants and/or companions,
as well as to clearly mark these routes in the evacuation plan.

5. Implementation of an evacuation plan differentiated by areas

The simulation showed that the uneven distribution of the population leads to the
overloading of some outputs and the underutilization of others. It is recommended to
draw up an evacuation plan by sectors, with the advance assignment of pre-established
routes for each functional area (e.g. restaurant area — side door; bar area — secondary
main exit).

The proposed measures aim not only at geometric compliance with evacuation
requirements, but also at optimizing the collective behavior of occupants under stress,
ensuring a high level of safety even in situations with partial restriction of exits or in
the presence of people with special needs. The implementation of these solutions
directly contributes to shortening evacuation time and reducing the risk of congestion
at critical points.
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4.Conclusions

The computer simulation of the evacuation using the Pathfinder program was a
key step in assessing the performance of the evacuation routes of the analyzed
building, providing a dynamic perspective on how users react and move in emergency
situations. Building the 3D model in SketchUp and importing it into Pathfinder
allowed the faithful rendering of the architectural, functional and furniture
configuration, factors that directly influence the trajectories and speed of movement of
people.

The configuration steps — delimiting the spaces, defining the escape doors,
setting the exit points and assigning the various occupant profiles — ensured the
generation of extremely realistic evacuation scenarios. The differentiated distribution
of occupants and the introduction of individualized characteristics (speed, reaction
time, behavior) allowed the precise identification of areas with a high risk of
congestion and vulnerable sections of the exhaust network.

The three scenarios tested demonstrated that relatively small changes in initial
conditions — the appearance of people with reduced mobility or the blocking of doors —
can have a major influence on overall evacuation times. The blocking of the main
access generated a forced redistribution of flows to secondary exits, causing dangerous
accumulations in constriction zones and confirming the need for effective redundancy
of escape routes, as well as the importance of maintaining the permanent functionality
of the doors.

The analysis of the results allowed the identification of key vulnerabilities, such
as areas with dense furniture, insufficiently sized routes and high dependence on
certain exits. The proposals formulated — resizing or supplementing the doors,
reorganizing the furniture, installing additional directional signs and training the staff —
directly contribute to increasing the level of safety.

Main conclusions of the study:

> evacuation times can increase by more than 18% in the absence of
redundancy of escape routes;

> the uneven distribution of occupants is one of the main factors in the
occurrence of congestion;

> people with disabilities significantly influence the dynamics of flows

if the routes are not adapted,

> the width of the doors and the arrangement of the furniture are
decisive elements for the efficiency of the evacuation;

> Trained staff can reduce times for vulnerable occupants.

Applicability to other types of buildings:

The principles and conclusions obtained are also valid for other buildings with
large flows of people — conference centers, restaurants, hotels, shopping centers,
cladiri administrative sau educationale. Comportamentul multimii, influenta furniture,
the importance of redundancy and correct door sizing remain constant regardless of the
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type of construction, which confirms the generalizable nature of the methodology
used.

Recommendations for occupants in case of evacuation:

> follow the signage and instructions of the staff without stopping or
turning;

Use the closest functional output, not just the input originally used.
keep calm, walk orderly and avoid running;

not to block doors and aisles;

parents to keep their children close;

people who can help vulnerable occupants to do so without exposing
themselves to risks.

YVYVVYVYY

Strictly forbidden actions during the evacuation:

the use of elevators;

returning for personal belongings;

pushing or forming compact masses that can generate panic;
blocking of escape doors or corridors;

ignoring signage or moving to locked doors.

YVVVY

In conclusion, the use of Pathfinder has proven to be a valuable tool for
validating, optimizing and generalizing technical evacuation solutions. The results
obtained support both architectural adaptations and operational improvements
regarding occupant response and emergency management, contributing to increasing
the overall level of fire safety.
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Abstract: Articolul prezintd propuneri de eficientizare energetica a sistemelor complexe
de incalzire/racire §i preparare apa caldia de consum prin conceptualizarea a doud
sisteme pentru testarea §i gestionarea eficientd din punct de vedere energetic aplicate
unui ansamblu mixt format din doua pompe de caldura de tip apa-apa, respectiv aer-apa.
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Rezumat: The article presents proposals for energy efficiency of complex
heating/cooling and domestic hot water systems by conceptualizing two systems for
energy-efficient testing and management applied to a mixed ensemble consisting of two
water-to-water and air-to-water heat pumps, respectively.

Cuvinte cheie: incilzire/racire, pompe de caldura, eficientizare energetica

1. Introducere

Avand in vedere politica Uniuni Europene de tranzitie spre un sistem de
preparare si de furnizare a energiei termice eficiente energetic si cu cat mai putine
emisii de gaze cu efect de serd [1, 2], in ultima perioada de timp se sesizeaza o crestere
a utilizarii pompelor de céldura ca si surse de energie termica In componenta acestor
sisteme. Energia termica produsa cu ajutorul pompelor de caldura este considerata
energie verde si cu emisii reduse de CO> deoarece se poate considera ca energia
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electrica consumata de pompe de caldura poate proveni din surse regenerabile sau din
surse cu emisii reduse de gaze cu efect de sera [3, 4].

In cazul utilizarii pompelor de cildura ca si surse de energie termici sau surse
pentru prepararea apei calde in instalatii aferente unor cladiri publice sau ansambluri
de locuinte, in majoritatea cazurilor este necesara instalarea mai multor pompe de
caldura, de acelasi tip aer-apa sau apa-apa. Sunt intalnite insd si unele cazuri in care
avem chiar o combinatic a acestor surse. In sistemele de incilzire ale cladirilor
eficiente energetic, Tn majoritatea cazurilor avem nevoie de temperaturi reduse ale
agentului termic 1n sistemul de incalzire si din acest considerent agentul termic este
distribuit spre a fi incalzit in mai multe pompe de caldura conectate in paralel. Avand
in vedere ca sarcina termica necesara la utilizatorii finali este dependenta in general de
temperatura exterioard, modul de cascadare si de incdrcare a pompelor de caldura
trebuie gestionat astfel incat consumul de energie electrica al sistemului sa fie cat mai
redus. Cu alte cuvinte, se impune o automatizare a intregului proces astfel incat
randamentul energetic al pompelor de cdldurd sda fie cit mai ridicat posibil.
Automatizarea modului de prioritizare si incarcare a pompelor de caldurd trebuie sa
tina cont de mai multi factori dintre care cei mai importanti sunt: temperatura necesara
a agentului termic la consumator, temperatura aerului exterior, temperatura apei de
suprafatd sau a apei freatice, curbele de putere si de randament ale pompelor de
caldura, energia electrica consumata de pompa de cdldurd in functie de gradul de
incarcare a acesteia. Dacd furnizorul de pompe de cédldurd nu furnizeaza informatii
complete pentru toate regimurile de functionare, beneficiarul va fi nevoit sa isi ridice
singur aceste curbe de functionare inregistrand datele caracteristice in toate punctele
posibil a fi intalnite in functionarea acestora. Astfel, tindnd cont de eficienta energetica
a fiecdrei pompe din componenta sistemului de incélzire determinatd printr-un bilant
energetic aplicat pe conturul fiecarui echipament se poate concepe o configuratie
optima de incarcare succesiva a pompelor de caldura. Sistemul de automatizare trebuie
sa aiba implementat sistemul de pornire si folosire succesiva a tuturor echipamentelor
astfel Incat uzura acestora sa fie cat mai uniforma.

2. Conceptul sistemului format din pompe de caldura apa-apa si aer-apa

In Figura 1 se prezinta conceptul unui sistem pentru testarea si gestionarea
eficientd din punct de vedere energetic aplicat unui ansamblul mixt format din doua
pompe de caldura de tip apa-apa respectiv apa-aer, montate in paralel, in care se pot
observa toate elementele necesare sistemului (contoare de energie, senzori, placa de
achizitie si calculator de proces) pentru ridicarea curbelor caracteristice si pentru
optimizarea incarcarii celor doud pompe de caldura.

Pompele de caldura apa — apa au si capacitatea de a creste potentialul termic al
sistemelor de incalzire care folosesc energia geotermalad ca si sursa regenerabild de
energie. In cazul acestor sisteme, pompele de cilduri au si rolul de a rici apa
geotermald astfel Tncat aceasta sd poatd fi deversatd in sigurantd la emisar sau sd fie
reintrodusa 1n sol prin forajul de reinjectie.

119



Conceptul unei instalatii pentru testarea, monitorizarea si gestionarea eficienta a sistemelor complexe dotate cu
pompe de céldura pentru incélzirea / racirea si prepararea apei calde in cladiri

&5

o . Water-water o ma
{3 <} 1 Ty i iy, T il el T S
T % heat - z
pump
T Load .
' 90% | |
River, stream, sea,
ocean, groundwater,
geothermal water
Data
acquisition
] || Fan coil
computer E % @l
EF —
s L P Air-water alnse |
E1{Z > heatpump [ T
Load Lt s—

30%

Fig. 1. Schema conceptuala cu pompe de caldura montate in paralel

Pentru a raci suficient aceasta apa geotermala si pentru a folosi cat mai mult din
potentialul termic al acesteia, atat apa geotermald, cat si agentul termic parcurg
circuitul pompelor de cdldura inseriate (de obicei doud/trei pompe de caldura).

In figura 2 se prezinti conceptul unui sistem pentru testarea si gestionarea
eficientd din punct de vedere energetic aplicat unui ansamblul format din trei pompe
de cédldura de tip apd-apa inseriate, in care se pot observa toate elementele necesare
sistemului (contoare de energie, senzori, placa de achizitie si calculator de proces)
pentru ridicarea curbelor caracteristice si pentru optimizarea incarcarii celor doua
pompe de caldura.
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Fig. 2. Schema conceptuala cu pompe de caldura montate in serie

Si in acest caz tindnd cont de eficienta energeticd a fiecarei pompe din
componenta sistemului de incalzire determinata tot printr-un bilant energetic aplicat pe
conturul fiecarui echipament se poate concepe o configuratie optima de Incarcare
succesiva a pompelor de caldura. Sistemul de automatizare trebuie sa aiba implementat

120



Daniel Bisorca, Adriana Tokar, Danut Tokar, Daniel Muntean, Alexandru Dorca

si acel sistem de pornire si folosire succesivd a tuturor echipamentelor astfel incat
uzura acestora sd fie una cat mai uniforma.

6. Concluzii

Eficientizarea energeticd a sistemelor de incdlzire a cladirilor, in majoritatea
cazurilor, se face la temperaturi reduse ale agentului termic. Agentul termic este
distribuit spre a fi incalzit Tn mai multe pompe de caldura conectate in serie/paralel.
Avand in vedere ca sarcina termica necesard la utilizatorii finali este dependenta in
general de temperatura exterioard, modul de prioritizare si de incarcare a pompelor de
caldura trebuie gestionat astfel incit consumul de energie electrica al sistemului sa fie
cat mai redus, adicd se impune o automatizare a intregului proces astfel incat
randamentul energetic al pompelor de caldurd sa fie cat mai ridicat posibil. Prin
urmare, articolul propune dezvoltarea a doua concepte care se bazeaza pe testarea si
gestionarea a doua tipuri de pompe de caldura si prioritizarea functiondrii instalatiei in
functie de parametrii stabiliti (temperaturd interioara, temperatura exterioara, etc) prin
integrarea unui sistem de automatizare. Autorii articolului intentioneaza sa realizeze la
scard pilot o instalatie care sd integreze conceptele propuse. Un avantaj care trebuie
exploatat 1n viitor este acela cd pompele de cdldura pot furniza eficient energetic si apa
rece in sistem de racire pasiva / activd. Apa racita se poate furniza consumatorilor, prin
conductele de termoficare, In perioada verii ca si agent de racire 1n sistemele dotate cu
ventiloconvectoare. Conceptele propuse 1n aceasta lucrare sunt valabile si pentru
modul de furnizare apa racita pentru racirea cladirilor.
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Abstract. The article presents quantitative and qualitative aspects of lighting, its
influence on activities carried out in educational and health spaces, and the impact of
artificial lighting through its effects, especially blue light, on health.
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1. Introduction

The role of lighting in buildings is to ensure the quantity and quality of light,
natural or artificial, so that activities can be carried out in hygienic and healthy
conditions throughout the day. Although, from the point of view of the positive effect
on the mental state of the occupants, but also on the properties of the rooms, natural
lighting is preferred, due to the multitude of uncontrollable factors (seasonal and daily
variation of brightness, limitation of glazed surfaces, etc.) artificial lighting is the one
that replaces daylight. In this context, artificial lighting, depending on the purpose of
the buildings, must allow the occupants to easily perceive the visual task, improve
precision for a better performance of the activities carried out, not to have a risk of
accident (too weak light), not to damage the vision through glare or generate visual
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fatigue. Thus, optimal lighting levels are defined for a wide range of spaces,
activities/areas or visual tasks.
Table 1 presents the level of illumination, and Table 2 presents a selection of
recommended values for the design of general lighting systems that refer to buildings
intended for educational and public health institutions (hospitals and clinics) [1].

Table 1

Lighting level [ 1]

Lightings level Type of act1v1‘ty/V isual Examples of destinations
(Ix) perception
20-30-50 Areas intended for circulation, | Secondary corridors, dryers in industry **)
storage
50-100-150 Areas for circulation, simple Corridors, halls, warehouses, storerooms
orientation or temporary visits
100-150-200 Rooms where work activity is Main halls, stairs, escalators
not continuous
200-300-500 Simple visual perception Theater, concert halls, canteens, industrial
machine rooms, general factory lighting

300-500-750 Medium visual perception Gymnasiums, classrooms, on library

shelves, assembly areas

500-750-1000

Imposed visual perception

Offices (writing, reading, with computers),
laboratories (where precise measurements
are made)

750-1000-1500

Difficult visual perception

Fine assembly (mechanics, electronics),
sewing, knitting rooms, final inspection

1000-1500-2000

Special visual perception

Precision work (electronics), color control,
jewelry workshop

Peste 2000

Very accurate visual perception
where high performance is
required

Boxing rings, medical operating tables

**) Where color identification is not required

Table 2
Recommended values for the design of general lighting systems [1]
Types of destinations, Em
activities or visual . . . UGRL | Ry | H, Uy Remarks
. minimum | compensation
perception
Educational institutions
Playrooms 300 500 22 80 | 0.00 | 0.40
Nursery and 300 500 22 80 | 0.00 | 0.40
kindergarten
classrooms
Consultation rooms 300 500 19 80 | 0.70 | 0.60
500 1000 19 80 | 0.70 | 0.60 | For classrooms
intended for
young children,
Classrooms the minimum
lighting level can
be reduced to 300
Ix.
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Types of destinations, Em
activities or visual . . . UGRL | R, | H, U Remarks
. minimum | compensation
perception
Classrooms for evening 500 750 19 80 | 0.70 | 0.60
classes or for adults
Reading rooms 500 750 19 80 | 0.70 | 0.60
500 750 19 80 0.70 On the board.
Blackboard To be avoid
veiling reflections
. . 500 750 19 80 0.70 On the board.
Demonstration board in .
To be avoid
lecture halls Workshops .. .
veiling reflections
Workshops 500 750 19 80| 1.0 | 0.60
Art workshops in art 750 1000 19 90 | 0.7 070 | 4000K < T¢p <
schools 6500 K
Technical drawing 750 1000 19 &80 | 0.7 |0.60 Pe planseta
rooms
Laboratories 500 750 19 80 | 0.7 |0.60
Amphitheaters 500 750 19 80| 0.7 ]0.60
Music rooms 300 500 19 80| 0.7 ]0.60
Computer rooms 300 500 19 80 | 0.7 ]0.60
Language laboratories 300 500 19 80| 0.7 |0.60
Study Rooms Sports 500 750 22 80 | 0.7 ]0.60
Student Common 200 300 22 80 | 0.7 |0.40
Rooms and Meeting
Rooms
Teacher's room 300 500 19 80| 0.7 |0.60
Halls and Swimming 300 500 22 80 | 0.0 | 0.60 | For public access
Pools areas, the values
are correlated
with the SR EN
12193:2019
standard.
Entrance halls 200 300 22 80 | 0.00 | 0.40
Corridors, circulation 150 200 25 80 | 0.00 | 0.40
areas
Stairs 150 200 25 80 - 0.40 | Lighting is done
at the level of the
stairs.
Teaching material 100 150 25 80 0.40 | On the shelves.
warehouses
Hospitals and clinics
Waiting rooms 200 300 22 80 | 0.00 | 0.40 -
Corridors, day -81 200 22 80 | 0.00 | 0.40 -
Corridors, night 50 - 22 80 | 0.00 | 0.40 -
Staff offices 500 1000 19 80 | 0.7 |0.60 -
Staff rooms 300 500 19 80| 0.7 |0.60 -
General lighting in the 100 200 19 80 | 0.00 | 0.40 Floor-level
rooms lighting. By local
- reading in the rooms 300 750 19 80 0.70 | lighting on the
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Types of destinations, Em
activities or visual . . . UGRL | R. | H. Uo Remarks
. minimum | compensation
perception
- simple examination in 300 500 19 80 0.60 | usable surface.
the rooms
- examinations and 1000 1500 19 90 0.70
treatments
- nighttime/observation 5 - 80 -
lighting
Patient bathrooms and 200 300 22 90 0.40 At the mirror
toilets
General lighting in 500 750 19 90 | 0.70 | 0.60 | 4000K < T¢p <
consulting rooms 6500 K
Eye and ear 1000 1500 - 9 | - - 4000K < T¢p <
examinations 6500 K
Vision tests (reading 500 750 16 90 0.70 On the test
and color) surface
4000 K < Tgp <
6500 K
Dialysis rooms 500 750 19 80 | 0.70 | 0.60 -
Dermatology rooms 500 750 19 90 | 0.70 | 0.60 -
Endoscopy rooms 300 500 19 80 | 0.70 | 0.60 -
Dressing rooms 500 750 19 80 | 0.70 | 0.60 -
Massage and 300 500 19 80 | 0.70 | 0.60 -
radiotherapy rooms
Saloane preoperator si 500 750 19 90 | 0.70 | 0.60 -
de reanimare
Operating rooms: -
general lighting;
- general lighting; 500 19 |90 0.70 3 x 3 m? around
- general lighting 1000 19 |90 ]| 0.70 the table
around the operating
table;
Local lighting operating | 10000- 16 90 On the operating
table. 100000 field
Intensive care:
- general lighting; 300 500 19 90 | 0.00 | 0.60 At floor level
- simple examinations; 500 750 19 90 | 0.00 | 0.60
- examinations and | 1000 1500 19 |90 0.00 |0.70 |  Atbed level
treatments;
- nighttime 20 - 19 [90] 000 | - On examination
surveillance. surface
Dentistry: Lighting must not
- general lighting 500 750 19 [90 [ 0.70 | 0.60 | presentarisk of
blinding the
patient
- local patient lighting 1000 1500 - 90 0.70 | Local
examination
lighting
- local lighting operation 5000 90 On the operator
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Types of destinations, Em
activities or visual . . . UGRL | R. | H. U Remarks
. minimum | compensation
perception
field.
Values higher
than 5000 Ix may
be required
- jointing, adjustment 5000 90 Tep at least 6000
white teeth K
Laboratories and 500 750 19 80 | 0.7 |0.60 -
pharmacies
Color control 1000 1500 19 90 | 0.7 10.60| 4000K< T¢p <
(laboratories) 6500 K
Sterilized/disinfected 500 750 22 80 | 0.7 |0.60 -
rooms
Autopsy rooms and 500 750 19 9 | 0.7 | 0.60 -
morgues
Autopsy and dissection 5000 7500 - 9 | 0.7 | 0.60 Values higher
table than 5000 Ix may
be required

Note: En represents the recommended illumination level on the reference surface, in Ix; UGRy — the
limit value of the UGR index (unified glare index) corresponding to the type of destination, activity or
visual load; R, — the general color rendering index; Hy, — the height of the reference surface when it is
parallel to the floor/useful plane, in m; Uy - the minimum value of the illumination uniformity
coefficient on the surface of the useful plane.

In the specialized literature, it is estimated that insufficient lighting creates a
series of consequences, including [2]:
- visual fatigue;
- decreased work capacity;
- sensations of stinging or foreign bodies in the eyes;
- the appearance of vision disorders or even conditions such as myopia;
- increased waste;
- risk of trauma.
On the other hand, excessive lighting can produce a series of negative
phenomena that refer to photophobia, tearing, pain in the eyeballs, headaches, etc. [2].
Hygienic requirements for room lighting refer to the following aspects [2]:
- to ensure a satisfactory level in the entire field of view;
- to ensure an optimal level for various activities;
- to be relatively uniform; to protect the eyes from radiation coming from the source or
the reflection of surfaces;
- to ensure adequate radiation to avoid shadows;
- the light from artificial sources should have a spectrum as close as possible to that of
natural light.
Even though the European Commission's SCENIHR (Scientific Committee on
Emerging and Newly Identified Health Risks) committee states that it is very unlikely
that artificial lighting is the cause of eye discomfort or even eye damage [3], there are
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still sources that express some concerns and emphasize the importance of choosing the
type of lighting, the quality of light sources, and changing lighting levels [4, 5].
However, in 2012, the same document [3] states that there is still a lack of relevant
data regarding the effects of lighting on some medical conditions and that blue light
and ultraviolet radiation are a potential risk factor for worsening symptoms in some
patients with diseases such as chronic actinic dermatitis (a chronic papulopustular and
eczematous facial dermatitis) and solar urticaria (Solar urticaria is a rare form of
chronic inducible urticaria in which the skin swells within minutes of exposure to
natural sunlight or an artificial light source that emits ultraviolet radiation.).

For this reason, it is very important that the choice of artificial light sources in
healthcare buildings (hospitals, medical clinics, etc.) is well regulated. From the point
of view of lighting installations for hospitals, in Romania, the regulatory framework is
regulated by NP 015-2022 [6], which, however, does not address these aspects by
referring to NP 061-2002 with the amendments and additions of 2023 [1], to the 17-
2011 standard with subsequent amendments and additions [7] and to a series of
standards, including SR EN 12464-1 [8], SR EN 12665:2024 [9], etc. On the other
hand, various international institutions have established regulations for hospital
lighting that take into account the safety and comfort of the patient, as well as of the
hospital staff, namely: ANSI/IES RP-29-16 which recommends two different levels of
lighting, one for the day and the other for the night correlated with the natural ability
of the eye to adapt to the lighting conditions [10]. For example, the ANSI/IES RP-29-
16 standard provides for a hospital lobby lighting of 800 lux during the day and 400
lux at night, taking into account the recommended lighting level for patients over 65
years old [10, 11], compared to the Romanian standard [1], which provides, according
to Table 2, the values of 200 lux during the day and 50 lux at night. It can be seen that
there is a difference in approach regarding the safety and comfort of patients and
medicated staff, in favor of energy saving.

In general, in artificial lighting, certain types of lamps (including incandescent
bulbs) can emit low-level UV radiation, which may increase the incidence of
squamous cell carcinoma. The SCENIHR Committee [3] states that blue light from
LED lamps and generally from improperly used lamps could theoretically induce
retinal diseases, but other eye damage from chronic exposure to artificial light under
normal lighting conditions is unlikely [3].

2. The main concepts addressed in lighting technology

Luminous flux represents the radiant flux emitted in the visible spectrum,
evaluated by the intensity of the visual sensation. The radiation is emitted in the entire
space around the light source. The unit of measurement is the Lumen (Im) and this
measurement provides the best comparison between two sources that do not have
directional light (>120°) (Figure 1). Between two lighting fixtures with directional
light, the appropriate basis for comparison is the luminous flux emitted in an infinitely
small solid angle. The unit of measurement is the Candela (cd) (Figure 1).
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Unfortunately, the specifications only provide for the specification of the flux of the
light sources, which in the case of light sources with a narrower angle distorts the
comparison. The illumination of a surface is characterized by the density of the
luminous flux on the surface whose unit of measurement is Lux (1x) [12] (Figure 1).

Lumen (Im)

Candela (cd)

Fig. 1. [llumination of a surface [12]

Color rendering index

To express the color rendering index, worldwide, there are several expressions:
- general color rendering index (Ra) — used in Europe and Asia;

- special color rendering index (R9) — which measures the transmission of red
tones;

- color rendering index CRI — used worldwide.

However, the CRI score is the most widely used measurement in North
America and is internationally recognized as the standard measure of color rendering.
The color rendering index (CRI) is a ratio that shows how accurately an object
illuminated by artificial light reproduces its colors compared to natural light. The CRI
ranges from 0 to 100, with a score of 100 representing perfect color rendering,
meaning that the colors of objects illuminated by the light source appear exactly as
they do in natural sunlight. Sunlight is considered to be 100, the minimum prescribed
index for indoor lighting is 80, and for outdoor and industrial lighting it is a minimum
of 70 [12,13]. The color rendering index is a critical factor in the design of lighting
systems for applications where accurate color rendering is essential (laboratories, work
areas for medical or care activities with high risk potential, etc.). The lower the index,
the more inaccurately the colors are rendered, which can cause color distortion and
affect the perception of the subject's appearance. An example of this is shown in
Figure 2 [12,13].

128



Considerations regarding the impact of artificial lighting on human vision

Correct Color
Sent to the Eye

Different Color
Sent to the Eye

Fig. 2. Color perception by the human eye according to the CRI index [13]

Color rendering index has a significant impact on the ability to accurately assess
organ anatomy during surgery. High CRI illumination ensures accurate color rendering
of tissues and anatomical structures, helping to differentiate healthy from diseased
tissues. Many anatomical structures present similar coloring and vastly complex
anatomical particularities such as shape and positioning, as seen in Figure 3. Intra-
operatory, the ability to accurately differentiate between anatomical structures is
crucial. Thus the CRI standard is highly important in operating rooms.

=

Fig. 3. Differentiating between various tissues[14]

The CRI index is calculated by comparing the color rendering of the light
source to that of a reference light source for a set of eight color samples representing
different hues, saturation levels, and skin tones, and assigned a value based on how
accurately they are rendered by the tested light source. The results are then averaged to
determine the color rendering index for the tested light source [13].

The CRI index is used to select suitable light sources for specific applications.
LED lighting has become increasingly popular in recent years due to its energy
efficiency and long lifespan. However, the CRI of LED lights can vary greatly, with
some models scoring as high as 60 or 70. The general rule is: the higher the color
rendering index, the better the color rendering ability. However, the CRI is not
dependent on the color temperature. LED lights with lower CRIs can distort colors and
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make it difficult to distinguish them accurately. In contrast, LED lights with higher
CRIs, typically above 90, can provide excellent color rendering, making them ideal for
applications where accuracy is important.

But, CRI index is not the only factor to consider when choosing a light source,
as it does not take into account other aspects of light quality, such as temperature,
brightness, and color consistency. However, it is an essential measure of color
rendering and can provide valuable information when selecting a light source for
specific applications.

In conclusion, CRI plays a vital role in lighting design, as it determines how
well a light source can illuminate colors compared to natural sunlight.

Color temperature

Artificial lighting is correlated with the color temperature which is given in
degrees Kelvin (K), essentially determining the ambient lighting. The higher color
temperature is cooler, and the lower one designates the warmer light. Sunlight has an
average value of 5500 K, which at sunset and sunrise warms up to around 4800 K. In
general, in the range of 2700-3500 K of the color temperature we call it warm light
(yellow-red range), in the range of 3500-5000 K neutral light and 5000 -6500 K cool
light (green-blue range), aspects highlighted in Figure 3 [16, 17]. Geographically,
warm light is more popular towards the north, while neutral and cool light are more
popular further south [12].

LéD Overcas
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warm neutral cold

8000
3000

a

10,000K
skylighg_"
Fig. 3. Color temperature of light sources [16], [17]

LED sources are made up of several LEDs grouped in the same source to obtain
higher luminous fluxes. In commercial LED sources, the color temperature can vary
from 2800K to 12000K, with color rendering ranging from poor to excellent. Figure 4
shows the light spectrum obtained by 3 LED sources on the market. The difference in
spectral shape is given by the execution technology of the LED source. To obtain cool
and neutral color temperatures, single-chip LEDs are usually used, and for warm color
temperatures, dual-chip LEDs are used.

Meutral white

1 $ se=eees Warm White

===={old White

0.4

06 -

Normalized spectral fluc (arb. units)

0.4

0,2

il

380 a0

580
Wavelength [nm)

Fig. 4. The spectral flux of three different types of LEDs [3]

3. Light that affects health

With the pandemic, exposure to blue light from backlit screens and digital
devices has increased. In fact, blue light, like any other visible color, is everywhere in
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the environment. The sun, fluorescent light sources, incandescent light sources, and
light-emitting diode (LED) technology all emit blue light, so people are exposed to a
lot of blue light [18].

Some eye health experts have expressed concerns about exposure to blue light
from backlit digital screens and devices. A 2020 study [19] found that so far, research
in humans has not shown any concern about eye damage from blue light, but some
animal studies have shown that blue light can damage cells in the retina [20]. It is
known that the eye has structures that protect it from certain types of light (for
example, the cornea and lens protect the light-sensitive retina at the back of the eye
from harmful UV rays) (Figure 5 [21]).

cornea
lens

macular
visible light

blue light
UV light
Fig. 5. The structure of the eye's protection from light [21]

Yet, there is a slow deterioration in eye health across all age groups and an
awareness of eye fatigue, with degenerative changes in the structure of the retina
(Figure 6) being observed due to artificial light [22].

PR g
2P

F et

Bk o .

i ar.\ ) ¢
. AR
Fig. 6. Degenerative changes in the structure of the retina induced by artificial light [22]
a) natural light, b) LED lights, c) blue light

For this reason, relevant studies are needed that ultimately lead to the
establishment of measures that minimize possible adverse effects. Therefore, it is
difficult to conclude which of the light components (blue, red or infrared) have more
pronounced negative effects on human health [19], but according to the opinion issued
by SCENIHR [3] in 2008, blue and UV light represent a potential risk for the
aggravation of certain diseases, such as: chronic actinic dermatitis and solar urticaria.
This category includes compact fluorescent lamps (CFC), halogen lamps and even
LED lamps, commonly found in educational and public health buildings due to their
low electricity consumption.
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Some researchers say that the information regarding LED devices is still
uncertain due to the fact that they are relatively new and there are not enough long-
term studies to certify the effects of blue light on health. On the other hand, papers
claim that light with a strong blue component affects circadian cycles, the hormonal
system and even the immune system [3].

For laparoscopy newer light sources were found that met the required CRI and safety
standards. Liquid crystal and optic fiber cables most frequently used. While both are
relatively safe options the lather one poses the risk of rupture. Both present burn risks
especially liquid crystal cables [23]

6. Conclusions

In the context of promoting the widespread use of energy-saving lamps and the
gradual elimination of incandescent lamps, the issue of verifying information
according to which the symptoms of some diseases are or could be aggravated by
energy-saving lamps arises.

The importance of ensuring a level of illumination, adopting lighting systems
that are close to natural light, with a CRI index as close as possible to 100, is
emphasized to ensure health, comfort and work efficiency. Greater attention must be
paid to the design of lighting systems for healthcare spaces. Efficient lighting not only
allows surgeons to perform procedures with precision but also plays a vital role in
ensuring patient safety and optimal clinical outcomes.

Since the harmful effects of blue light are attributed to cardiovascular diseases,
diabetes, osteoporosis and even breast cancer, it is necessary to continue research, to
publish its results, putting human safety and health first. These results must also form
the basis for updating lighting regulations, even at the expense of reducing electricity
consumption.
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