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Preface

The Proceedings of the ®&onference on Heat Engines and Environment Protection is
in the reader hands. The conference is organised by thetDeparof Energy Engineering
Faculty of Mechanical Engineering at Budapest Universityazhifiology and Economics.

The history of conferences has started 23 years agoofidginal idea of the founders of
the conference was preserved: bringing together the speoiatis¢ energy sector working
either in the academic or in the industry for inforimatexchange, strengthen and establish
connections and giving opportunities for young professicamisell.

Especially this 18 conference was organised by a renewed organisation comanitiee
we kept the last time introduced activities, like the rowadet discussions, the technical tour
and changing the language of the conference to Engliskkghanthe continuously rising
numbers of attendees from abroad.

Since the conference is organised by our Department, [sdsaa occasion to provide
information about the research activity of our stafimbers and academic partners.

The conference held in 25-27 May, 2017 was attended by 18 itbeadaand 2
domestic participants including students. They came fronoiitdes and they presented 28
papers, from 20 are included in this volume.

The conservation of the nature and the efficient, sg@oonomic and social affordable
supply of energy is the main task nowadays in energyneagng. The conference subjects
were according to these goals that could be reached biattmonized utilization of the
renewable and the traditional energy resources. Indhie@nce the renewable technologies
were in the focus but leaving space for the traditionaiggnissues and theoretical subjects as
well.

During the three days we were keen on create the frietrdlysphere in order to promote
forming of scientific and personal contacts. More averking in the sessions the information
exchange between the participants continued during the bmedksocial events and even in
the technical tour.

At the end of this session | would like addressing my thankd &itendee rising up of
the scientific level of our conference.

We are looking forward to meet all of you at the next Camfee in 2019

*\XOD *Uyl
Head of Department of Energy Engineering
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THERMAL STABILIZATION OF BULDINGS WITH PHASE
CHANGING MATERIALS

.OHPHQ pt, MitjarIdavinec!?
! Faculty of natural sciences and mathematics, Uniyeo§iMaribor
2 Academic Scientific Union of Pomurje (PAZU)

Abstract: In this paper, we theoretically and numerically study thermal stabilization of
buildings using phase changing materials (PCMsg.fé¢us on finding possible mechanisms
that could be used in future to manipulate the phase transition temperature of PCM. For this
purpose, we use a liquid crystal (LC) system exhibiting temperature driven continuous
symmetry breaking phase transition as a testing ground. We consider impact of appropriate
nanoparticles (NPs) and the external electric field on nematic configuration and phase
transition temperature. Our numerical results confirm that the phase transition temperature of
PCM is an important factor in thermal stabilization of buildings.

Keywords Thermal stabilization, Phase changing materials, Liquid crystals, Phase change
temperature, Nanoparticles.

1 INTRODUCTION

Phase changing materials (PCMs) are innovative iselathaterials with strong
application potential in future thermal stabilization afilings and consequently thermal
balance improvemenis,2]. PCMs undergo temperature driven first order discontinpbase
transition at the phase transition temperature Tc, ichwthie latent heat is exchanged between
the working materials and surrounding of a building. ¢fi;iterest to be able to tune the phase
transition temperature to obtain higher efficiencywftscomposite with integrated PCM. By
adjusting the phase change temperature to current aktenmditions, we could use the latent
heat stored during the daytime inside PCM for thermalil#tation of a building during the
nighttime. Consequently, we could reduce fluctuations of ens@mperature and improve
thermal comfort. Therefore, we focus to identify key paeters that affect Tc. The universality
of the qualitative behavior of symmetry breaking phase itransllows us to use well-known
Landau theory of phase transition [3]. In the Landaurtherder parameter is introduced to
distinguish different phases. This theory is commongdu® describe LCs phases and phase
transitions.

LCs are of constant interest for years due to their asétnoptical anisotropy, diversity
of different phases and high susceptibility to weak extgrdlrbations [4]. Many researchers
use LCs as experimental testing ground. We consider thernotr@pexhibiting isotropic (1)
and nematic (N) phase. NLC phase is obtained by loweringptipgerature from the isotropic
phase. At the phase transition temperalugéhe system undergoes first order phase transition,
which is accompanied with the latent heat. In the uniaxigk NLC phase orientational

ordering of rod-like molecules is described by the nearditectorii, Where|ﬁ| Land rii are

equivalent.

The plan of the paper is as follows. In the firsttiman, LCs and Landau-de Gennes model
are presentedNVe focus on impact of nanoparticles and external elefitdd on the phase
transition temperature. In section 2, we present PCll$ia@at source model used for numerical
simulation. Numerical results are discussed in se@&idm the last section, we summarize our
results.
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2 LIQUID CRYSTALS *=MODELLING

We studya NLC sample confined within a rectangular cell, whererkt boundaries
impose conflicting strong homogeneous planar anchoring. cEliethicknessh along the
z - Cartesian coordinate is assumed to be smaller thanahaotéristic confinement sik(see
Fig 1).

/ - /£

Figure 1. Confined NLC, where upper and lower plates impose strong planar anchoring.

In the frame of the Landau-de Gennes model, we desddlmientational ordering using
the nematic tensor order parametdr [4

Q s ® W

where € are eigenvectors; are eigenvalues d and the symbol.. marks tensorial
product In case of uniaxial ordering, it holds [5]:

Q S n.m élé, (2)
whereS s uniaxial order parameter ahdtands for the identity matrix.
The free energy density of the system can be expressadsum of the homogeneous
nematic {,), elastic f¢), external field {) and surfacef contributions [5,6]:

Ab(T T) 2 E 3 E 2 2
f, 5 trQ 3trQ 4trQ , (3a)
L 2
ool o (3b)
i o e g (3c)
f, SUQ Q) 3dj

where Ao, B, C are material constants ard is the super cooling temperature of the
isotropic phase. The I-N phase transition temperaturdirsedeas:

T, T BJ/(4AQ. (4)

The elastic term evaluates the deviation of the syftem a spatially homogeneous
orientational ordering using elastic constantThe external field contribution describes the

impact of an external electric fiel&t, fyis the electrical permittivity constant and /s the
field anisotropy constant. At the lateral surfaces, waoise tangential ordering with anchoring

4
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strengthw and Qs represents a degree of orientational ordering imposed eébygdhfining
surface.

Of our interest is to identify different paths via whictapé transition temperature could
be controlled. For this purpose, we identify in the follogvthe key mechanism enabling
controlled temperature shifts.

We assume that we have uniaxial ordering described by E¢ui@)ermore, we assume
that we impose a distortion to N ordering on a typicagtlerscaleR. On average, it roughly
holds that (see Eq. (3b)) [7,8]:

f_e ES_Z (5)
2 R’
where the over bart%* $indicates spatial averaging.
Therefore, the average contributions of the condensaimh elastic free energy

contributions to the average free energy denBguld be expressed as [9-11]:

F_AT Dy Bg Cg LS AT T By O g
3 9 9 2R 3 9 9
where
o g LR2
A 7)

Therefore, the resulting phase transition temperathife sT T, T,(R of the

system is now (see Eq.)j412,13]:

TR S-b

2AR (8)
One sees, that by varying the typical distortion leftypime could vary the effective phase
transitions temperatur€, (R) of the system.

In the paper we show how one could impose different distortiwhgh are roughly
described by a linear deformation imposed characterisigtheR. We present two
experimentally attainable possibilities that influence thasphtransition temperature: adding
nanoparticles and applying the external electric field. éPi@s of nanoparticles and external
electric field impact the LC molecules orientatidrherefore, for our theoretical study, we
introduce the scalar parameter that describes the defjpeexiality as[14]:

33\2
Q) w1,
(trQ?)° (9)

If £ Othe LC state is uniaxial and iff 1 we obtain the maximum degree of
biaxiality.

We introduce three characteristic lengths, the biaxi@moparameter correlation length

L +JLCIB, external field coherence lengtff /LS/(4 &) and surface anchoring

lengthd, L/w. For latter convenience, we introduce parametrizatiorsealting as in [5,15]

Qxy) (4 D& - (y up p &y e gecye, (10)
whereq,, g, andq, are functions only of andy ande, g is always an eigenvector QX

In this scaling scaled temperature in defined a¢T T.)/(T. T), where superheating
temperature of the nematic phaseTis T B /24AC For convenience we introduce also
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W1 1 t.The equilibrium uniaxial order parameter is then expesssS,, S b where
S. B4C g (7).

Next, with minimization of the free energy density we abthulk Euler-Lagrange
equations for variation parameteys g, andd, [16]:

og oo q [(0)§
! _b = it 2 a3 b - = - = ’
AR©60ﬂ,10Qq12ctCict4[f ¥e, pre v (L)
O w1 q 1[<°>§
1 b =~ _ = 3 L 3 » , 11b
& g gk 5 € €3 Sad dd i (110)
' o8 o q 1[(°)§ I
s —;@ s 266 — 3¢ 4 4 3 [ Fepev (11c)

where ', W/ W 2y Euler-Lagrange equations are then solved numerically using
the standard relaxation method.

3 PHASE CHANGING MATERIALS - MODELLING

Our theoretical modelling of the heat transfer through caitgpdayer with one layer
incorporating the PCM is based on the heat source app[ba( using finite-difference
method for numerical simulations [21]. We consider omeedlisional heat transfer through
planar surface (Figure 2). We assume homogeneous digtnitmitPCMs and high porosity of
composite layer that allows the expansion of PCM duringptiase change without changing
the total volume

e
CPCM
Prcy

0

T Foom T at
7k-A, C4; P4 7bb, Ch, Pb
<«——>»<« >
dy dp

Fig. 2 Schematic representation of two layers, with PCM incorporated in the Aaye

One dimensional transient heat transfer equation irstefrthe enthalpy is expressed as:

h  wT?

t o owx’

(12)



13" International Conference on HEAT ENGINES AND ENVIRONMENTRROTECTION$ -27 May 2017, Hungary

In addition, we have to take into account that the sajidid liquid () phase of PCM
have different physical properties. In our study, we asdhatephase transition is instant and
takes place at one specific critical temperaifur&or numerical purpose it is common to define
small phase transition temperature range, as suggedted ifi7,19,20]. For convenience, we
introduce the factor, which is O for temperatures below tig when PCM is in solid phase,
and equals 1 for temperatures abdyewhen PCM is overall in liquefied form.

(ITHFWLYH WKHU P Q) GpEdRiQeat Eapacig WD Q G G R)Q@iallayer !
with PCMs are determined using a model of effective phygigahtities [18] as follows:

M ¢ © r D

e PCM PCM A (13)
¢, (chr ¢ 1) @D, (14)
!e L D (FI’I)CMr %@M r , (15)

where . is the relative amount of PCM incorporated in the contpdesyer A.
Finally, using the Eg. (12), we write the heat transfer egudtir PCM layer in terms of

the enthalpy, cT 0Q as:

W w TH
| 1 -
I.C. - .0, o xsz, (16)

whereQ, is the latent heat of specific PCM.

4 RESULTS

In this sectionyve first analyze results of the theoretical modellingngbact of NPs and
the external electric field on the LC configurationg gohase transitions. Then we present
numerical results of PCMs thermal stabilization éfficy with focus on the variation of the
phase change temperature.

4.1 Impact of NPs and external electric field

We focus on the impact of square shaped NPs enforcing strongr gd@undary
conditions at their surfaces in absence and preserme @tternal electric field. The lateral
confinementsizR LV VHW EHORZ P DQG LV FRErp&ranieterQdoireldtRnW KH E |
length .

Typical nematic configurations for cases without NPs ireabs and presence of an
external electric field are demonstrated in Fig. 3.ith Ba we obtain the so calleliagonal
structure(DS), which is stable foR>> [ . andE = 0. One witnesses that at the corners of the

confinement well defects appeared. The center of eacht dedeibits negative uniaxial order
along €, and is surrounded by a rim possessing maximal degree of biaxaditL. Far from

centers of isolated defects, positive uniaxial ordebéistees in the bulk. Increasing the external
electric field results in qualitatively different configticans shown in Fig. 3b foR/ /i 10 and
Fig. 3c forR/ /; 100. In Fig 3c the external field is strong enough to triggestiréace order-
reconstruction type of structural transition.
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A N —

Figure3. 7KH GHJUHH R2inEHe@lhseDd® bfRsYor R/[.D = 7.a) DS in the absence of the
external electric fieldR/ /; 0, b) DS forR/ /; 10 and c) DS foR/ /;  100.

Next, square-shaped NPs are placed at four different positidwisC: 1) in the center,
2) close to the left bottom edge or 3) close to theldetindary, and 4) close to the bottom
boundary. In the absence of the external electrid jieesented in Fig. 4, edges of NPs are
sources of elastic distortions, giving rise to locally indugediality. Note that the NP placed
close to the left and close to the bottom boundary reisulte qualitative equal configuration.
One can see that the presence of NPs in LC systentsatfiedypical distortion lengtR, which
is related to the change of the effective phase transitemperature (see Eq. (7) and Eg. (8)).

7l

Figure 4. Absence of external electric field, l%/:?. Different configuration for a) left boundary, b)
center and c) left bottom edge position of NP.

In addition, we study combined impact of nanoparticles atetmal electric field. In the
presence of the external field, symmetry of the probbrokerasseen in Fig 5. In this case,
the combined impact of NP and external field enable oraemstruction (OR) type transition
at the bottom plate.

S S 7| - 7 7
[ -
S - d

) e

Figure 5. Configurations for the external electric figRY /; 50, R/ [, =7.




13" International Conference on HEAT ENGINES AND ENVIRONMENTRROTECTION$ -27 May 2017, Hungary

4.2 PCM and thermal stabilization

We numerically analyze the heat transfer through conewsill consisting of brick and
gypsum board, in which PCM is incorporated. Our focus isvranying the phase change
temperatureT. close to the room temperatur&om). We simulate the typical day/night
temperature fluctuations in the summertime andTsg# to the constant value. Fig. 6 shows
the amount of the incoming heat fluxfor three different phase transition temperatdiesf
PCM. For comparison, simulation for the composite wéthout PCM is also included. In this
case, the initial temperature of the composite wBili4) is set to the average value of the
outside temperature, which is above the room temperdtuseevident that the presence of
PCMs affect the incoming heat flux. Whdg is reached, the temperature difference and
consequently the incoming heat flux remain constant thatiexternal temperature fluctuations
are strong enough or until the latent heat storage cgpsadill. It is evident that even small
variation ofT¢ has impact on the thermal stabilization. We see th@ngéa. slightly above the
room temperature results in the loegduration of a steady incoming heat flux. But on the other
hand in this casel{>Toom) in order to maintain a constahtom the incoming heat flux should
be compensated for example by using the air conditioningeleée must emphasize that only
by settingT.= TroomwWe obtain zero incoming heat flux and stabilization oftimm temperature
at the desired valye until  the latent heat storage iS full.

S L
—7TI=T

Foom

1,0 5 inifial room

Lo ——T & F

room

0.6
0.4

0,2

0,04

0,2 -

0.4+

-0.6 i T T T Y T Y T T T y T T T ? 1
0 6 12 18 24 30 36 42 48

Figure 6. Incoming heat flux in relative units for three values of phase transdiopérature
T, T.m(redline), T. !'T . (blueline),T. T,.(green line) and for composite without PCM (black

room room

dotted line). Initial temperature is set to the outside average, above,she T

In addition, we anticipate that the initial temperatufett®® composite wall plays
important role. Therefore, we analyze the case, whehditi < Troom @ndTinitial = Troom. RESUItS
are presented in Fig. 7 and Fig. 8 respectively. In Figh& @an notice that the external
temperature oscillations produce such incoming heat fluxcdrabe fully or partially stored in
the form of the latent heat in the PCM at TheAfter some time, the latent heat storage is full,
which results in the change of the temperature and consdygureeoming heat flux. The same
applies wheinitial = Troom, With the main difference fof: < Troom Numerical results show that
even small variation of the phase transition tempeediyaround the desired room temperature
Troomimpact thermal stabilization. Therefore, it would besanable to develop PCM composite
with tunable phase transition temperature.
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J in

Figure 7. Incoming heat flux when initial temperature is set below the outside averageafor
Toom(green line) and composite without PCM (black
dotted line).

T
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Figure 8.Incoming heat flux fol, T, (red line), T, !'T .. (blue line), T,

=
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0.8 3 o
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(red line), T,

'T

room

(blue line), T,

10

T..on(green line) and
for composite without PCM (black dotted line). Initial temperature iggeal to the Fom



13" International Conference on HEAT ENGINES AND ENVIRONMENTRROTECTION$ -27 May 2017, Hungary

5 CONCLUSION

We numerically studied the impact of PCMs on thermdlikzation of buildings with
focus on varying the phase transition temperature dioshe desired room temperature.
Simulations were performed using the heat source methoctowfgm that PCMs could be
used to improve energy balance as they decrease tempearstiliions and act as the latent
heat storage.

Numerical simulation of the heat transfer through thmmosite wall revealed that one
could obtain the highest thermal stabilization by settiggghase transition temperature to the
desired room temperature. Because the desired room teopevaries by personal needs,
external conditions and other factors, it would be measwnable to develop tunable PCM
composite. Therefore, we have theoretically studied tvgsip® mechanisms to shift the phase
transition temperature.

In our theoretical study, we use NLC as a testing grounthd frame of mesoscopic
Landau-de Gennes model, we analyze the combined impact of Nfextannal electric field
on NLC configuration and phase transition temperaturest,Five have shown that by
integrating NPs in the NLC we could effectively change tp&#f characteristic length oféh
system and therefore affect the phase transition terype. Secondly, one can shift the phase
transition temperature by changing the external electid. fFfrom the applicational point of
view this means, we would be able to manipulate the phaseitransinperature according to
the external conditions and our needs.

The main disadvantage of using the LCs as PCM for testabilization of buildings is
relatively high cost corresponding to their weakly discardus phase transition that results in
small amount of latent heat. Nevertheless, LCs hasteong potential to be used in the future
as PCMs for various applications in the space.
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EXPLOITATION OF RENEWABLE ENERGY SOURCES IN SERBIA:
CURRENT SITUATION AN D PERSPECTIVES

Ferenc Kiss
University of Novi Sad, Faculty of Technolagyovi Sad, Serbia

Abstract: This paper reviews the energy potential and the current situation regarding the
utilization rate of renewable energy sources (RES) in Serbia. Extensive body of information is
given about the international obligations, domestic policy and the existing support systems and
incentives of the Serbian Government for the investment in the generation of energy from
renewable energy sources. The barriers that limit increased utilisation of RE&bra are

also discussed.

Keywords:renewable energy, potentials, policy, incentives, Serbia.

1 INTRODUCTION

Energy resources and potentials of the Republic of Senblade conventional fossil
fuels, such as coal, oil and natural gas, as well as renewnbélgy sources. Oil and gas,
comprise less than 1% of the total energy reserves, wilest is represented by various types
of coal, mainly the low-quality lignite coal (over 95%tire proved reserves) [1]. More than
76% of lignite reserves are located in the Kosovo andoMja basin and are virtually
inaccessible for Serbian power plants due to political red2pns

In 2016 the gross inland consumption of primary energy irRéqgublic of Serbia was
14.78 million tonne of oil equivalent (Mtoe). Around 27% of thienary energy is imported
while the rest (ca. 10.87 Mtoe) was supplied from domestic a9 (8§ Serbia has reached self-
sufficiency in coal supply; however, around 70% of crudeand 76% of natural gas are
currently imported (Fig. 1).

[
o

=
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=] oS! -~ [« o
| | | |

Mtoe (million tonne of oil equivalent)

Coal Oil Natural Hydro Biomass Other RES Total
gas energy

M Primary energy production M Gross inland consumption of primary energy

Fig. 1. Gross inland consumption of primary energy in Serbia compared to domestic production of
primary energy in 2016 [1,3]

Fossil fuels have a close to 90% share in overall docr@amsumption of primary energy
in Serbia. However, the unfavourable geographical distribatimhstructure of fossil energy
reserves indicate the need to utilize alternativeewable and domestically available energy
sources.
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Previous researches have estimated the technically itegdo potential of the
domestically available RES at around 5.5 Mtoe per year [fjllyfutilized RES could provide
ca. 37% of gross inland consumption of primary energyt@mdform Serbia from an import-
dependent to a net exporter of energy. However, the exgoitaf RES in Serbia is far below
its projected potential, and is has been mainly basekeoproduction of electricity from large
river flows and the use of biomass mainly for househloddging [4]. The exploitation of other
renewable sources (RES), such as energy from wind, raumadated solar energy,
geothermal energy, is still negligible in Serbia.

This paper reviews the energy potential and the curremation regarding the
utilization rate of RES in Serbia. International obligasiodomestic policy and the existing
support systems and incentives of the Serbian Governmeheforvestment in the generation
of energy from RES, as well as the barriers that lingteased utilisation of RES are also
discussed in this paper.

2 INTERNATIONAL OBLIGATIONS AND STRATEGIC GOALS

In 2006 Serbia ratified the South-East European (SEE) E@mmunity Treaty, which
exists between EU and the countries of SEE, and acceptetlifjation to apply Directives
2001/77/EC and 2003/30/EC which promote production of RES-basedaitieeind biofuels
By signing the Treaty Serbia has also agreed to applytidiescnvhich amend the previous
RES-related EU directives, namely the Directive 2009/28/EChndets up binding targets for
EU member states to ensure that the share of RES is finat energy consumption should
reach 20% at EU level by 202 accordance with the Directive 2009/28/EC and the Decision
of Ministerial Council of the Energy community as of @8tober 2012 (D/2012/04/MS-EC)
the Republic of Serbia has set itself ambitious bindingetasf a 27% RES share in gross final
energy consumption (GFEC) by 2020 (in 2009 the share of REFHC was 21.2%), and in
this regard passed a series of laws, rules and regulations.

Strategic goals of Serbia in the field of RES were s20i8 by the adoption of National
Renewable Energy Action Plan of the Republic of Serbia (NRENREAP has emerged from
the international obligation which the Republic of Seasisumed in 2006 by signing the Treaty
and it is an important document which sets the targetRES utilization until 2020, as well as
the manner of their achievement.

Table 1.National target for 2020 and estimated trajectory of energy from RES avénell and
sector specific GFEC [5]
2015 2016 2017 2018 2019 2020

Expected GFEC from RES in heating a
cooling sector (ktoe)

Share of RES in GFEC in heating and cool
sector
Expected GFEC from RES in electricity sec
(ktoe)

Share of RES in GFEC in electricity sector 31.0% 31.4% 32.4% 33.4% 35.1% 36.6%
Expected GFEC from RES in transport sec 34
(ktoe)

Share of RES in GFEC in transport sector 1.5% 3.2% 5.0% 6.7% 8.4% 10.0%
Expected total RES consumption (ktoe) 2100 2172 2283 2377 2487 2596

Share of RES in GFEC 20.9% 21.8% 23.1% 24.3% 25.6% 27.0%

1075 1092 1127 1143 1152 1167

23.4% 24.5% 26.1% 27.4% 28.6% 30.0%

992 1004 1031 1059 1108 1151

74 117 159 203 246
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Table 1 summarizes the national targets and estimatecttrgj@f energy from RES in
the GFEC in the heating and cooling, electricity and tramsgeators.

3 LEGISLATION AND INCENTIVES FOR RES-BASED ENERGY PRODUCERS

To realize the goals of NREAP it is required to invest ®i8®n EUR by 2020 to build
new RES-based power plants of total installed capacity of 1082 TMhe biggest investments
are expected in wind power plants, small hydro power plants (40 tdW), hydro power
plants (over 10 MW) and biomass CHP plants, with theares in total investments of 30%,
23%, 20% and 19%, respectively. Relatively modest investmentingpteb5 million EUR
until 2020, are planned for new facilities in the heating awlieg sector since the existing
facilities largely fulfil the target values set by NREAP. 3amy, only small investments are
expected in the biofuel sector (less than 10 million) siheeskisting biofuel plants are able to
produce most of the required quantities of biofuels.

In order to attract and engage private sources of fundioghe RES sector the National
Assembly has adopted a number of laws and regulationEiérgy Law 2 I ILFLDO JD]HWWH

) definestheSULYLOHJHG HOHFWULFLW\ SUR ®@XFHQHDB W D IQF H\

IURP 5(6 RU KLJKO\ HIILFLHQW FRRBL\QMHGGSWRBNPWOQRHDRU &
WR WKH (QHUJ\ /DZ SULYLOHJHG H® WFRN UQFHWYWSE Y R GHTHIXW
WKH REOLIJDWLRQ RI SXUFKDVLYUGHIHEBEWSILEREMM | LHRHG WIQHWR
W Kational Assembly has adopted UHJXODWLRQ 2IILFLDO *DJHWWH 56
LQ PRUH GHWDLO WKH UHTXLUHBHDXWW DWIGRWYW KB XSURW HREX WD
RI WKH VWDWXV RI D SULYLOHJHIG$SBVRBK®GHD OMR WIGHR Y\ H K
DQWLFLSDWHG 5HIXODWLRQ RQ WKH2S$8IREHD COS XDJJHINDW H D@ U |
ZKLFK SUHVFULEHV LQ PRUH GHWMBHQWWKRI ARIQNW B @3V VU IDI)
REOLJDWLRQV RI WKH SDUWLHYV

The Regulation on Incentive Measures for the Produdtidtiectricity from Renewable
Sources and from High-efficiency Electricity and Thalrknergy Cogeneration (Official
Gazette RS 56/2016) was adopted in 2016 and it precisely defines esea$umancial
incentives for the production of electricity using RES! éime purchase conditions. Talfle
summarizes the feed-in tariffs according to the Aetitlof the Regulation.

Table 2.Feed-in tariffs (as of 2017) for RES-based electricity in Serbia

No. Type of power plant ,QFHQWLYH SXUFKDVH
1. Hydro power plant 7.542.6%

2. Biomass power plants 8.243.32

3. Biogas power plants 15.048.32

4, Landfill gas and gas from MWWTP 8.4

5. wind power plants 9.2

6.  Solar power plants 9.044.6°

7. Geothermal power plants 8.2

8. High-efficiency CHP natural gas power plants  7.58.2%

9. Waste power plants 8.6

Notes? Depending on the installed powérDepending on the installed power and type (ground-
mounted or on a facilityf, MWWTP stands for Municipal Waste Water Treatment Plants

The most important aspects of the regulation on feeasiffs 2IILFLDO *D]J]HWWH
can be summarized as follows:
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T obligatory purchase of all produced electricity by public suppirethie case of wind
power plants only the first 500 MW are entitled to privilegadqgs, in the case of solar
power plants only the first 10 MW, no limitations for others

T privileged price guaranteed by Regulation (feed-in tariffg @or electricity and not for

heat);

purchased prices are adjustment on annual level for thtionfrate;

privileged price is guaranteed for a period of 12 years gjdiinm acquisition of the

privileged power producer status;

T privileged producers are exempted from balancing respotis®iand costs) during

the incentive period;

free-of-charge access to the transmission, i.e. distribstystem, is guaranteed;

purchase of complete production after the expire of sizesidperiod according to

market terms.

+H +H

+H +H

In 2017 the Government has adopted the Regulation on fesgpfdating the RES-sector
(Official Gazette RS 7/2017) according to which all individual epédif payers (households
and industry) in Serbia pay a fee of 0.091 RSD/kWh (0.00076 EUR/kwhptdase the RES-
sector in Serbia. The resulting income is to partly bd fmefunding of costs associated with
feed-in tariffs.

4 EXPLOITABLE POTENTIAL AND UTILIZATION OF RES IN SERBIA

The technically exploitable potential of the RES in Serb@stimated at about 5.6 Mtoe
annually [1] out of which around 1.9 Mtoe is already in use. Uge of RES in Serbia is mainly
based on the production of electricity from large rivew$ and the use of forest biomass for
households heating (Table 3).

Biomass is the most important RES in Serbia. The tealyiavailable potential is
estimated at 3.4 Mtoe and consists mainly of productsrestiy and wood industry (44% of
total biomass potential) and agricultural biomass, i.eamesnor waste in farming, livestock
raising and primary processing of fruits (48% of total bionpatential). There is significant
difference between different forms of available biomiasterms of their utilization rate in
Serbia. While the wood biomass potential is used at avalatiigh rate (66.7%), agricultural
biomass potential is used negligible (about 2%) while the prad@ble municipal waste
potential is not used at all [1]. In Serbia the productidriquettes and pellets from agricultural
biomass and sawdust started in early eighties. Currdhlye are at least fifty pellets and
briquettes producing plants in Serbia, as well as dozensquieltting and pelleting machines
and stove producers [4]. There is at least one industr@é biodiesel production plant in
Serbia, with annual production capacity of 100,000 tonnes oigsield6]. However, the large-
scale production of biodiesel stopped in 2008 due to financiadmeand currently there is
virtually no commercial biofuel production in Serbia. Cuthgrthere are 10 operating biogas
CHP plants in Serbia with overall installed electric cayaof 11 MW. Biogas is produced
mainly from manure, energy crops and agricultural residugsthere are also two facilities
which use industrial waste water or waste from food proagssid one biogas plant which
uses the organic fraction of municipal waste water. In 204 shpplied around 34 GWh of
electricity to the national grid.

The total technically available hydro energy potential is Méde out of which 1.40
Mtoe is for large hydropower plants (HPPs) with the capaciteritan 30 MW. Around 63%
of technically available potential of large HPPs is alrdadyse. The total installed capacity of
large HPPs in Serbia is 2831 MW, which represents 34% of theinistalled capacities for
electricity generation in Serbia. In 2016 large HPPs gezeerEt535 GWh electricity (31% of
total electricity) [7]. The energy potential of low watBow streams suitable for the
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construction of small HPPs (less than 10 MW) is around 0.4 My using the total energy
potential of small HPPs it is possible to meet 4.7% of tdéaticity production in the Serbia
[8]. Although the Ministry of Energy has developed the Cadast small HPPs and defined
860 suitable locations for the construction of small HPPgently less than 3% of total
potential is used. In 2016 around 65 SHPPs with a total output o\¥3d in operation in

Serbia.
Table 3.0verview of technically exploitable potential of RES in Serbia andilization rate in 2016

Total available . . Share of used
technical potential (in Used technical potentie in total
RES type (in 2016) .
2012) potential
(Mtoe/year)*
(Mtoelyear) [1] (%)

Biomass 3.448 1.054 30.6%
Agricultural biomass 1.67 0.033 2.0%
Wood (forest) biomass 1.53 1.021 66.7%
Biodegradable waste 0.248 0 0.0%
Hydro Energy 1.679 0.909 54.1%
HPP <10 MW 0.155 0.004 2.6%

HPP from 10 to 30 MW 0.122 0.020 16.4%
HPP >30 MW 1.402 0.885 63.1%
Wind energy 0.103* 0.0022 2.1%

Solar energy 0.24+ 0.000954 0.4%

For electricity generation  0.046 0.000954 2.1%

For heat production 0.194 0 0.0%
Geothermal 0.18 0 0.0%

Total from all RES 5.65 1.966 34.8%

Notes* Own estimations based on data from the Sector for Energy Efficiency and Rerienerigie
Sources of the Ministry of Mining and Energy of the Republic of Serbia and othaarretlocuments
including [1]. ** Technically exploitable potentials of wind and sun for &leity production may
vary since they depend on the dynamics of the development of transmissiagtrdndidh network

of the Serbian electric power system.

Wind energy in Serbia can be used in the area of Kosawh ®annonian Plain, parts of
Eastern Serbia, and at the location of mountain pass$les heights over 800 m. The technically
usable potential of wind energy is estimated at 0.103 Mtoet andletermined based on the
existing technical possibilities of electric power systeradoept the generated electricity. This
corresponds to around 500 MW of installed capacities. Theldinspower wind generators
(<0.5 MW per unit) were built in the early 2000s. The fisghd farm consisting of 3 wind
turbines started to operate in 2015 in Kula, Vojvodina. Satar, in 2016, a new wind farm
with two wind turbines was established in Vrsac, Vojodina. Whel turbines in Kula and
Vrsac have installed capacity of 3.3 MW per unit and theight is 178 meters which makes
them the highest in Southeast Europe. Currently, therat least 117 MW of wind turbines in
construction and it is anticipated that the 500 MW quotaviad power eligible for feed-in
tariffs will be reached soon.

The average intensity of solar radiation in Serbia 1s#17 kWh/n#/per day in January
and 5.96.6 kWh/n#/per day during July which is higher than in most Europeantdesil].
There is a significant difference in terms of averagnual solar radiation between the regions
ranging from 1200 kWh/fin the north-west to 1550 kWh#rin the south-east Serbia [1]. The
technically usable electric potential of solar energystmated at 0.046 Mtoe per year
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(corresponding to 450 MW) based on the existing technical passgibf electric power
system to accept electricity from solar power plants.t&benically usable annual potential of
solar energy for heating purposes is estimated at 0.194 d#seming that solar thermal
collectors are to be constructed at 50% available fasilih the country [1]. In 2017 there were
close to 100 solar power plants in Serbia that are elifpbleed-in tariffs, but many more are
under construction (Table 4).

Table 4 Overview of currently operating solar power plants in Serbia (May 2017)

Total
Installed power Installed power .
. Number . electricity
Type of facility (current (projects under _
(May2017)  tilization)  implementation) Proddction
P in 2016
Power plants (on ground) 7 5.3 MW 5.2 MW 7.2 GWh
Roof-mounted power plant
P PN ca. 80 1.9 MW 1.8 MW 3.9 GWh
(up to 30 kW)
Roof- I
of-mounted power plant 12 1.5 MW 1.9 MW
(30-500 kW)
Total 8.7 MW 8.9 MW 11.1 GWh

Serbia is relatively rich with geothermal energy whiayoives petro thermal and hydro

geothermal energy sources. The technically available potehgaisting wells (without usage
of heat pump) is 0.2 Mtoe. Natural and artificial springshefiinal water are identified at the
territory of more than 60 municipalities. Water tempera is usually within the range up to

f& DQG RQO\ DW WKH Wqddlities L(GERtkA\ SBbiaVanf ApXtiQ)Lwater
WHPSHUDWXUH LV RYHU f& $SYHWRLIH XBWHQJIMRYG IEJRUWPH\
average up to 20 I/s, but at several locations exceed 50.168frently, geothermal energy is
not used for electricity generation, but mainly in balng@ial and leisure purposes.

5 BARRIERS AND OBSTACLES TO PROGRESS

As seen from Table 3 the utilization rate of RES suckoés energy, wind, agricultural
biomass and geothermal energy is below 3%. In 2015 ther@enisternational relations and
sustainable development (CIRSD) carried out a detailed@ngrehensive analysis of factors
which may hinder the increased usage of RES in Serbia [9¢dBan their findings the main
barriers and obstacles to progress in the field of RES®rbia can be summarized as follows:

T Lack of stability and predictabilitgKey pieces of legislation, such as the Law on Planning
and Construction, Law on Agriculture, and Energy Law, areraled too often and, more
importantly, those changes are too sudden and are made withaoptit of industry and
investor associations.

T Delays in the adoption of secondary legislation, cauaitegal vacuum and insecurity
Following adoption of the generally positive Energy LavAugust 2011, which indicated
that all secondary legislation pertaining to renewablesildhbe adopted within four
months of adoption of the law (i.e. by December 2011), iovestaited as long as 16
months for actual adoption, which came in January 2013.

T Sluggishness of the judicial system leads to major defagsntract enforcementThe
'RUOG %DQNTV ¥ RLQJ %XVLQHVV® UHSEDW IRWH QHHWGWG
average for contracts to be enforced in Serbia.

T Institutional and administrative barriesd ocal and national governments lack competent
professionals who know enough about project financing mechanibe peculiarities of
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permitting renewable energy projects, construction prosgesenmissioning and making
renewable energy facilities operational.

¥ Length of the permitting periodtinstead of lasting for about two years, the permitting
process in Serbia actually lasts four years.

¥ Capacity and infrastructure barriessThe inability of power systems to integrate new
variable RES generation plants, due to an insufficienervescapability leading to
operational problems.

6 CONCLUSIONS

Serbia has significant potential for the production ofgyné&om RES. Utilization of the
gross technical RES potential would meet around one thitheobverall primary energy
consumption in Serbia. In 2016 less than 20% of this patemis used, mainly in the form of
hydropower and wood (forest) biomass, while other RES are uskgilvieg

The Serbian Government has, in recent years, made aepsogr this domain by
proposing a number of legislations to improve the econdeasibility of energy production
from RES. The National Assembly has adopted favouraleld-ife tariffs aimed at making
energy production from RES more attractive for potermed¢stors. The effects are already
visible mainly in increased investments in the construaiomind power plants, small hydro
power plants and biogas CHP power plants.

The main barriers to progress are the present sociweato and political environment,
which is unfavourable for capital intensive investmentgdneral, and lack of industrial and
professional expertise in the area of RES managemenbpposed to policy making, the
changes in socio-economic environment and training ofteairnumber of experts require
long-term and mid-term effort, which imposes significanititions to the future exploitation
of RES in Serbia.
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ENERGY-STORAGE: DEVELOPING SEGMENT IN ENERGY SECTOR

Ferenc Lezsovits
Department of Energy EngineerirBudapest University of Technology and Economics

Abstract There is increasing share of local, mainly renewable energy resource integration into
heat- and electricity supply. This integration gives big challenge to system control directors. In
a lot of cases it is difficult to maintain balance in between wide range variation of energy
demands and momentarily available resources. One potential possibility to overcome this
problem is to apply some kind of energy-storage facility. There are a lot of available energy-
storage technologies at the moment, but a lot of new idea in this field is under research and
development nowadays. In this process it is necessary to evaluate and comparet differe
available technologies on the same basis. This article gives overview of energy-storage
technologies that are either available or under research and development. Furthermore it gives
a possible exergy based evaluation technique for measuring the efficiency and making feasible
comparison of different technologies. Besides general overview this article goes into detail in
the field of thermal energy storage, including hot- and cold energy-storage.

Keywords energy-storage, storage efficiency, heat and cold storage, exergy evaluation,
energy-density

1 INTRODUCTION

The continuous increasing utilisation of renewables is a bige isswadays. It makes
energy supply more and more sustainable. But some of tremvhether dependent. These
resources are solar, wind and tidal energy. There hasable¢ of investment happened in the
last decade mainly in the field of solar and wind enerdigation. On one hand this is a good
news, but on the other hand it makes it difficult to balanileetricity generation and
consumption.

This gives tasks on different time scales. Short teemond scale frequency regulation is
necessary to perform in order to maintain stable frequeslog vThis has become much more
difficult, since not only the consumption, but alscctleity generation has random variability,
as it is shown on Fig.1.

Following is medium term, daily scale equalisation of detsaand availability. Fig.2.
shows typical electrical energy demand variation in Hungar daily scale. Mainly wind
generators can be very active during night time and itoeadifficult to utilize all the energy
generated since consumption drops significantly. On ther diéind during cloudy days solar
energy generation is missing during daytime, even during peakrtem

Third case is long term, seasonal storage. It could be gogmhte some warm energy
for winter time, and similarly to spare some cold for mentime.

The best way to overcome on these barriers to apply kmehef energy storage facility.
This area has become a new individual field of energy settus article gives overview of
energy-storage technologies that are either availablander research and development.
Furthermore it gives a possible exergy based evaluaimique for measuring the efficiency
and making feasible comparison of different technologies
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Fig.1. Frequency regulation with variable supply and consumption [1]
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2 OVERVIEW OF ENERGY STORAGE FACILITIES

Energy can be stored in several various physical, cla¢rammd combination of these
forms. They can be grouped according to applied fields. Knowsilge solutions and its
grouping:

Electrical energy forms:

- Capacitor, Supercapacitor
- Superconducting Magnetic (SMES)
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Electrochemical energy forms:

- Secondary batteries
- Lead-acid
- NaS
- Li-ion
- Flow batteries
- Redox flow
- Hybrid flow

In Mechanical Energy forms:

- Pumped Hydro (PHS) - (potential energy)
- Compressed Air (CAES)(internal enthalpy)
- Flywheel (FES)%(kinetic energy)

Chemical energy forms:

- Solar fuels
- Hydrogen (electrolysis / fuel-cell)

Hydrogen is said the fuel of the future, but it can nofdomd in pure form in the
nature, but it can be generated in several forms froewables. (see Fig.4.) So it
can be handled as energy storage medium.

Thermal heat storage:

hot-water storage
phase change storage
molten salt storage
cold storagetice

These technologies are at different R&D level. Fig.3.wshanaturity of different
solutions.

Flow batteries

Flywheel (high speed) “ Lithium-based batteries

Molten salt
4 Flywheel (low speed)
Superconducting magnetic Supercapacitor

™
5

§ energy storage (SMES) Ice smrage“JQ\scdmm-wlphur (Na$) batteries

E Y

£ {J Adiabatic CAES \

2 Hydrogen Compressed air energy storage (CAES)
»x -

= Synthetic natural gas Residential hot water J\

5 heaters with storage Underground thermal

% _*J Thermochemical \A energy storage (UTES)

~ ,,-// Cold water storage ‘.

B = “\JP*tstorage

3‘ \

—

Pumped Storage Hydropower (PSHJON‘“-*-—;_

-
>

Research and development Demonstration and deployment Commerdalisation
Current maturity level

@ Electricity storage @ Thermal storage

Fig.3. Maturity of Energy Storage Technologies [1]
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Fig.4. Possibilities of hydrogen generation by means of solar energy [1]

3 ENERGY BALANCE & EFFICIENCY OF ENERGY STORAGE

It can be seen in previous chapter, that several toiélyeht technologies can be applied
for storage. Comparison of different technologies le®ine necessary, since in some cases
technologies are competitors of one another. Sonedessary to characterize technologies on
the same basis. Actually energy storage has effici@iat. means not the total amount of input
energy can be gained back.

There are three main type of losses:

1. Certain amount of energy goes to loss at feeding pebechuse of efficiency of
feeding process, friction, dissipation etc.

2. Similarly to previous case a certain amount of energy goless at output, because
of efficiency of gaining process, friction, dissipatietc.

3. During the storage a certain amount of energy goes tolesause of dissipation.
It can be experienced in different way at different tetdgies. E.g. It is self
discharge at batteries, evaporation and leakage at statage, heat dissipation via
insulation at thermal storage, etc. This loss is tinpeddent and the grade depends
on applied technologies.

Energy balance of Energy Storage:
Energyutput= Energyiput - ' ENErgyhputioss - ' ENergviissipationios W ' EN€rgyutputioss (1)

Energyoutput

Efficiency of Energy Storage: Kiorage E
Nergyinput

[-] (2)
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Substituting items from equation (1):

lgtorag& W

Energyinput - Energyinputloss_ ' Energydissipatinloss( W ' Energyoutputloss

I Energyinputloss

Energyinput

' Energydissipatimloss( W ' Energyoutputloss

lgtoragn( W 1

Energyinput Energyinput Energyinput

We can derive efficiency by introduction of loss factoosn quation (3):

lgtoragé W 1

[inputloss [dissipatioloss(w [outputlos

[-]

3

(4)

In Fig.5. two characteristic mechanical energy storagentdogies are compared just for
showing how this evaluation works. These two technolagyiedHydro-Storage and Flywheel
energy-storage. As it can be seen, input and output bfigwdeel storage is small, but
dissipation loss over long time is large. In case aftystorage input and output has a certain
loss, because of efficiency of applied pump and turbinedisaipation loss over time is quite
moderate. (Values are based only estimations.) It shoatsfidh short period Flywheel is a
better choice, but for longer period Hydro-Storage giveledrnigtorage efficiency.

Ul
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éi:ﬂput
-9
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-t
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g
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€ dis sipaton

T
£ output

£ output
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Fig.5. Efficiency variation of two types of mechanical energy storage
—————— Hydro Storage------ Flywheel
(values are only estimated for demonstration)
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4 EXERGY ANALYSIS OF MEDIUM BASED STORAGE [4]

For analysis of medium based storage Exergy seemsthe lixest
It is applicable for:
- thermal
- chemical
- thermo-chemical
- mechanical solutions,
- and for combination of any of these
But not applicable for
- electrical
- electro chemical (batteries)

Exergy can have different forms:

€ = @nermal + Ehemical+ Einetic + Epotential ®)
Where:

@nermal = h(t,p) £ho(To,po) £To (S(t,P)-8(To,po)) 6)
Guremica= Caremca | (' RToG () ©

K Ok

&inetic= V2/2 (8)
€potential = §(Z +Zo) (9)
Summarization of (6}+(9) into (5) gives:

e hoh T S) | (9 RTeRCE) Vowz 2 o

Where:
p tpressure, THemperature, Zvertical position, gtgravity, V fvelocity, hzxspec.enthalpy,
S + spec.entropy, Rz spec.gas constantgt gibbs free-energy, «c+ concentration of
components.

Reference state is defined according to desired ambiemtitioon This means that
medium in reference state has zero exergy, sadtisaluable.

To . f &0 =813 mbar, V=0, % = locally defined

Equation (10) is a good way to characterize energy, lkudithension is [J/kg], which is
normally used for characterization of energy proceddesin case of energy storage it is very
important, how big volume is necessary for a certainuanrnof energy to store, or how much
energy can be stored in a certain volume.

So it seems it is much more useful to consider endegsity of storage. It lead to
definition of volumetric exergy, which is simply exerdgfined by (10) multiplied with the
density of the medium.

ev  H W) [kI/n? (11)
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5 EXERGY ANALYSIS APPLICATION FOR HEAT & COLD STORAGE

In order to demonstrate how to apply theoretical approadhmided in previous chapter,
for the first time it was applied forJ@. All the three possible state, icevater £steam can be
seen on Fig.6. and Fig.7. @ can be used not only for warm, but also for cold heaagto
Cold heat storage is a good way to avoid peak electricityuzoption during hot days. Exergy
discussion is good way for characterization too, since saquation gives positive value in
cold state too. Hot thermal energy storage is the anotigereom Fig.6. it seems that steam
could be a good energy storage medium. But Fig.7. showshthas ot a good idea, since
energy density is dropped significantly, because of lowigeotsteam. The large difference
in between mass and volumetric values shows the impertdnmIlumetric exergy application.
So RO is better to use in liquid form for hot storage insteadezra. For higher temperature
WKDQ z& ZKLFK LMin®tehiperat s« Wdtdr, iEGah be pressurized. In this
investigation next to atmospheric condition, p = 16 baraimeral pressure was tested too.

e [kJ/kg]
10006

/

8001

600 e

4001

200

100 150 500 »5d°Cl

Fig.6. Exergy analysis results of water-steam
at the pressure of---- p =1bar----- p = 16bar
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Fig.7.Volumetric Exergy analysis results of water-steam
at the pressure of--- p =1bar----- p = 16bar

,Q IXUWKHU VWHS VRPH PDWHULIBORKD Y LZ@J ZIH/OWH QW MG
materials are Phosphor, Kalium, Sulphur, Natrium, Naph&aR: Litium. Used physical data
are summarized in Table 1. Density of each material dsp@mtemperature. Density variation
ZDV FDOFXODWHG IURP VROLG VWDWEO BIHOK LWKHWD @ &HD
coefficient.

Material Specific Solid staé | Thermal Melting Solidification

heat density at| Exp.Coeff. | temperaturel heat
f&

Unit kJ/kg K kg/m? 1/K f& kJ/kg

Phospor (P) | 0,754 1820 0,125 44,1 21,771

Kalium (K) 0,737 862 0,083 63 54,428

Naphtalene | 1,298 1145 0,0657 80,1 150,725

(C1oHs)

Natrium (Na) | 1,181 971 0,072 97,7 113,044

Sulphur (S) | 0,708 2060 0,074 112,8 39,356

Lithium (Li) | 3,349 534 0,056 180 138,164

Table 1.Physical data of Phosphor, Kalium, Sulphur, Natrium, Naphtalene & Litium [5]

Fig 8. and Fig 9. shows exergy and volumetric exergy ti@ng of selected materials.
From these figures Naphtalene & Litium seems to bdést choice. But checking Fig 10. and
Fig 11., which compares exergy variation of these madesitth pressurized water, nearly all
the cases water has higher exergy and volumetric exeaging only small region exceptions.
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Fig.8. Solid to liquid phase change heat storage exergy based comparison of
Phosphor, Kalium, Sulphur, Natrium, Naphtalene & Litium
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Fig.9. Solid to liguid phase change heat storage volumetric exergy based comparison of
Phosphor, Kalium, Sulphur, Natrium, Naphtalene & Litium
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Fig.10. Solid to liquid phase change heat storage exergy based comparison of
water andPhosphor, Kalium, Sulphur, Natrium, Naphtalene & Litium
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Fig.11. Solid to liquid phase change heat storage volumetric exergy based comparison
of water and Phosphor, Kalium, Sulphur, Natrium, Naphtalene & Litium
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6 DISCUSSION AND CONCLUSION

Energy storage is getting gradually a new individual field adrgy sector. It s
necessary to compare different solutions on the sasis. ba this article a common way for
efficiency of energy storage is introduced. In further stegglium based energy storage is
characterized by exergy and volumetric exergy, whicleggithe energy density of energy
storage. These methods could be good tools for preliminary csopand evaluations in
feasibility studies, or at evaluation of operation obtrg storage systems.
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LIFE CYCLE ASSESSMENT
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LCA OF WASTE MANAGEMENT SYSTEMS IN BUDAPEST

-iQRV /H]Q@NI‘}DWyULD % .RYIiFV
! Department of Energy Engineering, Budapest University ofif@logy and Economics

Abstract The purpose of the work was to numerically compare current municipal solid waste
management systems existing in Hungary. These are: (1) recycling of metal, plagters,

glass, organic waste, (2) landfill (3) direct incineration and (4) refuse derived fuel )(RDF
production. First a relatively simple comparison has been made based on literature data,
estimates on energy balances and carbon dioxide emissions. In the second part of the work a
life cycle assessment has been carried out, thus more valid results were obtgeellgs

from environmental point of view. Based on the study, direct incineration proved to bethe mos
favourable method.

Keywords:life cycle assessment, waste management, i@steergy

1 INTRODUCTION

In our civilized, modern world a huge amount of waste is pratiuteis waste has to be
properly treated to reduce the burden on our environment amwr dife. Several methods exist
for the task. There are well-tried, up to date and promisimg.ofts the composition of the
produced waste differs in space and time, its treating témiiae differ as well. Choosing the
right one is the challenge. This paper summarizesethdts of a BSc thesis that purpose was
to compare on numerical basis the different kind of exjsind promising domestic solid waste
treating methods of the same solid waste in Hungary. Aniohes the municipal solid waste
(MSW) treating methods are stressed out, examined wéltyi€le assessment (LCA), both
manually, and also by using GaBi ts 6. software. These M8&¥ing methods are landfilling
with landfill gas capture, direct incineration and refusevee fuel (RDF) production.

First a model was created for the manual LCA calculatib started by selecting the
domestic solid wastes into selective and non-selectpest The selective ones, such as metal,
plastic, paper and glass were examined only in case ofdheal LCA calculation, and their
recycling as secondary raw materials was compared to thef psenary raw materials from
natural resource. Another type of selective wastedsaroc waste, its two treating methods,
biogas production and composting, were compared to each otmearnyal LCA. The non-
selective wastes are the municipal solid wastes. kg thiaste management systems, landfilling
with landfill gas capture, direct incineration and RDF productwere compared both manual
and with LCA software.

The comparison was made from the point of view of twoeets: the energy based
comparison, regarding the net produced heat and electtitibyigh the treatments (both
manual and with LCA software); and the environmental impased comparison. In case of
manual LCA global warming potential was used for recyclingJenini the case of organic
waste and municipal solid waste only £@missions were considered. The use of an LCA
software makes environmental comparison much easier argl ancurate, as several impact
categories can be easily calculated. The considergadcimcategories were acidification
potential, eutrophication potential, global warming potenpalptochemical ozone creation
potential.

2 MANUAL LCA

The manual LCA is basically a matrix. The columns aonthe wastes and the waste
management processes. The rows of the matrix con&ifotin main steps (sub-processes) of
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the waste treating processes: collection and transortgtie-treatment, utilization (when the
energy generation may takes place) and post treatmBath specific energy
consumption/production values and specific GWPR/@&mission values were determined
individually for each steps of the waste management methods

In order to calculate the specific values for the colbectind transportation sup-process,
the amount of waste transported by one vehicle was detelnira was 8-10 tonnes depending
to the waste types, except in case of organic waste due smitificantly lower density the
transported amount is only 4,17 t for one vehicle [5]. Vhties for collection and for
transportation were determined separately, but with the sasthodology. From the distance
[km], the average fuel consumption [l/200 km], the densityheffuel [kg/l] and the lower
caloric value (LHV) of the fuel [MJ/kg] the energy consuimpbf collection and transportation
[MJ] was determined that was divided by the weight of the wastgst the specific energy
consumptions [MJWkst.

The amount of emitted GQluring collection and transportation was determined in two
ways. The higher values were used later on, that werelai@durom the consumed fuel [I],
the density of the fuel [kg/l] and the specific £@mission factor: 3,17 kgokgre. In those
cases, when more than one fraction of waste was traedgarthe same vehicle at same time
(e.g. metal and plastic) the emission values werea#acby the weight ratio of the wastes.

The determination of the specific values for pre-treatrigemore simple as the methods
are not so complex, and the literature often offers frahles. In case of landfilling the energy
consumption and the G@mission of the tracked vehicles operating on thefilanduld be
taken into consideration, but the values are ordermajnitude lower than the ones of
collection and transportation, and literature data caadly be found, therefore they were
eventually excluded from calculation. Direct incinerati@as pre-treatment, but its values were
later subtracted by differentiating the gross and redyred energy of the incineration. In case
of RDF production several pre-treatment steps are neededingy, separation, cracking and
compression of the incoming waste, that consumes elgctrRecycling needs as well
grinding, separation, cracking, and also heat energy katimecertain materials. Technically,
emissions do not come directly from pre-treatments; @@issions occurs due to electricity
consumption.

Utilization is the most critical part of the waste tmeg methods. This is where energy
generation may happen. Many factors can be and shouétkée into consideration to create
an accurate model.

In case of selective wastes the amount of the produceddsegoraw materials were
calculated form the incoming waste and the produced segondav material ratios
[Kgprod/Kgwastd that were determined based on literature data. Except in afagtastic
(0,59 kg/kg) the values were between 0,86-0,94 kg/kg [4]. Recyclingseyise avoided
emission by using secondary raw materials. These v&lt@kgodtwaste 722 KGoAtwaste
1120 kgotwasteand 9855 kgooftwastefor paper, glass, plastic, and metal respectively. [4].

The ratio of the produced biogas from organic waste is @&utt/kg in the reactors [6].
Thus the volume of the biogas from 4167 kg incoming organic Vie8&3 nithat represents
18000 MJ energy, as its LHV is 21,6 M3/[h], thus the mass specific chemical energy of the
organic waste is 4320 Md/laste Using biogas IC engines heat and electricity can ber gk
After subtracting the self-consumption of the reactors M&@twasteand 1428V1Jn/twasteCan
be generated through the whole process: 8@roduced during biogas production as well, as
the second most important component of biogas is, @ during combustion. The specific
emission is 387 k€ Ou/tor waste

Power generation during the composting of organic wastetigpuied at industrial
scale. However, energy consumption occurs as the comspustded to be twisted and riddled.
Specific CQ emission during composting is relatively high: 1850 kgétte[4].
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The landfilling of municipal solid waste produces landfill gakich is similar to biogas.
Literature data show significant differences, therefoeglium value of 120-250 tury waste[2]
were used, namely 185°Mary waste CONsidering 23,2% average dry content of MSW the
specific volume of the produced landfill gas is 43tmsie The combustion of it in Biogas IC
engines can generate 3¥Bw/twaste heat and 22K Jel/twaste €lectricity. The specific CO
emission of landfill gas and its combustion is 83d¢jwasts

The direct incineration of MSW generates 1MJe/twaste€lectricity and 1004MJn/twaste
heat in the only existing Hungarian MSW incineratol. [Bhe specificCO, emission of the
incinerator is 850 kebtwaste[3].

In case of RDF production 2425 Mtyaste heat and 10481Je/twaste €lectricity can be
generated. Specific G@&mission turned out to be approximately 110dstjwasts

It is important to take it into consideration the posatiment of wastes, that is the
treatment of the residues of the certain treating otsthbecause many times it means energy
consumption, while in some cases it has energy genepattential, as some residues of certain
treating methods could be input materials of other methadexample, RDF can be produced
from the residues of plastic and paper recycling, thusdmhelectricity can be generated as
well. On the other hand, the residues of metal and géas&ling are deposited in landfills
without any energy generation, but energy is neededhdartransportation. The values of the
post treatments are calculated by the weight ratiobeofeésidues and the input materials of
their next treating methods.

3 LCA BY USING GABI TS 6.

GaBi ts education software was used to create the LCA magelying the data of
manual LCA as an inventory. The non-selective municipkd seaste treating methods, like
landfilling, direct incineration and RDF treating methodseveompared in this way. The
structure of these models were based on the manual lSGAese models are also separated in
four main sub-processes. All three models in the softwanmtain the collection and
transportation process, that are quite similar to eaabrobut operates with different data.
Fig. 1. shows the general structure of this process.

EU-27: Diesel mix at B

refinery ts

16,9 kg

lz;aa ka ll‘*rkg

Mation: ‘Waste px-ﬁl Lo Truck bs <u-so |J-§:i’l Lo Truck bs <u-so> p-‘m'
1E00+ kg Collection 1E004 kg Transportation

Fig.1. The general structure of the collection and transportation process in GaBi ts 6.
[6]

Landfilling and direct incineration models were quite simapgethey were made up from
previously defined processes of GaBi database (EU-27: MSW rdtiilla EU-27: waste
incineration of MSW, HU: Electricity grid mix, EU-27: Heat)ottever, the model of RDF in
GaBi was complex, as some special processes were mo¢diefeviously. Fig.2. shows its
final structure.

Diesel
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NON SELECTIVE: RDF PRODUCTION

Process plan:Reference guantities .
The names of the basic processes are shown, Waste incineration

of textile {ELI-27: Waste incineration of textile fraction in -~ B¢

(S = Heat
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3 municipal solid
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‘Waste incineration .
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cracking, compression . . e
LU0t Transport: ROF rest - metal /= DE: EAF Steel billet [ Slab B+ i 2
m— et al scrap =— — Metal scrap = } Bloom ts <p-aggs Elboziieatls e
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waste deposition T
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e . -3,15E003 M1

1E004 kg

Collection and ks’
transpart to RDF plant

Fig.2. The structure of RDF production model in GaBi ts. 6. [6]

The collection and transformation, heat and elecyrigdgtneration of the three models are
build up the same way. The main difference is the pratgeprocess between the three models
In case of RDF production model a process for grinding ragpa, cracking and compression
of the MSW is needed where the metal fraction, which goescycling, the RDF fractign
which is transported to the RDF incinerator, and rest, winias to landfill, is separated. The
RDF incinerator process was not available in GaBi databasefdne its incineration was
modelled separately according to its materials (textiéestic and paper).

4 RESULTS

Recycling compared to primary raw material use is favoar&bim both energy and
environmental point of view. The amount of saved energynietal: 37,03 GJ/t, plastic:
1,48 GJit, paper: 4,67 GJ/t and glass: 9,87. Gultase of GWP the ratios are quite the same.
The amount of saved GWP for metal: 9,86Mtwaste plastic: 1,12dodtwaste paper:
0,56 toAtwasteand glaSSZ 0,72 b twaste

In case of organic waste treating methods biogas productioad out to be the most
favorable method at both aspects. Composting is not priglaciy energy because it is not
developed at industrial scale yet, while biogas productionrgerse1420Jn/twaste heat and
986 MJel/twaste€lectricity through the whole treating process.

Fig. 3. shows the energy comparison results of MS\Witrg methods for manual and
GaBi LCA caselLandfilling has quite the same values in both cases, andajes¢he lowest
specific energy. In case of the other two treatinghods there are significant differences for
manual and GaBi LCA, that is caused by the technical levédrdifces of the modeled
facilities. For direct incineration the net generated ieanuch higher in case of GaBi LCA,
because GaBi database contains EU average for heattgemdoat in case of manual LCA
data of the Hungarian direct incineration plant has mowfer efficiency The differences in
case of RDF production is caused by the same reason. Agakudoes not have any RDF
incineration plant, which uses only RDF, in case of mah@A data of a recently built
Swedish RDF plant was used, that operates with the beitdlae technic. Therefore, manual
LCA showed better results, than GaBi LCA, that usdsakterage values.
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Fig. 3. The results of energy comparison for manual and GaBi LCA [6]

The environmental comparison is more accurate using an Ld@i#vase, as more
complex product chain can be examined and several impagocts can be calculated. Fig. 4.
represents relative environmental impacts of MSW treatiathods in case of the examined
impact categories. Landfilling has the highest impaaase of acidification, eutrophication,
fossil GWP (excluding biogenic) and photochemical ozoneiorea®DF production has the
highest impacts in case of total GWP (including biogenie) Biogenic GWP. The direct
incineration is the most environmentally friendly methazhsidering almost all impact
categories, except biogerGWP.
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Fig. 4. The results of GaBi LCA for the examined impact categories [6]

41



LCA OF WASTE MANAGEMENT SYSTEMS IN BUDAPEST

5 SUMMARY

Based on the study, direct incineration proved to bartbst favorable MSW treating
method from both energy and environmental point of view coedpty landfilling and RDF
production as it generates significant amount of useful duac electricity thus emissions of
other power plants can be saved, meanwhile does not rem&rgy demanding pre-treating
technology.
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THE LIFE CYCLE ASSES 60 (17 2) 7+( 3/,9$EBFUTURE
3$5.7 ,1 )7

, VWYiQ )1,iI9LI\QNyULD % .RYiFV
1 Department of Energy Engineering, Budapest University ofifi@logy and Economics

Abstract 7KH /LYDEOH )XWXUH 3DUNYV HOHFWULFLW\ DQG WKH!
examined in order to be able to determine the level of self-reliability of the Park. Based on the
energy balance of the Park a Life Cycle Assessment was conducted to determine how the
environmental impact of the Park changed after installing the renewable energy sources. The
investigated impact categories were global warming potential (GWP 100), acidification
potential (AP), eutrophication potential (EP), photochemical ozone creation potential (POCP)

and primary energy demand (PED).

Keywords Life Cycle Assessment, LCA, renewable energy, sustainable development

1 INTRODUCTION

The aim of this paper is to examine the environmental impiatie Livable Future Park
LQ )yW IURP- BnQ erMpodreit engineering perspective using life cyclessissat
(LCA) methodologyFirst the energy system gfy @hd the energy and material flows within
the Park was examined. Then the LCA model of the Parkcveaded using GaBi 6. software
to estimate environmental impact of the Livable Future Pamsidering the following impact
categories: global warming potential (GWP 100), acidiftcapotential (AP), eutrophication
potential (EP), photochemical ozone creation potential (P@@&)primary energy demand
(PED).

7KH /LYDEOH )XWXUH 3D U % halré¢a BiXhe QlationaQChildwn Ba@etd
ServL FsHHypotherapy Center [2]. The aim of the Livable Futeaek is to examine the pros
and cons of decentralized energy systems, renewableyesmugces, their connection to the
grid and how they work and perform in a real life environm@it.achieve their aim, the
following were installed [3]:

Electricity production:

X Solar panels (nominal power: 38.6 kW)
X Wind turbine (nominal power: 20 kW)
X Water turbine (nominal power: 200 W)

Thermal energy production:

X Heat pump, supplying the Visitor Center with heating/cooling (nahpower: 14 kW)
X Solar collectors (nominal power: unknown)

7KH 3DUN DOVR UHFHLYHV HOHFWQGFQWW XWHRR WERM (U
gas supply chain in Hungary.

Additionally a battery of 40 kwWh was also installed to stbeeextra electricity when the
production was higher than the demand.

The following energy consumers can be found in the Rar&et lightning, field lights
HOHFWULF FDU FKDUJHUV V SWU LRW OHW VZ K/IW BE®RY TW LBEH.OWRR
above categories).
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2 ELECTRICITY

In the examination period (which lasted from 2014.04.15 till 2015.04d4&)y half of

the consumed electricity was generated by the solargaviale the wind-DQG ZDWHU WXUEL
contribution was negligible, as the wind turbine was harggrational during the examination
SHULRG DQG WKH ZDWHU WXUELQHTWHG WRREKH RWKHI GHLC
producers. Therefore significant amount of electricitys waken from the outside grid. As a

result, the Park was nowhere near self-sufficient regaralectricity balance in the
examination period; as the park produced only about 44% of itetetaticity demands (Table

1.).

Table 1.Electricity supply and consumption of the Park [1]

Electricity Source Produced Electricity Total Consumption
y [kWh/a] [kWh/a]

Solar Panels 28000 43,8%

Wind Turbine 1 0,0%

Water Turbine 62 0,1% 64000

(/0 %power grid 35937 56,1%

3 THERMAL ENERGY

Similarly to the electricity balance, the thermal gyesupply and demand was also
examined in the above mentioned one year period. In thisdpehe solar collectors and the
heat pump produced about one fifth of the total yearly thbemergy demand of the park,
therefore 80% of the total thermal energy demand needssldovered by natural gas supply.
So the Park is only about 20% self-sufficient, as th&r smllectors covered about 8% and the
heat pump about 12% of the total thermal energy consum{iable 2.).

Table 2.Thermal energy supply and consumption of the Park [1]

Thermal Energy Produced Energy Total Consumption
Source [kWh/a] [kWh/a]
Solar Collectors 9337 8,0%
Heat Pump 13693 11,7% 117000
Natural Gas Supply 93970 80,3%

4 LIFE CYCLE ASSESSMENT

In order to conduct the life cycle assessment of the Paiknglified model had to be
created where the energy and material flows are ea®idw. This is called the Simplified
Model of the Park that consists of 3 main parts as showiyg. 3.

1. Livable Future Park, that is divided into the following subgaries as well:
Electricity Producers: Solar panels, Wind turbine, Watdgimher
Battery
Thermal Energy Producers: Boilers, Solar collectors, Heatp
Consumers: Car chargers, Sprinklers, Field lights, Sligletning, Stables, Other
consumers

2. 7TKH (/0 %l&ctficity grid

3. The Natural Gas Supply

X X X X
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(Analysis period )
2014.04.15- 2015.04.15) Livable Future Park

Consumers

Car charger {wall)
50 kKWh

(stable) | Car charger 2

48 kWh

Solar panels Wind turbine ’

»O—+| Battery Sprinkler 1
: 380 kWh

Solar panels
(offices)

2219 kKWh

Field lights
489 kWh

NATURAL GAS

Street lighting
1457 k\Wh

Stable
Part of "Other”

Boilers 5 Solar
(Naug = 98%) collectors

Heat pump

Wisitor center

Part of "Other”

Water turbine |— ’ Sprinkler 2 |

i
A

___[ Other
- (54902 k'Whe)
— e (93826 kW)

ELMO

Fig.3. Simplified model of the Livable Future Park [1]

Based on the Simplified Model and the energy and matéatfoetween the different
energy sources and consumers, the GaBi model was bgil4(l-

45



7+(1,)( &<&/( $66(660(17 2) 7+( 3/,9%3%/( )8785(i3$5." ,1)

HL: Electricity grid misx ol
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EEIectricity Consumers K=
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L5 nsenn4 t3
E|El:tril:ir:':.-'
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Thermal Energy == FThermal Energy =2
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&,29E004 [ ay (M3) " Consumers
Therrmal energy N
8,31E003 M1 {heat pump- 4
Thermal. EnEry
(Fiitgs) 3,33E005 M]
P "Boilers <u-sa= L
HU: Matural gas mix PE [ 5 Mabural gas, ak N p
7,36E003 kg consumer Hungarsy r

Fig.4. GaBi model of the Livable Future Park [4]

7R EH DEOH FRPSDUH WKH HQYLURQPHIQRWDO NPFRBWAW VI
UHQHZDEOH EDVHG V\VWHP WKH ZBHQ LBYXPA® *O\%W P RHBVH O LPISN

well. The Original System consists only of the followihgneents (Fig. 5.)

1. Original System:

X AC (for covering the cooling demands of the Visiton(&e)

X Boilers

x Consumers: Sprinklers, Field lights, Street lights, Othe

2. (/0%
3. Natural Gas Suppy
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(Analysis period- Original system (non-renewable)
2014 April 15 - 2015. April 15)
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Fig.5. Simplified model of the Original System [1]
The GaBi model of the Original System can be seengn@-i

HU: Electricity grid mix == . HU: Electricity grid mix == . 'Electricit'y' Consumers X ==
tproduction mix) {produckion mix) e Pl iy e
2, 14E005 M1
Iz cE0nz ma
Electricity

v . = " f
Air Conditioner <u-sox p Thermal Consumers X ==
Iy

Cooling demand (M) =
g, 31E003 M3
Thermal energy
Fram natuy =,
Trem Naty  21E005 M]
; "Boilers <u-so= B
HU: Matural gas mix PE LB Matural gas, at  [Baners Sumse p
9,17E003 kg consumer Hungary r

Fig.6. GaBi model of the Original System [4]

Once the two GaBi models were constructed, the following impatetgories of both
systems were examined: global warming potential (GWP 10@)ifieation potential (AP),
eutrophication potential (EP), photochemical ozone cregi@ential (POCP) and primary
energy demand (PED

Figure 7. shows the results for each impact categorysm chthe Livable Future Park.
The highest impact are caused by the electricity andalafas supply. Except in case of GWP
100, these are responsible for more than 90% of the totabamental impact of the Park.
Boilers have significant share in GWP 100 only, namely 4E%uaning natural gas in modern
condensing boilers results in G@ithout significant NOx, CO or hydrocarbon emissions. The
contribution of the renewable based electricity- andntaéenergy producers is minimal, only
1-6% depending on the examined impact category. This meana #0% self-suffieicent
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Park +where outside electricity or natural gas is not requitecbuld have a negligible
environmental impact compared to the current situation.

The genereted excess electricity fed back to the griddgetive values in case of all five
impact categories, as expected, because these repghesambided emissions of non-produced
electricity of the Hungarian electricity mix, saving 13-22%aet&ding on the examined impact

category.
100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
-20%
- 0,
30% AP EP GWP 100 POCP PEDf
[kg SO2-€] [kg Phosphate-e] [kg CO2-e] [kg Ethene-€] [MJ]
H Electricity (in) 34,66 6,63 23168,85 4,63 517189,06
H Electricity (back) -9,67 -1,85 -6463,23 -1,29 -144276,06
m Electricity producers 0,03 0,00 5,02 0,00 81,10
® Natural gas 8,61 0,82 4660,57 3,23 385310,02
m Boilers 1,69 0,43 19674,01 0,42 0,00
u Thermal Energy producers 2,87 0,22 667,15 0,20 10948,73

Fig.7. Environmental impact of the Park and the Original System [4]

Fig. 8. shows all examined impact categories, where the vafug Original System
ZHUH DVVXPHG WR EH DQG WKH LIQWIDEX@H QX WXKLHH VIDYUHNT
were reprepsented compared to this. The reduction of the emritahimpact in case of each
impact category were significant, around 30%. This alignswigil the findings that the Park
is about 40% self-reliant regarding electricity and 20% sdifunt regarding thermal energy.
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Fig.8. The Impact Categories of the Park and the Original System [4]

5 CONCLUSION

In conclusion, the Livable Future Park is not completel§-reliant; a significant portion
of both electrical and thermal energy comes fronuilside grid. However, about 30% of the
3DUNTV HQHUJ\ UHTXLUHPHQWYV DWUWHRKRF¥HWVHG EG W R QHZTRAL
this, the negative environmental impacts of the Park weltecesl by about 30%.

Further developments are still possible by installing additioenewable energy sources,
in particular solar panels, as they turned out to be ti& efficient electricity sources in the
Park. Another possibility would be to fix the issues wfité wind turbine as that could also be
a significant electricity producer in the Park.

While there are still many possibilities to improve thekPiiis possible to say that even

RI WKH 3D U tefrdnds Qddld Bé covered by renewable sources. And due to the

two-ZD\ FRQQHFWLRQ ZLWK WKH (/0% TV GGXAK eRgHhaBIMUN FRX
consumes and supply that extra energy back to the grid.
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LIFE CYCLE ASSESSMENT OF A GRID-CONNECTED
PHOTOVOLTAIC POWER STATION

Marcel O &VXUQ]IyNWyULD %DWEDUD .RYiFV
1 Department of Energy EngineerirBudapest University of Technology and Economics

Abstract: A cradleto-grave life cycle assessment (LCA) was conducted to estimate the
environmental impact of a planned photovoltaic (PV) power station meeting the power demand
Rl WKH YLOODJH 1D JVka hyses3rhent Wa® Bd3dl\on the annual power demand.
The investigated impact categories were global warming potential (GWP 100), acidification
potential (AP), eutrophication potential (EP), photochemical ozone creation potential (POCP)
and primary energy demand from non-renewable resources (PEDf). The energy péiyaback
(EPBT) of the investigated PV power station was determined as well. The assasament
conducted with GaBi ts 6 software.

Keywords PV power station, LCA, GaBi, PEDf, EPBT, GWP, AP, EP, POCP.

1 INTRODUCTION

The use and research of renewable energy resourcesdaverogressed rapidly in the
last decades. Renewables can be a possible solution tcackittee fossil based energy
production thus mitigate the global warming. We must consiggithe use of renewables (e.g.
photovoltaic power plant) instead of conventional energy rg¢ing units may reduce the
environmental impact of power generation. GaBi ts 6. lifeecgsbessment software is suitable
to examine this question.

A comparative® F U X&dJHD Yifel Cycle assessment (LCA) was conducted to estimate
the environmental impacts focusing on the hotspots of a gdagnd-connected PV power
station near Nagy i] V RKungary. The grid-connected PV station consist of 7 12@gpiet
250 W polycrystalline solar panel produced by Solar World compd@hg PV plant has
1 780 kWe built-in total capacity. The plant fulfils theattic power demand of the village but
the electricity produced by the plant can be fed into tbetrecal grid and it works with net
metering system.

The aim of the study was to determine the global warmingnpate(GWP 100),
acidification potential (AP), eutrophication potential JEPhotochemical ozone creation
potential (POCP) and primary energy demand fram-nenewable resources (PBDf the
planned PV plant estimating the emissions of the paddugtion and plant construction
processes. The important input data for the assessmehe iplanned annual electricity
generation (2 091.5 MWh in the first year) which definesntla¢erial and energy demands of
panel production and construction. By the help of GaBi tergergy pay-back time (EPBT)
was estimated as well.

2 LIFE CYCLE ASSESSMENT

Life Cycle Assessment is the compiling and evaluaticth® inputs and outputs and the
potential environmental impac81 D SURGXFW V\VWHP GXULQJ WKH SURG
DQG ,62 GHILQH WKH VWDQGDUGVHRURKG D& VKR IE&EIG M
inventory analysis, impact assessment and interprefdfion
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2.1 GOAL AND SCOPE DEFINITION

This study focused on the total emission of a large-sdalpldht, thus all the processes
RI1 WKH -td- UV D'H CeLof theFpldhare included in the analysis. The enviroiahe
impact is minimal during the operation of the plant and gheatest impact arose during
manufacturing and assembly. There were aggregated PV pla@spes available in GaBi
database, but the assessment was not done with ang lbo@iittiin PV processs because the
circumstances were different in case of all plantahdifferences should be taken into account
The GaBi model was based on the planned PV power plant; anelstiies were compared to
other power plants that are included in GaBi database.

A PV plant uses no or only a few resource for its operatiging its lifetime (25 years
for the panels). The maintenance of the PV plant aaddplacement of the defective units
have low contribution in the total environmental impacthaf whole life cycle. Therefore the
model focused on the most important and best developed profcién life cycle which is the
photovoltaic panel production. This process consists dbileving four sub-processes:

X electronic grade silicon (EGS) production,
x wafer production,

x cell production,

X panel assembly.

The following processes are needed for the electricéibseof the PV park:

X inverters and transformer process,
X electrical installation process.

The following two processes belong to the mechanicaltogi®n of the park:

X supporting structure process for the PV panels,
X service road process for the construction phase qfidime.

There were not available any built-in processes for PVImarather parts production of
the plant in GaBi databases, therefore these processesmgated from elementary flows like
36LOLFD VDQG” RU 36XOSKXULF DEIHKGYHDUFEDVHG RQ OLWHU
'‘XH WR Wkt FJBDPBOBVVHVVPHQW WKR YV HargeWwahtittk DOV W k
for construction of the plant are recycled or deposfeet demolition of the plant. Most of the
aluminium, steel and copper have been recycled. Halieplastic waste was deposited and
the other half was incinerated in an energy generatiocegs. The produced energy (heat and
electricity) was used to cover the energy demands trarsakeng the primary energy demand
of the model. Glass and inert waste were deposited ofillahdorder to model aluminium
and copper recycling some processes needed to be createsdimdaagbuilt-in processes e.g.
3&UHGLW IRU UHF\FOLQJ RI VWHHO VFUDS"~
Beside the environmental impacts (GWP 18®, EP and POCP) by the help of
GaBits 6. PED and EPBT were estimated as well. In order to caedyaamic model a global
parameter was defined, which was the built-in capacith@fpiant. Each flow was specified
with the global parameter, thus built-in capacity deteesithe material and energy flows that
are needed for the construction of the plant and its@mwiental impact. Fig. 1. shows the
3F U Bt& OWHD YGA GaBi model of WKH SODQQHG 39 SRZHU SODQW LQ 1D
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Fig.1. GaBi model of the planned PV power plantiid J\Yi]VRQ\ > @

2.2 LIFE CYCLE INVENTORY (LCI)
The Life Cycle Inventory (LCI) phase involves the commlatand quantification of
inputs and outputs for a product system. [1]. There are &lams; 21 processes and 89
GLIITIHUHQW IORZV LQ WKH *D%L PRBHE®QLEJ JUDFHKRVZLVO WK
SUR G X FWdlar @ detedsE The LCI is based on literature redeand the methodology
and principles were the same in case of the creatieaah sub-plans and processes.

Sodium <u-so= ¥ oE Hydrogen ts [ = CE: Electricity grid mix i Raw material transport: it
1kW-B0kY ts <U-s0>
st ot bk big
rogen : i
dSDdiumd -:I L | IEleu:tricitv I;«;I;scizrtlng
. Sodium fydraxide :
DE: Sodium hydroxide I (100%; ciiustic l
{Fram chlorine-alkali 7,5ka d * * *
R soda) iDE: P panel silicon p:('ﬁ'
Hydrated lime dry bosas
DE: Calcium hydroxide 0,59 kg slaked '

(CalOH)2; dry; slaked lime)

Sulphuric acid ag. I [ I |

Fluorspar {calcium ker
fluoride; fluorite)  salinated;

deionised)

52 kg -2,35002 kg

EU-27: Process water ts B

DE: Sulphuric acid (965%) B 0,082 kg (9E%)
ks
Alurriniurn sheet Quartz sand [0[Z)
12 kg |20 kg
DE: Aluminium sheet mi: B LE: 5ilica sand [ o Fluotspar <u-so= [
ks (Excawation and processing)

Fig.2. Electronic grade silicon (EGS) production sub-plan [2]

53



LIFE CYCLE ASSESSMENT OF A GRID-CONNECTED PHOTOVOLTAIC POWERATION

In order to get a dynamic model all the material and erftogsg have been specified to
1N: EXLOW LQ FDSDFLW\ RI WKH 39LBRQD GWR F@ \#8 9WIKMD DMD E
was set to1780 in order to get the planned built-in capacityed®?V plant.

2.3 LIFE CYCLE IMPACT ASSESSMENT (LCIA)

Unlike the LCI, which only reports sums for individual emissiahsg, LCIA includes
methodologies (CML 2001 [3]) for weighting and combining défgremissions into a metric
for the potential impacts of significant LCI. Through LCilde environmental impacts of the
planned PV power plant were categoriz€te inputs and outputs are first assigned to impact
categories, and their potential impacts quantified accgrirtharacterization factors [3]. The
investigated impact categories [4] are: GWP 100, EP, AP, POCP.

The global warming potential (GWP 100) is a measure otthission of greenhouse
gases (GHG) such as g@®FC, and CH and is expressed as kilogram of £uivalent and
spans a time horizon of 100 years. The acidification pialgi\P) is a measure of emissions
that cause acidifying effects to the environment, and is esguless kilogram Sf&equivalent.
The most common acidifying compounds are sulphur dioxide raindgen oxide. The
eutrophication potential (EP) is a measure of emissioaisdause enrichment of nutrients in
the environment and is expressed as kilograms of phosphatealent. The photochemical
ozone creation potential (POCP) is a measure of precemnsigsions that contribute low level
smog (summer smog), produced by the reaction of NOx and tarthats under the influence
of ultra violet light. It is expressed as kilogram ethylegivalent.

The results of the impact assessment are shown oB.Fidne 100% stacked columns
show the contribution of the different processes in ithneestigated impact categories.
The production of PV panels is very energy- and matariahsive therefore the production
from raw material to the finished panel is responsiblaiab6% of the total AP and POCP as
well as almost 80% of the total GWP 100 and EP of the planngda®t/ However, with waste
management 16% of GWP 100, 12-13% of AP and POCP, and 4% ahHf saved.
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AP EP GWP 100 POCP
[kg SO2-€] [kg Phosphate-e] [kg CO2-€] [kg C2H4-€e]
mEGS 2,49E+03 4,19E+02 1,31E+06 1,26E+02
= Wafer production 2,41E+03 6,56E+02 7,55E+05 1,99E+02
m PV Cell production 5,13E+03 4,36E+02 1,78E+06 5,29E+02
= Panel production 3,10E+03 2,77E+02 8,06E+05 1,11E+02
Electrical installation 6,78E+01 5,25E+00 1,35E+04 6,29E+00
= Inverters and transformer 9,60E+02 4,78E+01 1,10E+05 6,17E+01
Supporting stucture 6,63E+03 2,77E+02 5,38E+05 3,74E+02
m Service road 3,69E+03 2,62E+02 7,38E+05 6,93E+02
Waste management -3,20E+03 -9,07E+01 -9,83E+05 -2,42E+02

Table 1. shows the LCIA results of the planned PV plamdehcompared with other
built-in GaBi power plants. Nuclear plant, hydro plant anddmMarm have lower emissions
than the planned PV plant in all considered impact caegdn comparison with fossil plants
and the Hungarian mix, the planned PV plant is more favourablé has much lower
environmental impacts.

Table 1.LCIA results of the PV plantid DJ\Yi]VRQ\ FRPSDUHGnBEBVK RWKHU

Fig.3. The share of the processes [2]

power plants [2]

GWP 100 AP EP POCP

[t CO-eq] | [kg SO-eq] | [kg POP-eq] | [kg C:Hs-eq]
39 SODQW LQ 1| 507E+06| 2,13E+04 2,29E+03 1,86E+03
PV plant 2,17E+06 | 7,71E+04 6,27E+02 1,14E+03
Hungarian mix 2,19E+07 | 3,23E+04 5,68E+03 3,91E+03
Natural gas plant 2,72E+07 | 1,89E+04 3,25E+03 4,60E+03
Coal plant 6,87E+07 | 2,33E+05 1,63E+04 1,60E+04
Nuclear plant 2,32E+05| 1,45E+03 338 161
Hydro plant 2,67E+05 502 64,8 37,3
Windturbine 4,33E+05| 1,27E+03 134 68,4

Fig. 4. shows the contribution of the considered GaBigs®seto the total PEPof the

7KH WZRQGWHHU D RW W KRRQHWY RHF ©
is included while on the second excluded from calculation.réason for this comparison is

that only a land path leads to the planned site of the gtaibttan be justified to build an asphalt

road. On the other hand, under the land path the soil ipaied, mainly limestone therefore

even heavy vehicles can use it in the constructiongpbéshe plant. In that case the road
FRQVWUXFW LR Thevi@d WEREMiHFdadpheltedJroad is 43,4 GWh and without it

39 SODQW LQ 1DJ\Yi]VRQ\
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20,9 GWh. Much energy can be saved excluding this procésdfad the PEDis required by
the service road.

Excluding the service road the panel production chain poresble for almost 90% of
PED, its most energy demanding process is PV cell productiimitsi33% contribution.

m EGS production

= Wafer production
PV Cell production

16% = Panel production

= |nverters and transformer
Electrical installation

= Supporting stucture

1% = Service road
0

0%

33%

Fig.4. Contribution of the considered processesto PBD WKH 39 SODQW LQ 1DJ\Yi]VR

The energy pay-back time (EPBT) is 23 years with aspthalervice road and 9,5 years
without building the road. Regarding the 25 years plannehigedf the plant, the second case
has a decisive advantage from the environmental and ecoaiqroint of view as well.

Analysing the waste management can be stated, thatymjingovaste materials not only
the amount of invested resources can be reduced, but witlyeaeogering from plastic waste
combustion 10% of PEDnamely 3,6 GWh can be saved, thus the EPBT can be rstariéth
more than 2 years.

3 CONCLUSION

This study focused on the environmental impacts (GWP 100, RPPBECP), PED and
EPBT of WKH SODQQHG 39 SRZHU Si@DQIW results dDtla PV pléo \
showed that in comparison with fossil power plants antd thie Hungarian mix photovoltaics
are more favourable solution, but the nuclear, watervand power plants showed better
environmental performance.

Analysing the life cycle of the PV plant it turned out,tthlae hotspot is the panel
production process chain as it has the highest environmematt in case of all investigated
impact categories. The service road had relatively low itnmac the environmental
performance of the PV plant. But from the point of viewP&D: and EPBT the service road is
the hotspot, as it is responsible for more than hathetotal PER Since the service road is
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not necessary for the plant operation, both indicatansbe reduced by more than 50% if this
process is excluded from the model.

There are possibilities to reduce the environmental impaeisenergy demand of
photovoltaics, since the manufacturing technologies ofgvadtaics are constantly evolving
so that photovoltaics could compete nuclear, water and windrguargs in the future.
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SIMULATION AND DESIGN OF AN ENERGY SYSTEM WITH SOLAR
COLLECTORS, PV, FUEL CELL CHP AND GAS BOILER AT
EHINGEN, GERMANY

Muthalagappan Narayanan', Gerhard Mengedoht', Walter Commerell*
Hnstitute of Energy and Drive Technology, Ulm Universit Applied Sciences, Ulm, Germany

Abstract: As part of intelligent home energy management (IHEM) project, a demonstration
VA\VWHP RI WKH SURMHFW LYV piEXited WithXSBlaDdMleétars, Ghierimal* P E + 1\
storage tank, gas boiler, fuel cell CHP, Photovoltaic modules, battery, inverter and control unit

for these systems which would demonstrate the co-working of all these units efficiently. The
building is modelled by TRNSYS which is coupled with the energy system in TRNSYS and the
fuel cell is coded in Matlab and coupled. The building is very old and has 41MWh/a space
heating requirement. With respect to the available options for the energy system, the system is
designed to achieve 15% total solar fraction and additional 10% excess energy from electrical
system for thermal energy demand and a 100% self-production of electrical energy demand.

Keywords:solar energy, TRNSYS, renewable energy, energy management.

1 INTRODUCTION

Currently Hochschule Ulm along with Sailer GmbH and off@tners is working in the
project - Intelligent Home Energy Management (IHEM)dad by BMWi. The main objective
of this project is to integrate thermal and electricahpgonents with more energy sources at
high efficient operation in a household for high selfizdtion. For an intelligent control of
such system, the load and production energy are fordcaste an optimum predictive
operation strategy is found out so that the system is migtedficiently optimized and self-
utilization prioritized with maximum possible renewable egen@fio but also economically
and strategically viable. The subjective goal of the prageict have an integrated home energy
system communicating to all the components through a supmanagement and control
component.

Hochschule Ulm is involved in simulating different buildinggh TRNSYS and finding
out the design and sizing of different thermal and etadtgystems like fuel cell CHP, gas
boiler, solar thermal collectors, PV, thermal storgé & battery such that the demand of the
buildings are met. Also one final step of the project isrect a demonstrator with all these
system components and showcase the intelligent conldhgegrated working of these. Also
Hochschule Ulm is involved in design and monitoring ofdeenonstrator. More information
about the project can be found at [1].
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Intelligent ML/
Home Energy Management EEE :/I\:

m

--------------------------

N _ _ ‘ ’

Fig.1. Overview of IHEM [1]

1.1 DEMONSTRATOR

In this paper, we will discuss about the demonstratoesysf the project IHEM. As a
conclusion to the developed control strategy and systeémups, it was decided to have a
real running system which will realize the research aa#witihe demonstrator is being built
upat 6DLOHU *PE+TV SUHPLVHV DWN(REZZE).H@e baididdi® g
LQGXVWULDO FRPSOH[ ZKLFK LV EXL ®wWwhich 275 fivhéa@& KDV D
by this demonstrator system. Below in Fig 2 the layouthef uilding shows the heated
(orange) and unheated (blue) adjacent zones. The U valboe bifiiding is not the best as the
roof has only 10 cm insulation with 0.34 Wiwhile the floor has no insulation with U value
1.5 W/ntK. Also the windows are 1.6 WA while the outside walls are 1.06 Wik Thus
the building results in a space heating requirement useergy from the radiators) of 45
MWh/year which accounts to 163 kWH/per annum for the heated area. There is also hot
water loads in the building which is also connected tetieegy system.
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Fig.3. 3D Model of the demonstrator building in TRNSYS-SketchUp Interface

2 METHODOLOGY

The design of the energy system with the componentkstheir dimensions for this
building is being done by simulation results of the ensygyem and the building in TRNSYS.
Due to the fact that this is a complicated system, sinomatf the system is required for
designing the size of each component. For such simugatigh high dynamic possibilities, is
the software TRNSYS (Transient System Simulation To®])fgmous. For the degree of
freedom and its module plug and play concept, it is so flexibd customly designable. Each
of the component in the system is a separate blockirtwhe parameters can be defined. Also
each of the output and input of the components can leecaninected so that they can
communicate with each other. In TRNSYS there are bgedeveloped models available
which can be connected together and integrated as a sysgtrike in Matlab Simulink.
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Furthermore, new component models can be coded and crélsedhe specific structure and
layout of the building with its properties can be modkite TRNBuild with the CAD diagrams
from SketchUp.

2.1 TRNSYS COMPONENTS
x Weather

The simulation was done with the historic weather data 2013 for UIm which is input
via type 99e in TRNSYS via a text input file.

X Solar Thermal Collector

The Type 539 collector model is used as there is capaeita the given collector. The
efficiency curve parameters are input from the data shéee gollector. Also the collector test
conditions, IAM and their capacitance is taken as peddta sheet. The collector area is input
as 23.7 rhgross area. The azimuth of the collector iSgB0uth oriented), while the slope was
optimized to 58 A 60% glycol Tyfocor fluid is assumed to be in theectibr loop. The weather
data is input and the energy gain to the fluid is trarefieto the tank via an internal tank heat
exchanger with lances. A specific mass flow rate of 15/hen 393I/h is used in the system.
As the building roof is facing 25W with a slope of % the collector is tilted towardS'® using
mounting structures and due to the restricted gap betweewdh®ws, Type 30a is used to
calculate the shading characteristics which occurianatinter season with collectors being
shaded early mornings and evenings.

X Storage tank

Type 340 Storage tank modgl] is used in the simulation. The storage tank has a
provision for up to 10 lances and 4 heat exchangers with up to 288 (®ame temperature
layers) and an electrical auxiliary heater. The numbeodes can be input and they are equally
divided from the input height and volume. The tank hea @@ be either given as a value
same in all directions or can be varied between diffgparts of the store. The heat exchanger
and the lances can be combined to have a heat exchahgér will send the hot fluid via
lances to the stratified layer. Also all the lances inpighteoutput height, flow direction and
also the presence of the lance (stratified or diredispo Also the heat transfer capacity rate
have to be input. There is also the facility to haveinternal electrical auxiliary heater which
is more explained if3]. There are also some limitations to the model. It cahawe a lance
with only one inlet/outlet port. It is assumed in the niadat the mass flow in one lance, i.e.
in the outlet and inlet is meant to be a constant v&oealways the lances should be connected
to a closed loop in which the mass flow of the inlet andebof the lances should be same.
Each of the heat exchanger is substituted for a landef | use the maximum available 4 heat
exchangers then there is only 6 lances available faxatheection. This is because whenever a
heat exchanger is connected, there at sometimes ansexl to have a lance connected to this
heat exchanger. Thus mathematically either of the lkxehaager or the connected lance could
only be used. A 2&Sailer Hybrid Quattro tank parameters are input as peftWe BW XW W JD U W §
WHVWLQJ DQG YDOLGDW LR Qrhe ktokagdHaekp in€udas patenmetl Rie&IH W |
which is efficient enough to form layers in the tank suet the temperature gradients inside
the tank are maintained and hence avoiding mixing whichtsesuefficient storage of heat.
The first sub-motive of the project is to size the agertank for design of the entire energy
system. To design the system, the simulations have ¢aried out with a storage tank model
which would be able to simulate the Hybrid Quattro storage fayge 340 component model,
pre-developed complicated tank comporientsed here to model the tank. The parametrization
of the type 340 is explained j4].
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X Fresh Water Station

The freshwater station is basically a heat exchangéra tempering valve and mixing
valve. The advantage of the freshwater station is thatcold water or the ground water does
not have to be fed into the tank and hence the warm wateered is not passed through the
storage tank, thus reducing the possibilities for legioneltavthr and their effects to the
delivered water. In this model, a combination of mixing andoimg valve is connected to
the heat exchanger to design a fresh water stationh&aetransfer coefficient of the heat
exchanger was input as 1500 W/K.

X Building & Space Heating

As described in the introduction section, the building masleléated using SketchUp
DQG 751%XLOG $Q LGHDO KHDW UHTKLDE 6 HYQKH QVHPI®FW O
value is the coupled with the energy system simulatid@imulation Studio with a Type 361
Radiator model which changes this ideal power value inid éoergy and acquires that from
the storage tank model.

X Gas Boiler

Type 700 gas condensing boiler is used for the model. The pdtier gas boiler is input
as 32kW while the combustion efficiency as 0.9 and boiferieficy as 0.85. The gas boiler is
controlled by an external controller and the set psiitiput as 6%C.

X Electrical Heater

There is an option for one internal electrical beatside the tank which is placed at 0.56
relative height of the tank and the sensor is placéddlative height above the heating element.
The internal electrical heater inside the tank is cd@he.5kW and the excess energy from the
fuel cell and PV is being fed in the tank if the the sensmiperature is less than®80 Excess
energy means the energy which is not used by the ielddmad which is available for the
electrical heater before being fed to the grid. One siioatibn is that the electrical system is
3 phased and the fuel cell is connected in just one phaskeoAC side, but here in the
simulation the electrical system is designed singlegxha

x Fuel Cell Cogenerator

The fuel cell cogenerator is a Matlab model developed by Besrgy[5] connected via

a matlab calling function (Type 155). It is basically a taidtere electrical power is given with
which thermal power is located in the table and the btdleperature is calculated as per the
inlet temperature of the water. The fuel cell is a mofléie BlueGen from Ceramic Fuel Cells
[6] which is a 2kW SOFC fuel cell, which takes 30 hours to start up and the fuelscell
therefore running all through the year at 1.5:kWhe thermal energy is also acquired from the
cooling of the fuel cell which is fed to the storage tank. Thentateperature at the tank from
the lance is given to the matlab model.

x PV

The only possibility of PV surface was®8ope and facing 2SE (Azimuth 338). Thus
surface was input with the following values to the type 99. Bafdre connecting the ambient
temperature it has to be converted to kelvin and thus a uniexon routine (Type 57) is
used. Type 94a is used which takes into account the ambiepér@ure and calculates the
power with a voltage and current coefficient. The tempeeatiependent IV curve values are
taken from the data sheet and input to the model. Thatsasn option to include the incident
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angle modifier. For this model, the values from the Bat&et of Aleo Solar S19-295 is input
[7]. There are also different models for different Ppey like crystalline or thin film.

X Inverter

Type 48b inverter is used in this system. This invertevsra simplified inverter. It has
an input of generated power, a load and battery. The only pegafor efficiency is the inverter
efficiency as a number but in reality it is a curve whddfers with power. Maximum power,
minimum battery SOC are among the other simple paramgigr One simplification done in
this model is that the Fuel cell is in DC side. Sinceldhd has to be connected directly to the
inverter, the fuel cell model which has to be in the AC &gl to be connected to the DC side
as a generated power input after adding PV generated poweirtedtier. Then inverter either
sends the power at that moment to load or battery othetovibe grid.

X Battery

The restriction for the battery is that when a simpleerter model is used, the battery
must also be the simple lead-acid model. Other optwadable are Sheperd and Hymann
models. Since we are here with the simple models, sitgpke 47a battery model is used.
Number of cells, charging efficiency and capacity aeeathly parameters of the model. To and
from power of the battery and battery charge contralaiso integrated in the inverter itself.

2.2 CONTROL SYSTEM

The control system is the heart of the IHEM projecesehthere are lots of different
energy sources and loads which has to be optimally comwtrdlke real control system includes
Sailer master controller: controls the solar therstation, space heat load radiator inlet setpoint
temperature and flowra{@]; Sailer fresh water station: This controls the heaharger for
DHW and can also be overridden by Sailer master coatr@FFIS MPC: Forecast utilized
predictive controller for setting up the required technemad economical conditionfo];
OHWHRQRUPTVY %OXHORJ ODVWHU RREYWURROPLDWIKR G WBFO3
master controller [10]

The important factor here is, in TRNSYS it is not posdibleave such a hierarchy in the
control system and hence small controllers which mdiesdame control algorithms are built
up. The solar collector is controlled by a type 2b normabfi controller which looks into the
bottom of the tank and the outlet of the collector. Gas boiler is also controlled by the same
type 2b but it looks into the tank temperature and tretbet to the desired temperature using
gas boiler when it is not achieved. Type 361 radiator madehh inbuilt control which draws
water from the tank at a desired flow rate to satisfysghgce heating loads. The fresh water
station is simulated with a mixer and diverter valve \aitieat exchanger. The source side inlet
of the heat exchanger is mixed such that it satigieDHW loads in the load side and sets the
required temperature and flowrate. The Inverter acts asatb the electrical side which has a
charge controller for the battery and satisfies tlael lfsom the power from PV and fuel cell
CHP and also send the excess power to the grid. With thefredme equations the electrical
heating element in the storage tank is fed in with tleesx power from the inverter before
going to the grid.
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Fig.4. System layout of the Demonstrator

3 SIMULATION AND SIZING
3.1 SIMPLIFICATIONS AND ASSUMPTIONS

1. Fuel Cell Co-generator cannot be integrated in the AC dugeto limitations of the
inverter model and hence is integrated to the DC side afydtem.

2. Since the electrical profile itself is an estimate@,oalong with the average power
demand values, the startup peaks have to be powered by the grid

3. Due to the fixed 2.5kW inverter maximum AC output power and 2.6kWgehar
controller maximum power limitations, the PV system i® alssigned to match this
power.

4. The system is designed to be a simple one phase sy&téin reality it is meant to be
a 3 phase system with loads divided and connected to threespha

5. Also the fuel cell co-generator is supposed to be in onleeo8 phases in the AC side
which is overlooked here.

6. Since the Storage tank model (type 340) cannot have a laticerne port or have an
open loop with 2 lances (as the mass flow in a lancelgHhmuconstant as inlet and
outlet port). Hence, there is a modification in thace load, Gas boiler and DHW lances
conceptZKLFK DUH XVHG IRU WKH 6DLOHRXODWERBRQG YRAD WW
instead of mixing the cold water from the tank with theviater, the return water from
the fresh water station is used.

7. The fresh cold water is assumed to b&CLh winter and 1% in summer and the
delivered DHW water is assumed to bdG5

8. The pipes are not modelled in the simulation as thissisgn energy simulation and the
heat loss through pipes are overlooked.

9. The glycol-water solution in the collector circuitdassumed to have a constant fluid
specific heat and density irrespective of the temperatiuitee solution.

10.The solar collector flow rate is kept at a medium tamtsflow rate in the simulation,
while in the real system the Sailer master controlletrots the mass flow rate
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11.Type 361, the radiator model cannot be coupled with a mixertdivealve combo and
hence had to be connected directly to the tank. Alsgodreesheating power values had
to be printed separately from the building simulation amdrgto the radiator.

3.2 DESIGN OF LOADS AND BUILDING

The thermal loads and electrical loads were estimatedthaéthhistory of the previous
consumption of the building. The hot water loads were aredsfor two weeks in September
with which a yearly consumption profile in 15 minutes wasitge@ using DHWocalc [11] with
seasonal variations and probabilities. The hot wateislase on average 12 kWh on a working
day and 9 kWh on weekends. One of the main reasons focbigsumption also in weekends
is the circulation pump and pipes. When the circulat®rswitched off the hot water
consumption is drastically reduced to 3.5kWh/day on a workingag/ space heating loads
as mentioned previously is simulated and printed from thelibgilsimulation model in
TRNSYS. It could not be coupled with the energy system stioalaue to the limitations of
the type 361 model which creates convergence problems. Cdiwplgrehe building heating
loads are, 45 MWh/annum, enormous since this is an oldtnealuziilding.

The electrical loads are listed from the appliancesneoted to the system which
estimated to have a peak load of 3kW in summer (due toradit@mers) and the startup peak
load can be 6kW which will have to supplied by the grid. Thetridet load demand profile
for the demonstrator is artificially created with thltreadings from Sailer. The measured
average load profile were such that the maximum consumptsrl.3kW with a base load in
the nights at 0.8kW. The readings taken were input for tlekaes and weekend profiles of
spring & autumn. For summer, due to the air conditioners estimated that at mid-days, the
demand is high (3kW). And in winter, it is estimated due tbtdigand increased power
consumption of base loads, the base load would be irctéasd).9kW. Thus with type 14d,
load forcing functions, 6 of them, each for a weekdaysveeekend in Summer, Winter and
transition seasons are created. With type 41a, forcmgjiin sequencers, a profile for each of
WKH VHDVRQV LV FUHDWHG )LQD®OWLIWLRH BRUKNHDW WR@ I
and comparing it with the season periods, picks a loadepfof that season. For now this
profile is then printed to a text file and then input to theutation, but also this whole model
can be coupled to the demonstrator simulation.

3.3 SIZING OF THE ENERGY SYSTEM

The sizing of the system was a back and forth procesgidtly started with the building
of the energy system model after which the boundary itond of the real system were
adapted. Only with the boundary conditions the simulatiodel was optimized with the best
possible configuration. This configuration is then adapteddadhl system sizing keeping in
mind the difference between real system and the siranlatbdel.

Starting with the collector sizing, the 63moof facing 28SW with ? inclination is the
only place available as there are already PV panelslatstal the roof which feeds the grid
and cannot be disturbed. Since the collectors are lmasg fsouth and having an inclination of
55°, the maximum possible area for the collectors areBistnt, 2 rows with 5 collectors each.
It was also unavoidable to have row shadings on wintey eemnings and evenings due to the
restricted row spacing. The gas boiler already presenB82kW unit which is used. The fuel
cell is operated in a fixed nominal power of 1.5k@hd a maximum of 0.6k As shown in
Fig.4 the fuel cell is in a closed loop setup to increase thpeeature of the warm water out of
the fuel cell to a desired temperature with the helphay valve.

Now that the space heating and hot water loads are estiywath this the collector sizing
and the tank model can be optimized. The tank plays anriamaole in the system. Initially
2n? tank, a recommended size for a modern single family hisussed in the simulation and
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later the parameters are optimized to a 3.5torage. It is necessary not only to find the
optimum tank volume but also the inlet and outlet poighis have to be assigned. To start
with, the volume required for the hot water and spacértess required. When it comes to
DHW, the load in this system is not exactly that ofgle family house. Since there is an idea
to emulate a single family house in the future, the syssemiso designed in keeping this in
mind. Along with the autonomy the hot water load volume Isutated to be 700 Liters. As
the space heating (SH) demand is already high, thecepsoblem with emulation of a single
IDPLO\ KRXVH 6)+ 7KH JDV ERLOSIQODRN® DWG 64 HQDWKIRYXHD
The porttothegaERLOHU DQG UHWXUQ 6+ VKRXOG HEBWILADFW®& HUWH
no buffer volume required as there is a direct loop batvwgas boiler and the radiator which
will be engaged when there is not enough hot water in thagetdank.

The electrical system sizing is not as complicateth@shtermal system. The battery and
the charge controller delivered from Steca, one of tbggrr partners, is restricted to 6.8kWh
total capacity & 80% Depth of Discharge and 2.54 kW of maximungaigpower from the
charge controller to the battery. As the Fuel cell woddoh AC side, Fuel cell would not
charge the battery. Knowing the load and the charge dientcapability, a 3.4kW PV Carport
was selected from the available car port choices. Theten&elected for this PV power is the
StecaGrid 3203x inverter with 3.3kW nominal power and 4kW of maxiviahput. With the
electrical loads already chosen for the system bemwgnected, the electrical system is
complete.

4 RESULTS AND CONCLUSIONS

The design of the demonstrator is done and with the atironlmodel, the first results are
estimated. Below ifrig.5 the results can be seen. Due to the high demand of idenguthe
total thermal load shoots up in comparison to a single yamilise. The solar fraction therefore
achieved from the solar thermal collector is just 15%thack is an additional excess energy
input from PV and FC at 10% to the thermal side. The hotrwigtmand is around 4311 kWh
which is a bit higher than a single family house but itlbss effects in comparison to the space
heating demand of 41MWh, which is enormously huge than tigesiamily house of such
size. Moreover the available roof space for solamtlagrs restricted and due to this the thermal
storage tank size did not have a huge impact when increase i
The collector gain in the whole year is just 6752 kWh. The thksoiar fraction is almost 100% only
in the 2 summer months where there is no SH demand. But onhigrehaind one could see that the
excess energy from the electrical side makes a good contribggieni&lly in the transition months and
they cover up the summer months where the contribution from solanahisrnot 100%, thus adding

10% in the total thermal demand. Hence the gas boiler is as88% of the energy demand.
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Table 1. Definition of the parameters used as results identifier

Parameter

Formula

Solar Fraction (coll)

Energy produced by the collector / Total thermal ene
demand

Excess Energy
(heating element)

Fractio

Energy sent to the heating element / Total thermal en
demand

Gas boiler Fraction

Energy out of the gas boiler / Total thermal energy dem

PV Performance Ratio

Energy produced by the load / (Solar radiation*PV Ar
PV Efficiency)

Self Consumption Factor

Energy required by the load/ Energy produced by
dezentral system (PV+FC)

PV Utilization factor

Energy produced by PV / Energy required by the load

Production Fraction

Directly utilized electrical energy/ Energy produced by
dezentral system(PV+FC)

In contrary, even with a load of 7900kWh, the electigyatem can provide 100% of the

demand. Although PV delivers only 3554 kWh, 45% of the load (P\zaitiin factor), the FC
which runs all through the year at 1.5kW produces 13140 kWh ekdotmergy per annum.

Thus the self-consumption factor of the electricadtesn without taking into account the
electrical energy fed into the tank is 47%. Even though 44%0&f excess energy is fed to the

thermal storage, the remaining 2315 kWh of excess eneffgd i® grid while no energy is
taken from the grid. Out of the 16.7 MWh produced decentralriglelcenergy, only 22% is

from the PV system.

Energy Parameters from Demonstrator
based on the historical weather data for Uim 2013
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Fig.5. Results of the demonstrator simulation

Due to the boundary conditions and the energy demand, lthdrs@tion and the energy

from solar thermal and PV is less in the demonstratat.tBis is not the case in another

scenarios. For example a KfW55 single family house with® 2torage tank, 20 frcollector

area and all others similar to this system would easily go% solar fraction while the same
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system for renovated MFH with KIW70 efficiency having 13 hoos#hwould result in a solar
fraction of 42%. Even in this MFH of KfW70 categories, 8pace heating demand for 13
households is just 16 MWh. If we compare the demonstratbramtEnEV2002 MFH house
with 3 households, the space heating is almost the aathdor such a building with 50°m
collector area and 8htank, the solar fraction is estimated to be 33%. Thuh wiese
comparisons, it is clear that the heat demand of tisee#gient building structure plays an
important role and also the restricted roof area plafggther damage. Despite of so many
restrictions, the purpose of the demonstrator is readtexdmain purpose of the demonstrator
is to check the real working of the controllers and dabevorking of thermal and electrical
system together. As far as this paper is concerned, ineamawas to show the design process
flow, the simulation of the system and the informafiow within the different unit types.

In future, the model is improved where the 3 phase elekcsiyséem is built up with the
FC coming in the one phase of AC side and the loads ade 1 phase. With the real system
monitoring, the simulation is improved and the resufts \alidated. One step further, the
demonstrator would be used to emulate a single family hoitls@wertain standard where the
hot water and space heating loads are emulated to chealahé&action of the system under
VXFK FLUFXPVWDQFHY $0OVR WKHPKODWNREZXWKHY MLGB RI
LQ WKH ORRSY FRQILIJXUDWLRQ
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DESIGNING AND ANALYSING RENEWABLE ENERGY BASED
HYBRID ENERGY SYSTEMS IN REMOTE LABORATORY AND
AUTONOMOUS BUILDING

=VyILD OROQ@itUQEYWYid ' U\
1 Department of Energy Engineering, Budapest University ofifi@logy and Economics
2nstitute of Technology, Edutus College, Hungary

Abstract: The aim of the paper is describing the transformation method of household-size
energy systems to renewable energy based hybrid systems. Two systems are aegigned
analysed based on principles of sustainable development. Steps of design and modification
started with energy saving methods and increased efficiency. Renewable energy sources are
considered by availability at national locations. The systems contain different energy storages
and controllable electrical consumers. The Renewable Energy Remote Laboratory and the
described autonomous household are monitored online and able to be controlled remotely and
on site. In conclusion, they are evaluated based on economic and ecological aspects and local
utilisation rate.

Keywords:hybrid renewable energy system, local utilisation rate, demand side management,
sustainable households.

1 INTRODUCTION

In 2017 the energy experts agree that the global goakdgatih aims to solve the current
energetical and energy-related problems based on the atjualitand quantitative
overconsumption. The energy fields of human life bancategorised by energy sources as
fossil, nuclear, and renewable (including replantable)oraher to achieve increase in the
utilisation of renewable energy technologies, a largeesshtlaspects should be taken into
consideration. They can be listed as energy potetimlsechnologies, the decisions between
changing or cooperation with present energy systems (degeon time scaling of sustainable
development), the natural fluctuation in energy productiod the role of energy storage,
economic aspects, pollution and protection of nature anthte, risk assessment and local
utilisation aspects. Our aim in this paper is to describenisastie energetical strategy for
household systems based on the measured data of a |lap@adoa real-life autonomous
building.

2 HOUSEHOLD-SIZE ENERGY CONCEPT

As the authors determinate the household-size energyephnthe consumed energy
should be decreased from the present average 40 MWh/year k(W averag). The
transformation containingnergy saving methods and increasing energy efficienagan
reduce it to 15-20 MWh/ye#®-2.5 kW average) in Central-Eastern Europe as it wasdnted
in 2000-watt-society [1]. The main advantage is that thigtism is available locally by
individuals and the remaining energy demand and storage gapagibe solved partly with
the traditional power plant infrastructure. The key quessiowho is interested in the solution?
The answer can be postponed by specifying the next generatioradure and Earth in abstract,
but in detail we should mention our generation, the ptasarkets, states, who prefer to avoid
any kind of collapse. In this generation, there aredifices between the interested grottps
those who know about the problem and the urgent steps obsplaitid those who are interested
in the present economic environment. The responsibilimgortant in education, media, as
well as economy.
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The calculations of our research work [2] show correfati®etween total energy
consumption, C@emission and expenditure, which can be sorted accordimgetgyefields of
human life as presented in 0. The moderated consumpadouig 125 kWh/day/person, which
equals an average amount of 20 kgp€Mission and 40 $ supergross expenditure for each day
(red column in 0). Staying under the limit of €€apture and processing in the atmosphere
limit the present consumption to 50% and requires effectargtipg of trees (blue column in
0). In order to live sustainably, we should and we can achie# 4Wh/day/person in total
energy consumption with the present technical opporésnibiased on renewable energy
sources and we should plant at least 2000 extra trees fope@on (in 30 years). This solution
offers a sustainable concept for individuals and sta&gl. The common lifestyle should be
modified even in Hungary, but well-being and happiness camcbeased using the techniques
of the solution (green column in 0). The sustainableggnstrategy is detailed in this paper
based on real experiences.

Energy fields of human life
Correlation bet co, ission and expenditure

1 kg €O,

6.5 kWh
fossil energy

125 kWh/day

20 kg CO, emission/day

supergross expenditure

1
I
1
|
40 S/day ]
1
I
|

12-20 $/day
net expenditure

Moderate

Solution Potential

consumer ; 60-70 KWhida
125 kiWhiday 4050 kWhiday v

Fig.1. Energy fields of human life: present average values for a moderate consumer in Eeddpe (
sustainable energy strategy (green), limited by, C&bture and processing in the atmosphere (blue)

Transformation methods in the sustainable energyeglydbr households start with the
determination of demands. After defining the functionsHoman life (e.g. transportation,
products, heating, food, drink, etc.) [3], energy savindhous are selected considering in each
case an alternative supply for similar functions aaiit be read in 0. At this point the following
guestions should be answered in a detailed list: What igitdeehergy carrier? Can it be solved
(at least partly) by renewable energy technologies?albdtsic need or standard, luxury? If the
transformation seems to cause inconvenience, how it codlged to give happiness?
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Table 1.Transformation methods from average household to autonomous building

Type Present technics in middle Examples of solutions (working well in
Europe cooperation)
bicycle (1 kWh/100p-km), electric small
= c | Everyday car (80-120 v ( . /100p-km), .
u 4§- 2 kWh/100p-km) vehicle, public transport, train (3-6
% s g L 510 kWh/100p-km), bus, local workplace
c £+ 2 elivery (5-10 t-
S s 2 local products (1-3 t-km/day/person)
v e o | km/day/person)
(8]
Abroad trips local tourism, no flights
=3 c Heating, cooling, domestic hot | insulation, passive and active solar energy
E o .2 water (including wash) technologies, biomass (sustainable amount)
(&)
& Cooking compote, deep-frozen using as heat storage
Lighting, additional electricit . : -
w s >c ghting, i v energy-saving technologies, timing
5= 5 8 demand for heating
© = £ & | Media, entertainment, online no stand-by, tales, games with less energy
= = =
2 'E < = | work demand
Wash load-shifting to solar energy
o changes in agriculture (chicken vs. beef,
to Food . . .
5 chemicals vs. ecological technologies)
& tap water, well-water, rainwater,
E " Water river/stream/lake/sea, moderate water
o % consumption
= > . .
© = Sewage dry composting toilet
= 0 basic needs, preventable, replaceable with
'é B Health, medicines /P ' Tep
o £ herbs
s 2 Detergents moderate utilisation
==
e 9 Clothi natural materials, reduced chemical
5 othing
= treatment, second hand
2 Buildings cob, wood structures
E . . fewer, from natural materials, with less
i Utensils, devices ) , )
energy demand, with higher recycling rate

The energetical design of the complex system (e.g. poayercities, energy ranges with
detailed calculation for periodicity and efficiency) dege on the chosen secondary energy
carriers and primary energy sources, mainly on loceweble sources. These can be biomass,
solar energy (passive and active utilisation), human amighal power generally and
geothermal, wind and hydro power depending on lonatio

Finally, each feasibility study should contain a compnshe evaluation, not only
considering the economic aspects. Calculating the esept value (based on investment and
maintenance) can result base data for investors, &se tire simplified and deceptive, because
renewable technologies are competed with build-in infnaires in the present economic
system based on fossil fuels for 150 years, without payindtjgesnar the caused harm. Types
and range of pollution should be calculated (not only €Rission, but suggested life cycle
assessment and risk assessment), so local utilisatemand affected area of each technology
including additional energy demand should be estimated, ceohpathe substituted primary
energy source.
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3 DESIGNED AND ANALYSED SYSTEMS AT NATIONAL LOCATIONS

In this paper two hybrid systems are described as exangleke$igned and analysed
systems according to the household-size energy coriCeptsystem of Renewable Energy
Remote Laboratory of the Department of Energy Engingen the Technical University of
Budapest has a heat side with solar collectors (8)%na buffer tank (500 ) for hot water and
additional electric heating, and it has a hybrid eleatisystem part with 3 different type of
solar cells (720 W}, a small wind turbine (500 y/with batteries and local DC and AC as it is
located on the roof of a 6-floor-high building. This renhptaonitored and controlled system
is available online [5]Currently three ways of remote control are availablanwal control
from Labview at the local computer; remote access ofréley outputs via look-up table
(developed for adapting results from programs and modetsnjitoring and control of the
equipment from web access. A five-hours-long period frggnogrammed schedule is shown
on Fig. 2, where the inverter provided one third of the fmialer consumption during the last
two hours.

relay status result string
lamp01;0,0:0,1
- 0 - relay manually, 1 - relay programmed, 2 - URL GEt HTTP document
I .
¥ = -.. onnec le

1

0~ reloy menually | 1-relay programmed | 2 URL GET HTTP document |

realy_programmed/path
|Civremote solar

DC load L powier su pply suring
2pleces 100Wload.24 Vocbuks.  Provide energy for the devices, relay_prog ed/datafile
Al 83 require load. switching period | relay._programmed.csv

—_ el Programmed relay string
Control | [aarmos2ng.
Rl0prog Rllprog Ri2prog  RL3prog
T jo o o 1
Grid

OC grid: 24V

Connectable AC loagl” 7|
(controllable}

3 |
DCIAC inverter |
Provides 230 Vaz (sinusokis) I“*

for max. 1200 Wload
Connectable AC loas
{demo socket)
u ncharge
ro rid™
on ndso
state. (Eg. Charge

X

TE0000 750000150000 17000012 0000——7500.00

Fig. 2. Programmed control in demand side of the electrical system in Renewable Reeangte
Laboratory

The hybrid system of the autonomous household is sized dinitathe LaboratdJ \ |V
one, as the electricity is provided by solar cells (1004 &dd local grid, and it uses solar
collectors (5.5 rf) for hot water demand, but the heating and the additiartaiater demand
are based on sustainable biomass. The main advantagéhis case, that this autonomous
household is a good example for sustainability with thesst 40 different applied technologies
from the list in O including the car-free lifestyle. The 1 khYybrid system contains 4 solar cells
for 2 persons, a small battery pack, feed-in micro-imverone stand-alone inverter and manual
switches for changing operation mode (Fig. 3). The sys$éemonitored and available online

[6].
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Fig.3. Schematic diagram of 1 kWi hybrid system in autonomous household
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The energy consumption and production in the second yeauatished in 0, and some
consequences can be stated, how local utilisa®ffiects” on the national electrical grid. The

maximum fluctuationlUR P . DQG® :K Gd3'an average feed-in system was
moderated to maximurh . “ N:K GD\ 7KH VHDVR @QRIXXVHEHBODMUO FH VKR

in spring and summer and -213 kWh deficit during the whole wistethe total yearly balance
is -100 kWh. In comprehension, this amount equals the eligtconsumption of 2 weeks in
an average household. Adapting to the needs of the nagiec#iical grid, the peak production
between July and September was compensated with switck-adatrolled consumption of a
deep-freezer.

Energy production and
consumption [kWh]

150,0

100,0 e

0,0

-100,0 -
Time [Month]
—&— Total consumption —— Consumption at meter point —A— Hidden consumption
—&— Total production —E— Production at meter point —&—Balance

Pclinom. (Balance)

Fig. 4. Energy production and consumption of the second year in autonomous household
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4 ENERGY MANAGEMENT IN AUTONOMOUS HOUSEHOLD AND LOCAL
UTILISATION

The vyearly balances of the autonomous household demeastralative small
fluctuations compared to simpleefdin systems, by sizing it below the yearly balance ;asbit
the local production was nearly equal to the well-controledsumption in July, August,
September. The daily energy management is shown in thleede typical days were modelled
with good production (spring and summer with yellow, averdgedy days with blue, winter
with grey line), showing average electricity consumptiefore transformation to autonomous
household, energy decreasing and any control (black line).r&hdts show the decreased
consumption without stand-by (full green line), including #ffects of controlled consumption
with battery usage and some support to national grid (greeddunaed).

Electricity consumption and
good PV production
[W/person]

700

600
deep-frozen food
lawn mowing
sawing

water pumping to tank
feeding into grid - short-term regulation

500

400

N LED lights
\l\‘(\% Q electricity-free time
‘;é hot water /)

300 decreased %\; G/‘

nuclear e( é}y

production e(\ S@ .

Y,

200 S 0\9

/ support )
"~ to grid

100 ~ batteries

batteries %

no stand-by /' no stand-by
0 ‘ :
0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00
Time [h]
Electricity consumption Winter type PV production ——~Controlled consumption
= Average cloudy day PV production Spring and summer type PV production == Decreased consumption and zero stand-by

Fig. 5. Energy management in household with PV system

In the following model diagrams of daily power production andscmption (0) shows
synchronicity between the PV production and the consumpfi@ensparing household in an
average cloudy, autumnal day. Small deficit is generatexdwinter day, and small surplus
appears in spring and summer. This amount of surplus ceedbeed by heat storages (e.g.

solar electric heater in the indirect tank, replacéth Wiomass heating in cloudy and winter
days).
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Fig. 6. Model of typical daily power production and consumption in April, summer, cloudyiatet w
days

According to the experience, the daily production of onarsmll (250 kW) changes
between 0 and 1.4 kWh with the average of 0.8 kWh. If 0.5 gklitsolar cells are redirected
to solar heater on the days, when the production exceeds litk&\fHemained production stays
around 0.65 kWh/solar cell, and the temporal distribut®favourable. By determining a
decision point at 10 am, the daily maximum can be overcorapehor the better conservation
of the grid besides local utilisation can be intensified.(F).

Frequency
[number of cases]
100
90
80
70
60
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40
30 & .
20 | e * e
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*
0 T T T ‘ T T ‘
0 0,2 0,4 0,6 0,8 1 1,2 1,4
Daily electricity production by one PV module [kWh]

+ PVproduction -—=—Reduced in-feed with heat storage

Polinom. (PV production)

Fig. 7. Overcompensation of PV production maximum with heat storage

5 CONCLUSION

In order to evaluate the hybrid PV system in the autonomousehold, the return should
be calculated (0). First of all, cheap energy savings medok considered as a base for
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economical return. If we do not want to sell energy, but to smlveelves, the cheapest way is
energy saving: 20 times cheaper than solar power and 30 timeaper than fossil power. In
conclusion, these significant differences should noghered in the design of future energy
efficient, renewable energy based systems. In this tb@senergy saving was solved mainl
with LED lights and timer switches, which also make daéy pattern of energy distribution
more balanced.

24 000 710 400 29.60

34 000 51 000 1.50

5500 374 000 68.00

1135 400

Fig 8. Return on hybrid PV system
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EFFICIENCY OF FLAT PLATE COLLECTOR WITH NANOFLUID

Mahmoud. A. Sharafeldin'? *\XOD *Uy|
! Department of Energy Engineering, Budapest University ofif@logy and Economics
2 Faculty of Engineering Shoubra, Mechanical Engineering Deyeattt Benha University, Egypt

Abstract 8VLQJ QDQRAXLGV LQ WKHUP D Oplat€sdldridoll€ckb LiE HV VX
JUDGXDOO\ PDNLQJ SURJUHVYVY DQG JHWWLQJ DZDUHQHVYV
were performed to study the effect of using £@@ter on the efficiency of flat-plate solar. The
mean particle dimension was 25 nm. A& tvater with 90nm was tested. Different volume
fractions of nanoparticles of 0.0167%, 0.0333% and 0.066&%altrasonic process was used
for maintaining the stability of the nanofluid. The workiAgKLG YROXPH ARZ UDWHV Z
and 122 drithr. The experiments were carried out in Budapest, Hungary on the latitude of

f <1 Digh@tude R f ¢( +LJKHU FROOHFWRU HIILFLHQF\ ZD\
ODQRAXLG FRPSDUHG WR UHVXOWY DFKLHYHG ZLWK ZDWHU
collector in case of CefOncreased by 11% and by 13.5% for YO

Keywords nanofluids, solar collectors, CeQWQs

1 INTRODUCTION

In last few years, nanoparticles were attracted by relses as its incredible properties.
These materials have dimensions less than 100nm. Riesesadiscovered that as the particles
are tiny they can be held by fluids and make a notablegehahproperties of fluids itself.
Based on this fact a large number of materials in nanale added to fluids and made an
incredible change in its thermal properties as well ape¢n®rmance of thermdkevices. Solar
collectors are one of these devices which took advanthgsimg nanofluid. In this work,
getting a focused view on using nanofluid as the moving fluidifierent types of solar
collectors presentSaid et al. [1]tested experimentally AD>-ZDWHU QDQRAXLG DV D
AXLG DQG LWV HIIHFW RQ WKHVHQIHU ADWQSOHW[W H JW RHO DRIL AR E
volume fraction in their study was 0.1% and 0.3%, whilesihe of the nanoparticles was13
nm.. <R XVH¢ HWilizedparticl@with the dimension of 15 nm and the wefgdattion of
nanoparticles were 0.2% and 0.4%. Experiments were carriaglitbuand without Triton X-
100 as a surfactant-aizal et al. [3]JusedSiO; QDQRAXLG DV ZRUNLQJ IOXLG W
impact on theSHUIRUPDQFH AXLG AR ZGoDdar@ ek & [M)\establisbeq & | H U
cylindrical solar collector with receiver helical pipesthcarried out investigation the thermal
performance of this solar collector using distilled wated CuO-H2 QDQRAXLG DV ZRUN
A X L The effect of CUGZDWHU QDQRAXLG DV WKH ZRUNQGJIWAKH. G |
H1¢ FLHQF \-pRie Bolak Doéctor, was performed experimentallMmghadam et al.

[5]

2 EXPERIMENTAL DESCRIPTION
2.1 Preparation method and characterization

In this study, deionized water , water-based £a@ water-based/Os QDQRAXLGV ZHU|
XWLOL]JHG DV WKH ZRUNLQJ AXLG 2:&RB BahdeF aritMO; WeBidc H U LF D O
powder (supplier: M K impex, Canada) with 99.9% and 99.5% puritypeotivelly were used
for the experimental investigation. The average dianwdt€eQ andWOzwere 25 nm and 90
nm, respectivelly The reference fluid was distilled waldre CeQ nanoparticleand WQ
nanoparticleshave density of 7.123g/éhand 7.16 g/h UHVSHFWLYHOO\ 7KH QDQ
beenprepared bywo step method where Ce@nd WQ nanoparticles were dispersed into the
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EDVH AXLG GLUHFWO\ DIWHU ZKQ¥RXW QM \I ZW WHE RW L O P Y |
amplitude in an ultrasonic homogenizer (Bandelin, SONOPULS HD 220fput power
maximum 200 W).

2.2 Experimental procedure

Experimental apparatus diagram and picture is shown in Figurasd 2, respectively.
The experiments were performed in Budapest (latituge e« longitude f < 7KH
FROOHFWRU VSHFL{FDWLRQV DEWRILYHGQHLQV/D&EOH FROKH
Naplopo Kift in Hungary.An electrical pump circulates the wagkiluid. A Heat exchanger
transfers heat energy from solar collector to tank whada capacitgf 500L. A static fluid
oscillatory flow sensor measures the flow rate ofdiliior controlling the flow rate, a simple
valve was installed. A series of Pt-100 resistance typemtwuples were fitted on the
collector, measuring the temperature of the working fluithéncollector at the inlet and outlet.
The thermometer was used to measure the ambient temper@heresolar radiation was
measured by a LP PYRA 03 solar meter.A differential magtemnis used to measure pressure
drop. The experiments have been carried out at theinteeval 10 A.M#A6 P.M on the local
time. This experiment time, divided into 6 sections called tess r(i.e. each test run was
selected 60 min). Also, each test run was divided into setestgderiods in a quasi-steady state
condition. A test period was10 minutes as in [10]. The expetmheesults are showed in the
IRUP RI JUDSKY WKDW LQGLFDWHYVWKMH WREeSOHEDNEX UM ;S
Ta)/Gr]. All the presented data were collected in several dagast result was chosen. The
PD[LPXP YDULDWLRQV LQ DPELH@W Q& W BHHW R'GHPSH UD W}
f& UHVSHFWLYHO\ ZKLOH LQ 3j@e&e&ha ddth GlbwwelirRt@ictibiv LV “
presented in the ASHRAE Standard 93-2003.

AN

a) Front view b) Back view

Figurel. Layout of drawing of test rig Figure 2. Picture of test rig

3 TESTING METHOD

In the current study, ASHRAE Standard 93-2003 [6] was the base/estigation of
thermal performance of the solar collector. The pumdshis standard is to show test methods
for detecting the thermal performance of solar callecthat use singllSKDVH AXLGV ZLWK
VLIQL;FDQW LQWHUQDO HQHUJ\ VWRUDJH
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Thermal performance of the solar collector is cating by determine the values of
LQVWDQWDQHRXYV HI(FLHQF\ IRRLGHQWUBDGL PRWPRIQQ DWER B!
DQG LQOHW AXLG WHPSHUDWXUHH GQRODGGLOAIRY VM[ISBG L FMWQ
7KH LQVWDQWDQHRXYV HI(FLHQMHIX® ERBHOHGIDV QVWER WIKWM L

received by absorber plate of collector. It calculaté the use of Eq. (1).
L— (1
The useful heat energy rate calculated using Eq. (2r@amalso be determined in terms
of the energy absorbed by the absorber and the eresgiydm the absorber as given by Eq.

3).

sLe*6nnF g;LO®n:mF g’ (2)
sL a v>xR5F pl gF 7 3)
So the instantaneous efficiency can be expressed by Euwy. (&)

i G iXe? X
DL (@)
Ey N>K:a ;2 Yy: X ?2 X ?
DL . (5)
QL viRFF y p: kp ; (6)
Fr is known as the collector heat removal factor ark@essed by Eq. (7),
k6 iGX?X;
vl e (7)
v>lRiat 2 Yy X ? Xwi 7

where, 6 LV PDVV ARZ UDWH Ryiis ZéledturiiQlel témperdture,y,is
collector outlet temperature, is ambient temperature,y is global solar radiation normal to
collector, ,is surface area of the solar collect& s absorptance-transmittance product, and
pLV GH;QHG DV RYHUDOO FisHeg EdpHlcpiy W R1 KHDW ORVVHV
7KH KHDW FDSDFLW\ RI QDQRAXLG LV FDOFXODWHG DV I

O0nndLl :O0nn Ty E O S F T, (8)
Density of the mixture can be evaluated according to thewwly equation [7]
QqL Q,:T,;EO4s FT,; (8)

Where Tindicates the volume fraction of nanoparticless,, @, are 315 J/(kgK)., 7160
kg/n?, respectively also, a4, Qqand 4180 J/(kgK), 1000kgAnespectively.

4 RESULTS AND DISCUSSION
416WDELOLW\ RI QDQRAXLGYV

Ultra-sonication is used to break up agglomeration and @®rthe dispersion of
QDQRSDUWLFOHV LQWR EDVH AXwehgubuirt dlfp\WepgoRed Hltkaw D E O H
sonication techniques have a significant effect on theagad structure of nanopatrticles and
grant long-term stable and well-dispersed nah-LGV D QG E HiaaRdbing. Bduie\B LF O H
VKRZV WKH YLVXDO DSSHDUDQFHY RII DVKHHID®R RXL (RWU ZD V8
days. According to earlier studi&aid et al [1], nanofluid with higher concentration (higher
volume fraction) of particles, nanoparticles tend to aggiate, therefore, stability of the
QDQRAXLGV ZDV UHGXFHG ,W LKHQRWHE® WHCD \§ DD IRA YMMED E|
YROXPH IUDFWLRQ RI QDQRSDUMELEQ WW PE[GIIG IRIWWEB /KO JHD
FRPSDUHG WR WKH QDQRAXLGV ZQ V&K HMH & WU VY\RXGEA P W KD
nanofluid was measured by zeta potential machine. (PALS ential analyzer Ver. 3.37
from Brookhven Instruments) The mean value of zeta patdat 0.0666% volume fraction
of CeQ@ and WQwas -36.91mVand -37.22mV, respectivelly which is consideredsamaf
physical stability followed tdahbubul et al [9].
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4.2 Thermal performance
4.2.1 Results for WO3 Nanofluid as a working fluid

As shown in figure 3 the efficiency of flat plate coll@cin case of using nanofluid is
more than the efficiency of it when using water only. Atbis result can be distinguished by
substituting in equation (6) with values ¢g7zand (g :i U; in tables (1). Absorbed energy
parameter,(g :i U; values foWOs Q D Q Ria Kigh@r than that for water by 9.09%, 10.17%
and 11.42% for Volume fractioni and volume flow rate 0.0167% 100,117and 125,
UHVSHFWLYHO\ 7KH UHDVRQ IR RIXLY UBPW ROKRWWKH QP DE
enhancement is because of the stochastic motion patiggarticles which known as Brownian
motion [11]. This random motion tends to rise the caoliidbetween liquid molecules and solid
SDUWLFOHV VR LW FDXVHV DQ W QFIKD@W A H QFAVR H.IQ FALRH@MYWH 2\
outlet temperature and efficiency in equation (4).

100dm3){hr n 117dm3fhr
. ?rl 0.7
. 0.6 nanofluid
0.6 wa
nanofluid 05 Water
0.5
water 0.4
0.4
0.3
0.3
0.2
0.2
0.1
0.1
0
0 0 0.2 0.4
0 0.2 0.4 [(T-T.)/GA] (T-T.)/GA]
n 125dm3/hr
0.7
0.6 nanofluid
0.5 water
0.4
0.3
0.2
0.1
0
0 0.2 0.4
(T-T.)/G]

Figure 3. Efficiency of solar collector using W@vater nanofluid { L rarsxy’) and water for
100,117 and 125 dithr volume flow
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Table 1.Values of(g 74and (g :1 Ufor WQs-water nanofluid {* L r&rsxy’) and water for
100,117 and 125 dfttr volume flow water.

Volume flow rate Volume fraction (74 (e:1U
dm¥/hr !

nanofluid 16.824 0.6836

100 water 4.3543 0.6307

nanofluid 16.809 0.6608

117 water 3.9971 0.6056

nanofluid 15.289 0.6451

125 water -1.021 0.579

As shown in figure 3 the efficiency of flat plate colecin case of using nanofluid is
more than the efficiency of it when using water only. Atsis result can be distinguished by
substituting in equation (6) with values ¢ 74 and (g i U; in tables (1). Absorbed energy
parameter,(g :1 U values foWOs Q D Q Ria KMigh@r than that for water by 9.09%, 10.17%
and 11.42% for Volume fractioni and volume flow rate 0.0167% 100,117and 125,
UHVSHFWLYHO\ 7KH UHDVRQ IRH RIXLY U D:BiMR@GIKEIMIQ QD QF
enhancement is because of the stochastic motion patiggarticles which known as Brownian
motion [11]. This random motion tends to rise the collidbetween liquid molecules and solid
particles so it causes an enchantment in conYegti KHDW WUDQVIHU FRHI{FLHQV
outlet temperature and efficiency in equation (4).

However, this fact is limited by certain values of tempeeaparameter which can be
observed by finding the intersection point between theréipeesents nanofluid efficiency and
the line of water in figures (3). The value of temperapam@meter for intersections is 0.004 so
before this value efficiency of the solar collectorusing nanofluid is more than water and
after it, a reverse trend is discovered. This revessal can be made clear as the temperature
parameter increases solar radiation decline, the deatchnnot be ignored [2]. The heat loss
R1 QD QR AU lisGriwore than that of water as shown in tables (1). Hetee outlet
WHPSHUDWXUH RI QDQRAXLGV LV UWHKE YW1 @ IDH) B X OMRAU W 1D
water [8] so the efficiency of collector decreases as equét).
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4.2.2 Results for CeO2 Nanofluid as a working fluid

n 98 dm?3/hr n 114dm3/hr
0.7 07
0.6 nanofluid 06 nanofluid
05 water 05 water
04 0.4
0.3 03
0.2 0.2
0.1 0.1
0 0
0 01 (rryeg 02 0 0.1 02 774/60-3
n 122 dm?/hr
0.7
0.6 nanofluid
0.5 water
0.4
03
0.2
0.1
0
0 0.2 0.4 O%—TaKG

Figure 4. Efficiency of solar collector using Cefvater nanofluid {© L rarsxy’) and water for
98,114 and 122 difir volume flow

Table 2.Values of(g 7aand (g :1 Ufor CeQ/water nanofluid (L r&rsxy’) and water for
98,114 and 122 difir volume flow water.

Volume fraction (£ 0
Volume flow rate drithr = (£74 gy
nanofluid -8.9057 0.702
% water -4.9273 0.638
nanofluid -8.6006 0.6835
114 water -3.961 0.5927
nanofluid -7.1396 0.6543
122 0.579
water -1.021 .

As shown in figure 4 the efficiency of flat plate cotl@cin case of using nanofluid is
more than the efficiency of it when using water only. Aldos result can been found by
substituting in equation (6) with values ¢ 7z and (g :1U; in tables (2). Absorbed energy
parameter,(g :i U values for CC@ QDQRAXLG LV KLIJKHU WKDQ WKDW IRU 2
and 13.01% for volume fractioh 0.0167% and volume flow rate 98,114and 122, respectively.
7KH UHDVRQ IRU WKLV IDFWHDKRWY RQ@EQERARGEcemeEnH PDLQ
is due to the stochastic motion of the nanoparticles vikmolvn as Brownian motion [11]. This
randomly motion increases the collision between liquidesdes and solid particles so it
causes increase in convective heat tranf@ Hl1 ¢ FLHQW ZKLFK ULVHV IOXLG RX
efficiency in equation (4).
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However, this fact is limited by a certain values of terapge parameter which can
detected by finding the intersection point between therépessents nanofluid efficiency and
the line of water in figures (2). The values of tempesparameter for intersections are 0.01
0.016 and 0.013 for volume flow rates of 98,114and 122, respectivélgfare these values
efficiency of solar collector by using nanofluid is méman water and after it a reverse trend is
found. This reverse trend can be explain that as tinpeature parameter increases solar
UDGLDWLRQ GHFOLQH WKH KHOHVKEIRW TR\W)G:B WO RAXR G M
than that of water as seen in tables (% HQFH WKH RXWOHW WHPSHUDWXUH
and be more and more close to the outlet temperatureter [8hso the efficiency of collector
decreases as equation (4).

5 CONCLUSIONS

$ VWXG\ ZDV SHUIRUPHG H[SHULPH@®@W¥D GRYYU YWR/ GRH VD HAJIP\)
solar collector with using nanofluid of Ce@ater and W@water as working fluid. The
stability of CeQ-water and W@water Q D Q R A Xd_ & w&aH. The volume fractiond o
0.0167% wasWHVWHG DW WKUHH YROXPH ARZ UDWHV7HH)FOXG!
experiments and results elucidated that usingGegder nanofluid and Wé&water increase
the efficiency of solar collector more than using wataly. Findings dedicated that the
maximum efficiency when temperature parameter equals to z® %0.2% and 68.36%for
volume fractior 1) 0.0167% and volume flow rate 98 dm3/hr for Ge@ter and W@water,
respectively

ACKNOWLEDGMENT

The authors would like to thank ProfyIW €s@ptos and D Q LN . Udr YhEiKhelps
DQG VXSSRUW 7KH DXWKRUV ZR XNMiGistiQ oNHigh&/ EdWwatidhQ N W K
(MOHE) for the support the PhD study held in Hungary in the frameStifendium
Hungarycum.

REFERENCES

[1] Said Z., Saidur R., Sabiha M.A., HepbasliDQG 5DKLP 1 $ 3(QHUJ\ DQG H[HU.
RI D ADW SODWH VRODU FR@9 BPWRWXXGLQ-R S QW 0OHB MW
Production 112 (2016) 3915-3926

> @ TRRUDM <RXVH¢ )DU]DG 9H\VLD AKQYDQLEKRMIIK LHDSHHKLE
investigation on the effect of ADs-H22 QDQRAXLG RQ WKHpldtd gdflat HQF\ R |
FROOHFWRUV"  5HQHZDEG28(QHUJ\

> @ 7TRRUDM <RXVH¢, )DU]DG 9HLV\ E\QJDEEERMPO LHPSGHKLF
investigation on the effect of MWCIT-H.2 QDQRAXLG RQ W KiplatelspBL HQF\ R
FROOHFWRUV™ ([SHULPHQWDO 7KHUPBR® DQG )OXLG 6FLH

[4] Goudarzi K., Shojaeizadek. DQG 1HMDWL ) 3$Q H[SHULPHQWDO L
simultaneous effect of CuO:2#2 QD QRAXLG eb fQetallip€ i the thermal
HI¢FLHQF\ RI D F\AOLQGULFDO VRODWR FIRDHOHFIWRU ™ $SSOL
1241

[5] Ali Jabari Moghadam, Mahmood Farzane-Gord , Mahmood SajatiMonireh Hoseyn-
=DGHK 3(IIHFWV Rl &X2 ZDWHU QD RSXIDAN R QV RV&BIUH& KRR
Experimental Thermal and Fluid Science 58(2014)9-14

[6] ASHRAE Standard 93-2003, Methods of testing to determin¢hirenal performance of
solar collectors, Atlanta, GA, USA, 2003.

89


mailto:csontos@oct.bme.hu
mailto:eniko2@krisch.hu
https://www.facebook.com/MOHEEGYPT/?hc_ref=PAGES_TIMELINE&fref=nf

EFFICIENCY OF FLAT PLATE COLLECTOR WITH NANOFLUID

> @ =KDQJ ; *X + )XMlUlheral éqriduttivity LaridHthermal diffusivity of
QDQRAXLGY FRQWDLQLQJ VSKHULFD G 983G 3K\WYLQGULFDC
044325.

[8]. Zhou S.Q, Ni5 SOHDVXUHPHQW RI WKH VSHFhaséd K20BW FDSL
QDQRAXLG  $SS O (09X28) (2008)1!

[9] Mahbubul I.M., Saidur R., Amalina M.A ,Elcioglu E.B.da®kutucu2 ]\XUW 7 S3(IIHFWLY
XOWUDVRQLFDWLRQ SURFHVV IRU GBYRAXLGFROIOWRUGD
Sonochemistry 26 (2015) 36369

[10] Milad Tajik Jamal-Abad, A=DP]DPLDQ ( ,PDQL DQG 0 ODQVRXUL 3(]
of the Performance of a Flat-PlateCollector Using @MW HU 1DQRIOXLG ™ -2851%/
THERMOPHYSICS AND HEAT TRANSFER Vol. 27, No. 4 (2013), pp. 756-760.

[11] Chon CH, Kihm KD. sThermal conductivity enhatld PHQW RI QDQRAXLGV E\
PRWLRQ" - +HDW 7UDQVIHU

90



13" International Conference on HEAT ENGINES AND ENVIRONMENTRROTECTION$ -27 May 2017, Hungary

POLLUTANT EMISSION ANALYSIS OF RAPESEED OIL
COMBUSTION IN A CLOSED COMBUSTION CHAMBER

Attila Kun-Balog!, 9LNWRU -y]VD
1 Department of Energy Engineering, Budapest, Universityeahfiology and Economics

Abstract Rapeseed oil combustion in the open atmosphere was previously investigated by the
authors. By applying a flame tube, the thermal and combustion environment significantly alters
which affect the pollutant emissions. In the present study, rapeseed oil combustion was
investigated, using both air and steam as atomizing medium in a plain jet atomizer of a 15 kW
lean premixed prevaporizing-type swirl burner. N@QO, and THC emissions were measured

and compared to the results and trends of the open combustion tests. Diesel oil combustion was
the reference case at all the investigated conditions. The flue gas temperature was also
measured to evaluate the combustion in the flame tube.

Keywords:liquid fuel combustion, rapeseed oil, swirl combustion, pollutant emission

1 INTRODUCTION

To reach the sustainable economy, the greatest chaliersgdve is sustainable energy
production. A éw decades ago, numerous alternative fuels were evaluated tibuselisssil
fuels that cover over 80% of our energy mix [1,2]. Howeiteseems that there is no viable
alternative fuel in global scale to date, especiallyha dviation industry [3]. The key issues
besides the production are, e.g., transportation, disitysity storage safety, and availability. It
is known that a portion of the agricultural yield carcbaverted to fuel, but the optimal balance
between food and fuel must be sustained [4].

Biodiesel is globally an additive to diesel oil [5]. Howeue seems that the increase of
biodiesel portion will not end with pure biodiesel sincasitagriculturally unfeasible. As
numerous technologies emerged in the past decades, theartson of them is still
cumbersome. Thizw DV WKH PRWLYDWLR [8] Rho &uggesizOtieDuseHeWariolO
equivalent as a measure for renewable technologiestememergy usage of bioethanol is well
known [7]. Production and combustion of light fuels are watllerstood, and our current heat
engines are capable of run on them [8]. However, oils latith hydrocarbon chains consist the
pyrolysis oils [9] and the vegetable oils [10]. It is knothat they will not dominate the fuel
market but remain charming alternative fuels if utilizedallycto a reasonable extent. If no
transesterification or other energy-intensive chenpoatess is required prior utilization, the
energy balance of their production may be considereg@somical.

In the present study, crude rapeseed oil combustion flange tube is discussed
Previously, tests in the open atmosphere were evaluateth siiifered from the entrainment
of the ambient air with unknown flow rate [11,12]. Therefothe present study aims to
investigate the pollutant emission and flue gas temperatumide rapeseed oil combustion.
The atomization was performed out by both air and steantef@rence, the same tests were
carried out by utilizing standard diesel oil.

2 MEASUREMENT SETUP

The used burner is a lean premixed prevaporizing-type swsigjaeequipped with a
central plain jet airblast atomizer, shown in Fig. 1. Tinel is discharged centrally with a
concentric annular nozzle for the atomizing medium.réVidetails of the burner and its
atomization characteristics can be found in other wfirksl 3].
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Atomizing air

h 4 Combustlon air -
+¥

(L0 %

) ) re s S ——
n % \.
=7 F

Fig. 1. The investigated burner.

Mixing tube

The combustion air side of the measurement systeshown in Fig. 2. A fan equipped
with a continuously adjustable frequency converter supgiiecit. Principally, the target flow
rate was 3% ©in the flue gas, checked by a Testo 350 emission analyherefore, the
rotameter only served as a secondary flow rate meter.l@¢tei@air preheater system consists
RI ILYH : KHDWHU ILODPHQWY ZKUBPKNKQHUWBVH W&H QC
controlled by a relay logic. The diameter of the #aimbe was 100 mm with 650 mm in length.

Thermocouple il

===
Flue gas sampler

g_ Rotameter
Flame tube

Air preheater

Combustion
air

Atomizing a;ﬁurner ¥
fluid system: g po-- oo

,,,,,,,,,,,

isystem: |  f-o----_-o
= R

Temperature Fan
controller

Fig. 2. The core of the test rig.

For the temperature measurement, a K-type thermocoupke used with 0.75%
uncertainty. The measurement uncertainties of thegfiseanalyzer modules are summarized
in Table 1. Note that the total hydrocarbon (THC) concentratias measured since it showed
earlier dependence on both the atomizing medium and theviilnelut the flame tube [14]
However, the measured THC concentration was about 1 ppm vehizdgligible. The most
remarkable component was the nitrogen oxidesxNile the carbon monoxide (CO) usually
remained low.

Table 1.Uncertainties of the flue gas analysis.

Component  Analyzer Range Resolution Uncertainty

CO Testo 350 0-10000 ppr 1 ppm “ S YPHA99 ppm)

NOx Testo 350  0-4000 ppm 1 ppm . go/po‘zrlnogofggggpp”;?n)

THC Horiba 0-100 ppm 0.1 ppm “ ppm
MEXA-8120F

O2 Testo 350 0-25% 0.01% “

Figure 3 shows the atomizing system which was capable of penfipboth airblast and
steamblast atomization. For the former, the high-presairrnetwork of the laboratory was
used and controlled by a pressure regulator. However, ta stas produced locally, heating

92



13" International Conference on HEAT ENGINES AND ENVIRONMENTRROTECTION$ -27 May 2017, Hungary

WKH VWHDP XS WR f& DW WKH RXMAHHW FEW Wditk G3,H VF R
contaminations in the small-sized nozzle, distilled watas used.

Pressure
transducer B
Temperature
R i controller
: -Steam generator
Atomizing rd

Burner

air Distilled
= O water
LA
Pressure

regulator Pump  Weighing scale

Fig. 3. The atomizing fluid system.

Figure 4 shows the fuel system where the mass flow rasemeasured by taking a 30-
second average of the consumption. The same methodekgyysed for measuring the steam
flow rate. Since diesel oil has low enough viscosity surface tension at room temperature, it
could be directly delivered to the atomizer. However,dtgle rapeseed oil, similar to other
long-chained hydrocarbons, requires preheating to provideeasfiray. Here, a preheating
WHPSHUDWXUH RI f& HQVXUHG KRPAYHYWR IDBAFHREP E X ¥\
atomizing gauge pressures [11]. Note that the role of thenfixelr was to allow the startup
process and the change to the room-temperature diesel oil.

@Eﬂr Burner

E/Fuel mixer

= ff 1 Temperature
T controller 2.
-Qil preheater

. -

Pumpl. Weighingscalel. Pump2. Weighing scale 2.

Fig. 4. The fuel supply system.

The combustion power was 15 kW which remained constant duertgsts. The aite-
fuel equivalence ratio was 1.17 or 3% O parallel to the measurements above, photos of the
flame tube were also taken to estimate the combusttendity and the flame shape. Under

such a configuration, V-shaped and U-shaped flames werevelisén accordance with the
literature [15].
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3 RESULTS AND DISCUSSDN

Operation at 3% &is highly efficient, one can expect low THC and CO whitghiNOx
emission. As for the THC concentration, it was merg earlier that this pollutant was
measured but found to be negligible in all setups. HoweweN@x emission was remarkable;
the lowest concentration was 76 ppm at high atomizing presaodesteamblast atomization
while airblast atomization and low atomizing pressures resiltgeer 300 ppm, shown in Fig.
5. It is known that the addition of steam is favorablenfemission point of view through the
higher heat capacity of steam compared to the air whials lea a lower adiabatic flame
temperature. Moreover, the NOconcentration increases exponentially with the flame
temperature [16,17]. In the present case, the additior2aj/6.(at 0.4 bar atomizing pressure)
to 0.35 g/s (at 1 bar atomizing pressure) steam flow rate msnltmore than halved NO
emission as the adiabatic flame temperature reduced by+~100f & LQ WKH LQWeHVW LJD)
[18]. In addition to the increased steam flow rate, th@drigitomizing pressure also leads to a
finer spray, therefore, the more homogeneous combudsoriagilitate the cleaner operation.

400
e ° e Rapeseed - Air
L J

300 i . . .
= ® o —o —e—Diesel - Air
o
&

5 200 o Rapeseed - Stean

uT °

100 '\L LY o - —e— Diesel - Steam

T e ¢
0 T T T T
0.2 0.4 0.6 0.8 1 1.2

Atomizing pressure [bar]

Fig. 5. NOx emission.

The CO concentration remained low during all the setupsyrsiFig. 6, compared to
the actual and the upcoming Hungarian decrees [8]. Howelgcldar that the steam addition
also affects this emission favorably through the dissiociaof the HO. The resulting OH
radicals have a short life since they aggressively retthectiel molecules and the intermittent
species of combustion. Due to the larger molecules aneéskvaporation and mixing with the
combustion air [19], the rapeseed olil flame is less etesmall scales which lead to slightly
elevated NQ and CO emissions at all setups compared to diesel oil iimbu

20
e Rapeseed - Air
15 -
— PS ¢ —e— Diesel - Air
e °
% 10 ° ® °
'_'8 o Rapeseed - Stean
LLl >
\ L ¢ .A/.Q—.——é/ ¢
5 o - - —e— Diesel - Steam
0 T T T T
0.2 0.4 0.6 0.8 1 1.2

Atomizing pressure [bar]

Fig. 6. CO emission.
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Figure 7 shows the images taken during the measurements. 4 HmmrOatomizing
pressure reduces the swirl number of the burner in a ndtakér extent compared to 1 bar
[11]. Therefore, U-shaped flames are characterizingetiesmer setups while at higher
atomizing pressure, V-shaped flames were observed. The rdpeseshowed higher
luminosity in the case of airblast atomization probablytduge longer autoignition time while
the more volatile diesel oil resulted in a more @nrated flame at steamblast atomization. It
is clear that the combustion at 1 bar atomizing pressucharacterized by lower flame tube

luminosity which suggests lower local flame temperaturesiwlgiad to less NOformation,
shown in Fig. 5.

Fig. 7. Flame tube images at f = 2.8 and 1/500 s shutter speed. The setups are Jmselréggpeseed
oil (r) combustion with air (a) and steamblast (s) atomization. loeftimages: 0.4 bar atomizing
pressure, d-a, r-a, d-s, r-s. Right group: 1 bar atomizing pressure and the same sequenc

The measured flue gas temperature is shown in Fig. 8.thaiteéhe coated thermocouple
was insertedhto the flue gas probe, therefore, the temperatures migslidhtly biased in few
ways. However, the trends and their relation allow us to domelgsions. Probably the higher
autoignition time showed higher flue gas temperature indbke of rapeseed oil combustion
which answers the high&Ox emission in a more quantitative way than Fig. 7. Theatéd
atomizing pressure does not affect significantly the fluagaperature relatively which leads
to the conclusion that the higher atomizing pressuresttedower NG formation due to the
finer atomization and better mixing with the combustiarpabr the flame front.
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fg_' 890 ° ° L4 e o P
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© 870
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5 860 .m/o- o ) p
é i //. —e— Diesel - Steam
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[

830 T T T T
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Atomizing pressure [bar]

Fig. 8. Measured flue gas temperature.
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4 CONCLUSIONS

The present paper analyzed and compared the combustiondef @peseed oil in a
closed environment. The reference fuel was diesel dll,tb@ atomizing media were air and
steam in the range of 0# bar gauge pressures. Pollutant emission analysis andr&tonpe
measurements were performed and discussed with the ifadlmonclusions:

X Rapeseed oil combustion results in a slightly highek ldd CO emissions compared
to diesel oil combustion.

X The NG emission decreases with the increasing atomizing pressure.

X NOx and CO emissions both reduce when the fuel is atomizedebynsthe NQ
concentration at least halves.

x The THC concentration was also measured but was foundriegtigible in all cases.

U and V-shaped flames were observed, depending on thestwmgth.

X Steamblast atomization lowers the flame temperatureehéne NQ concentration.
Moreover, the nearly constant flue gas temperature lggofiersus the atomizing
pressure reveal that principally the finer spray leadset@atiuced N concentration.

X
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ABSORPTION COOLING IN CONCENTRATING SOLAR POWER
PLANTS

ODUWLQ -iQRV OD\HU
1 Department of Energy Engineering, Budapest University of Téogpand Economics

Abstract: This paper deals with the assessment of absorption cooling integration into
concentrating solar power (CSP) plants. Models were created for the two most important CSP
plant types, parabolic trough and solar tower power plants, and also for both absorption and
compression cooling systems. These models were used for annual performance estimations
based on meteorological databases. Results have shown that absorption chillers overperform
compression chillers in the aspect of the energy demand of cooling, especially in moderate to
high cooling temperature range.

Keywords:concentrating solar power, absorption cooling, model-based simulation

1 INTRODUCTION

Concentrating solar power (CSP) is a technology fdarastisolar electricity production,
where the solar radiation is converted into heat whichsed for power production by a
conventional thermodynamic cycle. The complexity &SP plant results in a higher levelized
cost of electricity (LCOE) production compared to the sim@ed more widespread
photovoltaic (PV) systems, which convert the radiatineadly into electricity [1]. In the other
hand, the maximum electric power of a PV system dependbeordiar irradiance, which
results in a fluctuating and non-dispatchable power outmatsae of systems without expensive
battery storage. In CSP plants the intermediate prealuction enables the installation of a
relatively low-cost thermal energy storage (TES), whieakes these plants dispatchable,
increases their availability, capacity factor and profitab[]. The storage capability of CSP
plants can be the main advantage of this technologyergg systems with high penetration of
renewable energy sources [3].

The typical Rankine power block used in CSP plants opensas$sbility of producing
multiple products in the power plants, e.g. combined heapawner generation, in order to
increase their revenues and reduce their long payback lHoeever, most of the heat is
produced during the summer periods with high irradianceygmchtly low heat demand, which
is hindering the profitable sale of the produced heat. This d@intan be overcome by using
the heat for absorption cooling or seawater desalinatibare the heat demand coincides with
the production. This paper presents an assessment of cdndéd@wtric and cooling power
production in CSP plants. The solar cooling is an adiald of research, but the most papers
deal with systems where the absorption chiller is drivgrheat produced directly by solar
collectors [4][5][6]. Utilizing the heat produced by a kaessure turbine of a CSP plant for
absorption cooling is novel research area.

CSP plants are typically classified based on the seldr the two most important types,
the parabolic trough and solar tower systems, are bothieed in this study. CSP plants using
parabolic trough collectors are the more widespread andrentgchnology, although solar
towers have a higher share among the plants announced amdcansgiuction due to their
higher temperature levels and therefore higher efficidBoth plant types are equipped with a
Rankine cycle for power generation, therefore a sinbidarkpressure turbine can be used for
combined heat and power production in both cases. An absougtitler with water/NH3
working fluids is chosen for cooling power production due tdigher flexibility, since the
other widespread chiller type using LiBr/water working fluids caly @perate above &
constrained by the freezing of the water refrigerant Ndwadays vapour compression
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refrigerators are the most widely used for cooling purpasesefore this technology was
chosen as a reference for the evaluations. The aiioktudy (represented in Fig.1.) is to
examine the extent of energy saving while using an absorghitler driven by the heat of a

CSP plant instead a common compression chiller undereliff conditions.

Solar Heat Heat Electric power

irradianct
Compression
chiller
Heat . Cooling power
(by combined Absqrpnon gp
heat production chiller

Fig.1. Schematic diagram of the main plant components and energy flows

2 METHODOLOGY

The analysis and comparison of the above presented syatemerformed based on the
results of model based computer simulations using the MMBI&oftware tool. The inputs of
the model are the date, solar irradiance and ambient tatape since these are the factors
mostly influencing the operation of the CSP plants. fiiest important output data are the
electric and cooling power output, but many other charatitarief the facility, like the
efficiencies of the components, can also be calallldtee mathematical models created fibr a
main components are presented in the following sections

2.1 Solar field model

The solar field model describes the conversion of galdiation into thermal power. In
the first step the position of the sun is calculatesktahe date, time and geographic location
using general astronomical relationships [8]. The saddd Df a parabolic trough CSP plant
consist of many parabolic trough collectors in a moduigug therefore the same properties
apply for all collectors. The incidence angle of thaéiaton is determined by the position of
the sun and the alignment of the collectors consigeaimne-axis tracking, and it is used to
calculate the cosine efficiency, the incidence angidifier, the shading and the end loss factor.
In contrast, every heliostat in the solar field obstower CSP plant has a different orientation
in order to reflect the radiation to the central reeeitherefore the incidence angle has to be
individually calculated for each heliostat. In order to rediheecomputation requirements, a
cellwise method is adapted, where the solar field is divideml concentric cells and the
heliostat orientation and incidence angle are determimezhf one representative heliostat in
each cell [9]. The incidence angle is only used for tsne efficiency calculation, the shading
and blocking losses are taken into account with a yeeehage loss factor. All these geometric
relations are summarized in the solar effectiveness;hnikithe ratio of the collected to the
total irradiance.

In the second step, the optical and heat losses sedlak in order calculate the collector
efficiency, the ratio of the produced thermal power tatiected irradiance. The optical losses
are caused by the non-ideal optical parameters of themiand the receiver, they are
proportional to the irradiance and therefore can bewatted with a constant optical efficiency.
Another source of optical losses in solar tower powentplés the attenuation of the solar
radiation, which depends on the distance between thestatliand the tower, therefore the
cellwise method is used for the calculation. The hesgds depend on the heat transfer fluid
(HTF) and ambient temperatures, therefore their skkadedreasing with increasing radiation.
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The total heat loss of the parabolic trough collectodeisrmined using a differential equation
due to the monotonic increase of the HTF temperature alen@eihgth of the receiver tube,
where the collector efficiency, calculated by an emairfanction of the irradiance and the
temperature levels, is varying along the collector lengtie receiver of a solar tower power
plant has a roughly constant temperature, therefore stasunheat loss is considered. The
produced thermal power is calculated by multiplying the dinecimal irradiance (DNI) with
the total mirror surface area, the solar effectivenasisthe collector efficiency.

2.2 Power block model

Rankine cycle with single reheat is typically usedhesgower block in both parabolic
trough and solar tower CSP plants, therefore the sardelrmpplies for both technologies. The
schematic of the considered Rankine cycle can be seé&iig.2. The model is based on
fundamental thermodynamic and energy and mass balgna&ans. The state variables of the
water working fluid are calculated by the FluidProp solveoeding to the IF97 standard. The
losses of the turbines and pump are taken into account mtghnal efficiencies. The
temperature profiles of heat exchangers are calcudatEatding to the pinch point method with
a minimal temperature difference between the two fluids &bveling tower is considered for
heat rejection, which is modelled by a constant temperalifference between the condenser
and the ambient. Heat losses and pressure drops in pipespandtas are neglected.

Hot HTF ! 13
T > -

‘ <— | Reheater

“H
T — e TR

turh\ne

1]
» l "
‘ “— | Superheater G \ Generator
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— | Preheater Deaerator
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| T Condensate pump
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Fig.2. Schematic of the Rankine power block with single reheat
The off-design model describes a sliding pressure part jpa@ion, where the changing
SUHVVXUH OHYHOV DUH FDOFXOD®HEHE\L RWR\EG MR FARKH
generator efficiency is considered by load-dependent @abaorrection factors [10].

2.3 Thermal energy storage model

Long-term thermal energy storage (TES) can be actiigv€SP plants by using direct
or indirect two-tank molten salt storage. The storageisilescribed by hours, which reflects
that how long the power plant can operate at nominal powgsimg a fully charged storage.
The solar field is typically oversized in order to produteat surplus for the storage, which is
reflected by the solar multiple (SM), the ratio oé tthermal power of the solar field to the
thermal power input of the power block under nominal conditiSis operating state can be
distinguished depending on the operation of the solar fidt§ and power block, and the
storage strategy describes that which state is used unddiffénent conditions. The storage
strategy implemented in the model is illustrabydrig.3. According to this strategy, the heat
produced by the solar field is primarily used in the powetklonly the surplus is stored, and
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the storage is instantly starting to discharge when the prodw=ds less than the nominal
input of the power block. This strategy ensures the maximeskadion of the TES and the least
amount of spilled heat. More sophisticated storage strateges only beneficial under free
market conditions with time-dependent electricity pricesvben the power production must
be aligned to the demand, therefore no other strategglisled in this study.
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Fig.3. Operation of the thermal energy storage with the implemented storage strategy
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2.4 Refrigeration model

The schematic of the absorption and vapour compressiagerators described by the
models can be seen in Fig. 4. The refrigerant of thewacompression chiller is ammonia and
its state properties are calculated by the PRSV (Pebgy&m-Stryjek-Vera) equation of state
with the FluidProp solver. The heat exchangers are idescby a minimal temperature
difference and an internal efficiency is used for tbengressor. The model calculates the
electric coefficient of performance (COP) of the redrator, which is the ratio of the cooling
power to the electric power input, and it is a functiorhef¢ooling and ambient temperatures.

Ambient 1) Heat source

l |en| —I—Lv—f l

V\/\/\I ij” AT /\/\N Generator

Condenser L@_/ | Internal heat Ambientl |

Rectifier (7 ® exchanger
T MW\ —=
Expansion
RZ valve Exp. valve Expansion Condenser
{10 o Compressor
3y Evaporator e valve
L. ADhES Evaporator
4f g

Cooled medium Ambient ‘ TCooIed medium

Fig. 4. Schematic of the absorption (left) and compression (right) refrigerator

The absorption chiller is using ammonia as refrigerant andrvea absorbent, the state
properties of their mixture is calculated by the Pengifamn equation of state with the
CHEMCAD software. The absorption chiller is characteridy two pressure and three
temperature levels, as it is visible in Fig. 5. The refabe of the rectification column is chosen
as the double of the minimum reflux rate necessarhéopurification of NH, which represents
a rough trade-off between the installation and operatisisc The thermal COP of the chiller
is the ratio of the cooling power to the heat input, aquedds on all three temperatures. At
fixed cooling and ambient temperatures there is a minimatingetemperature, and above this
an optimal heating temperature can be found where the €@&xdmum. This optimization is
performed by the model to ensure the best performarite afbsorption chiller.
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Fig. 5. Temperature-concentration diagram of the wateriMtixture in an absorption
chiller

3 SIMULATION RESULTS AND DISCUSSION

The established mathematical models can be used fordesign and performance
estimation calculations. The aim of the design calmrlas the sizing of the components of the
power plant, e.g. the total mirror area necessary fosisedenominal power. The performance
estimation applies for a specific power plant where alhipaters calculated by the design
calculation are fixed, and it describes the performaridbe plant under common operating
conditions. The meteorological parameters determining theration of the plant are
continuously changing with a yearly periodicity, thereftre performance of a CPS plant can
only be reliably evaluated by calculations for a whole yesiead of just the nominal or several
part-load conditions.

3.1 Design calculations

Four CSP plants were designed with nameplate capaditisM\We, one plant without
storage and one with thermal energy storage of both parabmligh and solar tower power
plants. The chosen plant site is near Seville, Spaiheagjeographic coordinates of N,

V. The design time is solar noon at the day of summestiseland the design conditions
are 1000 W/mDNl and 25f & DPELHQW Whe P&uepRamsXvithdut storage have a
solar multiple of 1, while the plants with TES have @M = 3 and the storage size was
calculated by annual simulations. For a maximum 2.5% hdktggpratio the TES sizes are 12
and 10 hours for parabolic trough and solar tower power plagsectively. The SEGS L3-
collector was chosen as the parabolic trough colléct@mm optimal north-south alignment [11]
The heliostat field has a central layout since it resalia more even energy production during
the day. The most important design parameters ard listine Table 2.

The results of the design calculations show that oter sower type CSP plants have a
higher efficiency due to the higher heat production temperatarthe other hand, parabolic
trough power plants are modular and therefore theiriefity do not depend on the size of the
power plant. In solar tower power plants, the efficiencthefheliostat field is decreasing with
increasing size, since the heliostat farther from thetare less efficient than the closer ones
due to the less favourable incidence angle and the attemwditihe radiation.
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Table 2.Main design parameters of the CSP plants with 50 MW nominal power
Solar | Total
Solar | field | mirror
Concentrating solar power plant ty multiple| thermal| aperture
power | area
MWy, | 10° m? km? % % %
147.66| 241.2 0.8 33.86 61.22 20.73
442.97| 723.5 2.3 33.86 61.22 20.73
128.65| 208.2 0.5 38.87 61.79 24.02
385.96| 708.1 3.0 38.87 54.51 21.18

Total Power Heat Total
occupied block |production electric
land areg efficiency| efficiency | efficiency

Parabolic trough system

w|k|w||

Solar tower system

3.2 Annual performance estimations

The annual performance estimation simulations aredbasemeteorological databases.
The Meteonorm 6.1 was used in this study, which containsameel and temperature data for
every 8760 hours of a typical year. The simulation cateslthe annual average efficiency and
the capacity factor, which are the two most importantr@iter comparison of CSP plants.
The annual efficiency shows that which proportion of thaltavailable solar radiation is
transformed into electricity, while the capacity factopresses the total amount of the
generated energy. Two locations were chosen for thelation in order examine the
differences due to the different meteorological charsties. Seville, Spain was chosen as the
first location since almost the half of the total instheSP capacity of the world is operating
in this area. The other location is Debrecen, Hungargselypical Central European climate
is less favourable for CSP plants. The simulationlige$or the four power plants and the two
locations are summarized in Table 3.

Table 3.Annual average efficiency and capacity factor of the CSP plants

Seville, Spain Debrecen, Hungary
Solar power plant type and thermal ener A””“"?" Capacity A“”“"?" Capacity
. electric electric
storage size e factor e factor
efficiency efficiency
% % % %
Parabolic trouah svstem No storage 12.98 13.56 11.40 9.09
gn sy 12 h storage 1432 | 4490 | 1241 | 29.70
Solar tower svstem No storage 15.05 13.58 13.88 8.93
y 10 h storage 15.65 48.02 14.48 31.64

According to the results the solar tower CSP plants are efticient not only at nominal
conditions, but also in a yearly average. In the dihed, the capacity factor, and therefore the
total energy production is similar for both plant types. Thermal energy storage largely
increases the capacity factor up to almost 50%, which igpe®oal for solar power plants.
Moreover, uniquely among all storage methods, the TES sesdhe average efficiency, since
the storage enables the power block to operate at nominal famwaetonger time during the
year and to avoid the less efficient part load operatior-Hungary, all CSP plants would
produce around 30% less energy than the same power plants pro8peén due to the lower
direct irradiation and the lower efficiency of the gfamwhich is also a consequence of the part
load operations caused by the less irradiance.

3.3 Cooling performance

The aim of the cooling performance simulations is to coep@ energy demand of the
vapour compression and absorption cooling methods. Theateeffof performance (COP) is
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used to describe the power usage of the cooling, but since tipeessmon chillers use electric
power and the absorption chillers use thermal power foringpdheir COP is not directly
comparable. In the system analysed in this study, theseduced by a backpressure turbine
of a CSP plant, where, following an alternative cqgiraach, the cost of the heat production
is the loss of electric power output. A specific eledtyiloss factor (yloss) can be calculated
by dividing the decrease of electric power due to the cogemeimpared to the condensing
mode by the produced thermal power. Its value depends typthand parameters of the power
block and on the operating conditions. Using the specifictredéy loss factor enables to
calculate an equivalent electrical COP of absorptiotirap@according to the equation (1).

%162©aeaéa&ﬁi-alsEﬁpuinuugpobUUéBODYQIX (1)

The equivalent COP depends on the heat source, i.e. the plawen this case, therefore
the following results cannot be generalized for the alsarpooling itself, but they apply for
the absorption chillers with the presented CSP plantsCOf of the compression chillers and
the equivalent COP of an absorption chiller driven by tla bEa solar tower CSP plant for
different ambient and cooling temperatures can be seEi.ir6. These values apply for the
nominal condition of the CSP plant, and the heating temype= of the absorption chiller is
optimized by considering both the chiller and the power bio@nsure the highest equivalent
COP. The results show that the absorption cooling pesftwatter for lower ambient and higher
cooling temperatures, but its advantage decreases, acdntipeession cooling becomes more
beneficial as the difference of these temperatur@sases.

N
&~

Absorption / compression refrigeration
0°C

-
N
T
|

-10°C

-
o

[e-]

[=2]

&~

N

=}

(Equivalent electrical) Coefficient of performance [-]

-
o
=
3
N
o

25 30 35 40
Ambient temperature [°C]

Fig. 6. Equivalent COP of absorption and compression chillers at different
temperatures
Annual simulation was also performed to take into account iffieretht operating
conditions and ambient temperatures. The same amadremporal distribution of cooling
power production is considered for both chillers, which igmheined by the meteorological
conditions and the system operation. The annual av&@dpeof the two cooling technologies
for all examined locations and power plants and a coolingpegeature of -10f & DUH
summarized in Table 4.
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Table 4.Annual average (equivalent) COP of absorption and compression cooling in
case of -10f & FRROLQJ WHPSHUDWXUH

Seville, Spain Debrecen, Hungary
Solar power plant type and thermal ener 56 %52corptio 5% 2mnpred 56 MBsorptia 86'F2mpres
storage size n,eq sion n,eq sion
1 1 1 1
Parabolic trough systel No storage 4.64 3.52 6.07 4.13
12 h storage 5.07 3.70 6.68 4.40
Solar tower system No storage 4.85 3.60 6.62 4.34
10 h storage 5.24 3.77 7.22 4.61

The energy demand of the absorption cooling is 24-28% lov&pain and 32-38% lower
in Hungary than the energy demand of compression coolihg. better performance in
Hungary is a consequence of the lower average ambiepetatare, which results in higher
COP in general and also in a bigger difference betweetetha@ologies according to Fig. 6
The COP is higher for power plants with storage, sinceetplasts also operate in the evening
and night when the ambient temperature is lower, therditelifference is not significant in
practice. The simulation was also performed for diffei@oling temperatures; at P& W KH
absorption cooling has an even bigger advantage, while af OWKH GLIIHUHQFH DOPF
diminishes.

The lower energy demand is only a necessary, but not suffidondition of the
profitability of the absorption cooling. The absorptidmllers have a higher installation cost
than the compression ones, especially if we consideecassary backup due to the solar
dependent availability of the CSP plants. These additiostallation costs are hard to estimate
in general; therefore no quantified payback calculatioegpeesented in this article due to their
unacceptable inaccuracies. The annual cost savings absleption cooling are proportional
to the capacity factor of the absorption chiller, whichtisrgly correlated with the capacity
factor of the CSP plant. The higher capacity factor mgnies a better availability and thus a
less need for backup capacity and slightly lower instaliatosts. As a result, the absorption
chillers have a considerably better economic return@8R plant with TES than in a plant
without storage.

4 CONCLUSION

An assessment of absorption cooling driven by the comildieat production of a CSP
plant is presented in this study. Model based annual peafax@nsimulations are used to
reliably evaluate the technologies under the changing amdtgical conditions. The
simulation results have shown that the thermal enstgpage is beneficial for both parabolic
trough and solar tower power plants, since it not onlyeases the capacity factor of the plants
but also their efficiency. The absorption chillers camrperform the compression chillers in
the aspect of energy demand, especially in the modefatelyooling temperature range, like
-10 f& WR& RU KLIJKHU 7KH HFRQRPLF YLDELQ@LWHRHWXKH DG
installation cost and the annual cost savings, which camadily estimated by the presented
models and methodology for any practical projects. TE&sis beneficial for the financial
return of the absorption chillers, since the higher agpdactor of the plant increases the
utilization of the chiller and the cost savings. The simoitetiwere performed for two different
locations, which revealed that Hungary is generally lagsurable than Spain for CSP plants,
as any of the examined CSP plants would produce around 30% gy @m Hungary
compared to Spain.
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Abstract: The thermodynamics of simple mechanical systems and social dynamics is treated in
the framework of ordinary thermodynamics. Mechanics provides a non-dissipative framework
with Hamiltonian time evolution. Thermodynamics is responsible for stability of equilibrium.
The combination of the two theories provides general understanding of stable limit cycles of any
dynamical system with Hamiltonian core dynamics. Lotka-Volterra type two species evolution
is treated as an example.

1 INTRODUCTION

Lotka-Volterra model of two species evolution plays a distinguished role in dynamical
system theory and in the related thermodynamic considerations. The model has clear interpre-
tation: preys and predators are born and die and predators eat preys. The death rate of the preys
Is proportional to the number of the predators and the birth rate of the predators is proportional
to the number of the preys [1, 2]. The model is originated in chemistry [3], have inspired other
models in economy [4, 5, 6], in biology [7, 8], and in many other elds beyond ecology. It has
some evident shortcomings when real ecological systems are considered. E.g. a prey does not
have a natural extinction rate, can only be eaten by predators, and also the model seems to be
qualitatively wrong when contrasted to observations [9].

The lack of rm theoretical background is a serious disadvantage in any generalization. In
particular the Lotka-Volterra system of equations in its original form has an integral, a conserved
guantity. Therefore the amplitude of the periodic solutions depends on the initial conditions,
the relevant equilibrium is a centrum, it is stable and not attractive. In this sense it is similar
to ideal mechanical systems without dissipation with a Lagrangian dynamics and Hamiltonian
structure [9, 10]. Some extensions of the model are considered dissipative, then the relevant
equilibrium becomes attractive, from centrum becomes a focus [11, 12]. These models are
motivated by empirical considerations, a kind of extinction rate is introduced. However, beyond
the conservative oscillating dynamics and the dissipative extension in Lotka-Volterra systems
one expect limit cycles: oscillating behaviour that is not sensitive to small perturbations [4,
13]. This is also thought to be related to a thermodynamic background, to a particular form of
dissipation [14]. It is remarkable that actually one may expect real stable limit cycles here.

In non-equilibrium thermodynamics of discrete systems, that is in ordinary thermodynam-
ics, the second law ensures the asymptotic stability of thermodynamic equilibrium [15, 16, 17].
Moreover, recent efforts of a uni ed modelling of conservative and dissipative continuum sys-
tems, like GENERIC [18, 19] or the theory of dual internal variables [20, 21, 22], provide
concepts and tools to treat these relations from a mechanical perspective. These concepts may
help us to extend this uni ed treatment into other directions.
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Here we are looking for a general and uni ed dynamics that encompasses ecological and
economic expectations with the concepts and methodology of mechanics and thermodynamics.
The challenge is that one cannot rely on continuum extension and spacetime structure. There-
fore instead of direct derivations we are restricted to rm analogies. In this paper we show the
embedding of the Lotka-Volterra dynamics into ordinary thermodynamic framework with the
help of interpreting the conservative part as a particular Hamiltonian system. This way we have
a clear concept of dissipation as a part of the dynamics that contributes to the entropy produc-
tion and also the limit cycles are connected to the characteristic evolution of the thermodynamic,
relaxational evolution of the generalized internal energy.

First we introduce the classical, simple Lotka-Volterra model, and show a Hamiltonian
origin of the dynamics. Then we introduce a dissipative extension with strictly mechanical
concepts, using the central idea of dual internal variables. Finally a natural concept of internal
energy is introduced and then we demonstrate that this extension may lead to stable oscillations.

2 CLASSICAL LOTKA-VOLTERRA - THE HAMILTONIAN BACKGROUND
The classical Lotka-Volterra system of differential equations is

Xx=x(a by); y=y( c+ dx): 1)

Herex is the number of preys, andis the number of predators in a population.
It is easy to see, that the system is conservative and the conserved quantity is

H(x;y)= dx by+ aln(y)+ cIn(x): (2)

This quantity is concave, but it is not a Hamiltonian function of the dynamics, because
the related Hamilton equations are
a c
X=@QH = b+)—/; y= @H=d -
Herex plays a role of a coordinate arydthe role of momentum. However, one may observe
that the system of differential equations (1) is obtained, if the right hand side of the Hamiltonian
equations are multiplied byy:

x=xy@H =x( by+a); y= xy@H=y(dx o: (4)

With the terminology of dynamical systems this is a generalized gradient dynamics with
an antisymmetric coupling and with nonlinear coef cients [23]. On Figure 1 we demonstrate
that in case of some typical paremeters, that¥s3; b=2; c=2; d=1 and initial conditions
x(0) = 1:0; y(0) = 0:5. The equilibria aréxe; = 0; Ye1 =0) and(Xez = 2:0; Y = 1:5). The

rst, trivial one is a saddle and the second one is a centrum. The Hamiltonian (2) is a constant,
H(0) = 4:079 determined already by the initial conditions.

3

3 DISSIPATIVE LOTKA-VOLTERRA

Dynamical systems are considered dissipative when an attractive set exist in their phase
space. Dynamical systems in the theory of ordinary thermodynamics have attractive and stable
equilibria: thermodynamic equilibrium is asymptotically stable. They are dissipative also in the
sense of dynamical system theory. In case of Hamiltonian dynamics dissipativity is related to
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Figure 1: Classical LV, with parameteas= 3; b=2; c=2; d=1. The relevant equilibrium
is a centrum. Left: the time evolution of the variables, right: phase space.

the evolution of momentum: damping or friction are special additional terms here. In case of
Lotka-Volterra dynamics the dissipative terms are introduced both to prey and predator evolu-
tion and they transform the centrum equilibrium to a focus equilibrium [12]. In case of gradient
dynamics we can ensure easily that the time evolution of the Hamiltonian become monotonously
decreasing, with a symmetric positive de nite linear contribution. This idea corresponds to the
methodology of classical irreversible thermodynamics with internal variables, where the evo-
lution of internal variables is constructed/derived with the constraint of a nonnegative entropy
production.

Let us consider a general autonomous dynamical system with two variables and apply the
thermodynamical methodology

x=f(xy); y = d(x;y): )

The derivative of a scalar functiob(x; y) — a Ljapunov or Hamiltonian candidate — along
the differential equation (5) becomes

L=DL (f;g)= @Lf + @Lg (6)

Our aim is to construct the dynamics that ensures a monotonously decreasing or increas-
ing L along the solution of the differential equation (5). Then an easy way is to introduce a
gradient system, that is a linear solution of the resulted inequality assumirfgahdty depend

on@L (x;y) and@L(x;y):
x _ f li 2 @L

Yy g lulb @’ (7)

where the symmetric part of the matrix of coef ciemifs= 1, 11,==h1 I, is positive de nite.
Then, if the gradient generator functibris concave and strictly decreasing in a neighbourhood
of an equilibrium point of (7), then the corresponding equilibrium is stable and attractive and
our gradient generator is a Ljapunov function of the equilibrium. In case of an antisymmetric
coupling our equilibrium is stable but not attractive. If the coupling antisymmetric matrix is the
simplest and generates a symplectic dynamics, then our gradient generator is a Hamiltonian.
This is exactly the methodology of non-equilibrium thermodynamics when speci ed to
discrete systems, that is homogeneous thermodynamic bodies. Let us assumantthatare
thermodynamic variables of state. If we do not introduce any further conditions and physical
expectations, then this is the case of dual internal variables for discrete systems [20]. The-
modynamics postulate an entropy function, which is concave by thermodynamic stability and
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increasing along the dynamics. That is the inequality
Lin = QLnf + @QLng O (8)

is a physical requirement for the dynamics and it is solved by the linear speci cation shown in
(7). In non-equilibrium thermodynamics we construct the evolution equations, supplement our
balances by constitutive equations according to this inequality requirement. The best method is
to introduce thermodynamic uxes and forces. A ux is always the part of the dynamics: it is

to be determined. The force is related to a thermodynamic potential (entropy): it is given. In
case of internal variables the uxes are the evolution equations themselves, in our case they are
f andg, and the forces are the derivative of the potential, in our case the@hfgand@L

(see table 1).

Variable 1 Variable 2

Force| @Lu @Ln

Flux f g

Table 1. Thermodynamic forces and uxes for dual, discrete internal variables

Then the linear solution of the inequality gives the system of differential equations (7).
Therefore, gradient dynamical systems can be considered also thermodynamical systems in this
sense. However, from the point of view of thermodynamics three remarks are important:

— It is natural to assume that the linear coupling is not constant, the coupling coef cients
can be state dependeht, = | (X;y), as long as the symmetric part is of the matrix if
positive de nite.

— Thermodynamics focuses on the dissipative part of the dynamics. Therefore the antysym-
metric part ofl is not very much investigated. Notable exceptions are the theory of dual
internal variables [20, 24, 22], GENERIC [25] and the sporadic appearance of the so
called gyroscopic forces.

— One may construct the dynamics with different thermodynamic potentials. The convexity
and the inequality may be reserved. An energy potential is convex and decreasing, entropy
potential is concave and increasing. Partial Legendre transformations result in partial
convexity-concavity.

After this preparation it is easy to construct the dissipative part of the dynamics of the
Lotka-Volterra system. There one need to introduce the symmetric part of the coupling, and
consider the state dependence. In a general form, where the gradient generator of LV is intro-
duced as a concave functibg, = H_y . Thenitis reasonable to decompasmto symmetric
and antisymmetric parts introducit®y= (112 l1)=2andIS = (I, + 151)=2:

x= h(xy)@H lu(xy)@H = 1*(xy)@H L(xy)@H 1°(xy)@H;
y= la(y)@H lL(xy)@H = 1A(xy)@H  IS(y)@H  (;y)@H:  (9)
Substituting (2) with the state variable dependence of the coef cikfixsy) = fix2,
1S(x;y) = TSxy, 1IA(x;y) = Mxy andl,(x;y) = T,y2 one obtains that
x=x(A By) Ex?
y=y( C+Dx) Fy% (10)
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where A = fic+ ™ M a B= 1 b c= fHa ™ ¢ D=

fs f d; E=fd; F=1b One can see that the antisymmetric part cannot be sepa-
rated, it is a mere multiplier of the classical Lotka-Volterra dynamics, and it may be merged
into the potential itself, generating a pure Hamiltonian conserved dynamics. One can see an
example time evolution with extending classical dynamics of Figure 1 on Figure 2.

5 |
5 — x (Prey3

4 y (Preadors

3 27

illMMMm |
L Qe

Figure 2: Dissipative LV, with classical parametérs 3; B =2; C =2; D =1 and dissipative
extensiorE = 0:02 F =0:04The relevant equilibrium is a focus. Left: the time evolution of
the variables, right: phase space.

3.1 Limitcycles

After the identi cation the relation of the conservative and dissipative parts of the dy-
namics one can recognise that the limit cycles can appear if the dissipative part vanishes
at a particular value of the gradient potential. That can be easily constructed by rede ning
the dissipative extension coef cients(x;y) andl, asli(x;y) = fi(x;y)[Ho H(x;y)] and
I, = (% y)[Ho H(x;y)]. Therefore a dissipative dynamics with limit cycle becomes

x=1Py)@H Tiy)Ho HXYI@H 15(xy)@H;
y= 1Axy)@H 15(xy)@H  T(y)Ho H(xy)@H: (11)

This modi cation will stabilize thef (x;y)jHo = H(X;y)g set. The proof is easy, either
by linearisation or by direct nonlinear reasoning.

Substituting here (2) and the dissipative coef cieljtsvith the state variable dependence
l.(x;y) = Tix2y, 15(x;y) = TSxy, 12 (x;y) = TAxy andl,(x;y) = T5xy?, the above equations can
be written in the form

x=x(A By)+Tixy[Ho HEGY)( c+ dx);
y=y( C+Dx)+Mxy[Ho Hy)l(a bx); (12)

whereA = (A S)a; B=( 1S)b; c= (M + 1S)candD = (1 + 1S)d. Note, that the
equations and their solutions depend on the choice of the state variable dependence of the dis-
sipative coef cients. For example if we chookéx;y) = T1x andl,(x;y) = fy, then we get
similar trajectories.

We demonstrate the limit cycle dynamics with the previous parameters of the dissipative
LV system except introducing the quasilinear coupling. On Figure 3 the asymptotic kajue,
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Figure 3: Limit cycle LV, with classical parameteks= a=3; B=Db=2; C=c=2; D =d=

1 and dissipative extensidn = |, = 0:05;the asymptotic gradient generator is setip= 5
and its initial value iH; = 4:079 The limit cycle is attracting from inside. Left: the time
evolution of the variables, right: phase space.
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Figure 4: Limit cycle LV, with classical parameteks= a=3; B=b=2; C=c=2; D =d=

1 and dissipative extensidn = |, = 0:1; the asymptotic gradient generator is setHig= 3
and its initial value iH; = 4:079 The limit cycle is attracting from outside. Left: the time
evolution of the variables, right: phase space.

of gradient generator is greater than its initial valkle,and on Figure 4 it is smaller. In the
second case we have increased the dissipatibnailso for faster relaxation.

This kind of mathematical stabilisation of the limit cycle is arti cial from a physical point
of view. It is hard to imagine any realistic evolutionary, biological or mechanical mechanisms
that could introduce directly Hamiltonian dependent coef cients in the dynamics. However, up
to now we have discussed only the pure mechanical part of the dual internal variable evolution.
The complete thermodynamical structure includes also an energetic part, therefore requires a
further extension.

4 THERMODYNAMIC LOTKA-VOLTERRA

Up to now the interpretation of our conserved quantity and also the introduced stability
concepts are based mostly on mechanical iddabeing a kind of Hamiltonian. Pushing this
interpretation forward one needs to distinguish between the energy of mechanical origin, that is
the Hamiltonian, and the total enerdy, The difference of the total and mechanical energies
Is the internal energy) = E  H(X;y). An entropy depends directly on the internal energy,
S(U)= S(E H(x;y)), and its derivative by the internal energy is the reciprocal temperature:
% = . Then, the internal variable dependent form of the entropy is the funB(Bnx;y) =
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S(E H(x;y)) with the following partial derivatives:
éd 1 &_1@H & _ 1@H
@E T’ @x T @X @y T @y
This functional dependence can be expressed also in the form of differentials, as it is customary
in thermodynamic literature:

(13)

dE = T d5+ @Hdx + @H dy: (14)

We can see, that the energetic intensive quantities related to the internal vaxialdy are
the derivatives of the Hamiltonian, as it is expected.

The internal energy dependence of the entropy is the usual bhe: TdS. Let us assume
also the simplest possible caloric equation of sthlte; cT, ¢ being a constant heat capacity.
That implies a logarithmic entropy functioﬁ(E H)=cIn(E H)+ Sy, with an auxiliary
constantSy, and the heat capacity> 0 for thermodynamic stability.

In order to consider energy exchange with an environment, one assumes that the sum of
the total body energlg and the energy of the environme#g{ is conserved:

E + E. = Eg = constant: (15)

The environment has a constant temperaflge; constant, therefore its entropy is sim-
ply Se(Ee) = E—o

Now we can repeat our construction method of evolution equations assuming an extension
of the previous dynamics (7) with an energetic part:

U=(E H)= Q(E;xy); x=f(E;xy); y = 9(E;x;y): (16)

Here, the "heat'Q and also the functions andg are to be determined according to the re-
quirement of nondecreasing total entropy, according to thermodynamic expectations about the
second law. The derivative of the total entropy along the system of differential equations (16)
IS

H

Q T, 0: a7

S(E;x;y) + Se(Ee) = Ti
0

—|

We may look for a solution by multiplying this inequality ByT, and obtain

TTSE; x;y)+ TToSe(Ee)=(To T)Q T@Hf T@Hg O (18)

This way a linear solution will lead to a version of the familiar Newton's cooling law for
the energy part of the inequality, in the fogh= (T To). The thermodynamic forces and
uxes are

\Thermal Internal 1 Internal 2

Force| To T T@H TQH
Flux Q f g

Table 2: Thermodynamic forces and uxes for the thermal case
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An incomplete simple linear solution of (18) is

01 O 10 1
0O O To T
g 0 |21 |2 T@H

where the coef cient matrix is positive de nite, thatis> 0,1, > 0,1, > Oandl.l, (I;2+

l,1)=4 > 0. This is not the most general solution, but de nitely the one where every nonzero
term is well known and interpreted in the coupling matrix. Let us separate the symmetric and
antisymmetric parts similarly to (9), introducit®y= (11> l21)=2andl® = (112 + 1»1)=2. Then
substituting into the differential equation one obtains

E= (T To+ @Hx+ @Hy;
x=I"T@H LT@H I°T@H;
y=I1"T@H IST@H [|,T@H: (20)

The remarkable property here is the temperature dependence of the coef cients. Because
the temperature is proportional to the internal energy, the difference between the total body en-
ergy and the Hamiltonian. Our differential equation is a gradient dynamical system, where the
generating potential is the total entropy of the body and the environS{&x;y) + Se(E.).

The equilibrium of (20) is asymptotically stable as long as the entropy is concave, and increas-
ing. The rst condition is ensured if the heat capaditig positive and the Hamiltoniad (x;y)

Is convex. The second condition is also valid, by the construction of the dynamics, ful lling
the entropy inequality. The only interesting point is, when compared to equilibrium or ordinary
thermodynamics, that temperature, as the difference of the body energy and Hamiltonian, is not
necessarily positive. However, the evolution equations ensure, that if the initial temperature is
positive it cannot become negative and contrary, if the initial temperature is negative it cannot
become positive. Nevertheless, the typical equilibrium solution of the differential equations is a
focus, but the domain of attraction varies. This is exactly that one expects from a szstem model
in the framework of ordinary thermodynamics [17].

In the absence of a heat reservay= 0, the zero temperature is an equilibrium condition
of the evolution equations. At zero temperature the system is "frozen”. Moreover, cyclic nondis-
sipative behaviour is typical. Let us investigate the corresponding conditions by the example of
Lotka-Volterra Hamiltonian. Therefore the qualitative behaviour of the solutions depends also
on the initial conditions.

4.1 Stable oscillations in LV systems

Let us assume again that the Hamiltonian is the conserved quantity of the Lotka-\Volterra
system and let us insert the dynamics into a thermodynamic framework. As we have seen
previously we obtain the original LV evolution by introducing a particular, quasilinear, state de-
pendent coef cient matrix, where the coef cients are proportionakpy |, = Tixy, I, = Txy,
a="axy, andl = ’I\xy. Moreover, in order to obtain the classical dynamics in the nondissipa-
tive limit one need to introduce temperature independent antisymmetric coupliag; fazsT.

This way the original LV dynamics is the nondissipative subsystem of the thermodynamic body,
when the symmetric part of the conductivity matrix is zero. Thus the complete system of dif-
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ferential equations becomes

E= (T To)+ H(xy);
X = )((a by)+ XyT('l@H + I@H),
y=y( c+dx)+ xyT(IQH + I,@H): (21)

In case of zero temperature and nonnegative initial temperature a fast equilibration of the
Hamiltonian part leads to limit cycle like behaviour. This is demonstrated on gure 5

WY

5 10 15 20 25 30 0 1 2 3 4 5 6

o

Figure 5: Thermodynamic LV, with limit cycle like dynamics. The classical parameters are
a=3;b=2;c=2;d=1 and for the dissipative extension= 1, = 0:02;| = 0. The thermal
relaxation coef cient = 0:2. The environmental temperatufg = 0 and the initial total body
energy isEqg = 2. Left: the time evolution of the variables, right: phase space.
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Figure 6: Temperature and energy relaxations of the LV system with parameters given in 5. The
grey curve shows that temperature relaxes to zero as the body energy and the Hamiltonian, the
black and dashed curves, equilibrate.

If the temperature equilibration is slower than that of the Hamiltonian part the oscillatory
behaviour is erased as one can see on gure 7 with different parameters.

Finally, on gures 9 and 10 show an example when the initial temperature is negative,
with the same equilibrium solution of the differential equations.

5 DISCUSSION

We have seen that Lotka-Volterra dynamical systems can be treated as dissipative Hamil-
tonian systems and also as true time dependent homogeneous thermodynamic systems. In
both cases ordinary thermodynamics, the non-equilibrium thermodynamics of discrete systems
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Figure 7: Thermodynamic LV, with limit cycle like dynamics. The classical parameters are
a=3;b=2;c=2;d=1 and for the dissipative extensibn= :01;l, =0:1;| = 0. The thermal
relaxation coef cient = 0:05. The environmental temperatuig = 0 and the initial body
energy isEqg = 2. Left: the time evolution of the variables, right: phase space.
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Figure 8: Temperature and energy relaxations of the LV system with parameters given in 7.
The grey curve shows that temperature relaxes to zero as the body energy and the Hamiltonian,
the black and dashed curves, equilibrate. Here the equilibration of the Hamiltonian (dashed) is
faster than the body energy (black)

where the total entropy is a Ljapunov function of the thermodynamic equilibrium is the key for
the proper generalization.

With the help of termodynamic concepts one could understood, there is no natural expla-
nation of stable limit cycles in the framework of classical gradient system dynamics. Hovewer,
thermodynamically compatible energy balance and the related temperature concept can lead to
stable oscillating internal variables. The nondissipative cyclic behaviour depends on the initial
conditions as it can be expected in real ecological, biological and economical systems, too.

Thermodynamic conditions of limiting oscillations are natural:

— Zero environmental temperature,
— Classical Newtonian heat exchange,

— Temperature independent ideal dynamics.

In these models the second law does not lead to globally stable equilibrium without any
conditions. However, the basin of attraction changes according to the nonlinearities and oscil-
lations may be stabilized by thermodynamics.

It is particularly interesting to understand the implications of the presented ideas in eco-
nomic models, where thermodynamic concepts are somehow traditionally interesting. The usual
interpretations of a possible role of thermodynamics in economy are based on the expected
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M

Figure 9: Thermodynamic LV, with limit cycle like dynamics. The classical parameters are
a=3;b=2;c=2;d=1 and for the dissipative extensiby=0:01;l, =0:1;| =0. The thermal
relaxation coef cient =0:5. The environmental temperatufg =0 and the initial conditions
arex(0)=1:5y(0)=1:5andE(0) = 4:5. Left: the time evolution of the variables, right:
phase space.

5 10 15 20
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Figure 10: Temperature and energy relaxations of the LV system with parameters given in 10.
The grey curve shows that initially negative temperature relaxes to zero as the body energy and
the Hamiltonian, the black and dashed curves, equilibrate.

analogy with the potential structure of thermodynamics and looking for the concepts of wealth,
value and goods. Also they are accounting the balance structure of irreversible thermodynamics
[26, 27, 28]. On the other hand dynamical systems play and important role in economic model
generation [5, 4]. There the concepts of stability are not connected to any fundamental aspect of
the system. These two approaches to economical dynamics are essentially separated, and early
attempts of their connection are essentially failed Here we have seen that ordinary thermody-
namics of Matolcsi and the theory of dual internal variables opens a way of uni cation and new
fruitful analogies. Moreover, a clear concept of dissipation is also have an explanatory value.

Thermodynamics is universal as long as the theory is based only on general concepts. This
universality may explain the hopes and beliefs in thermodynamic concepts in very different
areas. In this work we have shown that recent advances in thermodynamics as a dynamical
system theory may justify these expectations extend also the region of its validity. In particular
we have seen how conservative dynamical systems may be interpreted in a thermodynamic
framework and how thermodynamic concepts like dissipation or temperature emerge in this
approach.
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MODELING NATURAL GAS FLOW BEHAVIORS IN
UNCONVENTIONAL, UHPHT RESERVOIRS WITH NANOPOROUS
MEDIA

Patrik Pusztail, Anita Jobbik!
1 Research Institute of Applied Earth Sciendtdsiversity of Miskolc

Abstract: Conventional continuum-flow equations, suchastheNe}-RZQ 'DUF\fV ODZ JU
underestimate the fluid-flow rate when applied on nanopore-bearing reservoirs. This paper
concentrates on the collection, interpretation and presentation of different flow models which

can be used in such conditions. They are utilized on core samples which are originated in a
+XQJDULDQ UHVHUYRLU XQGHU H[WUHPH SUHVVXUH DQG WF
only limited literatures are available which can describe the exact flow behavior of natural gas

in these conditions, comparison of the different models can provide information for a wider
understanding of these types of reservoirs.

Keywords natural gas, gas flow models, reservoir

1 INTRODUCTION

The growing requirement for energy and decreasing quantibgsil fuels are forced the
present engineers to find alternative solutions. Thisnpmenon is valid in case of
hydrocarbons too, where the role of unconventional regsriigetting more significant at
recent times. Natural gas production from these typesesdrvoirs has been developed
remarkably in the past few decades thanks to the technalvgneement.

These types of reservoirs (tight gas; shale gas) uswaly pore size distribution in the
range of micro- to nanometers and the reservoirs aeeglin extreme conditions, which
influence the equations describing the gas flow and thermbbalance equations. Appropriate
description and modeling of these mechanisms are indidperfea economic exploitation of
unconventional natural gas reservoirs.

Several factors influence gas production from these unobiow@l formations, so the
creation of an adequate material balance equation wassag to describe pressure depletion
and original gas in-place. Integration of this novelamat balance equation with the different
flow models results a calculation algorithm which enatdaavestigate the reservoir behavior
during production.

2 A NOVEL MATERIAL BAL ANCE

The main concept in generating the material balance equistisimply a volumetric
balance, which states that the algebraic sum of vottlhraages of gas in reservoir and the gas
produced must be zero. The reservoir temperature is adgarbe constant. In this paper such
material balance equation was necessary which deals théthfact of several different
mechanisms. Because of the reservoir conditions acti@servoir is assumed (in case of tight,
compact reservoir this assumption is acceptable) whergdh expansion, formation water
expansion and formation rock expansion are the basihaneuns. As a great deal of
unconventional gas reservoirs are shale gas types deadtingdsorption is indispensable. Also
because of the great pressures and temperatures the dissofutiatural gas in the connate
formation water is necessafyue to these phenomena the following connection is statece
the volumes are identified under reservoir conditions.
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Cumulative_gas_ production [m®]=

Gas_expansion [m®]

Rock_and_ formation_expansion_[m°] (1)
Desorption [m°]

Precipitation _[m®]

For the calculation of desorption two model were used: Odmgmuir isotherm is a
widespread calculation model to determine the adsorbegiodasie assuming a monolayer
behavior and the BET isotherm is used for multilayer gdd&m. Comparison of the two models
is essential in this paper.

To calculate the volume of dissolved natural gas irfdh@ation water a correlation [1]
was used which was created for methane solubility in a \&igerof pressure and temperature.

Expression of the terms in Eq.1 and simplification ofrihesults, two complex, non-
linear equations, in case of Langmuir adsorption Eq.dracdse of BET adsorption Eq.3. The
solution of these equations was necessary to calcuaessure drop in the reservoir during
production, so the production rates could be predictedl@rgaterm production of the natural
gas bearingl RUPDWLRQ 7KH HTXDWLRQV FR X XBH \RR OIYHZGV R &
method which is an iterative process. But there are sar@meters in the equations that are
also pressure dependent, these are the deviation faotosity, viscosity and the apparent
permeability values. So the real depleted pressure valuéeaaiculated by a double iteration
process in an implicit way. The calculation algorithmrssented in Fig. 1.
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Assume starting

value
P = (p; - 1bar)

Fig.1. Calculation algorithm for pressure depletion

3 GAS FLOW MODELS

The Darcy equation, which was derived from the Navier-Stokestiequiaased on
continuum theory, has been used for more than 150 yeérearly relate fluid-flow rate and
pressure gradient across a porous system. The linetlity Darcy equation makes it easy and
SUDFWLFDO WR XVH LQ UHVHUYRUUFHD®@J UBINVHU YRL D D B X\OLD
equation correctly models the flow behavior at macronadteand micrometrical scale where
the main forces interacting are viscous. However, physidtuid flow in shale and tight
reservoirs cannot be predicted from standard flow or massfer models because of the
presence of nanopores, ranging in size from one to hundfeasnometers. Conventional
FRQWLQXXP IORZ HTXDWLRQV VXFK\DWLPDUNFMTW IKOHD 40R 2 HD
applied to nanopore-bearing reservoirs [2].

This phenomenon can be described by the fact that with as#ioge pore sizes the
interacting forces between the pore walls and gas mekeeuk getting more significant than
EHWZHHQ JDV PROHFXOHV ZKLFKVLVDWRKSTVDORLZQ FRVVW KRI
becomes more significant the flow will alter increasinfpm WKH 'DUF\fV IORZ $0OVR
pore sizes are small enough (comparable to moleculetse@)ain driving force becomes the
concentration difference (diffusion) instead of pueedifference.

There are four different flow regime in the literatusbich are sorted by growing
Knudsen number. The Knudsen number is the ratio of theageemean free path of the
molecules and the average pore diameter. The fouratitflow regimes are presented in Table
1.

Table 1.Sample caption, should describe the table

Knudsen number [-] Flow regime

0 +103 Continuum/darcy flow (no-slip flow)
10° +10? Slip flow

10t - 10 Transitional flow

10t - Free molecular flow/Knudsen diffusia
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Different flow models investigated in this paper are ctdid@and presented in Fig.2ll
of them are expressed in an apparent permeability paradigtéed by the absolute (or Darcy
- constant) permeability. These apparent permeability valigeeginctions of the pressure in all
PRGHOV 7KLV LV GLITHUHQW W K DRXaW Ketue' &f pdfingabilB/RSGHO ZK
determined. These models expressed in different formtheis applicability is usually
acceptable in one or two flow regimes. The derivatidribedifferent models are not detailed
in this paper nor the apparent permeability equations of (tlentorresponding literatures are
listed in the references). Two types of flow regimesimvestigated in this paper (in addition
to the continuum regime). There are 6 types of models va@ahwith the slip flow regime and
4 types which deal with mainly transitional regime. Alsonadel which uses individual
equations in case of different regimes is presented.sltdde mentioned that most of the
models which accounts for Knudsen diffusion (typical naism in transitional regien
besides slip phenomenon) are also suggested in cas@ oégilne, except the NAP (non-
empirical analytical permeability) model which neglea #tip term. This is the reason why it
cannot describe appropriately the flow in this regime (geEig. 2.). The models usually
suggested to describe slip phenomenon are framed with greemaets suggested in case of
transitional regime are framed with red.

100 | Free molecular flow

Transition flow

Continuum/
No-slip flow

Slip flow

s | |in ke nber g
=== |ones and Owens
= Sampath and Keighin
Heid et al
=== Florence
=== (ivan
10
s | gvadpour 2009
Azom and Javadpour 2012
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Sakhaee-Pour and Bryant

Deviation fromdarcy behavior (Ka/KD)
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|
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N

0,001 0,01 01 1

Knudsen number [-]

Fig.2. Flow models

4 RESULTS

The investigated formation was at the depth 5470-5478,5 m and d3awmples were
derived the whole interval on which the measurementsiést basic input data were performed
by the Research Institute of Applied Earth Scienceseatthiversity of Miskolc.

During production calculation this thesis investigated a Ssyietgrval. Because the very
small permeability values no high production rates were&sted, which were proven by the
calculations. The initial production rates, &d the cumulative gas productions, f{& each
models are presented in Table 4 for each models. Alsodatiation from the Darcy
SHUPHDELOLW\YV YDOXHV LV H[DPLQH® XHW K, Q@ HDieHQ RVIDJIMHE
BET isotherm was used during the calculation as it reshdtsmost realistic values. The
pressure drop calculations were based on the algorithmnpeedsearlier and an open-hole
production (radial flow) was assumed.
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Table 2.Comparison of the different models during 5 years interval

Model Qi Deviation | G, [m3] | Deviation
[m3/day] from from
Darcy [%0] Darcy [%0]
H. Darcy, 1856 [3] 1 044,4 0,00 1737 387 | 0,00
L.J. Klinkenberg, 1941 [4] 1048,9 0,43 1744522 | 0,41
F.O. Jones and W.W. Owen, 1979 [5] | 1 049,8 0,51 1745894 | 0,49
K. Sampath and C.W. Keighin, 1981[6]| 1 044,8 0,03 1737887 | 0,03
J.G. Heid et al, 1950 [7] 1051,2 0,65 1748 135 | 0,62
F. A. Florence et al, 2007 [8] 10485 0,39 1743887 | 0,37
F. Civan, 2010 [9] 1 048,4 0,38 1743 606 | 0,36
F. Javadpour, 2009 [10] 1 063,8 1,86 1767263 | 1,72
P. Azom, F. Javadpour, 2012 [11] 1063,8 1,85 1767235 | 1,72
H. Darabi et al., 2012 (APF) [12] 1 065,2 1,98 1769437 | 1,84
A. Sakhaee-Pour, S.L. Bryant, 2012 [1] 1 049,3 0,47 1745111 | 0,44
H. Singh et al., 2014 (NAP) [14] 1 994,6 90,97 3007 991 | 73,13

The initial production rate values are so low that thekenthe formation impossible for
economical production in case of through an open hotéosed he necessity of an enhanced
gas recovery treatment is evident. But the deviation ftzerDarcy production is higher in all
cases (as it was presumed by the models). In case of ARAP,;F. Javadpour, 2009 and P.
Azom and F. Javadpour, 2012 the models provide higher produatemthan other ones. This
result was presupposed in the general comparison chaptprceaed by the calculations. This
phenomenon can be elucidated by the fact that the resésvai the continuunmtno-slip
boundary Fig. 2 so the necessity of Knudsen flow is not medjind the validity of these
models during this conditions are questionable. Also, the MAdelel results very high
production rates compared to the other models, which cacdmunted for the fact that the
model does not work properly in the Knudsen range of tleeveis. The other models are come
with very similar results in case of initial gas ratel cumulative gas production. As the flow
W\SH RI WKH UHVHUYRLU LV RAWHIQRWHLW RZ DAK H [ERIG W HGXW
flow calculations will result almost acceptable productialugs. This assumption was proven
by the calculations. The reservoir pressure drop isigoifisant during the examined period
because of the very low gas production rates. Fig. 3. sti@weservoir pressure depletion and
WKH FXPXODWLYH JDV SURGXFWQHQ@\GXKRLQO VDKHH Q EHHW Y VL €
situations were investigated, namely when adsorption takes jplamultilayer conditions
(BET), when adsorption takes place in monolayer condit{bangmuir), when no adsorption
is present and when no adsorption and no solution in fomaater is present.
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Fig.3. Pressure depletion and cumulative gas production in case of L.J. Klinkenberg, 484l m

There are conspicuous differences between the diffeasess in Fig. 3. As it was detailed
earlier in case of a model which account for multilagdsorption and all of the possible
mechanisms, which are presented in tight gas reservmrptessure depletion is not as
significant as in case of other models. So the cumulptivéuction prognosticated by the BET
model with solution of methane is higher. It can bensthat the trends of the lines are linear in
all cases which means this production time is not enoutifetavell to reach a near steady-state
flow.

5 CONCLUSION

This thesis described the different unconventional gasvaese Also, it described the
different flows which come into prominence due to micrd aanopore regimes. Through the
introduced flow equations and a new material balance equatldangarian formation was
characterized. The material balance which involvesd#tailed role of adsorbed gas in the
porous matrix provides reliable calculation of pressure tleplduring production and original
gas in place.

The performed measurements on the core samples (peddiyrthe Research Institute of
Applied Earth Sciences of the University of Miskolc) pdavthe basic input parameters in the
calculations. The reservoir is under extreme conditiso the different models had to be
evaluated to get a wider understanding from the reservoir lweh&a the reservoir is in the
slip flow regime the most reliable data are assumed tadady the slip flow models.

For the future investigation it could be essential tord@tee the role of connate water
saturation of the reservoir as it reaches very higib this case. Also the comparison with
production data from wells placed in similar conditions cawvide wider knowledge from that
W\SH RI UHVHUYRLUV ZKLFK FRXO Q@ \J0 DIX@&/KW H UHQ KU LHWILRFC
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RECENT PROGRESS IN FLOW BOILING HEAT TRANSFER OF
NANOFLUIDS
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Abstract In recent yearsthere has been an increasing interest in flow boiling heat transfer of
nanofluids. Howevethis gives numerous chances to investigate new frontiemsldmutacing

great challenges. This paper presents a review of recent studies ibdilavg heat transfer of
nanofluids for the periofom 2012 to present. The research results in the recent survey are
reviewed and briefly outlined with an emphasis on enhancement and deterioration of boiling
heat transfer coefficient (BHTC) and critical heat flux (CHF) of flow boiling using
nanoparticles. Other parameters related with heat transfer mechanisms of flow boiling are also
identified and reviewed. This work explains the latest studies that conducted by researchers
interested in this area to give more understanding to this phenomena.

Keywords: boiling heat transfer coefficient, critical heat flux, flow boiling and nanofluids.

1 INTRODUCTION

The continuous increasing in energy consumptionas#ie investigators to put their
efforts on developing new saving energy strategies to oner¢hat increasing winning. One
of the mest important strategies is to increasing the efficiency @it lexchange systems by
increasing cooling rate for the system. The traditiomays to enhance cooling rate is to
increase heat transfer surface area but this approadtanaedesirable increase in size of the
heat exchange systeifd§. As well the poor thermal properties of the conventifioals such
as water, ethylene glycol (EG) and engine oil (EO) thdirmp@erformance will be limiting.
Thus, these fluids are not suitable to meet the cooling npegifice especially in high-tech
industries. In the other hand, boiling heat transfer (Bld very important phenomenon in
heat transfer and used in variety of industrial divisidi boiling heat transfer (BHT) is often
measured in heat transfer coefficient (HTC). The upgnadelTC) is crucial to make boiling
frameworks more vitality proficient to accomplish noteworgssening in vitality utilization
and systemize also, the enhancement in critical heat(€HF) is most important to make
boiling systems compact and safer to endure the operationshighédeat fluxes.

One of the most important passive methods to enhanceroéinig heat transfer and
critical heat flux is to using nanofluids instead of carti@nal fluids. Nanofluids are suspension
that can obtain by dispersing nano-meter size partielbase fluids. Solid particles with high
thermal conductivity are generally added as an additivee@dhventional fluids to increase
their thermalconductivity and then will enhance thermal performancahete systems.
Nanofluids have attracted much attention recently becaiséheir potential, as high
performance heat transfer fluids in many applicati@hsA nanofluid, first reported bZhoi
[3] in 1995 at Argonne National LaboratotySA, it is a new class of fluids engineerbeg
dispersing nanometer- size solid particle4 Q0nm)in the base fluids. Nanofluid boiling began
to draw research interest frod03and has become an important research @freanofluids

[4].

2 BOILING HEAT TRANSFER

Boiling and two phase flow heat transfer is one of the mmstmon phenomena in heat
transfer process that are happen in many industrial apphsatt is a phase change from liquid
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to vapor also, boiling is a complex process and very efficmode of heat transfer in heat
exchange systems as well as cooling of high-tech applicdlany researchers have been
interested in topic of boiling heat transfer and many studigiswdth enhancement of thermal
performance during this phenomenon. When a liquid is miaab with a surface maintained at
a temperature above the saturation temperature oiqgthd, |boiling will eventually occur at
that liquid-solid interface. Conventionally, based om télative bulk motion of the body of a
liquid to the heating surface, the boiling is divided into twcegaties; pool boiling and
convective flow boiling. Pool boiling is mode of boiling whettee fluid is stationary in
beginning with respect of heating surface and the relatot#®n of the vapor produced and the
surrounding liquid near the heating surface is due primartlyeduoyancy effect of the vapor
whilst the convective flow boiling refer to boiling in a flowing stneaf fluid while the heating
surface may be the channel that containing the f®oling and two-phase flow phenomena
are generally utilized as a part of various industrial appios such as refrigeration, air-
conditioning, heat pumping system and cooling of high tech-agic like electronics
component$s].

3 RECENT LITERATURE IN BOILING OF NANOFLUIDS

Boiling play a very vital role for some industrial apption and technological areas such
as energy production, for instance subcooled boiling hexagfer can provide huge heat transfer
rate, and this can be befittingly engaged in the coolisgpme components for fusion reactors.
Furthermore, very compact heat exchangers can be mamethaevith high heat transfer rate
that obtained with boiling heat transfer. These improviilgb& useful for the cycle of power
plants efficiency[6]. Critical or burnout heat flux (CHF) is the most imiamit parameter in
term of boiling heat transfer and is defined as a limitedtmowhich phase change phenomena
acts in a way that bubble can completely cover andahadm the heating surface.

Designing and operating heat transfer equipment especiallyigim heat flux rate
depending on CHF behavior. To get more efficient coolirsgesy for high heat flux system
CHF should be prevented because in this condition, heharge coefficient begins to be
degradation once again the higlgéren heat fluxes, which can at last harm the surfanegsi
heat can't be exchanged from the surface towards thefdiolant. Nanofluids are designated
as a promising approach to improve the thermal efficieriayooling systems and a divine
being choice for CHF aversion purposes. Such Nano-suspens@ses higher thermal
conductivity in comparison with traditional fluids, so yhean be used for high heat flux
applications and as productive cooling working medi{ifihs
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Fig.1. Publications by topic (boiling heat transfer of Nanofluids) sid@&2till present. Web of
Science irl4/02/2017.

134



13" International Conference on HEAT ENGINES AND ENVIRONMENTRROTECTION$ -27 May 2017, Hungary

Fig. 1 showing recent record that related with developmentarlyeesearch publication
on topic boiling heat transfef nanofluids. Our searching onélVof Science found abo@93
boiling heat transfer using nanofluids related publications béready appeared fro2@12till
presentwhere it was highest percentage of publication about 24.232%30h 2016.

4 RECENT STATE OF THE ART REVIEWS CONCERNING FLOW BOILING HEAT
TRANSFER OF NANOFLUIDS

Flow boiling heat transfer refers to boiling in a flowirigeam of fluid while the heating
surface may be the channel that containing the flow.useésl in many industrial applications
such as air conditioning, power plant components likeebdilbes, refrigeration, petroleum
industry, nuclear reactor cooling and high-tech electronigpoment cooling. To make these
applications more efficient in term of heat removat@oling systems its necessary to enhance
the flow boiling heat transfer process to obtain significketraction of energy consumption.
One of the most effective methods to improve the flow hgiheat transfer is to use solid
particles in Nano scale with conventional cooling fluidghich offer energizing new
conceivable outcomes to improve thermal exchange perfoer@mpared to host fluids but
also these methods posses some challenges . Nanofli@sew class of fluids and promising
next-generation for those fluids especially with highesritbal condictivities and thermo
properties than those for traditional fluids.

The boiling heat transfer of nanofluids began to draw rekeaterest fron2003and has
become a focus of researcher attention in nanofluidareb activities. Most of the recent
studies on boiling heat transfer deal with pool boiling ardeswith flow boiling heat transfer.
Flow boiling heat transfer has more application in heabh&mge systems than pool boiling and
for that is reason should still be an essentiabresetopic, and it has the potential to remarkably
enhance heat transfer and thermal efficidBe%0]. However, research studies on flow boiling
of nanofluids started to draw attention only from 2007, andishaean after pool boiling heat
transfer. Researcher who interested with this topicdaune related paper that published before
20078, 11]. In recent years, there has been an interesting lwithdoiling heat transfer and
some of published papers deal with most important parameter$i$C, CHF and pressure
drop in tested channel. On other hand, bulk effectstlieemal conductivity, viscosity and
stability of nanofluids in this phenomenon also takeoinsideration. In this section, important
results on thedTC and CHF of flow boiling are summarized imable .2. Fig 2.Shows
searching by topic flow boiling and nanofluid in engineering vill2g®2/2017.
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Fig.2. Publications by topic (flow boiling and Nanofluids ) since 2012 till present. On
engineering village 4/02/2017.
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Seung et.a[12] experimentally studied the critical heat flux enhanagrmeflow boiling
of Al.O3 and SiC nanofluids under low pressure and low flow condititreir experiment was
performed in round tubes with an inner diameter of 0.01041 m emdyth of 0.5 m under low
pressure and low flow (LPLF) conditions at a fixed inlenperature using water, 0.01 vol.%
Al>Os/water nanofluid, and SiC/water nanofluid. They were founat the CHF of the
nanofluids enhanced and the CHF of the SiC/water nadoftas more enhanced than that of
the AbOs/water nanofluid. Also, as seenhig. 3, the contact angle in the inner surface of the
test section after the CHF experimeXtvLQJ WKH 6L& ZDWHU QDQRIOXLG
WKDW DIWHU WKH &+) H[SHULPMNQWatELNrofliddD WHU DIWMHUDQ
LQ MHFW L @dter. Th@seRésults demonstrated that the nanopatéplasition increased
the surface wettability.

® ©

Fig.3. Contact Angles of the Inner Surface of the Test Section after the GigRraents: (A) Water
f (B) Al203/Water Nanofluid fand (C) SiC/Water Nanofluid (38f8L2].

E. Abedini et.al [13] investigated numerically using two phase mixture model the
subcooled flow boiling of a nanofluid consisting of water &hgDs. Their results observed
that the convective heat transfer coefficient foxaofluid in subcooled flow boiling is higher
than that of the base fluid. Heat transfer coefficienteiases with increasing of nanoparticles
concentration. However, the effect of nanoparticleceotration on the heat transfer coefficient
in the case of high inlet velocity is not significant. {Be other hand, in subcooled flow boiling,
decreasing the inlet mass flow rate can cause to decreiasesaise the heat transfer coefficient
which depends on the effect of forced convection and ldweatt transport on the overall heat
transfer coefficient.

Om Shankar et.al[14] studied the flow boiling heat transfer enhancement by using ZnO
water nanofluids. Their loop was closed fluid test facdihd the annular test section is 780mm
long and consists of an electrically heated rod anduser ®worosilicate glass tube of 21.8mm
inner diameter. The heater is 12.7mm diameter hollowiets steel rod welded to solid copper
rods at both end&xperimental data shows that the heat transfer cogfiticf 0.0001% ZnO-
water nanofluid and 0.1%nO-water nanofluid. The Results indicated that hHeamsfer
increases with increase heat flux for all conceiunat of ZnO-water nanofluids due to
increased energy gain by the nanoparticles. The increasihgait transfer coefficient was
significant at 0.1% volume concentration of nanopartiblesause at higher concentration of
nanoparticles (0.1%): 120% increased thermal conductivign@i-water nanofluid, 1367%
increased surface roughness of heater rod due to depasitidnO water nanofluid, the
nanoparticles were deposited more on heater surfacebth@rcreasing the surface area of
heater rod and thus increasing the heat transfer by dimvedso due to increased Brownian
motion, particle driven natural convection, and increasedaction between nanopatrticles.

Sarafraz et.al [15] conducted an experimental study on flow boiling heat transfer
coefficients of deionized water and copper oxide water-bamediflnids at different operating
conditions in an annular space. Their results demdastthat with increasing the applied heat
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flux, flow boiling heat transfer coefficient increas® DI-water and CuO-water nanofluid at
forced convective and nucleate boiling regions. In addiaorby increasing the flow rate of
fluids, the heat transfer coefficient dramaticallyrease at both regions. Also, results showed
that the inlet temperature of fluids play a vital roteHTC especially in nucleate boiling region.

Y. Wang et.al[16] investigated experimentally study of8k/ water and AIN/ water
nanofluids flow boiling heat transfer in a vertical tulmeder different pressures and the
influence of heat flux and mass flow rate are also uodesideration. Moreover, nanoparticle
size and shape are observed by transmission electronsoop® (TEM) to confirm that
nanoparticle have not obviously changed before and afiéndg In their experiment, new
correlation for nanofluid saturated flow boiling was preed with 300 experimental points.
This correlation applies to both AIN/ water nanofluid andOal water nanofluid (0.10.5
Vol.%).

Table2 Summarized HTC flow boiling of nanofluids from 2012 to present.

Reference/ | Operating Nanofluids;  Concentrationy HTC results
Years conditions: D | nanoparticles diameter (nm)
(mm)L (mm)/G (kg
m? shig (kW m?)/

outletp (kPa)
[17]/ 2012 10/ 1000/ 137-303 TiOz/water; 0.1-2.5 vol.%; 2( Deteriorated by increasin
50-102/ 101 3 LQ YHUWLFDO

tubes
[18, 8} 2012,| 0.143/ 7.5/ 171-401] Al,Oswater; 0.2 wt.%; 40 17% enhancement
2015 0-1000/ 101

[19, 20]/| 5.94/ 1000/ Al>03,Zn0O, diamond/water! | (QKDQFHG ZLWK

2013 2500/9000/ 101 0.1 vol.%; 30

[21])/ 2014 Dn= 30/ 300/ 353 Al 04 water; 0.5-1.5 vol.%| Enhanced with increasin
1059/19/ 101 50 heat flux and mass flow ral

and deteriorated in nuclea
boiling region with
LQFUHDVLQJ 3
[14])/ 2014 Dn=9.1/ 780/ 400/ 0 ZnO/  water;  0.0001-0.] Increased

400/ 100-250 vol.%; < 100 (30-50)
[22])/ 2014 D= 30/ 140/3531 CuO/ water; 0.5-1.5 vol.%; 5| Enhanced with increasin
1059/ 0-190/ 101 heat flux and mass flow rai

and deteriorated region wit
LQFUHDVLQJ 3
[15]/ 2015 Dr= 30/ 300/ 0-400 | CuO/ water; 0.1-0.3 wt.%; 5( Increased with mass flo

50-132/ 101 rate
[23])/ 2015 1.1/ 200/ 200-600| Al,Os Dl-water; 0.001-0.] '"HFUHDVHG ZLW
100-400/101 vol.%; 20-30
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[24]/ 2015 Drn= 12/ 300 / 4901 Al20s3/ water; 0.25 vol.%; 20| Enhanced with surfac
880/ 0-5500/ 120 | 30 roughness and mass flg
rate
[25]/ 2015 Dn= 30/ 400/35071 CuG/ water; 0.001-0.004 Increased for convectiv
1060/ 0-175/ 101 | wt.%; 50 regime and deteriorate
with nucleate regime witl
LQFUHDVLQJ 3
[26]/ 2015 1.09/ 306/ 680-3100 Al.Os/ water; 0.01-0.1 vol.%| Degraded
15-406/ 120-175 20-30
[27]/ 2016 11.5/ 1500/ 3901 Al:O4 water; 0.1-0.3 vol.%; - Improved
1400/ 0-1200/ 100 | 26
[28]/ 2016 6/ 1100/ 350-1100 —Al,Os/water; 0.1-0.5 vol.%| Enhanced
50-300/ 200-800 20
[29]/ 2016 20/ 300/ 24-56/ 8{ ZnO/  water; 0.005-0.0] Enhanced with mass flo
110/ 101 vol.%; * rate and heat flux
[30])/ 2016 D= 30/ 300/1004 MWCNT, CuO and AIOs | Enhanced for MWCNT an
1200/2.3-210.1/ 10] water; 0.1-0.3 wt.%; 12| enhanced then deteriorat
QPiT - —P IRU O0:{ for metal oxide particles
and 50nm for metal oxid|
particles
[5]/ 2016 Dn= 30/ 200/0-400 4 Al,O4 water; 0.5-1 vol.%; 5| Enhanced in sort-time stug
0-175/ 101 50 and 80 and deteriorated in extends
time-study
[31] 2016 10/ 1000/ 138-308 TiOz/water; 0.01-5 vol.%; 20| Augments in single-phag
50-112/ 101 and degraded wit
subcooled flow regime with
3
[16]/ 2017 6/ 1100/ 350-1100 AIN/water and AOs/water;| Depend on some paramel
48-289/ 200-800 0.1-0.5 vol.%; 20 for AIO; | according new correlatio
and 30 for ALN proposed
[32])/ 2017 10/ 1000/ 137-210 TiO,, Al,O3 and CuO/ water| Enhanced for single phag
13-77/101 0.1-2.5 vol.%; 10, 20 and degraded for subcoolg
regime
[33]/ 2017 10/ 1000/ 137-303 TiO,, Al,Os water; 0.1-2.5 Deteriorated in both
13-88/101 vol.%; 20, 40 GLUHFWLRQV ZL
[34, 35, 18] | 21.8/ 500/ 405-710 ZznO/  water; 0.001-0.0] (QKDQFHG ZLWK
2013, 2014, 100-550/101 vol.%; 40
2015
Table.3 Summarized CHF flow boiling of nanofluids from 2012 to present.
Reference/| Operating conditions:D | Nanofluids;  Concentrationp CHF results
Years (mm)L (mm)/G (kg m? s | nanoparticles diameter (nm)

BHg (kW m?)/ outlet p
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(kPa)
[12]/ 2012 | 12.7/ 500/ 100-250/ 75 Al.Os/water and SiGvater;| Enhanced for  botl
101 0.01vol.%; AbO3 smaller than nanofluids

50 and SiC larger than 50
[19, 20J/| 5.94/ 1000/ 2500/900Q¢ Al,Os2Zn0O, diamond/water; | Enhanced about 40-50

2013 101 0.1 vol.%; 30
[36]/ 2013 | 10.92/ 550/ 100-500/ (G Fe&Os, Al,O4 water, 0.0001| Enhanced for magneti
100/ 101 0.001 vol.%, 25 nanofluid
[37]/ 2013 | 12.7/ 500/ 100-250/ 10(¢ GO/ water; 0.01 vol.%; * 100% enhanced
3500/ 101
[38]/ 2014 | 10.92/ 550/ 100-500/ Q FeO, / water, 0.0001, 0.00| Enhanced for magneti
100/ 101 vol.%, * nanofluid
[39]/ 2014 | Dn= 7/ 750/ 0-150/ 1018 Fe;O4/ water; 0.01, 0.1 vol.% Enhancement for pur
88 (15-20) water
and ferrofluids under a
external

magnetic field.

5 RECENT STUDIES WITH OTHER PARAMETERS EFFECTS

Although there are many researchers having shown widesttie boiling heat transfer
coefficient and critical heat flux using nanofluif®-39]. However, there are a group of
researchers interesting to present other sub-phenomemasflow boiling instabilities, bubble
formation and flow patterns regarding with flow boiling hieabsfer of nanofluidsE. Abedini
et al [17]they are investigated experimentally the subcooled flowrtgpdf TiO,/ water, their
results shows that the increase of heating surface biligjtadue to TiQ nanoparticles
deposition on the surface increased the bubble depaizararal decreased bubble frequency,
which caused the heat transfer coefficient degraded.

Leyuan Yu et al [40]conducted an experimental study of forced convectbxe floiling

and two-phase flow of AD3/ water nanofluids through a minichannel. They are studied t
effects of nanofluids on the onset of nucleate bpi(l@NB) and Two-phase flow instabilities
with an emphasis on the transition boundaries oéotflow instabilities (OFI). They were
found that the presence of nanoparticles delays ONB andesgesr OFl and the extent of
delay/suppression is proportional to the nanoparticle extration. These effects were
attributed to the changes in available nucleation sitesuafate wettability as well as thinning
of thermal boundary layers in nanofluid flow.

Yun Wang et al [41] studied numerically the growth and departure of a single bubble
behavior in A}Os/ water and pure water flow boiling process by an improved MoRartjcle
Semi-implicit method in different flow boiling condition§hey concluded that the bubble in
Al,O3/ water grows faster and the bubble departure frequency.Gk/Alater is greater than
that in pure water. The effects of nanoparticle conaéintrs and diameters of Abs/ water on
the bubble behavior were also investigated and compared tinedgsime flow conditions. It is
found that the increasing of nanoparticle volume cotnagon may increase the bubble
departure frequency and departure diameter, while the increasasgof departure frequency
and departure diameter are lessened with the increasimanoparticle volume concentration.
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The intriguing finding is that in the same nanoparticlure concentration condition, the
bubble departure frequency for the nanofluid with nanoparticleneter of 29 nm shows a
maximum value. The increasing of nanoparticle diameter leadise decreasing of bubble
departure diameter. It is boldly to predict that an optimabparticle diameter range between
(20-38nm) should be beneficial to flow boiling heat transfédrancement of ADs/ water.

Rana et al [34]preformed an experimental visualization study on sulecbitdw boiling
of ZnO/water nanofuGV ZLWK GLIITHUHQW ORZ SDUWLFIOH FIRQFHQ\
horizontal annulus. The results show that increaskeat flux leads to increase in bubble
diameter. Addition of nanoparticles into the baselfenhances the maximum bubble diameter
and decreases the bubble density. Bubble diameter and lol@nisiéy decrease in both water
and nanofluids with increase of flow rate.

6 DISCUSSION AND CONCLUSION

Recent progress on flow boiling heat transfer of nanoflagldeen reported and reviewed
with an emphasis put on HTC and CHF. Through our reviewsidmy works that related with
this topic publication of flow boiling of nanofluids startetf s 2008, and had a rapidly
increase in followed years and Peake@®16 78% from numbers of reviewed articles deal
with HTC, 18% were only for CHF, and 4% dealt with bothe Tritonsistent results that related
to heat transfer coefficient HTC and critical heat fldlF of nanofluid are found in data
published in the literature. The most commonly used nanopartinl reviewed articles of
nanofluid flow boiling were AIOs and CuO as shown Fig 7. Also, the most commonly used
geometry for flow boiling of nanofluid was conventional chalr{tube) about 18 experimental
studies form the total as shownFigy 8.

The following conclusions can be drawn from present revieleaf transfer coefficient
and heat flux of nanofluids flow boiling.

1- There are two major roles for of nanoparticles awflboiling heat transfer, the bulk
effect that associated with suspended nanoparticles ofuideaind surface effects,
associated with deposited nanoparticles which modifiecthlagacteristics of heating
surface.

2- Nanoparticles deposition on heated surface was the nwsmon reason for
enhancement or deterioration of HTWhere there are several explanations for these
resultsby researcherd 7-35].

3- Improved bubble dynamics and flow patterns due to nanoparicsgension were also
one of important factor to enhance HTC, because addimgpaaticles made the flo
more stablg17, 40, and 41]

4- CHF enhanced in flow boiling of nanofluid in all reviewed studied it is not difficult
to achieve an enhancement about 40%. The mechanism was behinthaimsesnent
explained by researchdis2, 19, 36-39]
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Figure 7. Nanoparticles materials used in the studies of flow boiling using nanofluids.
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Figure 8. Channel geometry used in the reviewed studies of flow boiling using nanofluids.
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NOMENCLATURE
™KW/n? K) Heat transfer coefficient
q" (KW/m?) Heat flux
G (kg m? st Mass flux
Din (mm) Inner diameter
L (mm) Length of tube
P (KPa) Atmospheric pressure
Dh (mm) Hydraulic diameter
GREEK SYMBOLS
Alpha
6 gamma
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3 Phi represent Concentration,
volume friction %

ABBREVIATIONS

BHT Boiling heat transfer

HTC Heat transfer coefficient

BHTC Boiling heat transfer coefficient

CHF Critical heat flux

LPLF Low pressure low flow

EG Ethylene glycol

EO Engine oil

GO Graphene oxide

MWCN Multi wall carbon Nano tubes

OFI Onset flow instabilities

ONB Onset nucleate boiling
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INVESTIGATION OF ATOMIZED FUEL
WITH DENSITY FUNCTIO NS
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1 Department of Energy Engineering, Budapest University of Téogpand Economics

Abstract: Atomization involves complex continuous material, energy and impulse transfer.
Hence, empirical and semi-empirical correlations are only available reliably. Since the
mathematical description of formation of liquid droplets does not currently exist acceptable
solution. The atomization phenomenon can be found in number of everyday and industrial
applications. Thus requirements are different for the formed spray. Based on the measuring
result it is appropriate to examine which density functions show outstanding effiéeency
describing the formed spray. Thereby selecting those functions is crucial which are able to
describe the physical process. Based on the results the examined functions were evaluated in
different regionsThis made it possible to determine the number of parameters required for an
accurate description of the process. Each local points of the spray were mappedamhich
provide additional answers on the process of characterize8mte the smallest droplets
promote the inflammation while the largest drops due to their slow evaporation process
increase pollutant emissions. Thus, a program code was written in Matlab software
environment which help to analysis of more than 20 mathematical probability density functions.
However, in analyzed functions produced only a few right fit for describing local points of
spray.

Keywords spray, droplet, density function, distribution
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METHANOL-DIESEL DUAL-FUEL COMBUSTION IN THE
COMPRESSION IGNITION

Attila Dobail, ENRV % HWUHF]N\
1 Department of Energy Engineering, Budapest University of Téogpand Economics

Abstract: Reduction of nitrogen oxides and particle emission of Diesel engines to suit the
requirements of emission standards is a serious challenge. Dual fuel systems are abtsidere
be a possibility to reduce pollutant emission. Our research project is about the port-injection
dual fuelled methodye examined the effect of adding different proportions of methanol under
various load conditions. The results pointed out that significant reduction paN®Dparticle
emission can be achieved at high and low engine load as well.

Keywords:compression ignition engine, duel-fuel, methanol, emissior, $¢0t

1 INTRODUCTION

&EXUUHQWO\ WKH ZRUOGYV WUDQMSR DW G/ IFRWRMHU RIQD BF
category, relies heavily on diesel-engine vehicles, dueeio good efficiency and reliability.

It is important to note that the transport sector is accounfabl@6% of greenhouse gas
emissions, the root cause of global warming [1]. Besideseliehicles are one of the main
sources of the solid particulate content of the atmargpii2]. The composition of these
particles, emitted by diesel engines, is quite divetssy tonsist of elemental carbon, organic
and inorganic compoungand various trace elements. These substances havesgeharmful
effects on both human health and the environment. Courdteses construe that these
pollutant materials cause respiratory, cardiovasculdmaunirodegenerative diseases [3,4]. At
the same time, transport vehicles contribute to approxiynade75% of NQ content of air in
metropolitan areas, which is one of the main causesnoy and acid rain. Hence, it is not
surprising that the increasingly strict international liegisn aims to reduce the aforementioned
pollutant emission components from diesel engines [&g.Aorms and standards, specified by
the legislation, motivate manufacturers to expend hugeurees on development of various
methods for emission reduction. Due to this, alternativé @newable fuels like biogas,
biodiesel and different alcohols have become more aneé significant in the past ten years,
because these can provide a big step forward to reducing greemgas, iparticulates and NO
emissions [6,7].

Several different procedures can be applied to utilizénalsan diesel engines. The most
prevalent methods are blending and port injection. In the o&blending, the alcohol is pre-
mixed to the diesel fuel, thus they are injected together @a@dmbustion chamber. Some
alcohols (like methanol and ethanol) need various addgitii order to produce a consistent
mixture. Port injection means that the alcohol is injeatealthe current of air sucked in by the
engine through the intake manifold, with the aid of a bigtajection system [8], as shown in
Figure 1.

This method does not set barriers to admixing, thus thgogion of alcohol can reach
up to 80-90% of the combined amount of fuel.

In exchange, the construction of the engine mustteeedl to some level: low pressure
fuel injectors, a separated fuel container and supplgisysegulating and management devices
must be equipped. By the means of these modificationadditive less and widely variable
ratio dual fuel system can be installed, which is abledattyr affect the operation of the engine.

Due to the favourable properties mentioned above, we usedj¢btan method during
our research, and we direct our focus towards this processswhil@arizing our results below.
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Fig.1. Diagram of port injection

Cheng et al. [9] studied the effects of injecting 10, 20 and &@&peof methanol, having
regard to thermal efficiency. Their examinations were edmout at a constant engine speed of
1800 rpm and under five different engine load conditions,enthié basis of comparison was
constant mean effective pressure. According to theirrequees, methanol injection leads to
worse thermal efficiency under lower loads, but under higgeds the thermal efficiency is
enhanced compared to pure diesel operation. Under low loadticondncreasing the
proportion of injected methanol lowers the efficiencyl3%. Under moderate to high load
conditions, changing the volume of methanol did not €arsy significant effect on thermal
efficiency. Using a similar setup, examinations of methamektion were carried out with
biodiesel as base fuel. The results of these stulddegesl that full-load efficiency of the engine
increases to a maximum of 39,6% with 10% methanol ratio.

Along with particulate matter emission, nitrogen oxidesaameng the most problematic
components of harmful emissions from diesel engineali€ concerning methanol injection
report different results, so it cannot be stated unambidydhbat diesel-alcohol dual fuel
systems can provide a solution to Ngissions from diesel engines, but many research studie
confirm that.

Zhang et al. [10] experienced that every percentage ofamektinjection decreased NO
emission, compared to the original diesel operation. igie methanol ratio under a given
load caused higher NCGemissions, while increasing loads, with constant methemioime,
lessen nitrogen oxides, under higher loads up to 15-20% reductidch loe realized. The
experiments by Cheng et al.[9] partly confirm the reqmtZhang and his team, their studies
show that methanol injection decreasesxMNmission, but, according to their experiences,
nitrogen oxides emission rises under higher engine loadsirtue of the measurements,
increasing the methanol ratio causesxNgission reduction, on the average: 6, 9 and 11
percent reduction was noticed at 10, 20 and 30 percent metmamartions respectively.
Results from Houser et al.[11] confirm this, during theimsuerements with higher methanol
ratio, the emissions reduced accordingly.
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2 Experimental setup and results

In the course of preparing our work, we built a systeitalsie to monitor the thermal and
emission behaviours, and combustion process in thertgste. Our objective was to configure
testing equipment capable of computer aided, high level éatading and processing that
meets current expectations. For this purpose, a complasumeg setup was created, with the
ability of recording numerous different parameters, shiowFigure 2.

22
PC

| injector l 1

2 AC,G/A | control il
IYYY! ‘“T“ ‘ _

24 25

- AVL
analyzer PM

Fig.2. Diagram of the experimental set{(p2]
1 tengine, 2tintake pulsation dumping tank, flowmeter, 4zair filter, 5 tinjector, 6 +fuel pressure sensor,
7 +fuel pump, 8tfuel flowmeter, 9tfuel tank, 10+alcohol injector, 11+pressure sensor, 12fuel pump, 13tPID controller,
14 filter, 15 *electronic scales, 1&fuel tank, 17+temperature sensor, 18pressure sensor, 19crank angle sensor,
20 xamplifier, 21 +A/D, D/A module, 22-PC computer, 23tpre-sampler, 24texhaust gas analyzer, 2ssmoke meter.

The variables used in our research were chosen accordihg &xisting literature and
our former experiences. After mustering the possitslitige chose the operating conditions
and parameter combinations that have the greatest impagtissions and the combustion
process. Therefore, due to the properties of our systenmélasurements were carried out at
constant engine speed (1500 rpm), with constant pilottioje timing, under low (4.34 kW)
and full (21.5 kW) engine loads, applying different methanetgyratios [e%].

Studying the results (see Fig. 3.), it is apparent that methiajeation causes slightly
higher efficiency than pure diesel operation under highead. In these cases, the efficiency
improves by ascending increments, at the maximum poirtéeels the value measured with
reference diesel fuel by slightly more than 1%. Howewader low load circumstances,
methanol injection has a negative impact on efficieignificant decline is visible even with
small methanol proportions that is further worsened bgeasing methanol ratios. While we
measured a few percent of improvement under high load egfigiis significantly lower, even
by 30-40%, under low engine load. One explanation for this Imapgpés the notable cooling
effect of the injected dosage, which causes retarded futbig

Reduction ofNOyx emission is among the positive effects expected frorthamel
injection. As shown in Figure 3, N@mission is lowered significantly under both low and high
loads. Increased ratios of methanol cause almosttlgirpooportional decreases of NO
formation, as the strong cooling effect of methanol anftbsh charge worsens the typical
forming conditions of thermal NQOn diesel engines.

Meanwhile, a significant increase of total unburned hydrocarlf@RC) emission is
shown. Under low and high loads alike, THC emission incredisasatically, and this effect
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intensifies with larger methanol proportions. The ements are higher under lower loads
compared to those under higher load circumstances.

Another expected result of methanol injection is reduceticpltes emission. As we
could notice in examples from the literature, methangction has beneficial impacts on
particulates emission. This is needed mostly under lmgime loads, as power output of diesel
engines is restricted by the smoke point. Even small ata@i methanol bring improvements,
but truly substantial effects are visible if higheraatare applied.
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Fig.3. The Brake Thermal Efficiency, the NOx, THC and Soot emsssi the function of methanol
energy ration at different loads

The results demonstrated above make it obvious thatydartoperating states require
different methanol ratios in order to achieve optimalitions. The advantage of dual fuelled
method, compared to blending, is the wide variability ofitfected dosage during operation,
making it possible to apply the correct ratios at all tinrethe later phases of our research, we
intend to create a mapping that contains the optimal sdtrethe full range of engine speed,
depending on methanol ratio and injection timing as well.

3 CONCLUSION

There has long since been continuous research activBy 8E Department of Energy
Engineering in order to study alternative fuel solutionsl, e effects of these fuels on the
energetics and emission properties of internal combustingines. In current works, we
examined the impacts of injecting low carbon count algatamely methanol, exploring the
effects of various methanol ratios on the behavioutiedel engines in a wide spectrum. The
aforementioned results lead us to the following conchssio

X Increased methanol proportions cause slightly higHeriefcy under high loads, but
under low load circumstances efficiency is greatly detatéal by larger and larger
increments while rising the methanol ratio.

x Nitrogen oxides emission can be reduced significantly wigthanol injection, under
both low and high loads. Methanol ratios above 20 e% datesgsive decrease of NOx
under low engine loads, while under high loads the NOx reduistiproportional to the
injected amount of methanol.
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X The typical, high particulate matter emission of diesgjines can be widely reduced

using methanol injection. Particle emission can Ipeoat completely eliminated with
30 e% methanol ratio, even under high load circumstances.

X Methanol injection causes higher THC emission, whicheimants more significantly

under low engine loads.
The Authors will continue the investigations by examining lsostion processes. For

this purposes we can use our system and the AVL Burn sofsystem.
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INTEGRATED MODEL FOR PROPPANT SELECTION
OPTIMIZATION

7DPiV /HG® AhithQobbik?!
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Abstract: The pay-off of the hydraulic fracturing treatment is significantly affected by the
productivity index (PI) of the well. In this paper, more models and considerations were
integrated to develop a new analysis system by which different sensitivity tests and a kind of
technical optimization of proppant selection can be executed. Ignoring any costs or revenue
(CAPEX, OPEX, NPV, etc.) calculations, the outcome of this paper provides a method for
proppant selection considering not only the factors that influence fracture conductivity but
another optimization method, the so-called Unified Fracture Design (UFD) model as well.

Keywords:hydraulic fracturing, proppant selection, fracture conductivity

1 INTRODUCTION

The purpose of hydraulic fracturing is well stimulation by whiod well performance
can be significantly improved. To achieve this, high condachiacture is created which is
propped with a propping agent. The success of the treatnteghig influenced by the fracture
conductivity which is the product of the apparent proppant packgability and the fracture
width. The well productivity after hydraulic fracturing is detely affected by the interaction
between proppants and fracture surface under closure presberpsoppants embed into the
formations and deform due to the closure stress that aslhaesgnificant reduction in fracture
FRQGXFWLYLW\ 3URSSDQW VL]H <REKRJIJRV FARRSIROMW DG Z
formation, closure pressure are important factors wiiftheince proppant embedment and the
change of fracture aperture that actually can reduceatife conductivity from 20 to 300 %
with a subsequent reduction in oil, gas or even in watetyatan (geothermal wells). This
effect in weakly consolidated formations is more significd herefore, it is of importance to
investigate and understand the theoretical background of progmé@edment.

To examine the proppant embedment and their influence doreazonductivity, a static
force balance condition is considered to be the begttavanvestigate this phenomenon. The
main benefit of an analytical analysis compared to eogliexperiments is that it can be fitted
to all the cases occurred in the practice. Empiricadets[5] may simulate the reality more
accurately but these formulas can be used only in awaenge, in which the equations were
derived. These equations may contain fitting coefficievitich can be determined only in
experimental way, ergo it means parametric equations. Expetal way means mainly
measurements which can be made on core samples forlexanmgit often requires an accurate
measurement system with special apparatus. So an arslyssn based on analytical model
can be widely used, not to mention the case, when expesdhuzt is available, the equations
which were derived on the basis of analytical considerasiarbe also fitted with results gained
by experiments.

2 THEORETICAL BACKGROU ND

As it was mentioned before, the analytical model, wweBV GHULYHG H) /LT HW
approaches the proppant embedment in theoretical abpdw.followings, one can obtain the
theoretical background of the analytical model sincenthele detailed derivation process is
described below. It is important to note that the model baseslimitations. During the
stress/strain analysis it was assumed that the proppant wefddn and embed into the
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formation under closure stress, without consideringcts® of proppant crush. It means that
linear elastic behavior was assumed in deriving the arallytiodel which entails that one can
use the equations below the stress range which would caygspt@rush.

I

[ spheret |

Press | Sphere 1 )

Nt Ny A

Sphere 2 ' Sphere 2 :

Nl T P

Figure 1. Two mutually squeezed elastic spheres [6]

The derivation begins with a stress/strain formula af twtually squeezing elastic
spheres developed by Wu et al. [3] and which is illustratedinli- Spheres 1 and 2 deform
under balanced load. The boundary of the contact arb@ &pheres is a circle, and its radius

FDQ EH H[SUHVVHG DV IROORZV

EE

/

where . is the radius of the boundary of contact area, in Pns the external force on
Spheres 1 and 2, in Ry is the radius of Sphere 1, in mm; aRglis the radius of Sphere 2, in
mm. Ce (in MPa?) is defined as:

CE:

l-’b—'lz + l_vZ
El EZ

(2)

where 1 LV WKH 3RLVVRQYV UDWLR RJL6/SWHKUWHHIR LF VR VLB
Sphere 2, dimensionleds; is the elastic modulus of Sphere 1, in MBais the elastic modulus
of Sphere 2, in MPa.

Wu et al. [6] proved that the change in distance betweeenters of Spheres 1 and 2

can be described by the following relationship:
| -
x -E

UL—f

oENR oA

3)

where . fis the change in distance between the centers of &hemm. When R’
the surface of Sphere 2 tends to be a plane, and the twadsobgmome mutually squeezed
sphere and plane. Fig. 2 demonstrates the interactiondaetive sphere and the plane. One
FDQ REVHUYH WKDW .1 LV DIITHEWIHDG EXWRR 6IDKMIRU YV  FKIDK
deformation) and embedment.
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Figure2. OXWXDOO\ VTXHH]J]HG SODWH DQG VSKHUH /
For the situation in Fig. 2, a modified formula cardeeived on the basis of Eq. 3:
. BLEWL T

U'L—, (4)

whereD; is the diameter of Sphere 1, in mm. At this step, Emprtains the two factors;
these are the change in radius of Sphere 1 (deformati@hthe embedment. To derive the
GHIRUPDWLR Q )Rront BgK 4 thdHother influencing factor (which is thebedment)
must be separated. Therefore, assume that the etasdiclus of the plate @ is infinite, so
6SKHUH GRHV QRW HPEHG LQWRIMEM G RWQID\ ,E)\ ¥§ K LK/ URPID\
WKH IRUPXOD RI GHIRUPDWLRQWH&G SPKHDHROOREZLQ EHHLOBW
2 2
2(%9511;1’1)5

p=—7F" (5)

D,

From Eqg. 5, it can be stated that deformation is infladranly by the values of external
IRUFH WKH GLDPHWHU HO D \tivWof SpHefe G, %@ X Wot df€zed ByRrany VR Q T
parameters of the plate.

6LQFH .1 zDV LQWHUSUHWHG DV WKH 8 XKPRRIP I/\{ HRHP EA-RC
Eqg. 4 and 5, the formula of the embedment of Sphere bhecarpressed as:

2

)s (6)

1—v12
Ey

2
3 =
2(3PD4)3 1 1-vy?  1-wp? (2
— o= s —
h=a =T o

whereh is the value of embedment, in mm.
Real Situation

To approximate the real situation of the fracture, theasdn of spheres being squeezed
by two horizontal plates must be described. The analyticalel[6] assumes that the weight
of spheres can be ignored, and the stress on spheresmtact areas of the upper and lower
plate are the same. To create the model more realgthere 1 is equivalent to the proppant
and the formation is equivalent to the upper and lower pl#tas also assumed thateth
SURSSDQWYV DUH HYHQO\ SDYHG R @ W KLH [6Rivireo0@yddsQ0 PRQR
called distance coefficient K which helps to represkatdistance between the centers of two
adjacent proppants as: KIX is equal to unity when proppants are touched by each otlier, an
greater than unity if not Fig. 3 represents the placemeptappants (single layer) in the
fracture.
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Figure 3. 3B URSSDQW SODFHPHQW EHWZHHQ SODWHYV
In this paper, the distance coefficient K is disregatmbsdhuse of simplification and since
it does not represent the partial monolayer propertiesnmection with fracture conductivity.

I A A

B
Dz
T _T--- bt - S :_J\_ L

—
3

D
e l f; G o /T ;Tpg
Figure 4. Stress analysis for a single proppantL |
Fig. 4 shows the stress analysis for a single proppampédng Fig. 4 and 2, one can
see that the unit of stress is MPa in Fig. 4, but the @itoed is N in Fig. 2. The forces between
the plates and proppants are acting on the contact ar@#éseafollowing relationship between
the load and stress can be derived:

2 LL:-g&° (7)

whereP is the load acting on the contact areas, ip Ié; closure pressure, in MPi4,is
distance coefficient, dimensionless; dhdis the diameter of proppant, in mm. Furthermore, a
relationship can be derived for closure pressure which ditieeence of overburden pressure
and fracturing fluid pressure:

LLLF L (8)

wherepo is overburden pressure, in MPa; gnds fluid pressure of fracturing fluid, in
MPa. It should be noted whebgmi, which happens during the fracturing process (the pressure
of fracturing fluid overcomes the in-situ stress of geen rock, fracture aperture is initiated
and fracture starts to propagate), the proppants neithamdefor embed into the formation.
When p>pi, which always happens at the end of the fracturing tredt(pamps are switched
off and due to this, there is no more extra pressure emdrigih would exceed the format@ T V
breakdown pressure, so the fracking fluid leaks off and thespre drops), the proppants
deform and embed. Equations obtained in the followings carsé@ only whend>pi, in the
other case the equations have no sense.

The thicknesses of the formation in upper and lower agesthe same and denoted as D
The formation deforms under closure pressure and the daformtan be calculated according
to +tRRNHTV ODZ

AD, = D, Eiz (9)

whereD: is the thickness of the formation, in mm; aid: is the deformation of the
formation, in mm. The deformation of the formationrédlected in the form of proppant
embedment, because the thickness of the format@indines not contact with proppants is
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returned to the initial value. Substituting Eq. 7 and 9 irdo4 one can obtain the following
equation:

UL s&&:-°L %7 E & (10)

where. LV WKH FKDQJH LQ IUDFW XU I6] DofeH thav actuddly theQ PP /1
value of . is half of the change in fracture aperture, but for coieree it is referred to as
FKDQJH LQ IUDFWXUH DSHUWXUMWH FDOHXODLWYW URQY¥WXUWH FFRC
half of the change in fracture aperture of course.

Continuing the substitution (Eq. 7 into Eq. 5 and Eq. 7 amiodEq. 6), one can obtain
the following equations:

1—1-ri'2
Ey

B = 1.04D,(K2p 4y (11)

2 .z .2z .2z
h = 1.04D, (K2p)s [(1 Iy s 4+, B (12)
El E2 El E2

where is the proppant deformation, in mimjs the proppant embedment, in mif;is
the elastic modulus of proppant, in MPa; &ads the elastic modulus of the formation, in MPa.

Multilayer Pattern

In the previous chapters, single-layer pattern was ass$utn calculate proppant
embedment, deformation and the change in fracture apeAs it was emphasized before,
instead of monolayer pattern, multilayer pattern is apphnore often in practice. During
general fracturing treatments the proppants squeeze mutnadigidition to the interaction
between proppant and formation, therefore it is necedsagnalyze the deformation and
embedment between proppants as well.

By derivation of equations which can be used to calculaippant embedment and
GHIR UPDW L R[Q] agdufheti that Eh® radius of Sphere 1 and 2 are equal totbech
which is a good approximation because proppants produced by maneifat¢tave almost the
same diameter. In this case, Eq. 3 can be reduced to:

/ - .o
i, GLE%ET

UL = (13)

where . is the change in distance between the centers of Sghand 2, in mm; ang
is the radius of Sphere 1 and 2, in mm. The deformafi@pbere 1 and 2 is expressed as:

B (ZPR}%(ZI;:E}E
=R (14)
(EPR}%(zI;:%)g
2= R (15)

where 1 and . are the deformations of Sphere 1 and 2, in mm. As deriving the
embedment in case of Sphere and plate (deformatiosepasated from the change in fracture
aperture), the embedment of the Spheres is calculateonblyining Eqg. 13, 14, and 15.
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32
rrE[, 1-v2 | 1-v,

, 2 1—v12§ 1-v,2 2
=o' = fr— By = S 200 + 2 s - (250 ) - @22 (16)

where h is the embedment between Sphere 1 and 2, ifFign® and Fig. 10 represent
the results gained by using Eqg. 13, 14, 15, and 16. The known oosditere taken to be
1 2=0.2, = 1500 MPa, R=R,=R= 0.5 mm, P= 60 N. Fig. 9 shows how the change between
the centers of Spheres decreases as the elastic noddipphere 1 increases, and how the
deformation of Sphere 1 and 2 changes in functionof E

1t

a'=Change in distance between the

05 + centers of Spheres [mm]

08 +
07 £
06 +

B1=Deformation of Sphere 1 [mm]

----- B2=Deformation of Sphere 2 [mm)]
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a',p1, p2 [mm]
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o f . . ¢

100 1000 10000 100000
Elastic modulus of Sphere 1 [MPa]

Figure 5. Relationship between the three variables and elastic modulus of Sphere 1
One can observe that the change in distance betweenettters of Spheres and
deformation of Sphere 1 decreases with increasing elasttulus of Sphere 1. However,
deformation of Sphere 2 is constant because it is nohdepeof elastic modulus of Sphere 1.
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Figure 6. Relationship between embedment and elastic modulus of Sphere 1

Fig. 6 demonstrates that the embedment (Sphere 2 embexiirigphere 1) decreases
as the elastic modulus of Sphere 1 increases unglléiséic modulus of Sphere 2 is greater than
elastic modulus of Sphere 1. WhetrE> the embedment is equal to zero and the contact area
of the mutually squeezed spheres is a plane. Whegets greater than,Ehe embedment
(Sphere 1 embedding into Sphere 2) increases but not to hsvalue as before (since one of
the elastic modulus is greater than earlier). Fig. 6Gadeémonstrates that the main cause of
change in distance between the centers of spheties aeformation and not the embedment.
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Embedment of Multilayer Pattern

Until this section, one could obtain the interactiomlaen proppant and formation which
was the single-layer situation, and the interactiowben proppants as well. As it was already
emphasized, the proppants are mostly paved in multigkrdain practice; therefore it is
necessary to analyze the proppant embedment in casdtddyer pattern.

— ¥

T T e ¥
Figure 7. Proppant pavingL,Q PXOWLSOH OD\HUV /LY

As it was shown in Fig. 6, there is no proppant embedneiniden proppants when the
elastic modulus and the size of proppants are the Sdraesfore, only proppant deformation
and embedment into the formation must be consideredase of multilayer pattern, the
GHIRUPDWLRQ FDQ EH DSSUR[LPDWHQ® IDWNDWKH YHQWXIN BUF
deformation. At the same time, the proppant embedmenttfie formation and not into each
other) is the same as in the case of a single-faateern because only the top and bottom layer
is in direct contact with the formation. Based onghevious assumptions and the single layer
pattern model, the corresponding equations can be expreskdbas:

2 2 2 2 2 2 2 2
. 2= v Daf 1wy 1-wvz.= A-w.= v
a = 1.04D(K?%p)s {(—El )z + [( SR )3]} + Dz (17)
-]
B = 1.04D(K?p 1) (18)
1
2 2 z 2 2 2
. I N 1-vy 1-v5 - 1-vy. = ﬂ
h = 1.04D,(K?p): [( SR G )s] + Dy (19)

whereD is the initial fracture aperture (as shown in Fig 11)ynm; . is the change in
fracture aperture of multilayer pattern, in mmjs the proppant deformation of multilayer
pattern, in mm; and is the proppant embedment of multilayer pattern, in mm.

Fracture conductivity

One of the main interests of this study is the influescseveral factors on fracture
conductivity which is the essence of hydraulic fracturinge Tracture conductivity is the
product of the permeability and the fracture width. The permgabilia propped fracture is
related with its porosity, radius of pore throat, andeptmrtuosity. These parameters are
influenced by the factors (proppant embedment, proppant detfiormand the sum of these:
the change in fracture aperture) presented in the precimapters.

Yang and Wei [4] derived a commonly used formula for pernfigabalculation and it
was expressed as: ]

Pr

=2 (20)

ar?

wherek LV SHUPH D E(&@uaMd 1 Dcy)P is the porosity, dimensionlessis
WKH UDGLXV RI SR U His Wepdre iviosityQdimensioneeEs.
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For the proppant pack shown in Fig. 11, ignoring the pore-disioib differences in the
layers, the equations of porosity, radius of pore thiarat pore tortuosity can be easily derived
using only mathematical considerations for the case whhenre pressure is equal to zero. The
eqguations are:

— 4
42ZR] —mR}

0= " = 025951 (21)
NLsrr @45 (22)

|25 2 A2, o -
= N GRTHGR)T
0~ R B
3 1

(23)

where - is the porosity of the proppant pack when closure pressuggual to zero,
dimensionlessro LV WKH UDGLXV RI SRUH WKURDW R KHQ RRORYV XRJ H
is the pore tortuosity when closure pressure is equal to dinensionlessR; is the radius of
proppant, in mm.

When closure pressure is greater than zero, the porwmsitiys of pore throat, and pore
tortuosity approximately satisfy the following relationsi6]:

¢ =000 (24)
T ::(EEEE)Tb (25)
T :_J(D;fﬁ)z(rg——l)—kl (26)

where is the proppant deformation calculated by Eqg. 18, in mmh,Cams the initial
fracture aperture, in mm.

According to the concept of fracture conductivity and caninigi Eq. 21, 25, 26, and 27
the following equation can be obtained:

_ _ 2
{D¢U 2.8}'[5 2.8)7"0 (D _za) (27)

80[{D;f3) (r§—1j+1]D2

FCD :kW:

whereFcp is the fracture conductivity, in P ém;w is the fracture aperture under closure
pressure, in cm; andis the half of the change in fracture aperture catedl by Eq. 17, in mm.

Proppant Selection

The purpose of this research was to develop an analyssnsyst which a deep
investigation of proppant embedment can be performed, and baghis analysis system, a
technical optimization of proppant selection can be estaddi. The analytical modf8] was
described and examined in the previous chapters provides a deegtamdiag of proppant
embedment. Combining the model with some other matheahatinsideration and the Unified
Fracture Design [1,2h new method was developed for proppant selection.
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Unified Fracture Design

O9DONy DQG (HFRiuRduLed id @whysical optimization method to maximize the
productivity index of a hydraulically fractured well. It wasaméd to Unified Fracture Design
(UFD). They introduced the concept of the dimensionlegpgamt Number, oy, given by:

6 Rl ¢
Ozaasl D—IYU (28)

where k is the proppant pack permeability, in mD; ¥ the volume of the proppant in
the pay (the total volume injected times the ratichefriet height to the fracture height), if; m
k is the reservoir permeability, in mD; and ¢ the reservoir drainage volume, irf.rithe
concept of the dimensionless Proppant Number is the appmpréat to express the relative
size of a given treatment, and it can be defined astiveaf the propped volume of the fracture
in the pay to the reservoir drainage volume, weighted Iigetite related permeability ratio.
They established that for a given value gfoNthere is an optimal dimensionless fracture
conductivity at which the productivity index is maximized.

The dimensionless fracture conductivityf)ccan be interpreted as the ratio of proppant
pack permeability times the fracture width to the resergeimeability times the fracture

length, and it can be expressed as:
-
%, L b_:n (29)

O9DONy DQG (HR QlsdPiesditéd correlations for the maximum achievable
dimensionless productivity index as a function of the dsieriess Proppant Number.
Similarly, correlations were presented for the optimadeshsionless fracture conductivity for
the entire range of Proppant Numbers. These correlamensxpressed as follows:

1.6 if Npypgp < 0.1

—0.583+1.¢81n(h’pr0p) .
Crpopt(Nprop) = { 1.6 + exp( 0182 (M) ) if 0.1 = Npypp = 10 (30)

Nprop if Nyrop > 10

1
N =<0.1
0.990-0.5In(Npyqep) " PTOP

!'Dmax(Np'mp): 6 oy [0423—0.311Npmp—0.089(wpmp)2
140.667 Nprop+0.015(Nprop)

One should note that the absolute maximum dimensionlessuginaty index is
b &E ZKLFK LV W KndexforR gedciNinedrLfldi in a square reservoir.

Method for Proppant Selection

(31)

], Nprop > 0.1

Combining the UFD model with the previous mathematical cenasitbns and the
analytical model which was chosen to investigate proppaneembnt, a simple way was
developed to select the proper proppant size which could perdtie sufficient fracture
conductivity to achieve the predetermined productivity index.

In practice, engineers can select proppants which are prodwycedanufacturers.
Manufacturers provide technical data sheets with a detddeckiption of the proppant.

7KH LQSXW SDUDPHWHUV Rl WKHIYQUWIDWWRNVDRI FRIGRIG L
formation (estimated, about 0.2), elastic modulus of pnappad formation, proppant size
(manufacturer data determined by sieve analysis), closassyre (can be calculated and
measured as well), layer thickness (estimated value),lifriieture aperture which can be
calculated as a function of proppant concentration.
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The input parameters of the UFD model are: injected proppass,formation height,
reservoir drainage area, reservoir permeability. Thesetree main parameters required to
compute a simplified productivity index. The main input parametéhe combined method
for proppant selection is the dimensionless productivityxivdeich is predetermined by NPV
calculations and what is required to be achieved by thelstiion treatment.

The operation of this proppant selection algorithm is tHwing: several relative
treatment sizes are assumed which means differeningiomess Proppant Numberspfdy
gained by assuming injected proppant masses. According t@ribiess, dimensionless
productivity index zdimensionless fracture conductivity curve is performedhaw/s in Fig.

8.

Dimensionless Productivity Index [-]

0 2 4 6 8 10 12 14 16
Dimensionless Conductivity Index [-]

Figure 8. Dimensionless productivity index as a function of
dimensionless conductivity index

According to this curve, the dimensionless conductivity indexm determined from
which the required fracture conductivity can be calculated 82) using the optimal fracture
length determined by the UFD model as well. This conductiatyercan be compared to the
value computed by the analytical model, and the decisiorbeanade whether the selected
proppant (which was the input parameter of the proppant embedtfieature conductivity
analysis) is sufficient or not.

3 CONCLUSIONS

The analytical model, which was described in this study,d=armine the proppant
embedment, proppant deformation, and the sum of theseh#nge in fracture aperture. As a
final result of the model, the fracture conductivity canatso computed. The model is based
on mathematical and physical considerations, and ibeamsed for all cases. The model has
some limitations according to the assumptions, for elamply elastic behavior of proppant
is considered, therefore, it cannot be used when proppasit happens.

Using the analytical model, sensitivity tests can be niadevestigate the influence of
factors. One can conclude from these tests that proppdngdenent and proppant deformation
is highly influenced by the closure pressure. The impact ofielastdulus of proppant and
formationcanbeDOVR WHVWHG DQG WKH UHVXOWY YKRZSW QWKW
much greater effect on the change in fracture apertuleQh WKH <RXQJYfV PRGXOX
formation.

Tests were also conducted to investigate the influencing $aatbrthe fracture
conductivity. As a conclusion, it can be noted thatftheture conductivity increases with
proppant size, initial fracture aperture, and elastic modflécrmation and elastic modulus of
proppant and it decreases with the increase in closursupees
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Combined the model with the Unified Fracture Design moddl][la proppant selection
method was performed in connection with well productivity. &given productivity index of
well, one can choice the proppant which satisfy the regeinésnin connection with the
predetermined productivity index.
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PRIMARY ENERGY CONSUMPTION AND CO ; EMISSION OF
INTERNAL COMBUSTION ENGINE AND ELECTRIC VEHICLES

MLKiO\ .[}’WR}QED-IUW EZDGQDL
1Budapest University of Technology and Economics
2Youth Section of Hungarian Energy Association, Budapest, Hungary

Abstract The increasing atmospheric carbon dioxide levels and the increasing energy need for
transportation are being considered as more and more serious problems nowadays. Some
people think of electric vehicles as a solution; this would decrease the air pollution in cities as
well. Another endeavour to reduce the carbon dioxide emission coming from transportation is
the utilisation of biofuels in vehicles operating with internal combustion engine, which is
considered carbon neutral. We can understand the effects of the technologies listed above
correctly, if we evaluate the whole process chain, from well to wheel. In our egsayamine

the energy need and carbon emission of electric and conventional cars based primarily on
Hungarian data, with a bottom-up approach. We specify the amount of primary energy used,
the energy mix and the conversion efficiency of the steps of producing fuel and electricity.
Beyond the calculation of current values, we give estimates for different future scerfagios. T
energy mix change and widespread CCS technologies in electricity production, or the efficiency
change of chargers and batteries have a significant impact on electric cars. The carbon dioxide
emission of fossil fuels can increase greatly by the extraction of unconventional oil sources
The energy balance of biofuels is affected by the crop yield, the amount of fertilisandsed

the technology of biofuel production. We examine the fuel consumption of typical electric and
conventional vehicles, and calculate the primary energy consumption and carbon dioxide
emission per kilometres.

Keywords efficiency; e-mobility; biofuels; EROEI; GOwell to wheels; fuel pathways;
primary energy consumption; emission;

1 INTRODUCTION

It is hard to compare the internal combustion engine lehi@CEV) with electric
vehicles (EV), because the transformation betweenottmesfof energy happens in a different
way zin a nutshell, conventional cars use liquid fuels andtrdecars use electricity. The
comparison can only be made if we examine the whole fuelptimn pathways for ICEVs

Crude oil Transportation . Transportation P
T " Refining to petrol Utilization
extraction to refinery .
station
Corn Transportation
cultivation Transportation to Ethanol P ) e
] - to petrol Utilization
and ethanol factory production .
. ’ station
harvesting

Figure 1. Process chains of fossil fuels (above) and bioethanol (below)

Power plant fuel Power I tion
extraction, transportation Ower Emsp ortation 1o Charging, utilization
and refining generation charging station

Figure 2. The supplement chain of electricity
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and EVs. We measured the energy investment and carbon-demridsion values, and how
high the efficiency of energy conversion is, for eatthe process chain steps.

2 MATERIAL AND METHODS

We divided the evaluation into two steps: The weltank (WTT) phase consists of
extracting, refining and transporting the fuel to the vehiclcase of fossil fuels. The taid-
wheels (TTW) phase includes the utilization of the fueiguifeé 1. shows the welb-wheels
process chain for fossil fuels and biofuels (in thisecasrn-based bioethanol).

In accordance with the objectives presented above tleegs chain of electric cars were

calculated as well. The general supplement scheme tothe following parts:
100

80
60
40
20

g CO2/MJ

0 Petrol | Diesel oil [Bioethanol| Biodiesel
®m Combustion 72.8 75,8 0,0 0,0
Transportation to petrol station 1,0 1,0 1,2 0,8
Refining / fuel production 5,5 34 9,5 13.3
Transportation to refinery 0.8 0.8 0,0 0,0
Extraction / cultivation and harvest 6.6 6.6 455 13,8

Figure 3. CQO, emission of different fuels specified for their energy content in/CJ1]

We studied the supplement chain in three phases. Thén fphaise as you can see in
Figure 2 the charging and utilization is. Until further examinatiares converged its loss by a
value 5%, and pooled it with the third part. To evaluateptieary energy demand and €O
emission of the phases we used values defined by CharlesefA.a6 and statistics created by
MAVIR Ltd. the Hungarian transmission system operator [R]Fdrthermore, we have made
a comparison between the official and unofficial ranga déelectric vehicles [6] [8].

Supplement chains of internal combustion engine vehicles

Energy consumption and carbon-dioxide emission oflfasslis and biofuels

The transformation processes can be illustrated projpevly use specific quantities for
1 MJ energy content of the finished fuel. Above, in Figurene can see that in order to produce
1 MJ petrol, an additional input of 0,19 MJ energy is need&dmsform the unextracted crude
oil into readyto-use PHWURO LQ D YHKLFOHYV WDQN

Among fossil fuels, the production of diesel fuel needss lenergy. Its method of
processing and transportation closely resembles to thel petrcessing methods, the main
differences stem from the processes in the refirlargontrast with the lower energy need,
when using 1 MJ amount of energy, the the diesel fuel entite carbon dioxide, than petrol
(see Figure 3.). In case of both of the fossil fuedsiost CQis emitted during the combustion
of the fuel. Despite the long distances, the transpomtaof crude oil represents a nearly
negligible share in C©emissions and in primary energy consumption, becaassportation
via pipelines and tanker ships is more efficient, thamogals and train.
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Figure 4. Energy consumption of different fuels specified for their energy content NI

In case of corn-based bioethanol, the cultivation ef ¢hops, and within that, the
production of fertilizer demands the most energy. Thegasing of the harvested corn needs
less energy in total, partially because that the by-prodidtse ethanol production substitute
products that otherwise would have to be created in the scbonel way by investing energy.
Unfortunately, ethanol production in Hungary cannot produceip®ghergy balancetthat
means, its production consumes more energy that caxtfaeted by the combustion of the
fuel. In spite of this, the utilization of bioethanohiés less carbon-dioxide, than the fossil fuels
if we assume that its combustion is carbon neutratabe of rapeseed, the positive energy
balance can be achieved.

Influencing factors of fossil and biofuels

Figure 5. shows how altering the EROEI (Energy Return @ndgyrinvestment) value of
crude oil extraction changes the results. 5:1 EROEI vakns that 1 MJ amount of energy
investment is needed to extract 5 MJ amount of oil. Receligcovered nonconventional
oilfields has approximately this EROEI number, the @lifs being in operation now are around
1:12. [2] During the utilization of fossil fuels, the mairusme of carbon-dioxide emission is
the combustion, thus the net emission depends onlyeadittthe energy need for extraction.
Because of this, the extraction of nonconventiondiads (that means decreasing the average
EROEI value) will not increase the total carbon-dioxidessimn of petrol and diesel oil
significantly.

The most energy-demanding phase of ethanol produstite icultivation and harvest of
the corn crops; thus, it is important for the yield to $daege as possible. Figure 5. shows that
positive energy balance can be attained over 9,6 tdralyeHungary, the average yield is way
below this value, [3] and by extrapolating the current teagewe do not expect to reach it in
the near future. However, it is important to note that eviém negative energy balance, the
utilization of bioethanol emits less carbon-dioxide, nthassil fuels if we consider its
combustion as carbon neutral.
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Figure 5. The effect of altering oil extraction EROEI on petrol (left), andetffiect of altering the corn yield on
bioethanol (right) [1]

Supplement chains of electric vehicles
The properties of the Hungarian electrical network

The low cost and accessible import energy plays a griairrdhe supplement of the
Hungarian demands of electricity in the recent years.tDtige sudden changes in the market
environment of the fossil fuels, the operation of gas merbis not considered as economically
viable. Despite of that, these types of energy generatergssential for regulation and for
satisfying the local thermal demands, but those canntarpewith a proper efficiency, due to
unexploitment. Only two power plants can operate as albadgower plant in addition to the
circumstances listed above, the nuclear power plantks, Rad the coal-fired power plant in
Visonta. These two produce more than 70% of the elemtgcgy generated within the borders
of Hungary.

We studied the energy loss between mining and the distribsystem in three phases.
The first is the extraction of resources, the trartgpion and the preparation for consumption,
which phase is determined by average EROEI values we foundratlite, because the high
ratio of the imported energy and its unknown origine Tdss of this part is 4-5% of the whole
gross energy generation, except in case of the produstibiofuels and the strictly regulated
energy generation from waste. The second is determmafithe self-consumption and the
overall energy conversion of power plants. In casengdorted energy, the efficiency is
converged by the reciprocal value of the primary enéagyr (PEF) of the Member States of
the European Union. "The method of calculation consitegdull life cycle of the primary
energy usage. This includes the extraction, transpogtggrconversion, fuel consumption,
produced energy, expenditures required to maintain theeggpetc. ... "[4] Therefore, the
efficiency of energy generation and transportation outefgational border is estimated at 40%
based on 2013 data. (see Figure 6
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Figure 6. The primary energy factor of electricity production in EU-28, 2010-2013. [4]

The overall efficiency of the Hungarian power plantal®ut 32%. Subtracting the
amount of energy needs of the self-consumption of pplaaits and the energy demand of the
production process, the net energy production, which is catside the energy sector, is
estimated at 39,000 GWh per year.

The third phase is about the loss during the distributincharging and utilization. The
loss through the electrical network between 2012-2015 is abouaif #€é sold, net energy, it
means approximately 3700 GWh electrical energy annually.

The CQ emission of the coal-fired power plant in Visonta isalided by the specific
national emission factor, which is the emitted amount asb@n-dioxide divided by the
produced electricity: Ko2,i= 826 gCQ/kWh, and so the same waydk »= 467 gCQ/kWh is
the factor of all the remaining power plants, that emi.Ce consider the emission of the
nuclear power plant and of the renewable energy negitiibbugh the whole procedure. Based
on the previous statements the national @ission factor is a weighted average of the
emission of the different types of energy generatefarred to the gross energy production.
During the in-depth study, the biomass and biogas are corgiderearbomeutral fuels. At
the end the overall C@mission of all the Hungarian power plants referred to thesgrnergy
production is listed below:

Kcoz, Hu = 0,18826+0,18467=233 C %G 9D
Cco2, Hu = 65 C %A/ ,

The value of this factor matches the data of eletgrgpecific emission factors for grid
electricity written by Matthew Brander et. al., the onlffatence is that, the writer does not use
weighted average [9]. The emission factor of the impcetexgy, based on the European data
of IEA, is 41.8 gC@MJ, which is 150 gC&kWh for a better representation [5]. If we take
into consideration the share of the domestic and therteghbenergy in Hungaryin the latter
case the share was 31,30% in 2048en the national CO2 emissions factor of the whole
electricity consumption is set below:

-co2,ext= 277 C %/1G 9D

Ccoz, ext= 77 C %/,
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Table 1.The features of examined electric cars
source: Mitsubishi Corporation, Nissan Sales CEE Ltd., Hearst Commummisdtic., Tesla Motors
The properties of electric vehicles

Modell: Mitsubishi i-MieV ~ Nissan Leaf BMW i3 Tesla Model S
Accumulator: Lithium-ion Lithium-ion Lithium-ion  Lithium-ion
Capacity: 16kwWh 30kWh 22kWh 85kWh
On-board charger: 3,6kW 3,6kW 3,6kW 11kwW
Inverter: 1x15A 1x32A 1x32A 3X16A

Today, the limits of energy storage technologies do nowadliectric vehicles to store
enough energy in their batteries for longer distane¢sThis problem is the major limit of the
spreading of EVs. In addition, the improvement of the dhgrgnfrastructure would be
essential. First time the terms of travelling without@arns has appeared in Budapest, and the
number of public charging stations is increasing. CurrentlyAG7 charging stations are
available in different parts of the capital, especialiythe centre of it. These stations are
RSHUDWHG E\ (/0% /WG ZKLFK LR Q@ PHOWIRRJU N ORHF-FUDLVF RGJL I €

As you can see in Table 2., there are differences bettveesnergy demand and the £O
emission of the examined electric cars, that are ledmli from the data of the New European
Driving Cycle (NEDC) and of the U.S. Department of Energy (USOmBE reason of these
differences is that the NEDC is a standardized exammatvhich is performed by the
manufacturer, of the possible range of the vehiclestheutnformation that can be found on
the site of the U.S Department of Energy are based afficial test series and on the data, that
are collected from the costumers [6]. All the aforesagéums that there can be 100 km variety
between the official reachable distance and the ranugriexced by the costumer.

Table 2.The range of examined EVs
source: NEDC, USDE

Source: NEDC USDE
Model: Range: Range:
Nissan Leaf 200,00 km 135,00 km
BMW i3 160,00 km 130,00 km
Tesla Model S 500,00 km 338,00 km
Mitsubishi i-MieV 160,00 km 100,00 km

4 RESULTS AND DISCUSSION

The primary energy demand and the C@mission of the electric vehicles are
significantly influenced by the differences mentioned ia fphnevious chapter. Even so our
conclusion is not affected by those, because accorditigetmformation found on the site of
USDE, the examined vehicles do not perform less than theirecdional counterparts. In the
current situation in Hungary, the electric vehicles db lmave very different primary energy
consumption value, such as the ICEVs do (see Figure dwadlhys from the view of primary
energy consumption those cars do not perform significaether, but it is important to mention
that the difference between the types can be increasabebymprovement of the overall
efficiency of the Hungarian power plants and by the crealiegnécessary infrastructure.

The CQ emission of electric cars cannot be marked similarth@agnergy consumption,
because EVs are much more environmentally friendly, tharcahgentional vehicles (see
Figure 8.). Even the Ford Focus that utilizes bioethéE85) has higher Cemission, than
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Figure 8. CO, emission of Figure 7. Primary energy
internal combustion engine and elec demand of internal combustion
vehicles engine and electric vehies

HOHFWULF FDUV EXW LW DchslyRI2spiKeHo! that ke posaiblityydd O X H V
worldwide spreading of EVs in the near future is restrickedause the demand of the first-
generation biofuels demand for soil is huge. The compsdlrensage of electric vehicles can

be the solution for many problems, which occur mosthha urban areas. For example: the
reduction of noise pollution, the improvement of air gualhe decrease of the ratio of the flue

- dust, and the partial elimination of nitrogen oxides andrdthenful substances. It has to be
mentioned that the CGemission of the power plants, which produce the necessargy to

charge the vehicles, is not emitted in the urban afdate same time, much of the emission

of conventional vehicles appear in those areas. Theatiwn of smog, including the collateral
emerging health problems and so the traffic restrictimnsd be prevented.
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MACROSCOPIC AND MICROSCOPIC CHANGES DURING THE
COMBUSTION PROCESS OF NON-TYRE RUBBER WASTE
PARTICLES

7LERU % E&nm¥ Jakal?, Pal Szentanna
1 Department of Energy Engineering, Budapest University ofifi@logy and Economics
2 Institute of Materials and Environmental Chemistry, HuragaAcademy of Sciences

Abstract: Analytical and macroscopic thermogravimetry methods were applied for monitoring
the entire combustion process of non-tyre rubber wastes, with special respect to their
applications in Fluidised Bed Conversion units. This paper presents the results describing the
phenomena during the combustion of the volatile matter and char occurring in the combustion
chamber. The combustion of the volatile additives of this complex solid fuel started at
WHPSHUDWXUHY DV ORZ DV f& DQG WKH FRPEXYWWLRQ RI
f& 7KH FRPEXVWLRQ RI WKH FKDU UHVLGXH RI WKH VSU)
f& UHVSHFWLYHO\ $ERYH WKLV XSSHU OLRPILWK I FV ZMHLA R
volatile contents of the two selected rubber wastes as potential fuel candidates, the duration of
their complete burnout showed marked differences. The macroscopic thermogravimetry
experiments showed that the complete burnout of the waste rubber hose sample required more
than 20 minutes while it was about 10 minutes for the sprues using industrially relevant particle
sizes of about 50 mm. This is in good accordance with the results of the analytical
thermogravimetric experiments showing significantly higher combustion rates in the case of
sprues. It was found that non-combustible reinforcement fibres and other inorganic additives
were also present in the fuel.

Keywords:Waste derived fuel, Combustion, Thermogravimetry, Reinforcement fibre

1 INTRODUCTION

Waste rubber appears to be an attractive source of ebecgyise of several technical,
financial, ecological, and legislative reasons [1] tesithe reasonable efforts on recycling [2].
Fluidised Bed Combustion (FBC) is a successful and widséd technology because of its
well-known flexibility against the fuel quality []. Waste tyre is the most abundant and
predominantly investigated material within the category ddtevaubbers [6,7], however, the
amount of non-tyre rubber wastes is also huge compared torttest capacity of the waste-
to-energy plants. This is the reason why the actual refsgamoject was initiated by our
industrial partner for investigating the characteristind lbehaviours of non-tyre rubbers with
special respect to their applicability in FBC units. The mgmber of results in the widespread
publications on waste tyres in the last decade was usestasiag point [813].

The compositions, productions, and categorisation of rulimere been described in
several papers [7,14,15]. A wide range of materials is cdugreéhe phrase rubber. Industrial
rubber products are usually composed of 10 or more ingrediedittha main component is
called elastomer. The repeating elements of these pdyane called monomers, the selection
of which basically determines the properties of rubber. 8fbee, the rubbers are grouped by
the elastomers (i.e., monomers). A list containing 2Wmon elastomers, together with their
ASTM (American Society for Testing and Materials) desigmes can be found in [14]. The
most important and most frequently applied additive is catilack and a large variety of
further additives (e.qg., plasticisers, antioxidants, rigtardants) is used as well.

Categorizing of waste rubber fuels could be evidently basdtieotypes of elastomers
and other chemical components. In practical applicatiom rubber wastes, this approach
cannot be used because of the unknown chemical composditiotie individual pieces.
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Therefore, another approach is used in the waste indudiigh is based on the origin of the
rubber wastes. Some relations between these two categaagproaches exist; however, a
strict correspondence cannot be formulated. In the pgrpager the later categorising aspect is
followed as this approach allows the possible applicatiohefésults to be presented here.
Rubber wastes are often categorised into two major grougeesfand non-tyre products [7],
both of which can be further subdivided. The current stadydes on two, industrially relevant
subgroups of non-tyre products, namely hoses and manufacsprines. They were chosen as
a result of previous feasibility studies with special eagi on their qualities, amounts and
predictable availabilities.

Primary fragmentation is a widely investigated phenomanfiuidized beds [16,17],
which is extremely intensive in case of applying rubber aBBt@&fuel [8]. A technical solution
and design method was given for this specific case [18]trendrocess and gaseous products
of devolatilisation of hoses and sprues were investigatecthgl 9].

In the present paper, we focus on the part-processes andnpéiga of the combustion
WDNLQJ SODFH LQ WKH FRPEXVVOL\RQ FK® WEKHHW PRCK N ¥ ERVH R
WKH UXEEHU FRPEXVWLRQ XQGHU RRHPAWLRQO HGD FKHDWI
theUPRJUDYLPHWU\" SUHVHQWYV WKW WLHV K 8MW IRA HQK\HV VRIQH W
of industrially relevant particle sizes of about 50 mmislalso to be mentioned that the
phenomena related to the particles are monitored while dn@deneous reactions of the
evolved gases were not involved in this work.

2 MATERIALS AND METHODS
2.1 Test materials

The samples used in the experiments were taken from emmatibnally active waste
management enterprise in Hungary. The names of theuwggaupsVHOHFWHG DUH 3+RVE
36SUXHV" DFFRUGLQJ WR WKH WBDFNVQRGDIN LRIQW K K HX XSHWD
detailed investigations because of their permanent avéikdiand approximately equal
gualities which made them potential candidates for bewprfuels of the Fluidised Bed
Combustors (FBCs) of a power plant. Both of them ardymtion scraps, which assures their
relative cleanness without much external pollutions Esgere 1).

(@) (b)
Fig.1. Typical samples of Hoses (a) and Sprues (b)

Hoses are produced from a wide range of elastomers but dngadi one of the most
important monomers constituting butadiene rubber and nitatadene rubber [7,14]. The
investigated samples most probably originated from thendaistry. However, their diameters
and appearance varied considerably and their constructsm$ad various elements. Hoses
contained several layers of the rubber body, a braithee feinforcement mesh, and an inner
liner. Some of the samples had an external polymer netsdimples were cut into pieces of
about 50 mm on the waste management site and this process time mesh of the
reinforcement fibre visible and fuzzy. The laboratorglgsis of hoses (see Table 1) showed
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that the heating value (HHV) is in the range of the bestity coals (32.2 MJ/kg, dry basis)
and it is a highly volatile (47.1%, as received) solid fuayimg low moisture content (0.6%,
as received). Metal pieces like pipe clamps were algod in a not negligible amount in the
samples of this type, some of them having a nhon-magrem@acter.

Table 1.Analyses of Hoses and Sprues

Parameter Hoses Sprues
Proximate analysis (%owt., as received)

Moisture 0.59 0.52
Volatile matter 47.11 53.22
Ash 15.62 19.40
Ultimate analysis (%owt., dry basis)

C 74.23 68.61
H 6.59 6.95
o 2.82 2.55
N 0.29 1.78
S 0.36 0.61
Higher heating value (MJ/kg, dry basis 32.24 31.15

Manufacturing sprue, sprue in the following, is the terfarreng to the second type of
non-tyre rubber wastes discussed in this paper. More psedlse test materials referred to as
sprues include all the parts remaining as scraps afterianjecioulding, not just the strictly
conceived sprues, but also mould runners and gates. In ¢datths hoses, sprues appear to
be homogeneous but their shapes and sizes are ratheeiff@he sprue samples are residues
from the moulding process of rather elastic elements asdeals. Seals are used in a number
of applications where conformity to irregular surfacesrequired. The most important
characteristics of the investigated sprues are 31.2 MJ/kg HHuryp basis, 53.2% volatile
matter, and 0.52% moisture content on as received (sagislable 1).

2.2 Analytical thermogravimetry (TG)

The TG experiments were performed using a modified PerkieEl TGS-2
thermobalance. The samples were cryo-milled into fine povaiethe TG measurements.
Approximately 1 mg sample was placed into the platinum tahgdder of the thermobalance
and flushed with a mixture of 5% oxygen and 95% argon gadlatv rate of 140 ml mih.
7KH VDPSOHV ZHUH KHDWHGHDMVD DVKHf & [BGOQWLYH DWPRVSK
order to avoid the ignition of the sample, low samplesesisnd heating rates were applied.
As another consequence of the low sample masses, thefshe base line was not negligible.
Therefore, baseline measurements were carried out withimgoty sample holder and the
baseline was subtracted from the actual TG measurements.

This method is designated as analytical thermogravimettiges® measurements were
carried out on very small amounts of sample under otledirgas composition and temperature,
as described above.

2.3 Macroscopic thermogravimetry

An electrically heated oven and a digital balance Esgeare 2) were used for measuring
WKH PDVV ORVV RI WKH VDPSOW FRPWXVOHR @ RURGH WKHL LB
particles of original size were used and ambient atmospVessapplied at these experiments,
that is, temperature, gas flow, and composition on and drthm burning surface were
determined by the combustion process itself, and not bytamekcontrol.
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Fig.2. The programmable oven with rubber sample and additional measuring tools for sample weight
and temperature.

The internal dimension®R | WKH KHDWHG YROXPH DUH PP 1 PP
T+ $ URG ZDV XVHG LQ RUGHU WRURBHED® KEHH \KD/HS30 AL WWKD
of heads: a spoon and a lance. The spoon is used fondnaslaiall and numerous pieces while
the lance is for bigger samples that can be stuck up.athml weight of the sample was
continuously measured by a pair of sensitive digital seaidsr a well-defined position of the
supporting rod. The internal temperature of the samplaisasonstantly monitored by means
of thermocouples inserted into the body of the sample.ifternal air temperature of the oven
ZDV SURJUDPPDEOH DQG VHW WR f& SULRU WR WKH H[SH

Besides continuously measuring the sample mass duringntine @mbustion process,
this equipment was also suitable for monitoring the maogs changes in the samples. During
these experiments, the sample was put into the coldava&stagnant atmosphere and the air
WHPSHUDWXUH ZDV LQFUHDVHG E\ W K¥heEnterddlteérdpe@®re VLE O H
of the particles was also continuously measured and Htengeup procedure was stopped at
HDFK VWHS RI f& 7TKHQ LW ZDVRWRWVIHED MHFR BGN &/ R XHWI
sample more precisely.

3 RESULTS AND DISCUSSION
3.1 Analytical thermogravimetry

The controlled slow oxidation process of the rubber sasnptcurred in several steps as
the thermogravimetry (TG) and derivative thermogravimetry (D&@yes show in Figure 3.
Although there are several peaks on the DTG curves, thengesition of the samples can be
divided into 3 main stages. The mass loss and the chasticteemperatures of these stages
are summarised in Table 2. The decomposition of the $arsple (Figure 3a) started at about
f& DQG WKH ILUVW GHFRPSRVLWLRWKVWHBDNWYGHREY D W2D
basis of the previous pyrolysis study of these sampleséart atmosphere [19], it can be
assumed that the volatile additives evaporated and iouttms temperature range. The sedon
VWDJH EHWZHHQ DQG f& FDQ EW LRWWIUQLE XA WRREXW R/ WRI
elastomer components of the rubber leading to about 34%loszsS he DTG curve showed
several peaks in this period confirming that various polyroenstituted the elastomer part of
WKH UXEEHU 7KH ODVW GHFRPSRIVWWHRRKXBURHERMHZD VfW Kt
mass loss. The oxidative decomposition of the sprue saatpb took place in three stages
(Figure 3b); however, the mass loss and the decomposities were different. It seems that
the combustion of the elastomers caused 41% mass lessombustion of the char residue
led to 12% mass loss similarly to the hose sample. The sample burnt faster than the hose
sample as the sharp DTG peaks indicated. The combustspnuef sample ended at about 650
f& ZKLOH WKH KRVH VDPSOH EXUQW MKBSWBDW XUEH XSALKRIU D
f& PLQ KHDWLQJ UDWH
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Fig.3. TG and DTG curves of (a) hose and (b) sprue samples in oxidative atmosphere
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Table 2.Mass loss data of hose and sprue samples in oxidative atmosphere.

Parameter Hoses Sprues
Proximate analysis (%owt., as received)

Moisture 0.59 0.52
Volatile matter 47.11 53.22
Ash 15.62 19.40
Ultimate analysis (%owt., dry basis)

C 74.23 68.61
H 6.59 6.95
o 2.82 2.55
N 0.29 1.78
S 0.36 0.61
Higher heating value (MJ/kg, dry basis 32.24 31.15

3.2 Macroscopic thermogravimetry

Prior to the thermogravimetric measurement of the haspke, the internal temperature
oftheovenZDV VHW WR DQG VWDELOLVHG DWFUHMRHE&HKY W OF
within seven minutes (Figure 4a), in which period devolatibsaand about 55% mass loss
WRRN SODFH 7KH HYROYHG JDVHYV LUQUROHpBOROAEREHT X IV f
the temperature curve. After the flames went out, furi2é6 mass loss was observed with a
slow rate. An important consequence of these measurgiisahit although most of the mass
losses of the full-sized particles occur within 10 minutedpwa but steady further mass loss
requires a significantly longer time. This fact formatanother advantage of the fluidised bed
technology in utilising this waste derived fuel, i. e.sitcapable of allowing long residence
times of the solid particles in the bed. However, it nngstonsidered throughout its design.

(@)

(b)

Fig.4. Macroscopic thermogravimetric diagrams of the hose (a) and sprue (b) samples
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Similar experiments were carried out on the full-sized sprueles as well (Figure 4b).
Intensive temperature increase and visible volatileaselestarted immediately after the sprue
sample entered the oven. The high combustion rateaigreement with the sharp DTG peak
EHWZHHQ DQG f& LQ WKH D QD Qhih 6fEhe v@latilestdok/ X UH P H
SODFH DW D KLJKHU WHPSHUDW@BPEBHDVH& WBHBWY YHVDBRXH R Q
During the volatile release, about 60% of the massdossrred according to the diagram and
the maximal internal temperature %W KH VDPSOH UHDFKHG f& 7TKHQ IXU
took place within six minutes. No further mass loss wasrebdeand the temperature slowly
started to decrease. An important consequence of thegksres that the most significant
portion of the mass loss happens during the devolatilisptiase and the complete burnout of
the full-sized sprue particles takes place within 10 minutes.

3.3 Macroscopic changes of the main body

Characteristic macroscopic changes can be observed imaste rubber samples while
carrying out the macroscopic thermogravimetric experimdiisir descriptions are important
from both theoretical and practical aspects for the bemtion kinetics and the combustor
design.

During the heating up of the hose samples from ambient tatope, the external braided
fibre reinforcement mesh ignited and burned in a shrinkianner first (see Table 3). This was
followed by a visible volatile release, which burned by flanfi¢ghe heating rate was set above

f& SHU VvV 3B tdebdaishtibn\ie piimary fragmentation staurtafterwards,
the rubber body lost its flexibility and this rigid magtrburnt completely, leaving a porous
coke shell behind.

The combustion process of the sprues started immediaithl the volatile release at a
slightly lower temperature. It was followed by losing itxitelity and the complete burnout at
somewhat higher temperatures, as indicated in Table 3.

Table 3.Characteristic features of the macroscopic particle combustion processes

Temperature Hoses Temperature Sprues
f& f&
Braided external fibi Volatile release, some pieces ¢
200 . . 200 .
reinforcement mesh starts burnir melting.
Volatile release starts, me
250
completely burnt.
Rubber body gets rigid, burni
325 with flames if heating rate
f& V
355 The most intensive volati
release, rubber body gets rigid.
Flames go out, porous coke s
600 .
remained.
Flames go out, porous cc
620

powder remained.

3.4 Macroscopic changes of the reinforcement fibres

One of the interesting components of the hoses wamtimal reinforcement fibre. It
deserves special attention because its behaviour at eleeatperature was rather different

183



MACROSCOPIC AND MICROSCOPIC CHANGES DURING THE COMBUSTION PROCESS @WNNI'YRE RUBBER
WASTE PARTICLES

from that of the other parts. Special experiments wemgedaout on the carefully separated
fibres in a preheated oven. While heating up, it looked likenibgrnatural fibres. The
experiments showed that this component was not combustiblehandférmation received
from the producing company pointed out that it was a glaseebfibre. It was found that the
VDPSOHVY VWDUWHG WR JORZ DW DERMXYH SRZ& BQ G XVWKLH) IJWP
shrinking.

Generally, if the fuel has some non-combustible compolilestthis, it could cause
serious operational problems in a Fluidised Bed Boilewi@r, its weaving was very loose,
so it only represented a small part of the entire furdanMoreover, the combustion product
was just pure powder, which did not show any harmful behavioeistickiness.

4 CONCLUSION

The objectives of the investigation on the combustioratielr of non-tyre rubber
wastes were to gain the most important information for tiheiustrial utilisation for energy
recovery. This paper presents the results describing theople@a during the combustion
taking place in the combustion chamber while the recemilylished study on the same
materials [19] discussed the heating up and devolatilisptmeesses occurring partially in the
fuel feeding route.

The two types of non-tyre rubber wastes, called hosdssprues according to the
terminology of the waste treatment plants, were found tprbmising candidates for power
plant fuels because of their permanent availabilitiesagpidoximately equal quantities.

(2) The analytical thermogravimetry experiments demonstinatethe combustion
of the rubber particles takes place in three main stages

(2) The volatile additives evaporate and burn alreadyoaina 200 + f&

3 7KH HODVWRPHU FRPSRQHQWY VWDUW WR GHFRPSR

(4) The polymeric constituents of the hose sample uanwide temperature range
characterised by at least four overlapping DTG peaks indictte very complex composition
of the elastomer part. On the other hand, the polymeheaitrue sample burn within a narrow
temperature range with only two overlapping DTG peaks showieg nore uniform
composition of the elastomer components.

(5) In the last stage, the combustion of the chaduesof sprue and hose samples
HQGY DW DERXW DQG fA& is dridtieS lrigWkhent dodfirminglthe/
suitability of this waste derived fuel for the FBC technglog

During the macroscopic experiments, the combustion oegoants of the hose waste
UXEEHU VWDUWY DW WHPSHUDW X USOD\byiiRR@igh &mount f& ZKLF
volatile additives of this sample.

(6) The different sorts of waste rubber show markedly @iffeburnout times. The
duration of combustion was above 20 minutes in case eghaisile for the sprues it was below
10 minutes using industrially relevant full-sized particleatwdut 50 mm. This is explained by
the analytical thermogravimetric measurements pointing atitlhie sprue sample has a much
higher burning rate than the hose sample and the combudtgprue is finished by a 10 f &
lower temperature. This very significant difference mestdnsidered during the fuel selection
and the combustor design.

Non-combustible reinforcement fibres and other inorganidtiadd are present in the
fuel, hence their accumulation inside the combustiomb&les must be considered during the
operation and the design.
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LIFE- CYCLE ASSESSMENT OF RENEWABLE ENERGY STORED IN
METHANOL CREATED FROM HYDROGEN AND CARBON DIOXIDE
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Abstract: Renewable energy is spreading day to day. It has made the research for more efficient
energy accumulation urgent, more than ever. One way for energy storage could bertpat ene

is utilized in an endothermic generation of a chemical compound and subsequently recovered
in exothermic reaction. This work investigates into the environmental aspects of methanol
generated form hydrogen and carbon dioxide by renewable energy. Evaluation of
environmental performance was made with computer software (openLCA). The methodology
of the evaluation was life-cycle assessment. In this assessment a fullghieneased model

was compared with other models that were based on the current market mix. Comparison was
made to reveal whether the chosen method would be able to be in compliance with our
expectations for sustainability or not.

Keywords:energy storage, renewable energy, hydrogen, methanol

1 INTRODUCTION

Renewable energy provides new possibilities in sustainalfiliyy, its availability and
energy density usually fail to match our needs. The bestonsgive these problems are to find
a way to accumulate the produced energy so it may beatishd time and amount we need.
One way for energy storage could be that energy is utilizad endothermic generation of a
chemical compound and subsequently recovered in exotheaeaittion. According to
hydrogen economy [1], hydrogen could be one of these chegorapounds. However,
hydrogen is mostly produced from fossils and it has serioablgms with storing and
transporting [2]. Renewable energy accumulation basdd/dmgen could only take place if
renewable based hydrogen is conversed into a more stahp@gaondi In this work, methanol
was tested if it could be used for this aim. Investigatingtinis matter, a life cycle assessment
was created. The investigated model was that methanol watedrfrom renewable based
hydrogen (from electrolysis) and carbon dioxide (frontanbon capture and storagair CCS
[3][4]). This model was compared with two others, where nmetheomes from the current
market mix and where it is created from hydrogen and cadimxide that are also from the
current market mix.

2 EXPERIMENTAL METHO DS
In Eq.1. it is shown that methanol can be synthetizea fnydrogen and carbon dioxide.

%IE U% A t%N1l*  Arl Fv{@tG,IKH (1)

In the created model carbon dioxide is captured fornC&iS) and hydrogen is produced
from fresh water by chlor-alkali electrolysis [5]. Both gedures are powered by renewables.
In this way, renewable energy can be transformed to chémrergy, first for producing
hydrogen and carbon dioxide, then for producing metharus Work investigates into the
environmental performance of this process system.

Life Cycle Assessment (LCA) means to inspect the whaeciitle of a specified product
and to define each of its environmental emissions. Thissaes@s was made by OPEN LCA
1.5.0 software. Integrated databases: Ecoinvent; AgribalysenBigiedat; ELCD; NEEDS;
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USDA. Impact categories: Acidification potential (AP), Freater aquatic ecotoxicity
(DAEPTP),Depletion of abiotic resources - elements, ultimaterkese(DAR-E), Depletion of
abiotic resources - fossil fuels (DAR-F), Eutrophication pua&¢ (EP), Climate change
potential (GWP), Human toxicity (HTTP), Ozone layer deplet{@DP), Photochemical
oxidation (POP) and Terrestrial ecotoxicity (TETP). Tha af the model was to avoid fossil
depletion and carbon dioxide emission so GWP and DAR-Fharmost important categories.
However, other impact categories showed instructive infoomats well.

LCA softwares work with flows, processes and product syst&ach product is a flow
(excluding elementary flows) that are created by prose$sach process has its inputs and
outputs. Regarding chained processesHdiv RXWSXW LV D@ Rfwkrél thfiv LQ S X
organize these into a product system where all processes amgibutputs can be calculated
(aggregated) for a specified product [6]. Fig.1. shows the gragteqiroduct system where
methanol comes from the current market mix. Fig.2. shilnessystem where methanol is
produced from hydrogen and carbon dioxide that are fromutient market mix. Fig.3. shows
the system where methanol is produced from hydrogen andrcdixide that are produced
by renewables.

Fig.1. Methanol from the current market mix, graph [6]
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Fig.2. Methanol from hydrogen and carbon dioxide that are from the current market mix,[§taph

Fig.3. Methanol from hydrogen and carbon dioxide that are produced with renewables [6]

3 RESULTS AND DISCUSSION

Results of comparison in the highlighted categories (GNP DAR-F) are shown in
Fig.4. and Fig.5. For GWP it can be ascertained thatutherenewable based model does
reduce carbon dioxide emission. In fact, it is showneggtive number. However, it must not
be forgotten that this model calculates until methanaVaslable for consumption. Obviously,
after burning it in an internal combustion engine, resuttumbers could only be higher than
zero. In the reference model, where methanol is pextifrom hydrogen and carbon dioxide
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that are from the current market mix, carbon dioxide equeslseon is rather high (in this case
both hydrogen and carbon dioxide are mostly from foss$its) DAR-F there is a tendency, the

more methanol is produced from hydrogen and carbon dioxai¢h@nmore the model relies
on renewable energy, the less depletion of fossiigutes.

Fig.4. GWP comparison

Fig.5. DAR-F comparison
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However, developing other impact categories was not thefdinis work, they show an
important message. In all categories (excluding GWP and DARufbers for methanol
resourced from the current market mix are better thaatiog it from hydrogen and carbon
dioxide. Furthermore, in few categories results of thelljotenewable model are far worse
than the other two. For AP (Fig.6.) and POCP (Fig.8.hameil from not renewable hydrogen
and carbon dioxide is evidently higher than methanol fleenmarket mix or from renewable
hydrogen and carbon dioxide. For EP (Fig.7.) and EcotoxicityqFwhere DAEPTP, HTP
and TETP are aggregated) there is a negative tendencyyecaattast to DAR-F. For ODP
(Fig.10.) and DAR-E (Fig.11.) the renewable model is worse bBgscampared to the others.

Fig.6. AP comparison Fig.7. EP comparison
Fig.8. POCP comparison Fig.9. Ecotoxicity comparison
Fig.10. ODP comparison Fig.11. DAR-E comparison
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4 CONCLUSIONS

The results of life-cylce assessment have showedtthgt in fact, possible to reduce
carbon dioxide emission and depletion of fossils. Howentler impact categories showed that
an environmental prize may be paid for this development.otitboubt, the current mix of
technologies for methanol, carbon dioxide and hydrogetuging fails to help sustainability.
Regarding to this, there is potential in developing thesdkiting procedures by optimizing
them with renewable energy. The aim of this work was tater@an alternative way for
renewable energy accumulation which has been succesgitdigeeded. Although, its
environmental performance is rather questionable according tyasampact categories
enhanced technologies based on the created model mayeashrious reduction of emissions.

Summarising the created system: Renewable energy is e#lgfor carbon capture
from air and chlor-alkali electrolysis on the spot. Attiee conversion of carbon dioxide and
hydrogen this energy is accumulated as methanol. Crpimats of hydrogen processes are
avoided by the model, conversion to methanol happens imralgdaditer hydrogen production
at the spot so there are no concerns about hydrogen treasgatorage. The model generates
negative carbon dioxide emission which means it consumst=ad of emitting. But it must be
noticed, that the system does not include combustion whicls the absorbed carbon dioxide
into emission. Nevertheless, emissions can well redeged with combustion. It is rather
instructive, that using hydrogen and carbon dioxide origthéiem the current mix will cause
improvement in environmental impact so forcing these médestall be avoided. During the
production of hydrogen and carbon dioxide it is best thdintdogies lean on renewable
energy.

It should be taken into account that advanced energy providatgnsy drift towards to
complexity. Serious investments are required to develop envenat@mnperformance in any
degree. However, overall solutions that could perfectlicmaur multiple expectations are
if it is even possible - still to be created.
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Abstract: In manufacturing industries large amount of high-salinity process water is generated,
which salt content limiting its further use. Consequently, desalination and process water
treatment are priority in industrial water management. Regarding this, several different
technologies are available; applicability of nanofiltration and the emerging electrodialysis is
compared here, concerning high-salinity heavy metal containing model- and real process
waters, originated from plating industry. The study revealed that both nanofiltration and
electrodialysis are efficient technologies for heavy metal removal, however they provide
different demineralization rates, rejection and extraction percentage for sodium- and chloride
ions. Electrodialysis seems slightly more effective in treatment of the examined high-salinity
heavy metal containing samples.

Keywords:high salinity, heavy metal containing process water; electroplating process water
treatment; nanofiltration; electrodialysis.

1 INTRODUCTION AND THEORETICAL BACKGROUND

$YDLODELOLW\ RI IUHVKZDWHU LV DOUW KWWH @&/ F\WQ PH Z R Q/CA\!
directly consumable or useable for agricultural irrigatibjy Halt content of water is the main
limiting factor, which determines its further use. At the séime huge amount of high salinity
wastewaters is generated in the industrial sector, e$ipetiamanufacturing industries
incorporating electrochemical industry, electroplatingnida mining or food and beverage
industry. Regarding this, desalination is priority and proeegsr treatment is a crucial part in
industrial water management.

Considering the treatment possibilities of high salintsaters, several different
technologies can be applied to minimize the total sgliaitd eliminate the heavy metal
residues. Most current technologies are evaporatiorexchange and membrane technologies.
Among the membrane technologies the most widely used oegsessure driven processes,
like reverse osmosis (RO) and nanofiltration (NF), but brame distillation (MD) or
electrodialysis (ED) could be also a low energy consuming ignldor many industrial
applications. In case of high salinity waters, copperainintg process waters are most typical
in electroplating industry, since copper acts as a bass lagfore plating further layers.
Consequently, treatment of copper-containing model waterbden widely studied.

NF membrane has the advantage rejecting multivalesttimugh monovalent ions can
pass through it [2], hence facilitating the separatioion$ having different valencies, and
providing opportunity for heavy metal removal as well [3]. NMbeame parameters (material,
chemical structure and functional end-groups, pore samyif, feed composition, pH of feed,
temperature and applied transmembrane pressure have influetiee fitration and rejection
characteristics [4]. By nanofiltration 47-98% copper reatafficiency Table 9 could be
achieved depending on the initial concentration and compaséia transmembrane pressure
Although the copper concentrations of model waters seentwyéo the ranges of real process
water concentrations, the total initial ion concentratiofthe test solutions were far away from
high salinity waters, even real process waters. Degmatéotv initial copper concentration, the
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total salinity had great influence on copper rejection ie cdseal process water [5], resulting

in a reduced rejection to half (41-45%) than that of tbeehsolutions (94-98%) [6].

Table 5.Cu (Il) removal by NF

Type _of Initial _ Applied Type of Rgmoval Reference
technic | concentratior] pressure sample efficiency

NF 0.01 M 18 bar model 47-66 % [7][8]

NF 0.47 M 20 bar model 96-98 % [9]

NF 0.5g/L 15-30 bar | model 97-98% [6]

NF 2 g/L 15-30 bar | model 97% [6]

NF 4 g/L 15-30 bar | model 94-95% [6]

NF 0.79 mg/L 30 bar real 41-45 % [5]

Electrodialysis applies electric field gradient as driviogcé, enabling separation of
mineral compounds from feed solution, while moving dissodiabes through the ion-
permeableselective membranes. The separated flows are deionised dlted cliluate, and
FRQFHQWUDWHG IORZ FDOOHG ERQFHIWDWPHWHI UYVK B UMHTW Kig
membrane (material, selectivity) IHH G [V Edhth&sltier) &pplied voltage, temperature,
pH of liquids, flow rate of the streams [10] [11]. Electadgsis is an emerging technology in
drinking water production [12] e.g. seawater desalination aodvery of certain elements.
Only a few reports demonstrated that ED could be used for #itenget of metal containing
high salinity waters, but no literature data were avalabl real ones (originated from
industry). Electrodialysis was successfully applied for tleattment of synthetic solutions
simulating rinsing water of bright nickel electroplatingrbaifter electrodialysis the specific
electric conductivity (hereinafter conductivity) of the debd solution was decreased
significantly and the purified fraction was reused as rinsingrmvé was estimated thatgase
of real process water treatment the concentrateddraetiriched in nickel could ecycled
to the electroplating bath [13]. Although prosperous results aehieved for synthetic
solutions, electrodialysis has not been used for treatofemetalcontaminated real process
waters.

In this paper we summarise the forgoing studies and sesuticerning the treatment of
high salinity, heavy metal containing real electroplatingcess waters via NF and ED,
compensating the lack of scientific publications regardingalf process waters.

2 MATERIALS AND METHODS

Each NF experiments were performed on universal bench-swebrane filtration
apparatus (CM-Celfa P28, Membrantrenntechnik AG) in cross4ftmde. DL type flat sheet
membrane with an effective area of 28%anas applied. Membrane selection was based on
previous experiments executed with artificial test solutigb6]. Membranes were
conditioned with distilled water before the experimerotherm experiments at room
temperature were carried out at a transmembrane pressuréat 30

All of ED experiments were performed on a laboratory sc&leREunit (Membrain P
EDR- Z/10-0.8, MemBrain s.r.0.) with 10 pairs of RALEX AM(H)-PRCM(H)-PP ion-
exchange membranes and PE spacers. Effective surfdeeroémbrane is 64 éraach; totally
1344 cm. Membranes were conditioned with distilled water befbeeexperiments. Titanium
coated platinum wires were used as reference electrodddradnode and cathode. The flow
rates of the diluate, concentrate and the electroli¢iens were set to 55 L/h. The processed
solution (diluate), concentrate and electrode soluti@ulated through the unit in a multi-pass
system, so each solution had its own storage tank, pump@nd.pi
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The key characteristics of the membranes were determageddngly; pure water- and
permeate flux (1), rejection (2) and demineralization (8jefor NF, while demineralization
rate (3), percentage extraction (2) and separation cieetfi¢4) for ED.

5 | in?g¢
L-® L—= (1
LSE LSO

where A is the effective membrane area, V is the velofithe permeate, t is the contact
W L P His applied transmembrane pressui&is the osmotic pressure of the solutionjs

the dynamic viscosity of permeate add is hydraulic membrane resistance
4 =)@ 2" F:% % Brr(2)

where G is the concentration of the followed ion in the perreddlF) and diluate (ED)
after the treatment,d@he initial concentration of the followed ion.
&4 L 3F'% '"%;2&rr (3)

where EGis the conductivity of the permeate (NF) and diluate (Hi2y she treatment,

EGo the conductivity of the sample before treatment.
52P,L Yaig, Yad;?:Ya ¢ Va4,
5?2%:¢; Yad;>:5?%:¢; Yi4d;

&rr” (4)

where G(t) and G(t) the concentration of A and B component in diluate(Of and
Cg(0) the initial concentration of A and B componentc®gse A is the limiting (slowest
eliminating) component, £must be higher thansC

The conductivity, pH, Chemical Oxygen Demand (Gf)vere measured both for NF
and ED. The concentration of nickel-, copper- and sodiunm® veere monitored in case of NF,
while nickel-, copper-, sodium-, chloride- and sulphate ion eotmations were followed in
case of ED.

During NF the continuous permeate flow were collected ingggarConductivity of the
permeate charges were determined by a WTW Multi 340 digitél parameter meter unit.
Nickel, copper and sodium concentrations were determined fncaddsorption spectroscopy,
with a Perkin EImer 3300 Atomic Absorption Spectrometer devibe acetylene and air flow
rates were set to 1:2. Nickel and copper were measured in absorutite at 232.00 nm and
324.75 nm wavelength respectively, while for sodium determinatmiss®n mode was
applied at wavelength of 589.00 nm.

In case of ED experiments pH and conductivity were measorgghaously with a WTW
Multi 3420 digital multi parameter meter unit. Nickel, coppad sodium concentrations were
determined by atomic absorption spectroscopy, with a ®Pdtkner Analyst 400 Atomic
Absorption Spectrometer device. Nickel and copper were mehsurabsorption mode at
232.00 nm and 324.75 nm wavelength respectively, while for sodium dedtion emission
mode was applied at wavelength of 589.00 nm. The acetylene raftal\arates were set to
2.5:10.

Each concentration was calculated as a mean of 9 glamnadlasured concentrations
ZRUNLQJ LQ D i PJ / PH bickl drid@dppgmapd B-15& rig/L for sodium.
The maximum of standard deviation was always below 0.05%afcin analysis during the
whole experiment. COE values were measured with Merck COD cell test using photmmetr
determination, according to the 1ISO 15705 standard. Chloridentrations were determined
with Merck chloride cell test using photometric determinatmstording to the 1ISO 7393-2
standard. Determinations of sulphate content of samnm@es carried out with Merck sulphate
cell test using photometric determination, according to & &75.4 standard.

During our series of experiments both model solutions algrecess waters were used.
The industrial samples originated from a metal plating which were pre-treated with
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precipitation with calcium-hydroxide and filtration forireination of the bulk of the heavy
metal content.
Initially the applicability of NF on real heavy metal cantag process waters was tested
(1), while the effect of temperature on the efficieméyanofiltration was investigated as well,
DW f& f& f& DQG f& 7KHVH ZHUN IRQ@RIZRK WKH H[E
DSSOLHG YROWDJH RQ WKH ('TfV HDMWF LE RIFM 4Z B § W QNRHOMNOLIHD
4 +6 £8 +10 V, for 1 h experimental period in case of a model arehbprocess water as
well. At last the salt and heavy metal removal efficies®f NF and ED were compared (iii),
in both cases of same model solutions and real processswahe initial sample compositions
are illustrated in Table 2 for the three stages of thdys In the 8 stage pure salt model
solutions were tested for NF and ED before the treatwiergal samples. Model solutions
represented the two most common salts in electroplatihgtry, NaCl and N&Qs sdutions,
in the typical concentration range of real proces&rmgab00 ppm, 1000 ppm, 2000 ppm, 6000
ppm and 500 ppm, 1000 ppm, 2000 ppm, respectively.

Table 2.Composition of process water samples

Stage of method Ni* | Cw* | Na Cr NOs; | SO | KOl | pH | Cond.
experiment [mg/l] | [mg/l] | [mg/l] | [mg/l] [mg/l] | [mg/l] | [mo/l] | [-] >—6
i) RealS. NF 0.528 | 0.790 | - - - - 626 | 6.87| 30300
i Model S. ED 1.940 | 1.913 | 406 6000 |22.8 |938 - 2.94| 18 300
Real S. 1.312 | 13.2 | 1247 |0 0 1050 | - 3.61| 3020
704 0.452 | 0.083 | 7607 | 46884 | O 975 |0 7.99| 28 800
i) | 703-710 :g& 0.500 | 0.051 | 1 271 | 4190 0 690 | O 8.04| 6150
703CN 0.000 | 0.888 | 25 172| 172 021| O 1430 | O 9.58| 92 600

3 RESULTS AND DISCUSSION

Because the treatment of copper-containing model watetsekaswidely studied, at the
beginning of NF experiments the real solution were teslieectly, applying treatment
parameters based upon scientific literature and formeitsemgttained with model solutions.
During the first stage of experiments i) the key parametietise membrane were determined,
such as the pure water flux. As expected with raising teatyre flux raised and stabilised fast.
Although with rising temperature sRwas expected to decrease, bui &ecreased with
advancement in time instead, so the contact time hadra significant effect on R than
WHPSHUDWXUH 7KLV WUHQG GL®&OQOWWLR®OXUEH RDOXW HD W KWK H
provided a more vigorous change in resistance than theTmoegh, the permeate flux showed
S-shaped curves according to our expectations.
Considering all followed parameters, T,uNi?*, CODx; concentrations and conductivity
minimum value could be observed at yield of 0.2. The pH dicchange significantly during
NF experiments. Rejection was significantly higher irhe t case of Nif,
71 - 76%, at all examined temperatures than in the case?5f €u- 45%. These rejection
values are much lower than those observed for artifesisolutions, which were always above
90% [6]. The explanation of this phenomenon is asvidloin real solutions there are other
ions besides the followed ones, which all could have andhégative effect on the rejection.
,Q ERWK PHWDOYYV FDVHV WKHWEBVYQYHGHDMMFWIKR GW KQXd KM Uz
the rejections consequently dropped, though not significantdytlere was not remarkable
GLIlTHUHQFH EHWZHHQ WKH YDOXHOMAYDWDVMARVDQG f& LQ ER)
In the high-conductivity original test solution (30.3 mS/erhjch means high salinity as
well) the main components were two monovalent ions} &led Cl. At every examined
temperature the conductivity values were the lowest forfitse permeate samples, i.e.
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approximately 30% of feed. The salt removal efficiencigtered between 28 and 32%
depending on the temperature. The conductivity of the peesatightly raised with raising
temperature and raised significantly with the advancermttite NF. In the last permeate
charges it exceeded the conductivity of the original goistin all cases, so the treatment turned
to an enrichment process. Considering the results desaimme, it is advised to stop the
filtration at the first period of the NF process, right after reaching 20% recovery rate.

In the second stage ii), the applicability of ED was testefirst on model solution.
Ingredients of this test sample were based upon reataating process water composition.
After attaining promising results, the real process watepkamas tested at five different
voltages similarly applied to test solution. The key patamseof the membrane were
determined in both test and real water cases regardinglibvwéd ions (Ni*, Ci?*, Na', C,
NOs, SO?).1Q FDVH RI WKH U H,DvidicisHadRIGweNiMtial Ebiéeehtsaioh, higher
demineralisation rates observed at every voltage, actxperhough at the model process
ZDWHU ZKLFK KDG —6 FP LQLWLDO FR@QGMXAOLWIDWLREA®
already at 6V. We also verified that with increasingpgfleed voltage, i.e. driving force, higher
demineralisations rates could be achieved. The percentaget®xt depends on the initial ion
concentrations as well and elevated with increasing voltagas found that the most hardly
removable ion was the Rlawhile the most easily removable was thé*Nsimilarly to Cu?*.
Very good percentage extraction efficiency was observed &4 to 10V, above 98% almost
each case at both samgl€ocusing orNa" in the model solution, however was 64% only at
6V and increased with increasing voltage, while for real wiatways exceeded 90% at all
applied voltages. The effect of applied voltage on condtizinas studied too; with increasing
voltage the salt removal became significantly fastégher differences between the separation
coefficients related to the limiting component (sodium) vedserved at low applied voltages
With increasing voltage this difference was reduced, moreaiviEO V it could be neglected.

After the second stage ofespULPHQWYV WKH ('"fV OLPLWLQJ YROWDJ}
artificial and real process waters at 6 V. An increais¢he applied voltage increased the
extraction rate of all analysed ions, as expected. la oéseal process water sodium and
sulphate removal were three-times higher than in oasee artificial one. The heavy metal
removals were higher than 85% in both cases, howeversitower 99% in case of the real
process water. We successfully demonstrated that ED isffameré method for the
simultaneous removal of heavy metal ions and salts inalustrial process waters.

After prosperous results of i) and ii) experiment NF anditeBtment technologies were
tested (marked as experiment series iii)) with high sglmibdel solutions and high salinity,
heavy metal containing real process waters originating &lestroplating industry (see Table
2), then typical parameters were compared.

The conductivity of the permeates raised significantiyhhie advancement of NF, this
confirmed our former experiences; it is advised to stofiltreion at the first period of the NF
process, i.e. right after reaching 20% recovery rate.dtiee real process waters was in the
conductivity range of the model solutions (Sample No. 703-&dfrs we predicted, it showed
similar behaviourWR PR GHO ZDWHU YV fredd\edykate bf khélibra, aliv&ys Qe
90% both for NF and ED, respectively. For testing extremaimstances, process waters
having ca. 30 and 90 mS/cm conductivity were selected as fe@dsénof the 30 mS/cm
sample, ED provided still 91.8% demineralisation rate and >94&emtge extraction for Cl
and C@*, though in case of Kii, Na" and SG* it decreased significantly. At NF slightly lower
retention values, 90% for Euand 86% for Ni* were obtained. In case of the 90 mS/cm
conductivity water the demineralization rate was just approx. &i@the highest percentage
extraction was 59% for Gty though the change of conductivity was still fast, app&@Q
—6 Fper minute. The N§ V. KHDY\ PHWDO UHMHFWLRQ ZDWYW EHWW
concentration water (Sample No. 703CNW KDQ ('fVvV 2Q WKH RWKHU KDC
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GHPLQHUDOL]DWLRQ UDWHYV ZHUH BFRWQ VIDG/HHYD HFIRQU R EN W LL

ascendant initial conductivity, i.e. for 6, 30 and 90 mSk#d solutions, demineralization rates
were 62.3%, 26.6% and 20.2% for NF and 99%, 92% and 37% for ED, tres|yecl he
summarised results of demineralisation rates are #itestrin Table 3, while rejection values
of NF and extraction percentage values of ED are showabfe 4.

Table 3.Demineralisation rates of NF and ED for model solutions and real process waters
NacCl NaSQy 203

500 1000 | 2000 | 6000 | 500 | 1000 | 2000 710 704 | 703CN
ppm ppm | ppm | ppm | ppm | ppm | ppm

NFpr | 66.6 60.8 | 52.1 | 415 | 96.6 |98.9 |99.0 | 62.3 | 26.6 | 20.2
ED 99.5 99.5 | 99.7 [99.5 [ 984 |98.1 985 |99.2 | 91.8 | 37.3

DR%

Table 4.Rejection values of NF and percentage extraction values of ED of the follomgdments in
case of process water samples

Cuw Ni2* Na" Cr NOs sQ*
NF 710-703 | 12.5 90.5 64.3 - - -
Ru% 704 81.0 85.7 34.3 - - -
703CN | 89.6 0.0 -6.6 - - -
D 710-703 | 94.5 96.6 91.1 100.0 0.0 97.7
PE% 704 94.5 80.8 75.2 100.0 0.0 60.6
703CN | 58.8 0.0 38.9 48.9 0.0 10.3

This study revealed that both NF and ED are efficient tdogies for heavy metal
removal, however they provide different demineralizatiates, rejection and extraction
percentage for sodium- and chloride ions. Although takingy#vieg into account, ED seems
slightly more effective in the treatment of the ewaed high salinity and high salinity heavy
metal containing samples. Accordingly, it is ascedhia that up to 30 mS/cm conductivity
process waters ED is a highly efficient method for siamdbus salt and heavy metal removal.
Though if more concentrated solutions would be treatedacbtime or/and the applied voltage
should be further increased.

4 CONCLUSION

Compensating the lack of scientific publications considerea process waters, the
forgoing studies and results were summarised concerning #timénat of high salinity, heavy
metal containing real process waters originated fromrelgleting industry via NF and ED.

During the NF experiments in experimental series i) censid all followed parameters,
Cu?*, Ni#*, CODx concentrations and conductivity the lowest values coulobiserved at the
initial stage of filtration, i.e. at a yield of 0.2. Refion was significantly higher in the case o
Ni2* (71 - 76%), at all examined temperatures than in the da€erd (41 - 45%). These
rejection values were much lower than those observedrtificial test solutions, which were
always above 90% [6]. At every examined temperature the cownitipeillues were the lowest
for the first permeate samples, i.e. approximately 30%¢ed. The salt removal efficiencies
differed between 28 and 32% depending on the temperatureoftieativity of the permeates
slightly raised with raising temperature and raised sgamtly with the advancement of the
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NF. According thee results it is advised to stop the filtration at the fpstiod of the NF
process, i.e. after reaching 20% recovery rate.

In the second stage of experiment series ii), the agplity of ED was tested at first on
model solution, which composition was based upon real efdatmg process watét ffter
attaining promising results, the real process water sam=d¢ested at five different voltages
similarly to those applied for test solution. It was found tha most hardly removable ion was
the Nd, while the most easily removable was thé"Nsimilarly to Cu?*. The heavy metal
removals were higher than 85% in both cases. Very goagmage extraction efficiency was
observed from 6V to 10V, above 98% almost each aabeth samples. Th¢ ' IV OLPLWLQJ
voltage was determined as well both for artificial and peacess waters at 6 V.

At last, in experiment series iii) the salt and heaeyalhremoval efficiencies of NF and
ED were compared on the same samples. Pure salt moatbis®were tested for NF and ED
before the treatment of real samples. Regarding thdumbivities of model solutions, they
showed minimum values at th& dharge of permeate, and the same phenomenon was abserve
for the real process water samples too. Electrodialypisrenents of model solutions showed
excellent removal of ions: almost zero conductivitiesdddiates were achieved after 1 h
operating time at 6V applied voltage, independently of the &yme examined initial ion
concentration of solutions. Regarding the real proees®rs, NF showed a DR% value
between 20.2% and 62.3%, while it varied in a wider range, 37 3®2% for ED. So, it can
be concluded that higher demineralisation rates can bevadhy ED than NF, therefore ED
seems more efficient in desalination of these typesaifprocess waters. At the same time, NF
and ED showed similar heavy metal elimination efficiency.tEsting extreme circumstances,
process waters having ca. 30 and 90 mS/cm conductivity werteskls feed. In case of the
30 mS/cm sample, ED provided still 91.8% DR% and >94% percentageten for Cl and
CU?*, though in case dfli?*, Na and SG it decreased significantly. At NF slightly lower
retention values, 90% for €uand 86% for Ni* were obtained.

Our study revealed that both technologies are efficient fanhenetal removal, however
they provide different demineralization rates, rejecaod extraction percentage for sodium-
and chloride ions. Walso successfully demonstrated that ED is a highly efficiethod for
simultaneous salt and heavy metal removal for procetsrsvpossessing initial conductivity
up to 30 mS/cm. Though if it would be applied for desalinationarie concentrated solutions,
the contact time and/or the applied voltage should beeiumicreased.
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LIFE-CYCLE NITROGEN OXIDE EMISSIONS OF THE HUNGARIAN
ELECTRICITY CONSUMPTION MIX

$UWXU 6]LOIJ\L
Department of Energy Engineering, Budapest University of Téagyp@and Economics

Abstract. Goals: this paper examines the direct Nénissions of the Hungarian electricity
system over the last two decades and explore the ways how the sector rederoessitas to
comply with the continuously tightening regulations. Another aim of the paper is to compare
NOx emissions caused within the contry with those that are emitted elsewher thus adapting a
new, global perspective on this issue. Methods: direct emissions data are from pubticadtatis
databases while indirect emissions are determined by life cycle assessment. Rasults:
analysis shows that before 2010, changes in technology and primary interventions were mostly
responsible for the sector's emission reductions. After 2010 a further decrease inreniss
however, is attributable to a) some plants installed secondary reduction technologies and b)
many uncompetitive power plants has been shut down in parallel with the growing share of
imports. Since then, the amount of Ngnitted indirectly in other countries is well above the
domestic emissions.

Keywords:nitrogen oxides, electricity system, life cycle assessment

1 INTRODUCTION
1.1 Goal and scope

In the framework of the EU Clean Air package, there haenta number of significant
legal changes regarding the nitrogen oxide emission redwdtants in Hungary. In July 2017,
the Union ratified the 2012 amendments to the Gothenburg Protelmh will maximize
emissions at EU level after 2020. The prerequisite foratlaption of the Protocol was the
codification of the 2016/2284 EU Directive on National Emisdianits, which sets annual
NOx emission ceilings for each EU Member State between 20220&@d For after 2030, the
Directive sets out even more ambitious targets tharetbbshe Protocol by aiming at the
reduction of EU NQ@emissions by 63% compared to 2005.
The new legislation also imposes severe restrictiomsc@mbustion plants in the
electricity sector, which poses a major challenge to imgdydayers. Although N@emissions
LQ WKH HOHFWULFLW\ VHFWRAW DQWSIPWUWEINVKDQ G WROWHWKA |
is still a significant emitter. Furthermore, the i@&se in electricity imports in the last few years
raises the possibility that a significant part of thexNfnissions caused by the Hungarian
electricity consumption simply "exported" to another countr
In this paper, the following questions are investigatedhénlight of the ambitious EU
nitrogen oxide reduction targets:
1. KRZ GLG WKiHHALIWWWHAW QA2 RI WKH +XQJD U L DQHRFR\WPERALWL
VHFWRU KDYH GHYHORSHG LQ UHFHQW \HDUYV
2. KRZ PXFK LQGHPHFNWLR®DY DUH JHQHUDWHG GAW.\QJ Wk
JHQHUDWLRQ DQG WKH LPSRUWVXDQG LQ ZKLFK FRXQW L
3. ZKDW WUHQGY DUH H[SHFWHG LQ WKLV ILHOG LQ WKH 1|

1.2 Nitrogen oxides (NOXx)

Nitrogen oxides are the compounds of nitrogen (N) with oxy@9n From a practical
point of view, nitrogen oxides (NOx) are understood as nitrog@es (NO) and nitrogen
dioxide (NO2), so that only these compounds are measured follation. Nitrogen oxides
are produced during high temperature, largely from the nitrogietent of the air and to a lesser
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extent, the nitrogen content of the fuel, such asternal combustion engines, power plants,
or domestic heaters. In addition to combustion and gicatisthe chemical industry is also an
important source of anthropogenic nitrogen oxide emissiotregén oxides play an important
role in the formation of photochemical smogs, and idification or more commonly acid rain
formation and thus cause respiratory illnesses in humans.

1.3 Legal background

The legal framework for the regulation of NOx emissioas lis origins in th&eneva
Convention on Long-Range Transboundaiy Pollution, signed by Hungary in 1979 and
ratified a year later. Since 1979, the Convention has tséied by 50 countries and the EU
as a separate Party as well, which means that fromcgassion to the EU, the tasks derived
from the Convention are also present through Union lavarHungarian legal system.

Of the protocols annexed to the Geneva Convention, theéheighthe Gothenburg
Protocol of 1999, which was signed by Hungary in 1999 and ratified in Ba@ed on this, by
2010 the country had to reduce its nitrogen oxide emissions by ft@ft 238 to 198 kt)
compared to 1990 and to apply stringent technological emiksitdg to all stationary sources.
According to the 2012 amendment to the Protocol, Hungary hastbherf cut its emissions by
34% until 2020 compared to 2005. The 2016/2284 EU Directive has madeehdraants an
integral part of EU law, and for Hungary, after 2030, another G&#action is expected from
the200 OHYHO %LEYN

2 MATERIALS AND METHODS
2.1 Analysis of direct emissions

Direct emission data from the energy sector is avi@lan various public statistical
repositories (eg. EUROSTAT, KSH). Emission data were cordpardhe legally required
emission limits found in the literature and with the infiation contained in the MAVIR annual
reports.

2.2 Indirect emissions

In addition to direct emissions, we also wanted to idemidyrect emissions from the life
cycle of electricity production and imports. We used lifele assessment for this, which is a
novel approach as we have not found any evidence in thean¢literature that a country's
NOx emissions from electricity consumption would be analymehis way.

Life cycle assessment (LCA) - also known as life cyelalysistis the assessment of the
potential effects on the environment during a lifetime pfaduct, process or service. The life
cycle of a product is referred to as all the processes faw material extraction, mining
through manufacturing of the product to the use andfdifie (ISO 2010). The life cycle of the
electricity can be divided into two main parts: lifecteyof the fuel (mining, processing) and
the life cycle of the power plant (construction, operaand dismantling). As a source of data,
the Swiss ecoinvent 3.2 database was used, which includefratatéens of thousands of
industrial processes, including the life cycle data of the Hiang&lectricity consumption mix
(Wernet et al., 2016).

Using the open-source software, openLCA version 1.7, thecyifle environmental
impacts of 1 MWh average electricity consumed in Hungafgvatvoltage are estimated for
the year 2014. Among other things, one can query the wholeyliie NOx emissions by
country.
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3 RESULTS
3.1 Nitrogen oxide emissions trends in Hungary

Since 1990, nitrogen oxide emissions have decreased signyfiear#ll contributing
sectors except agriculture (Figure 1). In particular, enestated and industrial emissions has
shown a spectacular decline. Transport has shown & gfighth again in recent years, despite
the fact that vehicles without catalytic convertensaat disappeared from the roads. The reason
for that, in addition to the total growth of the vehidieet, is that average age of the fleet is
constantly growing, mainly because of the used car imfrorts Western Europe (KSH 2016).

Fig. 1: NOx emissions in Hungary (t / year) (Source: EUROSTAT 2016)

Figure 1 shows that the annual NOx emissions of the gsergor rose slowly from 1990
up to about 50 kt in 1997, followed by a rapid decline which slewhtinued until today (down
to around 17 kt in 2015). During the same period, the share @higrgy sector from the total
emissions was halved from about 27% to 13%. In the lighteofegal background, it is not
surprising that the first reduction happened just beforéutimeof the millennium, as the 1998
KTM Decree No. 22/1998. (VI1.26) limited the total emissions ofogin oxides from
electricity generation combustion plants as follows:

G XQWLO '"HFHPEHU NwW \HDU
G XQWLO '"HFHPEHU NwW \HDU
G DQG XS WR NwW \HDU DIWHU -DQXDU\

The first major decrease since 1998-2000 was due to the inaneasaenumber of natural
gas fueled, high efficiency combined heat and power gengnanits. At the same time, several
primary emission reduction processes have been introdimicaeny coal-fired power plants,

LQFOXGLQJ WKH ODUJHVW HPLWYWDHUWRWYHE $JW D B BWR ZHKIL B D
further emission reductions complying with legal requiremdMAVIR 2015). Since our
accession to the EU in 2004, thresholds are set by EU regslatio
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)LJ 12 HPLVVLRQV RI SRZHU SODQWYV LQ +XKQOBYDQURP®LPL)
XQWLO W \HDU B6RXUFH (85267%$7 90 RZ

From 2006 to 2010, the sector's N@utput was more or less stabilized at about 25 kt /
year (Figure 2). Since then, there has been another meguction since 2010, which, was
apparently due to the high level of imports enabled by the trawcross-border electric
transmission capacity (Figure 3). Meanwhile, a numbearnacbmpetitive power plants have
been shut down, including Tiszapalkonya and Borsod power pia@t¥l1, the Tisza power
SODQW LQ DQG WKH 9pUWHYV SRZHU SODQW LQ 0$9,5

Domestic
Import

Fig. 3: Hungary's annual electricity generation and supply 2006-2015 (Source:
EUROSTA)

EU Directive 2010/75 on industrial emissions (IED), which enteréa fiorce on 1
January 2016, contains further major restrictions. Undenéw regulations, emission are not
only limited at sectorial level as well as with emissgandards but each plant has to comply
with its specific and annually decreasing quota from 2016 to 2020 (VM 2012).

7KH SRVLWLRQ RI WKH VHFWRU LD Z2RDIOUH3IOPROWL | LAKG |
responsible for around half of the of the total NOx emissifrom the sector. This plant has a
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0: LQVWDOOHG FDSDFLW\ ZKLFKQMVPRFMQOAGS UR ¥L|@&H § \EX
DQG %*NNIiEUIQ\ ,Q RUGHU WR FRPSO\PHDIK WHNH HIGHLIXLGIDA
nitrogen oxide forming conditions started already in 1998 whenfiormance and lifetime
HIWHQVLRQV ZHUH FDUULHG RXW RQ WKH IQH Z ORIBEX ©® D W VR Q|
the emission standard to a value of 200 mg / Nm3 for alifeed power plants with a total
nominal input heat power of at least 50 MW, which can not &mtained permanently and
reliably with the primary measures, so it was necegdsamsort to secondary methods that are
basically to capture and convert the already formed in the flue gas. From 2011 to 2014,
the power plant had to incorporate an SNCR (selectivecatalytic reduction) equipment,
which is relatively costly and short-lived (Orosz 2014). Udtiely, stricter regulations pose a
serious cost to the power plant, which reduces its compegSgecompared to imptor
electricity.

3.2 Indirect emissions

The results of the life cycle analysis show that due tdifte import share, indirect NO
emissions far exceed direct emissions from domestizep@lants. Emissions from other
countries account for more than 60% of the total "nitroigeiprint”, approx. 0.4 kg of NO

(Fig. 4).

0.5
0.4 O Other countries
s ORussia
% 03 O Poland
%
S O Slovakia
? - 0O Chech Republic
01 W Ukraine
0 B Hungary

Foreign Domestic

Fig. 4: domestic and foreign NOx emissions in relation to the life cycle of 1 MWh
average electricity used in Hungary in 2014 (kg) (own editing)

Out of these, Ukraine, not being under the strict EU direstis by far the most important
emitter country, which means that for every 1 MWh eleityrtonsumed in Hungary there is
approximately 0.18 kg of NOx is emitted in our eastern neighbardo not import electricity
from Russia, but the production of fuel (mostly uraniurd aatural gas) from there produces
significant indirect emissions in the life cycle of @lectricity system.

4 CONCLUSIONS

Due to tighter regulations and sharp price competition,tégiring in the Matra Power
Plant is expected to halt between 2020 and 2025, which will riesaltfurther significant
reduction in NOx emissions in the energy sector, but thgumgtion is how this disappearing
capacity will be compensated for. According to the natienatgy strategy, the country would
like to rely on its domestic coal reserves until 2050, itodibes not appear to be economically
viable at current electricity prices. However, it is almmestain that the impacts and impending
indirect emissions will continue to determine the envirortalempacts of domestic electricity
consumption for a long time.
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