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OPTIMISATION AND SYNTHESIS
OF SINGLE BLADE VIBRATION MOTION
IN AIRFLOW
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The study focuses on wind flow energy harvesting technology utilising the vibration
method. The one-degree-of-freedom mathematical model comprises a flat plate connected to
a foundation via an elastic element, subjected to airflow induced by the wind. Energy accu-
mulation occurs within a generator. The braking force exerted by the generator can assume a
constant, linear, or non-linear relationship with plate velocity. Oscillation motion is induced
by altering the plate area within each oscillation cycle, with maximum area exposure to the
windward motion and minimum during leeward movement. Control switches, functioning as
level functions, facilitate motion synthesis and simulation by simplifying the description of
plate area and generator switching control in the phase plane. Additionally, a control switch-
ing delay is introduced for plate area variation, described in terms of velocity and coordinate
levels. The paper presents computer simulation results in the form of phase diagrams and time
responses, followed by an analysis of generated power and energy extraction efficiency.

Keywords: Air flow, energy harvesting, plate vibrations, surface area control, switching
delay.



1. INTRODUCTION

In recent times, there has been a notable
surge in interest regarding the deployment
and integration of small or medium-sized
wind energy harvesting equipment within
urban settlements [1]. This study evaluates
the performance of wind turbines and tech-
nologies that utilise micro or small wind-
induced vibrations to improve their efficiency
and reliability in operation. Wind energy
harvesting technologies based on the use of
interaction forces between air flow and mov-
ing objects through reciprocating motions
demonstrate a wide range of approaches.
For instance, research [2]-{7] delves into
the examination of vibrations character-
ised by flapping or fluttering. Accordingly,
investigations into the utilisation of vortices-
induced vibrations can be found in studies
[8]-12], while galloping mechanisms are
explored, for example, in works [13]-[17].
The analysis of these studies reveals that
rotating turbines, whether vertically or hori-
zontally oriented, generally exhibit higher
power outputs compared to vibration-based
technology equipment, owing to the absence
of blade-stopping moments. Nevertheless,
rotating turbines also present certain draw-
backs [18] listed below.

* They can attain high speeds at the radial
extremities, potentially posing hazards
to nearby living or inanimate objects.

* High speeds may lead to increased
blade vibrations and noise levels.

*  Their proximity to residential structures
is not always desirable.

However, vibration-based wind energy
harvesting equipment also carries its own
set of limitations [19] presented below.

* The energy gained during the down-
wind phase is reduced by the energy
expanded during the upwind phase.

* Energy production levels are generally
lower compared to rotor-type turbines.

» Possibility of additional high-frequency
noise and vibrations.

» Sensitivity of vibration amplitudes to
changes in wind speed.

To improve the efficiency of oscilla-
tory motion technology in extracting wind
energy, this study uses the principles of opti-
mal synthesis [20], [21]. For this purpose,
changing the surface area of the oscillating
plate is chosen as a control action [22]. In
addition, the energy storage generator con-
trol is designed with adjustable operating
thresholds. Since in a real mechanism it is
physically impossible to change the surface
area instantly (bang-bang control), com-
puter simulations include a delay in switch-
ing areas to simulate motion [23].

2. MOTION CONTROL OPTIMISATION

A model depicting the movement of
a plate along the Ox direction is shown in
Fig. 1. This model comprises a plate 2,
which moves along the x-axis and is con-
nected to an actuator 3. A wind flow with
velocity V) acts on the plate at the angle f8
relative to x axis. The actuator 3 serves to

simulate the force produced by the energy
generator, as well as additional damp-
ing forces within the system. The forward
motion of the system, when the relative
wind velocity projections to the normal and
plate are positive, is described by the fol-
lowing differential equation [24], [25]:



m¥ = Ap(1 + C)(Vycos B — x)? — F; — Fp,

(1

where m being the mass of moving plate, kg; x is a displacement of the plate, m; C is a
dimensionless constant; 4 is the plate lateral surface area, m?; p is the air density, kg/m?; v,
is the air flow velocity, m/s; f is the angle between airflow velocity and x axis, rad; £ is the
force of energy generator and F is the additional damping force, N.

Fig. 1. A schematic diagram of plate rectilinear
movement system: 1 — wind interaction force; 2 — a
thin flat plate; 3 — an energy storage and damping
actuator; 4 — end position of the plate.

The equation of motion of the recipro-
cating vibrating system (Fig. 2) is similar
to Eq. (1), but it is supplemented with the

Fig. 2. Reciprocating vibrating system: 1 — a non-
linear spring system; 2 — spring force.

force F,, of the flexible element and with
the sign function (£1) switching the direc-
tion of relative velocity (V, cos § — x):

m¥ = Ap(1 + C)(Vycos f — x)? - sign(Vycos B — x) — F; — Fp — Fgy, . (2)

Examining Eq. (1) through the lens of
control optimisation [20], [21], it is possible
to select the area 4 = u ‘m[p(1+C)]" and the
force F, = mu, as control functions depen-
dent on time ¢ and phase coordinates x, x,
denoted as u; = uy (¢, x, %), uy = u,(t, x, %),
respectively. In the scenario of unidirec-
tional stationary motion, the criterion
should reflect the energy obtained from the
generator, expressed in the following form
[22]:

t2

](x,fc,ul,uz):f u,xdt, 3)

t1

where 7, and ¢, are the start and end times
of the movement under consideration, when
the displacement AL is performed (Fig. 1).

The stated optimisation problem
imposes a constraint on the size of the posi-
. . . (1) .
tive area 4 with minimal u;~ and maximal
uiz) values, in accordance with the follow-
ing equation:

L] <uy < [u?] )

In terms of generator control, it is estab-
lished that u;>0. However, the maximum
value is limited by the operational capacity
of the mechanism to manoeuvre within the



airflow, as outlined in the following equa-
tion:

0<u, < [ul”]. (5)

During the optimisation process of sys-
tem control variables u, and u,, the Pon-
tryagin’s maximum principle is applied,

particularly in strongly nonlinear scenarios
[22]. For this purpose, Eq. (1) is reformu-
lated in terms of derivatives with respect to
phase coordinates, including an additional
function under the integral, as described in
Eq. (3). As a result, the following system of
equations is obtained:

dXO
Ea
dx1
dar ©)
% = u; - (Vocos B —x)% (+1) —u, — Fpm™,
where (+1) means that the relative velocity is positive.
According to the optimization theory follows:
[22], the Hamiltonian H, studied here is as
H = ouzxy + 12 + a{ug (Vo cos f — x3)% - (+1) — up — Fym ™}, ()

Here the components v, v, y, of the
related function w are found from their

derivatives by the time ¢ as follows [21],
[22]:

dpp  0H dy,  0H dy,  OH
dt | ox,’ dt | ox,’ de | 9x, (®)
where 2L 21 M are the partial derivatives of H by coordinates x, x; , x,.

dxg 'E' dx,

According to the optimisation the-
ory, for optimal control at any given time
moment ¢, function H must reach its maxi-
mum (or supremum) value subject to the
constraints specified in Egs. (4) and (5).

Analysing such a task in stationary
motion with constant blade speed VDP[ = const,
when F') = 0, the following optimal solution
can be found:

Vycosf

T )

Vopt =

2
Foopt = Amax*p(1+ C) [2Vy cos g 5 (10)

4
Popt = Amax p(1+ C)E [Vo cos B1°, (11)

where 4, is the plate maximal area, F Dopt
is the required force from the power gen-
erator, and P is the maximum generated

power in the optimisation case.

Thus, if the damping force F, is
neglected, the operating force F, of the
generator can be selected. Since in practice
there are uncontrollable damping forces F,
the generator force £, will correspondingly
decrease by this amount. It should be noted
that during the transition process, additional



optimisation of the system is possible, for
example, starting movement from a sta-
tionary position and moving to the sup-
posed optimal position. In such scenarios,
the optimisation criterion may not prioritise
energy as shown in Eq. (3), but rather focus
on minimising travel time 7. Therefore, in
the optimisation process, the expression in
Eq. (3) should be replaced by the following
expression:
T

JCx, %, uq,uy) = f 1-dt. (12)
0

It is clear that in this optimal control
scenario, the area 4 should be maximised
(4, .), while the energy generator force
must be set to zero (u, = 0). Following the

attainment of the previously determined
optimal stationary state, the generator
should be engaged with the optimal force
for mechanism synthesis. Considering the
optimisation outcome obtained earlier, it
can be inferred that the generator’s charac-
teristics offer a wide range of possibilities:
it could function as a constant force, a linear
or nonlinear function of velocity, or adopt
other configurations. The application of the
optimisation results discussed previously
to the synthesis of wind energy harvesting
mechanisms is detailed in studies [25]-[27].

Accordingly, the synthesis of the mech-
anism involving reciprocating vibrational
motion (Fig. 2) is discussed in detail below.

3. MOTION MODELLING AND PARAMETER
OPTIMISATION FOR OSCILLATORY SYSTEM SYNTHESIS

During the modelling and parameter
optimisation, the following differential

mx = Ap(1 + C){by + b1[0.5 - sign(x — A) + 0.5 - sign(x + A)]} - (Vo — %)? -

-sign(Vy — x) — byx — cx,

equation of motion for f = 0 was initially
analysed:

(13)

where b, b, A are the constants of the control switching function of area 4, b, is the linear
generator parameter, ¢ is the linear elasticity parameter or linear spring stiffness coefficient.

The simulation was performed with
computer program MathCad under the fol-
lowing constant parameters: m = 100 kg;
A=1m*p=125kgm’; C=0.25; b =

0.5
g
o

01

0.05

1. The remaining parameters (V, b, A, b,,
¢) were varied. The results of modelling of
free oscillations (for b, = 0) are presented in
Figs. 3-5.

5
Is

Fig. 3. The displacement x of the plate as a function of
time # under the conditions ¥ =20 m/s, b, =0, b, = 0.

Fig. 4. Velocity of the plate V as a function of time ¢
under the conditions V=20 m/s, b, =0, b, = 0.

7



V. m/s

0 005 01 0.15
X, m

Fig. 5. Reciprocating motion in phase plane (x, V):
V,=20m/s,b =b,=0.

From the graphs depicted in Figs. 3-5, it
is evident that the interaction of the plate with
airflow, even when the generator is inactive
(b,=0), exerts a considerable damping effect.
Consequently, other drag forces can be disre-
garded (F,) = 0) for further analysis. However,
in a practical scenario, the energy required
for transitioning between areas should be

1x10°

a—\ 200
A 600

400
i | ;

5 4 ix

I s

3 3

taa

Fig. 7. Variation of power P
in time ¢.

3 35 4 43 ts 5

3

Fig. 9. Variation of power P
in time #.

0.6

V., m/s

4 ) 0.02 0.04 0.06 0.08 0.1

X, m

Fig. 6. Motion in phase plane (x, V): V=20 m/s,
b,=0and b, =333.3 kg/s.

assessed as a partial deduction from the over-
all energy yield (Fig. 6). Subsequent to this
assessment, Figs. 7 and 8 present modelling
outcomes derived from optimising the energy
harvesting generator. These results pertain
to a linear generator configuration under
the conditions: V, =20 m/s, b, = 1, b, = 0.8,
b,=350kg/s,A=0.1.

Contr

-2 =il 0 1

V, m/s

e

Fig. 8. The plate shutter switching control as a
function of velocity V.

Contr | ‘fﬁ«%ﬁ% i
& |

V, m/s i

N Fi
| ‘"“*snowf‘f

02 04
X, m

-04 -02

Fig. 10. The plate switching control in
velocity =X domain.



As follows from Fig. 7, the average
power is P = 413 W. Furthermore, the
power efficiency of the process, concern-
ing optimal rectilinear motion in accor-
dance with Eq. (11), stands at E =2232%.
However, plate shutter switching control
(Fig. 8) is performed as a function of veloc-
ity in accordance with Eq. (13): Contr=
bo+ b,[0.5 - sign(x — A) + 0.5 - sign(x +A)].

In Figs. 9 and 10, modelling results are
presented, derived from the optimisation of
an energy harvesting generator configured
with a nonlinear characteristic, such as dry
friction Fg = B-sign(x). These results are
obtained under the conditions: ¥ = 20 m/s,
b,=1,b =038, b, =350 kg/s, A= 0.1, and
B =370 N. The power P graph (Fig. 9)

4. RESULTS AND DISCUSSION

indicates an average power output of 705 W.
Furthermore, the power efficiency of the
process, relative to the optimal rectilinear
motion with Eq. (11), is calculated as £, =
38 %. However, plate switching control in
velocity domain (Fig. 10) is performed with
Eq. (13): Contr = by + b,[0.5sign(x — A) +
0.5sign(x + A)].

Upon comparing the results obtained
with both a linear and a non-linear gen-
erator, it becomes evident that in the latter
case, there is a potential to elevate the aver-
age energy efficiency £ ffrom 22 % to 38 %.
The subsequent section addresses how fur-
ther enhancements in energy production
efficiency can be achieved by altering the
operational control of the generator.

It is worth mentioning that in oscillating
motion with mechatronic control, it is feasi-
ble to electrically toggle the generator on or
off using a “bang—bang” control approach

F; = B -sign(x) - [0.5+ 0.5 - sign([x] — A,)],
where A | is a constant velocity level, m/s.
Thus, through optimisation of the para-
meter A, an optimal value of A, = 5.25 m/s
was achieved, yielding a power output of

1032 W and an efficiency of E =557 %.
Accompanying this optimisation, the graph

“o 02 04 06 08 x, m

Fig. 11. Graph of the “bang—bang” control function
as defined by Eq. (14).

[28]. For example, it is viable to activate
periodically the generator at specific move-
ment velocity thresholds, as described by
the following equation:

(14)

depicting the control function, as per Eq.
(14), is illustrated in Fig. 11. The power
graph for the optimal movement scenario is
presented in Fig. 12.

3x10°

Pw

EVAYEN A\ WA\

0

=
4 42 44 46 48 f.s

Fig. 12. Power graph for the optimal movement
scenario: V, =20 m/s, by=1, b =0.8,b,=350
kg/s,A=0.1,B=370N,A =525 m/s, E = 55.7 %.



Continuing with the synthesis pro-
cess of the energy harvesting system F,
an analysis of the elastic force /', for the

F; + Fg, = Bsign(x) - [0.5 4+ 0.5 - sign([x] — A)] + ¢,x3,

cubic form was conducted, as described by
the following equation:

(15)

where c, is the nonlinear elasticity parameter, kg/s”.

In this context, an illustrative example
depicting movement in the phase plane
from a stationary state is presented in Fig.
13. Subsequently, the power graph obtained
through the “bang-bang” connection of

- 10

-1 =05 0 035 fs 1

>

Fig. 13. Motion in the phase plane for the optimal

movement scenario (¢, = 10000 kg/s*; A, = 5 m/s),

when: V, =20 m/s, b =1,b =0.8,b,=350kgs,
A=0.1, B=370N.

In the numerical analysis, it was deter-
mined that the elastic force parameter c,,
within a considerable range of variations
(5-10° kg/s* < ¢, < 20-10° kg/s?), did not
exert a substantial influence on energy
recovery (52 % < E <57 %). This is primar-

5. CONCLUSIONS

the electric generator is shown in Fig. 14.
In accordance with simulation results, a
medium power output is about 1063 W and
efficiency is ofEf= 57.4 %.

s e i
0 1 2 3 4?(53

>

Fig. 14. Power graph for the optimal movement
scenario with ¢, = 10000 kg/s>and A = 5 m/s.

ily attributed to the conservative nature of
the suspension force. However, the investi-
gation did not delve into the implications of
a flexible nonlinear suspension in alterna-
tive scenarios.

As the scope of energy extraction from
airflow expands, there is growing interest in
optimising the operation of existing equip-
ment and synthesising new machinery.
Mechatronic control systems offer a prom-
ising avenue for achieving these goals. In

10

the operating principles of existing systems,
it is crucial to study variation in the area
of interaction between the airflow and the
object. Moreover, there is a need to explore
control synthesis in mechatronic systems.
As such, it is suggested to implement varia-



tions in the interaction area between the
airflow and objects while considering con-
trol delays. Additionally, the application of
bang—bang control for energy generators is
under consideration. The research findings
are outlined as follows:
1. optimisation of the control for varying
the interaction area and managing the
energy generator has been carried out.
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during the synthesis of new equipment,
it is suggested to incorporate observa-
tion of a control delay using a three-
level function (+1; 0; -1) while adjust-
ing the interaction area;

when synthesizing real equipment,
bang-bang control is used, which
increases the efficiency of the energy
production system.
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A sharp increase in energy prices since 2021 has had a significant impact on the Euro-
pean Union (EU) energy market turning the energy poverty issue into an important concern.
Around 42 million EU citizens or 9.3 % of the total population in the Union faced an inability
to adequately heat their homes in 2022. It is a clear call for policymakers to seriously address
the energy poverty aspects eliminating the negative socio-economic impact. The research aims
to analyse the energy poverty concept, its main indicators and affecting factors, identifying
the possible solutions for reducing energy poverty, and paying particular attention to vulner-
able users. The qualitative methods were used, i.e., the authors conducted a literature review
and scrutinized scientific publications, reports and legal acts. As a result of the research, the
authors have characterised the energy poverty situation in different countries, identified the
main areas for solving the energy poverty challenge, as well as shared experiences of different
countries on the solutions taken. The authors conclude that energy poverty has a particular
impact on low-income households, children, disabled people, seniors and single mothers, who
may have relatively higher energy consumption and limited resources available. In this regard,
countries can benefit from such measures as setting a clear definition of energy poverty and its
measurable indicators, identification of supported households, on-the-spot consultations and
audits, attracting local governments, and non-governmental organisations, as well as improve-
ment of support instruments of renewable energy sources.

Keywords: Electricity, electricity costs, energy poverty, support measures.

13



1. INTRODUCTION

Energy poverty is a complex, multidi-
mensional issue that is influenced by sev-
eral factors. The European Union (EU) in
its Energy Portal [1] points out that this
phenomenon is mainly due to three pri-
mary factors: increased energy expenditure
compared to the total household budget,
low-income levels and lack of energy effi-
ciency in housing and their facilities. These
factors form the basis for understanding
energy poverty. The situation of households
is also affected by secondary factors such
as geographical conditions, climatic char-
acteristics, structural characteristics of the
household, gender, health status and spe-
cific energy and transport needs [2]. The
concept of energy poverty was introduced
in 2009 by Directive 2009/72/EC [3] and
requires appropriate solutions to protect
end-users, particularly vulnerable users.
In this context, each Member State should
define the concept of vulnerable users,
which also covers energy poverty and, inter
alia, prohibits the exclusion of such users
in times of crisis. Thus, one of the objec-
tives of the Directive is to protect users by
paying particular attention to low-income
users. Directive 2019/944 [4] requires the
EU Member States to define the concept
of energy poverty. The European Pillar of
Social Rights [5] and the United Nations
Sustainable Development Goals [6] include
energy among the basic services that have
the right of access to everyone. The Euro-
pean Green Deal [7] points to a fair and
inclusive energy transition process. The
European Pillar of Social Rights states that
energy is the basic service with the great-
est differences in access to the EU. The Fit
for 55 package [8] provides a comprehen-
sive approach to reducing energy poverty.
As Russia’s invasion of Ukraine posed a

14

security threat to the EU energy, the pack-
age was complemented by a REPowerEU
plan [9] aimed at rapidly reducing the EU’s
dependence on Russia’s energy supply
through diversification, the development
of renewable energy sources (RES), auster-
ity measures, while also protecting users in
the face of sharp price rises in the energy
sector as seen in 2022 [10]. Policy docu-
ments contributing to a just social transi-
tion should include the Council of Europe
recommendations [11], the Just Transition
Fund Regulation [12], as well as several
other documents specifically addressing
energy poverty. Regulation 2018/1999 of
the European Parliament and of the Council
[13] obliges Member States to develop and
publish indicators by which they identify
energy poverty-stricken households, which
are reflected in national energy plans and
the options to mitigate them.

In Latvia in 2021, for the first time, the
term “energy poverty” was strengthened in
the law, and the Energy Law [14] was sup-
plemented by stipulating that “energy pov-
erty is the inability of a household user to
maintain adequate temperature in a dwell-
ing or to use services provided by energy
supply merchants, or to pay for them due
to low energy efficiency or because the
charge for these services has a high propor-
tion of household income”. The definition
of energy poverty as defined in the Latvian
Energy Law is considerably narrower and
more laconic than the European directives
and recommendations mentioned suggest.
The Latvian Energy Law also uses the term
protected user, which provides social pro-
tection for certain groups of the population,
however, it is not directly related to energy
poverty.

Energy poverty rates have also been



explored in the work of various scientists,
such as Buzarovsky, who defined energy
poverty in 2015 as a household’s inability to
buy enough heat for its own needs, a prob-
lem which is linked to low-income earning
and living in energy-inefficient homes [15].
In the study, “Energy Poverty and Health:
Trends in the European Union before and
during the Economic Crisis, 2007-2016”
[16], its authors point out that people liv-
ing in an environment of energy poverty are
often subject to complex trade-offs between
energy and healthcare pay or other essential
needs. The studies carried out indicate a risk
of significant exacerbation of mental and
respiratory illnesses [17]. Energy poverty
harms human life as it affects not only the
economic aspects but also social ones and
health [18]. The security of energy supply
risks and costs arising from the synchroni-
sation process, transition to RES and diver-
sification of supply have also been analysed
in other studies [2], [19]-[36].

Several projects are also devoted
to energy poverty. ENPOR [37] project
focuses on exploring energy poverty in the
private rented sector, making it more vis-
ible and measurable and in line with the
EU objectives of reducing energy poverty.
The experience and current situation of
Italy, Austria, the Netherlands, Germany,
Greece and Croatia have been investigated.
The Comact project [38] aims at improving
accessibility to energy efficiency improve-
ments for energy-saving communities
living in apartment buildings. The STEP
project [39] carried out in 2020-2022 is
an important study. The Socialwatt proj-
ect [40] was designed as a support tool for
businesses and decision-makers at the local
level, such as local governments, consulting
companies, and builders, to effectively iden-
tify energy-poor households and develop
schemes aimed at increasing the energy
efficiency of their homes. The Empow-
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erMed project [41] focuses on the gender
perspective of energy poverty policy, with
particular emphasis on summer energy
poverty and health. EmprowerMed has
suggested that policymakers heed a whole
range of recommendations, such as the
health impact of energy poverty, survey vis-
its and consultations in households affected
by energy poverty, networking and training
of energy consultants, including training of
social services specialists, establishment of
state support programmes, raising partici-
pation of citizens, gender equality issues,
noting the need to balance pension income,
as studies show that women receive lower
pensions and are more at risk of energy pov-
erty. The Renoverty project [42] promotes
the renovation of energy and cost-efficient
buildings. The project identifies barriers to
reducing energy poverty: financial, aware-
ness and access, geographic and regula-
tory/political. The Energy Poverty Zero
project [43] focuses on deep energy reno-
vation with scaling capabilities in poorly
developed areas. The main objectives of
the project include improving energy effi-
ciency and saving energy costs for citizens
through prefabricated modular systems to
make deep renovation more accessible in
energy-poverty-stricken, vulnerable urban
areas. The objective of the JUSTEM [44]
project is to help regional authorities in the
EU coal energy regions assess and target
equitable transition issues by introducing
sustainable energy and declining the use
of coal. The POWER UP project [45] sup-
ports urban efforts to plan the social role of
energy market players in developing pilot
schemes across Europe to combat energy
poverty. Futureproof [2] is a study carried
out by Latvian scientists aimed at the devel-
opment and integration of Latvia’s energy
system in Europe to ensure a sustainable
and secure energy supply in the country.
This study aims to analyse the experi-



ence of reducing energy poverty and to pro-

vide recommendations for the use of good

practice. The tasks of the research are as

follows:

1. to analyse energy poverty indicators in
Europe and Latvia;

2. to share experience in reducing energy
poverty in Europe and Latvia;

3. to formulate recommendations for the
use of good practice.

The research methods used in the study
are the following:

1. literature review: the study of tertiary
data, including scientific literature, rec-
ommendations, policy papers, statis-
tics and similar studies, with particular
attention to the results of research proj-
ects;

2. content analysis and observation;

3. statistical analysis of secondary data,

including descriptive and inferential
statistics, for the processing and evalu-
ation of quantitative data; graphical
analysis to visualize trends and relation-
ships of data.

Limitations of the research are listed
below.

1. The electricity cost aspect has been con-
sidered in the context of energy poverty.

2. Energy poverty has been assessed from
the perspective of households as end-
users.

3. Literature in English and Latvian has
been analysed in the statistical period
from 2020 to the end of 2023, as a sig-
nificant stage of electricity price fluc-
tuations.

4. Options for reducing energy poverty in
the EU countries have been assessed.

2. ANALYSIS OF ENERGY POVERTY INDICATORS

Energy poverty is closely linked to the
problem of poverty, but the emphasis is
on energy, as a necessity that includes the
primary human needs. The sharp increase
in energy prices since mid-2021 has had a
significant impact on the EU energy market
[23], [46]-[50]. More and more people are
struggling to pay for energy, affecting not
only low-income residents who previously
spent much of their income on energy bills
but also the middle income [51].

In line with the EU objective of achiev-
ing climate neutrality in 2050, the European
Parliament resolution on a strong social
Europe for a just transition [52] emphasises
fairness and solidarity as key policy princi-
ples. On the other hand, the European Com-
mission in its Recommendation 2020/1563
[53] on energy poverty calls for careful con-
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sideration to be given to the accompanying

Commission Staff Working Document,

which guides the identification of energy

poverty. The Recommendation defines 13

energy poverty indicators divided into four

groups:

1. expenditure on energy versus house-
hold income, expressed as a percentage,
with the necessary threshold defined
accordingly;

2. self-assessment indicators that include
household answers to questions such
as whether they can afford to keep the
home warm enough;

3. indicators based on objective physical
measurements (e.g., room temperature);

4. indirect indicators of energy poverty
such as late payments, quality of hous-
ing, etc.



2.1. Energy Poverty Indicators in Europe

Among the key primary indicators for
identifying the energy poverty problem are
the inability to maintain a suitable tempera-
ture in the home, housing inadequacy, and
poverty and social exclusion. Recent statis-
tics from 2022 reveal that around 42 million
EU citizens, 9.3 % of the total population in
the Union, faced an inability to adequately

30,

heat their homes [54]. The figure has risen
significantly compared to 2021, when 6.9 %
of the population was in this situation. The
increase is particularly pronounced among
lower-income people. Figure 1 reflects the
gravity of the situation, which is a clear call
for policymakers to take action to address
energy poverty factors [55].
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Fig. 1. Inability to keep home adequately warm for EU (%) 2020-2022.

As Fig. 1 shows, the highest rates in
the EU are in Bulgaria (22.5 %), Cyprus
(19.2 %) and Greece (18.7 %), while Swe-
den (1.4 %), Finland (1.3 %) and Austria
(1.5 %) have the lowest rates.

Municipal bill debts are also an impor-
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tant indicator of energy poverty (Fig. 2).
Most of these invoices are attributable to
energy charges, and timely reimbursement
of these invoices may indicate difficulties
for households in paying for the services
provided [56].
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Figure 2 shows that 6.9 % of the EU
residents were in arrears for utilities in
2022, amounting to approximately 30 mil-
lion households. The figure is up from 2021
(6.4 %). The highest rates are in Greece
(34.1 %), Romania (17.8 %) and Bulgaria
(17.8 %), while the lowest in the Nether-
lands (1.5 %), the Czech Republic (1.9 %)
and Sweden (2.2 %). This indicator was
5.9 % for Latvia in 2022, but it reached
7 % in 2023. Municipal payments were sig-
nificantly increased by the rapid increase in
energy prices in 2022, when energy charges
increased by more than 30 % and on aver-
age in the EU households led to a 10 %
increase in municipal payments, reaching

40

as much as 100 % in Estonia.

In 2022, 95.3 million people (Fig. 3), or
21.6 % of the EU population, were at risk
of EU social exclusion and poverty. Pov-
erty risk indicators [57] indicate the propor-
tion of people living in households with at
least one in three risks of poverty and social
exclusion, which include income levels
below 60 % of the median income in the
country, residents who do not permit at least
four out of nine basic needs and households
where adults work less than 20 % of full-
time working time. In 2022, the risk of pov-
erty and social exclusion was EU higher for
women than for men (22.7 % and 20.4 %)
[58].
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Fig. 3. Persons at risk of poverty or social exclusion in EU (%) 2021-2023.

According to Fig. 3, the highest risk
of poverty in the EU is in Romania, Bul-
garia and Greece, where it remained above
30 % in 2022. It is also relatively high in
Latvia (26 %), Estonia (25.2 %) and Lithu-
ania (24.6 %). In Germany, France, Ireland,
Malta and Portugal, the risk of poverty and
social exclusion stabilised around 20 % in

2022. In countries such as Austria, Bel-
gium, Denmark, Croatia, Cyprus, Luxem-
bourg, the Netherlands, Slovakia, Finland,
Hungary, Poland and Sweden, the risk of
poverty was below 20 % in 2022. The low-
est risk of poverty in the EU was in Slove-
nia and the Czech Republic (below 15 %).

2.2. Energy Poverty Indicators in Latvia

Latvia’s statistics measure energy pov-
erty indicators, for example, the proportion
of households who, due to lack of money,
could not afford to keep their dwelling
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warm, etc., but they are not legally and eco-
nomically further related to reducing energy
poverty. Latvia is one of the EU countries
with one of the lowest income levels [59].



In 2021, 418 thousand or 22.5 % of the
population were at risk of poverty in Latvia
[60]. The Central Statistical Bureau (CSB)
also provides a detailed analysis of data on
the financial capacity of different types of
households to cope with expenditure. The
categories are broken down by household
composition and financial capacity and the
figures are expressed as percentages. Indi-
cators are divided according to the type of
household and the possibilities — whether it
is relatively easy for them, with little dif-
ficulty, with difficulty, with great difficulty,
whether it is easy or very easy to deal with
expenditure. In 2023, for example, one per-
son (65 years and over), one adult with chil-
dren, one person (16—64 years), a couple
without children, and a couple with three
or more children could pay the costs with
great difficulty or difficulty. Regarding the
measurement of energy poverty indicators,
although Latvian legislation restricts the
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way energy poverty and household support
measures are detected, the Latvian NECP for
2021-2030 is intended to reduce it to Euro-
pean averages [61]. According to the NECP,
the primary indicator of energy poverty is
the provision of heat housing. In contrast,
in the context of Section 120 of the Energy
Act, a household affected by energy poverty
is one registered as in need or deprived of
renting a social apartment. Latvia states in
the NECP that in the period up to 2030, the
proportion of households deprived of suffi-
cient heat in the dwelling will be reduced
below the EU average. Consequently, the
2030 target is for this indicator to be less
than 7.5 % in Latvia (in 2022 it was 8.6 %
on average in Latvia). Latvian statistics
record, but do not apply, energy poverty
support solutions to households that could
not afford to keep their home warm due to a
lack of funds (Fig. 4) [62].
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Fig. 4. Proportion of households unable to afford to keep their home warm
due to a lack of money in Latvia (%), 2020-2022.

Figure 4 shows that in 2022 there were
8.6 % of such households in Latvia, but in
some household groups this figure reached
16.7 % (one person over the age of 65).
Overall, the proportion of households unable
to keep their home warm rose by 27 % in
2022 compared to 2021. Although Latvia’s
average is lower than the EU (9.3 %), the
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indicators are significantly higher in some
socially vulnerable household groups. One
person over the age of 65 is most affected
by this problem. In 2022, 16.7 % of house-
holds in this group were unable to afford to
keep the home warm, up to 34 % in 2021.
In 2022, 4.3 % and 4.8 % of couples with
two and three or more children were unable



to provide sufficient heating, compared to
2.3 % and 2.0 % in 2021.

Regarding another indicator recom-
mended by the EU, which is also registered
in Latvia, it should be noted that on aver-
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age in Latvia this indicator was 7.0 % in
2023, which is slightly above the EU aver-
age (6.9 %). This figure has increased since
2021 (5.8 %) (Fig. 5) [63].
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Fig. 5. Arrears on utility bills in Latvia (%), 2020-2023.

According to Fig. 5, the proportion of
households with arrears for different pay-
ments due to a lack of money is seen to
have fallen in 2023 compared to 2020. One
adult with children (8.3 %) and a couple
with two children (8.4 %) have the most
arrears. Conversely, the couple without
children (2.5 %) and one person over 65
(2.3 %) have the lowest arrears. This shows
that the most vulnerable household is one
person with children. However, the exis-
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tence of utility arrears only partly reflects
the existence of energy poverty, which also
depends on spending priorities. The inter-
views show that elderly people pay commu-
nal payments very disciplined and fear the
consequences of not paying them.

The proportion of people at risk of
poverty or social exclusion (Fig. 6) [64]
is another important indicator that the EU
attributes to the detection of energy poverty,
which is also used in Latvia.
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Fig. 6. Persons at risk of poverty or social exclusion in Latvia (%), 2021-2022.
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Figure 6 shows that in the period of
2021-2022 the proportion of people at risk
of poverty or social exclusion was particu-
larly high among the unemployed (62.7 %),

pensioners (47.9 %) and non-employed
(47.1 %). The rate is also high among the
self-employed (25.7 %) and even workers
(10.2 %).

3. EXPERIENCE OF REDUCING ENERGY POVERTY

The section explores the experience of
several EU Member States to make recom-

mendations on good practice.

3.1. Reducing Energy Poverty in Europe

The Polish Energy Act [65] defined
energy poverty by including three criteria
in 2022: low income, high-energy costs and
low-energy housing. However, there are
difficulties with methodologies that prevent
full support. There is no coordinated and
uniform policy in the country to alleviate
energy poverty. Poland is subject to a social
tariff on electricity for the disadvantaged.
Energy allowance and housing support,
which are paid to low-income households
monthly, are also envisaged. In Poland, a
pre-paid electricity meter is installed free
of charge, enabling the household to con-
trol energy consumption in the interests of
both the household itself and the electric-
ity trader, thus avoiding unforeseen costs.
The Energy Efficiency Law of Poland
sets energy efficiency targets and binding
requirements in Poland, including elements
such as certification of new heating systems
[66]. By 2027, remote heat and water con-
sumption measurement systems must be
installed on apartment buildings. Energy
supply companies are obliged by law to
carry out energy efficiency projects for
end-users and to provide confirmation of a
specific saving. Given the use of coal, sup-
port for RES is offered in Poland, as regards
heating and replacement of old heating sys-
tems under the Clean Air programme [67].
The programme provides financial support
for at least 30 % of investments in heat
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pumps and PV systems for households with
an annual income of up to PLN 100,000
(EUR 22,000).

Germany [68] is characterised by a
multifaceted approach to tackling energy
poverty, especially for people with dis-
abilities. National policies include regional
initiatives as well as the non-governmental
sector. Energy poverty is recognised as a
social problem linked to poverty reduction
and social inclusion. Affordable energy is
one of the central objectives of Germany’s
energy transition strategy. The state is help-
ing to cover outstanding energy bills. Con-
sultation support is provided without social
support. Local initiatives are common in
Germany, with several programmes pro-
viding for free or subsidised energy audits,
often carried out by volunteers and trained
professionals. The country also has a social
tariff in place for certain vulnerable user
groups. In some cities, households receive
benefits for renting more energy-efficient
housing. To limit user disconnection from
the network, smart meters are tried to limit
energy consumption. The StromSparCheck
project [69] is a nationwide power-saving
support platform that helps local govern-
ments and organisations create their own
energy audit programmes. The project is
based on giving free advice to low-income
households about energy saving and choos-
ing services. More than 500,000 people



have received energy-saving advice, with
an average savings per household of about
0.6 t/year in CO,. In Germany, households
have access to programmes that facilitate
the installation of small solar PV systems.
For example, the KfW programme offers
loans of up to EUR 100,000 at an interest
rate of 0.35 % per annum and a maturity of
up to 20 years.

Bulgaria [70] is one of the most affected
countries by energy poverty and has
received increased attention recently. The
concept of energy poverty is not defined
here, the problem is being addressed as part
of a broader social policy towards vulner-
able users. Nationally, most of the solutions
focus on improving housing, such as homes
with energy classes E, F, and G receive
100 % of the cost of energy efficiency
improvement projects. Bulgaria has intro-
duced social tariffs on electricity for low-
income residents, as well as defining other
categories of households for whom such a
tariff is provided. Social tariffs in Bulgaria
are a successful way to alleviate energy
poverty for vulnerable households, particu-
larly in the context of the liberalisation of
the electricity market and the abolition of
regulated tariffs. The solution was to intro-
duce a compensation mechanism covering
up to 70 % of the share of the electricity
tariff for deprived households with electric-
ity consumption below 100 kWh per month
for elderly people over 70 living alone, dis-
abled people, families with a disabled child
and those receiving targeted heating ben-
efits. Individual counselling and education
for citizens are available in Bulgaria. For
defined categories of low-income groups, a
heating benefit is available during the win-
ter months, as well as emergency benefits
are paid to them once a year, including for
compensation of electricity charges. On 30
June 2023, the Energy and Water Regula-
tory Commission set the renewed feed-in
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tariffs for electricity produced from renew-
able energy sources, including biomass,
guaranteeing a fixed duty rate per unit of
electricity produced [71]. In addition to the
feed-in tariff, the Commission shall fix the
premiums that energy producers receive
from a fund, which serves as a supplement
to the feed-in tariff in question. These pre-
miums are based on the reference price set
by the Commission as the expected market
price, for example, for PV energy producers
this price is set at 128.09 EUR/MWh.

In Lithuania, the definition of energy
poverty has not been strengthened in legis-
lation, but the methodology recommended
by the EU is used in statistics and calcula-
tions. In 2021, Lithuania carried out a proj-
ect “Namy ukiai energetikos transformaci-
jos kotexe” [72], which launched a targeted
fight against energy poverty in Lithuania.
The project included data mining and anal-
ysis to create a system to measure energy
poverty in the country and increase the
country’s effectiveness in reducing it. This
resulted in two indicators for measuring
energy poverty: household indicator, with
a proportionally high share of income for
energy and the number of households with
no means of adequately heating the dwell-
ing. These data are then used to develop
targeted policies to reduce poverty. Since
2005, the government has been carrying
out a residential renovation programme that
includes building insulation and renovation
of heating systems. In Lithuania, energy
efficiency obligations have been imposed
on energy traders by a special contract to
conduct consumer education. In 2020, a
programme was opened in Lithuania to sup-
port Lithuanian households in switching to
PV panels (30 %) and heat pumps (40 %).

The Cypriot Ministry of Economics,
with the participation of municipalities and
the non-governmental sector, is implement-
ing a 2021 to 2026 project “Tackle Energy



Poverty in Households with Disabled Peo-
ple and Support Social Integration” [24],
aimed at achieving the country’s NECP
objectives and reducing energy poverty by
preventing social exclusion in the transi-
tion to a climate neutral economy. Within
the framework of the project, it is planned
to change roof insulation, lighting, and spe-
cialised equipment, and purchase energy-
efficient household appliances. Subsidies
amount to 80 %. The project aims to reduce
household energy consumption by at least
35 % in the long term, from 3,900 MWh to
2,535 MWh, saving 1193 t CO, emissions.
In Spain, the project “Apoyo a las
familias en riesgo de exclusion social por
parte de las administraciones regionales y
locales de La Rioja” [73] aims to mitigate
the impact of energy poverty. The unique-
ness of the project is that this municipal-
funded project involves identifying poor
families helping through non-governmental
organisations and strengthening coopera-
tion between state and local governments.
Energy audits have been carried out within

the framework of the project, consultations
have been provided, as well as financial
support has been provided. Amendments
to regional legislation have been developed
and made within the framework of coopera-
tion to ensure rapid provision of assistance
to the target audience.

The Czech Government is implement-
ing a programme to reduce energy poverty
in New Green Savings Light [74]. The
programme offers support to households
receiving an old-age pension, a third-grade
disability pension or housing benefit. For
small-scale energy-saving measures such
as roof insulation, floor insulation, window
replacement and exterior door replacement,
applicants receive up to 150,000 Czech
crowns (around EUR 6,394). Importantly,
funding is already available at the start of
the project. As of April 2023, applicants
also received a subsidy of 90,000 Czech
crowns (approximately EUR 3,835) for PV
systems. The programme also includes free
counselling options. Good national prac-
tices are summarised in Table 1.

Table 1. An Overview of Experiences from Other Countries

Country

Good practice

Poland

Social tariff on electricity, energy benefits and housing support for low-income households.
The Clean Air programme provides financial support for heat pumps and PV systems.

Germany

A multi-faceted approach, including national and regional initiatives, the non-governmental
sector. Free or subsidised energy audits and consultancy. The StromSparCheck project is
about saving power.

Bulgaria

Social tariffs on electricity for low-income households. 100 % support for energy efficiency
improvement projects for low-energy homes. Personal consultancy and heating benefits
during winter months.

Lithuania

Residential renovation programme. Imposing energy efficiency obligations on energy trad-
ers. Grant programe for transition to PV panels and heat pumps.

Cyprus

Project Tackle Energy Poverty in Households with Disabled People and Support Social
Integration. Replacement of roof insulation, lighting, and specialised equipment with
an 80 % subsidy.

Spain

The Apoyo a las familias en riesgo de exclusion social project includes energy audits,
advice and financial support. Cooperation with non-governmental organisations and
amendments to regional legislation.

Czech Republic

New Green Savings Light programme with support for old-age pension, disability pension
and housing benefit recipients. Subsidies for RES systems and free counselling.
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As Table 1 shows, the most common
best practices in reducing energy poverty
include introducing social tariffs and energy
benefits for low-income households, energy
efficiency improvement programmes, and
providing free or subsidised energy audits
and advice. Support for the use of renew-

3.2. Experience of Latvia

Latvia’s National Development Plan
2021-2027 [75], and Latvia’s Sustainable
Development Strategy until 2030 [76] deter-
mine important areas for further develop-
ment of the country, which are the reduction
of social exclusion and poverty, improve-
ment of energy efficiency, the introduction
of renewable energy resources, as well as
areas for improvement of housing quality.
These documents specify the responsible
institutions and the areas of their activi-
ties in achieving the objectives. The rel-
evant decisions are enshrined in the Latvian
legislation, such as the Energy Efficiency
Law [77], and the Construction Law [78],
which lays down principles and objectives
of energy efficiency policy, and energy effi-
ciency requirements for buildings, heating
and cooling systems. Several social support
instruments have been introduced in Latvia,
which have an indirect impact on reducing
energy poverty, for example, the Law on
Measures for the Reduction of Exceptional
Increase in Energy Resource Prices [79]
provides for reducing the negative socio-
economic impact of the increase in energy
prices on low- and medium-low-income
households by granting aid in the form of
a reduction in the fee for the natural gas,
thermal energy, electricity and decentral-
ised fuel consumed. These measures were
implemented in 2022 to protect households
from the sharp rise in energy carrier prices.

The Latvian legislation also provides
for social support for various vulnerable
groups, such as the Law on Social Services
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able energy technologies and targeted pro-
grammes for vulnerable groups are also
essential. The combination of these mea-
sures helps ensure a sustainable energy sup-
ply and reduce energy poverty across differ-
ent groups of society.

and Social Assistance [80], the Cabinet
Regulation Regarding the Assessment of
the Material Situation of a Household and
Receipt of Social Assistance [81], which
provides support for persons and low-
income families to ensure that their basic
needs are met. At the same time, Latvian
municipalities are entitled to decide on the
aid to be granted and the amount thereof to
vulnerable households by striking regula-
tions. Services and discounts for protected
users are an important social support tool
to offset energy charges. The Electricity
Market Law stipulates that a protected user
is a poor or low-income family (person),
multi-child family or family (person) in the
care of whom there is a disabled child or
a person with disability group I who uses
electricity in their household for their own
needs (final consumption) [82]. As regards
the protected user, the law provides sev-
eral reliefs, which affect discounts not only
in the application of tariffs but also in the
provision of connection and the prohibi-
tion of disconnecting them from the energy
supply. The amendments made to Cabinet
Regulation No. 345 “Regulations Regard-
ing the Trade Service of a Protected Cus-
tomer” strengthened their protection from
12 December 2023, because they obliged
all electricity traders to provide the pro-
tected User Service regardless of the num-
ber of subscribers. From 1 January 2024
[83], the aid intensity of the protected user
was also increased by setting it at EUR 25
for a multi-child family and EUR 20 for



needy/low-income households (persons),
families in the care of a disabled child, a
person with disability group I or its trustee
instead of the previous EUR 15. In May
2022, protected users included persons with
disability group I and children with disabili-
ties (34,954), needy or low-income families
(45,318), multi-child families (83,827). As
of June 2022, there were 164,099 protected
users in the country, but only 90,358, or
55 %, received support. The service did not
apply to 11,110 persons on the maintenance
debtor register.

Development  Financial institution
Altum JSC shall provide a support pro-
gramme to owners of one apartment house,
by Cabinet Regulation No. 103 of 11 Feb-
ruary 2021 “Regulations Regarding the
Support Program for the Renovation and
Energy Efficiency Improvement of Single-
Apartment and Two-Apartment Residential
Houses”, for purchasing of new electricity
production equipment and improvement of
energy efficiency for families with children
in the form of a guarantee, support and/
or grant. Aid intensity is up to EUR 4,000
for solar and wind power plants, and up to
EUR 5,000 for energy efficiency. 80 % of
the annual electricity production must be
used for own consumption. The aim was to
achieve a reduction in primary energy con-

4. CONCLUSION

sumption of at least 20 %. It is not permitted
to be used in economic activities. At pres-
ent, new applications have been suspended
[84].

The Central Finance and Contracting
Agency provides a support programme for
apartment homeowners, in line with the
specific support objective to improve nature
conservation and biodiversity, and green
infrastructure by improving household
heating systems. The programme provides
support for connection to district heat-
ing systems, as well as for the purchase
and installation of thermal energy sources,
including heat pumps, pellet boilers, bio-
mass boilers and electric heating systems.
The costs covered by the aid may amount
to up to EUR 4400 per declared population,
with a maximum aid intensity of up to 95 %
depending on the type of solution. Self-
consumption must use at least 80 % of the
annual electricity production. An economic
activity may be carried out under the condi-
tions of de minimis aid [85]. The amend-
ments to the Electricity Market Law [82]
provide that from 1 May 2024 the new net
settlement system, which is used by users
who have not joined the old accounting
system, and which provides for a system of
mutual settlement not according to quantity
but price, became operational.

Energy poverty is a multidimensional
issue, affected by high energy expenditure
relative to the total household budget, low-
income levels and insufficient energy effi-
ciency in housing and equipment. Energy
poverty has a particular impact on low-
income households, children, disabled peo-
ple, seniors and single mothers, who may
have relatively higher energy consumption
and limited resources available. As a result,
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these groups are exposed to higher energy
poverty. At the EU level, solutions are being
taken to improve energy efficiency and
reduce energy costs, for example, through
the Social Climate Fund and the Just Tran-
sition Fund. In Latvia, the NECP envisages
a goal to reduce energy poverty by improv-
ing the indicator of users’ inability to main-
tain adequate temperature in a dwelling to
7.5 %. The EU looks at different indicators



of energy poverty, such as the inability to
maintain a suitable temperature in a dwell-
ing, quality of housing, debts of municipal
bills, and persons subject to social exclu-
sion. For example, the highest risk of social
exclusion in the EU is in Romania, Bulgaria
and Greece, where it remained above 30 %
in 2022. It is also relatively high in Latvia
(26 %), Estonia (25.2 %) and Lithuania
(24.6 %). Energy poverty indicators in Lat-
via include income level and poor or low-
income status. Statistics show that 22.5 % of
Latvia’s population was at risk of poverty in
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The objective of this study was to determine mould resistance of the plaster made from

waste paper. To study the plaster quality, two laboratory tests were conducted. First, mould

resistance of a dry plaster was studied, and second, mould resistance of a wet plaster was

tested. Since wet plaster mix must be used for plastering, the resulting surfaces are extremely
wet. The plaster placed on the wall would dry for at least two weeks under favourable condi-
tions (sufficient ventilation and temperature). During this period, there is a great risk that the

plaster might become mouldy. Another risk of becoming mouldy occurs when an already plas-

tered wall receives moisture (e.g., water damage). The experiments carried out under labora-

tory conditions showed that in an environment with high relative humidity the plaster did not

become mouldy.

Keywords: Mould resistance, paper plaster, waste recycling.

1. INTRODUCTION

Paper plaster has a very good moisture
buffering capacity, which means that the
plaster is porous, absorbs moisture readily,
and emits it to the surrounding environ-
ment. Previous laboratory studies confirm
that paper plaster is an outstanding water
buffering material belonging to the mois-
ture buffering class presented by Nordtest
method as “excellent” [1].
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The impact of various additives (clay,
chalk, and lignin) and different technolo-
gies on the moisture and properties of plas-
ter has been reflected in several research
papers [2]-[6]. A large amount of waste-
water is generated during the production
of paper plaster. The effect of the adhesives
used in the fabrication of paper plaster on
the hygroscopic properties of the plaster



has been studied by Nutt et al. [5], as has
the impact of colouring on the hygroscopic
properties of the plaster [4]. Although a lot
of attention has been paid to different prop-
erties of paper plaster in recent years, the
mould resistance of paper plaster has not
been studied in detail.

Indoor dampness is a considerable prob-
lem in European countries [7]-[10]. Haver-
inen-Shaughnessy has found that mould
is present in more than 10 % of European
houses [11]. Several hundreds of bacte-
rial and fungal species can be found from
indoor environment [12]. Mould can cause
damage to a building and initiate chemical
emissions from building materials, which
are prone to microbial growth and health
hazards for the residents [13]-[15]. Most

2. MATERIALS AND METHODS

commonly the moulds found in homes
belong to the species Penicillium, Clado-
sporium, Aspergillus [16]; [17], Alternaria,
Fusarium, and Trichoderma [18].

An environment supporting fungal
growth is created when even some of the
listed prerequisites are met: wet-to-moist
area is present, provided that the right tem-
perature ranges, micro- and macronutrients
are available [19]. Certain organic sub-
stances are broken down and absorbed by
mould fungus [20]. When the temperature is
between 0 and 50 °C and the relative humid-
ity (RH) is more than 65 %, fungal growth
usually takes place [21]. The conditions of
20 to 35 °C, a stagnant environment, and a
relative humidity of greater than 95 % are
ideal for the fastest growth [20]; [22].

2.1. Specimens

The mould resistance of nine different
paper plaster mixes was studied. The mix-
tures were made from three components:
newsprint, glue, and water. Crumpled
newspaper was placed into tap water (room
temperature) for 24 hours.

The mixture was then stirred until
the paper was disintegrated and a uni-
form mass was formed. Excess water was

drained from the mixture by pressing on
a sieve, after which the adhesive mixture
was added. In order to prepare the glue,
the Metylan Universal Premium wallpaper
adhesive made from potato starch (Amy-
lum Solani) (CH, O,), methylcellulose
(CH,0,(OH) (OCH,),), and methylcellu-
lose (C6H702(OH)X(OCH3)y) were used.

Table 1. Composition of Paper Plaster Mixtures, Paper Type: Newspaper; Paper Weight: 500 g

Mixture code | Paper type Glue type Notes

A-T100 Newspaper potato starch Amylum Solani C.H, O,

A-T50 Newspaper potato starch Amylum Solani CH O,

A-T20 Newspaper potato starch Amylum Solani CH, O,
A-H30 Newspaper | Metylan Universal Premium modified starch, chemically introduced
A-H20 Newspaper | Metylan Universal Premium antifungal additives

A-M20 Newspaper methylcellulose (C,H,0,(OH) (OCH,) )
A-M10 Newspaper methylcellulose (C,H,0,(OH) (OCH,) )

A-M5 Newspaper methylcellulose (C,H,0,(OH) (OCH,) )
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All the specimens with certain com-
position were prepared and tested in trip-
licate. The first group of test specimens
were dry, prepared 2.5 years before the
start of the experiment, and stored indoors
at room temperature in plastic containers

2.2. Method and Equipment

The experiments were carried out in
full accordance with the ASTM standard
method D3273-00 “Standard Test Method
for Resistance to Growth of Mould on the
Surface of Interior Coatings in an Envi-
ronmental Chamber” [23]. This standard
uses qualitative rating scale based on visual
examination and describes the test environ-
ment and its operating conditions to assess
indoor mould growth over a 4-week period.
The work was performed in the RUMED
4101 climate chamber, where the relative
humidity could be adjusted between 20 %
and 95 % (accuracy + 2—3 %) and the tem-
perature between 0 °C and 60 °C (accuracy
0.5 °C). A Kern PLT 1200-3A digital scale
with a measurement range of 0 to 1200 g
and an accuracy of 0.001 g was used to pre-
pare the mixtures.

In the first test, the mould resistance of
the dry test specimens (group 1) was stud-
ied. The surface of the test specimens was
visually evaluated every two days. The test
specimens were hung in the climate cham-

3. RESULTS AND DISCUSSION

where they were exposed to airborne mould
spores. The second group of test specimens
was prepared directly before the start of
the experiment and was not dried. The test
specimens had a diameter of 9.0 cm and a
height of 2.5 cm.

ber in such a way that their contact with each
other was excluded and that, in the presence
of mould, the mould could not be trans-
ferred to the other test specimen because
of contact. The experiments were started at
75 % RH, and its value was increased by
5% each week. The temperature was 22 °C
+ 0.5 °C during the experiment. At the end
of the experiment, the air humidity in the
climate chamber was 95 %. Test specimens
were made in 3 parallels.

In the second experiment, the mould
resistance of the wet test specimens (group 2)
was studied. The test specimens were placed
in the climate chamber immediately after
their preparation. The tests were started
at 95 % relative humidity, and the humid-
ity was decreased by 5 % each week. The
temperature was stable during the experi-
ment (22 °C + 0.5 °C). At the end of the
experiment, the air humidity in the climate
chamber was 75 %. The surface of the test
specimens was visually evaluated every
two days.

The following mould species: Aspergil-
lus spp., Alternaria spp., Penicillium spp.,
Cladosporium spp., Fusarium spp., Tricho-
derma spp. were tested during the five-week
experiment, when the dry test specimens
(group 1) and the wet test specimens (group 2)
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were kept in an environment favourable
for mould growth (RH = 75-95 %, tem-
perature 22 °C). No mould was detected by
visual inspection. The test specimens of the
second experiment in the fifth week of the
experiment are shown in Fig. 1.



Fig. 1. Test specimens of the second experiment on the fifth week.

The results of the tests conducted show
that paper plaster is not an interior finish-
ing material that readily becomes mouldy,
both when the plaster in the wall gets wet
and when the wet plaster dries after instal-
lation. Mould grows in the pH range of 3.5
to 8 [24].

In general, moulds require an acidic
environment (pH<7) to grow [25]. The more
basic the environment, the less chance there
is for mould growth. However, some spe-
cies of fungi can also grow under slightly
alkaline conditions [26].

For the moulds Aspergillus spp. and
Trichoderma spp., the favourable growth
conditions require pH level of 4 as a mini-
mum (Sing and Desrosier, 2024). The maxi-
mum pH level that favours growth is 7.5 for
Aspergillus spp. at 30 °C and a pH level of
6 for the temperature range between 25 °C
and 30°C in the case of Trichoderma spp.
[27]. For Alternaria spp., pH from 6 to 7
and temperature between 30 °C to 40 °C are
favourable growth ranges.

Penicillium spp. has the widest favour-
able pH growth range of the selected moulds
in the sample (from 3.9 to 9.1) [28]; [29].
Cladosporium spp. is the fungus present in
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the sample with the lowest growth-promot-
ing pH level and temperature [29]. The pH
that favours the mould growth is between
3.5 and 6.7, and the temperature is between
15 °C and 35 °C [30]. In contrast to Penicil-
lium spp., Fusarium spp. has the narrowest
favourable pH range of 6.7 to 7.2 between
24 °C and 26 °C [31]. The optimum tempe-
rature for Penicillium spp. growth is 25 °C
[31].

While methyl cellulose or Metylan uni-
versal premium is mixed to make paper
plaster, they create an alkaline environment
(pH=7.8 or 9.8) that most mould species
cannot grow in. The only exception in this
case is Penicillium spp., whose maximum
growth-promoting pH is 9.1. Since the tem-
perature in the climate chamber was estab-
lished at 22 °C £ 0.5 °C and the growth of the
fungus was promoted with 25 °C tempera-
ture, this three-degree temperature difference
could have affected the growth of moulds on
the test specimens, as temperature is known
as one of the abiotic factors that can affect
mould growth [31]. The pH level of the
test specimens, which were prepared using
potato starch as an adhesive, was 6.7 and did
not change during the experiment.



This given pH level was suitable for
almost all mould species, except for Tricho-
derma spp. [24]; [27]. Also, the obtained
pH was quite close to the upper limit of
the pH level which favoured the growth of
mould Cladosporium spp. [24]; [27]. In the
case of mixtures made with potato starch,
the main reason for the non-appearance of
mould could have been the potato starch
itself being used as an adhesive. The tem-
perature in the climate chamber was not
conducive to growth, still moulds grow at
22 °C, although more slowly [31].

Organic substances are added to paper

4. CONCLUSION

plaster to change the colour or properties of
the paper plaster [3]. As a result of adding
various organic substances to paper plaster,
the mixture can become more acidic, pro-
viding a greater chance of mould growth.
Moulds prefer pH level 3—7, but most
mould requires slightly acidic conditions
[32]. Alternatively, organic additions may
initiate the opposite reaction, and the mix-
ture becomes more alkaline, inhibiting the
formation of moulds. There is also a risk
that the organic matter used as an additive
has mould spores on it.

The mould resistance of nine different
paper plaster mixes made from three com-
ponents — newsprint, glue, and water — was
studied. The results of the tests conducted
showed that paper plaster was successfully
applicable as an interior finishing material
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Multi-dwelling buildings are one of the essential infrastructural elements of a residential
area. Therefore, qualitative and professional management of such real estate is of importance.
The insufficient investment into maintenance and improvement of housing is stated in Latvian
policy planning documents as one of the most significant problems, causing risks for achiev-
ing the goal of compliance of the housing fund with energy efficiency, construction, safety and
amenity standards.

The article examines the main aspects of management of residential buildings, identifies
the related risks and offers solutions for their prevention. The article aims at emphasising
the significance of building maintenance and exploring management processes of residential
buildings in Latvia, Poland and Germany, making a comparison that helps to understand the
housing management regulation and organisational approach in each country and identify their
common and differing features.

In the course of the research, the authors of the article review the sources on management
activities of residential buildings, identify and assess the management process risks and make
a comparative analysis of housing management processes in Latvia, Poland and Germany.
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Information regarding the housing management field of the countries examined in the article
has been obtained by summarising and analysing the policy documents and regulatory enact-
ments, as well as by interviewing Latvian, Polish and German experts.

When analysing the obtained results, conclusions have been made with regards to politi-
cal responsibility, legal regulation and professional competence requirements in the field of

housing management.

Keywords: Housing management, housing policy, multi-dwelling buildings, residential

buildings.

1. INTRODUCTION

The economic growth of residential
areas depends largely on its infrastructure,
which is formed by a number of different
elements. Multi-dwelling buildings are one
of the essential infrastructural elements of
a residential area which depreciate with
time. Therefore, qualitative and profes-
sional management of such real estate is
of importance. By not performing the due
maintenance and timely restoration of some
elements of the infrastructure, deterioration
of their technical condition and transforma-
tion into slum is inevitably approached.

Latvian policy planning documents
stipulate that it is required to ensure the
development of all types of infrastructure
and improvement of its quality, availabil-
ity of basic services and qualitative hous-
ing. National Development Plan of Latvia
for 2021-2027 sets goals for compliance of
the housing fund to the energy efficiency,
construction, safety and amenity standards
[1]. Housing Availability Guidelines for
2023-2027 stipulate that insufficient invest-
ment into maintenance and improvement of
housing is one of the most significant prob-
lems [2].

One of the main obligations of owners
of residential buildings is to ensure housing
management, which also includes decision-
taking related to their building management
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and conclusion of transactions. If the own-
ers do not ensure the housing management
themselves, such activity is assigned to a
professional manager.

To ensure professional and sustainable
management, the manager should inform
the owners on the content of services, tech-
nical features of the administered facility,
opportunities for improvement, mainte-
nance costs and other factors related to the
management process. Rights and obliga-
tions of the manager should be considered
in connection with the assigned volume
of the management task, which is stated
in writing in the concluded management
authorisation agreement.

Management of multi-dwelling build-
ings is a functional process of mutual inter-
action, which is ensured by observing the
continuity principle in order to implement
a set of organisational, economic, engineer-
ing, legal, political, social, technological
and informative activities aimed at effec-
tive management, which is performed in
order to achieve extension of the housing
life cycle, safe operation of the residential
building, observation of human health and
environmental safety principles in the con-
text of the housing sustainable preservation
[3]. The priority accorded the issue of hous-
ing in emerging markets is immense; to



most governments, the availability of suffi-
cient but basic housing for all is often stated
as a priority for enhancing the social needs
of society [4].

Currently, there are no uniform require-
ments in the European Union regarding
the housing management process and the
managers as such. Each member state has a
different practice in regulation of the hous-
ing management process, determining the
limits of responsibility between the parties
involved in the process, requirements to
their education and qualification, and sup-
port mechanisms. However, there is one
common goal — to ensure the appropriate
maintenance of the housing fund, enabling
to maximally extend the housing life cycle.
Buildings have been amongst the most
valuable assets of any nation in the sense
that they provide people with shelter and
facilities for work and leisure. It is known

2. METHODOLOGICAL APPROACHES

that the specific perspective of building
maintenance still does not receive the atten-
tion it should [5], [6].

In many cases, especially in Western
Europe, owners of multi-dwelling build-
ings delegate their housing maintenance
to a professional management enterprise.
Whereas the characteristic situation for
Eastern Europe is when owners of multi-
dwelling buildings are natural persons, who
live in the apartments owned by them [7].

The article examines main aspects of
management of residential buildings, iden-
tifies the related risks and offers solutions
for their elimination. The authors analyse
activities related to housing management
in Latvia, Poland and Germany, making a
comparison regarding the political responsi-
bility, legal regulation and the professional
competence requirements in this field.

The article aims at emphasising the signifi-
cance of building maintenance and exploring
management processes of residential build-
ings in Latvia, Poland and Germany, making
a comparison in order to understand the hous-
ing management regulation and organisa-
tional approach in each country, common and
different features, as well as evaluating which
of the activities could be taken into consider-
ation and included in implementation of the
national housing management process.

In the course of the research, the authors
of the article:

* review the sources on management
activities of residential buildings,

» identify and assess risks when organis-
ing the housing management process,

* make a comparative analysis of hous-
ing management processes in Latvia,

Poland and Germany.

41

To make the comparison, indicators
such as the requirements to education of
real estate managers, training opportunities,
the manager’s role in the real estate admin-
istration and chief management activities
have been used.

The authors of the research have iden-
tified the criteria for evaluating the oppor-
tunities to improve training of managers
of multi-dwelling buildings and to include
topical themes in the study process. It has
been clarified in the course of the research
what skills need to be developed or stud-
ied more profoundly during the training,
for example, a more profound understand-
ing of climate change issues and increasing
energy efficiency of buildings, as well as of
digitalisation issues.

Information regarding the housing
management field of the countries exam-



ined in the article has been obtained by
summarising and analysing the policy doc-
uments and regulatory enactments, as well
as by interviewing Latvian, Polish and Ger-
man experts. Identification and analysis of

the main management activities is based
on regulatory enactments. The article uses
materials from the European Climate Ini-
tiative — EUKI' project “CLI-MA (From
Housing Manager to CLImate MAnager)”.

3. MANAGEMENT OF RESIDENTIAL BUILDINGS IN LATVIA

Management of residential buildings is
a long-term process, where the decisions
taken affect the situation in the future. In
total, about a half of the European Union
residents (46.4 % in 2021) live in multi-
dwelling buildings [8]. Thus, the issue of
management of residential buildings and its
optimal organisation is very topical.

Well-being of any resident of an apart-
ment depends on the way the management
process is organised; therefore, owners have
to take a decision regarding who will pro-
vide management of the residential build-
ing. Efficient and qualitative management
of residential buildings promotes a more

3.1. Management Activities in Latvia

One of the most important directions of
management of residential buildings in Lat-
via and other Eastern European countries
is their maintenance and sanitary clean-
ing, which are performed for the purpose
of supporting the respective aesthetic place
of residence and environment. Technical
support includes maintenance, repairs, fast
response in the event of detecting defects,
as well as technical inspections, in order
to avoid premature damage of the facility
and its engineering systems, organisation of
repairs [ 10]. Sanitary cleaning and improve-
ments in a residential building is a service
that ensures cleanliness in the building and
its entire territory by tidying and cleaning

active involvement of house residents in
organising the management process, which,
in its turn, makes the manager’s work trans-
parent and facilitates its quality control,
as well as the efficient usage of financial
resources. The type of apartment owner-
ship is closely related to the remaining
residential property of a particular building.
To ensure the harmonious development of
residential property, the apartment owners,
on the basis of the existing laws and regu-
lations, as well as mutual decisions, jointly
agree on further maintenance, development
of the building, efficient use of resources
and management [9].

internal premises in accordance with the

requirements of the owners and users [11].
Types and strategies of technical sup-

port or maintenance can be classified as fol-

lows:

* Preventive maintenance, which is per-
formed at certain previously set time
periods or in accordance with the previ-
ously set criteria and intended to reduce
the possibility of errors or deterioration
of the object functioning,

* Maintenance based on the actual techni-
cal condition, which is performed based
on the prophylactic technical inspec-
tion and observing the dynamics and/or
parameters and the following activities.

! EUKI (Die Europdische Klimaschutzinitiative) is a project financing instrument formerly provided by the German Federal
Ministry for the Environment, Nature Conservation, Nuclear Safety and Consumer Protection (BMUYV) and today managed
by the German Federal Ministry for Economic Affairs and Climate Action (BMWK).
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Repairs or maintenance are performed
when a deficiency is revealed and
the unit is to be renovated, in order to
restore the required performance.

Housing management includes a range

of routine activities:

*  Organisation of public utilities, e.g., water,
electricity, heating and waste removal,

e Planning and ensuring performance of
maintenance, repairs and sanitary cleaning,

* Management of financial resources,
including development and administra-
tion of the housing budget, collection of
payments from owners and preparation
of reports on expenses,

* Communication with owners and other
involved parties, e.g., municipality and
service providers.

Housing management encompassing
activities are illustrated in Fig. 1.

Energy

Communi-
cation

Sanitary
cleaning

Legal issues ’ - Maintenance
Housing management
efficiency

- &

Public
utilities

Manage-
ment of
finances

Fig. 1. Housing management activities

Housing management encompasses
a number of categories, including techni-
cal management (maintenance, renova-
tion, etc.), financial management (housing
financing, housing policy) and operational
(daily) and strategic housing management
activities. It encompasses short-term deci-
sions and activities such as response to
routine problems, as well as mid- and long-
term management policy [12].

Management of residential buildings
includes services such as supervision of
agreements, organisation of repairs and
renovations, preparation of reports on lease
activities and their administration, repre-
sentation of the owner at court, filing of all
technical and legal documentation of the
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house, as well as consulting owners on real
estate strategic management.

Housing management encompasses
not only ensuring of the general technical
condition of the building, but also improve-
ment of its energy efficiency. The housing
manager should ideally be capable of stim-
ulating owners to implement projects to
increase energy efficiency of the building.

Stability of the place of residence is
directly connected to safety of the building,
which means ensuring that strangers do not
get into the building and the property is not
damaged as a result of unforeseen accidents.
Also, the arrangement of lease relations in
the respective country is vital here [13].



3.2. Management Process Organisation in Latvia

Housing management can be organ-
ised both by societies established by resi-
dents (owners of apartments) and owners,
and by professional managers. In view of
the aforementioned, it can be concluded
that the following consecutive steps have to
be observed in assigning the management
order binding for the parties:

* A society of apartment owners of the
residential building has to take a deci-
sion on choosing the management form
and the draft agreement provisions,

» Ifit has been chosen to assign the hous-
ing management to a company or a
professional manager, a management
agreement has to be concluded between
apartment owners and the manager on
fulfilment of the management assign-
ment,

» Ifit has been chosen to ensure manage-
ment without an intermediary, owners
agree between themselves on the duties
to be taken and the provision of finan-
cial resources.

Each management form is character-
ised by different types of risks, for example,
lack of professional skills, lack of capacity
(capacity includes increase of work quality
and efficiency of managers, improvement
of development and introduction of the
policy of actions, improvement of coopera-
tion and coordination between all parties
involved in the management process), non-
professional accounting of the budget, lack
of cash resources, etc. Possible risks in-line
with bad management are comprehensively
described in Table 1.

Table 1. Housing Management Risks for Residential Buildings

Apartment Owners

Society of Apartment Owners ‘

Professional Manager

Lack of professional skills

Performance of unnecessary
repairs (funds are invested
in improving visual appear-
ance of the building but not

in improving safety of the
building structures or energy-
efficiency increase)

No skills in taking professional
decisions and determining priori-
ties when making repairs

Weak theoretical knowledge but practi-
cal skills available. Thus, an erroneous
decision can be taken, not observing
requirements of regulatory enactments
and standards.

Lack of technical knowledge

Errors in work with documents

Insufficient knowledge regarding regulatory requirements

Lack of skills in organising the management process

Poor or no skills in applying theoretical
knowledge and regulatory requirements
in practice.

Lack of knowledge of climate change issues and energy efficiency in general

Lack of knowledge in final
benefits from introducing
energy efficiency measures.
Do not believe in the human
effects on climate changes.

Weak knowledge on measures and
actions in order to improve the
capability to adjust and facilitate
stability regarding climate change
and its consequences.

There are theoretical but no practical
skills regarding measures and actions in
order to improve the capability to adjust
and facilitate stability regarding climate

change and its consequences.
Very general approach to implementation
of energy efficiency measures and the
subsequent maintenance of the building.

Insufficient knowledge regarding the impact of climate change on dif-
ferent industries of the national economy and the society in general.

No skills to develop a long-term energy efficiency strategy for the building.

Lack of capacity
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Apartment Owners

Society of Apartment Owners

Professional Manager

Insufficient resources to per-
form the required works, for
example, regular repairs and
prevention of accidents.
Only few owners are
involved in the management
process.

Lack of professionals, resulting in
errors in budget planning (insuf-
ficient funds for management and
repairs).
Non-professionally concluded
contracts on repair, renovation and

other works.

Insufficient planning and organisational
capacity; it is not possible to organise
fast emergency works.
Insufficient knowledge on specific tech-
nical activities, materials, equipment, etc.

Non-professional accounting of the budget

expenses) is not accounted precisely.

During the management process, accounting reports are not pre-
pared with due quality and are not submitted within the deadlines
set in the regulatory enactments, the cash flow (incomes and

Due to lack of professionals, accountants
are employed, who are not familiar with
the housing management specifics and
make errors in the accounting files.

Lack of cash resources

‘ There is a lack of financial resources to pay the employees.

Accruals are not made, there is shortage of cash flow and lack of cash for the planned works.
If owners of the residential building do not pay for services in due time, penalties may be calculated and/or
provision of services may be terminated.

To prevent the aforementioned risks in
the course of the management process, it is
required to select responsible people and
employees with professional knowledge
in the respective field. If employees have
insufficient professional skills, it is possible
to improve these, e.g., by providing and
participating in trainings, seminars, etc. It is
also possible to attract professionals in the
respective filed pursuant to an agreement.
Whereas, if a risk has already turned into a
problem, knowledgeable people or experts
have to be sought to evaluate the situation
and provide proposals for a solution of the
situation.

Where knowledge regarding energy
efficiency issues and climate change is
insufficient, general or mostly theoretical, it
is required to plan professionally and deter-
mine the specific directions of activities,
in order to adjust to climate change more
successfully. In such a case, professional
competence and skills to attract appropriate
specialists are significant.

To prevent the capacity risks, already
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during the planning process, it is necessary
to analyse different situations regarding the
performance of work, providing specific
solutions. It is also recommended to con-
clude agreements with the required service
provider, who will be involved in solving
an occurring problem when needed. For
example, repairs are started, which have
to be finished until a certain deadline, but
there is insufficient labour force to complete
the work — additional workers have to be
sought and contracted.

To avoid non-professional budget
accounting, the solution is to employ pro-
fessional accountants, as well as to observe
the so-called “four eyes” principle, so that,
when organising financial accounting, a
minimum of two employees participate in
performing the specific functions.

To prevent lack of cash resources, it is
required to form cash accruals, to perform
the result-focused reminder or warning pro-
cess regarding non-payers, as well as to start
the debt collection process against them.
It is possible to borrow lacking financial



resources at credit institutions (in such a case,
loan interest has to be taken into account as
additional expenses).

The identified risks and solutions for

their prevention indicate to the importance
of competence, qualification and training of
persons who ensure management activities.

4. COMPARISON OF HOUSING MANAGEMENT

IN GERMANY, POLAND AND LATVIA

4.1. General Comparison

Management of residential buildings
requires increasingly more complex knowl-
edge, skills and competences. Within the
framework of the research, to obtain an
idea about the approach of different coun-
tries, housing management conditions in
Germany, Poland and Latvia have been
compared regarding both, general issues

(political responsibility, formal and infor-
mal education) and specifically renovation
of buildings and energy efficiency increase
issues. Information on general housing
management conditions is summarised in
Table 2 and text of this subchapter [14],
[15], [16].

Table 2. Comparison of General Housing Management Conditions in Germany, Poland and Latvia

Ministry for Economic Affairs
and Climate Action

Germany ‘ Poland Latvia
Who is politically responsible for housing management?
Ministry of Justice Ministry of Development and
Ministry of the Interior and Technology .. .
Community Ministry of Infrastructure Ministry of Economics

Ministry of Internal Affairs
and Administration

Is the certification of the housing managers compulsory?

No? ‘ No ‘ Yes
Is any non-compulsory training available?
Yes ‘ Yes ‘ Yes

Are the housing managers represented by a central or regional association?

The Association of Real Estate
Managers Germany (VDIV) with
10 regional associations,
The Federal Association of
Real Estate Managers (BVI)
Membership is voluntary

Over 20 local associations and
4 Federations of associations
Membership is voluntary

The Association of Manage-
ment and Administration of Lat-
vian Housing (AMALH)

Membership is voluntary

With regards to political responsibil-
ity, regulation and responsibility (property
rights, construction requirements, different
support mechanisms) of housing manage-
ment aspects in Germany and Poland are

divided between different ministries. For
example, in Germany, the Ministry of Jus-
tice is engaged in issues of property rights,
the Ministry of the Interior in construc-
tion issues and the Ministry for Economic

2 Latest amendments to the Act on the Ownership of Apartments anticipate starting certification of housing managers at the

end of 2023 (at the earliest).



Affairs and Climate Action in housing sub-

sidies and climate issues.

A similar system exists in Poland. Reg-
ulations concerning technical requirements
of the building and its energy efficiency
are included in the Ordinance of the Min-
istry of Infrastructure Technical conditions
to be met by buildings and their location.
The Ministry of Development and Technol-
ogy is responsible for territorial planning
and real estate management. The Ministry
of Internal Affairs and Administration is
engaged in EU funds support mechanisms.

In Latvia, both, construction and hous-
ing industries are under the supervision of
the Ministry of Economics. Construction
in the competence of the ministry encom-
passes the development of the industry
policy and improvement of the system of
regulatory enactments. The aim of the hous-
ing policy is defined as promotion of the
housing quality and accessibility, develop-
ing the appropriate regulatory base for effi-
cient management of residential buildings
and supporting energy efficiency measures
there.

To jointly solve the respective sector’s
problems, housing managers in all three
countries are united in different associa-
tions:

» The Association of Real Estate Manag-
ers in Germany (Verband der Immobil-
ienverwalter Deutschland/VDIV) is the
largest industry association representing
the interests of property managers at the
national level. The Association unites
more than 3,600 members, who admin-
ister about 8.2 million apartments. The
VDIV Germany is supported by 10
regional associations.

* Poland has more than 20 regional asso-
ciations and four federations of associa-
tions (Polska Federacja Stowarzyszen
Zawodow  Nieruchomosciowych/Pol-
ish Federation of Real Estate Asso-

47

ciations, Polska Federacja Rynku
Nieruchomosci/Polish ~ Real  Estate
Federation, Polska Federacja Orga-
nizacji Zarzgdcow, Administratorow
i Wiascicieli  Nieruchomosci/Polish
Federation of Real Estate Managers,
Administrators and Owners, Feder-
acja Porozumienie Polskiego Rynku
Nieruchomosci/ Federation of the Pol-
ish Real Estate Market).

» The Association of Management and
Administration of Latvian Housing
(AMALH) is a public organisation
that unites natural and legal persons
in Latvia having interest in reaching
joint objectives as for management
and administration of real estate. The
Association unites more than 40 legal
persons engaged in real estate manage-
ment.

In Germany, ownership and all relations
within this context are regulated by the Act
on the Ownership of Apartments (Wohnung-
seigentumsgesetz/WEG). This regulatory
enactment provides also the management
(administration) regulation. In accordance
with latest amendments to the law, starting
from 1 December 2023, apartment owners
can request the appointment of a certified
manager. The certification is no obligation
in appointing a certified administrator. The
certification is the means for increasing
the quality of property management com-
panies and, hence, also professional skills
of the property manager. Property manag-
ers do not need to have a special education/
certificate to start their business, but they
are obliged to have a certain number of
hours of advanced training/further educa-
tion (Weiterbildung) to be allowed to con-
tinue their activities. In Germany, the Act
on the Ownership of Apartments does not
provide a definition of the housing man-
ager’s profile, but the law stipulates that



the manager represents the Homeowners’
association. Management activities in the
real estate field mean technical, financial,
legal and organisational tasks to be solved
in the course of the facility administration.
The specific tasks of the manager are set by
owners (homeowners’ association/HOA) of
the administered facility.

In Poland, the real estate industry is reg-
ulated by the Real Estate Management Act.
From late 1990s until 2013, the profession
of property manager required a state profes-
sional license. Following amendment of the
law in 2013, licencing is no more required,
and the scope of real estate management
must be specified in a real estate manage-
ment contract signed by the owners, a hous-
ing association or another person holding
the right to the real estate. According to
the Polish classification of activities, a real
estate administrator is defined as a natu-
ral person who takes responsibility for the
maintenance of a given real estate. The Real
Estate Management Act defines a real estate
manager as an entrepreneur who conducts
business in the field of real estate manage-
ment. Real estate management consists of
making decisions and performing activities
whose goal is ensuring real estate manage-
ment.

In Latvia, administrative activities,
obligations, as well as education and voca-
tional qualification requirements for hous-
ing managers are determined in the Law on
Administration of Residential Buildings.
The manager/administrator in Latvia is
defined as an adult natural person or a legal
person with the capacity to act, who on the
basis of an administration contract performs
the administrative activities assigned by the
owner/s of a residential building.

For the management of multi-apartment
buildings in Latvia, vocational education
is necessary and a document certifying at
least a fifth level of vocational qualifica-
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tion is obligatory. In some cases, a fourth
level vocational qualification is sufficient
(e.g. housing manager is an owner, who is
personally managing a residential build-
ing belonging to him or her; or an owner,
who has been authorised to perform man-
agement activities by the other residential
building owners).

It can be concluded that all three coun-
tries have legal regulations for housing
managers and the field of their operation. In
Germany and Poland, such requirements of
a comparatively general kind and are more
specifically determined by apartment own-
ers who assign and contract the manager.
In Latvia, the activities, tasks, competences
and responsibility of housing managers,
as well as their qualification requirements,
are stipulated more comprehensively. Cur-
rently, the Ministry of Economics of the
Republic of Latvia drafting a new law for
management of residential buildings, antic-
ipating significant changes in the author-
ity of housing managers. It is planned to
strengthen the role of the housing manager
as a qualified expert, who will be capable
of providing apartment owners with infor-
mation on works to be performed in order
to meet the requirements set by regulatory
enactments with regard to construction and
energy efficiency.

In Germany, as mentioned before, prop-
erty managers do not need to have a spe-
cial education to start their business, but
In order to become a certified administra-
tor, a person must pass an examination at
the Chamber of Industry and Commerce
(Industrie- und Handelskammer) to con-
firm that the potential housing manager
has the necessary legal, technical and eco-
nomic/financial knowledge. Also, a person,
who has completed vocational training as
a real estate agent or as a merchant in the
real estate and housing industry, who has a
recognized qualification as a certified real



estate specialist, or who has a university
degree with a focus on real estate, can be
acknowledged as a certified administrator.

In Poland, there are no requirements
regarding education, experience and quali-
fications confirmed by an exam to act as a
professional manager. Only few chapters in
the Real Estate Management Act refer to
the professional requirements for the job as
housing managers. The database of manag-
ers is maintained by the Polish Real Estate
Federation. About 2,350 managers with
valid licenses are registered there. There
is also the Polish nationwide Register of
Property Managers of the Federation “Pol-
ish Real Estate Market Agreement”. It is a
register of natural persons who obtained an
optional and voluntary license of this feder-
ation. About 3,000 managers are registered
there.

In Latvia, a fifth level vocational quali-
fication is obtained after four years of
studies at the Bachelor level, which cov-
ers 160—180 credit points (1 Latvian credit
point corresponds to 1.5 ECTS). To obtain
a fourth level vocational qualification, it is
required to graduate the programme with a
volume of not less than 960 hours. Housing
manager is included in the list of mandatory
applicable occupational standards. Hous-
ing managers must register in the Register
of Residential Building Managers of the
Building Information System (BIS). Cur-
rently (as of 7 February 2024), 1,219 man-
agers are registered in the BIS. The BIS is
under the supervision of the State Construc-
tion Control Bureau of Latvia and, hence,
the Ministry of Economics.

In all three countries, building managers
have the opportunity to upgrade their com-
petences by attending different courses and
trainings. Having reviewed opportunities
for additional education, a high activity is
detected in Poland. Associations of building
managers provide basic vocational training
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for managers. For example, a person who
completes the course and passes the test
exam receives the License of the Property
Manager of the Polish Federation of Real
Estate Market and is registered in the Cen-
tral Register of Managers run by the Polish
Federation of Real Estate Market. The syl-
labus is based on that of the European Real
Estate Council course. The course is organ-
ised in the form of four weekend seminars
(60 academic hours). It covers the follow-

ing themes:

*  Property management as a professional
activity,

* Legal elements in real estate manage-
ment,

» Technical aspects of real estate manage-
ment,

* Economic and financial basics in real
estate management,

* Residential property management,

* Management of non-residential real
estate,

* Sources of information about real
estate,

* Interpersonal communication in the
profession of a real estate manager,

* Local inspections of the property.

Other associations in Poland also offer
training courses that help raise the qualifica-
tion levels of its members. Mostly, these are
online trainings lasting from 4 to 8 hours. In
Latvia and Germany, associations of hous-
ing managers also offer courses of differ-
ent length (mostly between 4 to 20 hours)
on specific topics, e.g., finances, support
mechanisms, accounting, technical inspec-
tion, etc.

Having evaluated the qualification
requirements of housing managers, it can
be concluded that the highest professional
qualification requirements to managers
of residential buildings are in Latvia, as a
certain professional qualification level is



required, which can be obtained only upon
completion of a full Bachelor programme,
respectively by studying for four years. In
Germany, qualification requirements for
housing managers are being developed but
are not (yet) mandatory. In Poland, there are
no mandatory requirements to the education
of housing managers.

Role of Housing Manager in Increasing
Energy Efficiency

Having researched the policy guide-
lines, legal regulation and requirements to
professional qualification of housing man-
agers, it can be concluded that in all three
countries the housing policy and legal
enactments determine orientation towards
the necessity of increasing energy efficiency
of buildings. With regards to duties of the
housing manager, up to now the emphasis
has been on maintaining the technical con-
dition, sanitary cleaning, ensuring public
utilities, management budget planning and
financial accounting. However, recently,
the situation has changed. For example,
in Latvia, the occupational standard was
developed and adopted in 2021, where one
of the main duties of the housing manager
is ensuring fulfilment of the requirements
set for energy efficiency of the building —
she or he is to perform tasks like ensuring
measures to meet minimum energy effi-
ciency requirements of the building and the
increase of its energy efficiency, supervi-
sion of heating and ventilation systems of
the building and coordination of the energy
certification process of the building.

To perform these duties validly and to
achieve the goals set in Latvian develop-
ment planning documents regarding energy
efficiency of buildings, duly educated
housing managers are required with com-
petences in energy efficiency and climate
change issues, who can organise the imple-
mentation of energy efficiency measures
and appropriate maintenance of buildings
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afterwards [17]. At the same time, knowl-
edge in Latvia regarding climate change
and energy efficiency in general is assessed
as weak (cf. Table 1) and considered one
of the risk factors in building management.
This can be explained by the fact that previ-
ously trainings were more focused on man-
agement activities and less on energy effi-
ciency measures.

Polish experts indicate that in order
for the manager to be the initiator of mod-
ernisation activities in the building, she/he
should have knowledge comparable with
that of the energy auditor, i.e., knowledge
of technical solutions that can be used in
the building, be able to assess their energy
and economic efficiency, as well as the
impact on the quality of life of residents
in terms of improving the internal climate.
Certainly, one has to keep in mind that the
manager can only suggest to the owners the
renovation activities needed; the decision is
always taken by the owners. Polish experts
note that trainings organised by different
associations do not or very rarely include
the aspect of increasing energy efficiency of
buildings. If related issues are examined, it
is done in the context of applicable regula-
tions and requirements and not stressing the
necessity to take measures for reducing the
energy demand [14], [18].

Verband Immobilienverwalter Deutsch-
land (VDIV) in Germany developed a study
course Klimaverwalter (Climate Admin-
istrator) for housing managers to improve
their knowledge in energy efficiency mea-
sures. German experts emphasise that
housing managers must have technical,
commercial and legal expertise, as well as
key skills on project management, meeting
management, facilitation and collaboration.
Managers have the responsibility to involve
various stakeholders in energy renovation
processes and in the decision-making pro-
cess atan early stage. It is recommended that



property managers have extensive technical
and methodological knowledge in order to
be able to accompany and support decision-
making processes of a homeowners’ asso-
ciation. Good networking with energy and
funding consultants is also helpful.

In view of the provisions laid down in
the legislation, it can be concluded that a

competent housing manager can to a large
extent influence the decision for building
renovation, as well as organise the related
processes. Whereas a decision on renova-
tion is taken by the building owners, con-
struction and the required preparatory work
and services are performed by respective
construction specialists (see Table 3).

Table 3. Opportunities of the Housing Manager to Involve in the Building Renovation Process

Housing managers can:

Housing managers cannot:

* inform the building owners on the necessity of
measures to increase energy efficiency;

 indicate to positive aspects of increasing energy
efficiency;

» organise technical inspection, energy audit, energy
certification;

» organise the process of applying for and receiving
financing;

* organise the construction process for renovating
the building.

» take a decision on energy efficiency measures and
the application for financing (competence of the
building owners);

» perform technical inspection, energy audit, energy

certification himself/herself (performed by certi-

fied specialists);

select the specific technical solutions (performed by

construction specialists and agreed with the owners);

» perform construction and construction supervision
(performed by construction specialists).

When implementing the CLI-MA (From
Housing Manager to CLImate MAnager)
project, experience and knowledge from
Germany VDIV study course Klimaverwal-
ter (Climate Administrator) was transferred
to Poland and Latvia. In Latvia, the housing
manager study programmes “Real Estate
Management” and “Civil Construction

5. CONCLUSIONS

and Real Estate Management” have been
improved, supplementing several study
courses with additional materials on dif-
ferent energy efficiency aspects. In Poland,
a special study course has been developed
available to housing managers in a station-
ary form and for purchase on an e-learning
platform.

The obligation of apartment owners of
residential buildings is to ensure the man-
agement of commonly owned parts of the
building. A professionally organised and
implemented housing management process,
in general, successfully ensures long-last-
ing and qualitative operation of the residen-
tial complex, which makes it possible not
only to maintain the value of the property,
but also to increase it.

When administering a real estate, it is
required to know the regulatory basis, be
competent in engineering, accounting and

record keeping, taxes, business planning,
fire safety and labour protection issues, as
well as in the legal, organisational and com-
munication fields. For managing residen-
tial buildings, the state as the legislator, the
owners and the housing manager have to
develop a sustainable long-term strategy of
the building management, including three
pillars: economy, urban environment and
community. A systemic approach of eco-
nomic analysis has to be applied in plan-
ning, evaluating strengths and weaknesses
of different measures and their alternatives,
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in order to achieve significant benefits with
the smallest resources (investments) pos-
sible in the field of building management,
education of the involved parties, climate
change and introduction of energy effi-
ciency measures.

All three countries have legal regula-
tions in place regarding housing managers
and their operation field. In Germany and
Poland, these are at a relatively general
level and the specific activities are deter-
mined by the apartment owners contracting
the housing manager. In Latvia, manage-
ment activities, tasks, competences, respon-
sibilities and qualification requirements are
stipulated more comprehensively. Having
evaluated the qualification requirements of
housing managers, it can be concluded that
Latvia has the highest professional qualifi-
cation requirements to housing managers,
as a certain level of professional qualifica-
tion is required to work as housing manager.

Having researched the policy guide-
lines, legal regulations and requirements
to the professional qualification of hous-
ing managers, it can be concluded that in
Latvia and Eastern European countries, the
housing policy and regulatory enactments
are geared towards increasing the energy
efficiency of buildings. Recently, the con-
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The activity concentrations of the terrestrial naturally occurring radionuclides 2'“Pb, 2'“Bi
(from 233U series), and **Ac (from ***Th series) and *K were measured in soil and rock samples
obtained from three sites of the Russaifa mine and its surrounding in the Russaifa region using
an HPGe-detector of 20 % relative efficiency. While the soil activity (in Bq/kg) was found to be:
408.63 =26, 383.9 £4.7, and 383.0 £ 4.0 for 28U, 2“Bi, and *'“Pb, respectively. The rock activity
was found to be 225.4 + 19, 180.36 + 3.9, and 179.47 & 3.1 for 2%U, 2'*Bi, and *'*Pb, respectively.
Our results reveal that the average activity concentrations in the mine (site 1) are higher than
worldwide average values [6] for 28U, 2'“Pb, and 2'“Bi. In contrast, the results show that the aver-
age absorbed dose rates in the other sites 2 and site 3 are lower than the world average for all
radionuclides measured in this study. Also, the average activity concentrations in soil samples
238, 21Pb, and 2'“Bi are higher than the average activity concentrations in rock samples in all
sites. Furthermore, the average absorbed dose rate (in nGy h') was found to be 265.3 for U,
233.3 for ?*Bi, and 13.3 for '*Pb, respectively, and the average absorbed dose rates for both **Ac
and K were below the minimum detectable activity (MDA). Moreover, the average annual
effective dose rates in soil and rock samples were estimated. While it is found to be 366.90 uSv
for 28U, 306.84 uSv for ?“Bi, and 37.58 uSv for lead in soil samples, for the rock samples it is
found to be 163.75 uSv for U, 105.83 uSv for 2'“Bi, 13.05 uSv for lead. However, the average
annual effective dose rates for 2'“Bi and *“K in soil and rock samples are below the minimum
detectable activity (MDA). The results display that the average outdoor annual effective doses
for both U and ?“Bi are higher than the world average and the average outdoor annual effective
dose equivalents for the other radionuclides are lower than the world average. They also show
that the average outdoor annual effective doses in soil samples for 28U, >'“Pb, and 2'“Bi are higher
than the average outdoor annual effective doses in rock samples.

Keywords: Absorbed dose, activity concentrations, affective dose, Jordan, mine, **U.
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1. INTRODUCTION

Exposure to high levels of radiation can
cause acute health effects. It can also result
in long-term health effects such as cancer
and cardiovascular disease. The natural
radiation sources include cosmic radiation
and the radiation arising from the decay
of naturally occurring radioactive sources
like gamma rays released from the radionu-
clides of 28U, Th, and *“K through decay
series present in the soil, rock, and water
[2]-[5]. The radiation exposures depend on
many parameters. One of these parameters
is the geological and radiochemical charac-
teristics of the area [1], [6]. The radiation
studies showed that there were regions with
considerably high natural background radi-
ation while most places were classified as
low to medium levels. This encourages us
in Jordan to perform radioactivity monitor-
ing and wide surveys of radiation exposure.
Such studies and surveys will allow us to
have an assessment of the current public
radiation protection as well as create a base-
line for the future assessments. Moreover,
the establishment of baseline data of high
quality and with efficient measurements
will support our efforts to protect our public
health and our environment.

Many radioactivity studies have focused
on the natural background radiation from pri-
mordial radionuclides including 238U, #2Th,
and “/K found in the soil, and rock since they
make up about 80 % of the total radiation
dose that an individual receives annually [7].
Because of its role in the transit of radionu-
clides to biological systems, the soil is one
of these factors that significantly influences
radioactive pollution in the environment [8].
Additionally, soil radioactivity is widely uti-
lised to create a benchmark for upcoming
radiation risk assessment, nuclear safety, and
exploration [9].

56

It is well known that the earth’s crust
contains radioactive nuclides with variable
concentrations in the uranium and thorium
decay chains. While uranium (**U) decays
to produce radioactive nuclides like radium
(***Ra), radon (**Rn), and bismuth (*"Bi),
the decay of the thorium element (**Th) will
lead to other radioactive nuclides including
actinium (*?*Ac), bismuth (*'’Bi), and lead
(*'?Pb). Most gamma rays come from the
decaying of 8Ac, 2%T1, and >'?Pb.

Since one of the most important path-
ways for exposure to naturally occurring
radioactive materials (NORM) is mining
[1], in this study we will focus on the inves-
tigation of the radioactivity in the Russaifa
Mine and the surrounding area. The activ-
ity concentration of the naturally occurring
radionuclides (*'*Pb, 2“Bi (from 238U series),
and *2Ac (from 2?Th series) and “’K) in
soil and rock samples obtained from three
sectors in and around the Russaifa Mine in
Zarqa city will be measured. Each of these
naturally occurring elements has isotopes
that are radioactive and may increase the
amount of exposure received by the popula-
tions living in the vicinity of the Russaifa
Mine. Thus, the measurements will enable
us to assess the baseline radioactivity lev-
els from natural sources of rocks and soil
close to a phosphate mine, compare them
with the global average of these radioactiv-
ity levels, and with other regions far from
phosphate mines. Moreover, the values of
radiation emitted from the rocks will be
compared with those emitted from the soil.
The activity concentration, the absorbed
dose rate, and the annual effective dose of
the naturally occurring radionuclides *'*Pb,
24Bi (from 2*U series), and 2**Ac (from
22Th series) and “°K in soil and rock will be
determined.



2. MATERIALS AND METHODS

2.1 Study Area and Sample Collection

Over 60 % of the land in Jordan is cov-
ered in phosphate deposits, according to the
Jordan Phosphate Mines Company (JPMC).
Russaifa Mine, Al-Hassa and Al-Abiad
Mine, and Eshidiya Mine are the three prin-
cipal phosphate mines constructed in the
country [10]. JPMC commenced its phos-
phate mining activities in 1935 in the Rus-
saifa phosphate mine. In 1985, the JPMC
closed the old phosphate mine at Russaifa
because its production was reduced to low
levels. However, there is still a significant
natural radiation background in the Rus-
saifa phosphate mine and its surroundings.
Therefore, environmental studies to measure

radiation levels from natural sources in this
area are crucial. In our study, six soil and
rock samples were collected from three sepa-
rate locations. While two samples (soil and
rock) were obtained from the mine (labelled:
Site 1) and the other four were collected
from the mine’s surrounding area. The four
mine’s surrounding area samples consist of
two samples (soil and rock) obtained from
the area near the Amman-Zarga highway
(labelled Site 2) north-east the mine and the
other two samples (soil and rock) collected
from the AL-Tatweer area (labelled Site 3)
south-west the mine shown in the region
map presented in Fig. 1.
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Fig. 1. A map of the study area indicating sampling sectors.

2.2. Physical Preparation

The sample’s physical preparation steps
are presented in Fig. 2. All samples were
agglomerated in the laboratory, dried in an
oven at 105 °C for 24 h, and sieved through
a 0.2 mm sieve to remove any larger objects
present. A massive piece of machinery
called a jaw crusher was used to break rocks.
Then a disc mill crusher was used to grind
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the samples. Furthermore, ball mills were
frequently employed for material crushing
and grinding to produce ultra-fine powders.
Before counting, each sieved sample was
weighed, meticulously sealed, and kept for
at least 4 weeks to give U and ***Th time
to attain equilibrium with their respective

progeny.



Sieve 5%

|~

1“

—

of Ball Mill

Samples

63 um

Disc
Ml]l

Jaw
Crusher

Dryto
105C

Fig. 2. Physical preparation steps for samples.

2.3 Gamma-Ray Detection System

The radioactivity of these samples was
measured using a low-level counting sys-
tem consisting of a high-purity Ge detector
installed at the Jordan Atomic Energy Com-
mission (JAEC) Laboratory for physical
and chemical analysis. This high-purity ger-
manium detector has Model No. GC1518
(CANBERRA multi-input Genie2k gamma
spectrometry system). The detector was

3. RESULTS AND DISCUSSION

protected by a huge cylindrical shield made
of a 1.6 mm high purity low background
copper liner, 9.5 mm low carbon steel outer
jacket, 15 cm thick low background lead
bulk shield, and 1 mm low background tin
liner. The shield effectively suppresses the
background gamma radiation present at the
lab.

Direct calculations were performed
using the concentration-to-dose conver-
sion coefficients recommended by MCNP
[11] to determine dry air external exposure
dose rates (EEDR) at 1 m above the ground
surface due to radiation released from natu-
ral radionuclides at the considered areas
according to the following equation:

=AxC, )

where A is radionuclide activity concentra-
tion in Bg/kg; and C, is dose rate conver-
sion factor in nGy/h per Bq/kg [11]. The
dose rates in Table 2 were then converted
to the annual effective dose rate (H,) (in
uSv/y) listed in Table 3 using the following
equation:

H, =D xTxF, 2)
where D is the absorbed dose rate (nGy/h),
T is the annual time outdoors (2920 h/y)
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and F is the public absorbed-to-effective
dose conversion factor (0.8x10°mSv/nGy).

The activity concentrations of “K, 238U,
28Ac, 2“Bi, and 2"Pb computed in Bqkg'
for all samples are presented in Table 1. 2%U
activity concentrations ranged from 127.6
+ 13.2 to 963+38.0 Bgkg! (soil samples)
with an average activity of 317.02+ 22.5
Bgkg! and from 115.5 + 12.9 to 429.8+
24.9 Bqkg! (rock samples) with an average
activity of 225.4 £ 19 Bqkg'. Among **U
series, 2'“Bi and *'*Pb show also the high-
est values of activity concentration. While
the activity concentrations for 2'Pb ranged
from 113.7 + 3.3 to 905.6 £ 6.4 Bgkg'
(soil samples) with an average activity of
383.0 + 4.0 Bgkg! and from 119.5 £ 2.8 to
314.4+3.9 Bgkg!' (rock samples) with an
average activity of 179.47 + 3.1 Bqkg™', the
activity concentrations for '*Bi ranged from



124.6 = 3.0 Bqgkg' to 907.8 + 8.2 Bgkg
(soil samples) with an average activity of
383.9 + 4.7 Bgkg' and from 118.5 + 3.6
Bgkg'to 313.1 £ 5.0 (rock samples) Bqgkg™'
with an average activity 180.36 = 3.9 Bqkg™'
(Table 1). We also observed that the activ-
ity concentrations of K ranged from MDA
to 153.94+ 12.0 Bgkg' (soil samples) with
an average activity of 131.05 + 10.4 Bqkg!
and from MDA to 201.2+ 13.2 Bqgkg'
(rock samples) with an average activity of
175.7+ 11.9 Bqkg', and the activity con-
centrations of ***Ac ranged from MDA to
15.9+ 2.4 Bgkg' (soil samples) with an
average activity of 15.85+ 3.5 and from
MDA to 27.3+ 2.9 Bgkg' (rock samples)
with an average activity of 23+ 2.3 Bqkg™'
(MDA: minimum detectable activity, where
the MDA for “K is 65 Bqkg' and the MDA
for 2*Ac is 4.5 Bgkg™). The higher concen-
trations of 2**U, 2'“Bi, and *'“Pb are found in
the soil samples.

The total average of activity concentra-
tions for 28U, 2“Bi and 2'“Pb are 408.63 +
26 Bgkg', 383.9 + 4.7 Bgkg', and 383.0
+ 4.0Bgkg?!, respectively. By comparing
these concentrations with the world aver-
age, we found that the mean values of activ-
ity concentrations of #*U from soil samples
and the rock samples in this study were
higher than the world average [6]. Also, the
total average activity concentration for >*U,
214Bi, and 2"*Pb were higher than the world
average. The () values shown are due to
the 1o variation because of counting errors.

Table 2 shows the absorbed dose rate
measured in air at 1 m above the ground in
the three selected sites. The absorbed dose
rates in the air outdoors are found for *%U
to be in the range of 48.6156-366.903 nGy
h! with an average value of 155.69nGy h!
(soil samples) and from 44.0055-163.7538
nGy h'! with an average value 85.89 nGy
h' (rock samples). The average of these
absorbed dose rates for the **U series (**Bi
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and 2"“Pb) were also calculated. While for
214B4, it is found 129.8 nGyh'! for the soil
samples and 60.96 nGy h! for the rock sam-
ples, the average absorbed dose rates for
the 21Pb are 15.64 nGy h'and 7.4 nGy h'!
for the soil and rock samples, respectively.
The average of absorbed dose rates for K
is found to be 4.95 nGyh' for the soil sam-
ples and 6.641 for the rock samples. This
indicates that the rate of absorbed dose for
both soil and rock samples for 28U and *'*Bi
from terrestrial radiation in the outside air
in the studied area was higher than the limit
allowed by UNSCEAR-2000 and ICRP—
1990 [19], [20] (18-93 nGy h'). The aver-
age value of the absorbed dose rate of *'*Pb
was slightly less than the worldwide median
value recommended by ICPR 60-1990, and
UNSCEAR-2000 [11], [12].

The calculated annual effective doses
(mSv/y) are listed in Table 3. The annual
effective doses (mSv/y) in air outdoors are
found for #*U to be in the range of 113.566—
857.0854 mSv/y with an average value
of 363.69 mSv/y (soil samples) and from
102.7968-382.5289 mSv/y with an aver-
age value 200.63 mSv/y (rock samples).
For the #*U series (*'*Bi and *'“Pb) the aver-
age annual effective doses for the *'“Bi are
303.14 mSv/y and 142.41 mSv/y for the soil
and rock samples, receptively. The average
of the annual effective doses for “’K is found
to bell.57 mSv/y (soil samples) and 15.51
for the rock. Also, the average of the annual
effective doses for ?Ac is found to be
14.11 mSv/y (soil samples) and 20.47 for the
rock. This indicates that the annual effective
dose for both soil and rock samples for these
radionuclides from terrestrial radiation in
the outside air in the studied area was lower
than the limit allowed by UNSCEAR-2000
and ICRP-1990 [19], [20] (300-600 mSv/y).
At Site 1, the values of activity concentra-
tion, dose rate, and annual effective dose are
higher than that of other sites.



Table 1. Activity Concentrations (Bq kg') of Natural Radionuclides in Soil Samples from Different Regions in

Jordan Compared to those of the Present Study

22Th series 280 series
Site sample type K )
28AC 21484 214pp

rock MDA MDA 429.8+24.9 313.1+5.0 314.4+3.9
Site 1

soil MDA MDA 963+38.0 907.8 £ 8.2 905.6 +6.4

rock 201.2+13.2 27.3+29 131+15.6 109.5+3.0 104.5+£2.7
Site 2

soil 108.2+ 8.8 15.9+2.4 1353+182 | 119.4=+3.1 129.7+2.4

rock 150.2+10.6 18.7£3.2 1155+129 | 1185+3.6 119.5+2.8
Site 3

soil 153.9+12.0 15.8+ 2.1 127.6 £ 13.2 124.6 £3.0 113.7+3.3
Average (soil) 131.5+ 104 15.85+£3.5 408.63 + 26 383.9+4.7 383.0+4.0
Average 17574119 | 23+23 2254419 | 180.36+3.9 | 179.47 £3.1
(rock)
Total Average 153.6+7.0 19.4+2.7 317.02+22.5 | 282.13£4.3 | 281.24+3.6
World
average
(UNSCEAR 400 30 35 35 35
2000)[6]
* MDA: minimum detectable activity

Table 2. Average Absorbed Dose Rate (nGy h-1) in the Air at | m above Sampling Points in the Study Areas
and Calculated Annual Effective Dose

Site sample type K By 28Ac 214Bj 214Pb
Site 1 rock MDA 163.75 MDA 105.83 13.05
soil MDA 366.90 MDA 306.84 37.58
Site 2 rock 7.61 49.91 10.4013 37.01 434
soil 4.09 51.55 6.0579 40.36 5.17
rock 5.68 44.01 7.1247 40.05 4.96
Site 3
soil 5.82 48.62 6.0198 42.11 4.72
Average 6.641 85.89 8.76 60.96 7.4
(rock)
Average (soil) 4.95 155.69 6.04 129.8 15.64
Average 5.79 120.79 7.4 95.3 11.5
World range
(UNSCEAR 18-93
2000)[6]
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Table 3. Annual Effective Dose (uSv/y) Based on the Current Study

Site sample type WK B3y 2Ac 214Bj 214Pb
. rock MDA 382.52 MDA 247.21 30.48
Site 1
soil MDA 857.09 MDA 716.80 87.79
rock 17.77 116.59 24.30 86.46 10.13
Site 2
soil 9.55 120.42 14.15 94.27 12.08
rock 13.26 102.80 16.64 93.56 11.58
Site 3
soil 13.59 113.57 14.06 98.38 11.02
Average 15.51 200.63 20.47 142.41 17.56
(rock)
Average (soil) 11.57 363.69 14.11 303.14 36.96
Average 13.54 282.16 17.29 222.78 27.26
World average
(UNSCEAR 70
2000)

Table 4. Reported Values of Gamma Activity in Soil (Activity Bq kg™'), from Work Conducted Worldwide

Region WK B8y 28A¢ 214Bj 214Ph Reference
Southern Lebanon 1.2-15.7 BDL-1.8 10.7-15.2 [13]
Areas
near to old phosphate 44 -307 |48.3- 523:2 [10]
mine, Russaifa, Jordan
1895.4 (soil) .
Central Ashanti Gold | 642.4 (rock) | 2+ (01D
. 9.7 (rock) [14]
Mine, Ghana 214.8— 9.7-124.9
2170.4 ’ '
Northeast Bangladesh 884 [15]
(average)
South Sinai
’ 1186.45 46.39 16
Egypt L1e]
Jaduguda uranium
mines in the shear BDL 123 - 40858 [17]
zone. Eastern India
292.81 —
Southern Egypt 695.57 5-23.60 1.92-13.2 |2.01 -26.12|2.97-28.91 [18]
Antalya in Turkey 148.45 28.05 16.21 18.25 [19]
Douala city, Cameroon | 125 -410 18 -45 [20]
Surface Soil of Old 27 35-
Phosphate Mine in BDL -2.40 426 19 [21]
Russaifa of Jordan ’
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4. CONCLUSIONS

In conclusion, the activity concentra-
tions of the terrestrial naturally occurring
radionuclides ?'*Pb, 2“Bi (from **%U series),
and *8Ac (from »?Th series) and “K were
measured in soil and rock samples obtained
from three sites of the Russaifa mine and
its surrounding in the Russaifa region using
an HPGe-detector of 20 % relative effi-
ciency. The average activity concentrations
in Bg/kg were found to be: 696.4+ 31.5
for U, 610.5+6.6 for 2“Bi, 610+10.3 for
214Pb and MDA (minimum detectable activ-
ity) for both K and ?**Ac in the mine (Site
1), 133.2+16.9 for ***U,114.4+3.0 for 2"“Bi
117.14£2.6 for 2"Pb, 21.6+2.7 for ??®Ac and
154.7#11 near Amman-Zarqa Highway
(Site 2), 121.6+13.1 for 2*U 121.5+3.3 for
214Bj 116.643.0 for 2'“Pb, 17.3+£2.7 for *Ac
and 152.1£11.2 for K, in AL-Tatweer area
(Site 3). While the soil activity (in Bq/kg)
was found to be 408.63 + 26, 383.9 + 4.7,
and 383.0 + 4.0 for 2*®*U, ?“Bi, and 2'Pb,
respectively. The rock activity was found
to be 225.4 + 19, 180.36 = 3.9, and 179.47
+ 3.1 for 28U, 2'“Bi, and *'*Pb, respectively.
Our results reveal that the average activ-
ity concentrations in the mine (Site 1) are
higher than worldwide average values [6]
for 238U, 21“Pb, and 2'*Bi.

In contrast, the results show that the
average absorbed dose rates in Sites 2 and
3 are lower than the world average for all
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The study tests 3D printability, heat transfer characteristics and pressure drop of two types
of triply periodic minimal surface heat exchanger in order to develop new flow principles for
compact heat exchanger design. Various generic plate heat exchanger designs are also tested
to compare to the printed alternatives. Geometry variations for heat exchangers and laboratory
testing air recuperators are modelled in SolidWorks software and manufactured mostly by UV
LCD and FDM additive manufacturing methods.

Digital light processing printing method has been found to be most successful in print-
ing the TPMS structures, while using photopolymer materials. Literature studies conclude
that the most promising structures are Schoen’s gyroid and Schwarz-diamond surfaces, which
have been modelled and tested in several variations. Using these results, full size gyroid and
Schwarz-D structure heat exchangers have been modelled, manufactured and tested. The
results are compared and analysed to study the effect of advanced surface designs in heat
transfer efficiency.

The obtained results can be used in compact air-to-air thermal recuperator development as
well as other low pressure heat exchanger applications, as the printed TPME heat exchangers
outperform the plate heat exchangers in similar dimensions.

Keywords: Additive manufacturing, gyroid, heat transfer, Schwarz-diamond, thermal
recuperator.
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1. INTRODUCTION

Ventilation is one of the key factors
in ensuring energy efficiency, as heat loss
from a residential building ventilation sys-
tem in much of Northern Europe can be up
to 35-40 kWh/m2, and 60-95 % of venti-
lation heat loss can be recovered by heat
recovery system [1].

With the rise of additive manufacturing
in recent years, higher energy efficiency and
materials saving can be achieved by using
3D printing methods in heat exchanger
manufacturing. At fixed pressure drop
requirements, triply periodic minimal sur-
faces, such as Schwarz-diamond surface,
heat exchangers can achieve the same heat
transfer performance in an order of magni-
tude smaller volume than tubular exchang-
ers. This is especially advantageous in
applications where space or weight limita-
tions are strict [2].

Residential ventilation 1is tradition-
ally provided through ventilation open-
ings or open windows in buildings, and in
recent years, mechanical ventilation sys-
tems in newly developed buildings. While
this method provides effective ventilation,
it also results in significant heat loss. This
issue can be largely mitigated by equipping
the ventilation system with a heat recovery
system. The use of such a system allows up
to 85 % of the heat lost through ventilation
to be reused for reheating incoming air. In
much of Northern Europe, buildings are
still not equipped with heat-recovery venti-
lation systems. This is primarily due to the
high cost, relative complexity, and in some
cases, the impracticality of installing such
systems [3].

To bypass previously mentioned issues,
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compact heat recovery systems for single
rooms could be more affordable and easier
to implement. Such a system should pro-
vide enough ventilation for a single room
accommodating up to two individuals, and
requires air exchange rate that can ensure
adequate CO2 levels, not exceeding 1000
ppm [4]. According to ISO and EN stan-
dards, the minimum required air flow rate
should never be below 4 I/s per person,
which results in 8 I/s minimum requirement
for a 2-person bedroom, which is around
28.8 m*h [5]. This value of flow rate will
be used as reference in the following study.

In similar studies, through the investiga-
tion of experimental data regarding the heat
transfer rate and pressure drop, it is con-
cluded that the TPMS based compact heat
exchangers achieve significantly higher
heat transfer efficiency, which results from
the high surface area per unit of volume and
their three-dimensionally continuous and
completely interconnected flow channel
structure [6]. This means that innovative
compact heat exchanger designs based on
TPMS structures can create very efficient
ventilation devices, while maintaining low
pressure drop in the system from the heat
exchanger itself. As the goal is to study very
compact air-to-air heat exchanger designs
for heat recovery, TPMS structures are cho-
sen as the most promising design choices
for the heat exchanger core. Some of the
most used and validated types of such struc-
tures in other studies are Schoen’s gyroid
and Schwarz-Diamond [7], which is why
these will be used in further testing of print-
ing methods, materials and heat exchanger
performance.



2. METHODOLOGY

In order to create a full scale triply
periodic minimal surface (TPMS) heat
exchanger 3D model, base models of single
TPMS surface cells were designed using

Schwarz-d:

cos(x) cos(y) cos(z) — sin(x) sin(y) sin(z) = 0.

Gyroid:

sin(x) cos(y) + sin(y) cos(z) + sin(z) cos(x) = 0.

SolidWorks 2020 CAD software (see Fig.
1). The designed gyroid and Schwarz-dia-
mond surfaces can be described using equa-
tions of spatial coordinates of x, y, z [8]:

(1)

2)

Fig. 1. Gyroid (left) and Schwarz-diamond (right) surface cells.

Since SolidWorks CAD software does
not have a built-in function for modelling
TPMS surfaces, and their further process-
ing is also difficult, modelling the Gyroid
and schwarz-D structures takes longer than
expected. For such designs, specialised soft-
ware is available, such as N-Topology, but it
will not be reviewed in this study. To obtain
a full-scale model of the heat exchanger, the
resulting single-cell surfaces are patterned
in all directions. The surface thickness (wall
thickness) is assigned to the surface model
obtained, the exterior walls of the casing
and the intake and exhaust manifolds are
modelled. For the compact thermal recu-
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perator study, heat exchanger prototype
dimensions (for plate, gyroid and schwarz-
d heat exchangers) of 200x180x120 mm
were selected (see Fig. 2 below).

180
(D1}

200
{02)

Fig. 2. Overall dimensions of the heat exchanger
(height: 120 mm).



Using thin wall thicknesses in air-to-air
application, the heat transfer coefficient of the
heat exchanger material does not play a big
role in the overall efficiency (assuming that
the walls can be printed in thicknesses below
0.5 mm), as in such a case the convective heat
transfer coefficient impacts the overall heat
transfer (Eq. (3)). Therefore, it was decided
to use a widely available and cheap printing
material, and to model the wall thickness of
the TPMS structure as small as possible to
reduce the effect of the thermal conductivity
of the material on the thermal efficiency.

1 1 Sp 1

U B hei + E(Rn) + hco' (3)
where U — overall heat transfer coefficient,
W/(m?*K);

h, — a convective heat transfer coeffi-
cient for fluid inside and outside the wall,
W/m*K (air — 10-100 W/m*K);

s, —n wall thickness, m;

k —n wall material heat transfer coefficient,

W/m*K [9].

To compare a gyroid cell size effect on
heat transfer and pressure drop, three differ-
ent TPMS structure variants were created,
changing the size of the single cells (Fig. 1)
in each iteration, but keeping the over-
all model dimensions and wall thickness
(0.32-0.35 mm). Porosity was determined
by SolidWorks mass properties tool (ratio
of volume of flow channels for fluid flow to
total volume of structure).

Table 1. TPMS Geometric Parameters Used in Heat Exchanger Designs

Heat exchanger structure Wall thickness [mm)] Porosity Cell size, LxWxH [mm]
Gyroid 0.35 94.6 % 20x20x20
Schwarz-D V1 0.32 93.9 % 20x20x20
Schwarz-D V2 0.32 93.5% 20x18x18

To separate the warm and cold air chan-
nels, opposite flow openings are filled in the
inlet and outlet. The resulting file is exported
in STL format for printing (see Fig. 3). By

blocking the correct inlet and outlet chan-
nels, cross flow setup for the heat exchanger
is achieved.

Fig. 3. Inlet/outlet channels of Schwarz-d heat exchanger.



In order to fit more easily into the maxi-
mum printing dimensions of the Creality
Halot Mage Pro printer (228x128x230 mm),
the heat exchanger models were split in half
for partial printing. 3D printing programs

were prepared in Chitubox Pro software,
where the necessary printing parameters
were set and printing support structures
were added (see Fig. 4).

Fig. 4. Sliced heat exchanger model in Chitubox Pro 3D program.

The printing method and parameters
for heat exchanger structure printing were
tested to achieve optimal surface quality for
heat exchangers with the thinnest possible

wall thickness. Printing was performed
using the parameters that yielded the best
surface quality while minimising wall
thickness.

Table 2. Parameters of the 3D Printing Material Used [10]

Creality Standard resin

Density 1.14 g/em?
Tensile strength 6068 MPa
Surface hardness 85-90D Shore D
Heat transfer coefficient 0.18 W/m*K
Table 3. Printing Parameters Used

Layer height 0.05 mm
Bottom layer count 6

Exposure time 1.6 s
Bottom exposure time 45 S
Light-off delay 6 S
Lifting distance 8 mm
Lifting speed 300 mm/min
Printing resolution 7680x4320 px

Heat exchanger parts and their inlet/
outlet manifolds printed by the UV LCD

method were glued together using UV cur-
ing polymer (which is the same printing
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material). Since small wall thicknesses are
not required outside the heat exchanger, the
fan housing, connecting pipes and sensor

mounts were printed with a Prusa MK3S
FDM printer, with standard printing param-
eters.

Fig. 5. Heat exchangers printed by UV LCD method.

During printing, it was observed that
the amount of photopolymer consumed is
about 30 % higher than calculated in the 3D
printing program. When measuring the wall
thicknesses in the heat exchangers, it was
concluded that the actual wall thicknesses
are in the range of 0.40-0.60 mm, not 0.32—
0.35 mm, as defined in the model. There-
fore, it is likely that slightly lower porosity,
heat exchanger efficiency and higher back

pressure will be obtained than expected,
which should be taken into account for fur-
ther development.

For comparison, plate heat exchangers
of a similar design were made, where the
flow channels were separated by parallel
flat aluminium plates with a thickness of
0.5 mm, a gap between the plates of 2.0—
3.0 mm and a heat transfer coefficient of the
material ~237W/m*K.

Fig. 6. Plate heat exchangers.

For laboratory testing and measure-
ments of temperature in each channel, flow
rate and back pressure, a test rig with PMB-
1212PLB2-A radial fans, Honeywell ABP2
pressure sensors, UT-363 anemometer,
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AM2302 temperature and humidity sensors,
power supply unit for fan speed control and
ESP32 microcontroller for recording results
were used (see Fig. 7).



Hot air exhaust

Cold air inlet

Temperature sensors

Pressure sensors

Cold air exhaust

Hot air inlet

Fig. 7. Laboratory testing recuperator.

To mitigate the surrounding environ-
ment effect on the results of temperature
measurements, the testing equipment was

placed in a foam housing that served as a
thermal insulator.

Fig. 8. Insulated testing stand.

3. RESULTS AND DISCUSSION

Plate heat exchangers are currently
the most common type of heat exchang-
ers in building air thermal recovery equip-
ment. However, the size of the equipment
available on the market for this type of
high-efficiency recuperators is much larger
than that envisaged in this project [11]. In
order to clarify the possible flow volumes
and efficiency, and to compare them with
TPMS recuperators, several tests of plate
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heat exchangers at different flow rates were
performed. Air gap sizes were determined
experimentally — reducing the gap below
2 mm resulted in high flow resistance,
and larger and louder fans were needed to
achieve the required flow speeds. The same
testing setup and equipment were used in
both TPMS and plate heat exchanger tests.
The advantage of such heat exchang-
ers is easier production in large volumes —



comparatively, the production of one full-
size TPMS heat exchanger can take up to
12 printing hours of one UV LCD printer.
Alternatively, plate heat exchanger parts are
easily mass-produced, and the most time-
consuming step is the assembly of the heat
exchanger.

Thermal efficiency is calculated as
the ratio of actual temperature difference
between the same flow inlet and outlet to the
maximum possible temperature difference
achievable (temperature difference between
the inlets) [9]. Both supply (IN) and exhaust

Table 4. Plate Heat Exchanger Testing Results

(OUT) side thermal efficiency is used to
calculate the average heat exchanger effi-
ciency. The stale room air from the room is
defined as “Hot” and the fresh outside air is
defined as “Cold” in this study.

Testing of plate heat exchangers was
carried out using cold outside air as ColdIN
and warm room air as HotIN. Measure-
ments were made at different flow rates,
recording the relevant results as the tem-
perature stabilised in all the channels. The
results are summarised in Table 4.

Air . .

Flowrate, o HotOUT, o~ | ColdOUT, | Efficiency | Efficiency | AVG effi-
gap, | g | HOUN,PC e m | ColdIN, °C | g IN ouT ciency
mm
3.0 15.4 21.7 16.7 11.3 18.2 48.1 % 66.3 % 572 %
3.0 7.8 21 15.7 11.6 18.5 56.4 % 73.4 % 64.9 %
3.0 6.4 219 17 13.2 19.9 56.3 % 77.0 % 66.7 %
3.0 16.2 20.1 11.5 1.8 12.8 49.7 % 60.1 % 54.9 %
3.0 20.5 20.6 11 1.3 13.4 49.7 % 62.7 % 56.2 %
3.0 33.9 21.4 12.3 -0.5 12.5 41.6 % 59.4 % 50.5 %
3.0 353 23.1 15.3 7.7 12.6 50.6 % 31.8% 41.2 %
2.0 30.4 229 10 3.5 14.1 66.5 % 54.6 % 60.6 %
2.0 30.4 229 10 3.5 14.1 66.5 % 54.6 % 60.6 %
2.0 13.7 21.9 59 -3.3 16.5 63.5% 78.6 % 71.0 %
2.0 34 20.3 7.2 -0.1 15.4 64.2 % 76.0 % 70.1 %

It can be concluded that at the planned =~ and Schwarz-diamond heat exchangers

heat exchanger flow rate (around 30 m 3/h),
plate heat exchangers only reach 41.2—
60.6 % average efficiency, 2.0 mm slot heat
exchangers being more efficient. At lower
productivity modes, the efficiency reaches
up to 71.0 %.

The TPMS heat exchangers, manufac-
tured by additive manufacturing methods,
were tested similarly, using the same test-
ing setup. To achieve similar temperature
ranges in all tests, artificially heated air was
used for HotIN, and room temperature air
was used for ColdIN. In all of the gyroid
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some temperature inertia can be noticed.

At the beginning of testing, warm air
inlet heating was started and measure-
ments were continued until the warm air
inlet temperature was around 40 °C and the
temperature of all channels stabilised. In the
case below (see Fig. 9), it was assumed that
the values were stable between 400 s and
450 s. Average temperature values during
this period were used for further calcula-
tions. Similar methodology was used for all
heat exchanger tests.
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Fig. 9. Gyroid heat exchanger temperature study at a flow rate of 32.5 m3/h.

In the pressure drop data, it can be
observed that there have been pronounced
fluctuations in the measurements, which
could have arisen as a result of the turbulent
flow regime. It was concluded that for test-
ing, as well as for the control of the device
prototype, it would be necessary to create
a measurement filter in the software, which
would record the results more evenly.

The results of the measurements were
fluctuating, but there was no observable
trend of changes in the graph, and there were
a lot of data points; therefore, in order to

determine the flow back pressure in the heat
exchanger, the average value was extracted
from all measurements. Since the back
pressure at a flow rate of 32.5 m*h was very
low (on average 17.2 Pa in the warm and
cold air intake manifold), a testing was also
carried out at higher flow rates (65 m3/h),
with the aim of comparing the drop in effi-
ciency and the increase in back pressure,
from which it could be concluded about the
possibilities of making an even smaller size
heat exchangers of similar designs.
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Fig. 10. Gyroid heat exchanger pressure loss at a flow rate of 32.5 m3/h.
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Testing was conducted with all heat
exchanger designs analogous to the previ-
ous measurement, a time period with stable

temperature values was chosen and average
values of the time period were used in effi-
ciency calculation.

Table 5. TPME Heat Exchanger Measurements

Efi- | Efi- | AVG
Flowrate, | HotIN, HotOUT, °C ColdIN, ColdOUT, °C | ciency | ciency | effi- Pres-
m3/h °C °C . sure, Pa
IN OUT | ciency
Gyroid 20.1 42.1 289 24.0 36.7 729% | 702% | 2% | 7.1
Gyroid 325 418 287 238 36.4 698% | 67.6% | 69% | 172
Gyroid 65 39.1 292 235 33.0 635% | 60.9% | 62% | 585
]S)CEY“Z' 219 425 28.7 24.05 376 743% | 734% | 74% | 9.
]S;BYV‘“Z' 325 44 29.8 24.1 38.7 4% | 734% | 72% | 207
]S)CETV“Z' 57.2 38.3 29.1 24 352 643% | 783% | 71% | 60.1
]S;i‘;varz' 20.5 44.7 302 262 39.4 784% | 714% | 5% | 8.4
ls)cfgvarz' 30 43.85 30.15 26.3 38.75 781% | 709% | 75% | 20.8
]S)(:S;varz— 57 429 29.0 24.1 37.45 73.9% | 71.1% | 72.0%| 688

For the gyroid structure heat exchanger,
as in the previous test, no trend of change
could be observed in back pressure mea-
surements at any testing attempts, so the
average pressure value was calculated from
all the data for each flow rate. By increas-
ing the flow rate two times, the back pres-
sure value increased 3.4 times, but the effi-
ciency of the heat exchanger decreased by
only 7 % from thermal efficiency of 69 %
at a flow rate of 32.5 m’/h. The achieved
results agree with previous studies, imply-
ing higher heat transfer efficiency compared
to conventional heat exchanger designs and
relatively higher pressure loss at high flow
rates [12]. The stable efficiency might sug-
gest that adjustments in cell geometry could
allow for more compact designs of heat
exchangers, while maintaining low pres-
sure loss at low to medium flow rates and
achieving similar stable performance. At
lower flow rates, an increase in slight effi-
ciency can be noticed (3 %), and pressure
loss decreases by approximately 2.4 times.
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Like the gyroid heat exchanger, both
Schwarz-D heat exchangers were tested
with similar air flow and temperature val-
ues through the cold and warm air ducts.
The Schwarz-D v1 heat exchanger achieved
efficiency of 72 % (at a flow rate of 32.5
m’/h), but the Schwarz-D v2 achieved ther-
mal efficiency of 75 % (at a flow rate of 30
m?3/h). The average back pressure value for
v1 inlet channels at 32.5 m3/h was 20.7 Pa.
It was concluded that for the Schwarz-D v2
heat exchanger it was possible to obtain
high efficiency (75 %) at a very low pres-
sure drop (20.8 Pa) even without further
optimising the heat exchanger and inlet
geometry. This could create opportunities
to design compact and quiet heat recovery
devices, as a relatively low pressure loss
had to be overcome to achieve the required
flow rate. Likewise, just as for gyroid sam-
ples, further overall size decrease and geo-
metric variations should be tested.

By increasing the flow rate to 57.2 m*/h
in the v1 heat exchanger, a slight decrease in



thermal efficiency (1 %) was observed, and
the back pressure increases by ~2.9 times
(60.1 Pa). When reducing the flow volume
to 21.9 m3/h, the efficiency was slightly
higher (increase by 2 %), and the back pres-
sure decreased by about 2.3 times (9.1 Pa).
It can be assumed that the flow rate in these
structures does not significantly affect the
heat exchange (even more so that the gyroid
structures), but it has a great impact on the
back pressure. Based on these findings, an
improved laboratory prototype should be

designed and tested, having smaller cell
sizes and disproportionate cells in the flow
direction. There is reason to believe that in
this way higher efficiency will be achieved
at similar flow rates without increasing the
back pressure values.

The Schwarz-D v2 has stable thermal
efficiency at a flow rate from 20.5 to 30
m’/h, but it decreases slightly (by 3 %) when
increased to 57 m3/h. The trends in pressure
loss at different flow rates are similar to that
of the v1 study.
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Fig. 11. Heat exchanger efficiency comparison.
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Fig. 12. Heat exchanger pressure loss comparison.
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3. CONCLUSIONS

In this paper, the ability to print air tight,
thin walled triply periodic minimal surfaces
was confirmed, by using UV LCD printing
method. Such heat exchanger structures
can be used in low pressure and tempera-
ture systems, such as single room residen-
tial ventilation air recuperators due to their
light weight, compact size and relatively
low chance of fouling, compared to more
traditional types of heat exchangers. The
actual wall thicknesses of the TPMS heat
exchangers were greater than those mod-
elled. This likely results in slightly lower
porosity, reduced efficiency, and higher
back pressure than anticipated, which must
be considered when developing further
prototypes. Improving printing parameters
to achieve thinner walls should also be
explored.

During the laboratory tests, it was con-
cluded that printed plastic heat exchang-
ers have better heat exchange efficiency at
similar flow rates and back pressure in the
inlet channels, compared to similar sized
metal plate heat exchangers. In a compact
recuperator design that has been chosen,
only Schwarz-D v2 structure heat exchang-
ers reach thermal efficiency of ~75 %, while
maintaining around 30 m3/h flow rate, that
is the minimum required for 2-person bed-
room ventilation, and the low back pressure
might imply that further optimisation of
geometry can lead to increased efficiency.
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This study delves into the integration of iron (III) oxide (Fe,0,) nanorods into orientated
polyacrylonitrile (PAN) nanofiber mats, a topic of considerable interest in applications such
as water treatment and environmental remediation. Focussing on the modification of PAN
nanofibers, the research investigates the impact of varying concentrations (1 %, 3 % and 5 %)
of Fe,0, nanorods on the mechanical and thermal properties of the nanofiber mats. Mechani-
cal strength was evaluated by tensile testing, while thermal stability was evaluated by ther-
mogravimetric analysis (TGA). The results indicate a notable improvement in the mechani-
cal strength of the nanofiber mats, with an increase of up to 24 % observed at the highest
nanorod concentration of 5 %. However, the thermal stability of the mats showed a decrease
of approximately 12 % as per the TGA results. This research provides new insights into the
effect of Fe,O, nanorod reinforcement on PAN nanofibers, highlighting the trade-offs between
mechanical enhancement and thermal stability.

Keywords: Fe203, nanocomposite, nanorod, PAN nanofibers, tensile test, thermogravim-
etry (TGA).
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1. INTRODUCTION

The escalation of heavy metal pollu-
tion, a by-product of relentless industri-
alisation and urbanisation, poses a seri-
ous threat to environmental integrity and
human health. The contamination of natu-
ral potable water with heavy metals, such
as arsenic (As), lead (Pb), cadmium (Cd),
and mercury (Hg), frequently exceeds the
permissible limits established by the World
Health Organisation (WHO) and other
environmental authorities. Consequently,
the removal of heavy metal ions from con-
taminated wastewater has become a critical
concern in water management and environ-
mental remediation [1].

Electrospinning, a  cost-effective
method to produce nanofibers [2], has
shown promise in the development of fil-
tration [3], [4], antibacterial textiles [5]—
[7] and drug delivery materials [8]-[10].
Typically, these nanofibers exhibit a lower
mechanical strength. To address this issue,
Fe,O,-reinforced nanofibers have been used
to filter heavy metals and pollutants from
air and water [11].

Conventionally, polymers are rein-
forced with high-strength materials to

2. MATERIALS AND METHODOLOGY

enhance their mechanical properties [12].
However, the impact of reinforcing Fe,O,
nanorods on the mechanical and thermal
stability of nanofibers has not been ade-
quately explored. Understanding the influ-
ence of Fe O, content on the mechanical
and thermal properties of nanofiber mats
is crucial, given their exposure to external
forces and varying temperatures in practical
applications.

This research article presents the pro-
duction of high-strength, orientated polyac-
rylonitrile (PAN) nanofiber mats, reinforced
with 1 %, 3 %, and 5 % Fe,O, nanorods.
We have conducted a comprehensive inves-
tigation into their mechanical properties
through tensile testing and compared them
with an analytical model to determine their
statistical significance. Furthermore, the
thermal stability of these nanofiber mats
was evaluated using thermogravimetric
analysis (TGA). This study aims to eluci-
date the mechanical and thermal behaviour
of Fe,O,-reinforced PAN nanofiber mats,
thus contributing to the advancement of fil-
tration technology in environmental appli-
cations.

The aim of the research is to study the
influence of nanorods and their volume frac-
tion on the thermal and mechanical proper-
ties of electrospun nanofibers. Using poly-
acrylonitrile (PAN) as the base material, we
produced the nanofibers through an electro-
spinning process employing PAN powder
and N,N-dimethylformamide (DMF) as the
solvent. Polyacrylonitrile (average molecu-
lar weight: 150,000 (typical); CAS number:
25014-41-9) and N,N-dimethylformamide
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(DMF; ACS reagent, >99.8 % purity; CAS
number: 68-12-2) were procured from
Sigma-Aldrich Chemicals (Merck KGaA,
Darmstadt, Germany). Iron oxide (Fe,O,)
nanorods (CAS number: 1309-37-1), also
sourced from Sigma-Aldrich Chemicals,
were integrated with PAN to fabricate the
nanofiber mats.

The PAN nanofibers were synthesised
using an established electrospinning setup
and parameters, as previously documented



by the authors [13]-[15]. The primary mod-
ification involved the addition of 1 %, 3 %,
and 5 % (wt./wt.) Fe,O, nanorods to DMF.
These nanorods underwent ultrasonic treat-
ment to ensure dispersion and separation.

&

Fe203
Nanorods

Ultrasonic bath

N &

Magnetic stirrer

Subsequently, PAN powder was added, fol-
lowed by eight hours of magnetic stirring.
The complete nanofiber mat fabrication
process is illustrated in Fig. 1.

80 °C, 800 RPM

PAN 10% wt /w1
(paioeg) s
P 4

Electrospmnmg

!
v i

Tensile test

Thermal test

Fig.1. Schematic representation of the nanofibre mat fabrication process incorporating Fe,O, nanorods.

The samples were denoted as EO, El,
E3, and ES5, representing the elastic mod-
ulus of the nanofiber mats with 0 %, 1 %,
3 %, and 5 % Fe,O, nanorods, respectively.

Scanning electron microscopy (SEM)
analysis employed a Hitachi TM3000 table-
top SEM. The parameters included a mag-
nification of 1500x, a vacuum of 10~ Torr,
ion coating at 6 mA, a gold (Au) sputter
coating, and a coating thickness of 150. The
contrast in the SEM images was enhanced
for clearer observation.

Tensile properties were measured using
a Mecmesin Multi-Test 2.5-1 tensile testing
machine with a 25-N sensor (PPT Group
UK Ltd., UK). Sample preparation adhered
to ISO 139:1973 “Standard Environments
for Conditioning and Testing”, specifying
a temperature of 21 °C £ 1 °C, relative air
humidity of 60 %, and atmospheric pres-
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sure of 760 mm Hg. The sample dimen-
sions were conformed to ASTM D882-18,
with a size of 50 mm x 10 mm (length x
width). Four measurements per sample
were made. The thickness of the nanofi-
ber mat was measured using a Digimatic
micrometre (range: 0-25 mm; Digimatic
micrometre, MDC-25PX, code No. 293-
240-30, serial No. 71912410, Mitutoyo,
Japan). Specimens were cut parallel to the
nanofiber orientation, attached to a paper
template, and then mounted on the tensile
testing machine. The preparation method is
detailed further in [14].

The statistical significance of the exper-
imental results was assessed by comparison
with the Rule of Mixtures (ROM) and Hal-
pin-Tsai micromechanical model, as delin-
eated in Egs. (1) and (2).



E; = Vpe.Epe + Vpan-Epan; (D
Ero(1+ %4
EC — Fe( (77 pan); (2)
1- n Vpan
_ Epan_EFe
n N Epan'{'cEFe’ (3)
where

E_ is the elastic modulus of the composite
material, MPa;

V. is the volume fraction of Fe O, nanorods
in the composite;

E.. is the elastic modulus of the FeZO3

nanorods, MPa;

Von is the volume fraction of the PAN in

the composite;
E i1s the elastic modulus of the PAN

PAN
nanofiber mat, MPa.

n is a function and { denotes an empiri-
cal parameter or a curve-fitting param-
eter that is used to calculate the value that
matches the experimental data. In this study,
the empirical parameter { = 1 was selected
as mentioned in [13].

3. RESULTS AND DISCUSSION

The Rule of Mixtures is a simplistic yet
effective approach, primarily used to pre-
dict the properties of composite materials.
It operates on the premise that the overall
property of a composite can be approxi-
mated as a weighted average of the proper-
ties of its constituents, proportional to their
respective volume fractions. On the other
hand, the Halpin-Tsai model offers a more
nuanced approach. It is particularly adept
at predicting the elastic properties of com-
posite materials with dispersed phase inclu-
sions, such as fibres or particles. This model
accounts for the geometry and distribution
of the inclusions and the interface effects
between the matrix and the inclusions,
thereby providing a more detailed under-
standing of the mechanical behaviour. Both
models are integral to our study, as they
offer theoretical benchmarks against which
the experimental results of the Fe2O3 rein-
forced PAN nanofiber mats can be rigor-
ously evaluated.

Thermogravimetric analysis was per-
formed using a TG 209 F1 Libra® thermo-
microbalance (NETZSCH, Germany). The
samples, weighing 5-6 mg, were heated in
AlO, crucibles from 20 °C to 900 °C at a
rate of 10 °C/min, in an inert nitrogen atmo-
sphere with a flow rate of 30 ml/min.

The SEM image depicted in Fig. 2 pro-
vides a detailed visual representation of
the PAN nanofiber matrix reinforced with
Fe,O, nanorods. These nanorods, measur-
ing approximately 50 nm in length and
10 nm in diameter, are uniformly distrib-
uted and well integrated within the nanofi-
bers, a critical factor for achieving desired
mechanical enhancements. The presence of
bubble-shaped formations in the nanofiber
matrix, as observed in the SEM image, is a
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notable feature. This morphology is likely
a consequence of the high voltage applied
during the electrospinning process, which
influences the fibre formation and can lead
to such unique structural characteristics.

Figure 3 presents the mechanical
response under tensile loading for each
nanofiber mat sample, which includes pure
PAN and PAN reinforced with 1 %, 3 % and
5 % Fe O, nanorods.



Fig. 2. SEM image of the nanofiber reinforced with nanorods.
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Fig. 3. Representative stress-strain curves for all sample variants.

In the context of ultimate tensile
strength, the pure PAN nanofiber mat exhib-
ited a value of 11.32 £ 1 MPa. Upon incor-
poration of Fe O, nanorods, a discernible
alteration in strength was observed. Specifi-
cally, for nanofiber mats with 1 %, 3 % and
5 % Fe,0O,, the ultimate tensile strengths
were recorded as 10.36 + 2 MPa 9.5 + 2
MPa, and 9.13 + 1 MPa, respectively. These

data indicate an initial increase in strength
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with the addition of nanorods of up to 3 %,
followed by a slight decrease with rein-
forcement at 5 % reinforcement.

The elastic modulus, a measure of
material stiffness, was found for the pure
PAN nanofiber mat to be 471.2 + 10 MPa.
In contrast, the addition of 1 %, 3 %, and
5 % Fe,0, nanorods resulted in elastic mod-
uli of 480.2 + 10 MPa, 545.21 + 10 MPa,
and 586.63 = 10 MPa, respectively. These



results demonstrate a consistent increase in
stiffness with the increasing percentage of
Fe,O, nanorods.

A notable decrease in the elongation at
break was observed as a consequence of
nanorod reinforcement. The break elonga-
tion of the pure PAN nanofiber mat was
measured at 9.86 + 2 %. For mats rein-
forced with 1 %, 3 % and 5 % Fe. O,, the
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Table 1. Summary of Mechanical Properties

values were 8.69 + 2 %, 4.84 = 1 %, and
2.63 £ 1 %, respectively (Table 1). This
trend highlights the increased brittleness
and reduced ductility of nanofiber mats with
higher Fe O, content, a common trade-off
observed in reinforced composites where
increased strength and stiffness often come
at the expense of ductility.

Materials Ultimate tensile strength, Young’s modulus, Elongation at break
o (MPa) E (MPa) (%)

PAN nanofiber mat 11.32+1 4712+ 10 9.86+2

PAN & 1 % Fe O, 10.36+2 480.2 £ 10 8.69 +2

PAN & 3 % Fe O, 95+2 54521+ 10 4.84+1

PAN & 5 % Fe O, 9.13+1 586.63 + 10 2.63+1

The observed enhancements in mechan-
ical properties are attributable to the pre-
cise and uniform reinforcement of Fe O,
nanorods. The gradual increase in tensile
strength and Young’s modulus with increas-
ing Fe,O, content evidence the effective-
ness of nanorod reinforcement in improv-
ing material strength and rigidity. The slight

reduction in elongation at break with a
higher Fe,O, content suggests a correspond-
ing increase in material stiffness.

The results of Table 2 reveal a notable
correlation between the experimental data
and the theoretical predictions, especially
in the context of the Halpin-Tsai model.

Table 2. Experimentally and Analytically Calculated Values of Elastic Modulus of Nanofiber Mats

E value for PAN E value for 1% of | E value for 3% of | E value for 5% of
(MPa) Fe,0, (MPa) Fe,0, (MPa) Fe,0, (MPa)
Experimental result 471.2 480.2 545.21 586.63
ROM method - 516.496 607.088 697.68
Halpin-Tsai method - 496.095 546.571 597.982

The experimental values for the elastic
modulus exhibit an incremental increase
with a higher Fe,O, content, a trend captured
well by the Halpin-Tsai model. The closer
alignment with experimental results, com-
pared to the ROM model, could be attrib-
uted to its more comprehensive approach
in considering the impact of particle geom-
etry and distribution within the matrix. The
slight discrepancies observed with the ROM
model may be due to its relatively simplistic
approach, which may not fully encapsulate
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the intricacies of nanoscale interactions and
the resultant mechanical properties.

Figure 4 presents the TGA of PAN
nanofiber mats reinforced with 1 %, 3 % and
5 % Fe,O,. The TGA curves reveal critical
insights into the thermal degradation behav-
iour of these nanocomposites. A notable
feature in all samples is the sharp decrease
in weight at approximately 280 °C, indica-
tive of the rapid degradation of PAN within
the crucible. Specifically, the first degrada-
tion onset temperatures for the 1 %, 3 % and



5 % Fe O, nanofiber mats were observed at
280 °C, 285 °C, and 29 °C, respectively.
This trend suggests an incremental delay
in the onset of degradation with increasing
Fe,O, content. After degradation, mass loss
increased in proportion to the increment of
the reinforced nanoparticles. However, at
900 °C the remaining mass was 12 % less
in the 5 % Fe,O, compared to the samples
with 1 % Fe,O,.

TG 1%
(6.1]
100

FE

80

1% Fea03

60
3% Fea0s

5% Fe20;
40

20

Furthermore, a uniform weight loss
was observed around 100 °C in all samples,
likely attributable to the evaporation of the
solvent used in the fabrication process. This
solvent evaporation began at 100 °C and
continued up to 120 °C. At the post-phase, a
stable mass was maintained until the onset
of complete degradation of the nanofiber
mats.

100 200 300 400

500 600 700 800 900

Temperature /°C

Fig. 4. TGA graph of all nanocomposites.

The observed increase in thermal degra-
dation temperature with a higher Fe O, con-
tent can be attributed to the enhanced ther-
mal conductivity imparted by the metallic
nanoparticles. As the percentage of Fe,O,
nanorods in the nanofiber mats increases,
so does the thermal conductivity, which in
turn influences the thermal stability of the
composite material. This higher thermal
conductivity of the metallic particles likely

4. CONCLUSIONS

contributes to a more efficient heat dissipa-
tion throughout the matrix, thereby increas-
ing the temperature required to initiate deg-
radation. This phenomenon underscores the
effectiveness of Fe O, nanorods in enhanc-
ing the thermal stability of PAN nanofiber
mats, an attribute that could be highly ben-
eficial in applications where thermal resil-
ience is a critical factor.

The comprehensive study conducted on
the influence of Fe O, nanoparticles on the
mechanical and thermal properties of PAN
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nanofiber mats has yielded several insight-
ful findings. Integrating Fe,O, nanorods
into the PAN matrix significantly alters



both the mechanical and thermal behaviour
of the resultant nanocomposites.

Mechanically, the incorporation of
Fe,0, nanorods leads to a notable increase
in both the ultimate tensile strength and
the elastic modulus of the nanofiber mats.
This enhancement in mechanical proper-
ties is observed to be up to 24 % ata 5 %
Fe,O, content. The increase in stiffness
and strength can be directly attributed to
the reinforcing effect of the uniformly dis-
tributed Fe,O, nanorods. However, this
reinforcement comes with a trade-off in
ductility, as evidenced by the decrease in
elongation at break with higher Fe,O, con-
tent. These findings are consistent with the
principles of composite materials, where
the addition of reinforcing phases typically
enhances strength and stiffness but reduces
ductility.

From a thermal perspective, the TGA
analysis reveals an increase in thermal sta-
bility with the addition of Fe,O, nanopar-
ticles. The degradation temperature of the
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nanofiber mats decreases progressively with
higher concentrations of Fe O,, suggest-
ing a decrease in thermal resistance. This
improved thermal stability can be attributed
to the higher thermal conductivity of the
metallic Fe,O, nanoparticles, which facili-
tates a more efficient heat distribution and
delays the appearance of thermal degrada-
tion.

In conclusion, the study underscores the
efficacy of Fe,O, nanoparticles as a rein-
forcing agent in enhancing the mechani-
cal and thermal properties of PAN nano-
fiber mats. The findings of this research
not only contribute to the existing body of
knowledge on nanocomposite materials but
also open up new avenues for the applica-
tion of these materials in areas requiring
enhanced mechanical strength and thermal
stability. Future research could explore the
scalability of this approach and investigate
the long-term durability and environmental
impact of such nanocomposite materials in
real-world applications.
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The development of a solar trigeneration system for households is a complex and difficult
task. The development of a rational system requires a multifaceted and balanced solution.
Energy technology should be capable of independently and fully satisfying consumer demand
and compatible with today’s widely used engineering systems. To ensure broad application
and use of the system, it must be sufficiently compact, cost-effective, and easy to install and

repair.

Keywords: Heating, PV, solar cooling, solar trigeneration.

1. INTRODUCTION

The information available on solar tri-
generation systems for households is lim-
ited. A significant number of technical data
mainly relate to large-scale photovoltaic
solar air conditioning systems [1]-[6]. Reli-
able information on the amount of energy
produced by such systems has only been
obtained over the recent years, but it often
remains inaccessible for the public, although
there is strong interest in this type of tech-
nology on the part of solar energy research-
ers and engineers. This study examines
solar trigeneration technology, which uses
low-power equipment applicable to single-
family homes. Such a system includes a
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solar PV electrically operated compressor
cooler with cold energy and heat energy
transfer for domestic use. During the non-
cooling season, this system can be used in
the reverse mode. In this mode, the ambient
air serves as a heat source.

Production of cold and other cool-
ing operations mean the removal of heat
from the environment. Thus, the concept
of “air conditioning” mainly refers to heat
removal, while in some cases it may also
include heat supply. Cooling loads for
comfort in private and office buildings are
expected to increase in the future, so it is
important to look for alternative energy



sources to reduce greenhouse gas emissions
on a global scale. Lower costs of the system
components and innovative solutions for
solar technologies open wider opportuni-
ties for their use in different sectors of the
economy. The Solar Heating and Cooling
Association “SHC IEA” published reports
on the increase in the number of solar air

conditioning systems in the last decade [7].
Literature offers several ways of converting
solar energy into another form of energy.
Solar energy cannot be efficiently converted
into heat removal. Therefore, solar cooling
technologies operate by using either ther-
mal energy or electricity.
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Fig. 1. Solar energy cooling technology scheme.

The solar cooling technology scheme
shown in Figure 1 was created by summa-
rising the latest information from various
sources.

Solar cooling can be passive or active.
Passive solar cooling means that there is
no external energy supply; passive systems
are not divided by type, such division being
irrelevant. Active solar cooling, in turn,
uses electricity or thermal energy as the
energy transfer agent. Thermal energy for
heat driven coolers is mainly produced by
solar collectors. Electricity for electrically
operated coolers is obtained from photovol-
taic (PV) modules or from large solar power
stations with the use of steam turbines. The
solar cooling technology is selected depend-
ing on the energy source, use, and climatic
conditions.

Today, the most popular technolo-
gies are thermally operated absorption and
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adsorption chillers in combination with
solar collectors [7]. However, given the
high costs of sorption machines and solar
collectors, the market for these technolo-
gies is growing very slowly [8]. At the same
time, the PV market is developing rapidly,
as the prices of PV modules are constantly
decreasing. The attractiveness of solar elec-
tric air conditioning systems is higher due
to cost-related reasons, so the combination
of PV modules with an electrically oper-
ated cooling system is at the basis of the PV
generated energy air conditioning concept.
Notably, all the PV based electricity oper-
ated air conditioning system components
are freely available on the market.
Electrically operated heating and cool-
ing equipment, such as steam compres-
sion heat pumps (HP) [9], [10], coolers, or
reverse heat pumps connected to energy
storage equipment, is an attractive energy



supply solution for buildings. However,
except for some European regions, only a
few complete system solutions using pho-
tovoltaics for the energy supply of build-
ing are available on the market, and none
of them combine PV and cold generation
installations into a single system. For this
reason, there is lack of information on the
performance and overall costs of such sys-
tems.

The Solar Heat and Cooling Asso-
ciation (SHC IEA) expects rapid devel-
opment of solar technologies in line with
the increase in renewable energy sources
(RES). The increase in RES is facilitated
by the support mechanisms in the energy
sector established by the EU directives

2. METHODOLOGY

and regulations on energy use. The sub-
task of the Buildings Directive 2009/28/EC
is to reduce the increase in energy capac-
ity. The Energy Performance of Buildings
Directive (2018/844/EU), which requires
reduction in the consumption of fossil fuels
and electricity, has been of no less impact.
Energy consumption can be reduced with-
out compromising comfort levels by using
energy-saving technologies, including solar
thermal and cooling technologies. This
implies that we are on the verge of facing
substantial changes in the heating, cooling,
and electricity supply systems of buildings,
which will necessitate a great deal of work
in the near future.

By projecting combinations of differ-
ent technologies for ensuring energy supply
to the household, analysing and evaluating
them with the help of selected criteria, we
have identified the advantages and disad-
vantages of different technologies.

In the standard case, electricity for
household needs is provided from external
sources: the grid or a local electricity gen-
erator. By equipping households with solar
modules, it is possible to supply part of the
electricity consumed. Unfortunately, the
solar technology energy generation sched-
ule does not coincide with the electricity
consumption schedule. This implies: 1)
either use of local accumulators or 2) con-
necting to a bi-directional power exchange
system.

As regards the first option, it should be
borne in mind that power accumulation is
expensive because of the high initial costs
of the installations, and the number of oper-
ating cycles is limited. Choice of the sec-
ond option implies possible restrictions in
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bi-directional electricity exchanges due
to technical constraints, such as limited
capacity, as well as legal restrictions that
may vary from country to country and even
across the regions of a single country. In the
regions where electricity tariffs are higher
than the cost of power storage, a combined
solution is worth considering.

Household heat supply is required for
both heating and hot water supply. Solar
systems cannot deliver the required amount
of thermal energy under central and north-
ern European conditions because the sea-
sonal schedule of heat demand does not
coincide with the available solar schedule.
However, in the warm months of the year,
the full amount of thermal energy for hot
water preparation can be provided by solar
systems alone. Thermal energy can be effi-
ciently obtained using solar collectors or
solar power station systems. With solar col-
lectors, solar radiation is converted directly
into heat energy, which can be stored in
water reservoirs and, accordingly, used



through a heat exchanger. Solar modules,
on the other hand, convert solar radiation
into direct current electricity, which can be
further used either directly by running an
electric heater or by using more efficient
electrically operated technologies, attract-
ing the building external heat for satisfying
the indoor heat demand.

Household cooling is required for indoor
air during the hot months of the year. Solar
cooling technologies are divided along
two lines: technologies that yield electri-
cal power through a solar panel system and
use electricity for operating a compression
machine; and those that yield heat through
solar collectors and use it in thermally oper-
ated cooling machines. Thermally operated
cooling installations are massive, they take
up a large volume of space, they are heavy
and expensive, consume water for efficient
heat output, and also emit additional heat
energy indoors in the form of heat loss. On
the other hand, electrically operated com-

3. RESULT AND DISCUSSION

pression machines are relatively compact,
contain fewer metals and components,
which makes them lighter and cheaper.
However, the operation of a compres-
sion machine is noisy, and their efficiency
largely depends on the temperature differ-
ence between the source of thermal energy
and the consumption.

A 200 m? two-story building with
four residents was adopted as the reference
household. According to modern standards,
the building is well insulated, U=0.35 W/K/
m?® Glazing makes 25 % of the external
wall area, with active lamellae for shading
at outdoor temperatures above 25 °C. Warm
floors are used for heating, while cooling
is provided by air conditioning installa-
tions. Indoor heating temperature is 20 °C.
Cooling indoor temperature is 24 °C. Hot
water is provided at 50 I/per day per person,
with hot water temperature at 50 °C. The hot
water consumption schedule is appropriate
for a family home of four.

By analysing the information avail-
able in public databases and other literature
sources on the diverse use of solar technol-
ogies in household energy supply, a list of
energy supply systems with different com-
binations of technologies was compiled. In
the conceptual phase, the different technol-
ogies were analytically assessed, and inap-
propriate technologies were excluded from
further research.

In the technological phase, the techno-
logical scheme of solar trigeneration was
developed. The identification of the basic
component types relied on the assessment
of the technical data producers as well as on
the recommendations of manufacturers and
installers. In the modelling phase, the simu-
lation program Polysun was used to deter-
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mine the size of the required equipment.
As the diversity of the technologies was
assessed, the advantages and disadvantages
of the technologies were summarised and
analysed in detail. As a result, an electrically
operated compression machine in combina-
tion with solar modules was selected as the
basic system. The main advantages of the
technology are as follows: the capacity of
the compressor can be modified and linked
to the amount of available solar electricity;
either of the modes — the direct mode or the
reverse mode — can be operated to generate
cold or heat as required; it is technologically
possible to remove indoor heat by transfer-
ring it to hot water preparation in the cool-
ing cycle; indoor equipment occupies little
space, its dimensions and placement can be



optimised. Electric accumulators were con-
sidered for additional equipment since their
economic feasibility should be verified dur-
ing the study.

The hot water related heat demand
generates high peaks in consumption. This
requires an increase in the size of the basic
equipment and a mode of operation that
permits rapid variations. By equipping the
system with a heat accumulator, it is possi-
ble to use the compressor in a gentler mode
by reducing the rapid variations in con-
sumption. The use of an accumulation tank
for heating purposes is not necessary, as the

results of the study showed that a temporary
interruption of the heat supply in the heat-
ing circuits would not contribute to a sharp
decrease in indoor temperature. At high
solar intensity, the cold accumulator for
cooling purposes can cool the heat transfer
fluid for later use. The results of the study
showed that the peak demand for cooling
capacity came 1-1.5 h after the solar inten-
sity peak. The thermal inertia of the build-
ing can stabilize the indoor temperature at
temporary fluctuations in the power sup-
ply. As a result, a cold storage accumulator
becomes optional.

T
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Fig. 2. The technological scheme of solar trigeneration.

The following principal scheme was
developed in the Polysun simulation pro-
gram. The results of the study showed that
algorithmic management and process pri-
orities had a significant impact on the bal-
anced operation of the system. The process
priorities are structured as follows:

1. The hot water storage tank is heated to
50 °C with a heat pump by heating the
upper part of the storage tank.

1.1. During the cooling season, it is
required to use the indoor air heat.

1.2. If the outdoor air temperature is
higher than the ground tempera-
ture, it is required to use the out-
door air heat.
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1.3. If not, it is required to use the
ground heat.

During the heating season, it is required

to use the heat pump to heat the indoor

spaces.

2.1. If the ground temperature is higher
than the outdoor air temperature, it
is required to use the ground heat.

2.2. If the outdoor air temperature is
higher than the ground tempera-
ture, it is required to use the out-
door air heat.

During the cooling season, it is required

to use free heating or heating without

the heat pump to cool the supply air
temperature. It is required to transfer
the heat into the ground.



4. During the cooling season, it is required
to use the heat pump to cool the supply
air temperature.

4.1. The hot water storage tank is heated
to 55 °C, then the indoor heat is
transferred for the preparation of
hot water.

If the ground temperature is lower

than the outdoor air temperature,

it is required to transfer the heat to
the ground circuit.

If the outdoor air temperature is

lower than the ground temperature,

it is required to transfer the heat to
the air.

5. Excess solar energy is transferred for

4.2.

4.3.

4. CONCLUSION

heating the hot water storage tank with
the help of a tubular heating element.
The rest of the electricity is fed into the
grid.

The correct sizing of components was
performed through multiple iterations of the
simulation model. The size of the components
included in the simulations are consistent with
the size of the components widely available
on the market. The simulation model itera-
tions were first performed on the basic com-
ponents of the system. After determining the
optimal selection of all components, another
round of optimisation iterations was per-
formed. This helped rule out any inaccuracies
due to secondary components of the system.

The available information about the
solar trigeneration system and its sub-
systems was gathered and analysed. The
advantages and disadvantages of the tech-
nologies were summarised and analysed in
detail.

The technological scheme of solar tri-
generation was developed with the purpose
of covering self-consumption of required
electricity, heat and cooling. The Polysun
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The research has been conducted by co-
financial support of the European Regional
Development Fund for postdoctoral project

REFERENCES

“Solar Trigeneration” No 1.1.1.2./VIAA/3/
19/419.

1. Cullhed, P. (2005). The Almedalen Library — An
energy low-cost solution. In 7/th IFLA General
Conference and Council. Oslo, Norway: World
Library and Information Congress.

2. Tagliabue, L. C., Maistrello, M., & Del, P. C.

92

(2012). Solar Heating and Air-Conditioning
by GSHP Coupled to PV System for a Cost-
Effective High-Energy Performance Building.
Energy Procedia, 30, 683—692. https://doi.
org/10.1016/j.egypro.2012.11.078



Ha, Q. P, & Vakiloroaya, V. (2012).

Modelling and Optimal Control of
an  Energy-Efficient = Hybrid  Solar
Air  Conditioning System. Procedia

Engineering, 49 B, 262— 270. https://doi.
org/10.1016/j.autcon.2014.06.004
Kohlenbach, P., & Jakob, U. (2014). Solar
Cooling: The Earthscan Expert Guide to
Solar Cooling Systems. Abingdon, UK:
Routledge.

Aguilara, F. J., Quilesa, P. V., & Aledob,
S.  (2012). Operation and Energy
Efficiency of a Hybrid Air Conditioner
Simultaneously Connected to the Grid and
to Photovoltaic Panels. Energy Procedia,
48, 768-777.  https://doi.org/10.1016/
j-egypro.2014.02.089

Hening, H. M., Mota, M., & Mugnier,
D. (2013). Solar Cooling Handbook:
A Guide to Solar Assisted Cooling and
Dehumidification Processes (3rd revis.
edit.). Ambra.

International Energy Agency. (2023). Solar
Heating & Cooling Programme. Task 53:
New Generation Solar Cooling & Heating
Systems. Available at www.task53.iea-shc.
org.

93

8.

10.

Mugnier, D., Fedrizzi, R., Thygesen, R.,
& Selke, T. (2013). New Generation Solar
Cooling and Heating Systems with [EA
SHC Task 53: Overview and First Results.
Energy Procedia, 70, 470—473. https://doi.
org/10.1016/j.egypro.2015.02.149
Ban-Weiss, G., Wray, C., Delp, W., Ly,
P., Akbari, H., & Levinson, R. (2013).
Electricity Production and Cooling Energy
Savings from Installation of a Building-
Integrated Photovoltaic Roof on an
Office Building. Energy and Buildings,
56, 210 — 220. https://doi.org/10.1016/j.
enbuild.2012.06.032

Shahsavar, A., Salmanzadeh, M., Ameri,
M., & Talebizadeh, P. (2011). Energy Saving
in Buildings by Using the Exhaust and
Ventilation Air for Cooling of Photovoltaic
Panels. Energy and Buildings, 43 (9),
2219-2226. https://doi.org/10.1016/j.
enbuild.2011.05.003



