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A bstract: Efficiency is a measure for delivery of the selected goals with minimum use of the existing
resources. The researches in the paper are focused on analyzing the quality and efficiency of the products developed,
with special emphasis on their use in the renewable resources area. The developed products are mathematical models
of systems for producing thermal energy using collectors for sanitary hot water and generation of electricity using
photovoltaic panels. The f-Chart method and the PVGIS software were both used in the implementation and develop-
ment of the mathematical models. The quantitative parameters obtained from the mathematical models developed for
both systems show the segments of use and the opportunities for savings and improvements. When cross-references,
they can be used to calculate coefficients of quantitative and qualitative indicators, which are then used for comparative
analysis of the quality and efficiency of the developed models. The comparative analysis of the specific qualitative
indicators shows that the system using collectors for sanitary hot water has far better use of the solar radiation, the
annual thermal energy expressed in financial units on annual basis is much greater compared to electricity generated
using photovoltaic panel system.
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KOMITAPATHUBHA AHAJIM3A HA EOUKACHOCTA HA PA3BUEHUTE MOJEJIN

AncrtpakT: EdukacHocTa npercTaByBa Mepa 3a pean3uparmhe Ha H30paHuTe [eH CO MUHUMATHO KOPUCTEHe
Ha TOCTOjHHUTE pecypcH. McTpaxyBamara BO TpyIOT ce (POKyCHpaHU Ha aHaIM3a Ha KBAIUTETOT M eduKacHOCTa Ha
pa3BHEHNTE IPON3BOH, CO MOCEOSH OCBPT Ha KOPHUCTEHE BO 00JiacTa Ha OOHOBIMBHTE U3BOPH. Pa3BHeHNTE NPOU3BOM
MIPeTCTaByBaaT MaTeMaTH4KHA MOJENIU Ha CHCTEMH 3a JOOMBame TOIUIMHCKA €Hepruja co KOJEKTOPH 33 CaHWUTapHa
TOTLIA BOJIA M ITPOM3BOJICTBO HA €JICKTPUYHA SHEPrUja Co MOMOII Ha (OTOHAMOHCKHU TaHenu. [Ipu uMmiemMeHTanujara
¥ pa3BOjOT Ha MaTEMaTHYKUTE MOJIeNH ce kopucTteHn metonot f-Chart u codtBepckara mporpama PVGIS. JloOouenute
KBAaHTUTATHBHH BPEJHOCTH OJ] PA3BHEHUTE MaTEMATHYKU MOJIEJH 3a [BaTa CHCTEMA jaCHO I'M TIOKA)XyBaaT CETMEHTHTE
Ha MPUMEHA ¥ MOJKHOCTHTE 3a 3alTeu 1 mogoopysama. Co HUBHO BKPCTYBambe Ce MPECMETYBaaT KOS(PHUIIMCHTH Ha
KBAaHTUTATHBHH U KBAIUTATHBHH [TOKA3ATEIH, TIPEKy KOU Ce MPaBH KOMIIAPATHBHA aHAIN3a HA KBAJTUTETOT U edukac-
HOCTa Ha pa3BheHuTe Mojeiu. KoMmmapaTuBHaTa aHann3a Ha CHCHU(UIHUTE KBAJUTATHBHHU MOKA3aTeIH MOKAXyBa
JIeKa CUCTEMOT KOj KOPUCTH KOJIEKTOPH 33 CAHWTAapHA TOIUIA BOJA MMa AaleKy Moao0pa HCKOPUCTEHOCT Ha COHYEBOTO
3payeme, fo0HeHaTa ro/MIiHa TOIUTMHCKA SHeprija u3pa3eHa BO MapuiHH SAWHHIM € MHOTY IOrojieMa BO criopenda
CO eJIeKTPUYHATA SHeprHja MPOU3BeIeHa O/l CHCTEMOT KOj KOPUCTH (JOTOHAIIOHCKY MaHENH.

K.]'ly‘-[l-ll/l 360p0BH: e(bI/IKaCHOCT; MaTeMaTU4YKU MOJEJIN, KBAJIMTATUBHU U KBAHTUTAaTUBHU IOKAa3aTEJIN.

1. INTRODUCTION to global environmental concerns, the sustainability

and the sustainable design have become a major ob-

A growing number of companies are becoming jective for these companies in the recent years. In
aware that sustainable product development is a key parallel, the market competitiveness and the accel-

factor in their global competitive positioning. Due erated development force the companies to improve
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their processes for developing new products and
technologies. In addition, changes in the consumer
demands as well as the rapidly growing production
technologies lead to continuous development of
new products, but also to continuous improvement
of the existing ones. The objective of the companies
is to stay competitive in the market by developing
new products, but at the same time they must im-
prove or maintain the quality level of the product in
order to meet the high demands of the consumers.

The researches in this paper are focused on an-
alyzing the quality and efficiency of a developed
product model from contemporary trends, with par-
ticular reference to the use of renewables. The de-
veloped product will be presented through models
that provide value indicators as well as product in-
dicators that contribute to customer satisfaction.

The efficiency (performance) indicators are
specific indicators used to define the savings poten-
tial as well as to determine the effect from the im-
plementation of efficiency measures. They are rele-
vant because, by correctly combining the true values
of the indicators obtained on the basis of the data
collected with common or standard values, it is pos-
sible to clearly determine in which segments of the
system savings are possible — savings that would be
useful for the given efficiency [14]. That is, a com-
bination of quantitative indicators will yield quali-
tative indicators that will be used to make compara-
tive analysis of the quality and efficiency of the de-
veloped product [1].

2. REVIEW OF THE LITERATURE RESEARCH

The effectiveness generally describes the ex-
tent to which resources, such as time, labor, or the
projected cost, are well used to accomplish a task or
achieve a goal. It is often used to indicate the ability
of a particular work or activity to produce results ef-
ficiently, while minimizing waste and minimizing
costs [6, 14].

Efficiency is essentially a measurable concept,
which quantitatively determines the ratio of outputs
to inputs, through indicators or ratios.

The role of the efficiency indicators is to clar-
ify and simplify the understanding of the complex
systems. An indicator or set of indicators helps de-
termine the current position compared to the objec-
tives set [14].

The process of selecting efficiency indicators
must begin with a precise understanding of the pro-
cess being considered as a task. The purpose of the

efficiency indicators is to enable monitoring and
evaluation of the measures applied to improve the
processes and protect the environment [4, 5, 6, 14].

One of the methods for comparing the quality
and efficiency of a developed product is use of com-
parative analysis of developed models [6, 7].

A mathematical model can be defined as a set
of mathematical relations that describe or define the
links between certain physical parameters in the ob-
served process. The mathematical model is a more
or less average representation of the actual relation-
ships between the parameters that characterize the
process and reflect the most important features of
the process.

Tools for modeling and predicting system per-
formance can be used in the mathematical models.
The modeling tools provide information on the sys-
tems performance, just like performing a realistic
physical experiment, but takes less money and time
[1, 2, 3].

There are several mathematical models that
use the tools for modeling of the forecast of the ther-
mal performances of the systems. The most popular
of these are: the f-Chart method [1] and the TRN-
SYS method [11].

Sanford A. Klein, John A. Duffie and William
A. Beckman have developed the f-Chart method,
which is recommended and fully implemented in
the EN 15316 standard, where this method is de-
scribed in details. The application of the f-Chart
method in the processes that feature thermal perfor-
mances is used as important practical tool in solving
specific engineering problems in various scientific
areas [8, 9, 10, 14].

There are many types of software programs
that are developed based on mathematical models
that enable forecasts of photovoltaic systems perfor-
mance. Some of the best are: PVGIS [3], PVSyst
[12], etc. At the same time, these software programs
also use data from various sources to estimate the
solar radiation.

The PVGIS software program was developed
at the European Commission's Joint Research Cen-
ter in Ispra, Italy. It is used to estimate the solar ra-
diation on the Earth's surface through satellite data
and a mathematical model developed by Mueller,
Gracia Amillo et al. [3] to calculate the amount of
solar energy.

The PVGIS software program estimates and
calculates the electricity generation of the photovol-
taic panels, from the respective quantity of solar en-
ergy. To this end, an algorithm has been developed
in the mathematical model by Martin and Ruiz [3].
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The foregoing is taken as a starting point for
future expansion and research into the application
of the mathematical models in the newly developed
models of an energy efficient system. Particular em-
phasis in the researches mentioned in this paper was
put on the quality and efficiency of the systems used
to generate thermal energy with collectors for sani-
tary hot water, and systems for generation of elec-
tricity from photovoltaic panels.

3. DEFINING OF TOOLS FOR EVALUATION
OF QUALITY AND EFFICIENCY
INDICATORS

According to ISO 9000:2015 efficiency is the
ratio between the resources used and results
achieved.

Increasing efficiency is achieved by increasing
the productivity with the same or reduced resource
consumption, or by reducing the consumption of as-
sets with the same or increased productivity. On the
other hand, energy efficiency means using a smaller
amount of energy (energy source) to perform the
same work or function. It is important to note that
energy efficiency should never be seen as energy
saving, but as efficient use of energy without dis-
rupting the working and living conditions [14].

Efficiency is not only an indicator of careful
handling of natural resources, but it is also an indi-
cator of the emissions released to produce a unit of
product or energy.

The efficiency indicators that analyze the en-
ergy efficiency of a system can be segmented as fol-
lows [14]:

¢ Macro-indicators, pertaining to the global

economy in its sectors, in the particular in-
dustries or per categories (for example, in the
energy consumption),

¢ Micro-indicators, pertaining to analysis of
the energy intensity of the efficiency of speci-
fic companies and/or households.

The energy efficiency indicators are expressed
as ratio of energy consumption divided by activity
indicator or expressed as quantities of variations in
the energy consumption in relation to a particular
variable [14].

Different energy efficiency indicators are used
for quality analysis of the energy consumption and
of the energy efficiency in the household.

The pyramid of energy consumption in house-
holds shows that on the top we have the aggregate
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consumption of all households with the energy con-
sumption indicator per apartment (GJ/apartment) as
the best measure of the total consumption. The en-
ergy consumption per capita (GJ/capita) can also be
used as an aggregate indicator [14].

Following the primary level of consumption,
we have the first level of non-aggregated or split en-
ergy consumption and their energy indicators,
showing that the household energy is spent on heat-
ing of the space, water heating, cooking, cooling,
lighting, electrical appliances, etc. For example, for
heating of the space, the energy indicator is the en-
ergy consumption per degree/day (SD) per area of
one square meter/kJ (SD/m?). The second level of
non-aggregated or split energy consumption is the
consumption per final consumer. For example, the
average electricity consumption per refrigerator is
shown by the energy consumption by volume
(kWh/l), which is actually the volume (the size) of
the refrigerator [14].

On the other hand, in order to analyze the eco-
nomic effects of the investments, indicators that will
monitor the investment, which is essentially a prod-
uct/project assessment method, should be consid-
ered.

The methods for evaluation and ranking of in-
vestment products/projects are done using [6]: static
and dynamic methods.

The static evaluation of the investment shows
the indicators based on the parameters of a repre-
sentative year of investments use over the economic
life of the product/ project. The most commonly
used static criteria applicable to energy efficiency
projects are the following [6]:

¢ Return on the investment period.

¢ Gain rate.

o Investment rentability.

¢ Energy consumption coefficient.

The dynamic evaluation of the investment in-
dicators involves the use of indicators that refer to
all years during the economic life of the investment.
The dynamic indicators are more complex indica-
tors because they show the effects of the invest-
ments at a discount rate and as such they allow to
analyze the economic effects of the investment pro-
jectin a much more realistic way and to evaluate the
justification of the investment. The most well-
known dynamic evaluations of investment projects
are the following [6]:

o NPV — Net Present Value,

¢ |IRR — Internal Rate of Return,
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e Pl — Profitability Index.
e DPP — Discounted Payback Period

4. DEVELOPMENT OF MATHEMATICAL
MODELS FOR ENERGY EFFICIENCY
SYSTEM

In order to be able to define a model of an en-
ergy efficient system it is necessary to plan and pre-
dict the need for consumption (by volume and ca-
pacity), the time needed to implement the project
and the opportunities for technology improvement.
The next step is to prepare a development study that
can be divided into two parts. The first part includes
a simulation of the legality of the work in the system
(the system drive) and the second part covers the
economic evaluation of the system, that is, the ob-
jectives of the development plan. The first part de-
fines the creation of a mathematical model of the
system, that is, it is necessary to describe the system
with mathematical equations and to make approxi-
mation with the inevitable neglect and simplifica-
tion. In the second part, the economic contribution
of each energy facility should be assessed and val-
orized using economic methods. In this research of
the results obtained from the mathematical models
developed, a comparative analysis of the quality and
efficiency of those models is also performed.

The performance of all solar power systems
depends on the weather factors (radiation level and
distribution, ambient temperature, etc.), the system
parameters of the solar systems (type of collector or
panel, storage capacity, etc.) and features for the
purpose (heating of space, water heating, tempera-
ture, electricity generation, etc.). The solar power
systems show a nonlinear dependence on the
weather conditions and this makes it difficult to ac-
curately analyze their performance by observing
their behavior in short weather intervals of average
weather conditions. Due to the non-linear depend-
ence of these systems on both short-term (e.g.
hourly) and long-term (e.g. seasonal) weather
conditions, analyses of these systems require an
examination of their performance over a long period
of time. As a result, the experiments are very expen-
sive and time consuming and it is difficult to differ-
entiate between the parameters in order to see their
effect on the system performance.

The mathematical models can provide ana-
lyses of the solar energy systems when the neces-
sary meteorological data is provided. The mathe-
matical models can also provide information on the
thermal performance of these systems as well as

physical experimentation, but for less time period
and finances.

The calculation of the solar energy gains for
the system for preparation of sanitary hot water is
done using the f-Chart method, implemented in EN
15316-4-3 [2]. The f-Chart method is one of the em-
pirical frameworks that uses standardized metrics to
characterize the long-term performance of the solar
system.

Calculation of the benefits of the solar energy
which is converted into electricity in the photovol-
taic panel system is done using the PVGIS software
[3].

The following are the input parameters for the
mathematical models:

o the geographic latitude and longitude of the

location;

¢ history information about the daily solar
radiation;

¢ history information about the daily tempera-
ture;

o the inclination angle and the azimuth;

o the total area for installation of the collectors
(panels).

Based on the number of tenants foreseen to live
in the residential buildings, the required surface of
the sanitary hot water collectors was obtained with
mathematical calculation. This surface is taken as
input and at the same time limiting factor in order to
obtain the required number of panels for the photo-
voltaic system. The surface of the selected collec-
tors for sanitary hot water is 1.93 m?, 0.983 m length
and 1.965 m height, and the surface of the selected
photovoltaic panels is 1.93 m?, 0.99 m length and
1.950 m height [14].

The developed mathematical models will con-
sider ten cases or options (variants). For all ten cases
it is assumed that the collectors or panels are
mounted on a roof surface and have the required an-
gle of inclination towards the sun in order to achieve
the maximum solar energy gains.

4.1. Mathematical models for obtaining heat
energy with collectors for CTB

The algorithm for calculation of the total en-
ergy quantity required for CTB is based on the “f-
Chart“ method and includes the following steps [2]:

1. Defining of the use of thermal solar sys-
tems (input data). The defining is about selec-
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tion of CTB system, system for heating of resi-
dential building and combined system.
e Calculation of the heat required for heating
vs. total heat required (Pn).

e Calculation of the heat required for sanitary
hot water vs. total heat required (Pw).

2. Calculation of the dimensionless coefficient
X (similar to the ratio of losses vs. heat required).
¢ Calculation of the collector surface (4).

e Calculation of the heat loss coefficient in all
pipes in the collector loop (Ujgep)-

e Determination of the usefulness factor of a
collector loop (collector and pipe) (1;00p)-

e Calculation of the reference temperatures
difference (4T).

e Calculation of the adjustment factor (f;;) of
the accumulation reservoir, which depends
on the configuration of the system (heating
system of solar plus additional system).

e Attribute of the volume of the accumulation
reservoir for heating or preparation of CTB.

3. Calculation of the dimensionless coefficient
Y (similar to the ratio of losses vs. heat required).
e Determination of the zero factor of useful-

ness (1y).

e Determination of the average radiation on
the collectors’ surface (Iy,).

4. Calculation of the heat obtained for heating
and preparation of CTB and the total heat gain.

5. Calculation of additional energy consumed
for the auxiliary devices in the heat solar system.

6. Calculation of the system heat losses of the
heat solar system.
¢ Determination of the heat losses of the solar
accumulation reservoir.

e Determination of the heat losses between the
heat solar system and the backup heater.

7. Calculation of the renewable losses of the
heat solar system.
e Determination of the renewable energy con-
sumption of the auxiliary devices.

e Determination of the renewable heat losses
of the accumulation reservoir.

e Determination of the renewable heat losses
between the distribution of the thermal solar
system and the backup heater.

Maw. undic. nayu. ciuc., 38 (1), 5-15 (2020)

In this paper we consider only the case when
the system is used for obtaining CTB from solar en-

ergy.

4.2. Mathematical model for generation
of electricity with photovoltaic panels

The amount of solar energy that shines on the
photovoltaic panels — PVP, is transformed into elec-
tricity. The model analyzes a grid-connected photo-
voltaic system, i.e. the system has no batteries to
store the generated electricity. It is established that
the photovoltaic panels will be fixed, and the incli-
nation angle and the azimuth will be automatically
determined by the PVGIS software according to its
algorithms.

The input parameters in the calculation are the
following [3]:

1. Geographical location of the photovoltaic
panels is the City of Skopje, with geographical lati-
tude of 41.996 degrees and a geographical longitude
of 21.432 degrees.

2. The adopted type of photovoltaic panel is
polycrystalline — silicon type of panel.

3. The sun radiation database adopted in the
software is PVGIS-CMSAF.

4. The adopted losses of the photovoltaic sys-
tem are determined at 14%.

5. The surface for installation of photovoltaic
panels is determined to be equal to the size of the
surface of the collectors installed for CTB.

The mathematical model for generating elec-
tricity with photovoltaic panels covers the same pa-
rameters and cases reviewed as the mathematical
model for generating thermal energy with collectors
for CTB. The purpose is to make a comparative
analysis and comparability of the results obtained
between these two models in order to determine the
individual efficiency of the systems. The calculated
surface area in the mathematical model for the CTB
collectors is assumed to be equal to the surface area
of the photovoltaic panels.

5. COMPARATIVE ANALYSIS
OF THE PARAMETERS
IN THE MATHEMATICAL MODELS

The comparative analysis is a method by
which different or similar objects or phenomena are
analyzed. It can help to compare the structure and
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tendency of these phenomena. The comparative
analysis can reveal structural, functional or genetic
similarities, differences, or similarities of a number
of phenomena. The quantitative values obtained
from the developed mathematical models for both
systems clearly show the segments of application
and the potential for savings and improvements. If
we cross-reference them we will be able to calculate
the coefficients of qualitative indicators, which en-
able comparative analysis of the quality and effi-
ciency of the developed models.

5.1. Comparative analysis of the quantitative
values from the mathematical models

The calculated quantitative values of the math-
ematical models for heat generation with CTB col-
lectors and for electricity generation from PVP are
shown in Table 1. The calculated values refer to the
same solar radiation and for same surface of the col-
lectors or panels. They show the calculated values
for the annual amount of energy obtained from the
solar radiation with the collectors for CTB,
Qw,sot,out,y and the annually generated electricity

from PVP, E,; py out,y fOr the ten considered cases.

Figure 1 graphically shows the estimated an-
nual quantity of energy for CTB and the calculated
electricity generated from the PVP which was ob-
tained from the solar radiation for the ten cases con-
sidered. The graph clearly shows that the utilization
of the solar radiation for the CTB collectors is
higher compared to PVP panels.

Table 1

kWh

160000
140000
120000
100000
80000
60000
40000
20000

0
1 2 3 4 5 6 7 8 9 10 Case

Annual quantity of energy obtained for SHW Qw sol,out,y (kwh)
Annually generated electricity Eel,pv,out,y from PV (kWh)

Fig. 1. Annual quantity of produced energy

Table 2 shows the calculated values of the total
investment for the system with CTB collectors, and
Table 3 shows the calculated values for the total in-
vestment for the system for generation of electricity
with PVP, according to current market prices.

If we compare the total investment of both sys-
tems it can be seen that the system of collectors for
CTB costs twice as much as the system with PVP.

The Figure 2 graphically shows the comparati-
vely calculated investment for the two systems at
current market prices. It can be seen from the graph
that the investment in the CTB system is signi-
ficantly higher, even more than twice the investment
in the PVP system for the ten cases considered.

Annual quantity of energy obtained from the solar radiation for the considered cases

Calculated collectors Adapted number of Collectors Annual quantity of energy Annually generated Comparative ratio

Case  surface area, A collectors for AHW surface area obtained for SHW electricity Eeipvouty  Of annual energy
(m?) and PV (m?) Quw.sol.outy, (KWh) from PV (kWh) quantity

1 2.82 1 1.93 1227 363 3.38

2 4.69 2 3.86 2554 723 3.39

3 9.39 5 9.65 5836 1810 3.22

4 18.78 19 18.3 11844 3630 3.26

5 46,94 23 46.32 29175 8720 3.35

6 93.88 49 94.57 59280 17800 3.33

7 140.82 73 140.89 88639 26600 3.34

8 187.76 97 186.21 117994 35300 3.34

9 211.23 109 210.37 134212 39600 3.39
10 234.70 122 235.46 148068 44300 3.34

Mech. Eng. Sci. J., 38 (1), 5-15 (2020)
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Table 2

Total investment for CTB collector’s system (EUr)

Adopted number of SHW

Cost of combined Cost of solar & system Cost of pipes, fittings, Contingency Total investment for the system

collectors for SHW collector cost ~ water heater controllers expansion, etc. 20% with collectors for SHW
1 350 350,00 150 350 240 1440
2 700 400,00 150 350 320 1920
5 1750 800,00 250 650 690 4140
10 3500 1100.00 700 1200 1300 7800
24 8400 1570.00 1500 1900 2710 16260
49 17150 3700.00 2300 3900 5410 32460
73 25550 6500.00 3500 4900 8090 48540
97 33950 7500.00 4500 7000 10590 63540
109 38150 7900.00 5500 8500 12010 72060
122 42700 8500.00 6000 9000 13240 79440
Table 3

Total investment for CTB system (Eur)

Adopted number of PV collector

Cost of solar Cost of fittings, Contingency  Total investment for

collectors for PV cost inverters cables, etc. 20% the system with PV

1 153 350 75 101 679

2 306 350 98 131 886

5 765 850 242 323 2180

10 1530 1300 425 566 3821

24 3672 1900 836 1114 7522

49 7497 3500 1650 2199 14846

73 11169 5000 2425 3234 21828

97 14841 6650 3224 4298 29013

109 16677 7300 3597 4795 32369

122 18666 8000 4000 5333 35999
o CTB system expressed in euros is obtained from the
70000 calculated quantities of energy expressed in kWh
60000 multiplied by the price per unit of kWh of electricity
- for households. The annual electricity generated by
30000 the PVP system expressed in euros is derived from
20000 the electricity produced in kWh by the PVP system,
o multiplied by the unit price per kWh, regulated in
t 2 3 4 5 s 7 8 9 10 fase accordance with the current prices for photovoltaic

Total investment for the system with collectors for SHW (Euro)

Total investment for the system with PV ( (Euro)

Fig. 2. Graphic overview of the total cost of the systems

The following Table 4 shows the values of the
annual energy obtained from the CTB and PVP sys-
tems expressed in euros. The annual energy of the

Maw. undic. nayu. ciuc., 38 (1), 5-15 (2020)

power plant.

The current cost per kWh of electricity distrib-
uted to households and the cost per kWh of electric-
ity generated by a photovoltaic power plant are
taken from the official announcement of the Energy
Regulatory Commission of the Republic of Mace-
donia [13].
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Table 4

Annual energy in the systems expressed in euros, for the ten cases

Annual quantity of

Annually generated

Case nﬁ{i%fregf enecr_c_lz_)ll3 obtained for electricity Eel,pv,outy
collectors Qw,sol,out,y from PVP
(kWh) (kWh)
1 1227 363 123 58
2 2454 723 245 116
3 5836 1810 584 290
4 10 11844 3630 1184 581
5 24 29175 8720 2918 1395
6 49 59280 17800 5928 2848
7 73 88639 26500 8864 4240
8 97 117994 35300 11799 5648
9 109 134212 39600 13421 6336
10 122 148068 44300 14807 7088

The Figure 3 graphically shows the annual en-
ergy received from the system with the collectors
for CTB and the electricity generated from the PVP
system expressed in euros. The graph clearly shows
that the system with the CTB collectors yields more
benefits than the PVP system. It should be borne in
mind that the electricity generated by PVP under the
current conditions of this research is subsidized by
60% more than the cost of electricity for house-
holds. If equalization of a single kWh of energy gen-
erated for both systems, then the CTB system would
have even greater advantage.

Table 5 shows the time required for return on
investment. It is a static indicator of the efficiency
of the system from an economic point of view. This
indicator is obtained by dividing the investment of

Table 5

the system with the CTB collectors and the PVP
system expressed in euro currency, with to the an-
nual energy obtained from the CTB and the PVP
systems, expressed in euros.

10 Case

Euro
16000
14000
12000
10000
8000
6000
4000
2000

0 -

1 2 3

. [ II || ‘I ‘I
4 5 6 7 8 9

B Annual energy from the SHW system expressed in money (Eura)

B Annual energy from the PV system expressed in money (Euro)

Fig. 3. Annual energy from the systems expressed
in monetary unit (euros)

Time for return on investment for the CTB and the PVP systems

Adopted
(©%1: number of

Return on the
investment period
from the system with

Return on the
investment period
from the system

eolllers forSHW —  inmoney collectors for SHW withPV
(Years)

_____ 1 1440 123 11.74 679 58 11690
2 1920 245 7.82 886 116 7.66
3 4140 584 7.00 2180 290 6.61
4 10 7800 1184 6.5 3821 581 6.58
5 24 16260 2018 5.57 7522 1395 5.39
6 49 32460 5028 5.48 14846 2848 5.21
7 73 48540 8864 5.48 21828 4240 5.15
8 97 63540 11799 5.39 20013 5648 5.14
9 109 72060 13421 5.37 32369 6336 5.11
0 12 79440 14807 5.37 35999 7088 5.08
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The reduction in the photovoltaic panels
capacity of approximately 0.8% annually [14], as
well as the costs of regular annual maintenance of
the systems which account for 1% annually of total
investment are neglected, as parameters in the
calculations made in this research [14].

The Figure 4 graphically shows the return on
investment for the CTB and the PVP systems, com-
putationally derived from the mathematical models
and expressed over a period of years. It can be
clearly seen from the graph that the return on invest-
ment for both systems (the PV and the PVP) is al-
most the same.

Years
12.00

10.00
8.00
6.00
4.00
2.00

0.00
1 2 3 4 5 6 7 3 9 10 Case

Return on the investment period from the system with collectors for SHW
(Years)

Return on the investment period from the system with PV (Years)

Fig. 4. Time for return on investment
for the CTB and the PVP systems

5.2. Comparative analysis of the qualitative
indicators

The following Table 6 shows the coefficients
of the qualitative indicators for the yearly generated
amount of energy for the CTB and the annually gen-
erated electricity from the PVP expressed in kWh.
The ratio is made comparatively to the surface of the
collectors of the CTB system and, correspondingly,

Table 6

to the surface of the panels of the PVP system, ex-
pressed in m2. The qualitative indicator is obtained
by dividing the annually received or generated
amount of energy of the collectors (Qw,sot,outm fOr the
CTB, Eelpv,outy for the PVP), with the surface of the
CTB system collectors and, respectively, with the
surface of the PVP system panels, for each of the ten
cases.

Figure 5 graphically shows the ratio of the an-
nually generated quantity of energy of the CTB sys-
tems and the surface of the collectors, as well as the
ratio of the annually generated quantity of electric-
ity from the PVP systems and the surface of the pan-
els, to the ten cases considered. From the calcula-
tions it is evident that there is an average of the re-
ceived or generated quantity of energy from both
systems.

Figure 6 clearly shows that the average annual
energy generated in the CTB systems per surface
unit, expressed in m2, is three times higher than the
average annual electricity generated from the PVP
system per surface unit, expressed in m2,

Table 7 shows the coefficients of the qualita-
tive indicators for the annually generated energy
from the collector systems for the CTB and the an-
nually generated energy with the PVP systems ex-
pressed in euro currency. The ratio is made compar-
atively to the surface of the collectors of the CTB
system and correspondingly to the surface of the
panels of the PVP system, expressed in m2. This
qualitative indicator is obtained by dividing the an-
nually obtained or generated quantity of energy ex-
pressed in euro currency, by the surface of the col-
lectors or the panels, expressed in m?, for the ten
cases considered.

Annual quantity of energy generated from the CTB and PVP systems in relation to the surface area
of the collectors

Collectors Annual quantity of Ratio of the annual quantity of
energy obtained for SHW

surface area  energy obtained

Annually generated
electricity Eelpv,outy

Ratio of annually generated
electricity Eel pv,outy from PV

Gl for SHW, for SHW Qusolouty Qw.sol,outy (KWh) and the surface from PV (kWh) and the surface
A (m?) (KWh) (KWh/m?) (KWh) (KWh/m?)
1 1.93 1226.64 635.57 363.00 188.08
2 3.86 2454.00 635.75 723.00 187.31
3 9.65 5835.81 604.75 1810.00 187.56
4 19.30 11843.68 613.66 3630.00 188.08
5 46.32 29175.42 629.87 8720.00 188.26
6 94.57 59280.10 626.84 17800.00 188.22
7 140.89 88638.57 629.13 26500.00 188.09
8 187.21 117994.39 630.28 35300.00 188.56
9 210.37 134212.39 637.98 39600.00 188.24
10 235.46 148068.24 628.85 44300.00 188.14
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Coefficient
700.00

600.00
500.00
400.00
300.00
200.00

=111
0.00

1 2 3 4

® Ratio of the annual quantity of energy obtained for SHW Qw,sol,out,y (kWh)
and the surface (kwh/m2)

m Ratio of annually generated electricity Eel,pv,out,y from PV (kwh) and the
surface (kwh/m2)

5 6 7 8

g 1p Case

Fig. 5. Ratio of the annually generated quantity of energy
of the CTB and the PVP systems and the surface
of the collectors or the panels

Table 7

kWh/m?
700.00

627.27

600.00

500.00

400.00

300.00

188.05

200.00

100.00

B SHW mPV

0.00

Fig. 6. Average annual generated quantity of energy
of the CTB and PVP systems and the surface
of the collectors or the panels

Annual generated from the CTB and PVP systems in relation to the surface of the collectors or the panels,
expressed in euros

Collectors
surface area for

Ratio of annual energy from the
system for SHW expressed in

Ratio of annual gain
in euros from the PV

B SHW, = expressed in money money (Euros) and the surface system and the surface
A (m?) (Euros/m?) (Euro/m?)
1 1,93 123 63,56 30,09
2 3,86 245 63,58 116 29,97
3 9,65 584 60,47 290 30,01
4 19,30 1184 61,37 581 30,09
5 46,32 2918 62,99 1395 30,12
6 94,57 5928 62,68 2848 30,12
7 140,89 8864 62,91 4240 30,09
8 187,21 11799 63,03 5648 30,17
9 210,37 13421 63,80 6336 30,12
10 235,46 14807 62,88 7088 30,10
Euro/m? Figure 7 graphically shows the average annual

70.00

62.73

60.00

50.00

40.00

30.09

30.00

20.00

10.00

0.00
W SHW mPV

Fig. 7. Average annual energy from the CTB and PVP
systems, expressed in money, in relation to the surface
of the collectors or the panels

energy output generated by the CTB and PVP sys-
tems expressed in euro currency, relative to the sur-
face of the collectors or the panels. The graph
clearly shows that the average annual quantity of en-
ergy expressed in euro currency of the CTB systems
per m? is twice as much as the average annual elec-
tricity generated by the PVP systems, expressed in
euro currency, per m2.

6. CONCLUSION

The developed mathematical models consider
ten cases where it is assumed that the collectors or
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the panels are mounted on a roof surface with the
required angle of inclination towards the sun in or-
der to achieve maximum gains from the solar radia-
tion. Meteorological data were taken as input pa-
rameters.

The calculation of the thermal output for the
system for preparation of sanitary hot water is done
using the f-Chart method, and the calculation of the
electricity generated in the photovoltaic system is
done using the PVGIS software.

The results obtained from the calculation were
used to do comparative analysis of the quantitative
and qualitative indicators, thus the conclusions were
the following:

1. The solar radiation utilization for the CTB
collectors is three times higher than the PVP panels.
It is taken into consideration that the calculated sur-
face area of the collectors for CTB is a limiting fac-
tor on the basis of which an equal number of CTB
collectors and PVP panels is adopted.

2. The investment in the CTB system is signif-
icantly higher, even twice as much than the invest-
ment in the PVP system.

3. The annual energy output of the PVP system
expressed in euro currency is twice the annual elec-
tricity generated by the PVP system expressed in
euro currency, taking into account that the electric-
ity produced by PVP under the current conditions
applicable in the time of this research is subsidized
by 60% more than the cost of electricity for the
households.

4. The time for return on investment for both
systems (CTB and PVP) is almost the same, so the
profitability of the investment is equal.

5. The average annual quantity of heat energy
generated by the CTB system, expressed per surface
unit (m?) is three times higher than the average an-
nual electricity generated by the PVP system ex-
pressed per surface unit (m?).

6. The average annual quantity of heat energy
generated by the CTB system expressed in euro cur-
rency per surface unit (m?) is twice that of the aver-
age annual electricity generated by the PVP system
expressed in euro currency per surface unit (m?).

Taking into account all the results obtained,
the effectiveness and efficiency of the sanitary hot

Maw. undic. nayu. ciuc., 38 (1), 5-15 (2020)

water system is evident. It should be noted that the
lifespan of both systems according to the data ob-
tained from the manufacturers of collectors or pan-
els is approximately the same. One should not ne-
glect the fact that the efficiency of the photovoltaic
panels is operationally declining every year, so
within 25 years of use it would be 80% of the origi-
nal.
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