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Abstract

Nowadays, the society faces the challenge of coatis supply of electricity. Energy from two
different sources of origin such as renewable amtdrenewable is used to meet the needs of modern
humankind. The paper presents the findings cormegrttie thermo-ecological cost assessment of
renewable energy sources defining their total irhpae the environment. Biogas, wind and
photovoltaic power plants were evaluated to prefimtresults of cumulative environmental impact
based on the thermo-ecological cost methodologlisiPtaw regulations and the prediction of the
future energy mix structure are described to enmipbabe importance of selected technologies. The
measurements data of real renewable energy unigland and the characteristics of components
were used to calculate thermo-ecological cost ettdtity originating from renewable sources.
Moreover, different phases of the production clai considered to present results in total lifdecyc
of the respective technologies. In the calculaticostinuous availability of conventional power s
for stabilizing the current electricity needs ikaa into account. Finally, the results of this stpdove
that biogas power plants cause lower environmémigdct than wind and photovoltaic technologies.

Keywords: renewable energy resources; thermo-ecological bamyas; wind power plant; combined
heat and power plant; photovoltaic energy

1 Introduction

In this section, the statistical, economic andtmali background is presented for renewable and
non-renewable resources. It is provided to show ithportance of application of scientific
methodology in the policy regarding renewable eypesgurces (RES). Continuous aspirations for
further global economic growth accelerate the comgion of limited stock of non-renewable
resources. Their lifetime defined as ratio of proveserves of resources to their production, furthe
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referred to as R/Patio, in the case of fossil fuels is now sigrafitly limited [1]: natural gas — 54.1
years, oil — 52.5 years in relation to total woedaurces. In the case of coal, during the lastdieaa
extremely rapid decrease of R/P ratio has beennadxtein the year 2000 the ratio was estimated at
the level of 220 years; whereas after 14 years 20i4, it was estimated as only at the level of 110
years [1]. These numbers are not precise as thggndeon many changing factors, yet it is clear that
sooner or later the resources of these fuels weplete, and we should promote sustainable
development to minimalize the risks tied to thatldgon.

Electricity is one of the most important energyrigas for many manufacturing processes, for this
reason power sector plays a significant role insoamption of resources. Moreover, electricity
generation in fossil fuel based power plants isrgily connected with rejection of harmful wastes as
well as greenhouse gases to the natural environ@emsumption of hard coal and lignite dominates
in the fuel structure of Polish electricity gen@at In the years 2006 — 2014, the share of chdmica
energy of hard coal was equal to 50 — 58%, whgeite consumption was equal to 36 — 40%. Fig. 1
presents the average (gross and net) energy efficief electricity generation in Polish fossil fuel
based power plants within the years 2006 — 201fici&fcy is defined as generated electric power
(either gross or net) divided by the rate of cheinenergy of fuel used in the power plant. Gross
power is the output of electric generator. Net powgeobtained by subtracting the power for own
needs of the power plant.
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Figure 1: Energy efficiency of electricity geneaatiby conventional power plartg]

The improvement of electricity generation efficigrand the increase of RES in energy mix are
crucial issues from the sustainability point of wieAccording to the Polish Energy Policy [3], a
significant increase of renewable sources with #emeous decrease of coal consumption are planned
for electricity generation (Fig. 2). Energy mix bdson both non-renewable and renewable primary
energy resources requires consequent evaluatitmedevel of extraction of natural resources. The
analysis should include interactions of non-rendavalnd renewable power plants within the national
energy system. These interactions result mainiynftioe existing regulations, as well as from random
accessibility of primary renewable energy.

In Polish conditions, due to the policy [4], rendleaelectricity has ensured the priority in the
national energy market. With such regulations, cam@eneration of electricity based on RES leads to
changing operation of fossil fuel power plants, etthfinally leads to work with decreased efficiency.
Concluding, random operation of RES induce spetiises in utility non-renewable power plants fed
with fossil fuels. This effect has to be includedtihe evaluation of RES, however, very often it is

1
Reserves-to-production (R/P) ratio — If the reser@maining at the end of any year are dividedheyproduction in that year, the result is the Iengt time that those remaining
reserves would last if production were to contiatiéhat rate.
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neglected or ignored. These issues have been addras some international studies, in most cases
with focus on the emission of carbon dioxide [5-10]
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Figure 2: Structure of Polish energy mix accordiogPolish energy policy (based §4])

(HC - hard coal; L — lignite, NG — natural gas; NUtnuclear energy, RES — renewable energy sources)

The influence of any production technology, inchgdipower technologies, on the depletion of
resources has to be evaluated using the methodtetha: 1) take into account the whole cycle, 2)
evaluate the resources quality by one common meaaarwell as 3) take into account the influence
on the depletion resulting from generation of was&uch approach is possible due to the application
of the Thermo-Ecology methodology [11]. The theofyhe Thermo-Ecological Cost (TEC) has been
presented e.g. in [12-16]. The evaluation by mesn§EC, in other words the investigation of the
technology’s influence on the global non-renewabkpurces consumption is especially important in
the case of renewable power technologies such @wmasis, biogas, wind or solar energy. The
comparison of these processes e.g. with non-rerdewmstwer plants is only possible at the level of
primary resources. It is also proposed in simplifieay e.g. by legal regulations devoted to RES
supporting system [17] or to energy consumptiorbindings [18]. To evaluate the influence on
primary resources consumption the following apphdagroposed:

Ep = WiEf (1)

whereE, and E; denote consumption of primary and final energy andenotes the coefficient of
primary energy consumption necessary for final gneeneration. Very similar coefficiernf was
used in proposal of Polish regulations [17]. Boteféicients for different power technologies are
collected from the literature [18,19] and preseritedable 1. The coefficients andw; presented in
Table 1 are not scientifically determined ecolobmasts of a given process. These values are just
simple conversion factors used in current poligyufations to convert final energy to primary energy
extracted from nature. One of the goals of thiglaris to propose methods to evaluate these factor
based on solid scientific ground.

Table 1 Coefficients for RES

System | c[17] | wi18] |  w[19]
Renewable Natural Resources

PV 2.85 0.00 0.70

Biogas 1.40 0.50 N/A
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Hydro 1.90 N/A N/A
Wind 0.90 0.00 N/A
Biomass N/A 0.20 0.20
Nonrenewable Natural Resource
Oil - 1.10 1.10
Natural gas - 1.10 1.10
LPG - 1.10 1.10
Hard coal - 1.10 1.10
Lignite - 1.10 1.10

These numbers are presented here to discuss thdhacthey are chosen arbitrarily and are
lacking rigor in their definition. The lack of capuence seems to be evident. According to [18i49],
the case of photovoltaics (PV) onag, = 0.0 and 3 years later, = 0.70. It seems also not justified
that for all non-renewable technologies based amgry energy the coefficient is at the level of,1.1
while these fuels are extracted and processedwaithdifferent burden on the environment [20,21].

One of the proposals of Polish regulations towdR#S support introduced “coefficients of
support”. The level of support in this proposal veasectly proportional to the; coefficient. It is
difficult to explain in physical ways why P\¢i(= 2.85) would be almost three times better thamdwi
(ci = 0.9) or about 2 times better than biogas(1.40).

It can be concluded that the evaluation of RES el &s comparison with non-RES requires
comprehensive, objective and based on physical iagthods. Such approach is possible thanks to the
introduction of TEC indices for their comparisoraking into account the random operation of RES,
the classic TEC approach has to be supplementédawitidditional part due to the compensation and
induced losses.

2 Thermo-Ecological Cost (TEC) — fundamentals

The physical, as well as ecological cost of anydpod should take into account the total
consumption of natural resources at the level eirtbxtraction from nature. Moreover, it has to be
calculated using the common measure of resourcaiyqusuch cost can be expressed by the TEC
index that is mainly affected by the consumptionesérgy of non-renewable resources extracted
directly from the nature, such as fuels, minerakpnuclear ores or fresh water [11-13].

TEC has been defined by Szargut [11,12] as: theutative consumption of non-renewable
exergy connected with the fabrication of a particuproduct with additional inclusion of the
consumption resulting from the necessity of compeng the environmental losses caused by the
rejection of harmful waste substances to the enuent.

Consumption of resources taken into account witflHC analyzes first of all appears in the
production processes directly connected with theaetion of substances from the natural deposits,
e.g. in a coal mine or a metal ores mine. Howegeen though not all branches of economy are
directly connected to the nature, due to existimgrconnections between production processes and
systems each product is directly or indirectly édikto the natural resources. TEC is also genelsted
the consumption of semi-finished products exchargpgdieen the branches of the system.

In some branches, a by-production can appear, wdnichils that the by-products replace main
products in other branches, and therefore the valitiieEC of a considered main product is reduced.
TEC of useful by-products should be determined leams of avoided consumption of non-renewable
exergy [14]. The balance of TEC includes also aditamhal consumption of resources necessary to
compensate or to avoid the losses caused by thetioe) of harmful wastes to the natural
environment. TEC of pollution is calculated as #éimount of exergy needed to prevent these discards
from being released to the environment (i.e. usexefgy in abatement installations), or the amadint
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exergy needed to overcome the negative effectsedalg the discards if they are released [22,23].
The balance of TEC is schematically presentedan &
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Figure 3: Idea of TEC balance equation

The balance of TEC of-th production branch includes also an additionahstimption of
resources connected with waste rejection to ther@mwent p,. This additional consumption is
connected with maintenance and operation of abateimstallations, as well as with the necessity of
compensation of other losses in the environmentledthese assumptions, the index of operational
TEC p; can be determined by solving the set of thermdegeral balance equations, which general
form is presented by Eq. (2) [11-15]:

pj = zbs,- +Zpkjfk —Z(fij — ai;)pi (@)
s k i
where:

ay coefficient of consumption afth material per unit gfth main product, e.g. in kg/kg or kg/MJ,

fi coefficient of by-production dfth product per unit gfth main product, e.g. in kg/kg or kg/MJ,

by exergy ofsth non-renewable natural resource immediately amesuin the process under
consideration per unit ¢fth product, MJ/kg,

yo) specific thermo-ecological cost ieth product, e.g. in MJ/kg,

px;j amount ok-th harmful substance frojrth process, kg,

{r ~ thermo-ecological cost &fth harmful substance, MJ/kg.

Besides the operational part, in the case of péeadmologies also other phases of the whole life
cycle can be important. The general form of theaéiqn to calculate the thermo-ecological cost @ th
whole life cycle has been formulated by Szargut predented in [11]. This approach has been applied
for example to investigate the exergetic life cyalesolar collector system in the work of Szargud a
Stanek [15]. This function, expressing the yedrrino-ecological cost has the following form:
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. . 5 1
P]LCA =0, ( § Gip; + E PG — § Gy Pjsju> +T—< § Gipp(1—w) + § GrPr) 3)
7 k u TN r

where:

0,  average annual time of exploitationjeth considered machine, device, installation okduiy,
in other words annual operation time with nomiregbacity, h/year,

T nominal lifetime ofi-th machine, device, installation or building, y&ar

G;  nominal stream dfth material used ifrth production process, kg/h,

G, nominal stream ofrth by-product manufactured simultaneously with product within the
production process, kghy, replacement index of by-producby main producf,

P,  nominal stream dk-th waste product released to the environment frtimproduction process,
ka/h,

G; amount ofl-th material used for the constructionj«h considered machine, device, installation
or building, kg,

G, amount ofr-th material used for the maintenancg-tii considered machine, device, installation
or building, kg,

u;  expected recovery rates bth material after the end of operation phasej-tf considered

machine, device, installation or building, kg/kg.

The next part of this article presents some resufit§EC calculations for fuels, electricity

generation, as well as TEC evaluation of RES wighinclusion of whole life cycle.

3 Thermo-ecological cost of non-renewable fuels
Example values of TEC for non-renewable primaryrgynef fuels are presented in Table 2.
Table 2: TEC of energy carriers — operational pét. 2) [20]
TEC in .

Lower Chemical relation to re-II-aEti((:)r:nto TEC in
Energy Heating Value exergy unit of the LHV relation to b,
carrier energy carrier

LHV by p y R

MJ/unit MJ*/unit MJ*/unit MJ*/MJ MJ*/MJ
Hard coal* 24.0 26.2 27.10 1.12 1.040
Lignite® 7.8 9.1 9.46 1.21 1.040
Natural gas’ 790.0 821.6 835.70 1.06 1.020
Petrol* 44.8 48.0 49.30 1.10 1.027
Diesel oil 43.3 46.3 47.40 1.10 1.025

! unit = kg,? unit = kmol

Using the values from Table 2 for fuels and knowihg structure of electricity generation in

domestic energy mix (Fig. 2), the average operatidfEC for electricityp,; can be estimated from
the formula:
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where E,;y denotes annual amount of electricity generationnbyional energy system (in
domestic system power plants) afg ; denotes chemical energyjeth kind of energy carrier used in

energy mix.

Figure 4 presents the results of TEC calculati@pgei@tional part) for electricity generated in

domestic system power plants.
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Figure 4: Average TEC of electricity generatedhe tvhole Polish energy system

Figure 4 shows that in the considered period (20@®14) the TEC of electricity generated in
domestic system power plants has been decreasspiteléhe domination of hard coal and lignite
within the whole considered period. The operatidrtaC decreased from the level of 2.86 MJ*/MJ in
2006 to 2.74 MJ*/MJ in 2014. The value of TEC sigmaintly higher than 1 results from the
domination of non-renewable fossil fuels in therggeamix.

4 Thermo-ecological cost of renewable fuels

In this section, the results of the TEC calculaitased on the data of various RES installations
in the European Union are provided [24-26]. Dethidgorithm for calculation of TEC for RES has
been presented in [20,21]. Here, the TEC with tiofusion of LCA (see Eg. 3) results for biogas (10
plants), PV (26 plants) and wind (7 plants) aresenéed in Figs. 5-7, respectively.

Table 3: Average TEC of electricity from RES

Range Average value
TEC of electricity from biogas, MJ*/MJ 0.021 - 0.260 0.082
TEC of electricity from PV, MJ*/MJ 0.194 — 0.364 0.294
TEC of electricity from wind, MJ*/MJ 0.055 - 0.147 0.081
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Figure 5: TEC of electricity generated by biogasveo plants[24]
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Figure 5 presents the TEC of electricity producedising the following biogas [24]:

bio-waste at agricultural co-fermentation plant,
mix at agricultural co-fermentation plant,

fat and oil at agricultural co-fermentation plant,
slurry at agricultural co-fermentation plant,
agricultural digestion not covered,

agricultural co-digestion,

bio-waste,

whey digestion,

grass digestion,

0 sewage sludge.
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Figure 6: TEC of electricity generated by photoaatpower plant$25]

Figure 6 presents the TEC of a mix of flat roofnsed-roof and facade installations made of
different compositions such as Si and CdTe, locatedarious countries in Europe [25]. Since the

amount of solar energy reaching the ground varmdw&éden countries, TEC takes the lowest values for
sunny countries such as Portugal and Spain, andighest for countries such as Great Britain and

Norway.
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Figure 7: TEC of electricity generated by wind popwkants[26]

Figure 7 shows the TEC of electricity from variousid power plants [26]:
Grenchenberg 150 kW power plant in Switzerland,

600 kW power plant in Switzerland,

average in the Oceanic region,

800 kW power plant in Switzerland,

2 MW offshore power plant,

average in Switzerland,

average in Europe.

NoohkwbnE

Relatively large differences between the TEC détiplants are caused by the type of installation
or the region where the installation is locateds&hon the presented results, the average TEC for
considered power technologies has been determinesdincluded in Table 3. The average values of
TEC will be taken into account in the TEC analysisnduced losses caused by random operation
presented within the next part of the paper.

The presented values concern the operation, asawéfle investment part of TEC (see Eq. 3). In
the next section of the paper, the characteridtih® investigated RES systems is presented. In the
case of random operation of renewable power plamésclassic approach of TEC given by means of
Eq. (3) has to be supplemented with an additioadl igsulting from induced losses in non-renewable
power plants used for compensation of RES plarntsation.

5 Characteristics of analyzed power plants

The analysis of induced losses of exergy of nattgaburces is presented for three kinds of
renewable power technologies: cogeneration fed Wwitlgas, wind power plant and photovoltaic
power plant. In the case of biogas-fired powergjrivo plants have been analyzed which differ @ th
stability of biogas generation. Figs. 8-10 preghatchanges in accessibility of energy from analyze
renewable systems. In presented Figs. 8-10, otfeeofariables is reduced time for which the valtie o
1 represents the total number of hours in seleptitbd. Similarly, the relative power is equal to
hourly power divided by the maximum power in thealgmed period. Selected factors for these
characteristics are summarized in Table 4 .
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Figure 10: Annual electricity generation by windvger plant (Wind-PP)

Table 4: Characteristic of considered RES plants

. BG-PP #1, | BG-PP #2, | Wind-PP, | PV-PP,
Indicator KW KW MW KW
Min. capacity 699.40 760.70 8.91 0.00
Max. capacity 2047.80 1206.70 4251.94| 340.00
Average capacity 1378.50 956.20 1215.57 32.65
Standard deviation 280.70 114.00 990.39 55.97

10
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It can be noticed that biogas plants are the typeohinology that provides the most stable output.
In comparison to biogas plants, PV and wind powknts change their production much more
randomly. In the case of BG-PP #2 plant, the avedgmical energy output is not significantly lower
than the maximum power output. In the case of BG¢PPRlant, the production within the majority of
time is higher than 50% of maximal capacity; wisairore, in the case of BG-PP #2 plant the output
during the whole season is between 70-100%. Inctse of PV-PP and Wind-PP the majority of
operating points are located below 50% of maximwapacity. It can be expected that the annual
utilization of nominal capacity will be high in ttease of biogas and relatively small in the case of
wind and PV. Furthermore, it can be expected that mentioned effects would have significant
influence on results of TEC analysis.

5.1 Biogas Power Plant

Figure 11 presents the time distribution curveeatditive production of chemical energy of biogas
during the year for both analyzed biogas plantseBaon the presented data, it can be concluded that
the ratio of utilization of nominal power for botthants is as follows: BG-PP #1 — 70.5%; BG-PP #2 —
81.6%. For further TEC analysis, it has been asduimat biogas is applied for electricity production
in a combined heat and power (CHP) unit with aerimil combustion engine (ICE). Selected energy
characteristics are presented in Figs. 12, 13 dnf22]. Figure 12 shows the total energy efficiency
(produced heat and electricity divided by used dabahenergy) as a function of engine’s relativedloa
Figure 13 depicts the relation of electricity protlon and chemical energy input. Figure 14 showes th
ratio of produced electricity and power as a fumtof the engine’s load.

100
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Reduced time 50 60 70 80 20 100
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Figure 11: Yearly production of biogas Figure Ehergy efficiency of biogas CHP

1200 0.98
1100

K
a

3
g Zgz :O‘)Z
; 700 *E 00
g 600 §088
“ 500 g 0.86
400 0.84
1400 1600 1800 2000 2200 2400 2600 2800 50 60 70 80 90 100
Chemical energy of fuel, kW Engine load, %
Figure 13: Electricity production in CHP Figure 1&HP Power to Heat ratio
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To determine the TEC of electricity produced froiogas, the total consumption of fuel in CHP
has to be divided between products (heat and Eigglr In the presented analysis the exergy
allocation has been applied. The following stepsh&f procedure are explained by the formulas
presented below.

Total consumption of fuel (chemical energy) in Cpiént:

Qcup + Nenp
NE,cHP

®)

Epcup =

where:

Qcyp heat produced in CHP unit, kW,
Ncyp  electric power of the engine, kW,
necup €nergy efficiency of CHP unit.

Exergy efficiency of the CHP plant is defined as:

A Tm — TO
m_ 04N,
QCHP Tm CHP (6)

8 aEr cup

where:

a ratio of chemical exergy of fuel per unit of loweeating valueli,r / LHV),
T mean thermodynamic temperature of the heat carrie

Ty ambient temperature.

The expression in denominator specifies the totatgy of fuel feeding the CHP system, whereas
the expression in numerator specifies the totatggxef useful products of the CHP system. It should
be noted that in CHP two useful products are geeérdor this reason the distribution of the
environmental burden on heat and electricity mastétermined. The analysis starts with identifying
the main product with its impact on environmentd @hen the rest of the environmental burden is
designated to the by-product. Consumption of chahdnergy of fuel burdening the fabrication of
electricity in CHP is calculated as:

Erel = Epcup — Erq = Ercup — QCHPui (7)
Tm 6”73

Using the algorithm presented by Egs. (5) — (7) enadking use of CHP characteristic given by
Figs. 12-14, the characteristic of partial enerfficiency of electricity production can be determih
This characteristic is presented in Fig. 15. Ndt&t tdue to the above described methodology, the
results are different from those that could be w#etifrom Fig. 13. Using this methodology, a
simulation of the influence of random access ofason the energy and exergy efficiency, as well as
TEC can be performed. The presented proceduresbeilapplied further in the methodology of
calculation of TEC resulting from compensation. .Filp shows partial efficiency of electricity
generation in the ICE.
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Figure 15: Partial energy efficiency of electrictygneration in ICE

5.2 Photovoltaic power plant

In the case of the photovoltaic power plant, theCTdhalysis has been performed assuming the
energy and exergy characteristic of PV presentdéigril6 and real data on solar radiation (Fig. 9).
Fig.16 shows the energypy) and exergysz py) efficiency in relation to solar radiation flux/).
Based on the data presented in Fig. 9, the timalidison curve of solar radiation, which is pretssh
in Fig. 17 has been determined.

0.16

"
012_ HB&L{E‘J'J/—-{"i

.0

=]

Relative power, %

Energy / Exergy effiiency
o

0.04
r T I E "y UNUOUNN: N 9.6% _____.
0.00 +— T T T T T
0 200 400 600 800 1000 1200 06 08 !
Solar radiation flux IB, W/(m2K) Reduced time
Figure 16: PV energy and exergy characteristic Feyw7: Power distribution curve - PV

Based on the distribution curve (Fig. 17), the agernominal capacity utilization ratio of PV
plant can be determined. For the assumed plant (ldpyand solar data (Fig. 9), average relative

power is equal to 9.6% (see Fig. 17), this is sicguntly lower than the average relative power othb
biogas plants.

5.3 Wind Power Plant

Fig. 18 presents time distribution curve of eleityigenerated in wind farms in Poland (these are
data of all Polish wind farms in 2015). For theeca$ wind, the annual capacity utilization raticais
the level of 28.6%. Rapid changes in productiomw#atively high maximum power reaching 4 300
MW in 2015 influence the electricity grid balanceoma than installed PV or biomass plants.

13



A OWDNPRF

13
14
15
16
17

18
19
20
21
22
23
24
25
26
27
28

W. Stanek, L. Czarnowska, W.Gazda, T. Simla

Additionally, Fig. 19 presents the time distributiof number of power units with gross nominal
capacity of 260 MW that are necessary to compemaat#gom production of wind farms. The numbers
were determined using the procedure describeceiméxt paragraph.
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Figure 18: Power distribution curve - wind Figur® Compensation scenario — wind

6 Calculation of TEC of compensation

Having in mind the data characterizing random aibéisy of renewable technologies (Table 4
and Figs. 8-10) it is necessary to extend the Tg@aach by losses resulting from the compensation
of random operation of renewable technologies. Osses result from the characteristic of RES,
which induce work of non-RES with non-nominal capa¢generally lower capacity) and varying
load of power units. Efficiency of the unit is low&hen it works with non-nominal capacity. So ie th
case of analyzing RES, the total TEC has to con$igtree components:

TECT S (TECOP + TECINV) + TECCOM S TECLCA + TECCOM (8)

While Eq. (2) consists of two parts of TEC whicle aperational paffECop and investment part
TECny, EQ. (8) is extended by compensation pHEC-oy to calculate the total coSIEG. The
TECcom resulting from compensation should be calculatefbdowing:

p 8760
THCoom = | BFans(@)dr ©)
Eel,Y =1 '
AE (T)—< 1 — ! >-n(r)-N (1) (20)
G Ne1(T)  Nelo com
where:
Eoy electric energy produced by the RES installationughout the year, GWh,
n(t) hourly number of counterbalancing conventional @oplants,
N..m(t) hourly power of a counterbalancing conventionabgoplant, MW,
Pr TEC of fuel used in conventional power plants 21fdr hard coal),
NelLo nominal energy efficiency of compensating powanpl

Ne1(T) current energy efficiency (for decreased outptioonpensating power plant.

The number and power output of compensating powenty were determined using the
methodology expressed by Egs. (11) and (12).
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ANggs(7)

n(r)=intN -(1—LF-)+1 (11)
Neom (1) = Npom — AN%:)(T) (12)

where

ANzgs difference between current RES generation anéhmlrRES generation, MW
nominal net power of a counterbalancing unit (as=iias 238 MW),

minimal load factor of the unit (assumed as 60%).

Nnom

LFmin

If the current generation of power from RES is tgeghan their minimum output, thermal units
need to drop with their load to balance the griderfnal power plants’ base load is assumed to be
100%, and as the RES power increases, they redhade dutput and more units are needed for
counterbalancing. To properly compare the seleRE& technologies, the data from Table 4 was
scaled to 100 MW of average power through the yeh00 MW being the actual installed power of
PV systems in Poland; installed power of biogaswamd installations is higher).

7 Results of TEC calculations

Results of TEC calculations with and without neitgs¥ compensation are presented in Table 5
and Fig. 20. Total TEC of electricity generated teghnologies fueled by renewable resources is
presented with the decomposition of TEC between Ip@A& resulting from Eq. (3) and the additional
component of TEC, which includes compensation. T in the full life cycle TEGca) Is
calculated based on the data given in [21]. Theutations of TEC take into account the annual
utilization factor of nominal capacity and the asgtion that in the periods of lower than nominal
capacity of renewable technologies, the lack ofegated power is provided by conventional power
plants. The results are presented in Table 6.

Table 5: TEC for analyzed RES power plants

Unit BG-PP #1| BG-PP#2  Wind-PH PV-PP
Time of operationty, hlyear 8760 8760 8760 4394
TEC in full life cycle, TEG ca MJI*/MJ 0.082 0.082 0.081 0.294
TEC of compensatiom,ECcowm MJ*/MJ 0.154 0.0446 0.340 0.362
Total TEC, TEG cacom MJI*/MJ 0.236 0.128 0.421 0.656
Share of compensation in total TEC % 65.2 35.9 80.8 55.2
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Figure 20: TEC of electricity from analyzed RES poplants

Table 6 presents the following information:
TEGes thermo-ecological cost of electricity generatedployver technologies based on renewable
resources,
TEG,-sys thermo-ecological cost of electricity generatey &verage power plant based on
nonrenewable resources (conventional power plaeied by coal),
TEGC.x thermo-ecological cost of electricity generate®alish energy mix,

Sys share of electricity produced by conventional pownts (equal to 100% minus annual
utilization ratio of nominal capacity of RES),
nc compensation not taken into account,
comp compensation taken into account.
Table 6: Average TEC of electricity
. . BG-PP #1 BG-PP #2 Wind-PP PV-PP
Indicator| Unit
nc comp nc comp nc comy ne comp
TEGes | MJI*MJ 0.082 0.154 0.082 0.046| 0.081 0.340| 0.294 0.362
TEGp-sys| MI*MJ 3.052
Sys % 33.04 20.60 71.4 90.4
TEGnx | MI*MJ 1063 1.111] 0.694 0.665| 2.202] 2.276] 2.787] 2.794

Figure 20 shows that the compensation part is feegnitly higher in the case of wind and PV
power plants than the case of biogas plants. Fad MIEC-oym is over four times higher than the
TEGC ca calculated by formula (3), and for PV it is at $a&me order of magnitude. This is caused by
high variability of energy production from theseég of power plants, compared to biogas plants.
High variability results in greater and more frequehanges in the operation of compensating thermal
units and worsens their efficiency The exact valdeigend on the assumed power of RES units (and
become greater the higher the RES power), butethdts of comparison are similar regardless of that
The total TEC of PV is higher than total TEC ofatltonsidered renewable power plants. It mainly
results from high use of natural resources andggnduring the investment phase. Regarding the
results of TEC of energy mix, biogas plants are &kstter than the other analyzed technologies. Wind
and PV plants do not significantly decrease T&Cyx, because of their low nominal capacity
utilization ratio. Here, th@EGyx was calculated in a local balance boundary (basisting only of
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the analyzed RES unit and the conventional thewméks needed for compensation). For a global
balance boundary, thEEG,x would be the lower, the higher the installed powefdRES would be.

8 Summary and conclusions

The variability of electricity production from tewblogies based on nonrenewable fossil fuels
strongly influences efficiency of these power ptanthe requirements set by the European and
national regulations facilitate work of renewaldehnologies at the expense of conventional plants
that actually maintain primary demand for electyicDespite the fact that continuous changes relate
to renewable technologies rule the electricity piaiibn, the TEC of electricity is slowly decreasing
each year (Fig. 4).

The obtained results confirmed that the currentiadtnative regulations discussed in section 1
have no physical or ecological fundamentals. Frbengdoint of view of sustainability expressed by
TEC, biogas CHP plant is more ecological than PWiod power technologies.

When RES power plants are present in the natiomaepsystem, the conventional plants need to
play the role of compensating units. The proceddirealculating the compensation of lack of power
generation by renewable technology is presentéukipaper.

The TEC of electricity of three different renewaptaver plants in the full life cycle is calculated
based on literature data as well as measuremeat fdah four different plants. The results are
presented for two biogas plants (BG-PP #1 and BG:PPwind plant (Wind-PP) and photovoltaic
plant (PV-PP). In the case of biogas plants, therattteristics of combined heat and power plant are
presented, with inclusion of internal combustiogian.

In both biogas cases, the TEC of electricity geteerby biogas plants is significantly lower than
in the case of PV or wind. Even in the case of &goglant with higher changes in production, whigch i
assumed in the BG-PP #1, the total TEC is almdsh@s lower than in the case of wind power plant
and 3 times lower than in the case of PV plant. 3ire of compensation in total TEC is significant
for all analyzed technologies. Despite the negatifect of intermittent renewable energy sources on
utility thermal power units, they still have a dfigant positive impact on the overall thermo-
ecological balance of the power system.
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