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Preface 
 
 
The Proceedings of the 13th Conference on Heat Engines and Environment Protection is 

in the reader hands. The conference is organised by the Department of Energy Engineering, 
Faculty of Mechanical Engineering at Budapest University of Technology and Economics.  

 
The history of conferences has started 23 years ago. The original idea of the founders of 

the conference was preserved: bringing together the specialist of the energy sector working 
either in the academic or in the industry for information exchange, strengthen and establish 
connections and giving opportunities for young professionals as well. 

 
Especially this 13th conference was organised by a renewed organisation committee and 

we kept the last time introduced activities, like the round table discussions, the technical tour 
and changing the language of the conference to English thanks to the continuously rising 
numbers of attendees from abroad.  

 
Since the conference is organised by our Department, it is also an occasion to provide 

information about the research activity of our staff members and academic partners. 
 
The conference held in 25-27 May, 2017 was attended by 18 international and 42 

domestic participants including students. They came from 10 countries and they presented 28 
papers, from 20 are included in this volume. 

 
The conservation of the nature and the efficient, secure, economic and social affordable 

supply of energy is the main task nowadays in energy engineering. The conference subjects 
were according to these goals that could be reached by the harmonized utilization of the 
renewable and the traditional energy resources. In the conference the renewable technologies 
were in the focus but leaving space for the traditional energy issues and theoretical subjects as 
well. 

 
During the three days we were keen on create the friendly atmosphere in order to promote 

forming of scientific and personal contacts. More over working in the sessions the information 
exchange between the participants continued during the breaks and social events and even in 
the technical tour. 

 
At the end of this session I would like addressing my thanks to all attendee rising up of 

the scientific level of our conference. 
 
We are looking forward to meet all of you at the next Conference in 2019.  
 
 
�*�\�X�O�D���*�U�y�I 
Head of Department of Energy Engineering 
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THERMAL STABILIZATION OF BULDINGS WITH PHASE 
CHANGING MATERIALS 

�.�O�H�P�H�Q�þ�L�þ���(�Y�D1, Mitja Slavinec1,2 
1 Faculty of natural sciences and mathematics, University of Maribor 

2 Academic Scientific Union of Pomurje (PAZU) 

Abstract: In this paper, we theoretically and numerically study thermal stabilization of 
buildings using phase changing materials (PCMs). We focus 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 isolative materials with strong 
application potential in future thermal stabilization of buildings and consequently thermal 
balance improvements [1,2]. PCMs undergo temperature driven first order discontinuous phase 
transition at the phase transition temperature Tc, in which the latent heat is exchanged between 
the working materials and surrounding of a building. It is of interest to be able to tune the phase 
transition temperature to obtain higher efficiency of such composite with integrated PCM. By 
adjusting the phase change temperature to current external conditions, we could use the latent 
heat stored during the daytime inside PCM for thermal stabilization of a building during the 
nighttime. Consequently, we could reduce fluctuations of inside temperature and improve 
thermal comfort. Therefore, we focus to identify key parameters that affect Tc. The universality 
of the qualitative behavior of symmetry breaking phase transition allows us to use well-known 
Landau theory of phase transition [3]. In the Landau theory, order parameter is introduced to 
distinguish different phases. This theory is commonly used to describe LCs phases and phase 
transitions.  

LCs are of constant interest for years due to their softness, optical anisotropy, diversity 
of different phases and high susceptibility to weak external perturbations [4]. Many researchers 
use LCs as experimental testing ground. We consider thermotropic LC exhibiting isotropic (I) 
and nematic (N) phase. NLC phase is obtained by lowering the temperature from the isotropic 
phase. At the phase transition temperature TIN the system undergoes first order phase transition, 
which is accompanied with the latent heat. In the uniaxial bulk NLC phase orientational 
ordering of rod-like molecules is described by the nematic director n , where 1n � and n�r  are 

equivalent.  
The plan of the paper is as follows. In the first section, LCs and Landau-de Gennes model 

are presented. We focus on impact of nanoparticles and external electric field on the phase 
transition temperature. In section 2, we present PCMs and heat source model used for numerical 
simulation. Numerical results are discussed in section 3. In the last section, we summarize our 
results.  
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2 LIQUID CRYSTALS �± MODELLING 

We study a NLC sample confined within a rectangular cell, where lateral boundaries 
impose conflicting strong homogeneous planar anchoring. The cell thickness h along the 
z - Cartesian coordinate is assumed to be smaller than the characteristic confinement size R (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 describe LC orientational ordering using 
the nematic tensor order parameter [4]: 

3

1

,i i i
i

s e e
� 

�  � …�¦Q
 

 (1) 

where ie are eigenvectors,is are eigenvalues of Q and the symbol �… marks tensorial 
product. In case of uniaxial ordering, it holds [5]: 

        

1
3

S n n� § � ·� �… ��� ¨ � ¸
� © � ¹

Q I  ,     (2) 

where S is uniaxial order parameter and I stands for the identity matrix. 
The free energy density of the system can be expressed as a sum of the homogeneous 

nematic (fn), elastic (fe), external field (ff) and surface (fs) contributions [5,6]:  

�� ��22 3 20 *( )
,

2 3 4n

A T T B C
f tr tr tr

��
� �� ��Q Q Q                             (3a)

2
,

2
Qe

L
f �  � ’                    (3b)

0 ,
2ff E E

� H � H�'
�  � ˜Q             (3c)

( ),
2s

w
f tr�  � �sQ Q                                                   (3d) 

where A0, B, C are material constants and *T  is the super cooling temperature of the 
isotropic phase. The I-N phase transition temperature is defined as: 

 

  
2

* 0/ (4 )INT T B A C�  � �  .                  (4)
 

The elastic term evaluates the deviation of the system from a spatially homogeneous 
orientational ordering using elastic constant L. The external field contribution describes the 
impact of an external electric field E , 0�H is the electrical permittivity constant and �H�' is the 
field anisotropy constant. At the lateral surfaces, we impose tangential ordering with anchoring 
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strength w and Qs represents a degree of orientational ordering imposed by the confining 
surface. 

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

We assume that we have uniaxial ordering described by Eq. (2). Furthermore, we assume 
that we impose a distortion to N ordering on a typical length scale R. On average, it roughly 
holds that (see Eq. (3b)) [7,8]: 

  ef ~
2

22
L S

R
,          (5) 

where the over bar  �:�å �;
$
$
$
$
$ indicates spatial averaging. 
Therefore, the average contributions of the condensation and elastic free energy 

contributions to the average free energy density �B�§ could be expressed as [9-11]: 

 f ~ 
2

2 3 4 2 3 40 * 0 *
2

( ) ( )
3 9 9 2 3 9 9

effA T T A T TB C L S B C
S S S S S S

R
� � � �

�� �� �� �{ �� �� ,   (6) 

where 

 
* * 2

0

3
2

eff L
T T

A R
�  � �

         (7) 
Therefore, the resulting phase transition temperature shift ( )IN INT T T R�' � ��  of the 

system is now (see Eq. (4)) [12,13]: 

 
2

0

3
( )

2IN

L
T R

A R
�' � ��

.         (8) 
One sees, that by varying the typical distortion length R one could vary the effective phase 

transitions temperature ( )INT R  of the system. 
In the paper we show how one could impose different distortions, which are roughly 

described by a linear deformation imposed characteristic length R. We present two 
experimentally attainable possibilities that influence the phase transition temperature: adding 
nanoparticles and applying the external electric field. Presence of nanoparticles and external 
electric field impact the LC molecules orientation. Therefore, for our theoretical study, we 
introduce the scalar parameter that describes the degree of biaxiality as [14]: 

 
�> �@

3 2
2

2 3

6( )
1 0,1 .

( )
tr
tr

�E � �� �•
Q
Q         (9) 

If 2 0�E � the LC state is uniaxial and if 2 1�E �  we obtain the maximum degree of 
biaxiality.  

We introduce three characteristic lengths, the biaxial order parameter correlation length 

/b LC B�[ � , external field coherence length 2
0/ ( )f LS E�[ �H �H�  � ' and surface anchoring 

length /ed L w� . For latter convenience, we introduce parametrization and scaling as in [5,15]:  
 

3 1 3 1 2 3( , ) ( ) ( ) ( ) 2 ,x x y y x y y x z zx y q q e e q q e e q e e e e q e e� �� �… �� �� �… �� �… �� �… �� �…Q
 

 (10) 

where q1, q2 and q3 are functions only of x and y and 3 ze e�  is always an eigenvector of Q.  

In this scaling scaled temperature in defined as * ** *( ) / ( )t T T T T� �� �� , where superheating 
temperature of the nematic phase is 2

** * 0/ 24 .T T B A C�  � �  For convenience we introduce also 
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1 1 .t�W� �� ��  The equilibrium uniaxial order parameter is then expressed as **eqS S �W�  where 

** **4 ( )eqS B C S T�  �  .  

Next, with minimization of the free energy density we obtain bulk Euler-Lagrange 
equations for variation parameters q1, q2 and q3 [16]:  

�� �� �� �� �� ���� ��
22(0) (0)

222 2 21
1 1 2 1 2 1 3

1
2 3 0,

6 2 4
b b

x y
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q
q q q q q q q e e e e

R
� [ � [�W

�[�A

� § � ·� § � ·
�' �� �� �� �� �� �� �˜ �� �˜ � � ¨ � ¸� ¨ � ¸ � ¨ � ¸� © � ¹ � © � ¹

�� �� �� ��
22(0) (0)

2 2 2 2 2 22
2 2 1 3 2 2 1 3

1 1
3 3 0,

6 3 2 12
b b

f

q
q q q q q q q q

R
� [ � [�W

�[�A

� § � ·� § � ·
�' �� �� �� �� �� �� �� �� � � ¨ � ¸� ¨ � ¸ � ¨ � ¸� © � ¹ � © � ¹ 
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1
2 3 0,
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x y
f

q
q q q q q q q e e e e

h
� [ � [�W

�[�A

� § � ·� § � ·
�' �� �� �� �� �� �� �˜ �˜ � � ¨ � ¸� ¨ � ¸ � ¨ � ¸� © � ¹ � © � ¹  

  
(11a) 
 
 
(11b) 
 
 

 
(11c) 

where 2 2 2 2.x y�A�' � �w �w �� �w �w 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 composite layer with one layer 
incorporating the PCM is based on the heat source approach [17-20] using finite-difference 
method for numerical simulations [21]. We consider one dimensional heat transfer through 
planar surface (Figure 2). We assume homogeneous distribution of PCMs and high porosity of 
composite layer that allows the expansion of PCM during the phase change without changing 
the total volume.  

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

One dimensional transient heat transfer equation in terms of the enthalpy is expressed as: 

 

2

2� ! � �
h T
t x

� w � w
� 

� w � w.            (12) 
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In addition, we have to take into account that the solid (s) and liquid (l) phase of PCM 
have different physical properties. In our study, we assume that phase transition is instant and 
takes place at one specific critical temperature Tc. For numerical purpose it is common to define 
small phase transition temperature range, as suggested in Ref. [17,19,20]. For convenience, we 
introduce the factor r, which is 0 for temperatures below the Tc, when PCM is in solid phase, 
and equals 1 for temperatures above Tc, when PCM is overall in liquefied form. 

�(�I�I�H�F�W�L�Y�H���W�K�H�U�P�D�O���F�R�Q�G�X�F�W�L�Y�L�W�\������e), specific heat capacity (ce�����D�Q�G���G�H�Q�V�L�W�\�����!e) of a layer 
with PCMs are determined using a model of effective physical quantities [18] as follows: 

 
( ) ( )�� ���� �� ���� ���� ���� ����l s

e PCM PCM Ar r� D � D� �� �� �� ��
,     (13) 

 
( ) ( )( (1 )) (1 )l s

e PCM PCM Ac c r c r c� D � D� �� �� �� �� ,     (14) 

 
( ) ( )�! ���� ���! ���! �! ���� ����l s

e A PCM PCMr r� D � D� �� �� �� �� ,     (15) 

where �. is the relative amount of PCM incorporated in the composite layer A.  
Finally, using the Eq. (12), we write the heat transfer equation for PCM layer in terms of 

the enthalpy �0e e Lh c T rQ�  � � as:   

 

2

2�! ���! � ��e e e L e

T r T
c Q

t t x
�D

�w �w �w
�w �w �w,      (16) 

where LQ  is the latent heat of specific PCM.  

4 RESULTS 

In this section, we first analyze results of the theoretical modelling of impact of NPs and 
the external electric field on the LC configurations and phase transitions. Then we present 
numerical results of PCMs thermal stabilization efficiency 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 strong planar boundary 
conditions at their surfaces in absence and presence of an external electric field.  The lateral 
confinement size R �L�V���V�H�W���E�H�O�R�Z�����P���D�Q�G���L�V���F�R�P�S�D�U�D�E�O�H���W�R���W�K�H���E�L�D�[�L�D�O��order parameter correlation 
length .b�[   

Typical nematic configurations for cases without NPs in absence and presence of an 
external electric field are demonstrated in Fig. 3. In Fig. 3a we obtain the so called diagonal 
structure (DS), which is stable for R >> .b�[  and E = 0. One witnesses that at the corners of the 
confinement well defects appeared. The center of each defect exhibits negative uniaxial order 
along ze  and is surrounded by a rim possessing maximal degree of biaxiality ��2= 1. Far from 
centers of isolated defects, positive uniaxial order establishes in the bulk. Increasing the external 
electric field results in qualitatively different configurations shown in Fig. 3b for / 10fR �[ �  and 

Fig. 3c for / 100fR �[ � . In Fig 3c the external field is strong enough to trigger the surface order-

reconstruction type of structural transition. 
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Figure 3. �7�K�H���G�H�J�U�H�H���R�I���E�L�D�[�L�D�O�L�W�\����2 in the absence of NPs for R/ b�[ = 7. a) DS in the absence of the 

external electric field / 0fR �[ � , b) DS for / 10fR �[ �  and c) DS for / 100fR �[ � . 

Next, square-shaped NPs are placed at four different positions of NLC: 1) in the center, 
2) close to the left bottom edge or 3) close to the left boundary, and 4) close to the bottom 
boundary. In the absence of the external electric field presented in Fig. 4, edges of NPs are 
sources of elastic distortions, giving rise to locally induced biaxiality. Note that the NP placed 
close to the left and close to the bottom boundary results in the qualitative equal configuration. 
One can see that the presence of NPs in LC system affects the typical distortion length R, which 
is related to the change of the effective phase transitions temperature (see Eq. (7) and Eq. (8)).  
 

 

Figure 4. Absence of external electric field, R/b�[ =7. Different configuration for a) left boundary, b) 
center and c) left bottom edge position of NP. 

In addition, we study combined impact of nanoparticles and external electric field. In the 
presence of the external field, symmetry of the problem is broken as seen in Fig 5. In this case, 
the combined impact of NP and external field enable order-reconstruction (OR) type transition 
at the bottom plate.  

 

 

Figure 5. Configurations for the external electric field/ 50fR �[ � , R/ b�[ =7.  
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4.2 PCM and thermal stabilization  

We numerically analyze the heat transfer through composite wall consisting of brick and 
gypsum board, in which PCM is incorporated. Our focus is on varying the phase change 
temperature Tc close to the room temperature (Troom). We simulate the typical day/night 
temperature fluctuations in the summertime and set Troom to the constant value. Fig. 6 shows 
the amount of the incoming heat flux j in for three different phase transition temperatures Tc of 
PCM. For comparison, simulation for the composite wall without PCM is also included. In this 
case, the initial temperature of the composite wall (Tinitial) is set to the average value of the 
outside temperature, which is above the room temperature. It is evident that the presence of 
PCMs affect the incoming heat flux. When Tc is reached, the temperature difference and 
consequently the incoming heat flux remain constant until the external temperature fluctuations 
are strong enough or until the latent heat storage capacity is full. It is evident that even small 
variation of Tc has impact on the thermal stabilization. We see that setting Tc slightly above the 
room temperature results in the longest duration of a steady incoming heat flux. But on the other 
hand in this case (Tc>Troom) in order to maintain a constant Troom, the incoming heat flux should 
be compensated for example by using the air conditioning device. We must emphasize that only 
by setting Tc = Troom we obtain zero incoming heat flux and stabilization of the room temperature 
at the desired value, until the latent heat storage is full.  
 

 

Figure 6. Incoming heat flux in relative units for three values of phase transition temperature 

c roomT T� (red line), c roomT T�! (blue line), c roomT T�� (green line) and for composite without PCM (black 
dotted line). Initial temperature is set to the outside average, above the Troom. 

In addition, we anticipate that the initial temperature of the composite wall plays 
important role. Therefore, we analyze the case, when the Tinitial < Troom and Tinitial = Troom. Results 
are presented in Fig. 7 and Fig. 8 respectively. In Fig. 7 one can notice that the external 
temperature oscillations produce such incoming heat flux that can be fully or partially stored in 
the form of the latent heat in the PCM at the Tc. After some time, the latent heat storage is full, 
which results in the change of the temperature and consequently incoming heat flux. The same 
applies when Tinitial = Troom, with the main difference for Tc < Troom. Numerical results show that 
even small variation of the phase transition temperature Tc around the desired room temperature 
Troom impact thermal stabilization. Therefore, it would be reasonable to develop PCM composite 
with tunable phase transition temperature.  
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Figure 7. Incoming heat flux when initial temperature is set below the outside average and Troom for 

c roomT T� (red line), c roomT T�! (blue line), c roomT T�� (green line) and composite without PCM (black 
dotted line).  

 

 

 

Figure 8. Incoming heat flux for c roomT T� (red line), c roomT T�! (blue line), c roomT T�� (green line) and 
for composite without PCM (black dotted line). Initial temperature is set equal to the Troom. 
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5 CONCLUSION 

We numerically studied the impact of PCMs on thermal stabilization of buildings with 
focus on varying the phase transition temperature close to the desired room temperature. 
Simulations were performed using the heat source method. We confirm that PCMs could be 
used to improve energy balance as they decrease temperature oscillations and act as the latent 
heat storage.  

Numerical simulation of the heat transfer through the composite wall revealed that one 
could obtain the highest thermal stabilization by setting the phase transition temperature to the 
desired room temperature. Because the desired room temperature varies by personal needs, 
external conditions and other factors, it would be most reasonable to develop tunable PCM 
composite. Therefore, we have theoretically studied two possible mechanisms to shift the phase 
transition temperature.  

In our theoretical study, we use NLC as a testing ground. In the frame of mesoscopic 
Landau-de Gennes model, we analyze the combined impact of NPs and external electric field 
on NLC configuration and phase transition temperature. First, we have shown that by 
integrating NPs in the NLC we could effectively change the typical characteristic length of the 
system and therefore affect the phase transition temperature. Secondly, one can shift the phase 
transition temperature by changing the external electric field. From the applicational point of 
view this means, we would be able to manipulate the phase transition temperature according to 
the external conditions and our needs.  

The main disadvantage of using the LCs as PCM for thermal stabilization of buildings is 
relatively high cost corresponding to their weakly discontinuous phase transition that results in 
small amount of latent heat. Nevertheless, LCs have a strong 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 Technology, Novi 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 RES in Serbia are 
also discussed. 

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

1 INTRODUCTION 

Energy resources and potentials of the Republic of Serbia include conventional fossil 
fuels, such as coal, oil and natural gas, as well as renewable energy sources. Oil and gas, 
comprise less than 1% of the total energy reserves, while the rest is represented by various types 
of coal, mainly the low-quality lignite coal (over 95% in the proved reserves) [1]. More than 
76% of lignite reserves are located in the Kosovo and Metohija basin and are virtually 
inaccessible for Serbian power plants due to political reasons [2]. 

In 2016 the gross inland consumption of primary energy in the Republic of Serbia was 
14.78 million tonne of oil equivalent (Mtoe). Around 27% of the primary energy is imported 
while the rest (ca. 10.87 Mtoe) was supplied from domestic sources [3]. Serbia has reached self-
sufficiency in coal supply; however, around 70% of crude oil and 76% of natural gas are 
currently imported (Fig. 1).  

 

 
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 domestic consumption of primary energy 
in Serbia. However, the unfavourable geographical distribution and structure of fossil energy 
reserves indicate the need to utilize alternative, renewable and domestically available energy 
sources.  
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Previous researches have estimated the technically exploitable potential of the 
domestically available RES at around 5.5 Mtoe per year [1]. If fully utilized RES could provide 
ca. 37% of gross inland consumption of primary energy, and transform Serbia from an import-
dependent to a net exporter of energy. However, the exploitation of RES in Serbia is far below 
its projected potential, and is has been mainly based on the production of electricity from large 
river flows and the use of biomass mainly for households heating [4]. The exploitation of other 
renewable sources (RES), such as energy from wind, non-accumulated solar energy, 
geothermal energy, is still negligible in Serbia.  

 This paper reviews the energy potential and the current situation regarding the 
utilization rate of RES in Serbia. International obligations, domestic policy and the existing 
support systems and incentives of the Serbian Government for the investment in the generation 
of energy from RES, as well as the barriers that limit increased utilisation of RES are also 
discussed in this paper. 

2 INTERNATIONAL OBLIGATIONS AND STRATEGIC GOALS 

In 2006 Serbia ratified the South-East European (SEE) Energy Community Treaty, which 
exists between EU and the countries of SEE, and accepted the obligation to apply Directives 
2001/77/EC and 2003/30/EC which promote production of RES-based electricity and biofuels. 
By signing the Treaty Serbia has also agreed to apply directives which amend the previous 
RES-related EU directives, namely the Directive 2009/28/EC which sets up binding targets for 
EU member states to ensure that the share of RES in gross final energy consumption should 
reach 20% at EU level by 2020. In accordance with the Directive 2009/28/EC and the Decision 
of Ministerial Council of the Energy community as of 18 October 2012 (D/2012/04/MS-EC) 
the Republic of Serbia has set itself ambitious binding target of a 27% RES share in gross final 
energy consumption (GFEC) by 2020 (in 2009 the share of RES in GFEC 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 set in 2013 by the adoption of National 
Renewable Energy Action Plan of the Republic of Serbia (NREAP). NREAP has emerged from 
the international obligation which the Republic of Serbia assumed in 2006 by signing the Treaty 
and it is an important document which sets the targets for RES utilization until 2020, as well as 
the manner of their achievement.  

Table 1. National target for 2020 and estimated trajectory of energy from RES in the overall and 
sector specific GFEC [5] 

 2015 2016 2017 2018 2019 2020 

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

1075 1092 1127 1143 1152 1167 

  Share of RES in GFEC in heating and cooling 

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

Expected GFEC from RES in electricity sector 
(ktoe) 

992 1004 1031 1059 1108 1151 

  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 sector 

(ktoe) 
34 74 117 159 203 246 

  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% 
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Table 1 summarizes the national targets and estimated trajectory of energy from RES in 
the GFEC in the heating and cooling, electricity and transport sectors. 

3 LEGISLATION AND INCENTIVES FOR RES-BASED ENERGY PRODUCERS 

To realize the goals of NREAP it is required to invest 2.32 billion EUR by 2020 to build 
new RES-based power plants of total installed capacity of 1092 MW. The biggest investments 
are expected in wind power plants, small hydro power plants (up to 10 MW), hydro power 
plants (over 10 MW) and biomass CHP plants, with their share in total investments of 30%, 
23%, 20% and 19%, respectively. Relatively modest investments, totalling 155 million EUR 
until 2020, are planned for new facilities in the heating and cooling sector since the existing 
facilities largely fulfil the target values set by NREAP. Similarly, only small investments are 
expected in the biofuel sector (less than 10 million) since the existing biofuel plants are able to 
produce most of the required quantities of biofuels. 

In order to attract and engage private sources of funding into the RES sector the National 
Assembly has adopted a number of laws and regulations. The Energy Law (�2�I�I�L�F�L�D�O���J�D�]�H�W�W�H���5�6��
����������������) defines the �S�U�L�Y�L�O�H�J�H�G���H�O�H�F�W�U�L�F�L�W�\���S�U�R�G�X�F�H�U���D�V���D�Q���H�Q�H�U�J�\���H�Q�W�L�W�\���J�H�Q�H�U�D�W�L�Q�J���H�O�H�F�W�U�L�F�L�W�\��
�I�U�R�P���5�(�6���R�U���K�L�J�K�O�\���H�I�I�L�F�L�H�Q�W���F�R�P�E�L�Q�H�G���S�U�R�G�X�F�W�L�R�Q���R�I���H�O�H�F�W�U�L�F�L�W�\���D�Q�G���W�K�H�U�P�D�O���H�Q�H�U�J�\�����$�F�F�R�U�G�L�Q�J��
�W�R���W�K�H���(�Q�H�U�J�\���/�D�Z���S�U�L�Y�L�O�H�J�H�G���H�O�H�F�W�U�L�F�L�W�\���S�U�R�G�X�F�H�U�V���D�U�H���H�Q�W�L�W�O�H�G���W�R���L�Q�F�H�Q�W�L�Y�H���P�H�D�V�X�U�H�V���L�Q�F�O�X�G�L�Q�J��
�W�K�H���R�E�O�L�J�D�W�L�R�Q���R�I���S�X�U�F�K�D�V�L�Q�J���H�O�H�F�W�U�L�F�L�W�\���I�U�R�P���W�K�H�P���D�W���S�U�L�Y�L�O�H�J�H�G���S�U�L�F�H�V�����I�H�H�G���L�Q���W�D�U�L�I�I�V�������,�Q������������
�W�K�H��National Assembly has adopted���D���U�H�J�X�O�D�W�L�R�Q�����2�I�I�L�F�L�D�O���*�D�]�H�W�W�H���5�6���������������������Z�K�L�F�K���S�U�H�V�F�U�L�E�H�V��
�L�Q���P�R�U�H���G�H�W�D�L�O���W�K�H���U�H�T�X�L�U�H�P�H�Q�W�V���D�Q�G���W�K�H���S�U�R�F�H�G�X�U�H���I�R�U���W�K�H���D�F�T�X�L�V�L�W�L�R�Q�����G�X�U�D�W�L�R�Q���D�Q�G���W�H�U�P�L�Q�D�W�L�R�Q��
�R�I���W�K�H���V�W�D�W�X�V���R�I���D���S�U�L�Y�L�O�H�J�H�G���S�U�R�G�X�F�H�U�����,�Q���W�K�H���V�D�P�H���\�H�D�U���W�K�H���$�V�V�H�P�E�O�\���D�O�V�R���D�G�R�S�W�H�G���W�K�H���K�L�J�K�O�\��
�D�Q�W�L�F�L�S�D�W�H�G���5�H�J�X�O�D�W�L�R�Q���R�Q���W�K�H���S�R�Z�H�U���S�X�U�F�K�D�V�H���D�J�U�H�H�P�H�Q�W�����3�3�$�������2�I�I�L�F�L�D�O���*�D�]�H�W�W�H���5�6��������������������
�Z�K�L�F�K�� �S�U�H�V�F�U�L�E�H�V�� �L�Q�� �P�R�U�H�� �G�H�W�D�L�O�� �W�K�H�� �F�R�Q�W�H�Q�W�V�� �D�Q�G�� �R�W�K�H�U�� �H�O�H�P�H�Q�W�V�� �R�I�� �W�K�H�� �3�3�$���� �U�L�J�K�W�V�� �D�Q�G��
�R�E�O�L�J�D�W�L�R�Q�V���R�I���W�K�H���S�D�U�W�L�H�V���� 

The Regulation on Incentive Measures for the Production of Electricity from Renewable 
Sources and from High-efficiency Electricity and Thermal Energy Cogeneration (Official 
Gazette RS 56/2016) was adopted in 2016 and it precisely defines measures of financial 
incentives for the production of electricity using RES and the purchase conditions. Table 2 
summarizes the feed-in tariffs according to the Article 4 of the Regulation. 

Table 2. Feed-in tariffs (as of 2017) for RES-based electricity in Serbia 
No. Type of power plant �,�Q�F�H�Q�W�L�Y�H���S�X�U�F�K�D�V�H���S�U�L�F�H�����„�¼���N�:�K�� 

1. Hydro power plant 7.5�±12.6 a 

2. Biomass power plants 8.2�±13.3 a 

3. Biogas power plants 15.0�±18.3 a 
4. Landfill gas and gas from MWWTP c 8.4 

5. Wind power plants 9.2 

6. Solar power plants 9.0�±14.6 b 

7. Geothermal power plants 8.2 

8. High-efficiency CHP natural gas power plants 7.5�±8.2 a 
9. Waste power plants 8.6 

Notes: a Depending on the installed power; b Depending on the installed power and type (ground-
mounted or on a facility); c MWWTP stands for Municipal Waste Water Treatment Plants 

The most important aspects of the regulation on feed-in tariffs ���2�I�I�L�F�L�D�O�� �*�D�]�H�W�W�H�� �5�6��
���������������� can be summarized as follows: 
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�‡ obligatory purchase of all produced electricity by public supplier (in the case of wind 
power plants only the first 500 MW are entitled to privileged prices, in the case of solar 
power plants only the first 10 MW, no limitations for others); 

�‡ privileged price guaranteed by Regulation (feed-in tariffs only for electricity and not for 
heat); 

�‡ purchased prices are adjustment on annual level for the inflation rate; 
�‡ privileged price is guaranteed for a period of 12 years starting from acquisition of the 

privileged power producer status; 
�‡ privileged producers are exempted from balancing responsibilities (and costs) during 

the incentive period; 
�‡ free-of-charge access to the transmission, i.e. distribution system, is guaranteed; 
�‡ purchase of complete production after the expire of subsidized period according to 

market terms. 

In 2017 the Government has adopted the Regulation on fees for stipulating the RES-sector 
(Official Gazette RS 7/2017) according to which all individual energy bill payers (households 
and industry) in Serbia pay a fee of 0.091 RSD/kWh (0.00076 EUR/kwh) to stipulate the RES-
sector in Serbia. The resulting income is to partly be used for funding of costs associated with 
feed-in tariffs. 

4 EXPLOITABLE POTENTIAL AND UTILIZATION OF RES IN SERBIA 

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

Biomass is the most important RES in Serbia. The technically available potential is 
estimated at 3.4 Mtoe and consists mainly of products of forestry and wood industry (44% of 
total biomass potential) and agricultural biomass, i.e. remains or waste in farming, livestock 
raising and primary processing of fruits (48% of total biomass potential). There is significant 
difference between different forms of available biomass in terms of their utilization rate in 
Serbia. While the wood biomass potential is used at a relatively high rate (66.7%), agricultural 
biomass potential is used negligible (about 2%) while the biodegradable municipal waste 
potential is not used at all [1]. In Serbia the production of briquettes and pellets from agricultural 
biomass and sawdust started in early eighties. Currently, there are at least fifty pellets and 
briquettes producing plants in Serbia, as well as dozens of briquetting and pelleting machines 
and stove producers [4]. There is at least one industrial-scale biodiesel production plant in 
Serbia, with annual production capacity of 100,000 tonnes of biodiesel [6]. However, the large-
scale production of biodiesel stopped in 2008 due to financial reasons and currently there is 
virtually no commercial biofuel production in Serbia. Currently, there are 10 operating biogas 
CHP plants in Serbia with overall installed electric capacity of 11 MW. Biogas is produced 
mainly from manure, energy crops and agricultural residues, but there are also two facilities 
which use industrial waste water or waste from food processing and one biogas plant which 
uses the organic fraction of municipal waste water. In 2016 they supplied around 34 GWh of 
electricity to the national grid. 

The total technically available hydro energy potential is 1.67 Mtoe out of which 1.40 
Mtoe is for large hydropower plants (HPPs) with the capacity more than 30 MW. Around 63% 
of technically available potential of large HPPs is already in use. The total installed capacity of 
large HPPs in Serbia is 2831 MW, which represents 34% of the total installed capacities for 
electricity generation in Serbia. In 2016 large HPPs generated 11535 GWh electricity (31% of 
total electricity) [7]. The energy potential of low water flow streams suitable for the 
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construction of small HPPs (less than 10 MW) is around 0.4 Mtoe. By using the total energy 
potential of small HPPs it is possible to meet 4.7% of total electricity production in the Serbia 
[8]. Although the Ministry of Energy has developed the Cadastre of small HPPs and defined 
860 suitable locations for the construction of small HPPs, currently less than 3% of total 
potential is used. In 2016 around 65 SHPPs with a total output of 43 MW are in operation in 
Serbia. 

Table 3. Overview of technically exploitable potential of RES in Serbia and its utilization rate in 2016 

RES type 

Total available 

technical potential (in 

2012) 
(Mtoe/year) [1] 

Used technical potential 

(in 2016) 

(Mtoe/year)* 

Share of used 

in total 

potential 
(%) 

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 Renewable Energy 
Sources of the Ministry of Mining and Energy of the Republic of Serbia and other relevant documents 

including [1]. ** Technically exploitable potentials of wind and sun for electricity production may 
vary since they depend on the dynamics of the development of transmission and distribution network 

of the Serbian electric power system. 

Wind energy in Serbia can be used in the area of Kosava wind, Pannonian Plain, parts of 
Eastern Serbia, and at the location of mountain passes at the heights over 800 m. The technically 
usable potential of wind energy is estimated at 0.103 Mtoe and it is determined based on the 
existing technical possibilities of electric power system to accept the generated electricity. This 
corresponds to around 500 MW of installed capacities. The first low-power wind generators 
(<0.5 MW per unit) were built in the early 2000s. The first wind farm consisting of 3 wind 
turbines started to operate in 2015 in Kula, Vojvodina. Soon after, in 2016, a new wind farm 
with two wind turbines was established in Vrsac, Vojodina. The wind turbines in Kula and 
Vrsac have installed capacity of 3.3 MW per unit and their height is 178 meters which makes 
them the highest in Southeast Europe. Currently, there are at least 117 MW of wind turbines in 
construction and it is anticipated that the 500 MW quota for wind power eligible for feed-in 
tariffs will be reached soon. 

The average intensity of solar radiation in Serbia is 1.1�±1.7 kWh/m2/per day in January 
and 5.9�±6.6 kWh/m2/per day during July which is higher than in most European countries [1]. 
There is a significant difference in terms of average annual solar radiation between the regions 
ranging from 1200 kWh/m2 in the north-west to 1550 kWh/m2 in the south-east Serbia [1]. The 
technically usable electric potential of solar energy is estimated at 0.046 Mtoe per year 
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(corresponding to 450 MW) based on the existing technical possibilities of electric power 
system to accept electricity from solar power plants. The technically usable annual potential of 
solar energy for heating purposes is estimated at 0.194 Mtoe assuming that solar thermal 
collectors are to be constructed at 50% available facilities in the country [1]. In 2017 there were 
close to 100 solar power plants in Serbia that are eligible for feed-in tariffs, but many more are 
under construction (Table 4). 

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

Type of facility 
Number 

(May 2017) 

Installed power 
(current 

utilization) 

Installed power 
(projects under 

implementation) 

Total 

electricity 

production 
in 2016 

Power plants (on ground) 7 5.3 MW 5.2 MW 7.2 GWh 

Roof-mounted power plants 

(up to 30 kW) 
ca. 80 1.9 MW 1.8 MW 3.9 GWh 

Roof-mounted power plants 
(30-500 kW) 

12 1.5 MW 1.9 MW  

Total  8.7 MW 8.9 MW 11.1 GWh 

 
Serbia is relatively rich with geothermal energy which involves petro thermal and hydro 

geothermal energy sources. The technically available potential of existing wells (without usage 
of heat pump) is 0.2 Mtoe. Natural and artificial springs of thermal water are identified at the 
territory of more than 60 municipalities. Water temperature is usually within the range up to 
�����ƒ�&�� �D�Q�G�� �R�Q�O�\�� �D�W�� �W�K�H�� �W�H�U�U�L�W�R�U�\�� �R�I�� �V�L�[�� �P�X�Q�L�F�Lpalities (Central Serbia and Apatin) water 
�W�H�P�S�H�U�D�W�X�U�H���L�V���R�Y�H�U�������ƒ�&�����$�Y�H�U�D�J�H���Z�D�W�H�U���I�O�R�Z�V���I�U�R�P���W�K�H���H�[�L�V�W�L�Q�J���V�S�U�L�Q�J�V���D�Q�G���E�R�U�H�K�R�O�H�V���D�U�H���D�W��
average up to 20 l/s, but at several locations exceed 50 l/s [1]. Currently, geothermal energy is 
not used for electricity generation, but mainly in balneological and leisure purposes. 

5 BARRIERS AND OBSTACLES TO PROGRESS 

As seen from Table 3 the utilization rate of RES such as solar energy, wind, agricultural 
biomass and geothermal energy is below 3%. In 2015 the Center for international relations and 
sustainable development (CIRSD) carried out a detailed and comprehensive analysis of factors 
which may hinder the increased usage of RES in Serbia [9]. Based on their findings the main 
barriers and obstacles to progress in the field of RES in Serbia can be summarized as follows: 

�‡ Lack of stability and predictability �± Key pieces of legislation, such as the Law on Planning 
and Construction, Law on Agriculture, and Energy Law, are amended too often and, more 
importantly, those changes are too sudden and are made without the input of industry and 
investor associations. 

�‡ Delays in the adoption of secondary legislation, causing a legal vacuum and insecurity �± 
Following adoption of the generally positive Energy Law in August 2011, which indicated 
that all secondary legislation pertaining to renewables should be adopted within four 
months of adoption of the law (i.e. by December 2011), investors waited as long as 16 
months for actual adoption, which came in January 2013. 

�‡ Sluggishness of the judicial system leads to major delays in contract enforcement �± The 
�:�R�U�O�G�� �%�D�Q�N�¶�V�� �³�'�R�L�Q�J�� �%�X�V�L�Q�H�V�V�´�� �U�H�S�R�U�W�� �I�R�U�� ���������� �H�V�W�L�P�D�W�H�V�� �W�K�D�W�� �������� �G�D�\�V�� �D�U�H�� �Q�H�H�G�H�G�� �R�Q��
average for contracts to be enforced in Serbia. 

�‡ Institutional and administrative barriers �± Local and national governments lack competent 
professionals who know enough about project financing mechanisms, the peculiarities of 
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permitting renewable energy projects, construction processes, commissioning and making 
renewable energy facilities operational. 

�‡ Length of the permitting period �± Instead of lasting for about two years, the permitting 
process in Serbia actually lasts four years. 

�‡ Capacity and infrastructure barriers �± The inability of power systems to integrate new 
variable RES generation plants, due to an insufficient reserve capability leading to 
operational problems. 

6 CONCLUSIONS 

Serbia has significant potential for the production of energy from RES. Utilization of the 
gross technical RES potential would meet around one third of the overall primary energy 
consumption in Serbia. In 2016 less than 20% of this potential was used, mainly in the form of 
hydropower and wood (forest) biomass, while other RES are used negligible. 

The Serbian Government has, in recent years, made a progress in this domain by 
proposing a number of legislations to improve the economic feasibility of energy production 
from RES. The National Assembly has adopted favourable feed-in tariffs aimed at making 
energy production from RES more attractive for potential investors. The effects are already 
visible mainly in increased investments in the construction of wind power plants, small hydro 
power plants and biogas CHP power plants. 

The main barriers to progress are the present socio-economic and political environment, 
which is unfavourable for capital intensive investments in general, and lack of industrial and 
professional expertise in the area of RES management. As opposed to policy making, the 
changes in socio-economic environment and training of a critical number of experts require 
long-term and mid-term effort, which imposes significant limitations to the future exploitation 
of RES in Serbia. 
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ENERGY-STORAGE: DEVELOPING SEGMENT IN ENERGY SECTOR 

Ferenc Lezsovits 
Department of Energy Engineering, Budapest 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 compare different 
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 big issue nowadays. It makes 
energy supply more and more sustainable. But some of them are whether dependent. These 
resources are solar, wind and tidal energy. There has been a lot of investment happened in the 
last decade mainly in the field of solar and wind energy utilisation. On one hand this is a good 
news, but on the other hand it makes it difficult to balance electricity generation and 
consumption.  

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

Following is medium term, daily scale equalisation of demands and availability. Fig.2. 
shows typical electrical energy demand variation in Hungary on daily scale. Mainly wind 
generators can be very active during night time and it can be difficult to utilize all the energy 
generated since consumption drops significantly. On the other hand during cloudy days solar 
energy generation is missing during daytime, even during peak demand. 

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

The best way to overcome on these barriers to apply some kind of energy storage facility. 
This area has become a new individual field of energy sector. 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.  
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Fig.1. Frequency regulation with variable supply and consumption [1]  

 
 
[MW] 

[hours] 
Fig.2.  

Typical electrical energy demand variation in Hungary [2] 
----- on Working-days, -----on Saturdays & ----- on Sundays 

 

2 OVERVIEW OF ENERGY STORAGE FACILITIES  

Energy can be stored in several various physical, chemical and combination of these 
forms. They can be grouped according to applied fields. Known possible 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 not be found in pure form in the 
nature, but it can be generated in several forms from renewables. (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 storage �± ice 

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

 

 
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 totally different technologies can be applied 
for storage. Comparison of different technologies has become necessary, since in some cases 
technologies are competitors of one another. So it is necessary to characterize technologies on 
the same basis. Actually energy storage has efficiency. That 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 period, because of efficiency of 
feeding process, friction, dissipation etc. 

2. Similarly to previous case a certain amount of energy goes to loss at output, because 
of efficiency of gaining process, friction, dissipation etc. 

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

 
Energy balance of Energy Storage: 
 

Energyoutput = Energyinput - �' Energyinputloss  - �' Energydissipationloss (�W) - �' Energyoutputloss (1) 
 

Efficiency of Energy Storage:                
input

output
storage Energy

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

 Energy

Energy -)(Energy -Energy -Energy
)(

input

outputlossnlossdissipatioinputlossinput
storage

�'�W�'�'
� �W�K    

input

outputloss

input

nlossdissipatio

input

inputloss
storage  Energy

Energy

Energy

)(Energy

Energy

Energy
1)(

�'
��

�W�'
��

�'
��� �W�K    (3) 

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

outputlossnlossdissipatioinputlossstorage )(1)( �[���W�[���[��� �W�K      [-]    (4) 

 
 
In Fig.5. two characteristic mechanical energy storage technologies are compared just for 

showing how this evaluation works. These two technologies are Hydro-Storage and Flywheel 
energy-storage. As it can be seen, input and output loss of flywheel storage is small, but 
dissipation loss over long time is large. In case of hydro storage input and output has a certain 
loss, because of efficiency of applied pump and turbine, but dissipation loss over time is quite 
moderate. (Values are based only estimations.) It shows that for short period Flywheel is a 
better choice, but for longer period Hydro-Storage gives higher storage efficiency.    

 

 

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 seems to be the best.  
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:   

e = ethermal + echemical + ekinetic + epotential         (5) 
 
Where: 
 
ethermal = h(t,p) �± h0(T0,p0) �± T0 (s(t,p)-s0(T0,p0))     (6) 

echemical = �¦ ���'� 
k k0

k
k0kchemical ))

c
c

ln(cRTg(e      (7) 

ekinetic =  V2/2          (8) 
 
epotential  = g(Z �± Z0)         (9) 
 
Summarization of (6) �± (9) into (5) gives: 

)ZZ(g
2

V
))

c
c

ln(cRTg()ss(Thhe 0

2

k k0

k
k0k000 ���������'��������� �¦    (10) 

Where: 
 p �± pressure, T �± temperature, Z �± vertical position, g �± gravity, V �± velocity,  h �± spec.enthalpy, 
s �± spec.entropy, R �± spec.gas constantgk �± gibbs free-energy,  ck �± concentration of 
components. 

Reference state is defined according to desired ambient condition. This means that 
medium in reference state has zero exergy, so it is not valuable.  

 
T0 � ���������.��� �������ƒ�&�������S0 = 1013 mbar,  V0 = 0, Z0 = locally defined 
 
Equation (10) is a good way to characterize energy, but the dimension is [J/kg], which is 

normally used for characterization of energy processes. But in case of energy storage it is very 
important, how big volume is necessary for a certain amount of energy to store, or how much 
energy can be stored in a certain volume. 

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

eV � ���H�������U(t)  [kJ/m3]         (11) 
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5 EXERGY ANALYSIS APPLICATION FOR HEAT & COLD STORAGE  

In order to demonstrate how to apply theoretical approach described in previous chapter, 
for the first time it was applied for H2O. All the three possible state, ice �± water �± steam can be 
seen on Fig.6. and Fig.7.  H2O can be used not only for warm, but also for cold heat storage. 
Cold heat storage is a good way to avoid peak electricity consumption during hot days. Exergy 
discussion is good way for characterization too, since same equation gives positive value in 
cold state too. Hot thermal energy storage is the another end. From Fig.6. it seems that steam 
could be a good energy storage medium. But Fig.7. shows, that this is not a good idea, since 
energy density is dropped significantly, because of low density of steam. The large difference 
in between mass and volumetric values shows the importance of volumetric exergy application. 
So H2O is better to use in liquid form for hot storage instead of steam. For higher temperature 
�W�K�D�Q���������ž�&�����Z�K�L�F�K�� �L�V���D�W�P�R�V�S�K�H�U�L�F�� �E�R�Lling temperature of water, it can be pressurized. In this 
investigation next to atmospheric condition, p = 16 bar operational pressure was tested too.    

 
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���I�X�U�W�K�H�U���V�W�H�S���V�R�P�H���P�D�W�H�U�L�D�O���K�D�Y�L�Q�J���P�H�O�W�L�Q�J���W�H�P�S�H�U�D�W�X�U�H���E�H�O�R�Z���������ž�&���Z�D�V���W�H�V�W�H�G�������7�K�H�V�H��

materials are Phosphor, Kalium, Sulphur, Natrium, Naphtalene & Litium. Used physical data 
are summarized in Table 1. Density of each material depends on temperature. Density variation 
�Z�D�V�� �F�D�O�F�X�O�D�W�H�G�� �I�U�R�P�� �V�R�O�L�G�� �V�W�D�W�H�� �G�H�Q�V�L�W�\�� �D�W�� ���ž�&�� �D�Q�G�� �F�R�P�E�L�Q�D�W�L�R�Q�� �Z�L�W�K�� �W�K�H�U�P�D�O�� �H�[�S�D�Q�V�L�R�Q��
coefficient. 

 
 

Material Specific 
heat 

Solid state 
density at 
���ƒ�& 

Thermal 
Exp.Coeff. 

Melting 
temperature 

Solidification 
heat 

Unit kJ/kg K kg/m3 1/K �ƒ�& kJ/kg 
Phospor (P) 0,754 1820 0,125 44,1 21,771 
Kalium (K) 0,737 862 0,083 63 54,428 
Naphtalene 
(C10H8) 

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

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 variations of selected materials. 

From these figures Naphtalene & Litium seems to be the best choice. But checking Fig 10. and 
Fig 11., which compares exergy variation of these materials with pressurized water, nearly all 
the cases water has higher exergy and volumetric exergy, having 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 

 
 

 
Fig.9. Solid to liquid 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 

 
 
 

 
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 of energy sector. It is 
necessary to compare different solutions on the same basis. In this article a common way for 
efficiency of energy storage is introduced. In further step medium based energy storage is 
characterized by exergy and volumetric exergy, which gives the energy density of energy 
storage. These methods could be good tools for preliminary comparison and evaluations in 
feasibility studies, or at evaluation of operation of existing storage systems.   
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LCA OF WASTE MANAGEMENT SYSTEMS IN BUDAPEST 

�-�i�Q�R�V���/�H�Q�F�V�p�V1, �9�L�N�W�y�U�L�D���%�����.�R�Y�i�F�V1 
1 Department of Energy Engineering, Budapest University of Technology 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, plastics, paper, 
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 obtained, especially 
from environmental point of view. Based on the study, direct incineration proved to be the most 
favourable method. 

Keywords: life cycle assessment, waste management, waste-to-energy 

1 INTRODUCTION 

In our civilized, modern world a huge amount of waste is produced. This waste has to be 
properly treated to reduce the burden on our environment and on our life. Several methods exist 
for the task. There are well-tried, up to date and promising ones. As the composition of the 
produced waste differs in space and time, its treating technologies differ as well. Choosing the 
right one is the challenge. This paper summarizes the results of a BSc thesis that purpose was 
to compare on numerical basis the different kind of existing and promising domestic solid waste 
treating methods of the same solid waste in Hungary. Amongst them the municipal solid waste 
(MSW) treating methods are stressed out, examined with life cycle assessment (LCA), both 
manually, and also by using GaBi ts 6. software. These MSW treating methods are landfilling 
with landfill gas capture, direct incineration and refuse derived fuel (RDF) production. 

First a model was created for the manual LCA calculation. It started by selecting the 
domestic solid wastes into selective and non-selective types. The selective ones, such as metal, 
plastic, paper and glass were examined only in case of the manual LCA calculation, and their 
recycling as secondary raw materials was compared to the use of primary raw materials from 
natural resource. Another type of selective waste is organic waste, its two treating methods, 
biogas production and composting, were compared to each other by manual LCA. The non-
selective wastes are the municipal solid wastes. Its three waste management systems, landfilling 
with landfill gas capture, direct incineration and RDF production, were compared both manual 
and with LCA software. 

The comparison was made from the point of view of two aspects: the energy based 
comparison, regarding the net produced heat and electricity through the treatments (both 
manual and with LCA software); and the environmental impact based comparison. In case of 
manual LCA global warming potential was used for recycling, while in the case of organic 
waste and municipal solid waste only CO2 emissions were considered. The use of an LCA 
software makes environmental comparison much easier and more accurate, as several impact 
categories can be easily calculated. The considered impact categories were acidification 
potential, eutrophication potential, global warming potential, photochemical ozone creation 
potential. 

2 MANUAL LCA 

The manual LCA is basically a matrix. The columns contain the wastes and the waste 
management processes. The rows of the matrix contain the four main steps (sub-processes) of 
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the waste treating processes: collection and transportation, pre-treatment, utilization (when the 
energy generation may takes place) and post treatment. Each specific energy 
consumption/production values and specific GWP/CO2 emission values were determined 
individually for each steps of the waste management methods. 

In order to calculate the specific values for the collection and transportation sup-process, 
the amount of waste transported by one vehicle was determined, that was 8-10 tonnes depending 
to the waste types, except in case of organic waste due to its significantly lower density the 
transported amount is only 4,17 t for one vehicle [5]. The values for collection and for 
transportation were determined separately, but with the same methodology. From the distance 
[km], the average fuel consumption [l/100 km], the density of the fuel [kg/l] and the lower 
caloric value (LHV) of the fuel [MJ/kg] the energy consumption of collection and transportation 
[MJ] was determined that was divided by the weight of the wastes to get the specific energy 
consumptions [MJ/twaste]. 

The amount of emitted CO2 during collection and transportation was determined in two 
ways. The higher values were used later on, that were calculated from the consumed fuel [l], 
the density of the fuel [kg/l] and the specific CO2 emission factor: 3,17 kgCO2/kgfuel. In those 
cases, when more than one fraction of waste was transported in the same vehicle at same time 
(e.g. metal and plastic) the emission values were allocated by the weight ratio of the wastes. 

The determination of the specific values for pre-treatment is more simple as the methods 
are not so complex, and the literature often offers final values. In case of landfilling the energy 
consumption and the CO2 emission of the tracked vehicles operating on the landfill could be 
taken into consideration, but the values are orders of magnitude lower than the ones of 
collection and transportation, and literature data can hardly be found, therefore they were 
eventually excluded from calculation. Direct incineration has pre-treatment, but its values were 
later subtracted by differentiating the gross and net produced energy of the incineration. In case 
of RDF production several pre-treatment steps are needed: grinding, separation, cracking and 
compression of the incoming waste, that consumes electricity. Recycling needs as well 
grinding, separation, cracking, and also heat energy to melt the certain materials. Technically, 
emissions do not come directly from pre-treatments. CO2 emissions occurs due to electricity 
consumption. 

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

In case of selective wastes the amount of the produced secondary raw materials were 
calculated form the incoming waste and the produced secondary raw material ratios 
[kgprod./kgwaste] that were determined based on literature data. Except in case of plastic 
(0,59 kg/kg) the values were between 0,86-0,94 kg/kg [4]. Recycling represents avoided 
emission by using secondary raw materials. These values 557 kgCO2/twaste, 722 kgCO2/twaste,  
1120 kgCO2/twaste and 9855 kgCO2/twaste for paper, glass, plastic, and metal respectively. [4].  

The ratio of the produced biogas from organic waste is about 0,2 m3/kg in the reactors [6]. 
Thus the volume of the biogas from 4167 kg incoming organic waste is 883 m3that represents 
18000 MJ energy, as its LHV is 21,6 MJ/m3 [1], thus the mass specific chemical energy of the 
organic waste is 4320 MJ/tor.waste. Using biogas IC engines heat and electricity can be generated. 
After subtracting the self-consumption of the reactors 1166 MJel/twaste and 1426 MJth/twaste can 
be generated through the whole process. CO2 is produced during biogas production as well, as 
the second most important component of biogas is CO2, and during combustion. The specific 
emission is 387 kg CO2/tor.waste. 

Power generation during the composting of organic waste is not applied at industrial 
scale. However, energy consumption occurs as the compost is needed to be twisted and riddled. 
Specific CO2 emission during composting is relatively high: 1850 kg/tor.waste [4]. 
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The landfilling of municipal solid waste produces landfill gas, which is similar to biogas. 
Literature data show significant differences, therefore medium value of 120-250 m3/tdry waste [2] 
were used, namely 185 m3/tdry waste. Considering 23,2% average dry content of MSW the 
specific volume of the produced landfill gas is 43 m3/twaste. The combustion of it in Biogas IC 
engines can generate 328 MJth/twaste heat and 227 MJel/twaste electricity. The specific CO2 
emission of landfill gas and its combustion is 83 kgCO2/twaste. 

The direct incineration of MSW generates 1271 MJel/twaste electricity and 1004 MJth/twaste 
heat in the only existing Hungarian MSW incinerator [3]. The specific CO2 emission of the 
incinerator is 850 kgCO2/twaste [3]. 

In case of RDF production 2425 MJth/twaste heat and 1043 MJel/twaste electricity can be 
generated. Specific CO2 emission turned out to be approximately 110 kgCO2/twaste. 

It is important to take it into consideration the post treatment of wastes, that is the 
treatment of the residues of the certain treating methods, because many times it means energy 
consumption, while in some cases it has energy generation potential, as some residues of certain 
treating methods could be input materials of other methods. For example, RDF can be produced 
from the residues of plastic and paper recycling, thus heat and electricity can be generated as 
well. On the other hand, the residues of metal and glass recycling are deposited in landfills 
without any energy generation, but energy is needed for their transportation. The values of the 
post treatments are calculated by the weight ratios of the residues 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 models applying the data of 
manual LCA as an inventory. The non-selective municipal solid waste treating methods, like 
landfilling, direct incineration and RDF treating methods were compared in this way. The 
structure of these models were based on the manual LCA, as these models are also separated in 
four main sub-processes. All three models in the software contain the collection and 
transportation process, that are quite similar to each other, but operates with different data. 
Fig. 1. shows the general structure of this process. 

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

[6] 
Landfilling and direct incineration models were quite simple, as they were made up from 

previously defined processes of GaBi database (EU-27: MSW on landfill, EU-27: waste 
incineration of MSW, HU: Electricity grid mix, EU-27: Heat). However, the model of RDF in 
GaBi was complex, as some special processes were not defined previously. Fig.2. shows its 
final structure. 



LCA OF WASTE MANAGEMENT SYSTEMS IN BUDAPEST 

 

40 
 

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

 
The collection and transformation, heat and electricity generation of the three models are 

build up the same way. The main difference is the pretreating process between the three models. 
In case of RDF production model a process for grinding, separation, cracking and compression 
of the MSW is needed where the metal fraction, which goes to recycling, the RDF fraction, 
which is transported to the RDF incinerator, and rest, which goes to landfill, is separated. The 
RDF incinerator process was not available in GaBi database therefore its incineration was 
modelled separately according to its materials (textile, plastic and paper). 

4 RESULTS 

Recycling compared to primary raw material use is favourable from both energy and 
environmental point of view. The amount of saved energy for metal: 37,03 GJ/t, plastic: 
1,48 GJ/t, paper: 4,67 GJ/t and glass: 9,87 GJ/t. In case of GWP the ratios are quite the same. 
The amount of saved GWP for metal: 9,86 tCO2/twaste, plastic: 1,12 tCO2/twaste, paper: 
0,56 tCO2/twaste and glass: 0,72 tCO2/twaste. 

In case of organic waste treating methods biogas production turned out to be the most 
favorable method at both aspects. Composting is not producing any energy because it is not 
developed at industrial scale yet, while biogas production generates 1426 MJth/twaste heat and 
986 MJel/twaste electricity through the whole treating process. 

Fig. 3. shows the energy comparison results of MSW treating methods for manual and 
GaBi LCA case. Landfilling has quite the same values in both cases, and generates the lowest 
specific energy. In case of the other two treating methods there are significant differences for 
manual and GaBi LCA, that is caused by the technical level differences of the modeled 
facilities. For direct incineration the net generated heat is much higher in case of GaBi LCA, 
because GaBi database contains EU average for heat generation, but in case of manual LCA 
data of the Hungarian direct incineration plant has much lower efficiency. The differences in 
case of RDF production is caused by the same reason. As Hungary does not have any RDF 
incineration plant, which uses only RDF, in case of manual LCA data of a recently built 
Swedish RDF plant was used, that operates with the best available technic. Therefore, manual 
LCA showed better results, than GaBi LCA, that uses EU average 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 LCA software, as more 

complex product chain can be examined and several impact categories can be calculated. Fig. 4. 
represents relative environmental impacts of MSW treating methods in case of the examined 
impact categories. Landfilling has the highest impact in case of acidification, eutrophication, 
fossil GWP (excluding biogenic) and photochemical ozone creation. RDF production has the 
highest impacts in case of total GWP (including biogenic) and biogenic GWP. The direct 
incineration is the most environmentally friendly method considering almost all impact 
categories, except biogenic GWP. 

 
Fig. 4. The results of GaBi LCA for the examined impact categories [6] 
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5 SUMMARY 

Based on the study, direct incineration proved to be the most favorable MSW treating 
method from both energy and environmental point of view compared to landfilling and RDF 
production as it generates significant amount of useful heat and electricity thus emissions of 
other power plants can be saved, meanwhile does not require energy demanding pre-treating 
technology. 
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�,�V�W�Y�i�Q���)�i�E�L�i�Q1, �9�L�N�W�y�U�L�D���%�����.�R�Y�i�F�V1 
1 Department of Energy Engineering, Budapest University of Technology and Economics 

Abstract: �7�K�H���/�L�Y�D�E�O�H���)�X�W�X�U�H���3�D�U�N�¶�V���H�O�H�F�W�U�L�F�L�W�\���D�Q�G���W�K�H�U�P�D�O���H�Q�H�U�J�\���G�H�P�D�Q�G�V���D�Q�G���V�X�S�S�O�\���Z�H�U�H��
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 (PEDf). 

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

1 INTRODUCTION 

The aim of this paper is to examine the environmental impact of the Livable Future Park 
�L�Q�� �)�y�W�� �I�U�R�P�� �D�Q�� �H�Q�H�U�J�\- and environment engineering perspective using life cycle assessment 
(LCA) methodology. First the energy system of �)�y�W and the energy and material flows within 
the Park was examined. Then the LCA model of the Park was created using GaBi 6. software 
to estimate environmental impact of the Livable Future Park considering the following impact 
categories: global warming potential (GWP 100), acidification potential (AP), eutrophication 
potential (EP), photochemical ozone creation potential (POCP) and primary energy demand 
(PEDf). 

�7�K�H���/�L�Y�D�E�O�H���)�X�W�X�U�H���3�D�U�N���Z�D�V���E�X�L�O�W���L�Q���)�y�W���R�Q���D����.5 ha area of the National Children Safety 
Serv�L�F�H�¶s Hypotherapy Center [2]. The aim of the Livable Future Park is to examine the pros 
and cons of decentralized energy systems, renewable energy sources, their connection to the 
grid and how they work and perform in a real life environment. To 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 (nominal power: 14 kW) 
�x Solar collectors (nominal power: unknown) 

�7�K�H���3�D�U�N���D�O�V�R���U�H�F�H�L�Y�H�V���H�O�H�F�W�U�L�F�L�W�\���I�U�R�P���W�K�H���(�/�0�%�¶�V���J�U�L�G���D�Q�G���Q�D�W�X�U�D�O���J�D�V���I�U�R�P���W�K�H���Q�D�W�X�U�D�O��
gas supply chain in Hungary. 

Additionally a battery of 40 kWh was also installed to store the extra electricity when the 
production was higher than the demand. 

The following energy consumers can be found in the Park: street lightning, field lights, 
�H�O�H�F�W�U�L�F���F�D�U���F�K�D�U�J�H�U�V�����V�S�U�L�Q�N�O�H�U�V�����V�W�D�E�O�H�V�����Y�L�V�L�W�R�U���F�H�Q�W�H�U�����R�W�K�H�U�����Z�K�L�F�K���G�R�Q�¶�W���E�H�O�R�Q�J���L�Q���D�Q�\���R�I���W�K�H 
above categories). 
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2 ELECTRICITY 

In the examination period (which lasted from 2014.04.15 till 2015.04.15) nearly half of 
the consumed electricity was generated by the solar panels, while the wind - �D�Q�G���Z�D�W�H�U���W�X�U�E�L�Q�H�V�¶��
contribution was negligible, as the wind turbine was hardly operational during the examination 
�S�H�U�L�R�G�� �D�Q�G�� �W�K�H�� �Z�D�W�H�U�� �W�X�U�E�L�Q�H�¶�V�� �������:�� �S�R�Z�H�U�� �L�V�� �Q�H�J�O�L�J�L�E�O�H�� �F�R�P�S�D�U�H�G�� �W�R�� �W�K�H�� �R�W�K�H�U�� �H�O�H�F�W�U�L�F�L�W�\��
producers. Therefore significant amount of electricity was taken from the outside grid. As a 
result, the Park was nowhere near self-sufficient regarding electricity balance in the 
examination period; as the park produced only about 44% of its total electricity demands (Table 
1.). 

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

Electricity Source 
Produced Electricity 

[kWh/a] 
Total Consumption 

[kWh/a] 
Solar Panels 28000 43,8% 

64000 
Wind Turbine 1 0,0% 
Water Turbine 62 0,1% 
�(�/�0�% power grid 35937 56,1% 

3 THERMAL ENERGY 

Similarly to the electricity balance, the thermal energy supply and demand was also 
examined in the above mentioned one year period. In this period, the solar collectors and the 
heat pump produced about one fifth of the total yearly thermal energy demand of the park, 
therefore 80% of the total thermal energy demand needed to be covered by natural gas supply. 
So the Park is only about 20% self-sufficient, as the solar collectors covered about 8% and the 
heat pump about 12% of the total thermal energy consumption (Table 2.). 

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

Thermal Energy 
Source 

Produced Energy 
[kWh/a] 

Total Consumption 
[kWh/a] 

Solar Collectors 9337 8,0% 
117000 Heat Pump 13693 11,7% 

Natural Gas Supply 93970 80,3% 

4 LIFE CYCLE ASSESSMENT 

In order to conduct the life cycle assessment of the Park, a simplified model had to be 
created where the energy and material flows are easy to follow. This is called the Simplified 
Model of the Park that consists of 3 main parts as shown in Fig. 3. 

1. Livable Future Park, that is divided into the following subcategories as well: 
�x Electricity Producers: Solar panels, Wind turbine, Water turbine 
�x Battery 
�x Thermal Energy Producers: Boilers, Solar collectors, Heat pump 
�x Consumers: Car chargers, Sprinklers, Field lights, Street lightning, Stables, Other 

consumers 
2. �7�K�H���(�/�0�%�¶�V��electricity grid 
3. The Natural Gas Supply 
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Fig.3. Simplified model of the Livable Future Park [1] 

 
Based on the Simplified Model and the energy and material flows between the different 

energy sources and consumers, the GaBi model was built (Fig. 4.). 
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Fig.4. GaBi model of the Livable Future Park [4] 

�7�R�� �E�H�� �D�E�O�H�� �F�R�P�S�D�U�H�� �W�K�H�� �H�Q�Y�L�U�R�Q�P�H�Q�W�D�O�� �L�P�S�D�F�W�V�� �R�I�� �W�K�H�� �3�D�U�N�¶�V�� �R�U�L�J�L�Q�D�O�� �V�\�V�W�H�P�� �D�Q�G��
�U�H�Q�H�Z�D�E�O�H���E�D�V�H�G���V�\�V�W�H�P�����W�K�H���2�U�L�J�L�Q�D�O���6�\�V�W�H�P�¶�V���V�L�P�S�O�L�I�L�H�G���P�R�G�H�O���D�Q�G���*�D�%�L���P�R�G�H�O���Z�D�V���E�X�L�O�W���D�V��
well. The Original System consists only of the following elements (Fig. 5.) 

1. Original System:  
�x AC (for covering the cooling demands of the Visitor Center) 
�x Boilers 
�x Consumers: Sprinklers, Field lights, Street lights, Other 

2. �(�/�0�% 
3. Natural Gas Suppy 
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Fig.5. Simplified model of the Original System [1] 

The GaBi model of the Original System can be seen in Fig. 6. 

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

Once the two GaBi models were constructed, the following impact categories of both 
systems were examined: global warming potential (GWP 100), acidification potential (AP), 
eutrophication potential (EP), photochemical ozone creation potential (POCP) and primary 
energy demand (PEDf). 

Figure 7. shows the results for each impact category in case of the Livable Future Park. 
The highest impact are caused by the electricity and natural gas supply. Except in case of GWP 
100, these are responsible for more than 90% of the total environmental impact of the Park. 
Boilers have significant share in GWP 100 only, namely 41%, as burning natural gas in modern 
condensing boilers results in CO2 without significant NOx, CO or hydrocarbon emissions. The 
contribution of the renewable based electricity- and thermal energy producers is minimal, only 
1-6% depending on the examined impact category. This means that a 100% self-suffieicent 
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Park �± where outside electricity or natural gas is not required �± could have a negligible 
environmental impact compared to the current situation. 

The genereted excess electricity fed back to the grid has negative values in case of all five 
impact categories, as expected, because these represent the avoided emissions of non-produced 
electricity of the Hungarian electricity mix, saving 13-22% depending on the examined impact 
category. 

 

 

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

Fig. 8. shows all examined impact categories, where the values of the Original System 
�Z�H�U�H���D�V�V�X�P�H�G���W�R���E�H���������������D�Q�G���W�K�H���/�L�Y�D�E�O�H���)�X�W�X�U�H���3�D�U�N�¶�V���U�H�V�X�O�W�V�����L�Q�F�O�X�G�L�Q�J���W�K�H���V�D�Y�H�G���H�P�L�V�V�L�R�Q�V����
were reprepsented compared to this. The reduction of the enviormental impact in case of each 
impact category were significant, around 30%. This aligns well with the findings that the Park 
is about 40% self-reliant regarding electricity and 20% self-reliant 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 completely self-reliant; a significant portion 
of both electrical and thermal energy comes from the outside grid. However, about 30% of the 
�3�D�U�N�¶�V���H�Q�H�U�J�\���U�H�T�X�L�U�H�P�H�Q�W�V���D�U�H���F�R�Y�H�U�H�G���E�\���U�H�Q�H�Z�D�E�O�H���H�Q�H�U�J�\���V�R�X�U�F�H�V�����D�Q�G���L�Q���D�F�F�R�U�G�D�Q�F�H���Z�L�W�K��
this, the negative environmental impacts of the Park were reduced by about 30%. 

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

While there are still many possibilities to improve the Park, it is possible to say that even 
�����������R�I���W�K�H���3�D�U�N�¶�V���H�Q�H�U�J�\��demands could be covered by renewable sources. And due to the 
two-�Z�D�\���F�R�Q�Q�H�F�W�L�R�Q���Z�L�W�K���W�K�H���(�/�0�%�¶�V���J�U�L�G�����W�K�H���3�D�U�N���F�R�X�O�G���H�Y�H�Q���S�U�R�G�X�F�H���P�R�U�H��energy than it 
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���&�V�X�U�J�y1�����9�L�N�W�y�U�L�D���%�D�U�E�D�U�D���.�R�Y�i�F�V1 
1 Department of Energy Engineering, Budapest University of Technology and Economics 

Abstract: A cradle-to-grave life cycle assessment (LCA) was conducted to estimate the 
environmental impact of a planned photovoltaic (PV) power station meeting the power demand 
�R�I���W�K�H���Y�L�O�O�D�J�H���1�D�J�\�Y�i�]�V�R�Q�\�����+�X�Q�J�D�U�\����The assessment was based 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 pay-back time 
(EPBT) of the investigated PV power station was determined as well. The assessment was 
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 resources have been progressed rapidly in the 
last decades. Renewables can be a possible solution to cut back the fossil based energy 
production thus mitigate the global warming. We must consider that the use of renewables (e.g. 
photovoltaic power plant) instead of conventional energy generating units may reduce the 
environmental impact of power generation. GaBi ts 6. life cycle assessment software is suitable 
to examine this question. 

A comparative �³�F�U�D�G�O�H-to-g�U�D�Y�H�´ life cycle assessment (LCA) was conducted to estimate 
the environmental impacts focusing on the hotspots of a planned grid-connected PV power 
station near Nagy�Y�i�]�V�R�Q�\, Hungary. The grid-connected PV station consist of 7 120 pieces of 
250 W polycrystalline solar panel produced by Solar World company. The PV plant has 
1 780 kWe built-in total capacity. The plant fulfils the electric power demand of the village but 
the electricity produced by the plant can be fed into the electrical grid and it works with net 
metering system. 

The aim of the study was to determine the 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) of the 
planned PV plant estimating the emissions of the parts production and plant construction 
processes. The important input data for the assessment is the planned annual electricity 
generation (2 091.5 MWh in the first year) which defines the material and energy demands of 
panel production and construction. By the help of GaBi ts 6.  energy pay-back time (EPBT) 
was estimated as well.  

2 LIFE CYCLE ASSESSMENT 

Life Cycle Assessment is the compiling and evaluation of the inputs and outputs and the 
potential environmental impacts �R�I���D���S�U�R�G�X�F�W���V�\�V�W�H�P���G�X�U�L�Q�J���W�K�H���S�U�R�G�X�F�W�¶�V���O�L�I�H�W�L�P�H�����,�6�2��������������
�D�Q�G���,�6�2���������������G�H�I�L�Q�H���W�K�H���V�W�D�Q�G�D�U�G�V���R�I���W�K�H���/�&�$�����7�K�H���/�&�$�¶�V���V�W�H�S�V���D�U�H���J�R�D�O���D�Q�G���V�F�R�S�H���G�H�I�L�Q�L�W�L�R�Q����
inventory analysis, impact assessment and interpretation [1].  
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2.1 GOAL AND SCOPE DEFINITION 
This study focused on the total emission of a large-scale PV plant, thus all the processes 

�R�I���W�K�H���³�F�U�D�G�O�H-to-�J�D�W�H�´���O�L�I�H���F�\�F�Oe of the plant are included in the analysis. The environmental 
impact is minimal during the operation of the plant and the greatest impact arose during 
manufacturing and assembly. There were aggregated PV plant processes available in GaBi 
database, but the assessment was not done with any of the built-in PV processes because the 
circumstances were different in case of all plant and all differences should be taken into account. 
The GaBi model was based on the planned PV power plant; and the results were compared to 
other power plants that are included in GaBi database. 

A PV plant uses no or only a few resource for its operation during its lifetime (25 years 
for the panels). The maintenance of the PV plant and the replacement of the defective units 
have low contribution in the total environmental impact of the whole life cycle. Therefore the 
model focused on the most important and best developed process of the life cycle which is the 
photovoltaic panel production. This process consists of the following 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 electrical section of the PV park: 

�x inverters and transformer process, 
�x electrical installation process. 

The following two processes belong to the mechanical construction of the park: 

�x supporting structure process for the PV panels, 
�x service road process for the construction phase of the plant. 

There were not available any built-in processes for PV panel or other parts production of 
the plant in GaBi databases, therefore these processes were created from elementary flows like 
�³�6�L�O�L�F�D���V�D�Q�G�´���R�U���³�6�X�O�S�K�X�U�L�F���D�F�L�G�������������´���E�D�V�H�G���R�Q���O�L�W�H�U�D�W�X�U�H���U�H�V�H�D�U�F�K�� 

�'�X�H���W�R���W�K�H���³�F�U�D�G�O�H-to-�J�U�D�Y�H�´���D�V�V�H�V�V�P�H�Q�W���W�K�R�V�H���P�D�W�H�U�L�D�O�V���W�K�D�W���D�U�H���X�V�H�G���L�Q large quantities 
for construction of the plant are recycled or deposited after demolition of the plant. Most of the 
aluminium, steel and copper have been recycled. Half of the plastic waste was deposited and 
the other half was incinerated in an energy generation process. The produced energy (heat and 
electricity) was used to cover the energy demands thus decreasing the primary energy demand 
of the model. Glass and inert waste were deposited on landfill. In order to model aluminium 
and copper recycling some processes needed to be created using similar built-in processes e.g. 
�³�&�U�H�G�L�W���I�R�U���U�H�F�\�F�O�L�Q�J���R�I���V�W�H�H�O���V�F�U�D�S�´�� 

Beside the environmental impacts (GWP 100, AP, EP and POCP) by the help of 
GaBi ts 6. PED and EPBT were estimated as well. In order to create a dynamic model a global 
parameter was defined, which was the built-in capacity of the plant. Each flow was specified 
with the global parameter, thus built-in capacity determines the material and energy flows that 
are needed for the construction of the plant and its environmental impact. Fig. 1. shows the 
�³�F�U�D�G�O�H-to-�J�U�D�Y�H�´��LCA GaBi model of �W�K�H���S�O�D�Q�Q�H�G���3�9���S�R�Z�H�U���S�O�D�Q�W���L�Q���1�D�J�\�Y�i�]�V�R�Q�\�� 
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Fig.1. GaBi model of the planned PV power plant in �1�D�J�\�Y�i�]�V�R�Q�\���>���@ 

2.2 LIFE CYCLE INVENTORY (LCI) 
The Life Cycle Inventory (LCI) phase involves the compilation and quantification of 

inputs and outputs for a product system. [1]. There are 8 sub-plans, 21 processes and 89 
�G�L�I�I�H�U�H�Q�W�� �I�O�R�Z�V�� �L�Q�� �W�K�H�� �*�D�%�L�� �P�R�G�H�O���� �)�L�J���� ������ �V�K�R�Z�V�� �W�K�H�� �³�(�O�H�F�W�U�R�Q�L�F�� �J�U�D�G�H�� �V�L�O�L�F�R�Q�� ���(�*�6����
�S�U�R�G�X�F�W�L�R�Q�´���V�X�E-plan in details. The LCI is based on literature research and the methodology 
and principles were the same in case of the creation of each sub-plans and processes. 

 
Fig.2. Electronic grade silicon (EGS) production sub-plan [2] 
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In order to get a dynamic model all the material and energy flows have been specified to 
1 �N�:���E�X�L�O�W���L�Q���F�D�S�D�F�L�W�\���R�I���W�K�H���3�9���S�O�D�Q�W�����,�Q���³�3�9���S�O�D�Q�W���F�R�Q�V�W�U�X�F�W�L�R�Q�´���S�U�R�F�H�V�V���W�K�H���V�F�D�O�L�Q�J�� �I�D�F�W�R�U��
was set to1780 in order to get the planned built-in capacity of the PV plant. 

 
2.3 LIFE CYCLE IMPACT ASSESSMENT (LCIA) 

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

The global warming potential (GWP 100) is a measure of the emission of greenhouse 
gases (GHG) such as CO2, PFC, and CH4, and is expressed as kilogram of CO2-equivalent and 
spans a time horizon of 100 years. The acidification potential (AP) is a measure of emissions 
that cause acidifying effects to the environment, and is expressed as kilogram SO2-equivalent. 
The most common acidifying compounds are sulphur dioxide and nitrogen oxide. The 
eutrophication potential (EP) is a measure of emissions that cause enrichment of nutrients in 
the environment and is expressed as kilograms of phosphate-equivalent. The photochemical 
ozone creation potential (POCP) is a measure of precursor emissions that contribute low level 
smog (summer smog), produced by the reaction of NOx and hydrocarbons under the influence 
of ultra violet light. It is expressed as kilogram ethylene-equivalent. 

The results of the impact assessment are shown on Fig. 3. The 100% stacked columns 
show the contribution of the different processes in the investigated impact categories. 
The production of PV panels is very energy- and material-intensive therefore the production 
from raw material to the finished panel is responsible about 50% of the total AP and POCP as 
well as almost 80% of the total GWP 100 and EP of the planned PV plant. However, with waste 
management 16% of GWP 100, 12-13% of AP and POCP, and 4% of EP can be saved. 
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Fig.3. The share of the processes [2] 

Table 1. shows the LCIA results of the planned PV plant model compared with other 
built-in GaBi power plants. Nuclear plant, hydro plant and wind farm have lower emissions 
than the planned PV plant in all considered impact categories. In comparison with fossil plants 
and the Hungarian mix, the planned PV plant is more favourable as it has much lower 
environmental impacts. 

 
Table 1. LCIA results of the PV plant in �1�D�J�\�Y�i�]�V�R�Q�\���F�R�P�S�D�U�H�G���Z�L�W�K���R�W�K�H�U���E�X�L�O�W-in GaBi 

power plants [2] 
 GWP 100 

[t CO2-eq.] 
AP 

[kg SO2-eq.] 
EP 

[kg PO4
3--eq.] 

POCP 
[kg C2H4-eq.] 

�3�9���S�O�D�Q�W���L�Q���1�D�J�\�Y�i�]�V�R�Q�\ 5,07E+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 GaBi processes to the total PEDf of the 

�3�9���S�O�D�Q�W���L�Q���1�D�J�\�Y�i�]�V�R�Q�\�����7�K�H���W�Z�R���G�L�D�J�U�D�P�V���V�K�R�Z���W�Z�R���F�D�V�H�V�����R�Q���W�K�H���I�L�U�V�W���R�Q�H���W�K�H���V�H�U�Y�L�F�H���U�R�D�G��
is included while on the second excluded from calculation. The reason for this comparison is 
that only a land path leads to the planned site of the plant so it can be justified to build an asphalt 
road. On the other hand, under the land path the soil is compacted, mainly limestone therefore 
even heavy vehicles can use it in the construction phase of the plant. In that case the road 
�F�R�Q�V�W�U�X�F�W�L�R�Q�� �L�V�Q�¶�W���Q�H�F�H�V�V�D�Uy. The total PEDf with asphalted road is 43,4 GWh and without it 
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[kg SO2-e]
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[kg Phosphate-e]

GWP 100
[kg CO2-e]

POCP
[kg C2H4-e]

EGS 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
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
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

-20%
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20,9 GWh. Much energy can be saved excluding this process as half of the PEDf is required by 
the service road.  

Excluding the service road the panel production chain is responsible for almost 90% of 
PEDf, its most energy demanding process is PV cell production with its 33% contribution. 

 
Fig.4. Contribution of the considered processes to PEDf �R�I���W�K�H���3�9���S�O�D�Q�W���L�Q���1�D�J�\�Y�i�]�V�R�Q�\���>���@ 

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

Analysing the waste management can be stated, that by recycling waste materials not only 
the amount of invested resources can be reduced, but with energy recovering from plastic waste 
combustion 10% of PEDf, namely 3,6 GWh can be saved, thus the EPBT can be shortened with 
more than 2 years. 

3 CONCLUSION 

This study focused on the environmental impacts (GWP 100, AP, EP, POCP), PED and 
EPBT of �W�K�H�� �S�O�D�Q�Q�H�G�� �3�9�� �S�R�Z�H�U�� �S�O�D�Q�W�� �L�Q�� �1�D�J�\�Y�i�]�V�R�Q�\����The LCIA results of the PV plant 
showed that in comparison with fossil power plants and with the Hungarian mix photovoltaics 
are more favourable solution, but the nuclear, water and wind power plants showed better 
environmental performance. 

Analysing the life cycle of the PV plant it turned out, that the hotspot is the panel 
production process chain as it has the highest environmental impact in case of all investigated 
impact categories. The service road had relatively low impact on the environmental 
performance of the PV plant. But from the point of view of PEDf and EPBT the service road is 
the hotspot, as it is responsible for more than half of the total PEDf. Since the service road is 
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not necessary for the plant operation, both indicators can be reduced by more than 50% if this 
process is excluded from the model. 

There are possibilities to reduce the environmental impacts and energy demand of 
photovoltaics, since the manufacturing technologies of photovoltaics are constantly evolving 
so that photovoltaics could compete nuclear, water and wind power plants 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 Narayanan1, Gerhard Mengedoht1, Walter Commerell1 
1 Institute of Energy and Drive Technology, Ulm University of Applied Sciences, Ulm, Germany 

Abstract: As part of intelligent home energy management (iHEM) project, a demonstration 
�V�\�V�W�H�P�� �R�I�� �W�K�H�� �S�U�R�M�H�F�W�� �L�V�� �E�X�L�O�W�� �X�S�� �D�W�� �6�D�L�O�H�U�� �*�P�E�+�¶�V��premises with Solar collectors, thermal 
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 other partners is working in the 
project - Intelligent Home Energy Management (iHEM) funded by BMWi. The main objective 
of this project is to integrate thermal and electrical components with more energy sources at 
high efficient operation in a household for high self-utilization. For an intelligent control of 
such system, the load and production energy are forecasted and an optimum predictive 
operation strategy is found out so that the system is not only efficiently optimized and self-
utilization prioritized with maximum possible renewable energy ratio but also economically 
and strategically viable. The subjective goal of the project is to have an integrated home energy 
system communicating to all the components through a superior management and control 
component.  

Hochschule Ulm is involved in simulating different buildings with TRNSYS and finding 
out the design and sizing of different thermal and electrical systems like fuel cell CHP, gas 
boiler, solar thermal collectors, PV, thermal storage tank & battery such that the demand of the 
buildings are met. Also one final step of the project is to erect a demonstrator with all these 
system components and showcase the intelligent control and integrated working of these. Also 
Hochschule Ulm is involved in design and monitoring of the demonstrator. More information 
about the project can be found at [1]. 
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Fig.1. Overview of iHEM [1] 

1.1 DEMONSTRATOR      

  In this paper, we will discuss about the demonstrator system of the project iHEM. As a 
conclusion to the developed control strategy and system optimums, it was decided to have a 
real running system which will realize the research activities. The demonstrator is being built 
up at �6�D�L�O�H�U�� �*�P�E�+�¶�V�� �S�U�H�P�L�V�H�V�� �D�W�� �(�K�L�Q�J�H�Q���� �*�H�U�P�D�Q�\�� ����������0N, 9.720E). The building is an 
�L�Q�G�X�V�W�U�L�D�O���F�R�P�S�O�H�[���Z�K�L�F�K���L�V���E�X�L�O�W���L�Q�����������¶�V���D�Q�G���K�D�V���D�Q���D�U�H�D���R�I�����������P2 of which 275 m2 is heated 
by this demonstrator system. Below in Fig 2 the layout of the building shows the heated 
(orange) and unheated (blue) adjacent zones. The U value of the building is not the best as the 
roof has only 10 cm insulation with 0.34 W/m2K while the floor has no insulation with U value 
1.5 W/m2K. Also the windows are 1.6 W/m2K while the outside walls are 1.06 W/m2K. Thus 
the building results in a space heating requirement (useful energy from the radiators) of 45 
MWh/year which accounts to 163 kWh/m2 per annum for the heated area. There is also hot 
water loads in the building which is also connected to the energy system.   
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Fig.2. �/�D�\�R�X�W���R�I���W�K�H���6�D�L�O�H�U���*�P�E�+�¶�V���S�U�H�P�L�V�H�V 

  

 
Fig.3. 3D Model of the demonstrator building in TRNSYS-SketchUp Interface 

2 METHODOLOGY 

The design of the energy system with the components and their dimensions for this 
building is being done by simulation results of the energy system and the building in TRNSYS. 
Due to the fact that this is a complicated system, simulation of the system is required for 
designing the size of each component. For such simulations with high dynamic possibilities, is 
the software TRNSYS (Transient System Simulation Tool) [2] famous. For the degree of 
freedom and its module plug and play concept, it is so flexible and customly designable. Each 
of the component in the system is a separate block in which the parameters can be defined. Also 
each of the output and input of the components can be interconnected so that they can 
communicate with each other.  In TRNSYS there are lots of pre-developed models available 
which can be connected together and integrated as a system, just like in Matlab Simulink. 
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Furthermore, new component models can be coded and created. Also the specific structure and 
layout of the building with its properties can be modelled in TRNBuild with the CAD diagrams 
from SketchUp.  

 

2.1 TRNSYS COMPONENTS 

�x Weather 

The simulation was done with the historic weather data from 2013 for Ulm 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 capacitance in the given collector. The 
efficiency curve parameters are input from the data sheet of the collector. Also the collector test 
conditions, IAM and their capacitance is taken as per the data sheet. The collector area is input 
as 23.7 m2 gross area. The azimuth of the collector is at 00 (South oriented), while the slope was 
optimized to 55o. A 60% glycol Tyfocor fluid is assumed to be in the collector loop. The weather 
data is input and the energy gain to the fluid is transferred to the tank via an internal tank heat 
exchanger with lances. A specific mass flow rate of 15l/hm2 i.e. 393l/h is used in the system. 
As the building roof is facing 250SW with a slope of 70, the collector is tilted towards 00S using 
mounting structures and due to the restricted gap between the two rows, Type 30a is used to 
calculate the shading characteristics which occurs in the winter season with collectors being 
shaded early mornings and evenings. 

�x Storage tank 

Type 340 Storage tank model [3] is used in the simulation. The storage tank has a 
provision for up to 10 lances and 4 heat exchangers with up to 200 nodes (same temperature 
layers) and an electrical auxiliary heater. The number of nodes can be input and they are equally 
divided from the input height and volume. The tank heat loss can be either given as a value 
same in all directions or can be varied between different parts of the store. The heat exchanger 
and the lances can be combined to have a heat exchanger which will send the hot fluid via 
lances to the stratified layer. Also all the lances input height, output height, flow direction and 
also the presence of the lance (stratified or direct ports).  Also the heat transfer capacity rate 
have to be input. There is also the facility to have one internal electrical auxiliary heater which 
is more explained in [3]. There are also some limitations to the model. It cannot have a lance 
with only one inlet/outlet port. It is assumed in the model that the mass flow in one lance, i.e. 
in the outlet and inlet is meant to be a constant value. So always the lances should be connected 
to a closed loop in which the mass flow of the inlet and outlet of the lances should be same. 
Each of the heat exchanger is substituted for a lance and if I use the maximum available 4 heat 
exchangers then there is only 6 lances available for the connection. This is because whenever a 
heat exchanger is connected, there at sometimes arises a need to have a lance connected to this 
heat exchanger. Thus mathematically either of the heat exchanger or the connected lance could 
only be used. A 2m3 Sailer Hybrid Quattro tank parameters are input as per the ITW- �6�W�X�W�W�J�D�U�W�¶�V��
�W�H�V�W�L�Q�J���D�Q�G���Y�D�O�L�G�D�W�L�R�Q���R�I���W�K�H���6�D�L�O�H�U�¶�V���V�W�R�U�D�J�H���W�D�Q�N����The storage tanks includes patented lances 
which is efficient enough to form layers in the tank such that the temperature gradients inside 
the tank are maintained and hence avoiding mixing which results in efficient storage of heat. 
The first sub-motive of the project is to size the storage tank for design of the entire energy 
system. To design the system, the simulations have to be carried out with a storage tank model 
which would be able to simulate the Hybrid Quattro storage tank. Type 340 component model, 
pre-developed complicated tank component is used here to model the tank. The parametrization 
of the type 340 is explained in [4]. 
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�x Fresh Water Station 

The freshwater station is basically a heat exchanger with a tempering valve and mixing 
valve. The advantage of the freshwater station is that, the cold water or the ground water does 
not have to be fed into the tank and hence the warm water delivered is not passed through the 
storage tank, thus reducing the possibilities for legionella growth and their effects to the 
delivered water. In this model, a combination of mixing and tempering valve is connected to 
the heat exchanger to design a fresh water station. The heat transfer coefficient of the heat 
exchanger was input as 1500 W/K.   

�x Building & Space Heating  

As described in the introduction section, the building model is created using SketchUp 
�D�Q�G�� �7�5�1�%�X�L�O�G���� �$�Q�� �L�G�H�D�O�� �K�H�D�W���U�H�T�X�L�U�H�P�H�Q�W�� �L�V�� �F�D�O�F�X�O�D�W�H�G�� �V�H�S�H�U�D�W�H�O�\�� �D�Q�G�� �W�K�H�Q�� �H�D�F�K�� �W�L�P�H�� �V�W�H�S�¶�V��
value is the coupled with the energy system simulation in Simulation Studio with a Type 361 
Radiator model which changes this ideal power value into fluid energy and acquires that from 
the storage tank model.  

�x Gas Boiler 

Type 700 gas condensing boiler is used for the model. The power of the gas boiler is input 
as 32kW while the combustion efficiency as 0.9 and boiler efficiency as 0.85. The gas boiler is 
controlled by an external controller and the set point is input as 650C.  

�x Electrical Heater 

There is an option for one internal electrical heater inside the tank which is placed at 0.56 
relative height of the tank and the sensor is placed 0.9 relative height above the heating element. 
The internal electrical heater inside the tank is capped at 4.5kW and the excess energy from the 
fuel cell and PV is being fed in the tank if the the sensor temperature is less than 800C. Excess 
energy means the energy which is not used by the electrical load which is available for the 
electrical heater before being fed to the grid. One simplification is that the electrical system is 
3 phased and the fuel cell is connected in just one phase on the AC side, but here in the 
simulation the electrical system is designed single phased.  

�x Fuel Cell Cogenerator 

The fuel cell cogenerator is a Matlab model developed by Next Energy [5] connected via 
a matlab calling function (Type 155). It is basically a table where electrical power is given with 
which thermal power is located in the table and the outlet temperature is calculated as per the 
inlet temperature of the water. The fuel cell is a model of the BlueGen from Ceramic Fuel Cells 
[6] which is a 2kWel SOFC fuel cell, which takes 30 hours to start up and the fuel cell is 
therefore running all through the year at 1.5 kWel. The thermal energy is also acquired from the 
cooling of the fuel cell which is fed to the storage tank. The water temperature at the tank from 
the lance is given to the matlab model. 

�x PV 

The only possibility of PV surface was 250 slope and facing 250SE (Azimuth 3350). Thus 
surface was input with the following values to the type 99. And before connecting the ambient 
temperature it has to be converted to kelvin and thus a unit conversion routine (Type 57) is 
used. Type 94a is used which takes into account the ambient temperature and calculates the 
power with a voltage and current coefficient. The temperature dependent IV curve values are 
taken from the data sheet and input to the model. There is also an option to include the incident 
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angle modifier. For this model, the values from the Data sheet of Aleo Solar S19-295 is input 
[7]. There are also different models for different PV types like crystalline or thin film.  

�x Inverter 

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

�x Battery 

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

 

2.2 CONTROL SYSTEM 

The control system is the heart of the iHEM project where there are lots of different 
energy sources and loads which has to be optimally controlled. The real control system includes 
Sailer master controller: controls the solar thermal station, space heat load radiator inlet setpoint 
temperature and flowrate [8]; Sailer fresh water station: This controls the heat exchanger for 
DHW and can also be overridden by Sailer master controller; OFFIS MPC: Forecast utilized 
predictive controller for setting up the required technical and economical conditions [9]; 
�0�H�W�H�R�Q�R�U�P�¶�V���%�O�X�H�O�R�J�����0�D�V�W�H�U���F�R�Q�W�U�R�O�O�H�U���Z�K�L�F�K���D�F�T�X�L�U�H�V���D�Q�G���V�H�Q�G�V���L�Q�I�R�U�P�D�W�L�R�Q���W�R���0�3�&�����6�D�L�O�H�U��
master controller [10].  

The important factor here is, in TRNSYS it is not possible to have such a hierarchy in the 
control system and hence small controllers which makes the same control algorithms are built 
up. The solar collector is controlled by a type 2b normal on-off controller which looks into the 
bottom of the tank and the outlet of the collector. The gas boiler is also controlled by the same 
type 2b but it looks into the tank temperature and the sets this to the desired temperature using 
gas boiler when it is not achieved. Type 361 radiator model has an inbuilt control which draws 
water from the tank at a desired flow rate to satisfy the space heating loads. The fresh water 
station is simulated with a mixer and diverter valve with a heat exchanger. The source side inlet 
of the heat exchanger is mixed such that it satisfies the DHW loads in the load side and sets the 
required temperature and flowrate. The Inverter acts as a base to the electrical side which has a 
charge controller for the battery and satisfies the load from the power from PV and fuel cell 
CHP and also send the excess power to the grid. With the help of some equations the electrical 
heating element in the storage tank is fed in with the excess 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 side due to limitations of the 
inverter model and hence is integrated to the DC side of the system. 

2. Since the electrical profile itself is an estimated one, along 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 2.6kW charge 
controller maximum power limitations, the PV system is also designed to match this 
power.  

4. The system is designed to be a simple one phase system. But in reality it is meant to be 
a 3 phase system with loads divided and connected to three phases. 

5. Also the fuel cell co-generator is supposed to be in one of the 3 phases in the AC side 
which is overlooked here. 

6. Since the Storage tank model (type 340) cannot have a lance with one port or have an 
open loop with 2 lances (as the mass flow in a lance should be constant as inlet and 
outlet port). Hence, there is a modification in the space load, Gas boiler and DHW lances 
concept �Z�K�L�F�K���D�U�H���X�V�H�G���I�R�U���W�K�H���6�D�L�O�H�U�¶�V���+�\�E�U�L�G���4�X�D�W�W�U�R���D�Q�G���L�Q���W�K�H���V�L�P�X�O�D�W�L�R�Q�����)�R�U���'�+�:����
instead of mixing the cold water from the tank with the hot water, the return water from 
the fresh water station is used.  

7. The fresh cold water is assumed to be 100C in winter and 120C in summer and the 
delivered DHW water is assumed to be 550C. 

8. The pipes are not modelled in the simulation as this is just an energy simulation and the 
heat loss through pipes are overlooked. 

9. The glycol-water solution in the collector circuit is assumed to have a constant fluid 
specific heat and density irrespective of the temperature of the solution. 

10. The solar collector flow rate is kept at a medium constant flow rate in the simulation, 
while in the real system the Sailer master controller controls the mass flow rate 
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11. Type 361, the radiator model cannot be coupled with a mixer-diverter valve combo and 
hence had to be connected directly to the tank. Also the space heating power values had 
to be printed separately from the building simulation and given to the radiator.  

3.2 DESIGN OF LOADS AND BUILDING 

The thermal loads and electrical loads were estimated with the history of the previous 
consumption of the building. The hot water loads were measured for two weeks in September 
with which a yearly consumption profile in 15 minutes was created using DHWcalc [11] with 
seasonal variations and probabilities. The hot water loads are on average 12 kWh on a working 
day and 9 kWh on weekends. One of the main reasons for high consumption also in weekends 
is the circulation pump and pipes. When the circulation is switched off the hot water 
consumption is drastically reduced to 3.5kWh/day on a working day. The space heating loads 
as mentioned previously is simulated and printed from the building simulation model in 
TRNSYS. It could not be coupled with the energy system simulation due to the limitations of 
the type 361 model which creates convergence problems. Comparatively the building heating 
loads are, 45 MWh/annum, enormous since this is an old industrial building.  

The electrical loads are listed from the appliances connected to the system which 
estimated to have a peak load of 3kW in summer (due to air conditioners) and the startup peak 
load can be 6kW which will have to supplied by the grid. The electrical load demand profile 
for the demonstrator is artificially created with the trial readings from Sailer. The measured 
average load profile were such that the maximum consumption was 1.3kW with a base load in 
the nights at 0.8kW. The readings taken were input for the weekday and weekend profiles of 
spring & autumn. For summer, due to the air conditioners, it is estimated that at mid-days, the 
demand is high (3kW). And in winter, it is estimated due to lights and increased power 
consumption of base loads, the base load would be increased to 0.9kW. Thus with type 14d, 
load forcing functions, 6 of them, each for a weekdays and weekend in Summer, Winter and 
transition seasons are created. With type 41a, forcing function sequencers, a profile for each of 
�W�K�H�� �V�H�D�V�R�Q�V�� �L�V�� �F�U�H�D�W�H�G���� �)�L�Q�D�O�O�\�� �X�V�L�Q�J�� �D�Q�� �H�T�X�D�W�L�R�Q���� �Z�K�L�F�K�� �U�H�D�G�V�� �L�Q���W�K�H�� �F�X�U�U�H�Q�W���W�L�P�H�� �V�W�H�S�•�V�� �W�L�P�H��
and comparing it with the season periods, picks a load profile for that season. For now this 
profile is then printed to a text file and then input to the simulation, 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 process. It initially started with the building 
of the energy system model after which the boundary conditions of the real system were 
adapted. Only with the boundary conditions the simulation model was optimized with the best 
possible configuration. This configuration is then adapted to the real system sizing keeping in 
mind the difference between real system and the simulation model.  

Starting with the collector sizing, the 63m2 roof facing 250SW with 70 inclination is the 
only place available as there are already PV panels installed in the roof which feeds the grid 
and cannot be disturbed. Since the collectors are best facing south and having an inclination of 
550, the maximum possible area for the collectors are just 23.7m2, 2 rows with 5 collectors each. 
It was also unavoidable to have row shadings on winter early mornings and evenings due to the 
restricted row spacing. The gas boiler already present is a 32kW unit which is used. The fuel 
cell is operated in a fixed nominal power of 1.5kWel and a maximum of 0.6kWth. As shown in 
Fig.4 the fuel cell is in a closed loop setup to increase the temperature of the warm water out of 
the fuel cell to a desired temperature with the help of a 3 way valve.  

Now that the space heating and hot water loads are estimated, with this the collector sizing 
and the tank model can be optimized. The tank plays an important role in the system. Initially 
2m3 tank, a recommended size for a modern single family house is used in the simulation and 
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later the parameters are optimized to a 3.5m3 storage. It is necessary not only to find the 
optimum tank volume but also the inlet and outlet port heights have to be assigned. To start 
with, the volume required for the hot water and space heating is required. When it comes to 
DHW, the load in this system is not exactly that of a single family house. Since there is an idea 
to emulate a single family house in the future, the system is also designed in keeping this in 
mind. Along with the autonomy the hot water load volume is calculated to be 700 Liters. As 
the space heating (SH) demand is already high, there is no problem with emulation of a single 
�I�D�P�L�O�\���K�R�X�V�H�����6�)�+�������7�K�H���J�D�V���E�R�L�O�H�U���R�X�W���D�Q�G���6�+���L�Q���V�K�R�X�O�G���E�H���S�O�D�F�H�G���D�W�����������U�H�O�D�W�L�Y�H���K�H�L�J�K�W�����+�•������
The port to the gas �E�R�L�O�H�U���D�Q�G���U�H�W�X�U�Q���6�+���V�K�R�X�O�G���E�H���S�O�D�F�H�G���D�W�������������+�•�����)�R�U���V�S�D�F�H���K�H�D�W�L�Q�J���W�K�H�U�H���L�V��
no buffer volume required as there is a direct loop between gas boiler and the radiator which 
will be engaged when there is not enough hot water in the storage tank.  

The electrical system sizing is not as complicated as the thermal system. The battery and 
the charge controller delivered from Steca, one of the project partners, is restricted to 6.8kWh 
total capacity & 80% Depth of Discharge and 2.54 kW of maximum charging power from the 
charge controller to the battery. As the Fuel cell would be on AC side, Fuel cell would not 
charge the battery. Knowing the load and the charge controller capability, a 3.4kW PV Carport 
was selected from the available car port choices. The inverter selected for this PV power is the 
StecaGrid 3203x inverter with 3.3kW nominal power and 4kW of maximal PV input. With the 
electrical loads already chosen for the system being connected, the electrical system is 
complete.  

4 RESULTS AND CONCLUSIONS 

The design of the demonstrator is done and with the simulation model, the first results are 
estimated. Below in Fig.5 the results can be seen. Due to the high demand of the building, the 
total thermal load shoots up in comparison to a single family house. The solar fraction therefore 
achieved from the solar thermal collector is just 15% and there is an additional excess energy 
input from PV and FC at 10% to the thermal side. The hot water demand is around 4311 kWh 
which is a bit higher than a single family house but it has less effects in comparison to the space 
heating demand of 41MWh, which is enormously huge than the single family house of such 
size. Moreover the available roof space for solar thermal is restricted and due to this the thermal 
storage tank size did not have a huge impact when increased in size.  
The collector gain in the whole year is just 6752 kWh. The thermal solar fraction is almost 100% only 

in the 2 summer months where there is no SH demand. But on the other hand one could see that the 

excess energy from the electrical side makes a good contribution especially in the transition months and 
they cover up the summer months where the contribution from solar thermal is not 100%, thus adding 

10% in the total thermal demand. Hence the gas boiler is used for 88% 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 energy 

demand 
Excess Energy Fraction 
(heating element) 

Energy sent to the heating element / Total thermal energy 
demand 

Gas boiler Fraction  Energy out of the gas boiler / Total thermal energy demand 
PV Performance Ratio Energy produced by the load / (Solar radiation*PV Area* 

PV Efficiency) 
Self Consumption Factor Energy required by the load/ Energy produced by the 

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 the 

dezentral system(PV+FC) 
 
In contrary, even with a load of 7900kWh, the electrical system can provide 100% of the 

demand. Although PV delivers only 3554 kWh, 45% of the load (PV Utilization factor), the FC 
which runs all through the year at 1.5kW produces 13140 kWh electrical energy per annum. 
Thus the self-consumption factor of the electrical system without taking into account the 
electrical energy fed into the tank is 47%. Even though 4450kWh of excess energy is fed to the 
thermal storage, the remaining 2315 kWh of excess energy is fed to grid while no energy is 
taken from the grid. Out of the 16.7 MWh produced decentral electrical energy, only 22% is 
from the PV system.  

 
Fig.5. Results of the demonstrator simulation 

Due to the boundary conditions and the energy demand, the solar fraction and the energy 
from solar thermal and PV is less in the demonstrator. But this is not the case in another 
scenarios. For example a KfW55 single family house with 2 m3 storage tank, 20 m2 collector 
area and all others similar to this system would easily give 70% solar fraction while the same 
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system for renovated MFH with KfW70 efficiency having 13 households would result in a solar 
fraction of 42%. Even in this MFH of KfW70 categories, the space heating demand for 13 
households is just 16 MWh. If we compare the demonstrator with an EnEV2002 MFH house 
with 3 households, the space heating is almost the same and for such a building with 50 m2 
collector area and 8m3 tank, the solar fraction is estimated to be 33%. Thus with these 
comparisons, it is clear that the heat demand of the less efficient building structure plays an 
important role and also the restricted roof area plays a further damage. Despite of so many 
restrictions, the purpose of the demonstrator is reached. The main purpose of the demonstrator 
is to check the real working of the controllers and the co-working of thermal and electrical 
system together. As far as this paper is concerned, the main aim was to show the design process 
flow, the simulation of the system and the information flow within the different unit types.  

In future, the model is improved where the 3 phase electrical system is built up with the 
FC coming in the one phase of AC side and the loads are made 3 phase. With the real system 
monitoring, the simulation is improved and the results are validated. One step further, the 
demonstrator would be used to emulate a single family house with a certain standard where the 
hot water and space heating loads are emulated to check the solar fraction of the system under 
�V�X�F�K���F�L�U�F�X�P�V�W�D�Q�F�H�V�����$�O�V�R���W�K�H���H�Q�H�U�J�\���V�R�X�U�F�H�V���V�L�G�H���P�D�\���E�H���H�P�X�O�D�W�H�G���Z�L�W�K���D���N�L�Q�G���R�I���µ�+�D�U�G�Z�D�U�H��
�L�Q���W�K�H���O�R�R�S�¶���F�R�Q�I�L�J�X�U�D�W�L�R�Q���� 
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DESIGNING AND ANALYSING RENEWABLE ENERGY BASED 
HYBRID ENERGY SYSTEMS IN REMOTE LABORATORY AND 

AUTONOMOUS BUILDING 

�=�V�y�I�L�D���0�R�O�Q�i�U�Q�p-�'���U�\1�����,�V�W�Y�i�Q���'���U�\2 
1 Department of Energy Engineering, Budapest University of Technology and Economics 

2 Institute 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 designed and 
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 goal on the Earth aims to solve the current 
energetical and energy-related problems based on the qualitative and quantitative 
overconsumption. The energy fields of human life can be categorised by energy sources as 
fossil, nuclear, and renewable (including replantable). In order to achieve increase in the 
utilisation of renewable energy technologies, a large scale of aspects should be taken into 
consideration. They can be listed as energy potentials and technologies, the decisions between 
changing or cooperation with present energy systems (depending on time scaling of sustainable 
development), the natural fluctuation in energy production and the role of energy storage, 
economic aspects, pollution and protection of nature and climate, risk assessment and local 
utilisation aspects. Our aim in this paper is to describe sustainable energetical strategy for 
household systems based on the measured data of a laboratory and a real-life autonomous 
building. 

2 HOUSEHOLD-SIZE ENERGY CONCEPT 

As the authors determinate the household-size energy concept, the consumed energy 
should be decreased from the present average 40 MWh/year (4-5 kW average). The 
transformation containing energy saving methods and increasing energy efficiency can 
reduce it to 15-20 MWh/year (2-2.5 kW average) in Central-Eastern Europe as it was introduced 
in 2000-watt-society [1]. The main advantage is that this solution is available locally by 
individuals and the remaining energy demand and storage capacity can be solved partly with 
the traditional power plant infrastructure. The key question is: who is interested in the solution? 
The answer can be postponed by specifying the next generations, or nature and Earth in abstract, 
but in detail we should mention our generation, the present markets, states, who prefer to avoid 
any kind of collapse. In this generation, there are differences between the interested groups �± 
those who know about the problem and the urgent steps of solution, and those who are interested 
in the present economic environment. The responsibility is important in education, media, as 
well as economy. 



DESIGNING AND ANALYSING RENEWABLE ENERGY BASED HYBRID ENERGY SYSTEMS IN REMOTE 
LABORATORY AND AUTONOMOUS BUILDING 

 

74 
 

The calculations of our research work [2] show correlation between total energy 
consumption, CO2 emission and expenditure, which can be sorted according to energy fields of 
human life as presented in 0. The moderated consumption is about 125 kWh/day/person, which 
equals an average amount of 20 kg CO2 emission and 40 $ supergross expenditure for each day 
(red column in 0). Staying under the limit of CO2 capture and processing in the atmosphere 
limit the present consumption to 50% and requires effective planting of trees (blue column in 
0). In order to live sustainably, we should and we can achieve 40-50 kWh/day/person in total 
energy consumption with the present technical opportunities based on renewable energy 
sources and we should plant at least 2000 extra trees for each person (in 30 years). This solution 
offers a sustainable concept for individuals and states as well. The common lifestyle should be 
modified even in Hungary, but well-being and happiness can be increased using the techniques 
of the solution (green column in 0). The sustainable energy strategy is detailed in this paper 
based on real experiences. 

 

Fig.1. Energy fields of human life: present average values for a moderate consumer in Europe (red), 
sustainable energy strategy (green), limited by CO2 capture and processing in the atmosphere (blue) 

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

 
 
The energetical design of the complex system (e.g. power capacities, energy ranges with 

detailed calculation for periodicity and efficiency) depends on the chosen secondary energy 
carriers and primary energy sources, mainly on local renewable sources. These can be biomass, 
solar energy (passive and active utilisation), human and animal power generally and 
geothermal, wind and hydro power depending on location. 

Finally, each feasibility study should contain a comprehensive evaluation, not only 
considering the economic aspects. Calculating the net present value (based on investment and 
maintenance) can result base data for investors, but these are simplified and deceptive, because 
renewable technologies are competed with build-in infrastructures in the present economic 
system based on fossil fuels for 150 years, without paying penalties for the caused harm. Types 
and range of pollution should be calculated (not only CO2 emission, but suggested life cycle 
assessment and risk assessment), so local utilisation rate and affected area of each technology 
including additional energy demand should be estimated, compared to the 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 examples for designed and analysed 
systems according to the household-size energy concept. The system of Renewable Energy 
Remote Laboratory of the Department of Energy Engineering in the Technical University of 
Budapest has a heat side with solar collectors (5.5 m2) and buffer tank (500 l) for hot water and 
additional electric heating, and it has a hybrid electrical system part with 3 different type of 
solar cells (720 Wp), a small wind turbine (500 Wp) with batteries and local DC and AC as it is 
located on the roof of a 6-floor-high building. This remotely monitored and controlled system 
is available online [5]. Currently three ways of remote control are available: manual control 
from Labview at the local computer; remote access of the relay outputs via look-up table 
(developed for adapting results from programs and models [4]); monitoring and control of the 
equipment from web access. A five-hours-long period from a programmed schedule is shown 
on Fig. 2, where the inverter provided one third of the total power consumption during the last 
two hours. 

 

 
Fig. 2. Programmed control in demand side of the electrical system in Renewable Energy Remote 

Laboratory 

The hybrid system of the autonomous household is sized similarly to the Laborato�U�\�¶�V��
one, as the electricity is provided by solar cells (1000 Wp) and local grid, and it uses solar 
collectors (5.5 m2) for hot water demand, but the heating and the additional hot water demand 
are based on sustainable biomass. The main advantage is in this case, that this autonomous 
household is a good example for sustainability with the at least 40 different applied technologies 
from the list in 0 including the car-free lifestyle. The 1 kWp hybrid system contains 4 solar cells 
for 2 persons, a small battery pack, feed-in micro-inverters, one stand-alone inverter and manual 
switches for changing operation mode (Fig. 3). The system is monitored and available online 
[6]. 
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Fig.3. Schematic diagram of 1 kWpeak hybrid system in autonomous household 

The energy consumption and production in the second year are published in 0, and some 
consequences can be stated, how local utilisation �³effects�  ́on the national electrical grid. The 
maximum fluctuation �I�U�R�P�� �“���������� �:�� �D�Q�G �“������ �N�:�K���G�D�\ as an average feed-in system was 
moderated to maximum �“�����������:�����“�������N�:�K���G�D�\�����7�K�H���V�H�D�V�R�Q�D�O���E�D�O�D�Q�F�H���V�K�R�Z�V +129 kWh surplus 
in spring and summer and -213 kWh deficit during the whole winter, so the total yearly balance 
is -100 kWh. In comprehension, this amount equals the electricity consumption of 2 weeks in 
an average household. Adapting to the needs of the national electrical grid, the peak production 
between July and September was compensated with switch-clock controlled consumption of a 
deep-freezer. 

 
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 yearly balances of the autonomous household demonstrated relative small 
fluctuations compared to simple feed-in systems, by sizing it below the yearly balance a bit, so 
the local production was nearly equal to the well-controlled consumption in July, August, 
September. The daily energy management is shown in the 0, where typical days were modelled 
with good production (spring and summer with yellow, average cloudy days with blue, winter 
with grey line), showing average electricity consumption before transformation to autonomous 
household, energy decreasing and any control (black line). The results show the decreased 
consumption without stand-by (full green line), including the effects of controlled consumption 
with battery usage and some support to national grid (green line doubled). 

 
Fig. 5. Energy management in household with PV system 

In the following model diagrams of daily power production and consumption (0) shows 
synchronicity between the PV production and the consumption of a sparing household in an 
average cloudy, autumnal day. Small deficit is generated in a winter day, and small surplus 
appears in spring and summer. This amount of surplus can be reduced by heat storages (e.g. 
solar electric heater in the indirect tank, replaced with biomass heating in cloudy and winter 
days). 
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Fig. 6. Model of typical daily power production and consumption in April, summer, cloudy and winter 

days 

According to the experience, the daily production of one solar cell (250 kWp) changes 
between 0 and 1.4 kWh with the average of 0.8 kWh. If 0.5 kWh pro solar cells are redirected 
to solar heater on the days, when the production exceeds 1 kWh, the remained production stays 
around 0.65 kWh/solar cell, and the temporal distribution is favourable. By determining a 
decision point at 10 am, the daily maximum can be overcompensated for the better conservation 
of the grid besides local utilisation can be intensified (Fig. 7). 

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

5 CONCLUSION 

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

 

 
Fig 8. Return on hybrid PV system 

ACKNOWLEDGEMENTS 

Support of Department of Energy Engineering and cooperation of the developers of the 
Renewable Energy Remote Laboratory are acknowledged. Passion for the sustainable 
development from family members and attentiveness of guests in the autonomous household 
are appreciated. Special thanks to �0�H�O�L�Q�G�D���6�]�D�E�y���I�R�U���W�K�H���J�U�D�S�K�L�F�D�O���G�H�V�L�J�Q���R�I��Fig 2. 
  



13th International Conference on HEAT ENGINES AND ENVIRONMENTAL PROTECTION�‡������-27 May 2017, Hungary 

 
 

81 
 

 

REFERENCES 

Books: 

[1] Jochem E (Editor) et al. Steps towards a sustainable development. A White Book for 
R&D of Energy-Efficient-Technologies (2000 Watt society). Zurich: Novatlantis 2004. 
Available: http://www.2000watt.ch/die-2000-watt-gesellschaft/historisches/, 
downloaded: 13.01.2017. 

[2] �'���U�\�� �,���� �1�D�S�H�O�H�P�H�V�� �H�V�H�W�W�D�Q�X�O�P�i�Q�\�� ���+�R�P�H�� �V�R�O�D�U�� �S�R�Z�H�U���� �F�D�V�H�� �V�W�X�G�\������ �6�R�S�U�R�Q���� �1�<�0�(��
2015. Available: http://fefe.inf.nyme.hu/cikkepdi.pdf, downloaded: 22.04.2017. 

[3] MacKay D. Sustainable energy �± Without the hot air. Camridge: UIT 2009. Available: 
https://www.withouthotair.com/download.html, downloaded: 22.04.2017. 

 
Journals: 

[4] �0�R�O�Q�i�U�Q�p-�'���U�\�� �=�V���� �*�U�y�I���� �*�\���� �0�H�J�~�M�X�O�y�� �H�Q�H�U�J�L�D�I�R�U�U�i�V�� �D�O�D�S�~�� �K�H�O�\�L�� �H�Q�H�U�J�L�D�U�H�Q�G�V�]�H�U�H�N��
�N�L�p�S�t�W�p�V�H�� �p�V�� �P�R�G�H�O�O�H�]�p�V�H�� �O�i�J�\�� �V�]�i�P�t�W�i�V�L�� �H�O�M�i�U�i�V�V�D�O�� ���5�H�D�O�L�V�D�W�L�R�Q�� �D�Q�G�� �P�R�G�H�O�O�L�Q�J�� �R�I��
renewable energy based, local energy system with soft computing methods). 
�(�Q�H�U�J�L�D�J�D�]�G�i�O�N�R�G�i�V����������������������-25. 

 
Websites: 

[5] Renewable Energy Remote Laboratory, Department of Energy Engineering BUTE, 
webpage. Available: http://remotelab.energia.bme.hu/solar, downloaded: 21.05.2017. 

[6] �2�Q�H�� �N�:�S�� �K�\�E�U�L�G�� �V�R�O�D�U�� �V�\�V�W�H�P���� �(�J�\�K�i�]�D�V�I�D�O�X���� �Z�H�E�S�D�J�H���� �$�Y�D�L�O�D�E�O�H����
https://inf.nyme.hu/solar/, downloaded: 24.05.2017. 

  

http://www.2000watt.ch/die-2000-watt-gesellschaft/historisches/
http://fefe.inf.nyme.hu/cikkepdi.pdf
https://www.withouthotair.com/download.html
http://remotelab.energia.bme.hu/solar
https://inf.nyme.hu/solar/


DESIGNING AND ANALYSING RENEWABLE ENERGY BASED HYBRID ENERGY SYSTEMS IN REMOTE 
LABORATORY AND AUTONOMOUS BUILDING 

 

82 
 

 

  



13th International Conference on HEAT ENGINES AND ENVIRONMENTAL PROTECTION�‡������-27 May 2017, Hungary 

 
 

83 
 

EFFICIENCY OF FLAT PLATE COLLECTOR WITH NANOFLUID 

Mahmoud. A. Sharafeldin1,2, �*�\�X�O�D���*�U�y�I1 
1 Department of Energy Engineering, Budapest University of Technology and Economics 

2 Faculty of Engineering Shoubra, Mechanical Engineering Department, Benha University,Egypt 

Abstract: �8�V�L�Q�J�� �Q�D�Q�R�À�X�L�G�V�� �L�Q�� �W�K�H�U�P�D�O�� �H�Q�H�U�J�\�� �G�H�Y�L�F�H�V���� �V�X�F�K�� �D�V�� �I�O�D�W-plate solar collectors, is 
�J�U�D�G�X�D�O�O�\�� �P�D�N�L�Q�J�� �S�U�R�J�U�H�V�V���� �D�Q�G�� �J�H�W�W�L�Q�J�� �D�Z�D�U�H�Q�H�V�V�� �L�Q�� �W�K�H�� �V�F�L�H�Q�W�L�¿�F�� �F�R�P�P�X�Q�L�W�\���� �(�[�S�H�U�L�P�H�Q�W�V��
were performed to study the effect of using CeO2-water on the efficiency of flat-plate solar. The 
mean particle dimension was 25 nm. Also, WO3 �±water with 90nm was tested. Different volume 
fractions of nanoparticles of 0.0167%, 0.0333% and 0.0666%. An ultrasonic process was used 
for maintaining the stability of the nanofluid. The working �À�X�L�G���Y�R�O�X�P�H���À�R�Z���U�D�W�H�V���Z�H�U�H������������������
and 122 dm3/hr. The experiments were carried out in Budapest, Hungary on the latitude of 
�����ƒ�����•�1�� �D�Q�G��longitude �R�I�� �����ƒ�����•�(���+�L�J�K�H�U�� �F�R�O�O�H�F�W�R�U�� �H�I�I�L�F�L�H�Q�F�\�� �Z�D�V�� �D�F�K�L�H�Y�H�G�� �Z�K�H�Q�� �X�V�L�Q�J��
�Q�D�Q�R�À�X�L�G���F�R�P�S�D�U�H�G���W�R���U�H�V�X�O�W�V���D�F�K�L�H�Y�H�G���Z�L�W�K���Z�D�W�H�U�����%�D�V�H�G���R�Q���S�U�H�V�H�Q�W���G�D�W�D�����W�K�H���H�I�I�L�F�L�H�Q�F�\���R�I���W�K�H��
collector in case of CeO2 increased by 11% and by 13.5% for WO3. 

Keywords: nanofluids, solar collectors, CeO2, WO3 

1 INTRODUCTION 

In last few years, nanoparticles were attracted by researchers as its incredible properties. 
These materials have dimensions less than 100nm. Researchers discovered that as the particles 
are tiny they can be held by fluids and make a notable change of properties of fluids itself. 
Based on this fact a large number of materials in nano- scale added to fluids and made an 
incredible change in its thermal properties as well as the performance of thermal devices. Solar 
collectors are one of these devices which took advantage of using nanofluid. In this work, 
getting a focused view on using nanofluid as the moving fluid in different types of solar 
collectors present. Said et al. [1] tested experimentally Al2O3-�Z�D�W�H�U�� �Q�D�Q�R�À�X�L�G���� �D�V�� �D�� �Z�R�U�N�L�Q�J��
�À�X�L�G���D�Q�G���L�W�V���H�I�I�H�F�W���R�Q���W�K�H���H�Q�H�U�J�\���D�Q�G���H�[�H�U�J�\���H�I�¿�F�L�H�Q�F�L�H�V���R�I���D���À�D�W���S�O�D�W�H���V�R�O�D�U���F�R�O�O�H�F�W�R�U���Z�L�W�K���X�V�L�Q�J��
volume fraction in their study was 0.1% and 0.3%, while the size of the nanoparticles was13 
nm.. �<�R�X�V�H�¿���H�W���D�O�����>���@ utilized particle with the dimension of 15 nm and the weight fraction of 
nanoparticles were 0.2% and 0.4%. Experiments were carried out with and without Triton X-
100 as a surfactant.. Faizal et al. [3] used��SiO2 �Q�D�Q�R�À�X�L�G�� �D�V�� �Z�R�U�N�L�Q�J�� �I�O�X�L�G�� �W�K�H�Q�� �D�Q�D�O�\�]�H�G�� �L�W�V��
impact on the���S�H�U�I�R�U�P�D�Q�F�H���� �À�X�L�G�� �À�R�Z�� �D�Q�G�� �K�H�D�W�� �W�U�D�Q�V�I�H�U������Goudarzi et al [4] established a 
cylindrical solar collector with receiver helical pipe then carried out investigation the thermal 
performance of this solar collector using distilled water and CuO-H2�2�� �Q�D�Q�R�À�X�L�G�� �D�V�� �Z�R�U�N�L�Q�J��
�À�X�L�G�V. The effect of CuO�±�Z�D�W�H�U�� �Q�D�Q�R�À�X�L�G���� �D�V�� �W�K�H�� �Z�R�U�N�L�Q�J�� �À�X�L�G���� �R�Q���W�K�H�� �S�H�U�I�R�U�P�D�Q�F�H�� �D�Q�G�� �W�K�H��
�H�I�¿�F�L�H�Q�F�\�� �R�I�� �D�� �À�D�W-plate solar collector, was performed experimentally by Moghadam et al. 
[5] 

2 EXPERIMENTAL DESCRIPTION 

2.1 Preparation method and characterization 

In this study, deionized water , water-based CeO2 and water-based WO3 �Q�D�Q�R�À�X�L�G�V���Z�H�U�H��
�X�W�L�O�L�]�H�G���D�V���W�K�H���Z�R�U�N�L�Q�J���À�X�L�G�����&�R�P�P�H�U�F�L�D�O���V�S�K�H�U�L�F�D�O���V�K�D�S�H���&�H�22 nano powder and WO3 nano-
powder (supplier: M K impex, Canada) with 99.9% and 99.5% purity , respectivelly were used 
for the experimental investigation. The average diameter of CeO2 and WO3 were 25 nm and 90 
nm, respectivelly The reference fluid was distilled water.��The CeO2 nanoparticles��and WO3 
nanoparticles��have density of 7.123g/cm3 and 7.16 g/m3���� �U�H�V�S�H�F�W�L�Y�H�O�O�\���� �7�K�H�� �Q�D�Q�R�À�X�L�G�V�� �K�D�Y�H��
been��prepared by��two step method where CeO2 and WO3 nanoparticles were dispersed into the 

https://en.wikipedia.org/wiki/Latitude
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�E�D�V�H�� �À�X�L�G�� �G�L�U�H�F�W�O�\�� �D�I�W�H�U�� �Z�K�L�F�K�� �W�K�H�\�� �Z�H�U�H�� �R�V�F�L�O�O�D�W�H�G�� �F�R�Q�W�L�Q�X�R�X�V�O�\�� �I�R�U�� �D�E�R�X�W�� ������ �P�L�Q�� �D�Q�G�� ��������
amplitude in an ultrasonic homogenizer (Bandelin, SONOPULS HD 2200, output power 
maximum 200 W).  

2.2 Experimental procedure 

Experimental apparatus diagram and picture is shown in Figures. 1 and 2, respectively. 
The experiments were performed in Budapest (latitude�����ƒ�����•�1��longitude �����ƒ�����•�(������ �7�K�H��
�F�R�O�O�H�F�W�R�U�� �V�S�H�F�L�¿�F�D�W�L�R�Q�V�� �D�U�H�� �J�L�Y�H�Q�� �L�Q�� �7�D�E�O�H�� ������ �7�K�H�� �F�R�O�O�H�F�W�R�U�� �W�\�S�H�� �L�V�� �7�6�� �������� �F�R�O�O�H�F�W�R�U�� �I�U�R�P��
Naplopo Kft in Hungary.An electrical pump circulates the working fluid. A Heat exchanger 
transfers heat energy from solar collector to tank which has a capacity of 500 L. A static fluid 
oscillatory flow sensor measures the flow rate of fluid. For controlling the flow rate, a simple 
valve was installed. A series of Pt-100 resistance type thermocouples were fitted on the 
collector, measuring the temperature of the working fluid in the collector at the inlet and outlet. 
The thermometer was used to measure the ambient temperature. The solar radiation was 
measured by a LP PYRA 03 solar meter.A differential manometer is used to measure pressure 
drop. The experiments have been carried out at the time interval 10 A.M�±16 P.M on the local 
time. This experiment time, divided into 6 sections called test runs (i.e. each test run was 
selected 60 min). Also, each test run was divided into several test periods in a quasi-steady state 
condition. A test period was10 minutes as in [10]. The experimental results are showed in the 
�I�R�U�P�� �R�I�� �J�U�D�S�K�V�� �W�K�D�W�� �L�Q�G�L�F�D�W�H�V�� �W�K�H�� �F�R�O�O�H�F�W�R�U�� �H�I�¿�F�L�H�Q�F�\�� �D�J�D�L�Q�V�W�� �D�� �W�H�P�S�H�U�D�W�X�U�H�� �S�D�U�D�P�H�W�H�U�� �>���7i�±
Ta)/GT]. All the presented data were collected in several days and best result was chosen. The 
�P�D�[�L�P�X�P���Y�D�U�L�D�W�L�R�Q�V���L�Q���D�P�E�L�H�Q�W���D�Q�G���L�Q�O�H�W���W�H�P�S�H�U�D�W�X�U�H�V���L�Q���H�D�F�K���W�H�V�W���S�H�U�L�R�G���D�U�H���“���������ƒ�&���D�Q�G���“��������
�ƒ�&�����U�H�V�S�H�F�W�L�Y�H�O�\�����Z�K�L�O�H���L�Q���J�O�R�E�D�O���U�D�G�L�D�W�L�R�Q�����L�W���L�V���“�������:���P2. Hence our data follow the instruction 
presented in the ASHRAE Standard 93-2003. 

 

 
Figure1. 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 of investigation of 
thermal performance of the solar collector. The purpose of this standard is to show test methods 
for detecting the thermal performance of solar collectors that use single-�S�K�D�V�H�� �À�X�L�G�V�� �Z�L�W�K�R�X�W��
�V�L�J�Q�L�¿�F�D�Q�W���L�Q�W�H�U�Q�D�O���H�Q�H�U�J�\���V�W�R�U�D�J�H���� 
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Thermal performance of the solar collector is calculating by determine the values of 
�L�Q�V�W�D�Q�W�D�Q�H�R�X�V���H�I�¿�F�L�H�Q�F�\���I�R�U���G�L�I�I�H�U�H�Q�W���F�R�P�E�L�Q�D�W�L�R�Q�V���R�I���L�Q�F�L�G�H�Q�W���U�D�G�L�D�W�L�R�Q�����D�P�E�L�H�Q�W���W�H�P�S�H�U�D�W�X�U�H����
�D�Q�G���L�Q�O�H�W���À�X�L�G���W�H�P�S�H�U�D�W�X�U�H�����,�Q���D�G�G�L�W�L�R�Q�����H�[�S�H�U�L�P�H�Q�W�V���P�X�V�W���E�H���G�R�Q�H���X�Q�G�H�U���V�W�H�D�G�\���V�W�D�W�H���F�R�Q�G�L�W�L�R�Q�V����
�7�K�H�� �L�Q�V�W�D�Q�W�D�Q�H�R�X�V�� �H�I�¿�F�L�H�Q�F�\�� �L�V�� �G�H�¿�Q�H�G�� �D�V�� �W�K�H�� �U�D�W�L�R���R�I�� �X�V�H�I�X�O�� �H�Q�H�U�J�\�� �J�D�L�Q�� �W�R���W�K�H�� �V�R�O�D�U�� �H�Q�H�U�J�\��
received by absorber plate of collector. It calculated with the use of Eq. (1). 

�D�g
L
�U�k

�E�Y�K�P
  (1) 

The useful heat energy rate calculated using Eq. (2) and can also be determined in terms 
of the energy absorbed by the absorber and the energy lost from the absorber as given by Eq. 
(3). 

�� �s 
L �•���6 ���n�:���m
F ���g�; 
L �O�����®�� �n�:���m
F ���g�;                             (2) 
�� �s 
L �� �a���	�V���>�
�X�:�R�=�; 
F ���P�:���g
F ���_�;�?                                   (3) 
So the instantaneous efficiency can be expressed by Eq. (4) or (5) 

�D�g
L
�¡���Z�®�G�f �:�X�e�?�X�_�;

�E�Y���K�P
                                                                   (4) 

�D�g
L
�E�Y���J�N���>�K�P�:�¤�‘�;�?�Y�H�:�X�_�?�X�W�;�?

�E�Y���K�P
                                              (5) 

�D�g
L �	�V���:�R�=�; 
F �	�V�� �P�:
�X�_�?�X�W

�K�P
�;                                                 (6) 

FR is known as the collector heat removal factor and is expressed by Eq. (7), 

�������	�V 
L
�k���6 �G�f �:�X�e�?�X�_�;

�E�Y�>�K�P�:�¤�‘���;�?�Y�H�:�X�_�?�X�W�;�?
                                                      (7) 

where, �•�6 �L�V�� �P�D�V�V�� �À�R�Z�� �U�D�W�H�� �R�I�� �Z�R�U�N�L�Q�J�� �À�X�L�G�������g is collector inlet temperature, ���m is 
collector outlet temperature, ���_ is ambient temperature, �
 �X is global solar radiation normal to 
collector, �� �a is surface area of the solar collector, �R�= is absorptance-transmittance product, and 
�� �P �L�V���G�H�¿�Q�H�G���D�V���R�Y�H�U�D�O�O���F�R�H�I�¿�F�L�H�Q�W���R�I���K�H�D�W���O�R�V�V�H�V���� �n is heat capacity. 

�7�K�H���K�H�D�W���F�D�S�D�F�L�W�\���R�I���Q�D�Q�R�À�X�L�G���L�V���F�D�O�F�X�O�D�W�H�G���D�V���I�D�O�O�R�Z���>���@�� 
�:�O���n���;�l�d 
L �:�O���n�;�l�n�:�T�; 
E �:�O���n�;�`�d�:�s 
F �T�;                                (8) 
Density of the mixture can be evaluated according to the following equation [7] 
�O�l�d 
L �O�l�n�:�T�; 
E �O�`�d�:�s 
F �T�;                                (8) 
Where �T indicates the volume fraction of nanoparticles,�� �n�á�l�n,���O�l�n are 315 J/(kgK)., 7160 

kg/m3, respectively also,�����n�á�`�d ,���O�`�d and 4180 J/(kgK), 1000kg/m3 respectively.  

4 RESULTS AND DISCUSSION 

4.1 �6�W�D�E�L�O�L�W�\���R�I���Q�D�Q�R�À�X�L�G�V 

Ultra-sonication is used to break up agglomeration and promote the dispersion of 
�Q�D�Q�R�S�D�U�W�L�F�O�H�V���L�Q�W�R���E�D�V�H���À�X�L�G�V���W�R���J�H�W���P�R�U�H���V�W�D�E�O�H���Q�D�Q�R�À�X�L�G���D�V��Mahbubul ��et al [9] reported .Ultra-
sonication techniques have a significant effect on the surface and structure of nanoparticles and 
grant long-term stable and well-dispersed nano-�À�X�L�G�V���D�Q�G���E�H�W�W�H�U���S�D�U�W�L�F�O�H breakdown. Figure 3 
�V�K�R�Z�V���W�K�H���Y�L�V�X�D�O���D�S�S�H�D�U�D�Q�F�H�V���R�I���W�K�H���Q�D�Q�R�À�X�L�G�V���Z�L�W�K���Q�R���V�L�J�Q���R�I���D�J�J�U�H�J�D�W�L�R�Q���I�R�U���D���S�H�U�L�R�G���R�I���D��7 
days. According to earlier studies Said et al [1], nanofluid with higher concentration (higher 
volume fraction) of particles, nanoparticles tend to agglomerate, therefore, stability of the 
�Q�D�Q�R�À�X�L�G�V�� �Z�D�V�� �U�H�G�X�F�H�G���� �,�W�� �L�V�� �Q�R�W�H�G�� �W�K�D�W���W�K�H�� �V�W�D�E�L�O�L�W�\�� �R�I�� �W�K�H�� �S�U�H�S�D�U�H�G�� �Q�D�Q�R�À�X�L�G�� �Z�L�W�K�� �D�� �O�R�Z�H�U��
�Y�R�O�X�P�H���I�U�D�F�W�L�R�Q���R�I���Q�D�Q�R�S�D�U�W�L�F�O�H�V���P�L�[�H�G���Z�L�W�K���W�K�H���E�D�V�H���À�X�L�G���L�V���V�W�D�E�O�H���I�R�U���D���O�R�Q�J�H�U���S�H�U�L�R�G���R�I���W�L�P�H��
�F�R�P�S�D�U�H�G�� �W�R�� �W�K�H�� �Q�D�Q�R�À�X�L�G�V�� �Z�L�W�K�� �K�L�J�K�H�U�� �Y�R�O�X�P�H�� �I�U�D�F�W�L�R�Q���� �,�Q�� �S�U�H�V�H�Q�W�� �V�W�X�G�\���� �W�K�H�� �V�W�D�E�L�O�L�W�\�� �R�I��
nanofluid was measured by zeta potential machine. (PALS Zeta potential analyzer Ver. 3.37 
from Brookhven Instruments) The mean value of zeta potential for 0.0666% volume fraction 
of CeO2 and WO3was -36.91mVand -37.22mV, respectivelly which is considered as a sign of 
physical stability followed to Mahbubul ��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 collector in case of using nanofluid is 
more than the efficiency of it when using water only. Also, this result can be distinguished by 
substituting in equation (6) with values of �(�Ë�7�Å and �(�Ë���:�ì�Ù�; in tables (1). Absorbed energy 
parameter, �(�Ë���:�ì�Ù�; values for WO3 �Q�D�Q�R�À�X�L�G is higher than that for water by 9.09%, 10.17% 
and 11.42% for Volume fraction �î  and volume flow rate 0.0167% 100,117and 125, 
�U�H�V�S�H�F�W�L�Y�H�O�\�����7�K�H���U�H�D�V�R�Q���I�R�U���W�K�L�V���I�D�F�W���W�K�D�W���L�Q���Q�D�Q�R�À�X�L�G���W�K�H���P�D�L�Q���U�H�D�V�R�Q���R�I���W�K�H�U�P�D�O���F�R�Q�G�X�F�W�L�Y�L�W�\��
enhancement is because of the stochastic motion of the nanoparticles which known as Brownian 
motion [11]. This random motion tends to rise the collision between liquid molecules and solid 
�S�D�U�W�L�F�O�H�V���V�R�� �L�W���F�D�X�V�H�V���D�Q���H�Q�F�K�D�Q�W�P�H�Q�W���L�Q���F�R�Q�Y�H�F�W�L�Y�H���K�H�D�W���W�U�D�Q�V�I�H�U���F�R�H�I�¿�F�L�H�Q�W���Z�K�L�F�K���U�L�V�H�V�� �I�O�X�L�G��
outlet temperature and efficiency in equation (4). 

 
Figure 3. Efficiency of solar collector using WO3-water nanofluid (�î�¨ 
L �r�ä�r�s�x�y� )̈ and water for 

100,117 and 125 dm3/hr volume flow 
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Table 1. Values of �(�Ë�7�Å and �(�Ë���:�ì�Ù�;for WO3-water nanofluid (�î�¨ 
L �r�ä�r�s�x�y� )̈ and water for 
100,117 and 125 dm3/hr volume flow water. 

Volume flow rate 
dm3/hr 

Volume fraction 
�î�¨  

�(�Ë�7�Å �(�Ë���:�ì�Ù�; 

100 

nanofluid 16.824 0.6836 

water 4.3543 0.6307 

117 

nanofluid 16.809 0.6608 

water 3.9971 0.6056 

125 

nanofluid 15.289 0.6451 

water -1.021 0.579 

As shown in figure 3 the efficiency of flat plate collector in case of using nanofluid is 
more than the efficiency of it when using water only. Also, this result can be distinguished by 
substituting in equation (6) with values of �(�Ë�7�Å and �(�Ë���:�ì�Ù�; in tables (1). Absorbed energy 
parameter, �(�Ë���:�ì�Ù�; values for WO3 �Q�D�Q�R�À�X�L�G is higher than that for water by 9.09%, 10.17% 
and 11.42% for Volume fraction �î  and volume flow rate 0.0167% 100,117and 125, 
�U�H�V�S�H�F�W�L�Y�H�O�\�����7�K�H���U�H�D�V�R�Q���I�R�U���W�K�L�V���I�D�F�W���W�K�D�W���L�Q���Q�D�Q�R�À�X�L�G���W�K�H���P�D�L�Q���U�H�D�V�R�Q���R�I���W�Kermal conductivity 
enhancement is because of the stochastic motion of the nanoparticles which known as Brownian 
motion [11]. This random motion tends to rise the collision between liquid molecules and solid 
particles so it causes an enchantment in convecti�Y�H���K�H�D�W���W�U�D�Q�V�I�H�U���F�R�H�I�¿�F�L�H�Q�W���Z�K�L�F�K���U�L�V�H�V�� �I�O�X�L�G��
outlet temperature and efficiency in equation (4). 

 However, this fact is limited by certain values of temperature parameter which can be 
observed by finding the intersection point between the line represents nanofluid efficiency and 
the line of water in figures (3). The value of temperature parameter for intersections is 0.004 so 
before this value efficiency of the solar collector by using nanofluid is more than water and 
after it, a reverse trend is discovered. This reverse trend can be made clear as the temperature 
parameter increases solar radiation decline, the heat loss cannot be ignored [2]. The heat loss 
�R�I�� �Q�D�Q�R�À�X�L�G�V�� �)RUL is more than that of water as shown in tables (1). Hence, the outlet 
�W�H�P�S�H�U�D�W�X�U�H���R�I���Q�D�Q�R�À�X�L�G�V���L�V���U�H�G�X�F�H�G���D�Q�G���E�H���P�R�U�H���D�Q�G���P�R�U�H���F�O�R�V�H���W�R���W�K�H���R�X�W�O�H�W���W�H�P�S�H�U�D�W�X�U�H���R�I��
water [8] so the efficiency of collector decreases as equation (4). 
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4.2.2 Results for CeO2 Nanofluid as a working fluid 

 
Figure 4. Efficiency of solar collector using CeO2/water nanofluid (�î�¨ 
L �r�ä�r�s�x�y� )̈ and water for 

98,114 and 122 dm3/hr volume flow 

Table 2. Values of �(�Ë�7�Å and �(�Ë���:�ì�Ù�;for CeO2/water nanofluid (�î�¨ 
L �r�ä�r�s�x�y� )̈ and water for 
98,114 and 122 dm3/hr volume flow water. 

Volume flow rate dm3/hr 
Volume fraction 

�î�¨  
�(�Ë�7�Å �(�Ë���:�ì�Ù�; 

98 
nanofluid -8.9057 0.702 

water -4.9273 0.638 

114 
nanofluid -8.6006 0.6835 

water -3.961 0.5927 

122 
nanofluid -7.1396 0.6543 

water -1.021 0.579 

As shown in figure 4 the efficiency of flat plate collector in case of using nanofluid is 
more than the efficiency of it when using water only. Also, this result can been found by 
substituting in equation (6) with values of �(�Ë�7�Å and �(�Ë���:�ì�Ù�; in tables (2). Absorbed energy 
parameter, �(�Ë���:�ì�Ù�; values for CeO2 �Q�D�Q�R�À�X�L�G���L�V���K�L�J�K�H�U���W�K�D�Q���W�K�D�W���I�R�U���Z�D�W�H�U���E�\��������������������������������
and 13.01% for volume fraction �î  0.0167% and volume flow rate 98,114and 122, respectively. 
�7�K�H���U�H�D�V�R�Q���I�R�U���W�K�L�V���I�D�F�W���W�K�D�W���L�Q���Q�D�Q�R�À�X�L�G���W�K�H���P�D�L�Q���U�H�D�V�R�Q���R�I���W�K�H�U�P�D�O conductivity enhancement 
is due to the stochastic motion of the nanoparticles which known as Brownian motion [11]. This 
randomly motion increases the collision between liquid molecules and solid particles so it 
causes increase in convective heat transfer �F�R�H�I�¿�F�L�H�Q�W���Z�K�L�F�K���U�L�V�H�V���I�O�X�L�G���R�X�W�O�H�W���W�H�P�S�H�U�D�W�X�U�H���D�Q�G��
efficiency in equation (4). 
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However, this fact is limited by a certain values of temperature parameter which can 
detected by finding the intersection point between the line represents nanofluid efficiency and 
the line of water in figures (2). The values of temperature parameter for intersections are 0.01��, 
0.016 and 0.013 for volume flow rates of 98,114and 122, respectively so before these values 
efficiency of solar collector by using nanofluid is more than water and after it a reverse trend is 
found. This reverse trend can be explain that as the temperature parameter increases solar 
�U�D�G�L�D�W�L�R�Q���G�H�F�O�L�Q�H�����W�K�H���K�H�D�W���O�R�V�V���F�D�Q�Q�R�W���E�H���L�J�Q�R�U�H�G���>���@�����7�K�H���K�H�D�W���O�R�V�V���R�I���Q�D�Q�R�À�X�L�G�V���)RUL is more 
than that of water as seen in tables (2)�����+�H�Q�F�H�����W�K�H���R�X�W�O�H�W���W�H�P�S�H�U�D�W�X�U�H���R�I���Q�D�Q�R�À�X�L�G�V���L�V���U�H�G�X�F�H�G��
and be more and more close to the outlet temperature of water [8] so the efficiency of collector 
decreases as equation (4). 

5 CONCLUSIONS 

�$���V�W�X�G�\���Z�D�V���S�H�U�I�R�U�P�H�G���H�[�S�H�U�L�P�H�Q�W�D�O�O�\���W�R���G�H�W�H�U�P�L�Q�H���W�K�H���H�I�I�L�F�L�H�Q�F�\���F�X�U�Y�H�V���R�I���D���À�D�W���S�O�D�W�H��
solar collector with using nanofluid of CeO2-water and WO3-water as working fluid. The 
stability of CeO2-water and WO3-water �Q�D�Q�R�À�X�L�G�� �Z�Hre a week. The volume fractions of 
0.0167% was �W�H�V�W�H�G�� �D�W�� �W�K�U�H�H�� �Y�R�O�X�P�H�� �À�R�Z�� �U�D�W�H�V���� �L�Q�F�O�X�G�L�Q�J�� �������� ���������� �D�Q�G�� �������� �G�P�����K�U���� �7�K�H��
experiments and results elucidated that using CeO2-water nanofluid and WO3-water increase 
the efficiency of solar collector more than using water only. Findings dedicated that the 
maximum efficiency when temperature parameter equals to zero were 70.2% and 68.36%for 
volume fraction�:�î) 0.0167% and volume flow rate 98 dm3/hr for CeO2-water and WO3-water, 
respectively.  

ACKNOWLEDGMENT  

The authors would like to thank Prof. I�V�W�Y�i�Q��Csontos and Dr �(�Q�L�N�����.�U�L�V�F�K for their helps 
�D�Q�G�� �V�X�S�S�R�U�W���� �7�K�H�� �D�X�W�K�R�U�V�� �Z�R�X�O�G�� �O�L�N�H�� �W�R�� �W�K�D�Q�N�� �W�K�H�� �³�(�J�\�S�W�L�D�Q��Ministry of Higher Education 
(MOHE)��for the support the PhD study held in Hungary in the frame of Stipendium 
Hungarycum. 

 
REFERENCES 
 
[1] Said Z., Saidur R., Sabiha M.A., Hepbasli A. �D�Q�G���5�D�K�L�P���1���$�����³�(�Q�H�U�J�\���D�Q�G���H�[�H�U�J�\���H�I�¿�F�L�H�Q�F�\��

�R�I�� �D�� �À�D�W�� �S�O�D�W�H�� �V�R�O�D�U�� �F�R�O�O�H�F�W�R�U�� �X�V�L�Q�J�� �S�+�� �W�U�H�D�W�H�G�� �$�O2O3 �Q�D�Q�R�À�X�L�G�´�� �-�R�X�U�Q�D�O�� �R�I�� �&�O�H�D�Q�H�U��
Production 112 (2016) 3915-3926 

�>���@���7�R�R�U�D�M���<�R�X�V�H�¿�����)�D�U�]�D�G���9�H�\�V�L�D�����(�K�V�D�Q���6�K�R�M�D�H�L�]�D�G�H�K�D���D�Q�G���6�L�U�X�V���=�L�Q�D�G�L�Q�L�E���³�$�Q���H�[�S�H�U�L�P�H�Q�W�D�O 
investigation on the effect of Al2O3-H2�2�� �Q�D�Q�R�À�X�L�G�� �R�Q�� �W�K�H�� �H�I�¿�F�L�H�Q�F�\�� �R�I�� �À�D�W-plate solar 
�F�R�O�O�H�F�W�R�U�V�´���5�H�Q�H�Z�D�E�O�H���(�Q�H�U�J�\����������������������������-298 

�>���@�� �7�R�R�U�D�M�� �<�R�X�V�H�¿���� �)�D�U�]�D�G�� �9�H�L�V�\���� �(�K�V�D�Q�� �6�K�R�M�D�H�L�]�D�G�H�K�� �D�Q�G�� �6�L�U�X�V�� �=�L�Q�D�G�L�Q�L�� �³�$�Q�� �H�[�S�H�U�L�P�H�Q�W�D�O��
investigation on the effect of MWCNT-H2�2���Q�D�Q�R�À�X�L�G���R�Q���W�K�H���H�I�¿�F�L�H�Q�F�\���R�I���À�D�W-plate solar 
�F�R�O�O�H�F�W�R�U�V�´���(�[�S�H�U�L�P�H�Q�W�D�O���7�K�H�U�P�D�O���D�Q�G���)�O�X�L�G���6�F�L�H�Q�F�H�����������������������������±212 

[4] Goudarzi K., Shojaeizadeh E. �D�Q�G�� �1�H�M�D�W�L�� �)���� �³�$�Q�� �H�[�S�H�U�L�P�H�Q�W�D�O�� �L�Q�Y�H�V�W�L�J�D�W�L�R�Q�� �R�Q�� �W�K�H��
simultaneous effect of CuO-H2�2�� �Q�D�Q�R�À�X�L�G�� �D�Q�G�� �U�H�F�H�L�Yer helical pipe on the thermal 
�H�I�¿�F�L�H�Q�F�\���R�I���D���F�\�O�L�Q�G�U�L�F�D�O���V�R�O�D�U���F�R�O�O�H�F�W�R�U�´���$�S�S�O�L�H�G���7�K�H�U�P�D�O���(�Q�J�L�Q�H�H�U�L�Q�J������������������������������-
1241 

[5] Ali Jabari Moghadam, Mahmood Farzane-Gord , Mahmood Sajadi and Monireh Hoseyn-
�=�D�G�H�K���³�(�I�I�H�F�W�V���R�I���&�X�2���Z�D�W�H�U���Q�D�Q�R�À�X�L�G���R�Q���W�K�H���H�I�¿�F�L�H�Q�F�\���R�I���D���À�D�W-�S�O�D�W�H���V�R�O�D�U���&�R�O�O�H�F�W�R�U�´��
Experimental Thermal and Fluid Science 58(2014)9-14 

[6] ASHRAE Standard 93-2003, Methods of testing to determine the thermal performance of 
solar collectors, Atlanta, GA, USA, 2003. 

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 

 

90 
 

�>���@�� �=�K�D�Q�J�� �;���� �*�X�� �+���� �)�X�M�L�L�� �0���� �³�(�I�I�H�F�W�L�Y�H��thermal conductivity and thermal diffusivity of 
�Q�D�Q�R�À�X�L�G�V�� �F�R�Q�W�D�L�Q�L�Q�J�� �V�S�K�H�U�L�F�D�O�� �D�Q�G�� �F�\�O�L�Q�G�U�L�F�D�O�� �Q�D�Q�R�S�D�U�W�L�F�O�H�V�´�� �-�� �$�S�S�O�� �3�K�\�V�� ������������ ������-
044325. 

[8]. Zhou S.Q, Ni �5������ �³�0�H�D�V�X�U�H�P�H�Q�W�� �R�I�� �W�K�H�� �V�S�H�F�L�¿�F�� �K�H�D�W�� �F�D�S�D�F�L�W�\�� �R�I�� �Z�D�W�H�U-based Al2O3 
�Q�D�Q�R�À�X�L�G�´���$�S�S�O�����3�K�\�V�����/�H�W�W����������(093123) (2008) 1�±3. 

[9] Mahbubul I.M., Saidur R., Amalina M.A ,Elcioglu E.B. and Okutucu-�2�]�\�X�U�W���7�����³�(�I�I�H�F�W�L�Y�H��
�X�O�W�U�D�V�R�Q�L�F�D�W�L�R�Q�� �S�U�R�F�H�V�V�� �I�R�U�� �E�H�W�W�H�U�� �F�R�O�O�R�L�G�D�O�� �G�L�V�S�H�U�V�L�R�Q�� �R�I�� �Q�D�Q�R�À�X�L�G�´�� �8�O�W�U�D�V�R�Q�L�F�V��
Sonochemistry 26 (2015) 361�±369 

[10] Milad Tajik Jamal-Abad, A. �=�D�P�]�D�P�L�D�Q�����(�����,�P�D�Q�L���D�Q�G���0�����0�D�Q�V�R�X�U�L���³�(�[�S�H�U�L�P�H�Q�W�D�O���6�W�X�G�\��
of the Performance of a Flat-PlateCollector Using Cu-�:�D�W�H�U���1�D�Q�R�I�O�X�L�G�´���-�2�8�5�1�$�/���2�)��
THERMOPHYSICS AND HEAT TRANSFER Vol. 27, No. 4 (2013), pp. 756-760. 

[11] Chon CH, Kihm KD. �³Thermal conductivity enhanc�H�P�H�Q�W�� �R�I�� �Q�D�Q�R�À�X�L�G�V�� �E�\�� �%�U�R�Z�L�D�Q��
�P�R�W�L�R�Q�´�����-���+�H�D�W���7�U�D�Q�V�I�H�U������������������������������ 

  



13th International Conference on HEAT ENGINES AND ENVIRONMENTAL PROTECTION�‡������-27 May 2017, Hungary 

 
 

91 
 

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

Attila Kun-Balog 1, �9�L�N�W�R�U���-�y�]�V�D1 
1 Department of Energy Engineering, Budapest, University of Technology 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. NOX, CO, 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 challenge to solve is sustainable energy 
production. A few decades ago, numerous alternative fuels were evaluated to substitute fossil 
fuels that cover over 80% of our energy mix [1,2]. However, it seems that there is no viable 
alternative fuel in global scale to date, especially in the aviation industry [3]. The key issues 
besides the production are, e.g., transportation, distribution, storage safety, and availability. It 
is known that a portion of the agricultural yield can be converted to fuel, but the optimal balance 
between food and fuel must be sustained [4]. 

Biodiesel is globally an additive to diesel oil [5]. However, it seems that the increase of 
biodiesel portion will not end with pure biodiesel since it is agriculturally unfeasible. As 
numerous technologies emerged in the past decades, the comparison of them is still 
cumbersome. This �Z�D�V�� �W�K�H�� �P�R�W�L�Y�D�W�L�R�Q�� �R�I�� �&�V�p�I�D�O�Y�D�\�� �H�W���D�O����[6] who suggested the use ethanol 
equivalent as a measure for renewable technologies since the energy usage of bioethanol is well 
known [7]. Production and combustion of light fuels are well understood, and our current heat 
engines are capable of run on them [8]. However, oils with long hydrocarbon chains consist the 
pyrolysis oils [9] and the vegetable oils [10]. It is known that they will not dominate the fuel 
market but remain charming alternative fuels if utilized locally to a reasonable extent. If no 
transesterification or other energy-intensive chemical process is required prior utilization, the 
energy balance of their production may be considered as economical. 

In the present study, crude rapeseed oil combustion in a flame tube is discussed. 
Previously, tests in the open atmosphere were evaluated which suffered from the entrainment 
of the ambient air with unknown flow rate [11,12]. Therefore, the present study aims to 
investigate the pollutant emission and flue gas temperature of crude rapeseed oil combustion. 
The atomization was performed out by both air and steam. For reference, the same tests were 
carried out by utilizing standard diesel oil. 

2 MEASUREMENT SETUP 

The used burner is a lean premixed prevaporizing-type swirl design equipped with a 
central plain jet airblast atomizer, shown in Fig. 1. The fuel is discharged centrally with a 
concentric annular nozzle for the atomizing medium. More details of the burner and its 
atomization characteristics can be found in other works [11,13]. 
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Fig. 1. The investigated burner. 

The combustion air side of the measurement system is shown in Fig. 2. A fan equipped 
with a continuously adjustable frequency converter supplied the air. Principally, the target flow 
rate was 3% O2 in the flue gas, checked by a Testo 350 emission analyzer. Therefore, the 
rotameter only served as a secondary flow rate meter. The electric air preheater system consists 
�R�I�� �I�L�Y�H�� ���������� �:�� �K�H�D�W�H�U�� �I�L�O�D�P�H�Q�W�V�� �Z�K�L�F�K�� �L�Q�F�U�H�D�V�H�� �W�K�H�� �L�Q�I�O�R�Z�� �W�H�P�S�H�U�D�W�X�U�H�� �W�R�� �������� �ƒ�&�� �D�Q�G�� �Z�D�V��
controlled by a relay logic. The diameter of the flame tube was 100 mm with 650 mm in length. 

 
Fig. 2. The core of the test rig. 

For the temperature measurement, a K-type thermocouple was used with 0.75% 
uncertainty. The measurement uncertainties of the flue gas analyzer modules are summarized 
in Table 1. Note that the total hydrocarbon (THC) concentration was measured since it showed 
earlier dependence on both the atomizing medium and the fuel without the flame tube [14]. 
However, the measured THC concentration was about 1 ppm which is negligible. The most 
remarkable component was the nitrogen oxides (NOX) while 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 ppm 1 ppm �“�������S�S�P��(0�±199 ppm) 

NOX Testo 350 0-4000 ppm 1 ppm 
�“��5 ppm (0�±99 ppm) 
�“��5% (100�±1999 ppm) 

THC Horiba 
MEXA-8120F 

0-100 ppm 0.1 ppm �“�������� ppm 

O2 Testo 350 0-25% 0.01% �“���������� 

Figure 3 shows the atomizing system which was capable of performing both airblast and 
steamblast atomization. For the former, the high-pressure air network of the laboratory was 
used and controlled by a pressure regulator. However, the steam was produced locally, heating 
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�W�K�H�� �V�W�H�D�P�� �X�S�� �W�R�� �������� �ƒ�&�� �D�W�� �W�K�H�� �R�X�W�O�H�W�� �E�\�� �W�Z�R�� �3�,�'�� �F�R�Q�W�U�R�O�O�H�G�� �K�H�D�W�H�U�� �F�D�U�W�U�L�G�J�H�V����To avoid 
contaminations in the small-sized nozzle, distilled water was used. 

 
Fig. 3. The atomizing fluid system. 

Figure 4 shows the fuel system where the mass flow rate was measured by taking a 30-
second average of the consumption. The same methodology was used for measuring the steam 
flow rate. Since diesel oil has low enough viscosity and surface tension at room temperature, it 
could be directly delivered to the atomizer. However, the crude rapeseed oil, similar to other 
long-chained hydrocarbons, requires preheating to provide a fine spray. Here, a preheating 
�W�H�P�S�H�U�D�W�X�U�H�� �R�I�� �������� �ƒ�&�� �H�Q�V�X�U�H�G�� �K�R�P�R�J�H�Q�H�R�X�V�� �F�R�P�E�X�V�W�L�R�Q�� �D�W�� �W�K�H���L�Q�Y�H�V�W�L�J�D�W�H�G�� �������±1 bar 
atomizing gauge pressures [11]. Note that the role of the fuel mixer was to allow the startup 
process and the change to the room-temperature diesel oil. 

 
Fig. 4. The fuel supply system. 

The combustion power was 15 kW which remained constant during the tests. The air-to-
fuel equivalence ratio was 1.17 or 3% O2. In parallel to the measurements above, photos of the 
flame tube were also taken to estimate the combustion intensity and the flame shape. Under 
such a configuration, V-shaped and U-shaped flames were observed, in accordance with the 
literature [15]. 
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3 RESULTS AND DISCUSSION 

Operation at 3% O2 is highly efficient, one can expect low THC and CO while high NOX 
emission. As for the THC concentration, it was mentioned earlier that this pollutant was 
measured but found to be negligible in all setups. However, the NOX emission was remarkable; 
the lowest concentration was 76 ppm at high atomizing pressures and steamblast atomization 
while airblast atomization and low atomizing pressures resulted in over 300 ppm, shown in Fig. 
5. It is known that the addition of steam is favorable form emission point of view through the 
higher heat capacity of steam compared to the air which leads to a lower adiabatic flame 
temperature. Moreover, the NOX concentration increases exponentially with the flame 
temperature [16,17]. In the present case, the addition of 0.2 g/s (at 0.4 bar atomizing pressure) 
to 0.35 g/s (at 1 bar atomizing pressure) steam flow rate resulted in more than halved NOX 
emission as the adiabatic flame temperature reduced by ~100�±���������ƒ�&���L�Q���W�K�H���L�Q�Y�H�V�W�L�J�D�W�H�G���U�H�J�Lme 
[18]. In addition to the increased steam flow rate, the higher atomizing pressure also leads to a 
finer spray, therefore, the more homogeneous combustion also facilitate the cleaner operation. 

 

Fig. 5. NOX emission. 

The CO concentration remained low during all the setups, shown in Fig. 6, compared to 
the actual and the upcoming Hungarian decrees [8]. However, it is clear that the steam addition 
also affects this emission favorably through the dissociation of the H2O. The resulting OH 
radicals have a short life since they aggressively reduce the fuel molecules and the intermittent 
species of combustion. Due to the larger molecules and slower evaporation and mixing with the 
combustion air [19], the rapeseed oil flame is less even at small scales which lead to slightly 
elevated NOX and CO emissions at all setups compared to diesel oil combustion. 

 

Fig. 6. CO emission. 
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Figure 7 shows the images taken during the measurements. The 0.4 bar atomizing 
pressure reduces the swirl number of the burner in a notably lower extent compared to 1 bar 
[11]. Therefore, U-shaped flames are characterizing these former setups while at higher 
atomizing pressure, V-shaped flames were observed. The rapeseed oil showed higher 
luminosity in the case of airblast atomization probably due to the longer autoignition time while 
the more volatile diesel oil resulted in a more concentrated flame at steamblast atomization. It 
is clear that the combustion at 1 bar atomizing pressure is characterized by lower flame tube 
luminosity which suggests lower local flame temperatures which lead to less NOX formation, 
shown in Fig. 5. 

          
Fig. 7. Flame tube images at f = 2.8 and 1/500 s shutter speed. The setups are diesel (d) and rapeseed 

oil (r) combustion with air (a) and steamblast (s) atomization. Left four images: 0.4 bar atomizing 
pressure, d-a, r-a, d-s, r-s. Right group: 1 bar atomizing pressure and the same sequence. 

The measured flue gas temperature is shown in Fig. 8. Note that the coated thermocouple 
was inserted into the flue gas probe, therefore, the temperatures might be slightly biased in few 
ways. However, the trends and their relation allow us to draw conclusions. Probably the higher 
autoignition time showed higher flue gas temperature in the case of rapeseed oil combustion 
which answers the higher NOX emission in a more quantitative way than Fig. 7. The elevated 
atomizing pressure does not affect significantly the flue gas temperature relatively which leads 
to the conclusion that the higher atomizing pressures lead to lower NOX formation due to the 
finer atomization and better mixing with the combustion air prior the flame front. 

 

Fig. 8. Measured flue gas temperature. 
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4 CONCLUSIONS 

The present paper analyzed and compared the combustion of crude rapeseed oil in a 
closed environment. The reference fuel was diesel oil, and the atomizing media were air and 
steam in the range of 0.4�±1 bar gauge pressures. Pollutant emission analysis and temperature 
measurements were performed and discussed with the following conclusions: 

�x Rapeseed oil combustion results in a slightly higher NOX and CO emissions compared 
to diesel oil combustion. 

�x The NOX emission decreases with the increasing atomizing pressure. 
�x NOX and CO emissions both reduce when the fuel is atomized by steam, the NOX 

concentration at least halves. 
�x The THC concentration was also measured but was found to be negligible in all cases. 
�x U and V-shaped flames were observed, depending on the swirl strength. 
�x Steamblast atomization lowers the flame temperature, hence, the NOX concentration. 

Moreover, the nearly constant flue gas temperature profiles versus the atomizing 
pressure reveal that principally the finer spray leads to the reduced NOX concentration. 
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ABSORPTION COOLING IN CONCENTRATING SOLAR POWER 
PLANTS 

�0�D�U�W�L�Q���-�i�Q�R�V���0�D�\�H�U 
1 Department of Energy Engineering, Budapest University of Technology and 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 for indirect solar electricity production, 
where the solar radiation is converted into heat which is used for power production by a 
conventional thermodynamic cycle. The complexity of a CSP plant results in a higher levelized 
cost of electricity (LCOE) production compared to the simpler and more widespread 
photovoltaic (PV) systems, which convert the radiation directly into electricity [1]. In the other 
hand, the maximum electric power of a PV system depends on the solar irradiance, which 
results in a fluctuating and non-dispatchable power output in case of systems without expensive 
battery storage.  In CSP plants the intermediate heat production enables the installation of a 
relatively low-cost thermal energy storage (TES), which makes these plants dispatchable, 
increases their availability, capacity factor and profitability [2]. The storage capability of CSP 
plants can be the main advantage of this technology in energy systems with high penetration of 
renewable energy sources [3]. 

The typical Rankine power block used in CSP plants opens the possibility of producing 
multiple products in the power plants, e.g. combined heat and power generation, in order to 
increase their revenues and reduce their long payback time. However, most of the heat is 
produced during the summer periods with high irradiance and typically low heat demand, which 
is hindering the profitable sale of the produced heat. This drawback can be overcome by using 
the heat for absorption cooling or seawater desalination, where the heat demand coincides with 
the production. This paper presents an assessment of combined electric and cooling power 
production in CSP plants. The solar cooling is an active field of research, but the most papers 
deal with systems where the absorption chiller is driven by heat produced directly by solar 
collectors [4][5][6]. Utilizing the heat produced by a backpressure turbine of a CSP plant for 
absorption cooling is novel research area. 

CSP plants are typically classified based on the solar field, the two most important types, 
the parabolic trough and solar tower systems, are both examined in this study. CSP plants using 
parabolic trough collectors are the more widespread and mature technology, although solar 
towers have a higher share among the plants announced and under construction due to their 
higher temperature levels and therefore higher efficiency. Both plant types are equipped with a 
Rankine cycle for power generation, therefore a similar backpressure turbine can be used for 
combined heat and power production in both cases. An absorption chiller with water/NH3 
working fluids is chosen for cooling power production due to its higher flexibility, since the 
other widespread chiller type using LiBr/water working fluids can only operate above 0 �ƒ�&��
constrained by the freezing of the water refrigerant [7]. Nowadays vapour compression 
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refrigerators are the most widely used for cooling purposes, therefore this technology was 
chosen as a reference for the evaluations. The aim of this study (represented in Fig.1.) is to 
examine the extent of energy saving while using an absorption chiller driven by the heat of a 
CSP plant instead a common compression chiller under different conditions. 

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

2 METHODOLOGY 

The analysis and comparison of the above presented systems are performed based on the 
results of model based computer simulations using the MATLAB software tool. The inputs of 
the model are the date, solar irradiance and ambient temperature, since these are the factors 
mostly influencing the operation of the CSP plants. The most important output data are the 
electric and cooling power output, but many other characteristics of the facility, like the 
efficiencies of the components, can also be calculated. The mathematical models created for all 
main components are presented in the following sections. 

2.1 Solar field model 

The solar field model describes the conversion of solar radiation into thermal power. In 
the first step the position of the sun is calculated based the date, time and geographic location 
using general astronomical relationships [8]. The solar field of a parabolic trough CSP plant 
consist of many parabolic trough collectors in a modular layout, therefore the same properties 
apply for all collectors. The incidence angle of the radiation is determined by the position of 
the sun and the alignment of the collectors considering a one-axis tracking, and it is used to 
calculate the cosine efficiency, the incidence angle modifier, the shading and the end loss factor. 
In contrast, every heliostat in the solar field of a solar tower CSP plant has a different orientation 
in order to reflect the radiation to the central receiver, therefore the incidence angle has to be 
individually calculated for each heliostat. In order to reduce the computation requirements, a 
cellwise method is adapted, where the solar field is divided into concentric cells and the 
heliostat orientation and incidence angle are determined for only one representative heliostat in 
each cell [9]. The incidence angle is only used for the cosine efficiency calculation, the shading 
and blocking losses are taken into account with a yearly average loss factor. All these geometric 
relations are summarized in the solar effectiveness, which is the ratio of the collected to the 
total irradiance. 

In the second step, the optical and heat losses are described in order calculate the collector 
efficiency, the ratio of the produced thermal power to the collected irradiance. The optical losses 
are caused by the non-ideal optical parameters of the mirrors and the receiver, they are 
proportional to the irradiance and therefore can be accounted with a constant optical efficiency. 
Another source of optical losses in solar tower power plants is the attenuation of the solar 
radiation, which depends on the distance between the heliostat and the tower, therefore the 
cellwise method is used for the calculation. The heat losses depend on the heat transfer fluid 
(HTF) and ambient temperatures, therefore their share is decreasing with increasing radiation. 
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The total heat loss of the parabolic trough collectors is determined using a differential equation 
due to the monotonic increase of the HTF temperature along the length of the receiver tube, 
where the collector efficiency, calculated by an empirical function of the irradiance and the 
temperature levels, is varying along the collector length. The receiver of a solar tower power 
plant has a roughly constant temperature, therefore a constant heat loss is considered. The 
produced thermal power is calculated by multiplying the direct normal irradiance (DNI) with 
the total mirror surface area, the solar effectiveness and the collector efficiency. 

2.2 Power block model 

Rankine cycle with single reheat is typically used as the power block in both parabolic 
trough and solar tower CSP plants, therefore the same model applies for both technologies. The 
schematic of the considered Rankine cycle can be seen in Fig.2. The model is based on 
fundamental thermodynamic and energy and mass balance equations. The state variables of the 
water working fluid are calculated by the FluidProp solver according to the IF97 standard. The 
losses of the turbines and pump are taken into account with internal efficiencies. The 
temperature profiles of heat exchangers are calculated according to the pinch point method with 
a minimal temperature difference between the two fluids. Wet cooling tower is considered for 
heat rejection, which is modelled by a constant temperature difference between the condenser 
and the ambient. Heat losses and pressure drops in pipes and apparatus are neglected. 

 
Fig.2. Schematic of the Rankine power block with single reheat 

The off-design model describes a sliding pressure part load operation, where the changing 
�S�U�H�V�V�X�U�H�� �O�H�Y�H�O�V�� �D�U�H�� �F�D�O�F�X�O�D�W�H�G�� �E�\�� �6�W�R�G�R�O�D�¶�V�� �F�R�Q�H�� �O�D�Z���� �7�K�H�� �G�H�W�H�U�L�R�U�D�W�L�R�Q�� �R�I�� �W�K�H�� �W�X�U�E�Lne and 
generator efficiency is considered by load-dependent empirical correction factors [10]. 

2.3 Thermal energy storage model 

Long-term thermal energy storage (TES) can be achieved in CSP plants by using direct 
or indirect two-tank molten salt storage. The storage size is described by hours, which reflects 
that how long the power plant can operate at nominal power only using a fully charged storage. 
The solar field is typically oversized in order to produce a heat surplus for the storage, which is 
reflected by the solar multiple (SM), the ratio of the thermal power of the solar field to the 
thermal power input of the power block under nominal conditions. Six operating state can be 
distinguished depending on the operation of the solar field, TES and power block, and the 
storage strategy describes that which state is used under the different conditions. The storage 
strategy implemented in the model is illustrated by Fig.3. According to this strategy, the heat 
produced by the solar field is primarily used in the power block, only the surplus is stored, and 
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the storage is instantly starting to discharge when the produced heat is less than the nominal 
input of the power block. This strategy ensures the maximal utilisation of the TES and the least 
amount of spilled heat. More sophisticated storage strategies are only beneficial under free 
market conditions with time-dependent electricity prices or when the power production must 
be aligned to the demand, therefore no other strategy is included in this study. 

 
Fig.3. Operation of the thermal energy storage with the implemented storage strategy 

2.4 Refrigeration model 

The schematic of the absorption and vapour compression refrigerators described by the 
models can be seen in Fig. 4. The refrigerant of the vapour compression chiller is ammonia and 
its state properties are calculated by the PRSV (Peng-Robinson-Stryjek-Vera) equation of state 
with the FluidProp solver. The heat exchangers are described by a minimal temperature 
difference and an internal efficiency is used for the compressor. The model calculates the 
electric coefficient of performance (COP) of the refrigerator, which is the ratio of the cooling 
power to the electric power input, and it is a function of the cooling and ambient temperatures. 

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

The absorption chiller is using ammonia as refrigerant and water as absorbent, the state 
properties of their mixture is calculated by the Peng-Robinson equation of state with the 
CHEMCAD software. The absorption chiller is characterised by two pressure and three 
temperature levels, as it is visible in Fig. 5. The reflux rate of the rectification column is chosen 
as the double of the minimum reflux rate necessary for the purification of NH3, which represents 
a rough trade-off between the installation and operation costs. The thermal COP of the chiller 
is the ratio of the cooling power to the heat input, and depends on all three temperatures. At 
fixed cooling and ambient temperatures there is a minimum heating temperature, and above this 
an optimal heating temperature can be found where the COP is maximum. This optimization is 
performed by the model to ensure the best performance of the absorption chiller. 
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Fig. 5. Temperature-concentration diagram of the water/NH3 mixture in an absorption 

chiller 

3 SIMULATION RESULTS AND DISCUSSION 

The established mathematical models can be used for both design and performance 
estimation calculations. The aim of the design calculation is the sizing of the components of the 
power plant, e.g. the total mirror area necessary for a desired nominal power. The performance 
estimation applies for a specific power plant where all parameters calculated by the design 
calculation are fixed, and it describes the performance of the plant under common operating 
conditions. The meteorological parameters determining the operation of the plant are 
continuously changing with a yearly periodicity, therefore the performance of a CPS plant can 
only be reliably evaluated by calculations for a whole year instead of just the nominal or several 
part-load conditions. 

3.1 Design calculations 

Four CSP plants were designed with nameplate capacities of 50 MWe, one plant without 
storage and one with thermal energy storage of both parabolic trough and solar tower power 
plants. The chosen plant site is near Seville, Spain at the geographic coordinates of ���������ƒ N, 
�������ƒ W. The design time is solar noon at the day of summer solstice and the design conditions 
are 1000 W/m2 DNI and 25 �ƒ�&���D�P�E�L�H�Q�W���W�H�P�S�H�U�D�W�X�U�H�� The power plants without storage have a 
solar multiple of 1, while the plants with TES have an SM = 3 and the storage size was 
calculated by annual simulations. For a maximum 2.5% heat spillage ratio the TES sizes are 12 
and 10 hours for parabolic trough and solar tower power plants, respectively. The SEGS LS-2 
collector was chosen as the parabolic trough collector in an optimal north-south alignment [11]. 
The heliostat field has a central layout since it results in a more even energy production during 
the day. The most important design parameters are listed in the Table 2. 

The results of the design calculations show that the solar tower type CSP plants have a 
higher efficiency due to the higher heat production temperature. In the other hand, parabolic 
trough power plants are modular and therefore their efficiency do not depend on the size of the 
power plant. In solar tower power plants, the efficiency of the heliostat field is decreasing with 
increasing size, since the heliostat farther from the tower are less efficient than the closer ones 
due to the less favourable incidence angle and the attenuation of the radiation. 
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Table 2. Main design parameters of the CSP plants with 50 MW nominal power 

Concentrating solar power plant type 
Solar 

multiple 

Solar 
field 

thermal 
power 

Total 
mirror 

aperture 
area 

Total 
occupied 
land area 

Power 
block 

efficiency 

Heat 
production 
efficiency 

Total 
electric 

efficiency 

- MWth 103 m2 km2 % % % 

Parabolic trough system 
1 147.66 241.2 0.8 33.86 61.22 20.73 
3 442.97 723.5 2.3 33.86 61.22 20.73 

Solar tower system 
1 128.65 208.2 0.5 38.87 61.79 24.02 
3 385.96 708.1 3.0 38.87 54.51 21.18 

3.2 Annual performance estimations 

The annual performance estimation simulations are based on meteorological databases. 
The Meteonorm 6.1 was used in this study, which contains irradiance and temperature data for 
every 8760 hours of a typical year. The simulation calculates the annual average efficiency and 
the capacity factor, which are the two most important criteria for comparison of CSP plants. 
The annual efficiency shows that which proportion of the total available solar radiation is 
transformed into electricity, while the capacity factor expresses the total amount of the 
generated energy. Two locations were chosen for the simulation in order examine the 
differences due to the different meteorological characteristics. Seville, Spain was chosen as the 
first location since almost the half of the total installed CSP capacity of the world is operating 
in this area. The other location is Debrecen, Hungary, whose typical Central European climate 
is less favourable for CSP plants. The simulation results for 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 

Solar power plant type and thermal energy 
storage size 

Seville, Spain Debrecen, Hungary 
Annual 
electric 

efficiency 

Capacity 
factor 

Annual 
electric 

efficiency 

Capacity 
factor 

% % % % 

Parabolic trough system 
No storage 12.98 13.56 11.40 9.09 
12 h storage 14.32 44.90 12.41 29.70 

Solar tower system 
No storage 15.05 13.58 13.88 8.93 
10 h storage 15.65 48.02 14.48 31.64 

 
According to the results the solar tower CSP plants are more efficient not only at nominal 

conditions, but also in a yearly average. In the other hand, the capacity factor, and therefore the 
total energy production is similar for both plant types. The thermal energy storage largely 
increases the capacity factor up to almost 50%, which is exceptional for solar power plants. 
Moreover, uniquely among all storage methods, the TES increases the average efficiency, since 
the storage enables the power block to operate at nominal power for a longer time during the 
year and to avoid the less efficient part load operation. In Hungary, all CSP plants would 
produce around 30% less energy than the same power plants produce in Spain due to the lower 
direct irradiation and the lower efficiency of the plants, which 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 compare the energy demand of the 
vapour compression and absorption cooling methods. The coefficient of performance (COP) is 
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used to describe the power usage of the cooling, but since the compression chillers use electric 
power and the absorption chillers use thermal power for cooling their COP is not directly 
comparable. In the system analysed in this study, the heat is produced by a backpressure turbine 
of a CSP plant, where, following an alternative cost approach, the cost of the heat production 
is the loss of electric power output. A specific electricity loss factor (yloss) can be calculated 
by dividing the decrease of electric power due to the cogeneration compared to the condensing 
mode by the produced thermal power. Its value depends on the type and parameters of the power 
block and on the operating conditions. Using the specific electricity loss factor enables to 
calculate an equivalent electrical COP of absorption cooling according to the equation (1). 

  �%�1�2�Ô�Õ�æ�â�å�ã�ç�Ü�â�á�á�Ø�ä
L
�¼�È�É�Ì�Í�Þ�Ú�Ý�Û�ß�Ô�Ú�Ù�á�ß�Ó�Ð�Ý�Ø�Ì�×

�ì �×�Ú�Þ�Þ
 (1) 

The equivalent COP depends on the heat source, i.e. the power plant in this case, therefore 
the following results cannot be generalized for the absorption cooling itself, but they apply for 
the absorption chillers with the presented CSP plants. The COP of the compression chillers and 
the equivalent COP of an absorption chiller driven by the heat of a solar tower CSP plant for 
different ambient and cooling temperatures can be seen in Fig. 6. These values apply for the 
nominal condition of the CSP plant, and the heating temperature of the absorption chiller is 
optimized by considering both the chiller and the power block to ensure the highest equivalent 
COP. The results show that the absorption cooling performs better for lower ambient and higher 
cooling temperatures, but its advantage decreases, and the compression cooling becomes more 
beneficial as the difference of these temperatures increases. 

 
Fig. 6. Equivalent COP of absorption and compression chillers at different 

temperatures 
Annual simulation was also performed to take into account the different operating 

conditions and ambient temperatures. The same amount and temporal distribution of cooling 
power production is considered for both chillers, which is determined by the meteorological 
conditions and the system operation. The annual average COP of the two cooling technologies 
for all examined locations and power plants and a cooling temperature of -10 �ƒ�&�� �D�U�H��
summarized in Table 4. 
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Table 4. Annual average (equivalent) COP of absorption and compression cooling in 
case of -10 �ƒ�&���F�R�R�O�L�Q�J���W�H�P�S�H�U�D�W�X�U�H 

Solar power plant type and thermal energy 
storage size 

Seville, Spain Debrecen, Hungary 
�%�1�2
$
$
$
$
$
$absorptio

n,eq 
�%�1�2
$
$
$
$
$
$compres

sion 
�%�1�2
$
$
$
$
$
$absorptio

n,eq 
�%�1�2
$
$
$
$
$
$compres

sion 
1 1 1 1 

Parabolic trough system 
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% lower in Spain and 32-38% lower 

in Hungary than the energy demand of compression cooling. The better performance in 
Hungary is a consequence of the lower average ambient temperature, which results in higher 
COP in general and also in a bigger difference between the technologies according to Fig. 6. 
The COP is higher for power plants with storage, since these plants also operate in the evening 
and night when the ambient temperature is lower, therefore this difference is not significant in 
practice. The simulation was also performed for different cooling temperatures; at 0 �ƒ�&�� �W�K�H��
absorption cooling has an even bigger advantage, while at -20 �ƒ�&���W�K�H���G�L�I�I�H�U�H�Q�F�H���D�O�P�R�V�W���W�R�W�D�O�O�\��
diminishes. 

The lower energy demand is only a necessary, but not sufficient condition of the 
profitability of the absorption cooling. The absorption chillers have a higher installat ion cost 
than the compression ones, especially if we consider a necessary backup due to the solar 
dependent availability of the CSP plants. These additional installation costs are hard to estimate 
in general; therefore no quantified payback calculations are presented in this article due to their 
unacceptable inaccuracies. The annual cost savings of the absorption cooling are proportional 
to the capacity factor of the absorption chiller, which is strongly correlated with the capacity 
factor of the CSP plant. The higher capacity factor also implies a better availability and thus a 
less need for backup capacity and slightly lower installation costs. As a result, the absorption 
chillers have a considerably better economic return in a CSP plant with TES than in a plant 
without storage. 

4 CONCLUSION 

An assessment of absorption cooling driven by the combined heat production of a CSP 
plant is presented in this study. Model based annual performance simulations are used to 
reliably evaluate the technologies under the changing meteorological conditions. The 
simulation results have shown that the thermal energy storage is beneficial for both parabolic 
trough and solar tower power plants, since it not only increases the capacity factor of the plants 
but also their efficiency. The absorption chillers can overperform the compression chillers in 
the aspect of energy demand, especially in the moderately low cooling temperature range, like 
-10 �ƒ�&�� �W�R�� �� �ƒ�&�� �R�U�� �K�L�J�K�H�U���� �7�K�H�� �H�F�R�Q�R�P�L�F�� �Y�L�D�E�L�O�L�W�\�� �R�I�� �W�K�H�� �D�E�V�R�U�S�W�L�R�Q�� �F�R�R�O�L�Q�J�� �G�H�S�H�Q�G�V�� �R�Q�� �W�K�H��
installation cost and the annual cost savings, which can be easily estimated by the presented 
models and methodology for any practical projects. TES is also beneficial for the financial 
return of the absorption chillers, since the higher capacity factor of the plant increases the 
utilization of the chiller and the cost savings. The simulations were performed for two different 
locations, which revealed that Hungary is generally less favourable than Spain for CSP plants, 
as any of the examined CSP plants would produce around 30% less energy in 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
quantity. 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

_x = x(a � by); _y = y(� c+ dx): (1)

Herex is the number of preys, andy is 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) + cln(x): (2)

This quantity is concave, but it is not a Hamiltonian function of the dynamics, because
the related Hamilton equations are

_x = @yH = � b+
a
y

; _y = � @xH = d �
c
x

: (3)

Herex plays a role of a coordinate andy the 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 byxy:

_x = xy@yH = x(� by+ a); _y = � xy@xH = y(dx � c): (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 isa = 3; b= 2; c = 2; d = 1 and initial conditions
x(0) = 1 :0; y(0) = 0 :5. The equilibria are(xe1 = 0; ye1 = 0) and(xe2 = 2:0; ye2 = 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 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 parametersa = 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 (x; y); _y = g(x; y): (5)

The derivative of a scalar function,L(x; y) – a Ljapunov or Hamiltonian candidate – along
the differential equation (5) becomes

_L = DL � (f; g ) = @xLf + @yLg (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 assuming thatf andg depend
on@xL(x; y) and@yL(x; y):

�
_x
_y

�
=

�
f
g

�
=

�
l1 l12

l21 l2

� �
@xL
@yL

�
; (7)

where the symmetric part of the matrix of coef�cientsl ij =
�
l1 l12==l21 l2

�
is positive de�nite.

Then, if the gradient generator functionL is 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 assume thatx andy are
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

_L th = @xL th f + @yL th g � 0 (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 they are@xL th and@yL th

(see table 1).

Variable 1 Variable 2

Force @xL th @yL th

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 dependent,l ij = l ij (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 ij 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 functionL th = � HLV . Then it is reasonable to decomposeL into symmetric
and antisymmetric parts introducinglA = ( l12 � l21)=2 andlS = ( l12 + l21)=2:

_x = � l1(x; y)@xH � l12(x; y)@yH = lA (x; y)@yH � l1(x; y)@xH � lS(x; y)@yH;

_y = � l21(x; y)@xH � l2(x; y)@yH = � lA (x; y)@xH � lS(x; y)@xH � l2(x; y)@yH: (9)

Substituting (2) with the state variable dependence of the coef�cientsl1(x; y) = l̂1x2,
lS(x; y) = l̂Sxy, lA (x; y) = l̂A xy andl2(x; y) = l̂2y2 one obtains that

_x = x(A � By) � Ex 2;

_y = y(� C + Dx ) � Fy2; (10)
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where A = l̂1c +
�

l̂S � l̂A
�

a; B =
�

l̂S � l̂A
�

b; C = � l̂2a �
�

l̂S � l̂A
�

c; D =

�
�

l̂S � l̂A
�

d; E = l̂1d; F = l̂2b. 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.
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Figure 2: Dissipative LV, with classical parametersA = 3; B = 2; C = 2; D = 1 and dissipative
extensionE = 0:02; F = 0:04The relevant equilibrium is a focus. Left: the time evolution of
the variables, right: phase space.

3.1 Limit cycles

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�cientsl1(x; y) and l2 as l1(x; y) = l̂1(x; y)[H0 � H (x; y)] and
l2 = l̂2(x; y)[H0 � H (x; y)]. Therefore a dissipative dynamics with limit cycle becomes

_x = lA (x; y)@yH � l̂1(x; y)[H0 � H (x; y)]@xH � lS(x; y)@yH;

_y = � lA (x; y)@xH � lS(x; y)@xH � l̂2(x; y)[H0 � H (x; y)]@yH: (11)

This modi�cation will stabilize thef (x; y)jH0 = H (x; y)g set. The proof is easy, either
by linearisation or by direct nonlinear reasoning.

Substituting here (2) and the dissipative coef�cientsl ij with the state variable dependence
l1(x; y) = l̂1x2y, lS(x; y) = l̂Sxy, lA (x; y) = l̂A xy andl2(x; y) = l̂2xy2, the above equations can
be written in the form

_x = x(A � By) + l̂1xy[H0 � H (x; y)]( � c+ dx);

_y = y(� C + Dx ) + l̂2xy[H0 � H (x; y)](a � bx); (12)

whereA = ( l̂A � l̂S)a; B = ( l̂A � l̂S)b; C = ( l̂A + l̂S)c andD = ( l̂A + l̂S)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 choosel1(x; y) = l̂1x andl2(x; y) = l̂2y, 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 value,H0,
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Figure 3: Limit cycle LV, with classical parametersA = a = 3; B = b= 2; C = c= 2; D = d =
1 and dissipative extensionl1 = l2 = 0:05; the asymptotic gradient generator is set toH0 = � 5
and its initial value isH i = � 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 parametersA = a = 3; B = b= 2; C = c= 2; D = d =
1 and dissipative extensionl1 = l2 = 0:1; the asymptotic gradient generator is set toH0 = � 3
and its initial value isH i = � 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 value,H i and on Figure 4 it is smaller. In the
second case we have increased the dissipation inl2 also 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 ideas,H being 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 energy,E. The difference of the total and mechanical energies
is the internal energy,U = 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:
dS
dU = 1

T . Then, the internal variable dependent form of the entropy is the functionŜ(E; x; y) =

116



13th International Conference on HEAT ENGINES AND ENVIRONMENTAL PROTECTION� 25-27 May 2017, Hungary

S(E � H (x; y)) with the following partial derivatives:

@̂S
@E

=
1
T

;
@̂S
@x

= �
1
T

@H
@x

;
@̂S
@y

= �
1
T

@H
@y

: (13)

This functional dependence can be expressed also in the form of differentials, as it is customary
in thermodynamic literature:

dE = T dŜ + @xH dx + @yH dy: (14)

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

The internal energy dependence of the entropy is the usual one: dU = TdS. Let us assume
also the simplest possible caloric equation of state,U = cT, c being a constant heat capacity.
That implies a logarithmic entropy function,Ŝ(E � H ) = cln(E � H ) + S0, with an auxiliary
constantS0, and the heat capacityc > 0 for thermodynamic stability.

In order to consider energy exchange with an environment, one assumes that the sum of
the total body energyE and the energy of the environmentEe is conserved:

E + Ee = E0 = constant: (15)

The environment has a constant temperature,T0 = constant, therefore its entropy is sim-
ply Se(Ee) = Ee

T0
.

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; x; y); _x = f (E; x; y); _y = g(E; x; y): (16)

Here, the ”heat”Q and also the functionsf 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

_̂S(E; x; y) + _Se(Ee) =
�

1
T

�
1
T0

�
Q �

_H
T0

� 0: (17)

We may look for a solution by multiplying this inequality byTT0 and obtain

TT0
_̂S(E; x; y) + TT0

_Se(Ee) = ( T0 � T) Q � T@xHf � T@yHg � 0: (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 formQ = � � (T � T0). The thermodynamic forces and
�uxes are

Thermal Internal 1 Internal 2

Force T0 � T T@xH T@yH
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

0

@
Q
f
g

1

A =

0

@
� 0 0
0 l1 l12

0 l21 l2

1

A

0

@
T0 � T
T@xH
T@yH

1

A (19)

where the coef�cient matrix is positive de�nite, that is� > 0, l1 > 0, l2 > 0 andl1l2 � (l12 +
l21)=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), introducinglA = ( l12 � l21)=2 andlS = ( l12 + l21)=2. Then
substituting into the differential equation one obtains

_E = � � (T � T0) + @xH _x + @yH _y;

_x = lA T@yH � l1T@xH � lST@yH;

_y = lA T@xH � lST@xH � l2T@yH: (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 environmentŜ(E; x; y) + Se(Ee).
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 capacityc is positive and the HamiltonianH (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 reservoir,T0 = 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 proportional byxy: l1 = l̂1xy, l2 = l̂2xy,
a = âxy, andl = l̂xy . Moreover, in order to obtain the classical dynamics in the nondissipa-
tive limit one need to introduce temperature independent antisymmetric coupling, by�a = â=T.
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 � T0) + _H (x; y);

_x = x(a � by) + xyT(l1@xH + l@yH );

_y = y(� c+ dx) + xyT(l@xH + l2@yH ): (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
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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 extensionl1 = l2 = 0:02;l = 0. The thermal
relaxation coef�cient� = 0:2. The environmental temperatureT0 = 0 and the initial total body
energy isE0 = � 2. Left: the time evolution of the variables, right: phase space.

Temperature

Total energy    

Hamiltonian

5 10 15 20
t

- 4

- 3

- 2

- 1

0

1

2

3
T,E,H

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 extensionl1 = :01;l2 = 0:1;l = 0. The thermal
relaxation coef�cient� = 0:05. The environmental temperatureT0 = 0 and the initial body
energy isE0 = � 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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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 extensionl1 = 0:01;l2 = 0:1;l = 0. The thermal
relaxation coef�cient� = 0:5. The environmental temperatureT0 = 0 and the initial conditions
arex(0) = 1 :5, y(0) = 1 :5 andE(0) = � 4:5. Left: the time evolution of the variables, right:
phase space.
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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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[10] J. Mócźar and Ḿarkus F. An economic application of the lie symmetries).Alkalmazott
Matematikai Lapok, 28:77–93, 2011. in Hungarian.

[11] Xiaohua Zhao and Jigui Luo. Classi�cation and dynamics of stably dissipative lotka–
volterra systems.International Journal of Non-Linear Mechanics, 45(6):603–607, 2010.

[12] Pedro Duarte, Rui L Fernandes, and Waldyr M Oliva. Dynamics of the attractor in the
lotka–volterra equations.Journal of differential equations, 149(1):143–189, 1998.

[13] Paul A Samuelson. Gibbs in economics. In D.G. Caldi and G.d. Mostow, editors,Pro-
ceedings of the Gibbs Symposium, pages 255–267, Yale University, 1989. AMS and AIoP.

[14] G. Lebon, D. Jou, and J. Casas-Vázquez.Understanding non-equilibrium thermodynam-
ics. Springer, 2008.

[15] T. Matolcsi. Dynamical laws in thermodynamics.Physics Essays, 5(3):320–327, 1992.

[16] P. Ván. Other Dynamic Laws in thermodynamics.Physics Essays, 8(4):457–465, 1995.

[17] T. Matolcsi.Ordinary thermodynamics. Akad́emiai Kiad́o (Publishing House of the Hun-
garian Academy of Sciences), Budapest, 2005.
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MODELING NATURAL GAS FLOW BEHAVIORS IN 
UNCONVENTIONAL, UHPHT RESERVOIRS WITH NANOPOROUS 

MEDIA 

Patrik Pusztai1, Anita Jobbik 1 
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Abstract: Conventional continuum-flow equations, such as the well-�N�Q�R�Z�Q���'�D�U�F�\�¶�V���O�D�Z�����J�U�H�D�W�O�\��
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 
�+�X�Q�J�D�U�L�D�Q���U�H�V�H�U�Y�R�L�U���X�Q�G�H�U���H�[�W�U�H�P�H���S�U�H�V�V�X�U�H���D�Q�G���W�H�P�S�H�U�D�W�X�U�H�����R�Y�H�U�������������E�D�U���D�Q�G�����������ƒ�&�������$�V��
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 quantity of fossil fuels are forced the 
present engineers to find alternative solutions. This phenomenon is valid in case of 
hydrocarbons too, where the role of unconventional reservoirs is getting more significant at 
recent times. Natural gas production from these types of reservoirs has been developed 
remarkably in the past few decades thanks to the technology advancement. 

These types of reservoirs (tight gas; shale gas) usually have pore size distribution in the 
range of micro- to nanometers and the reservoirs are placed in extreme conditions, which 
influence the equations describing the gas flow and the material balance equations. Appropriate 
description and modeling of these mechanisms are indispensable for economic exploitation of 
unconventional natural gas reservoirs. 

Several factors influence gas production from these unconventional formations, so the 
creation of an adequate material balance equation was necessary to describe pressure depletion 
and original gas in-place. Integration of this novel material balance equation with the different 
flow models results a calculation algorithm which enables to investigate the reservoir behavior 
during production. 

2 A NOVEL MATERIAL BAL ANCE 

The main concept in generating the material balance equation is simply a volumetric 
balance, which states that the algebraic sum of volume changes of gas in reservoir and the gas 
produced must be zero. The reservoir temperature is assumed to be constant. In this paper such 
material balance equation was necessary which deals with the fact of several different 
mechanisms. Because of the reservoir conditions a closed reservoir is assumed (in case of tight, 
compact reservoir this assumption is acceptable) where the gas expansion, formation water 
expansion and formation rock expansion are the basic mechanisms.  As a great deal of 
unconventional gas reservoirs are shale gas types dealing with adsorption is indispensable. Also 
because of the great pressures and temperatures the dissolution of natural gas in the connate 
formation water is necessary. Due to these phenomena the following connection is stated where 
the volumes are identified under reservoir conditions. 
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For the calculation of desorption two model were used: The Langmuir isotherm is a 
widespread calculation model to determine the adsorbed gas volume assuming a monolayer 
behavior and the BET isotherm is used for multilayer adsorption. Comparison of the two models 
is essential in this paper. 

To calculate the volume of dissolved natural gas in the formation water a correlation [1] 
was used which was created for methane solubility in a wide range of pressure and temperature. 

Expression of the terms in Eq.1 and simplification of them results, two complex, non-
linear equations, in case of Langmuir adsorption Eq.2 and in case of BET adsorption Eq.3. The 
solution of these equations was necessary to calculate the pressure drop in the reservoir during 
production, so the production rates could be predicted for a long term production of the natural 
gas bearing �I�R�U�P�D�W�L�R�Q���� �7�K�H�� �H�T�X�D�W�L�R�Q�V�� �F�R�X�O�G�� �E�H�� �V�R�O�Y�H�G�� �Q�X�P�H�U�L�F�D�O�O�\�� �E�\�� �W�K�H�� �X�V�H�� �R�I�� �1�H�Z�W�R�Q�¶�V��
method which is an iterative process. But there are some parameters in the equations that are 
also pressure dependent, these are the deviation factor, porosity, viscosity and the apparent 
permeability values. So the real depleted pressure values can be calculated by a double iteration 
process in an implicit way. The calculation algorithm is presented in Fig. 1. 
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Fig.1. Calculation algorithm for pressure depletion 

3 GAS FLOW MODELS 

The Darcy equation, which was derived from the Navier-Stokes equation based on 
continuum theory, has been used for more than 150 years to linearly relate fluid-flow rate and 
pressure gradient across a porous system. The linearity of the Darcy equation makes it easy and 
�S�U�D�F�W�L�F�D�O���W�R���X�V�H���L�Q���U�H�V�H�U�Y�R�L�U���H�Q�J�L�Q�H�H�U�L�Q�J���D�Q�D�O�\�V�L�V���D�Q�G���Q�X�P�H�U�L�F�D�O���U�H�V�H�U�Y�R�L�U���V�L�P�X�O�D�W�L�R�Q�V�����'�D�U�F�\�¶�V��
equation correctly models the flow behavior at macrometrical and micrometrical scale where 
the main forces interacting are viscous. However, physics of fluid flow in shale and tight 
reservoirs cannot be predicted from standard flow or mass transfer models because of the 
presence of nanopores, ranging in size from one to hundreds of nanometers. Conventional 
�F�R�Q�W�L�Q�X�X�P�� �I�O�R�Z�� �H�T�X�D�W�L�R�Q�V���� �V�X�F�K�� �D�V�� �'�D�U�F�\�¶�V�� �O�D�Z���� �J�U�H�D�W�O�\�� �X�Q�G�H�U�H�V�W�L�P�D�W�H�� �W�K�H�� �I�O�R�Z�� �U�D�W�H�� �Z�K�H�Q��
applied to nanopore-bearing reservoirs [2]. 

This phenomenon can be described by the fact that with decreasing pore sizes the 
interacting forces between the pore walls and gas molecules are getting more significant than 
�E�H�W�Z�H�H�Q�� �J�D�V�� �P�R�O�H�F�X�O�H�V�� ���Z�K�L�F�K�� �L�V�� �W�\�S�L�F�D�O�� �L�Q�� �F�D�V�H�� �R�I�� �Y�L�V�F�R�X�V�� �'�D�U�F�\�¶�V�� �I�O�R�Z������ �$�V�� �W�K�L�V�� �H�I�I�H�F�W��
becomes more significant the flow will alter increasingly from �W�K�H���'�D�U�F�\�¶�V�� �I�O�R�Z�����$�O�V�R���D�V���W�K�H��
pore sizes are small enough (comparable to molecule size) the main driving force becomes the 
concentration difference (diffusion) instead of pressure difference. 

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

Table 1. Sample caption, should describe the table 
Knudsen number [-] Flow regime 
0 �± 10-3 Continuum/darcy flow (no-slip flow) 
10-3 �± 10-1 Slip flow 
10-1 - 101 Transitional flow 
101 - �’  Free molecular flow/Knudsen diffusion 
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Different flow models investigated in this paper are collected and presented in Fig. 2. All 
of them are expressed in an apparent permeability parameter divided by the absolute (or Darcy 
- constant) permeability. These apparent permeability values are functions of the pressure in all 
�P�R�G�H�O�V���� �7�K�L�V�� �L�V�� �G�L�I�I�H�U�H�Q�W�� �W�K�D�Q�� �W�K�H�� �'�D�U�F�\�¶�V�� �P�R�G�H�O�� �Z�K�H�U�H�� �D�� �F�R�Qstant value of permeability is 
determined. These models expressed in different forms as their applicability is usually 
acceptable in one or two flow regimes. The derivations of the different models are not detailed 
in this paper nor the apparent permeability equations of them (the corresponding literatures are 
listed in the references). Two types of flow regimes are investigated in this paper (in addition 
to the continuum regime). There are 6 types of models which deal with the slip flow regime and 
4 types which deal with mainly transitional regime. Also a model which uses individual 
equations in case of different regimes is presented. It has to be mentioned that most of the 
models which accounts for Knudsen diffusion (typical mechanism in transitional regime 
besides slip phenomenon) are also suggested in case of slip regime, except the NAP (non-
empirical analytical permeability) model which neglect the slip term. This is the reason why it 
cannot describe appropriately the flow in this regime (see in Fig. 2.). The models usually 
suggested to describe slip phenomenon are framed with green and models suggested in case of 
transitional regime are framed with red. 

 
Fig.2. Flow models 

4 RESULTS 

The investigated formation was at the depth 5470-5478,5 m and 43 core samples were 
derived the whole interval on which the measurements for most basic input data were performed 
by the Research Institute of Applied Earth Sciences at the University of Miskolc. 

During production calculation this thesis investigated a 5 years interval. Because the very 
small permeability values no high production rates were forecasted, which were proven by the 
calculations. The initial production rates, Qi and the cumulative gas productions, Gp for each 
models are presented in Table 4 for each models. Also, its deviation from the Darcy 
�S�H�U�P�H�D�E�L�O�L�W�\�¶�V���Y�D�O�X�H�V���L�V���H�[�D�P�L�Q�H�G���Z�L�W�K���S�H�U�F�H�Q�W�D�J�H�V���W�R���W�K�H���'�D�U�F�\���Y�D�O�X�H�V�����,�Q���F�D�V�H���R�I���7�D�E�O�H����. the 
BET isotherm was used during the calculation as it results the most realistic values. The 
pressure drop calculations were based on the algorithm presented earlier 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 
[m3/day] 

Deviation 
from 

Darcy [%] 

Gp [m3] Deviation 
from 

Darcy [%] 

H. Darcy, 1856 [3] 1 044,4 0,00 1 737 387 0,00 

L.J. Klinkenberg, 1941 [4] 1 048,9 0,43 1 744 522 0,41 

F.O. Jones and W.W. Owen, 1979 [5] 1 049,8 0,51 1 745 894 0,49 

K. Sampath and C.W. Keighin, 1981[6] 1 044,8 0,03 1 737 887 0,03 

J.G. Heid et al, 1950 [7] 1 051,2 0,65 1 748 135 0,62 

F. A. Florence et al, 2007 [8] 1 048,5 0,39 1 743 887 0,37 

F. Civan, 2010 [9] 1 048,4 0,38 1 743 606 0,36 

F. Javadpour, 2009 [10] 1 063,8 1,86 1 767 263 1,72 

P. Azom, F. Javadpour, 2012 [11] 1 063,8 1,85 1 767 235 1,72 

H. Darabi et al., 2012 (APF) [12] 1 065,2 1,98 1 769 437 1,84 

A. Sakhaee-Pour, S.L. Bryant, 2012 [13] 1 049,3 0,47 1 745 111 0,44 

H. Singh et al., 2014 (NAP) [14] 1 994,6 90,97 3 007 991 73,13 

The initial production rate values are so low that they make the formation impossible for 
economical production in case of through an open hole section. The necessity of an enhanced 
gas recovery treatment is evident. But the deviation from the Darcy production is higher in all 
cases (as it was presumed by the models). In case of NAP; APF; F. Javadpour, 2009 and  P. 
Azom and F. Javadpour, 2012 the models provide higher production rates than other ones. This 
result was presupposed in the general comparison chapter and proved by the calculations. This 
phenomenon can be elucidated by the fact that the reservoir is at the continuum �± no-slip 
boundary Fig. 2 so the necessity of Knudsen flow is not required and the validity of these 
models during this conditions are questionable. Also, the NAP model results very high 
production rates compared to the other models, which can be accounted for the fact that the 
model does not work properly in the Knudsen range of the reservoir. The other models are come 
with very similar results in case of initial gas rate and cumulative gas production. As the flow 
�W�\�S�H���R�I���W�K�H���U�H�V�H�U�Y�R�L�U���L�V���Y�H�U�\���F�O�R�V�H���W�R���W�K�H���F�R�Q�W�L�Q�X�X�P���I�O�R�Z���U�H�J�L�P�H���L�W���Z�D�V���H�[�S�H�F�W�H�G���W�K�D�W���W�K�H���'�D�U�F�\�¶�V��
flow calculations will result almost acceptable production values. This assumption was proven 
by the calculations. The reservoir pressure drop is not significant during the examined period 
because of the very low gas production rates. Fig. 3. shows the reservoir pressure depletion and 
�W�K�H���F�X�P�X�O�D�W�L�Y�H���J�D�V���S�U�R�G�X�F�W�L�R�Q���G�X�U�L�Q�J���W�K�H�������\�H�D�U�V���L�Q�W�H�U�Y�D�O���L�Q���F�D�V�H���R�I���.�O�L�Q�N�H�Q�E�H�U�J�¶�V���P�R�G�H�O�����)�R�X�U��
situations were investigated, namely when adsorption takes place in multilayer conditions 
(BET), when adsorption takes place in monolayer conditions (Langmuir), when no adsorption 
is present and when no adsorption and no solution in formation water is present. 
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Fig.3. Pressure depletion and cumulative gas production in case of L.J. Klinkenberg, 1941 model 

There are conspicuous differences between the different cases in Fig. 3. As it was detailed 
earlier in case of a model which account for multilayer adsorption and all of the possible 
mechanisms, which are presented in tight gas reservoir, the pressure depletion is not as 
significant as in case of other models. So the cumulative production prognosticated by the BET 
model with solution of methane is higher. It can be seen that the trends of the lines are linear in 
all cases which means this production time is not enough to the well to reach a near steady-state 
flow. 

5 CONCLUSION 

This thesis described the different unconventional gas reservoirs. Also, it described the 
different flows which come into prominence due to micro and nanopore regimes. Through the 
introduced flow equations and a new material balance equation a Hungarian formation was 
characterized. The material balance which involves the detailed role of adsorbed gas in the 
porous matrix provides reliable calculation of pressure depletion during production and original 
gas in place. 

The performed measurements on the core samples (performed by the Research Institute of 
Applied Earth Sciences of the University of Miskolc) provide the basic input parameters in the 
calculations. The reservoir is under extreme conditions so the different models had to be 
evaluated to get a wider understanding from the reservoir behavior. As the reservoir is in the 
slip flow regime the most reliable data are assumed to provide by the slip flow models. 

For the future investigation it could be essential to determine the role of connate water 
saturation of the reservoir as it reaches very high ratio this case. Also the comparison with 
production data from wells placed in similar conditions can provide wider knowledge from that 
�W�\�S�H���R�I���U�H�V�H�U�Y�R�L�U�V���Z�K�L�F�K���F�R�X�O�G���S�O�D�\���G�H�W�H�U�P�L�Q�L�Q�J���U�R�O�H���R�I���+�X�Q�J�D�U�\�¶�V���I�X�W�X�U�H���H�Q�H�U�J�H�W�L�F���T�X�H�V�W�L�R�Q�V�� 
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NANOFLUIDS 
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Abstract: In recent years, there has been an increasing interest in flow boiling heat transfer of 
nanofluids. However, this gives numerous chances to investigate new frontiers but also facing 
great challenges. This paper presents a review of recent studies in flow boiling heat transfer of 
nanofluids for the period��from 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 consumption makes the investigators to put their 
efforts on developing new saving energy strategies to overcome that increasing winning. One 
of the most important strategies is to increasing the efficiency of heat exchange systems by 
increasing cooling rate for the system. The traditional ways to enhance cooling rate is to 
increase heat transfer surface area but this approach need an undesirable increase in size of the 
heat exchange systems [1]. As well the poor thermal properties of the conventional fluids such 
as water, ethylene glycol (EG) and engine oil (EO) the cooling performance will be limiting. 
Thus, these fluids are not suitable to meet the cooling performance especially in high-tech 
industries. In the other hand, boiling heat transfer (BHT) is a very important phenomenon in 
heat transfer and used in variety of industrial divisions. The boiling heat transfer (BHT) is often 
measured in heat transfer coefficient (HTC). The upgrade in (HTC) is crucial to make boiling 
frameworks more vitality proficient to accomplish noteworthy lessening in vitality utilization 
and systemize also, the enhancement in critical heat flux (CHF) is most important to make 
boiling systems compact and safer to endure the operations under high heat fluxes. 

One of the most important passive methods to enhancement boiling heat transfer and 
critical heat flux is to using nanofluids instead of conventional fluids. Nanofluids are suspension 
that can obtain by dispersing nano-meter size particles in base fluids. Solid particles with high 
thermal conductivity are generally added as an additive to the conventional fluids to increase 
their thermal conductivity and then will enhance thermal performance of these systems. 
Nanofluids have attracted much attention recently because of their potential, as high 
performance heat transfer fluids in many applications [2]. A nanofluid, first reported by Choi 
[3] in 1995 at Argonne National Laboratory USA, it is a new class of fluids engineered by 
dispersing nanometer- size solid particles (1-100nm) in the base fluids. Nanofluid boiling began 
to draw research interest from 2003 and has become an important research area of nanofluids 
[4]. 

2 BOILING HEAT TRANSFER  

Boiling and two phase flow heat transfer is one of the most common phenomena in heat 
transfer process that are happen in many industrial applications. It is a phase change from liquid 
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to vapor also, boiling is a complex process and very efficient mode of heat transfer in heat 
exchange systems as well as cooling of high-tech application. Many researchers have been 
interested in topic of boiling heat transfer and many studies deal with enhancement of thermal 
performance during this phenomenon. When a liquid is in contact with a surface maintained at 
a temperature above the saturation temperature of the liquid, boiling will eventually occur at 
that liquid-solid interface. Conventionally, based on the relative bulk motion of the body of a 
liquid to the heating surface, the boiling is divided into two categories; pool boiling and 
convective flow boiling. Pool boiling is mode of boiling where the fluid is stationary in 
beginning with respect of heating surface and the relative motion of the vapor produced and the 
surrounding liquid near the heating surface is due primarily to the buoyancy effect of the vapor 
whilst��the convective flow boiling refer to boiling in a flowing stream of fluid while the heating 
surface may be the channel that containing the flow. Boiling and two-phase flow phenomena 
are generally utilized as a part of various industrial applications such as refrigeration, air-
conditioning, heat pumping system and cooling of high tech-application like electronics 
components [5]. 

3 RECENT LITERATURE IN BOILING OF NANOFLUIDS 

Boiling play a very vital role for some industrial application and technological areas such 
as energy production, for instance subcooled boiling heat transfer can provide huge heat transfer 
rate, and this can be befittingly engaged in the cooling of some components for fusion reactors. 
Furthermore, very compact heat exchangers can be manufactured with high heat transfer rate 
that obtained with boiling heat transfer. These improving will be useful for the cycle of power 
plants efficiency [6]. Critical or burnout heat flux (CHF) is the most important parameter in 
term of boiling heat transfer and is defined as a limited point in which phase change phenomena 
acts in a way that bubble can completely cover and overwhelm the heating surface.  

Designing and operating heat transfer equipment especially in high heat flux rate 
depending on CHF behavior.  To get more efficient cooling system for high heat flux system 
CHF should be prevented because in this condition, heat exchange coefficient begins to be 
degradation once again the higher��given heat fluxes, which can at last harm the surface, since 
heat can't be exchanged from the surface towards the bulk of coolant. Nanofluids are designated 
as a promising approach to improve the thermal efficiency of cooling systems and a divine 
being choice for CHF aversion purposes. Such Nano-suspensions have higher thermal 
conductivity in comparison with traditional fluids, so they can be used for high heat flux 
applications and as productive cooling working mediums [7].  

 
Fig.1. Publications by topic (boiling heat transfer of Nanofluids) since 2012 till present. Web of 

Science in 14/02/2017. 



13th International Conference on HEAT ENGINES AND ENVIRONMENTAL PROTECTION�‡������-27 May 2017, Hungary 

 
 

135 
 

Fig. 1 showing recent record that related with development of yearly research publication 
on topic boiling heat transfer of nanofluids. Our searching on Web of Science found about 293 
boiling heat transfer using nanofluids related publications have already appeared from 2012 till 
present��where it was highest percentage of publication about 24.232% of 293 in 2016. 

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

Flow boiling heat transfer refers to boiling in a flowing stream of fluid while the heating 
surface may be the channel that containing the flow. It is used in many industrial applications 
such as air conditioning, power plant components like boiler tubes, refrigeration, petroleum 
industry, nuclear reactor cooling and high-tech electronic component cooling. To make these 
applications more efficient in term of heat removal or cooling systems its necessary to enhance 
the flow boiling heat transfer process to obtain significant detraction of energy consumption. 
One of the most effective methods to improve the flow boiling heat transfer is to use solid 
particles in Nano scale with conventional cooling fluids, which offer energizing new 
conceivable outcomes to improve thermal exchange performance compared to host fluids but 
also these methods posses some challenges . Nanofluids are a new class of fluids and promising 
next-generation for those fluids especially with higher thermal condictivities and thermo 
properties than those for traditional fluids. 

The boiling heat transfer of nanofluids began to draw research interest from 2003 and has 
become a focus of researcher attention in nanofluid research activities. Most of the recent 
studies on boiling heat transfer deal with pool boiling and some with flow boiling heat transfer. 
Flow boiling heat transfer has more application in heat exchange systems than pool boiling and 
for that is reason should still be an essential research topic, and it has the potential to remarkably 
enhance heat transfer and thermal efficiency [8-10]. However, research studies on flow boiling 
of nanofluids started to draw attention only from 2007, and that is mean after pool boiling heat 
transfer. Researcher who interested with this topic found one related paper that published before 
2007 [8, 11]. In recent years, there has been an interesting with flow boiling heat transfer and 
some of published papers deal with most important parameters such HTC, CHF and pressure 
drop in tested channel. On other hand, bulk effects like thermal conductivity, viscosity and 
stability of nanofluids in this phenomenon also take in consideration. In this section, important 
results on the HTC and CHF of flow boiling are summarized in Table .2. Fig 2. Shows 
searching by topic flow boiling and nanofluid in engineering village 24/02/2017. 

 

 
 

Fig.2. Publications by topic (��flow boiling�� and ��Nanofluids��) since 2012 till present. On 
engineering village 14/02/2017. 
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Seung et.al [12] experimentally studied the critical heat flux enhancement in flow boiling 
of Al2O3 and SiC nanofluids under low pressure and low flow conditions, their experiment was 
performed in round tubes with an inner diameter of 0.01041 m and a length of 0.5 m under low 
pressure and low flow (LPLF) conditions at a fixed inlet temperature using water, 0.01 vol.% 
Al2O3/water nanofluid, and SiC/water nanofluid. They were found that the CHF of the 
nanofluids enhanced and the CHF of the SiC/water nanofluid was more enhanced than that of 
the Al2O3/water nanofluid. Also, as seen in Fig. 3, the contact angle in the inner surface of the 
test section after the CHF experiment �X�V�L�Q�J���W�K�H���6�L�&���Z�D�W�H�U���Q�D�Q�R�I�O�X�L�G�������������ƒ�����Z�D�V���V�P�D�O�O�H�U���W�K�D�Q 
�W�K�D�W�� �D�I�W�H�U�� �W�K�H�� �&�+�)�� �H�[�S�H�U�L�P�H�Q�W�� �Z�L�W�K�� �Z�D�W�H�U�� �����������ƒ���� �D�Q�G Al2O3/water nanofluid �����������ƒ���� �D�I�W�H�U��
�L�Q�M�H�F�W�L�Q�J�����������O���R�I water. These results demonstrated that the nanoparticle deposition increased 
the surface wettability. 

 

 
 Fig.3. Contact Angles of the Inner Surface of the Test Section after the CHF Experiments: (A) Water 

�����������ƒ��, (B) Al2O3/Water Nanofluid �����������ƒ��, and (C) SiC/Water Nanofluid (38.8�ƒ��[12]. 

E. Abedini et.al [13] investigated numerically using two phase mixture model the 
subcooled flow boiling of a nanofluid consisting of water and Al2O3. Their results observed 
that the convective heat transfer coefficient for a nanofluid in subcooled flow boiling is higher 
than that of the base fluid. Heat transfer coefficient increases with increasing of nanoparticles 
concentration. However, the effect of nanoparticle concentration on the heat transfer coefficient 
in the case of high inlet velocity is not significant. On the other hand, in subcooled flow boiling, 
decreasing the inlet mass flow rate can cause to decrease or increase the heat transfer coefficient 
which depends on the effect of forced convection and latent heat 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 facility and the annular test section is 780mm 
long and consists of an electrically heated rod and an outer borosilicate glass tube of 21.8mm 
inner diameter. The heater is 12.7mm diameter hollow stainless steel rod welded to solid copper 
rods at both ends. Experimental data shows that the heat transfer coefficient of 0.0001% ZnO-
water nanofluid and 0.1%��ZnO-water nanofluid. The Results indicated that heat transfer 
increases with increase heat flux for all concentrations of ZnO-water nanofluids due to 
increased energy gain by the nanoparticles. The increasing in heat transfer coefficient was 
significant at 0.1% volume concentration of nanoparticles because at higher concentration of 
nanoparticles (0.1%): 120% increased thermal conductivity of ZnO-water nanofluid, 1367% 
increased surface roughness of heater rod due to deposition of ZnO water nanofluid, the 
nanoparticles were deposited more on heater surface thereby increasing the surface area of 
heater rod and thus increasing the heat transfer by convection also due to increased Brownian 
motion, particle driven natural convection, and increased conduction between nanoparticles. 

 
Sarafraz et.al [15] conducted an experimental study on flow boiling heat transfer 

coefficients of deionized water and copper oxide water-based nanofluids at different operating 
conditions in an annular space. Their results demonstrated that with increasing the applied heat 
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flux, flow boiling heat transfer coefficient increase for DI-water and CuO-water nanofluid at 
forced convective and nucleate boiling regions. In addition to, by increasing the flow rate of 
fluids, the heat transfer coefficient dramatically increase at both regions. Also, results showed 
that the inlet temperature of fluids play a vital role on HTC especially in nucleate boiling region. 

 
Y. Wang et.al [16] investigated experimentally study of Al2O3/ water and AlN/ water 

nanofluids flow boiling heat transfer in a vertical tube under different pressures and the 
influence of heat flux and mass flow rate are also under consideration. Moreover, nanoparticle 
size and shape are observed by transmission electron microscope (TEM) to confirm that 
nanoparticle have not obviously changed before and after boiling. In their experiment, new 
correlation for nanofluid saturated flow boiling was presented with 300 experimental points. 
This correlation applies to both AlN/ water nanofluid and Al2O3/ water nanofluid (0.1�±0.5 
Vol.%). 

Table.2 Summarized HTC flow boiling of nanofluids from 2012 to present. 
 

Reference/ 

Years 

Operating 

conditions: D 

(mm)/L (mm)/G (kg 
m-2 s-1)/q (kW m-2)/ 

outlet p (kPa) 

Nanofluids; Concentration; 

nanoparticles diameter (nm) 

HTC results 

[17]/ 2012 10/ 1000/ 137-303/ 

50-102/ 101 

TiO2/water; 0.1-2.5 vol.%; 20 Deteriorated by increasing 

�3�� �L�Q�� �Y�H�U�W�L�F�D�O�� �D�Q�G�� �K�R�U�L�]�R�Q�W�D�O��
tubes 

[18, 8]/ 2012, 

2015 

0.143/ 7.5/ 171-401/ 

0-1000/ 101 

Al2O3/water; 0.2 wt.%; 40 17% enhancement  

[19, 20]/ 

2013 

5.94/ 1000/ 

2500/9000/ 101 

Al2O3, ZnO, diamond/water; �”��

0.1 vol.%; 30 

�(�Q�K�D�Q�F�H�G���Z�L�W�K���L�Q�F�U�H�D�V�H�G���3 

[21]/ 2014 Dh= 30/ 300/ 353-

1059 / 19/ 101 

Al2O3/ water; 0.5-1.5 vol.%; 

50 

Enhanced with increasing 

heat flux and mass flow rate 

and deteriorated in nucleate 

boiling region with 
�L�Q�F�U�H�D�V�L�Q�J���3 

[14]/ 2014 Dh= 9.1/ 780/ 400/ 0-

400/ 100-250 

ZnO/ water; 0.0001-0.1 

vol.%; < 100 (30-50) 

Increased  

[22]/ 2014 Dh= 30/ 140/353-

1059 / 0-190/ 101 

CuO/ water; 0.5-1.5 vol.%; 50 Enhanced with increasing 

heat flux and mass flow rate 
and deteriorated region with 

�L�Q�F�U�H�D�V�L�Q�J���3 

[15]/ 2015 Dh= 30/ 300/ 0-400 / 

50-132/ 101 

CuO/ water; 0.1-0.3 wt.%; 50 Increased with mass flow 

rate  

[23]/ 2015 1.1/ 200/ 200-600/ 
100-400/101 

Al2O3/ DI-water; 0.001-0.1 
vol.%; 20-30 

�'�H�F�U�H�D�V�H�G���Z�L�W�K���L�Q�F�U�H�D�V�H�G���3 
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[24]/ 2015 Dh= 12/ 300 / 490-

880 / 0-5500/ 120 

Al2O3 / water; 0.25 vol.%; 20-

30 

Enhanced with surface 

roughness and mass flow 

rate 

[25]/ 2015 Dh= 30/ 400/350-

1060 / 0-175/ 101 

CuO2/ water; 0.001-0.004 

wt.%; 50 

Increased for convective 

regime and deteriorated 
with nucleate regime with 

�L�Q�F�U�H�D�V�L�Q�J���3 

[26]/ 2015 1.09/ 306/ 680-3100/ 

15-406/ 120-175 

Al2O3 / water; 0.01-0.1 vol.%; 

20-30 

Degraded  

[27]/ 2016 11.5/ 1500/ 390-
1400/ 0-1200/ 100 

Al2O3/ water; 0.1-0.3 vol.%; ~ 
26 

Improved  

[28]/ 2016 6/ 1100/ 350-1100/ 

50-300/ 200-800 
�—-Al2O3/water; 0.1-0.5 vol.%; 
20 

Enhanced  

[29]/ 2016 20/ 300/ 24-56/ 8-

110/ 101 

ZnO/ water; 0.005-0.02 

vol.%; * 

Enhanced with mass flow 

rate and heat flux  

[30]/ 2016 Dh= 30/ 300/100-
1200 / 2.3-210.1/ 101 

MWCNT, CuO and Al2O3/ 
water; 0.1-0.3 wt.%; 12-

�����Q�P�î������-���—�P�� �I�R�U�� �0�:�&�1�7��

and 50nm for metal oxide 

particles 

Enhanced for MWCNT and 
enhanced then deteriorated 

for metal oxide particles  

[5]/ 2016 Dh= 30/ 200/0-400 / 
0-175/ 101 

Al2O3/ water; 0.5-1 vol.%; 5, 
50 and 80 

Enhanced in sort-time study 
and deteriorated in extended 

time-study 

[31] 2016 10/ 1000/ 138-308/ 

50-112/ 101 

TiO2/water; 0.01-5 vol.%; 20 Augments in single-phase 

and degraded with 
subcooled flow regime with 

�3 

[16]/ 2017 6/ 1100/ 350-1100/ 

48-289/ 200-800 

AlN/water and Al2O3/water; 

0.1-0.5 vol.%; 20 for Al2O3 

and 30 for ALN 

Depend on some parameter 

according new correlation 

proposed  

[32]/ 2017 10/ 1000/ 137-210/ 

13-77/101 

TiO2, Al2O3 and CuO/ water; 

0.1-2.5 vol.%; 10, 20 

Enhanced for single phase 

and degraded for subcooled 

regime 

[33]/ 2017 10/ 1000/ 137-303/ 
13-88/101 

TiO2, Al2O3/ water; 0.1-2.5 
vol.%; 20, 40 

Deteriorated in both 
�G�L�U�H�F�W�L�R�Q�V���Z�L�W�K���L�Q�F�U�H�D�V�L�Q�J���3 

[34, 35, 18]/ 

2013, 2014, 

2015 

21.8/ 500/ 405-710/ 

100-550/101 

ZnO/ water; 0.001-0.01 

vol.%; 40 

�(�Q�K�D�Q�F�H�G���Z�L�W�K���L�Q�F�U�H�D�V�L�Q�J���3 

 

Table .3 Summarized CHF flow boiling of nanofluids from 2012 to present. 
Reference/ 

Years 

Operating conditions: D 

(mm)/L (mm)/G (kg m-2 s-

1)/q (kW m-2)/ outlet p 

Nanofluids; Concentration; 

nanoparticles diameter (nm) 

CHF results 
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(kPa) 

[12]/ 2012 12.7/ 500/ 100-250/ 75/ 

101 

Al2O3/water and SiC��water; 

0.01vol.%; Al2O3 smaller than 

50 and SiC larger than 50  

Enhanced for both 

nanofluids  

[19, 20]/ 
2013 

5.94/ 1000/ 2500/9000/ 
101 

Al2O3, ZnO, diamond/water; �”��
0.1 vol.%; 30 

Enhanced about 40-50% 

[36]/ 2013 10.92/ 550/ 100-500/ 0-

100/ 101 

Fe3O4, Al2O3/ water, 0.0001, 

0.001 vol.%, 25 

Enhanced for magnetic 

nanofluid 

[37]/ 2013 12.7/ 500/ 100-250/ 100-

3500/ 101 

GO/ water; 0.01 vol.%; * 100% enhanced  

[38]/ 2014 10.92/ 550/ 100-500/ 0-

100/ 101 

Fe3O4 / water, 0.0001, 0.001 

vol.%, *  

Enhanced for magnetic 

nanofluid 

[39]/ 2014 Dh= 7/ 750/ 0-150/ 1018/ 

88 

Fe3O4 / water; 0.01, 0.1 vol.%; 

(15-20) 

Enhancement for pure 

water 
and ferrofluids under an 

external 

magnetic field. 

5 RECENT STUDIES WITH OTHER PARAMETERS EFFECTS  

Although there are many researchers having shown wide interest in boiling heat transfer 
coefficient and critical heat flux using nanofluids [8-39]. However, there are a group of 
researchers interesting to present other sub-phenomena such as flow boiling instabilities, bubble 
formation and flow patterns regarding with flow boiling heat transfer of nanofluids.  E. Abedini 
et al [17] they are investigated experimentally the subcooled flow boiling of TiO2/ water, their 
results shows that the increase of heating surface wettability due to TiO2 nanoparticles 
deposition on the surface increased the bubble departure size and decreased bubble frequency, 
which caused the heat transfer coefficient degraded. 

 
Leyuan Yu et al [40] conducted an experimental study of forced convective flow boiling 

and two-phase flow of Al2O3/ water nanofluids through a minichannel. They are studied the 
effects of nanofluids on the onset of nucleate boiling (ONB) and Two-phase flow instabilities 
with an emphasis on the transition boundaries of onset of flow instabilities (OFI). They were 
found that the presence of nanoparticles delays ONB and suppresses OFI and the extent of 
delay/suppression is proportional to the nanoparticle concentration. These effects were 
attributed to the changes in available nucleation sites and surface 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 Al2O3/ water and pure water flow boiling process by an improved Moving Particle 
Semi-implicit method in different flow boiling conditions. They concluded that the bubble in 
Al2O3/ water grows faster and the bubble departure frequency of Al2O3/ water is greater than 
that in pure water. The effects of nanoparticle concentrations and diameters of Al2O3/ water on 
the bubble behavior were also investigated and compared under the same flow conditions. It is 
found that the increasing of nanoparticle volume concentration may increase the bubble 
departure frequency and departure diameter, while the increasing rates of departure frequency 
and departure diameter are lessened with the increasing of nanoparticle volume concentration. 
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The intriguing finding is that in the same nanoparticle volume concentration condition, the 
bubble departure frequency for the nanofluid with nanoparticle diameter of 29 nm shows a 
maximum value. The increasing of nanoparticle diameter leads to the decreasing of bubble 
departure diameter. It is boldly to predict that an optimal nanoparticle diameter range between 
(20-38nm) should be beneficial to flow boiling heat transfer enhancement of Al2O3/ water. 

Rana et al [34] preformed an experimental visualization study on subcooled flow boiling 
of ZnO/water nanoflui�G�V�� �Z�L�W�K�� �G�L�I�I�H�U�H�Q�W�� �O�R�Z�� �S�D�U�W�L�F�O�H�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�� ���”���������� �Y�R�O�X�P�H�� ������ �L�Q��
horizontal annulus. The results show that increase in heat flux leads to increase in bubble 
diameter. Addition of nanoparticles into the base fluid enhances the maximum bubble diameter 
and decreases the bubble density. Bubble diameter and bubble density decrease in both water 
and nanofluids with increase of flow rate.   

6 DISCUSSION AND CONCLUSION 

Recent progress on flow boiling heat transfer of nanofluid has been reported and reviewed 
with an emphasis put on HTC and CHF. Through our reviews for many works that related with 
this topic publication of flow boiling of nanofluids started off in 2008, and had a rapidly 
increase in followed years and Peaked in 2016. 78% from numbers of reviewed articles deal 
with HTC, 18% were only for CHF, and 4% dealt with both. The inconsistent results that related 
to heat transfer coefficient HTC and critical heat flux CHF of nanofluid are found in data 
published in the literature. The most commonly used nanoparticles in reviewed articles of 
nanofluid flow boiling were Al2O3 and CuO as shown in Fig 7. Also, the most commonly used 
geometry for flow boiling of nanofluid was conventional channel (tube) about 18 experimental 
studies form the total as shown in Fig 8.   

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

1- There are two major roles for of nanoparticles in flow boiling heat transfer, the bulk 
effect that associated with suspended nanoparticles of the fluid and surface effects, 
associated with deposited nanoparticles which modified the characteristics of heating 
surface.   

2- Nanoparticles deposition on heated surface was the most common reason for 
enhancement or deterioration of HTC, Where there are several explanations for these 
results by researchers��[17-35].   

3- Improved bubble dynamics and flow patterns due to nanoparticles suspension were also 
one of important factor to enhance HTC, because adding nanoparticles made the flow 
more stable [17, 40, and 41]. 

4- CHF enhanced in flow boiling of nanofluid in all reviewed studies and it is not difficult 
to achieve an enhancement about 40%. The mechanism was behind this enhancement 
explained by researchers [12, 19, 36-39].     
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Figure 7. Nanoparticles materials used in the studies of flow boiling using nanofluids. 

 

 
Figure 8.  Channel geometry used in the reviewed studies of flow boiling using nanofluids. 
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NOMENCLATURE 

�™ (kW/m2 K) Heat transfer coefficient 

q" (kW/m2) Heat flux  
G (kg m-2 s-1) 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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1 Department of Energy Engineering, Budapest University of Technology and 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 efficiency for 
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 regions. This made it possible to determine the number of parameters required for an 
accurate description of the process. Each local points of the spray were mapped which can 
provide additional answers on the process of characterization Since 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 Dobai 1, �È�N�R�V���%�H�U�H�F�]�N�\1 
1 Department of Energy Engineering, Budapest University of Technology and 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 considered to 
be a possibility to reduce pollutant emission. Our research project is about the port-injection 
dual fuelled method, we examined the effect of adding different proportions of methanol under 
various load conditions. The results pointed out that significant reduction of NOx and particle 
emission can be achieved at high and low engine load as well. 

Keywords: compression ignition engine, duel-fuel, methanol, emission, NOx, soot 

1 INTRODUCTION 

�&�X�U�U�H�Q�W�O�\���� �W�K�H�� �Z�R�U�O�G�¶�V�� �W�U�D�Q�V�S�R�U�W�� �V�H�F�W�R�U���� �L�Q�� �E�R�W�K�� �W�K�H�� �S�D�V�V�H�Q�J�H�U�� �D�Q�G�� �F�R�P�P�H�U�F�L�D�O�� �Y�H�K�L�F�O�H��
category, relies heavily on diesel-engine vehicles, due to their good efficiency and reliability. 
It is important to note that the transport sector is accountable for 26% of greenhouse gas 
emissions, the root cause of global warming [1]. Besides, diesel vehicles are one of the main 
sources of the solid particulate content of the atmosphere [2]. The composition of these 
particles, emitted by diesel engines, is quite diverse: they consist of elemental carbon, organic 
and inorganic compounds, and various trace elements. These substances have seriously harmful 
effects on both human health and the environment. Countless studies construe that these 
pollutant materials cause respiratory, cardiovascular and neurodegenerative diseases [3,4]. At 
the same time, transport vehicles contribute to approximately 70-75% of NOx content of air in 
metropolitan areas, which is one of the main causes of smog and acid rain. Hence, it is not 
surprising that the increasingly strict international legislation aims to reduce the aforementioned 
pollutant emission components from diesel engines [5]. The norms and standards, specified by 
the legislation, motivate manufacturers to expend huge resources on development of various 
methods for emission reduction. Due to this, alternative and renewable fuels like biogas, 
biodiesel and different alcohols have become more and more significant in the past ten years, 
because these can provide a big step forward to reducing greenhouse gas, particulates and NOx 
emissions [6,7]. 

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

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

In exchange, the construction of the engine must be altered to some level: low pressure 
fuel injectors, a separated fuel container and supply system, regulating and management devices 
must be equipped. By the means of these modifications, an additive less and widely variable 
ratio dual fuel system can be installed, which is able to greatly affect the operation of the engine.  

Due to the favourable properties mentioned above, we used the injection method during 
our research, and we direct our focus towards this process while summarizing our results below. 
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Cheng et al. [9] studied the effects of injecting 10, 20 and 30 percent of methanol, having 
regard to thermal efficiency. Their examinations were carried out at a constant engine speed of 
1800 rpm and under five different engine load conditions, while the basis of comparison was 
constant mean effective pressure. According to their experiences, methanol injection leads to 
worse thermal efficiency under lower loads, but under higher loads the thermal efficiency is 
enhanced compared to pure diesel operation. Under low load condition, increasing the 
proportion of injected methanol lowers the efficiency by 13%. Under moderate to high load 
conditions, changing the volume of methanol did not cause any significant effect on thermal 
efficiency. Using a similar setup, examinations of methanol injection were carried out with 
biodiesel as base fuel. The results of these studies showed that full-load efficiency of the engine 
increases to a maximum of 39,6% with 10% methanol ratio. 

Along with particulate matter emission, nitrogen oxides are among the most problematic 
components of harmful emissions from diesel engines. Studies concerning methanol injection 
report different results, so it cannot be stated unambiguously that diesel-alcohol dual fuel 
systems can provide a solution to NOx emissions from diesel engines, but many research studies 
confirm that. 

Zhang et al. [10] experienced that every percentage of methanol injection decreased NOx 
emission, compared to the original diesel operation. Rising the methanol ratio under a given 
load caused higher NOx emissions, while increasing loads, with constant methanol volume, 
lessen nitrogen oxides, under higher loads up to 15-20% reduction could be realized. The 
experiments by Cheng et al.[9] partly confirm the results by Zhang and his team, their studies 
show that methanol injection decreases NOx emission, but, according to their experiences, 
nitrogen oxides emission rises under higher engine loads. In virtue of the measurements, 
increasing the methanol ratio causes NOx emission reduction, on the average: 6, 9 and 11 
percent reduction was noticed at 10, 20 and 30 percent methanol proportions respectively. 
Results from Houser et al.[11] confirm this, during their measurements with higher methanol 
ratio, the emissions reduced accordingly. 

 

Fig.1. Diagram of port injection 
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2 Experimental setup and results 

In the course of preparing our work, we built a system suitable to monitor the thermal and 
emission behaviours, and combustion process in the test engine. Our objective was to configure 
testing equipment capable of computer aided, high level data recording and processing that 
meets current expectations. For this purpose, a complex measuring setup was created, with the 
ability of recording numerous different parameters, shown in Figure 2. 

The variables used in our research were chosen according to the existing literature and 
our former experiences. After mustering the possibilities, we chose the operating conditions 
and parameter combinations that have the greatest impact on emissions and the combustion 
process. Therefore, due to the properties of our system, the measurements were carried out at 
constant engine speed (1500 rpm), with constant pilot injection timing, under low (4.34 kW) 
and full (21.5 kW) engine loads, applying different methanol energy ratios [e%]. 

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

Reduction of NOx emission is among the positive effects expected from methanol 
injection. As shown in Figure 3, NOx emission is lowered significantly under both low and high 
loads. Increased ratios of methanol cause almost directly proportional decreases of NOx 
formation, as the strong cooling effect of methanol on the fresh charge worsens the typical 
forming conditions of thermal NOx in diesel engines. 

Meanwhile, a significant increase of total unburned hydrocarbons (THC) emission is 
shown. Under low and high loads alike, THC emission increases dramatically, and this effect 

Fig.2. Diagram of the experimental setup [12] 
1 �± engine, 2 �± intake pulsation dumping tank, 3 �± flowmeter, 4 �± air filter, 5 �± injector, 6 �± fuel pressure sensor,  

7 �± fuel pump, 8 �± fuel flowmeter, 9 �± fuel tank, 10 �± alcohol injector, 11 �± pressure sensor, 12 �± fuel pump, 13 �± PID controller, 
14 �± filter, 15 �± electronic scales, 16 �± fuel tank, 17 �± temperature sensor, 18 �± pressure sensor, 19 �± crank angle sensor, 
20 �± amplifier, 21 �± A/D, D/A module, 22 �± PC computer, 23 �± pre-sampler, 24 �± exhaust gas analyzer, 25 �± smoke meter. 
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intensifies with larger methanol proportions. The increments are higher under lower loads 
compared to those under higher load circumstances. 

Another expected result of methanol injection is reduced particulates emission. As we 
could notice in examples from the literature, methanol injection has beneficial impacts on 
particulates emission. This is needed mostly under high engine loads, as power output of diesel 
engines is restricted by the smoke point. Even small amounts of methanol bring improvements, 
but truly substantial effects are visible if higher ratios are applied. 

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

3 CONCLUSION 

There has long since been continuous research activity at BUTE Department of Energy 
Engineering in order to study alternative fuel solutions, and the effects of these fuels on the 
energetics and emission properties of internal combustion engines. In current works, we 
examined the impacts of injecting low carbon count alcohol, namely methanol, exploring the 
effects of various methanol ratios on the behaviour of diesel engines in a wide spectrum. The 
aforementioned results lead us to the following conclusions: 

�x Increased methanol proportions cause slightly higher efficiency under high loads, but 
under low load circumstances efficiency is greatly deteriorated by larger and larger 
increments while rising the methanol ratio. 

�x Nitrogen oxides emission can be reduced significantly with methanol injection, under 
both low and high loads. Methanol ratios above 20 e% cause intensive decrease of NOx 
under low engine loads, while under high loads the NOx reduction is proportional to the 
injected amount of methanol. 

Fig.3. The Brake Thermal Efficiency, the NOx, THC and Soot emissions in the function of methanol 
energy ration at different loads 



13th International Conference on HEAT ENGINES AND ENVIRONMENTAL PROTECTION�‡������-27 May 2017, Hungary 

 
 

153 
 

�x The typical, high particulate matter emission of diesel engines can be widely reduced 
using methanol injection. Particle emission can be almost completely eliminated with 
30 e% methanol ratio, even under high load circumstances. 

�x Methanol injection causes higher THC emission, which increments more significantly 
under low engine loads. 

The Authors will continue the investigations by examining combustion processes. For 
this purposes we can use our system and the AVL Burn software system. 
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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 which the well performance 
can be significantly improved. To achieve this, high conductive fracture is created which is 
propped with a propping agent. The success of the treatment is highly influenced by the fracture 
conductivity which is the product of the apparent proppant pack permeability and the fracture 
width. The well productivity after hydraulic fracturing is definitely affected by the interaction 
between proppants and fracture surface under closure pressures, the proppants embed into the 
formations and deform due to the closure stress that can result a significant reduction in fracture 
�F�R�Q�G�X�F�W�L�Y�L�W�\���� �3�U�R�S�S�D�Q�W�� �V�L�]�H���� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� �D�Q�G�� �3�R�L�V�V�R�Q�¶�V�� �U�D�W�L�R�� �R�I�� �S�U�R�S�S�D�Q�W�� �D�V�� �Z�Hll as 
formation, closure pressure are important factors which influence proppant embedment and the 
change of fracture aperture that actually can reduce the fracture conductivity from 20 to 300 % 
with a subsequent reduction in oil, gas or even in water production (geothermal wells). This 
effect in weakly consolidated formations is more significant. Therefore, it is of importance to 
investigate and understand the theoretical background of proppant embedment. 

To examine the proppant embedment and their influence on fracture conductivity, a static 
force balance condition is considered to be the best way to investigate this phenomenon. The 
main benefit of an analytical analysis compared to empirical experiments is that it can be fitted 
to all the cases occurred in the practice. Empirical models [5] may simulate the reality more 
accurately but these formulas can be used only in a narrow range, in which the equations were 
derived. These equations may contain fitting coefficients which can be determined only in 
experimental way, ergo it means parametric equations. Experimental way means mainly 
measurements which can be made on core samples for example, and it often requires an accurate 
measurement system with special apparatus. So an analysis system based on analytical model 
can be widely used, not to mention the case, when experimental data is available, the equations 
which were derived on the basis of analytical consideration can be also fitted with results gained 
by experiments. 

2 THEORETICAL BACKGROU ND 

As it was mentioned before, the analytical model, which �Z�D�V�� �G�H�U�L�Y�H�G�� �E�\�� �/�L�¶�� �H�W���D�O���� �>��], 
approaches the proppant embedment in theoretical aspect. In the followings, one can obtain the 
theoretical background of the analytical model since the whole detailed derivation process is 
described below. It is important to note that the model has some limitations. During the 
stress/strain analysis it was assumed that the proppant would deform and embed into the 



INTEGRATED MODEL FOR PROPPANT SELECTION OPTIMIZATION 

 

156 
 

formation under closure stress, without considering the case of proppant crush. It means that 
linear elastic behavior was assumed in deriving the analytical model which entails that one can 
use the equations below the stress range which would cause proppant crush. 

 

 
 Figure 1. Two mutually squeezed elastic spheres [6] 

The derivation begins with a stress/strain formula of two mutually squeezing elastic 
spheres developed by Wu et al. [3] and which is illustrated in Fig. 1. Spheres 1 and 2 deform 
under balanced load. The boundary of the contact area of the Spheres is a circle, and its radius 
���.�����F�D�Q���E�H���H�[�S�U�H�V�V�H�G���D�V���I�R�O�O�R�Z�V�� 

�Ù 
L �@
�7
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   (1) 

where �. is the radius of the boundary of contact area, in mm; P is the external force on 
Spheres 1 and 2, in N; R1 is the radius of Sphere 1, in mm; and R2 is the radius of Sphere 2, in 
mm. CE (in MPa-1) is defined as: 

   (2) 

where ��1 �L�V�� �W�K�H�� �3�R�L�V�V�R�Q�¶�V�� �U�D�W�L�R�� �R�I�� �6�S�K�H�U�H�� ������ �G�L�P�H�Q�V�L�R�Q�O�H�V�V������2 �L�V�� �W�K�H�� �3�R�L�V�V�R�Q�¶�V�� �U�D�W�L�R�� �R�I��
Sphere 2, dimensionless; E1 is the elastic modulus of Sphere 1, in MPa; E2 is the elastic modulus 
of Sphere 2, in MPa. 

Wu et al. [6] proved that the change in distance between the centers of Spheres 1 and 2 
can be described by the following relationship: 
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where �.�¶ is the change in distance between the centers of Spheres, in mm. When R2�:�’����
the surface of Sphere 2 tends to be a plane, and the two objects become mutually squeezed 
sphere and plane. Fig. 2 demonstrates the interaction between the sphere and the plane. One 
�F�D�Q�� �R�E�V�H�U�Y�H�� �W�K�D�W���.�¶�� �L�V�� �D�I�I�H�F�W�H�G�� �E�\�� �W�Z�R�� �I�D�F�W�R�U�V���� �F�K�D�Q�J�H�� �L�Q�� �U�D�G�L�X�V�� �R�I�� �6�S�K�H�U�H�� ���� ���Z�K�L�F�K�� �L�V�� �F�D�O�O�H�G��
deformation) and embedment. 
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Figure 2. �0�X�W�X�D�O�O�\���V�T�X�H�H�]�H�G���S�O�D�W�H���D�Q�G���V�S�K�H�U�H�����/�L�¶���H�W���D�O�������������� 

For the situation in Fig. 2, a modified formula can be derived on the basis of Eq. 3: 
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  (4) 

where D1 is the diameter of Sphere 1, in mm. At this step, Eq. 4 contains the two factors; 
these are the change in radius of Sphere 1 (deformation) and the embedment. To derive the 
�G�H�I�R�U�P�D�W�L�R�Q���R�I���6�S�K�H�U�H����������) from Eq. 4, the other influencing factor (which is the embedment) 
must be separated. Therefore, assume that the elastic modulus of the plate (E2) is infinite, so 
�6�S�K�H�U�H�������G�R�H�V���Q�R�W���H�P�E�H�G���L�Q�W�R���W�K�H���S�O�D�W�H�����,�Q���W�K�L�V���F�D�V�H���.�¶���L�V���D�I�I�H�F�W�H�G���R�Q�O�\���E�\���G�H�I�R�U�P�D�W�L�R�Q�����7�K�Xs, 
�W�K�H���I�R�U�P�X�O�D���R�I���G�H�I�R�U�P�D�W�L�R�Q���R�I���6�S�K�H�U�H���������������F�D�Q���E�H���H�[�S�U�H�V�V�H�G���D�V���D���I�R�O�O�R�Z�L�Q�J���U�H�O�D�W�L�R�Q�V�K�L�S�� 

  (5) 

From Eq. 5, it can be stated that deformation is influenced only by the values of external 
�I�R�U�F�H�����W�K�H���G�L�D�P�H�W�H�U�����H�O�D�V�W�L�F���P�R�G�X�O�X�V�����D�Q�G���3�R�L�V�V�R�Q�¶�V���U�Dtio of Sphere 1, but is not affected by any 
parameters of the plate. 

�6�L�Q�F�H���.�¶���Z�D�V�� �L�Q�W�H�U�S�U�H�W�H�G���D�V���W�K�H���V�X�P���R�I���W�K�H���H�P�E�H�G�P�H�Q�W���D�Q�G���W�K�H���G�H�I�R�U�P�D�W�L�R�Q�����F�R�P�E�L�Q�L�Q�J��
Eq. 4 and 5, the formula of the embedment of Sphere 1 can be expressed as: 

  (6) 

where h is the value of embedment, in mm. 

Real Situation 

To approximate the real situation of the fracture, the situation of spheres being squeezed 
by two horizontal plates must be described. The analytical model [6] assumes that the weight 
of spheres can be ignored, and the stress on spheres and contact areas of the upper and lower 
plate are the same. To create the model more realistic, Sphere 1 is equivalent to the proppant 
and the formation is equivalent to the upper and lower plates. It is also assumed that the 
�S�U�R�S�S�D�Q�W�V���D�U�H���H�Y�H�Q�O�\���S�D�Y�H�G���R�Q���W�K�H���I�R�U�P�D�W�L�R�Q�����P�R�Q�R�O�D�\�H�U���S�D�W�W�H�U�Q�������/�L�¶���H�W���D�O��[6] introduced a so-
called distance coefficient K which helps to represent the distance between the centers of two 
adjacent proppants as: KD1. K is equal to unity when proppants are touched by each other, and 
greater than unity if not Fig. 3 represents the placement of proppants (single layer) in the 
fracture. 

 



INTEGRATED MODEL FOR PROPPANT SELECTION OPTIMIZATION 

 

158 
 

 
Figure 3. �3�U�R�S�S�D�Q�W���S�O�D�F�H�P�H�Q�W���E�H�W�Z�H�H�Q���S�O�D�W�H�V�����/�L�¶������������ 

In this paper, the distance coefficient K is disregarded because of simplification and since 
it does not represent the partial monolayer properties in connection with fracture conductivity. 

 

 
Figure 4. Stress analysis for a single proppant ���/�L�¶������������ 

Fig. 4 shows the stress analysis for a single proppant. Comparing Fig. 4 and 2, one can 
see that the unit of stress is MPa in Fig. 4, but the unit of load is N in Fig. 2. The forces between 
the plates and proppants are acting on the contact areas and the following relationship between 
the load and stress can be derived: 

�2 
L �L�:�-�&�5�;�6              (7) 

where P is the load acting on the contact areas, in N; p is closure pressure, in MPa, K is 
distance coefficient, dimensionless; and D1 is the diameter of proppant, in mm. Furthermore, a 
relationship can be derived for closure pressure which is the difference of overburden pressure 
and fracturing fluid pressure: 

�L 
L �L�4 
F �L�Ü              (8) 

where p0 is overburden pressure, in MPa; and pi is fluid pressure of fracturing fluid, in 
MPa. It should be noted when p0<pi, which happens during the fracturing process (the pressure 
of fracturing fluid overcomes the in-situ stress of the given rock, fracture aperture is initiated 
and fracture starts to propagate), the proppants neither deform nor embed into the formation. 
When p0>pi, which always happens at the end of the fracturing treatment (pumps are switched 
off and due to this, there is no more extra pressure energy which would exceed the formatio�Q�¶�V��
breakdown pressure, so the fracking fluid leaks off and the pressure drops), the proppants 
deform and embed. Equations obtained in the followings can be used only when p0>pi, in the 
other case the equations have no sense. 

The thicknesses of the formation in upper and lower case are the same and denoted as D2. 
The formation deforms under closure pressure and the deformation can be calculated according 
to �+�R�R�N�H�¶�V���O�D�Z�� 

              (9) 

where D2 is the thickness of the formation, in mm; and �û�' 2 is the deformation of the 
formation, in mm. The deformation of the formation is reflected in the form of proppant 
embedment, because the thickness of the formation that does not contact with proppants is 
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returned to the initial value. Substituting Eq. 7 and 9 into Eq. 4, one can obtain the following 
equation: 

�Ù 
L �s�ä�r�v�&�5�:�-�6�L�%�¾�;
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�/ 
E �&�6

�ã

�¾�.
     (10) 

where �. �L�V�� �W�K�H�� �F�K�D�Q�J�H�� �L�Q�� �I�U�D�F�W�X�U�H�� �D�S�H�U�W�X�U�H���� �L�Q�� �P�P���� �/�L�¶�� �H�W�� �D�O����[6] noted that actually the 
value of �. is half of the change in fracture aperture, but for convenience it is referred to as 
�F�K�D�Q�J�H�� �L�Q�� �I�U�D�F�W�X�U�H���D�S�H�U�W�X�U�H�����/�D�W�H�U�����L�Q�� �I�U�D�F�W�X�U�H���F�R�Q�G�X�F�W�L�Y�L�W�\���F�D�O�F�X�O�D�W�L�R�Q�V�����.�� �L�V���F�R�Q�V�L�G�H�U�H�G���W�R���E�H��
half of the change in fracture aperture of course. 

Continuing the substitution (Eq. 7 into Eq. 5 and Eq. 7 and 9 into Eq. 6), one can obtain 
the following equations: 

  (11) 

     (12) 

where �� is the proppant deformation, in mm; h is the proppant embedment, in mm; E1 is 
the elastic modulus of proppant, in MPa; and E2 is the elastic modulus of the formation, in MPa. 

Multilayer Pattern 

In the previous chapters, single-layer pattern was assumed to calculate proppant 
embedment, deformation and the change in fracture aperture. As it was emphasized before, 
instead of monolayer pattern, multilayer pattern is applied more often in practice. During 
general fracturing treatments the proppants squeeze mutually in addition to the interaction 
between proppant and formation, therefore it is necessary to analyze the deformation and 
embedment between proppants as well. 

By derivation of equations which can be used to calculate proppant embedment and 
�G�H�I�R�U�P�D�W�L�R�Q���� �/�L�¶�� �H�W���D�O����[6] assumed that the radius of Sphere 1 and 2 are equal to each other 
which is a good approximation because proppants produced by manufacturers have almost the 
same diameter. In this case, Eq. 3 can be reduced to: 
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where �.�¶��is the change in distance between the centers of Sphere 1 and 2, in mm; and R 
is the radius of Sphere 1 and 2, in mm. The deformation of Sphere 1 and 2 is expressed as: 

  (14) 

  (15) 

where ��1 and ��2 are the deformations of Sphere 1 and 2, in mm. As deriving the 
embedment in case of Sphere and plate (deformation was separated from the change in fracture 
aperture), the embedment of the Spheres is calculated by combining Eq. 13, 14, and 15. 
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  (16) 

where h is the embedment between Sphere 1 and 2, in mm. Fig. 9 and Fig. 10 represent 
the results gained by using Eq. 13, 14, 15, and 16. The known conditions were taken to be 
��1� ��2=0.2, E2= 1500 MPa, R1=R2=R= 0.5 mm, P= 60 N. Fig. 9 shows how the change between 
the centers of Spheres decreases as the elastic moduli of Sphere 1 increases, and how the 
deformation of Sphere 1 and 2 changes in function of E1. 

 
Figure 5. Relationship between the three variables and elastic modulus of Sphere 1 

One can observe that the change in distance between the centers of Spheres and 
deformation of Sphere 1 decreases with increasing elastic modulus of Sphere 1. However, 
deformation of Sphere 2 is constant because it is not dependent of elastic modulus of Sphere 1. 

 

Figure 6. Relationship between embedment and elastic modulus of Sphere 1 
Fig. 6 demonstrates that the embedment (Sphere 2 embedding into Sphere 1) decreases 

as the elastic modulus of Sphere 1 increases until the elastic modulus of Sphere 2 is greater than 
elastic modulus of Sphere 1. When E1=E2 the embedment is equal to zero and the contact area 
of the mutually squeezed spheres is a plane. When E1 gets greater than E2 the embedment 
(Sphere 1 embedding into Sphere 2) increases but not to as much value as before (since one of 
the elastic modulus is greater than earlier). Fig. 6 and 6 demonstrates that the main cause of 
change in distance between the centers of spheres is the deformation and not the embedment. 
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Embedment of Multilayer Pattern 

Until this section, one could obtain the interaction between proppant and formation which 
was the single-layer situation, and the interaction between proppants as well. As it was already 
emphasized, the proppants are mostly paved in multiple layers in practice; therefore it is 
necessary to analyze the proppant embedment in case of multilayer pattern. 

 
Figure 7. Proppant paving �L�Q���P�X�O�W�L�S�O�H���O�D�\�H�U�V�����/�L�¶������������ 

As it was shown in Fig. 6, there is no proppant embedment between proppants when the 
elastic modulus and the size of proppants are the same. Therefore, only proppant deformation 
and embedment into the formation must be considered. In case of multilayer pattern, the 
�G�H�I�R�U�P�D�W�L�R�Q�� �F�D�Q�� �E�H�� �D�S�S�U�R�[�L�P�D�W�H�G�� �D�V�� �W�K�H�� �Y�D�O�X�H�� �R�I�� �V�X�S�H�U�S�R�V�L�W�L�R�Q�� �R�I�� �H�D�F�K�� �O�D�\�H�U�¶�V�� �S�U�R�S�S�D�Q�W��
deformation. At the same time, the proppant embedment (into the formation and not into each 
other) is the same as in the case of a single-layer pattern because only the top and bottom layer 
is in direct contact with the formation. Based on the previous assumptions and the single layer 
pattern model, the corresponding equations can be expressed as follows: 

                (17) 

  (18) 

      (19) 

where D is the initial fracture aperture (as shown in Fig 11), in mm; �. is the change in 
fracture aperture of multilayer pattern, in mm; �� is the proppant deformation of multilayer 
pattern, in mm; and h is the proppant embedment of multilayer pattern, in mm. 

Fracture conductivity 

One of the main interests of this study is the influence of several factors on fracture 
conductivity which is the essence of hydraulic fracturing. The fracture conductivity is the 
product of the permeability and the fracture width. The permeability of a propped fracture is 
related with its porosity, radius of pore throat, and pore tortuosity. These parameters are 
influenced by the factors (proppant embedment, proppant deformation, and the sum of these: 
the change in fracture aperture) presented in the previous chapters. 

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

 (20) 

where k �L�V���S�H�U�P�H�D�E�L�O�L�W�\�����L�Q�����P2 (equal to 1 Darcy); �-  is the porosity, dimensionless; r is 
�W�K�H���U�D�G�L�X�V���R�I���S�R�U�H���W�K�U�R�D�W�����L�Q�����P�����D�Q�G���2 is the pore tortuosity, dimensionless. 
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For the proppant pack shown in Fig. 11, ignoring the pore-distribution differences in the 
layers, the equations of porosity, radius of pore throat, and pore tortuosity can be easily derived 
using only mathematical considerations for the case when closure pressure is equal to zero. The 
equations are: 

  (21) 
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�7
�4�5  (22) 

  (23) 

where �- 0 is the porosity of the proppant pack when closure pressure is equal to zero, 
dimensionless; r0 �L�V���W�K�H���U�D�G�L�X�V���R�I���S�R�U�H���W�K�U�R�D�W���Z�K�H�Q���F�O�R�V�X�U�H���S�U�H�V�V�X�U�H���L�V���H�T�X�D�O���W�R���]�H�U�R�����L�Q�����P�����20 

is the pore tortuosity when closure pressure is equal to zero, dimensionless; R1 is the radius of 
proppant, in mm. 

When closure pressure is greater than zero, the porosity, radius of pore throat, and pore 
tortuosity approximately satisfy the following relationships [6]: 

                         (24) 

   (25) 

   (26) 

where �� is the proppant deformation calculated by Eq. 18, in mm, and D is the initial 
fracture aperture, in mm. 

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

          (27) 

where FCD is the fracture conductivity, in ���P�Âcm; w is the fracture aperture under closure 
pressure, in cm; and �. is the half of the change in fracture aperture calculated by Eq. 17, in mm. 

Proppant Selection 

The purpose of this research was to develop an analysis system by which a deep 
investigation of proppant embedment can be performed, and based on this analysis system, a 
technical optimization of proppant selection can be established. The analytical model [6] was 
described and examined in the previous chapters provides a deep understanding of proppant 
embedment. Combining the model with some other mathematical consideration and the Unified 
Fracture Design [1,2], a new method was developed for proppant selection. 
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Unified Fracture Design 

�9�D�O�N�y���D�Q�G���(�F�R�Q�R�P�L�G�H�V��[2] introduced a physical optimization method to maximize the 
productivity index of a hydraulically fractured well. It was referred to Unified Fracture Design 
(UFD). They introduced the concept of the dimensionless Proppant Number, Nprop, given by: 

�0�ã�å�â�ã
L
�6�Þ�Ñ�Ï�Û

�Þ�Ï�Ý
,         (28) 

where kf is the proppant pack permeability, in mD; Vp is the volume of the proppant in 
the pay (the total volume injected times the ratio of the net height to the fracture height), in m3; 
k is the reservoir permeability, in mD; and Vr is the reservoir drainage volume, in m3. The 
concept of the dimensionless Proppant Number is the appropriate way to express the relative 
size of a given treatment, and it can be defined as the ratio of the propped volume of the fracture 
in the pay to the reservoir drainage volume, weighted by twice the related permeability ratio. 
They established that for a given value of Nprop there is an optimal dimensionless fracture 
conductivity at which the productivity index is maximized. 

The dimensionless fracture conductivity (CfD) can be interpreted as the ratio of proppant 
pack permeability times the fracture width to the reservoir permeability times the fracture 
length, and it can be expressed as: 

�%�Ù�½
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     (29) 

�9�D�O�N�y�� �D�Q�G�� �(�F�R�Q�R�P�L�G�H�V��[2] also presented correlations for the maximum achievable 
dimensionless productivity index as a function of the dimensionless Proppant Number. 
Similarly, correlations were presented for the optimal dimensionless fracture conductivity for 
the entire range of Proppant Numbers. These correlations are expressed as follows: 

    (30) 

    (31) 

One should note that the absolute maximum dimensionless productivity index is 
JD� �����Œ� �������������Z�K�L�F�K���L�V���W�K�H���S�U�R�G�X�F�W�L�Y�L�W�\ index for a perfect linear flow in a square reservoir. 

Method for Proppant Selection 

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

In practice, engineers can select proppants which are produced by manufacturers. 
Manufacturers provide technical data sheets with a detailed description of the proppant. 

�7�K�H�� �L�Q�S�X�W�� �S�D�U�D�P�H�W�H�U�V�� �R�I�� �W�K�H�� �D�Q�D�O�\�W�L�F�D�O�� �P�R�G�H�O�� �D�U�H���� �3�R�L�V�V�R�Q�¶�V�� �U�D�W�L�R�V�� �R�I�� �S�U�R�S�S�D�Q�W�� �D�Q�G��
formation (estimated, about 0.2), elastic modulus of proppant and formation, proppant size 
(manufacturer data determined by sieve analysis), closure pressure (can be calculated and 
measured as well), layer thickness (estimated value), initial fracture aperture which can be 
calculated as a function of proppant concentration. 
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The input parameters of the UFD model are: injected proppant mass, formation height, 
reservoir drainage area, reservoir permeability. These are the main parameters required to 
compute a simplified productivity index. The main input parameter of the combined method 
for proppant selection is the dimensionless productivity index which is predetermined by NPV 
calculations and what is required to be achieved by the stimulation treatment. 

The operation of this proppant selection algorithm is the following: several relative 
treatment sizes are assumed which means different dimensionless Proppant Numbers (Nprop) 
gained by assuming injected proppant masses. According to this process, dimensionless 
productivity index �± dimensionless fracture conductivity curve is performed, as shown in Fig. 
8. 

 

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

According to this curve, the dimensionless conductivity index can be determined from 
which the required fracture conductivity can be calculated (Eq. 32) using the optimal fracture 
length determined by the UFD model as well. This conductivity value can be compared to the 
value computed by the analytical model, and the decision can be made whether the selected 
proppant (which was the input parameter of the proppant embedment �± fracture conductivity 
analysis) is sufficient or not. 

3 CONCLUSIONS 

The analytical model, which was described in this study, can determine the proppant 
embedment, proppant deformation, and the sum of these: the change in fracture aperture. As a 
final result of the model, the fracture conductivity can be also computed. The model is based 
on mathematical and physical considerations, and it can be used for all cases. The model has 
some limitations according to the assumptions, for example only elastic behavior of proppant 
is considered, therefore, it cannot be used when proppant crush happens. 

Using the analytical model, sensitivity tests can be made to investigate the influence of 
factors. One can conclude from these tests that proppant embedment and proppant deformation 
is highly influenced by the closure pressure. The impact of elastic modulus of proppant and 
formation can be �D�O�V�R���W�H�V�W�H�G�����D�Q�G���W�K�H���U�H�V�X�O�W�V���V�K�R�Z���W�K�D�W���W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�I���S�U�R�S�S�D�Q�W���K�D�V���D��
much greater effect on the change in fracture aperture th�D�Q�� �W�K�H�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� �R�I�� �W�K�H��
formation. 

Tests were also conducted to investigate the influencing factors of the fracture 
conductivity. As a conclusion, it can be noted that the fracture conductivity increases with 
proppant size, initial fracture aperture, and elastic modulus of formation and elastic modulus of 
proppant and it decreases with the increase in closure pressure. 
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Combined the model with the Unified Fracture Design model [1, 2], a proppant selection 
method was performed in connection with well productivity. For a given productivity index of 
well, one can choice the proppant which satisfy the requirements in connection with the 
predetermined productivity index. 
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PRIMARY ENERGY CONSUMPTION AND CO 2 EMISSION OF 
INTERNAL COMBUSTION ENGINE AND ELECTRIC VEHICLES 

M�L�K�i�O�\���.�D�W�R�Q�D1,2, �5�y�E�H�U�W���5�D�G�Q�D�L1,2 
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 essay, we examine 
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 scenarios. The 
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 fertiliser used and 
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; CO2; well to wheels; fuel pathways; 
primary energy consumption; emission; 

1 INTRODUCTION  

It is hard to compare the internal combustion engine vehicles (ICEV) with electric 
vehicles (EV), because the transformation between the forms of energy happens in a different 
way �± in a nutshell, conventional cars use liquid fuels and electric cars use electricity. The 
comparison can only be made if we examine the whole fuel production pathways for ICEVs 

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

 

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

2 MATERIAL AND METHODS 

We divided the evaluation into two steps: The well-to-tank (WTT) phase consists of 
extracting, refining and transporting the fuel to the vehicle in case of fossil fuels. The tank-to-
wheels (TTW) phase includes the utilization of the fuels. Figure 1. shows the well-to-wheels 
process chain for fossil fuels and biofuels (in this case, corn-based bioethanol). 

In accordance with the objectives presented above the process chain of electric cars were 
calculated as well. The general supplement scheme consists of the following parts: 

 
Figure 3. CO2 emission of different fuels specified for their energy content in gCO2/MJ [1] 

We studied the supplement chain in three phases. The fourth phase as you can see in 
Figure 2. the charging and utilization is. Until further examinations we converged its loss by a 
value 5%, and pooled it with the third part. To evaluate the primary energy demand and CO2 
emission of the phases we used values defined by Charles A. S. et. al. and statistics created by 
MAVIR Ltd. the Hungarian transmission system operator [2] [7]. Furthermore, we have made 
a comparison between the official and unofficial range data of electric vehicles [6] [8]. 

Supplement chains of internal combustion engine vehicles 

Energy consumption and carbon-dioxide emission of fossil fuels and biofuels 
The transformation processes can be illustrated properly if we use specific quantities for 

1 MJ energy content of the finished fuel. Above, in Figure 4. one can see that in order to produce 
1 MJ petrol, an additional input of 0,19 MJ energy is needed to transform the unextracted crude 
oil into ready-to-use p�H�W�U�R�O���L�Q���D���Y�H�K�L�F�O�H�¶�V���W�D�Q�N�� 

Among fossil fuels, the production of diesel fuel needs less energy. Its method of 
processing and transportation closely resembles to the petrol processing methods, the main 
differences stem from the processes in the refinery. In contrast with the lower energy need, 
when using 1 MJ amount of energy, the the diesel fuel emits more carbon dioxide, than petrol 
(see Figure 3.). In case of both of the fossil fuels the most CO2 is emitted during the combustion 
of the fuel. Despite the long distances, the transportation of crude oil represents a nearly 
negligible share in CO2 emissions and in primary energy consumption, because transportation 
via pipelines and tanker ships is more efficient, than via roads and train. 
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Figure 4. Energy consumption of different fuels specified for their energy content in MJ/MJ [1] 

In case of corn-based bioethanol, the cultivation of the crops, and within that, the 
production of fertilizer demands the most energy. The processing of the harvested corn needs 
less energy in total, partially because that the by-products of the ethanol production substitute 
products that otherwise would have to be created in the conventional way by investing energy. 
Unfortunately, ethanol production in Hungary cannot produce positive energy balance �± that 
means, its production consumes more energy that can be extracted by the combustion of the 
fuel. In spite of this, the utilization of bioethanol emits less carbon-dioxide, than the fossil fuels 
if we assume that its combustion is carbon neutral. In case of rapeseed, the positive energy 
balance can be achieved. 

Influencing factors of fossil and biofuels 

Figure 5. shows how altering the EROEI (Energy Return on Energy Investment) value of 
crude oil extraction changes the results. 5:1 EROEI value means that 1 MJ amount of energy 
investment is needed to extract 5 MJ amount of oil. Recently discovered nonconventional 
oilfields has approximately this EROEI number, the oilfields being in operation now are around 
1:12. [2] During the utilization of fossil fuels, the main source of carbon-dioxide emission is 
the combustion, thus the net emission depends only a little on the energy need for extraction. 
Because of this, the extraction of nonconventional oil fields (that means decreasing the average 
EROEI value) will not increase the total carbon-dioxide emission of petrol and diesel oil 
significantly. 

The most energy-demanding phase of ethanol production is the cultivation and harvest of 
the corn crops; thus, it is important for the yield to be as large as possible. Figure 5. shows that 
positive energy balance can be attained over 9,6 t/ha/year. In Hungary, the average yield is way 
below this value, [3] and by extrapolating the current tendency, we do not expect to reach it in 
the near future. However, it is important to note that even with negative energy balance, the 
utilization of bioethanol emits less carbon-dioxide, than fossil fuels if we consider its 
combustion as carbon neutral. 
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Supplement chains of electric vehicles 

The properties of the Hungarian electrical network 

The low cost and accessible import energy plays a great role in the supplement of the 
Hungarian demands of electricity in the recent years. Due to the sudden changes in the market 
environment of the fossil fuels, the operation of gas turbines is not considered as economically 
viable. Despite of that, these types of energy generators are essential for regulation and for 
satisfying the local thermal demands, but those cannot perform with a proper efficiency, due to 
unexploitment. Only two power plants can operate as a base load power plant in addition to the 
circumstances listed above, the nuclear power plant in Paks, and the coal-fired power plant in 
Visonta. These two produce more than 70% of the electric energy generated within the borders 
of Hungary. 

We studied the energy loss between mining and the distribution system in three phases. 
The first is the extraction of resources, the transportation and the preparation for consumption, 
which phase is determined by average EROEI values we found in literature, because the high 
ratio of the imported energy and its unknown origin. The loss of this part is 4-5% of the whole 
gross energy generation, except in case of the production of biofuels and the strictly regulated 
energy generation from waste. The second is determination of the self-consumption and the 
overall energy conversion of power plants. In case of imported energy, the efficiency is 
converged by the reciprocal value of the primary energy factor (PEF) of the Member States of 
the European Union. "The method of calculation considers the full life cycle of the primary 
energy usage. This includes the extraction, transport, energy conversion, fuel consumption, 
produced energy, expenditures required to maintain the process, etc. ... "[4] Therefore, the 
efficiency of energy generation and transportation out of the national border is estimated at 40% 
based on 2013 data. (see Figure 6.) 

Figure 5. The effect of altering oil extraction EROEI on petrol (left), and the effect of altering the corn yield on 
bioethanol (right) [1] 
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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 plants is about 32%. Subtracting the 
amount of energy needs of the self-consumption of power plants and the energy demand of the 
production process, the net energy production, which is sold outside the energy sector, is 
estimated at 39,000 GWh per year. 

The third phase is about the loss during the distribution, the charging and utilization. The 
loss through the electrical network between 2012-2015 is about 9% of the sold, net energy, it 
means approximately 3700 GWh electrical energy annually.  

The CO2 emission of the coal-fired power plant in Visonta is described by the specific 
national emission factor, which is the emitted amount of carbon-dioxide divided by the 
produced electricity: KCO2,1= 826 gCO2/kWh, and so the same way KCO2,2 = 467 gCO2/kWh is 
the factor of all the remaining power plants, that emit CO2. We consider the emission of the 
nuclear power plant and of the renewable energy negligible through the whole procedure. Based 
on the previous statements the national CO2 emission factor is a weighted average of the 
emission of the different types of energy generation referred to the gross energy production. 
During the in-depth study, the biomass and biogas are considered as carbon-neutral fuels. At 
the end the overall CO2 emission of all the Hungarian power plants referred to the gross energy 
production is listed below: 

KCO2, Hu. = 0,18�Û826+0,18�Û467=233 �C�%�12/�G�9�D 
cCO2, Hu. = 65 �C�%�12/�/�,  

The value of this factor matches the data of electricity-specific emission factors for grid 
electricity written by Matthew Brander et. al., the only difference is that, the writer does not use 
weighted average [9]. The emission factor of the imported energy, based on the European data 
of IEA, is 41.8 gCO2/MJ, which is 150 gCO2/kWh for a better representation [5]. If we take 
into consideration the share of the domestic and the imported energy in Hungary �± in the latter 
case the share was 31,30% in 2015 �± then the national CO2 emissions factor of the whole 
electricity consumption is set below: 

�- CO2, ext. = 277 �C�%�12/�G�9�D 
cCO2, ext. = 77 �C�%�12/�/�,  
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Table 1. The features of examined electric cars 
source: Mitsubishi Corporation, Nissan Sales CEE Ltd., Hearst Communications Inc., 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: 16kWh 30kWh 22kWh 85kWh 
On-board charger: 3,6kW 3,6kW 3,6kW 11kW 
Inverter: 1x15A 1x32A 1x32A 3x16A 

Today, the limits of energy storage technologies do not allow electric vehicles to store 
enough energy in their batteries for longer distances yet. This problem is the major limit of the 
spreading of EVs. In addition, the improvement of the charging infrastructure would be 
essential. First time the terms of travelling without concerns has appeared in Budapest, and the 
number of public charging stations is increasing. Currently 67 AC charging stations are 
available in different parts of the capital, especially in the centre of it. These stations are 
�R�S�H�U�D�W�H�G���E�\���(�/�0�%���/�W�G�������Z�K�L�F�K���L�V���D���P�D�M�R�U���H�O�H�F�W�U�L�F���G�L�V�W�U�L�E�X�W�L�R�Q���Q�H�W�Z�R�U�N���R�S�H�U�D�W�R�U���L�Q���+�X�Q�J�D�U�\�� 

As you can see in Table 2., there are differences between the energy demand and the CO2 
emission of the examined electric cars, that are calculated from the data of the New European 
Driving Cycle (NEDC) and of the U.S. Department of Energy (USDE). The reason of these 
differences is that the NEDC is a standardized examination, which is performed by the 
manufacturer, of the possible range of the vehicles, but the information that can be found on 
the site of the U.S Department of Energy are based on unofficial test series and on the data, that 
are collected from the costumers [6]. All the aforesaid means that there can be 100 km variety 
between the official reachable distance and the range experienced 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 CO2 emission of the electric vehicles are 
significantly influenced by the differences mentioned in the previous chapter. Even so our 
conclusion is not affected by those, because according to the information found on the site of 
USDE, the examined vehicles do not perform less than their conventional counterparts. In the 
current situation in Hungary, the electric vehicles do not have very different primary energy 
consumption value, such as the ICEVs do (see Figure 7.). Nowadays from the view of primary 
energy consumption those cars do not perform significantly better, but it is important to mention 
that the difference between the types can be increased by the improvement of the overall 
efficiency of the Hungarian power plants and by the creating the necessary infrastructure. 

The CO2 emission of electric cars cannot be marked similarly as the energy consumption, 
because EVs are much more environmentally friendly, than the conventional vehicles (see 
Figure 8.). Even the Ford Focus that utilizes bioethanol (E85) has higher CO2 emission, than 
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�H�O�H�F�W�U�L�F�� �F�D�U�V���� �E�X�W�� �L�W�� �D�S�S�U�R�D�F�K�H�V�� �W�K�H�� �(�9�V�¶�� �Y�D�O�X�H�V��closely. Despite of that the possibility of 
worldwide spreading of EVs in the near future is restricted, because the demand of the first-
generation biofuels demand for soil is huge. The comprehensive usage of electric vehicles can 
be the solution for many problems, which occur mostly in the urban areas. For example: the 
reduction of noise pollution, the improvement of air quality, the decrease of the ratio of the flue 
- dust, and the partial elimination of nitrogen oxides and other harmful substances. It has to be 
mentioned that the CO2 emission of the power plants, which produce the necessary energy to 
charge the vehicles, is not emitted in the urban areas. At the same time, much of the emission 
of conventional vehicles appear in those areas. The formation of smog, including the collateral 
emerging health problems and so the traffic restrictions could be prevented. 
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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 
�W�H�P�S�H�U�D�W�X�U�H�V���D�V���O�R�Z���D�V�����������ƒ�&���D�Q�G���W�K�H���F�R�P�E�X�V�W�L�R�Q���R�I���W�K�H���H�O�D�V�W�R�P�H�U���F�R�P�S�R�Q�H�Q�W�V���R�F�F�X�U�U�H�G���D�Eove 
���������ƒ�&�����7�K�H���F�R�P�E�X�V�W�L�R�Q���R�I���W�K�H���F�K�D�U���U�H�V�L�G�X�H���R�I���W�K�H���V�S�U�X�H�V���D�Q�G���K�R�V�H�V���Z�D�V���F�R�P�S�O�H�W�H�G���E�\�����������D�Q�G��
���������ƒ�&�����U�H�V�S�H�F�W�L�Y�H�O�\�����$�E�R�Y�H���W�K�L�V���X�S�S�H�U���O�L�P�L�W�����Q�R���Z�H�L�J�K�W���O�R�V�V���Z�D�V���P�H�D�V�X�U�H�G�����,�Q���V�S�L�W�H���R�I���W�K�H���V�L�P�L�O�D�U��
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 energy because of several technical, 
financial, ecological, and legislative reasons [1] besides the reasonable efforts on recycling [2]. 
Fluidised Bed Combustion (FBC) is a successful and widely used technology because of its 
well-known flexibility against the fuel quality [3�±5]. Waste tyre is the most abundant and 
predominantly investigated material within the category of waste rubbers [6,7], however, the 
amount of non-tyre rubber wastes is also huge compared to the current capacity of the waste-
to-energy plants. This is the reason why the actual research project was initiated by our 
industrial partner for investigating the characteristics and behaviours of non-tyre rubbers with 
special respect to their applicability in FBC units. The high number of results in the widespread 
publications on waste tyres in the last decade was used as a starting point [8�±13]. 

The compositions, productions, and categorisation of rubbers have been described in 
several papers [7,14,15]. A wide range of materials is covered by the phrase rubber. Industrial 
rubber products are usually composed of 10 or more ingredients and the main component is 
called elastomer. The repeating elements of these polymers are called monomers, the selection 
of which basically determines the properties of rubber. Therefore, the rubbers are grouped by 
the elastomers (i.e., monomers). A list containing 27 common elastomers, together with their 
ASTM (American Society for Testing and Materials) designations can be found in [14]. The 
most important and most frequently applied additive is carbon black and a large variety of 
further additives (e.g., plasticisers, antioxidants, fire retardants) is used as well. 

Categorizing of waste rubber fuels could be evidently based on the types of elastomers 
and other chemical components. In practical applications on rubber wastes, this approach 
cannot be used because of the unknown chemical compositions of the individual pieces. 
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Therefore, another approach is used in the waste industry, which is based on the origin of the 
rubber wastes. Some relations between these two categorising approaches exist; however, a 
strict correspondence cannot be formulated. In the present paper the later categorising aspect is 
followed as this approach allows the possible application of the results to be presented here. 
Rubber wastes are often categorised into two major groups of tyres and non-tyre products [7], 
both of which can be further subdivided. The current study focuses on two, industrially relevant 
subgroups of non-tyre products, namely hoses and manufacturing sprues. They were chosen as 
a result of previous feasibility studies with special emphasis on their qualities, amounts and 
predictable availabilities. 

Primary fragmentation is a widely investigated phenomena in fluidized beds [16,17], 
which is extremely intensive in case of applying rubber as the FBC fuel [8]. A technical solution 
and design method was given for this specific case [18], and the process and gaseous products 
of devolatilisation of hoses and sprues were investigated as well [19]. 

In the present paper, we focus on the part-processes and phenomena of the combustion 
�W�D�N�L�Q�J���S�O�D�F�H���L�Q���W�K�H���F�R�P�E�X�V�W�L�R�Q���F�K�D�P�E�H�U�����7�K�H���V�H�F�W�L�R�Q���³�$�Q�D�O�\�W�L�F�D�O���W�K�H�U�P�R�J�U�D�Y�L�P�H�W�U�\�´���G�H�D�O�V���Z�L�W�K��
�W�K�H�� �U�X�E�E�H�U�� �F�R�P�E�X�V�W�L�R�Q�� �X�Q�G�H�U�� �F�R�Q�W�U�R�O�O�H�G�� �K�H�D�W�L�Q�J�� �U�D�W�H���� �7�K�H���V�H�F�W�L�R�Q�� �³�0�D�F�U�R�V�F�R�S�L�F��
the�U�P�R�J�U�D�Y�L�P�H�W�U�\�´���S�U�H�V�H�Q�W�V���W�K�H���U�H�V�X�O�W�V���R�I���W�K�H���W�K�H�U�P�R�J�U�D�Y�L�P�H�W�U�L�F���H�[�S�H�U�L�P�H�Q�W�V���R�Q���W�K�H���V�D�P�S�O�H�V��
of industrially relevant particle sizes of about 50 mm. It is also to be mentioned that the 
phenomena related to the particles are monitored while the homogeneous 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 an internationally active waste 
management enterprise in Hungary. The names of the two subgroups �V�H�O�H�F�W�H�G���D�U�H���³�+�R�V�H�V�´���D�Q�G��
�³�6�S�U�X�H�V�´�� �D�F�F�R�U�G�L�Q�J�� �W�R���W�K�H�� �W�H�U�P�L�Q�R�O�R�J�\�� �R�I�� �W�K�H�� �V�X�S�S�O�L�H�U�
�V���F�O�D�V�V�L�I�L�F�D�W�L�R�Q���� �7�K�H�\�� �Z�H�U�H�� �F�K�R�V�H�Q�� �I�R�U��
detailed investigations because of their permanent availabilities and approximately equal 
qualities which made them potential candidates for becoming fuels of the Fluidised Bed 
Combustors (FBCs) of a power plant. Both of them are production scraps, which assures their 
relative cleanness without much external pollutions (see Figure 1). 

 

(a)   (b)  

Fig.1. Typical samples of Hoses (a)  and  Sprues (b) 

Hoses are produced from a wide range of elastomers but butadiene is one of the most 
important monomers constituting butadiene rubber and nitrile butadiene rubber [7,14]. The 
investigated samples most probably originated from the car industry. However, their diameters 
and appearance varied considerably and their constructions also had various elements. Hoses 
contained several layers of the rubber body, a braided fibre reinforcement mesh, and an inner 
liner. Some of the samples had an external polymer net. The samples were cut into pieces of 
about 50 mm on the waste management site and this process made the mesh of the 
reinforcement fibre visible and fuzzy. The laboratory analysis of hoses (see Table 1) showed 
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that the heating value (HHV) is in the range of the best quality coals (32.2 MJ/kg, dry basis) 
and it is a highly volatile (47.1%, as received) solid fuel, having low moisture content (0.6%, 
as received). Metal pieces like pipe clamps were also found in a not negligible amount in the 
samples of this type, some of them having a non-magnetic character. 

Table 1. Analyses of Hoses and Sprues 
Parameter Hoses  Sprues  

Proximate analysis (%wt., as received) 

Moisture 

Volatile matter 

Ash 

 

0.59 

47.11 

15.62 

  

0.52 

53.22 

19.40 

 

Ultimate analysis (%wt., dry basis) 

C 

H 
O 

N 

S 

 

74.23 

6.59 
2.82 

0.29 

0.36 

  

68.61 

6.95 
2.55 

1.78 

0.61 

 

Higher heating value (MJ/kg, dry basis) 32.24  31.15  

Manufacturing sprue, sprue in the following, is the term referring to the second type of 
non-tyre rubber wastes discussed in this paper. More precisely, the test materials referred to as 
sprues include all the parts remaining as scraps after injection moulding, not just the strictly 
conceived sprues, but also mould runners and gates. In contrast to the hoses, sprues appear to 
be homogeneous but their shapes and sizes are rather different. The sprue samples are residues 
from the moulding process of rather elastic elements such as seals. Seals are used in a number 
of applications where conformity to irregular surfaces is required. The most important 
characteristics of the investigated sprues are 31.2 MJ/kg HHV on dry basis, 53.2% volatile 
matter, and 0.52% moisture content on as received basis (see Table 1). 

2.2. Analytical thermogravimetry (TG) 

The TG experiments were performed using a modified Perkin-Elmer TGS-2 
thermobalance. The samples were cryo-milled into fine powder for the TG measurements. 
Approximately 1 mg sample was placed into the platinum sample holder of the thermobalance 
and flushed with a mixture of 5% oxygen and 95% argon gas at a flow rate of 140 ml min-1. 
�7�K�H���V�D�P�S�O�H�V���Z�H�U�H���K�H�D�W�H�G���D�W���D���������ƒ�&���P�L�Q-1 �U�D�W�H���L�Q���W�K�H���R�[�L�G�D�W�L�Y�H���D�W�P�R�V�S�K�H�U�H���X�S���W�R�������������ƒ�&�����,�Q��
order to avoid the ignition of the sample, low sample masses and heating rates were applied. 
As another consequence of the low sample masses, the shift of the base line was not negligible. 
Therefore, baseline measurements were carried out with an empty sample holder and the 
baseline was subtracted from the actual TG measurements. 

This method is designated as analytical thermogravimetry as these measurements were 
carried out on very small amounts of sample under controlled gas composition and temperature, 
as described above. 

2.3 Macroscopic thermogravimetry 

An electrically heated oven and a digital balance (see Figure 2) were used for measuring 
�W�K�H���P�D�V�V���O�R�V�V���R�I���W�K�H���V�D�P�S�O�H���S�D�U�W�L�F�O�H�V���G�X�U�L�Q�J���W�K�H�L�U���D�P�E�L�H�Q�W���F�R�P�E�X�V�W�L�R�Q���S�U�R�F�H�V�V�H�V�����³�0�D�F�U�R�V�F�R�S�L�F�´��
particles of original size were used and ambient atmosphere was applied at these experiments, 
that is, temperature, gas flow, and composition on and around the burning surface were 
determined by the combustion process itself, and not by an external control.  
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Fig.2. The programmable oven with rubber sample and additional measuring tools for sample weight 
and temperature. 

The internal dimensions �R�I���W�K�H���K�H�D�W�H�G���Y�R�O�X�P�H���D�U�H�����������P�P���î�����������P�P���î�����������P�P�����/���î���:��
�î���+�������$���U�R�G���Z�D�V���X�V�H�G���L�Q���R�U�G�H�U���W�R���N�H�H�S���W�K�H���V�D�P�S�O�H���V�W�D�E�L�O�H�����7�K�H���U�R�G���F�D�Q���E�H���X�V�H�G���Z�L�W�K���W�Z�R���N�L�Q�G�V��
of heads: a spoon and a lance. The spoon is used for holding small and numerous pieces while 
the lance is for bigger samples that can be stuck up. The actual weight of the sample was 
continuously measured by a pair of sensitive digital scales under a well-defined position of the 
supporting rod. The internal temperature of the sample was also constantly monitored by means 
of thermocouples inserted into the body of the sample. The internal air temperature of the oven 
�Z�D�V���S�U�R�J�U�D�P�P�D�E�O�H���D�Q�G���V�H�W���W�R�����������ƒ�&���S�U�L�R�U���W�R���W�K�H���H�[�S�H�U�L�P�H�Q�W�V�� 

Besides continuously measuring the sample mass during the entire combustion process, 
this equipment was also suitable for monitoring the macroscopic changes in the samples. During 
these experiments, the sample was put into the cold oven at a stagnant atmosphere and the air 
�W�H�P�S�H�U�D�W�X�U�H���Z�D�V���L�Q�F�U�H�D�V�H�G���E�\���W�K�H���E�L�J�J�H�V�W���S�R�V�V�L�E�O�H���U�D�W�H���������ƒ�&���S�H�U�������V). The internal temperature 
of the particles was also continuously measured and the heating up procedure was stopped at 
�H�D�F�K���V�W�H�S���R�I���������ƒ�&�����7�K�H�Q���L�W���Z�D�V���S�R�V�V�L�E�O�H���W�R���S�X�O�O���R�X�W���W�K�H���U�R�G���I�R�U���D���I�H�Z���V�H�F�R�Q�G�V���W�R���H�[�D�P�L�Q�H���W�K�H��
sample more precisely. 

3 RESULTS AND DISCUSSION 

3.1 Analytical thermogravimetry 

The controlled slow oxidation process of the rubber samples occurred in several steps as 
the thermogravimetry (TG) and derivative thermogravimetry (DTG) curves show in Figure 3. 
Although there are several peaks on the DTG curves, the decomposition of the samples can be 
divided into 3 main stages. The mass loss and the characteristic temperatures of these stages 
are summarised in Table 2. The decomposition of the hose sample (Figure 3a) started at about 
�������� �ƒ�&�� �D�Q�G�� �W�K�H�� �I�L�U�V�W���G�H�F�R�P�S�R�V�L�W�L�R�Q�� �V�W�H�S�� �H�Q�G�H�G�� �D�W���D�E�R�X�W���������� �ƒ�&�� �Z�L�W�K�� �������� �P�D�V�V�� �O�R�V�V���� �2�Q�� �W�K�H��
basis of the previous pyrolysis study of these samples in inert atmosphere [19], it can be 
assumed that the volatile additives evaporated and burnt in this temperature range. The second 
�V�W�D�J�H���E�H�W�Z�H�H�Q�����������D�Q�G�����������ƒ�&���F�D�Q���E�H���D�W�W�U�L�E�X�W�H�G���W�R���W�K�H���G�H�Y�R�O�D�W�L�O�L�V�D�W�L�R�Q���D�Q�G���F�R�P�E�X�V�W�L�R�Q���R�I���W�K�H��
elastomer components of the rubber leading to about 34% mass loss. The DTG curve showed 
several peaks in this period confirming that various polymers constituted the elastomer part of 
�W�K�H���U�X�E�E�H�U�����7�K�H���O�D�V�W���G�H�F�R�P�S�R�V�L�W�L�R�Q���S�U�R�F�H�V�V���Z�D�V���W�K�H���E�X�U�Q�L�Q�J���R�I���W�K�H���F�K�D�U���D�E�R�Y�H�����������ƒ�&���Z�L�W�K����������
mass loss. The oxidative decomposition of the sprue sample also took place in three stages 
(Figure 3b); however, the mass loss and the decomposition rates were different. It seems that 
the combustion of the elastomers caused 41% mass loss. The combustion of the char residue 
led to 12% mass loss similarly to the hose sample. The sprue sample burnt faster than the hose 
sample as the sharp DTG peaks indicated. The combustion of sprue sample ended at about 650 
�ƒ�&�� �Z�K�L�O�H�� �W�K�H�� �K�R�V�H�� �V�D�P�S�O�H�� �E�X�U�Q�W�� �X�S�� �W�R�� �������� �ƒ�&�� �X�V�L�Q�J�� �D�� �F�R�Q�W�U�R�O�O�H�G�� �W�H�P�S�H�U�D�W�X�U�H�� �S�U�R�J�U�D�P�� �D�W�� �D��
�����ƒ�&���P�L�Q���K�H�D�W�L�Q�J���U�D�W�H��  
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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 (%wt., as received) 

Moisture 

Volatile matter 

Ash 

 

0.59 

47.11 

15.62 

  

0.52 

53.22 

19.40 

  

Ultimate analysis (%wt., dry basis) 

C 

H 
O 

N 

S 

 

74.23 

6.59 
2.82 

0.29 

0.36 

  

68.61 

6.95 
2.55 

1.78 

0.61 

  

Higher heating value (MJ/kg, dry basis) 32.24  31.15   

 

3.2 Macroscopic thermogravimetry 

Prior to the thermogravimetric measurement of the hose sample, the internal temperature 
of the oven �Z�D�V���V�H�W���W�R���D�Q�G���V�W�D�E�L�O�L�V�H�G���D�W�����������ƒ�&�����7�K�H���V�D�P�S�O�H���W�H�P�S�H�U�D�W�X�U�H���L�Q�F�U�H�D�V�H�G���X�S���W�R�����������ƒ�&��
within seven minutes (Figure 4a), in which period devolatilisation and about 55% mass loss 
�W�R�R�N���S�O�D�F�H�����7�K�H���H�Y�R�O�Y�H�G���J�D�V�H�V���L�J�Q�L�W�H�G���D�W���D�E�R�X�W�����������ƒ�&�����Z�K�L�F�K���L�V���Y�L�V�L�E�O�H���R�Q���W�K�H���U�Dpid increase of 
the temperature curve. After the flames went out, further 12% mass loss was observed with a 
slow rate. An important consequence of these measurements is that although most of the mass 
losses of the full-sized particles occur within 10 minutes, a slow but steady further mass loss 
requires a significantly longer time. This fact formulates another advantage of the fluidised bed 
technology in utilising this waste derived fuel, i. e., it is capable of allowing long residence 
times of the solid particles in the bed. However, it must be considered throughout its design. 

(a)  

(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 sprue particles as well (Figure 4b). 
Intensive temperature increase and visible volatile release started immediately after the sprue 
sample entered the oven. The high combustion rate is in agreement with the sharp DTG peak 
�E�H�W�Z�H�H�Q�����������D�Q�G�����������ƒ�&���L�Q���W�K�H���D�Q�D�O�\�W�L�F�D�O���7�*���P�H�D�V�X�U�H�P�H�Q�W�V�����7�K�H���L�Jnition of the volatiles took 
�S�O�D�F�H���D�W���D���K�L�J�K�H�U���W�H�P�S�H�U�D�W�X�U�H�������������ƒ�&�������D�V���Y�L�V�L�E�O�H���R�Q���W�K�H���L�Q�F�U�H�D�V�H�G���W�H�P�S�H�U�D�W�X�U�H���J�U�D�G�L�H�Q�W���D�V���Z�H�O�O����
During the volatile release, about 60% of the mass loss occurred according to the diagram and 
the maximal internal temperature of �W�K�H���V�D�P�S�O�H���U�H�D�F�K�H�G�����������ƒ�&�����7�K�H�Q�� �I�X�U�W�K�H�U�����������P�D�V�V�� �O�R�V�V��
took place within six minutes. No further mass loss was observed, and the temperature slowly 
started to decrease. An important consequence of these results is that the most significant 
portion of the mass loss happens during the devolatilisation phase 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 in the waste rubber samples while 
carrying out the macroscopic thermogravimetric experiments. Their descriptions are important 
from both theoretical and practical aspects for the combustion kinetics and the combustor 
design. 

During the heating up of the hose samples from ambient temperature, the external braided 
fibre reinforcement mesh ignited and burned in a shrinking manner first (see Table 3). This was 
followed by a visible volatile release, which burned by flames if the heating rate was set above 
�����ƒ�&���S�H�U���������V�����3�D�U�D�O�O�H�O���W�R���Whis devolatilisation, the primary fragmentation started. Afterwards, 
the rubber body lost its flexibility and this rigid material burnt completely, leaving a porous 
coke shell behind. 

The combustion process of the sprues started immediately with the volatile release at a 
slightly lower temperature. It was followed by losing its flexibility and the complete burnout at 
somewhat higher temperatures, as indicated in Table 3. 

Table 3. Characteristic features of the macroscopic particle combustion processes 
Temperature 

�ƒ�& 

Hoses  Temperature 

�ƒ�& 

Sprues 

200 
Braided external fibre 
reinforcement mesh starts burning. 

 
200 

Volatile release, some pieces start 
melting. 

250 
Volatile release starts, mesh 

completely burnt. 

 
 

 

325 

Rubber body gets rigid, burning 

with flames if heating rate > 
���������ƒ�&���V�� 

 

 

 

 
  

355 
The most intensive volatile 

release, rubber body gets rigid. 

600 
Flames go out, porous coke shell 
remained. 

 
 

 

 
  

620 
Flames go out, porous coke 

powder remained. 

 

3.4 Macroscopic changes of the reinforcement fibres 

One of the interesting components of the hoses was the internal reinforcement fibre. It 
deserves special attention because its behaviour at elevated temperature was rather different 
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from that of the other parts. Special experiments were carried out on the carefully separated 
fibres in a preheated oven. While heating up, it looked like burning natural fibres. The 
experiments showed that this component was not combustible and the information received 
from the producing company pointed out that it was a glass-based fibre. It was found that the 
�V�D�P�S�O�H�V���V�W�D�U�W�H�G���W�R���J�O�R�Z���D�W���D�E�R�X�W�����������ƒ�&���D�Q�G���W�K�H�\���W�X�U�Q�H�G���L�Q�W�R���D���I�L�Q�H���S�R�Z�G�H�U���G�X�U�L�Q�J���F�R�Q�W�L�Q�X�R�X�V��
shrinking. 

Generally, if the fuel has some non-combustible component like this, it could cause 
serious operational problems in a Fluidised Bed Boiler. However, its weaving was very loose, 
so it only represented a small part of the entire fuel mass. Moreover, the combustion product 
was just pure powder, which did not show any harmful behaviour like stickiness.  

4 CONCLUSION 

The objectives of the investigation on the combustion behaviour of non-tyre rubber 
wastes were to gain the most important information for their industrial utilisation for energy 
recovery. This paper presents the results describing the phenomena during the combustion 
taking place in the combustion chamber while the recently published study on the same 
materials [19] discussed the heating up and devolatilisation processes occurring partially in the 
fuel feeding route. 

The two types of non-tyre rubber wastes, called hoses and sprues according to the 
terminology of the waste treatment plants, were found to be promising candidates for power 
plant fuels because of their permanent availabilities and approximately equal quantities. 

(1) The analytical thermogravimetry experiments demonstrate that the combustion 
of the rubber particles takes place in three main stages. 

(2) The volatile additives evaporate and burn already at around 200 �± ���������ƒ�&�� 
(3) �7�K�H���H�O�D�V�W�R�P�H�U���F�R�P�S�R�Q�H�Q�W�V���V�W�D�U�W���W�R���G�H�F�R�P�S�R�V�H���D�E�R�Y�H�����������ƒ�&�� 
(4) The polymeric constituents of the hose sample burn in a wide temperature range 

characterised by at least four overlapping DTG peaks indicating the very complex composition 
of the elastomer part. On the other hand, the polymers of the sprue sample burn within a narrow 
temperature range with only two overlapping DTG peaks showing the more uniform 
composition of the elastomer components. 

(5) In the last stage, the combustion of the char residue of sprue and hose samples 
�H�Q�G�V�� �D�W�� �D�E�R�X�W�� �������� �D�Q�G�� �������� �ƒ�&���� �U�H�V�S�H�F�W�L�Y�H�O�\���� �7�K�L�V��fact is another argument confirming the 
suitability of this waste derived fuel for the FBC technology. 

During the macroscopic experiments, the combustion of some parts of the hose waste 
�U�X�E�E�H�U���V�W�D�U�W�V���D�W���W�H�P�S�H�U�D�W�X�U�H���D�V���O�R�Z���D�V�����������ƒ�&�����Z�K�L�F�K���F�D�Q���E�H���H�[�S�O�D�L�Q�H�G��by the high amount of 
volatile additives of this sample. 

(6) The different sorts of waste rubber show markedly different burnout times. The 
duration of combustion was above 20 minutes in case of hoses while for the sprues it was below 
10 minutes using industrially relevant full-sized particles of about 50 mm. This is explained by 
the analytical thermogravimetric measurements pointing out that the sprue sample has a much 
higher burning rate than the hose sample and the combustion of sprue is finished by a 10�����ƒ�&��
lower temperature. This very significant difference must be considered during the fuel selection 
and the combustor design. 

Non-combustible reinforcement fibres and other inorganic additives are present in the 
fuel, hence their accumulation inside the combustion chamber 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  

�,�V�W�Y�i�Q���3�H�W�U�R�Y1, Attila Meggyes1�����$�U�W�~�U���6�]�L�O�i�J�\�L1 
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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 be that energy 
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 fully renewable based 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 sustainability. Only, its availability and 
energy density usually fail to match our needs. The best way to solve these problems are to find 
a way to accumulate the produced energy so it may be used at the time and amount we need. 
One way for energy storage could be that energy is utilized in an endothermic generation of a 
chemical compound and subsequently recovered in exothermic reaction. According to 
hydrogen economy [1], hydrogen could be one of these chemical compounds. However, 
hydrogen is mostly produced from fossils and it has serious problems with storing and 
transporting [2]. Renewable energy accumulation based on hydrogen could only take place if 
renewable based hydrogen is conversed into a more stable compound. In this work, methanol 
was tested if it could be used for this aim. Investigating into this matter, a life cycle assessment 
was created. The investigated model was that methanol was created from renewable based 
hydrogen (from electrolysis) and carbon dioxide (from air carbon capture and storage �± air CCS 
[3][4]).  This model was compared with two others, where methanol comes from the current 
market mix and where it is created from hydrogen and carbon dioxide that are also from the 
current market mix.  

2 EXPERIMENTAL METHO DS 

In Eq.1. it is shown that methanol can be synthetized from hydrogen and carbon dioxide. 
  

�%�1�6 
E �u�*�6 �^ �t�%�*�7�1�*���������Â�*�6�=�<�Ä
L 
F�v�{�á�z�t���G�,���I�K�H (1) 

In the created model carbon dioxide is captured form air (CCS) and hydrogen is produced 
from fresh water by chlor-alkali electrolysis [5]. Both procedures are powered by renewables. 
In this way, renewable energy can be transformed to chemical energy, first for producing 
hydrogen and carbon dioxide, then for producing methanol. This work investigates into the 
environmental performance of this process system. 

Life Cycle Assessment (LCA) means to inspect the whole life cycle of a specified product 
and to define each of its environmental emissions. This assessment was made by OPEN LCA 
1.5.0 software. Integrated databases: Ecoinvent; Agribalyse; Bioenergiedat; ELCD; NEEDS; 
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USDA. Impact categories: Acidification potential (AP), Freshwater aquatic ecotoxicity 
(DAEPTP), Depletion of abiotic resources - elements, ultimate reserves (DAR-E), Depletion of 
abiotic resources - fossil fuels (DAR-F), Eutrophication potential (EP), Climate change 
potential (GWP), Human toxicity (HTTP), Ozone layer depletion (ODP), Photochemical 
oxidation (POP) and Terrestrial ecotoxicity (TETP). The aim of the model was to avoid fossil 
depletion and carbon dioxide emission so GWP and DAR-F are the most important categories. 
However, other impact categories showed instructive information as well.  

LCA softwares work with flows, processes and product systems. Each product is a flow 
(excluding elementary flows) that are created by processes. Each process has its inputs and 
outputs. Regarding chained processes, on�H�¶�V�� �R�X�W�S�X�W�� �L�V�� �D�Q�� �R�W�K�H�U�¶�V�� �L�Q�S�X�W���� �7he software can 
organize these into a product system where all processes, inputs and outputs can be calculated 
(aggregated) for a specified product [6]. Fig.1. shows the graph of the product system where 
methanol comes from the current market mix. Fig.2. shows the system where methanol is 
produced from hydrogen and carbon dioxide that are from the current market mix. Fig.3. shows 
the system where methanol is produced from hydrogen and carbon dioxide 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, graph [6] 

 
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 (GWP and DAR-F) are shown in 
Fig.4. and Fig.5. For GWP it can be ascertained that the fully renewable based model does 
reduce carbon dioxide emission. In fact, it is shown as negative number. However, it must not 
be forgotten that this model calculates until methanol is available for consumption. Obviously, 
after burning it in an internal combustion engine, resulted numbers could only be higher than 
zero. In the reference model, where methanol is produced from hydrogen and carbon dioxide 
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that are from the current market mix, carbon dioxide equal emission is rather high (in this case 
both hydrogen and carbon dioxide are mostly from fossils). For DAR-F there is a tendency, the 
more methanol is produced from hydrogen and carbon dioxide and the more the model relies 
on renewable energy, the less depletion of fossils it causes.  

 
Fig.4. GWP comparison 

 

 
Fig.5. DAR-F comparison 
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However, developing other impact categories was not the aim of this work, they show an 
important message. In all categories (excluding GWP and DAR-F) numbers for methanol 
resourced from the current market mix are better than creating it from hydrogen and carbon 
dioxide. Furthermore, in few categories results of the totally renewable model are far worse 
than the other two. For AP (Fig.6.) and POCP (Fig.8.) methanol from not renewable hydrogen 
and carbon dioxide is evidently higher than methanol from the market mix or from renewable 
hydrogen and carbon dioxide. For EP (Fig.7.) and Ecotoxicity (Fig.9. where DAEPTP, HTP 
and TETP are aggregated) there is a negative tendency exactly contrast to DAR-F. For ODP 
(Fig.10.) and DAR-E (Fig.11.) the renewable model is worse by scales compared 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 showed that it is, in fact, possible to reduce 
carbon dioxide emission and depletion of fossils. However, other impact categories showed that 
an environmental prize may be paid for this development. Without doubt, the current mix of 
technologies for methanol, carbon dioxide and hydrogen producing fails to help sustainability. 
Regarding to this, there is potential in developing these polluting procedures by optimizing 
them with renewable energy. The aim of this work was to create an alternative way for 
renewable energy accumulation which has been successfully proceeded. Although, its 
environmental performance is rather questionable according to several impact categories, 
enhanced technologies based on the created model may achieve serious reduction of emissions. 

 Summarising the created system: Renewable energy is being used for carbon capture 
from air and chlor-alkali electrolysis on the spot. After the conversion of carbon dioxide and 
hydrogen this energy is accumulated as methanol. Critical points of hydrogen processes are 
avoided by the model, conversion to methanol happens immediately after hydrogen production 
at the spot so there are no concerns about hydrogen transport and storage. The model generates 
negative carbon dioxide emission which means it consumes instead of emitting. But it must be 
noticed, that the system does not include combustion which turns the absorbed carbon dioxide 
into emission. Nevertheless, emissions can well reduced even with combustion. It is rather 
instructive, that using hydrogen and carbon dioxide originated from the current mix will cause 
improvement in environmental impact so forcing these materials shall be avoided. During the 
production of hydrogen and carbon dioxide it is best that technologies lean on renewable 
energy.  

It should be taken into account that advanced energy providing systems drift towards to 
complexity. Serious investments are required to develop environmental performance in any 
degree. However, overall solutions that could perfectly match our multiple expectations are �± 
if it is even possible - still to be created.  
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REVIEW OF HEAVY METAL CONTAINING, HIGH SALINITY 
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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 

�$�Y�D�L�O�D�E�L�O�L�W�\���R�I���I�U�H�V�K�Z�D�W�H�U���L�V���O�L�P�L�W�H�G���V�L�Q�F�H���R�Q�O�\���������������R�I���W�K�H���(�D�U�W�K�¶�V���W�R�W�D�O���Z�D�W�H�U���V�X�S�S�O�\���L�V��
directly consumable or useable for agricultural irrigation [1]. Salt content of water is the main 
limiting factor, which determines its further use. At the same time huge amount of high salinity 
wastewaters is generated in the industrial sector, especially in manufacturing industries 
incorporating electrochemical industry, electroplating plants, mining or food and beverage 
industry. Regarding this, desalination is priority and process water treatment is a crucial part in 
industrial water management. 

Considering the treatment possibilities of high salinity waters, several different 
technologies can be applied to minimize the total salinity and eliminate the heavy metal 
residues. Most current technologies are evaporation, ion-exchange and membrane technologies. 
Among the membrane technologies the most widely used ones are pressure driven processes, 
like reverse osmosis (RO) and nanofiltration (NF), but membrane distillation (MD) or 
electrodialysis (ED) could be also a low energy consuming solution for many industrial 
applications. In case of high salinity waters, copper containing process waters are most typical 
in electroplating industry, since copper acts as a base layer before plating further layers. 
Consequently, treatment of copper-containing model waters has been widely studied.  

NF membrane has the advantage rejecting multivalent ions though monovalent ions can 
pass through it [2], hence facilitating the separation of ions having different valencies, and 
providing opportunity for heavy metal removal as well [3]. Membrane parameters (material, 
chemical structure and functional end-groups, pore size if any), feed composition, pH of feed, 
temperature and applied transmembrane pressure have influence on the filtration and rejection 
characteristics [4]. By nanofiltration 47-98% copper removal efficiency (Table 1) could be 
achieved depending on the initial concentration and composition, and transmembrane pressure. 
Although the copper concentrations of model waters seemed to cover the ranges of real process 
water concentrations, the total initial ion concentrations of the test solutions were far away from 
high salinity waters, even real process waters. Despite the low initial copper concentration, the 
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total salinity had great influence on copper rejection in case of real process water [5], resulting 
in a reduced rejection to half (41-45%) than that of the model solutions (94-98%) [6]. 

Table 5. Cu (II) removal by NF 
Type of 
technic 

Initial 
concentration  

Applied 
pressure 

Type of 
sample 

Removal 
efficiency 

Reference 

NF 0.01 M 1�±3 bar model 47-66 % [7] [8] 
NF 0.47 M 20 bar model 96-98 % [9] 
NF 0.5 g/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 driving force, enabling separation of 
mineral compounds from feed solution, while moving dissociated ions through the ion-
permeable selective membranes. The separated flows are deionised flow called diluate, and 
�F�R�Q�F�H�Q�W�U�D�W�H�G�� �I�O�R�Z�� �F�D�O�O�H�G�� �F�R�Q�F�H�Q�W�U�D�W�H���� �7�K�H�� �(�'�¶�V�� �L�Q�I�O�X�H�Q�F�L�Q�J�� �S�D�U�D�P�H�W�H�U�V�� �D�U�H�� �W�K�H�� �W�\�S�H�� �R�I�� �W�K�H 

membrane (material, selectivity)���� �I�H�H�G�¶�V�� �F�K�H�P�L�F�D�O��composition, applied voltage, temperature, 

pH of liquids, flow rate of the streams [10] [11]. Electrodialysis is an emerging technology in 
drinking water production [12] e.g. seawater desalination and recovery of certain elements. 
Only a few reports demonstrated that ED could be used for the treatment of metal containing 
high salinity waters, but no literature data were available for real ones (originated from 
industry). Electrodialysis was successfully applied for the treatment of synthetic solutions 

simulating rinsing water of bright nickel electroplating bath. After electrodialysis the specific 

electric conductivity (hereinafter conductivity) of the model solution was decreased 

significantly and the purified fraction was reused as rinsing water. It was estimated that in case 
of real process water treatment the concentrated fraction enriched in nickel could be recycled 
to the electroplating bath [13]. Although prosperous results were achieved for synthetic 
solutions, electrodialysis has not been used for treatment of metal contaminated real process 
waters. 

In this paper we summarise the forgoing studies and results concerning the treatment of 
high salinity, heavy metal containing real electroplating process waters via NF and ED, 
compensating the lack of scientific publications regarding of real process waters. 

2 MATERIALS AND METHODS 

Each NF experiments were performed on universal bench-scale membrane filtration 
apparatus (CM-Celfa P28, Membrantrenntechnik AG) in cross-flow mode. DL type flat sheet 
membrane with an effective area of 28 cm2 was applied. Membrane selection was based on 
previous experiments executed with artificial test solutions [5][6]. Membranes were 
conditioned with distilled water before the experiments. Isotherm experiments at room 
temperature were carried out at a transmembrane pressure of 30 bar. 

All of ED experiments were performed on a laboratory scale ED-R unit (Membrain P 
EDR- Z/10-0.8, MemBrain s.r.o.) with 10 pairs of RALEX AM(H)-PP / CM(H)-PP ion-
exchange membranes and PE spacers. Effective surface of the membrane is 64 cm2 each; totally 
1344 cm2. Membranes were conditioned with distilled water before the experiments. Titanium 
coated platinum wires were used as reference electrode both for anode and cathode. The flow 
rates of the diluate, concentrate and the electrode solutions were set to 55 L/h. The processed 
solution (diluate), concentrate and electrode solution circulated through the unit in a multi-pass 
system, so each solution had its own storage tank, pump and piping. 
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The key characteristics of the membranes were determined accordingly; pure water- and 
permeate flux (1), rejection (2) and demineralization rate (3) for NF, while demineralization 
rate (3), percentage extraction (2) and separation coefficient (4) for ED. 

�, 
L ��
�5

�º
�®

�×�Ï

�×�ç

L ��

�¿�n�?�¿� 

�—���®���V�Ø
��  (1) 

where A is the effective membrane area, V is the volume of the permeate, t is the contact 
�W�L�P�H�����¨�L is applied transmembrane pressure, �¨�è is the osmotic pressure of the solution, ������is 
the dynamic viscosity of permeate and �4�I  is hydraulic membrane resistance. 

�4���=�J�@���2�'�¨ 
L�>�s 
F�:�%�ç���%�4�;�?�®�s�r�r (2) 

where Ct is the concentration of the followed ion in the permeate (NF) and diluate (ED) 
after the treatment, C0 the initial concentration of the followed ion. 

 �&�4�¨ 
L �>�s 
F�:�'�%�ç���'�%�4�;�?�®�s�r�r (3) 

where ECt is the conductivity of the permeate (NF) and diluate (ED) after the treatment, 
EC0 the conductivity of the sample before treatment. 

�5�:�P�; 
L
�:�¼�² �:�ç�;���¼�² �:�4�;�;�?�:�¼�³ �:�ç�;���¼�³ �:�4�;�;

�:�5�?�¼�² �:�ç�;���¼�² �:�4�;�;�>�:�5�?�¼�³ �:�ç�;���¼�³ �:�4�;�;
�®�s�r�r�¨ (4) 

where CA(t) and CB(t) the concentration of A and B component in diluate, CA(0) and 
CB(0) the initial concentration of A and B component. Because A is the limiting (slowest 
eliminating) component, CA must be higher than CB. 

The conductivity, pH, Chemical Oxygen Demand (CODCr) were measured both for NF 
and ED. The concentration of nickel-, copper- and sodium ions were monitored in case of NF, 
while nickel-, copper-, sodium-, chloride- and sulphate ion concentrations were followed in 
case of ED. 

During NF the continuous permeate flow were collected in charges. Conductivity of the 
permeate charges were determined by a WTW Multi 340 digital multi parameter meter unit. 
Nickel, copper and sodium concentrations were determined by atomic absorption spectroscopy, 
with a Perkin Elmer 3300 Atomic Absorption Spectrometer device. The acetylene and air flow 
rates were set to 1:2. Nickel and copper were measured in absorption mode at 232.00 nm and 
324.75 nm wavelength respectively, while for sodium determination emission mode was 
applied at wavelength of 589.00 nm. 

In case of ED experiments pH and conductivity were measured continuously with a WTW 
Multi 3420 digital multi parameter meter unit. Nickel, copper and sodium concentrations were 
determined by atomic absorption spectroscopy, with a Perkin Elmer Analyst 400 Atomic 
Absorption Spectrometer device. Nickel and copper were measured in absorption mode at 
232.00 nm and 324.75 nm wavelength respectively, while for sodium determination emission 
mode was applied at wavelength of 589.00 nm. The acetylene and air flow rates were set to 
2.5:10. 

Each concentration was calculated as a mean of 9 parallel measured concentrations 
�Z�R�U�N�L�Q�J�� �L�Q�� �D�����í���� �P�J���/�� �P�H�D�V�X�U�L�Q�J���U�D�Q�J�H�� �I�R�U��nickel and copper, and 0-150 mg/L for sodium. 
The maximum of standard deviation was always below 0.05% for each analysis during the 
whole experiment. CODCr values were measured with Merck COD cell test using photometric 
determination, according to the ISO 15705 standard. Chloride concentrations were determined 
with Merck chloride cell test using photometric determination, according to the ISO 7393-2 
standard. Determinations of sulphate content of samples were carried out with Merck sulphate 
cell test using photometric determination, according to the EPA 375.4 standard. 

During our series of experiments both model solutions and real process waters were used. 
The industrial samples originated from a metal plating unit which were pre-treated with 
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precipitation with calcium-hydroxide and filtration for elimination of the bulk of the heavy 
metal content. 

Initially the applicability of NF on real heavy metal containing process waters was tested 
(i), while the effect of temperature on the efficiency of nanofiltration was investigated as well, 
�D�W�������ƒ�&���������ƒ�&���������ƒ�&���D�Q�G�������ƒ�&�����7�K�H�V�H���Z�H�U�H���I�R�O�O�R�Z�H�G���E�\���(�'���H�[�S�H�U�L�P�H�Q�W�V�����L�Q���Z�K�L�F�K���W�K�H���H�I�I�H�F�W���R�I��
�D�S�S�O�L�H�G���Y�R�O�W�D�J�H���R�Q���W�K�H���(�'�¶�V���H�I�I�L�F�L�H�Q�F�\���Z�D�V���L�Q�Y�H�V�W�L�J�D�W�H�G�����L�L�������D�W�������G�L�I�I�H�U�H�Q�W���Y�R�O�W�D�J�H�V�����Q�D�P�H�O�\�������± 
4 �± 6 �± 8 �± 10 V, for 1 h experimental period in case of a model and a real process water as 
well. At last the salt and heavy metal removal efficiencies of NF and ED were compared (iii), 
in both cases of same model solutions and real process waters. The initial sample compositions 
are illustrated in Table 2 for the three stages of the study. In the 3rd stage pure salt model 
solutions were tested for NF and ED before the treatment of real samples. Model solutions 
represented the two most common salts in electroplating industry, NaCl and Na2SO4 solutions, 
in the typical concentration range of real process waters; 500 ppm, 1000 ppm, 2000 ppm, 6000 
ppm and 500 ppm, 1000 ppm, 2000 ppm, respectively. 

 
Table 2. Composition of process water samples 

Stage of 

experiment  
method 

Ni2+ 

[mg/l] 

Cu2+ 

[mg/l] 

Na+ 

[mg/l] 

Cl- 

[mg/l] 

NO3
- 

[mg/l] 

SO4
2- 

[mg/l] 

KOICr 

[mg/l] 

pH 

[-] 

Cond. 

�>�—�6���F�P�@ 

i)      Real S. NF 0.528 0.790 - - - - 626 6.87 30 300 

ii)  
Model S. 

ED 
1.940 1.913 406 6 000 22.8 938 - 2.94 18 300 

Real S. 1.312 13.2 1 247 0 0 1050 - 3.61 3 020 

iii)  

704 
NF& 
ED 

0.452 0.083 7 607 46 884 0 975 0 7.99 28 800 

703-710 0.500 0.051 1 271 4190 0 690 0 8.04 6150 

703CN 0.000 0.888 25 172 172 021 0 1430 0 9.58 92 600 

3 RESULTS AND DISCUSSION 

Because the treatment of copper-containing model waters has been widely studied, at the 
beginning of NF experiments the real solution were tested directly, applying treatment 
parameters based upon scientific literature and former results attained with model solutions. 
During the first stage of experiments i) the key parameters of the membrane were determined, 
such as the pure water flux. As expected with raising temperature flux raised and stabilised fast. 
Although with rising temperature Rm was expected to decrease, but Rm decreased with 
advancement in time instead, so the contact time had a more significant effect on Rm than 
�W�H�P�S�H�U�D�W�X�U�H���� �7�K�L�V�� �W�U�H�Q�G�� �G�L�G�Q�¶�W�� �W�X�U�Q�� �R�X�W�� �D�W�� �W�K�H�� �V�D�P�S�O�H�� �I�L�O�W�U�D�W�L�R�Q���� �E�H�F�D�X�V�H�� �W�K�H�� �F�R�P�S�R�Q�H�Q�W�V��
provided a more vigorous change in resistance than the time. Though, the permeate flux showed 
S-shaped curves according to our expectations. 

Considering all followed parameters, Cu2+, Ni2+, CODCr concentrations and conductivity 
minimum value could be observed at yield of 0.2. The pH did not change significantly during 
NF experiments. Rejection was significantly higher in the case of Ni2+,  
71 - 76%, at all examined temperatures than in the case of Cu2+, 41 - 45%. These rejection 
values are much lower than those observed for artificial test solutions, which were always above 
90% [6]. The explanation of this phenomenon is as follows: in real solutions there are other 
ions besides the followed ones, which all could have and had negative effect on the rejection. 
�,�Q���E�R�W�K���P�H�W�D�O�¶�V���F�D�V�H�V���W�K�H���E�H�V�W���U�H�M�H�F�W�L�R�Q���Y�D�O�X�H�V���Z�H�U�H���R�E�W�D�L�Q�H�G���D�W�������ƒ�&�����$�W���K�L�J�K�H�U���W�H�P�S�H�U�D�W�X�U�H�V��
the rejections consequently dropped, though not significantly and there was not remarkable 
�G�L�I�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���W�K�H���Y�D�O�X�H�V���D�W�������ƒ�&���D�Q�G�������ƒ�&���L�Q���E�R�W�K���P�H�W�D�O�¶�V���F�D�V�H�V�� 

In the high-conductivity original test solution (30.3 mS/cm, which means high salinity as 
well) the main components were two monovalent ions, Na+ and Cl-. At every examined 
temperature the conductivity values were the lowest for the first permeate samples, i.e. 
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approximately 30% of feed. The salt removal efficiencies differed between 28 and 32% 
depending on the temperature. The conductivity of the permeates slightly raised with raising 
temperature and raised significantly with the advancement of the NF. In the last permeate 
charges it exceeded the conductivity of the original solutions in all cases, so the treatment turned 
to an enrichment process. Considering the results described above, it is advised to stop the 
filtration at the first period of the NF process, i.e. right after reaching 20% recovery rate. 

In the second stage ii), the applicability of ED was tested at first on model solution. 
Ingredients of this test sample were based upon real electroplating process water composition. 
After attaining promising results, the real process water sample was tested at five different 
voltages similarly applied to test solution. The key parameters of the membrane were 
determined in both test and real water cases regarding the followed ions (Ni2+, Cu2+, Na+, Cl-, 
NO3

-, SO4
2-). I�Q���F�D�V�H���R�I���W�K�H���U�H�D�O���S�U�R�F�H�V�V���Z�D�W�H�U�¶�V, which had lower initial concentration, higher 

demineralisation rates observed at every voltage, as expected. Though at the model process 
�Z�D�W�H�U�����Z�K�L�F�K�� �K�D�G���������������—�6���F�P�� �L�Q�L�W�L�D�O���F�R�Q�G�X�F�W�L�Y�L�W�\�����Z�H���U�H�D�F�K�H�G�����������������G�H�P�L�Q�H�U�D�O�L�V�D�W�L�R�Q���U�D�W�H��
already at 6V. We also verified that with increasing of applied voltage, i.e. driving force, higher 
demineralisations rates could be achieved. The percentage extraction depends on the initial ion 
concentrations as well and elevated with increasing voltage. It was found that the most hardly 
removable ion was the Na+, while the most easily removable was the Ni2+, similarly to Cu2+. 
Very good percentage extraction efficiency was observed from 6V to 10V, above 98% almost 
each case at both samples. Focusing on Na+ in the model solution, however was 64% only at 
6V and increased with increasing voltage, while for real water it always exceeded 90% at all 
applied voltages. The effect of applied voltage on conductivity was studied too; with increasing 
voltage the salt removal became significantly faster. Higher differences between the separation 
coefficients related to the limiting component (sodium) were observed at low applied voltages. 
With increasing voltage this difference was reduced, moreover at 10 V it could be neglected. 

After the second stage of exp�H�U�L�P�H�Q�W�V�����W�K�H���(�'�¶�V���O�L�P�L�W�L�Q�J���Y�R�O�W�D�J�H���Z�D�V���G�H�W�H�U�P�L�Q�H�G���E�R�W�K���I�R�U��
artificial and real process waters at 6 V. An increase in the applied voltage increased the 
extraction rate of all analysed ions, as expected. In case of real process water sodium and 
sulphate removal were three-times higher than in case of the artificial one. The heavy metal 
removals were higher than 85% in both cases, however it was over 99% in case of the real 
process water. We successfully demonstrated that ED is an efficient method for the 
simultaneous removal of heavy metal ions and salts from industrial process waters. 

After prosperous results of i) and ii) experiment NF and ED treatment technologies were 
tested (marked as experiment series iii)) with high salinity model solutions and high salinity, 
heavy metal containing real process waters originating from electroplating industry (see Table 
2), then typical parameters were compared. 

The conductivity of the permeates raised significantly with the advancement of NF, this 
confirmed our former experiences; it is advised to stop the filtration at the first period of the NF 
process, i.e. right after reaching 20% recovery rate. One of the real process waters was in the 
conductivity range of the model solutions (Sample No. 703-710) and as we predicted, it showed 
similar behaviour �W�R���P�R�G�H�O���Z�D�W�H�U�V�¶�����K�L�J�K���U�H�M�H�F�W�L�R�Q���D�Q�G��recovery rate of the ions, always above 
90% both for NF and ED, respectively. For testing extreme circumstances, process waters 
having ca. 30 and 90 mS/cm conductivity were selected as feed. In case of the 30 mS/cm 
sample, ED provided still 91.8% demineralisation rate and >94% percentage extraction for Cl- 
and Cu2+, though in case of Ni2+, Na+ and SO4

2- it decreased significantly. At NF slightly lower 
retention values, 90% for Cu2+ and 86% for Ni2+ were obtained. In case of the 90 mS/cm 
conductivity water the demineralization rate was just approx. 37% and the highest percentage 
extraction was 59% for Cu2+, though the change of conductivity was still fast, approx. 500 
�—�6���F�P��per minute. The NF�¶�V�� �K�H�D�Y�\�� �P�H�W�D�O�� �U�H�M�H�F�W�L�R�Q�� �Z�D�V�� �E�H�W�W�H�U�� �D�W�� �W�K�H�� �J�U�H�D�W�H�V�W�� �L�Q�L�W�L�D�O��
concentration water (Sample No. 703CN) �W�K�D�Q�� �(�'�¶�V���� �2�Q�� �W�K�H�� �R�W�K�H�U�� �K�D�Q�G���� �W�K�H�� �1�)�¶�V��
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�G�H�P�L�Q�H�U�D�O�L�]�D�W�L�R�Q�� �U�D�W�H�V�� �Z�H�U�H�� �F�R�Q�V�L�G�H�U�D�E�O�\�� �O�R�Z�H�U�� �L�Q�� �H�D�F�K�� �Z�D�W�H�U�¶�V�� �F�D�V�H�V���� �F�R�Q�V�H�F�X�W�L�Y�H�O�\�� �Z�L�W�K��
ascendant initial conductivity, i.e. for 6, 30 and 90 mS/cm feed solutions, demineralization rates 
were 62.3%, 26.6% and 20.2% for NF and 99%, 92% and 37% for ED, respectively. The 
summarised results of demineralisation rates are illustrated in Table 3, while rejection values 
of NF and extraction percentage values of ED are shown in Table 4. 

Table 3. Demineralisation rates of NF and ED for model solutions and real process waters 
  NaCl Na2SO4 

703-

710 
704 703CN 500 

ppm 

1000 

ppm 

2000 

ppm 

6000 

ppm 

500 

ppm 

1000 

ppm 

2000 

ppm 

DR% 
NF1P 66.6 60.8 52.1 41.5 96.6 98.9 99.0 62.3 26.6 20.2 

ED 99.5 99.5 99.7 99.5 98.4 98.1 98.5 99.2 91.8 37.3 

 

Table 4. Rejection values of NF and percentage extraction values of ED of the followed components in 
case of process water samples 

  Cu2+ Ni2+ Na+ Cl- NO3
- SO4

2- 

NF 

R1P% 

710-703  12.5 90.5 64.3 - - - 

704 81.0 85.7 34.3 - - - 

703CN 89.6 0.0 -6.6 - - - 

ED 

PE% 

710-703  94.5 96.6 91.1 100.0 0.0 97.7 

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 technologies for heavy metal 
removal, however they provide different demineralization rates, rejection and extraction 
percentage for sodium- and chloride ions. Although taking everything into account, ED seems 
slightly more effective in the treatment of the examined high salinity and high salinity heavy 
metal containing samples. Accordingly, it is ascertainable that up to 30 mS/cm conductivity 
process waters ED is a highly efficient method for simultaneous salt and heavy metal removal. 
Though if more concentrated solutions would be treated, contact time or/and the applied voltage 
should be further increased. 

4 CONCLUSION 

Compensating the lack of scientific publications considering real process waters, the 
forgoing studies and results were summarised concerning the treatment of high salinity, heavy 
metal containing real process waters originated from electroplating industry via NF and ED. 

During the NF experiments in experimental series i) considering all followed parameters, 
Cu2+, Ni2+, CODCr concentrations and conductivity the lowest values could be observed at the 
initial stage of filtration, i.e. at a yield of 0.2. Rejection was significantly higher in the case of 
Ni2+ (71 - 76%), at all examined temperatures than in the case of Cu2+ (41 - 45%). These 
rejection values were much lower than those observed for artificial test solutions, which were 
always above 90% [6]. At every examined temperature the conductivity values were the lowest 
for the first permeate samples, i.e. approximately 30% of feed. The salt removal efficiencies 
differed between 28 and 32% depending on the temperature. The conductivity of the permeates 
slightly raised with raising temperature and raised significantly with the advancement of the 
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NF. According these results it is advised to stop the filtration at the first period of the NF 
process, i.e. after reaching 20% recovery rate. 

In the second stage of experiment series ii), the applicability of ED was tested at first on 
model solution, which composition was based upon real electroplating process water�V�¶. After 
attaining promising results, the real process water sample was tested at five different voltages 
similarly to those applied for test solution. It was found that the most hardly removable ion was 
the Na+, while the most easily removable was the Ni2+, similarly to Cu2+. The heavy metal 
removals were higher than 85% in both cases. Very good percentage extraction efficiency was 
observed from 6V to 10V, above 98% almost each case at both samples. The �(�'�¶�V�� �O�L�P�L�W�L�Q�J��
voltage was determined as well both for artificial and real process waters at 6 V.  

At last, in experiment series iii) the salt and heavy metal removal efficiencies of NF and 
ED were compared on the same samples. Pure salt model solutions were tested for NF and ED 
before the treatment of real samples. Regarding the conductivities of model solutions, they 
showed minimum values at the 1st charge of permeate, and the same phenomenon was observed 
for the real process water samples too. Electrodialysis experiments of model solutions showed 
excellent removal of ions: almost zero conductivities of diluates were achieved after 1 h 
operating time at 6V applied voltage, independently of the type and examined initial ion 
concentration of solutions. Regarding the real process waters, NF showed a DR% value 
between 20.2% and 62.3%, while it varied in a wider range, 37.3% - 99.2% for ED. So, it can 
be concluded that higher demineralisation rates can be achieved by ED than NF, therefore ED 
seems more efficient in desalination of these types of real process waters. At the same time, NF 
and ED showed similar heavy metal elimination efficiency. For testing extreme circumstances, 
process waters having ca. 30 and 90 mS/cm conductivity were selected as feed. In case of the 
30 mS/cm sample, ED provided still 91.8% DR% and >94% percentage extraction for Cl- and 
Cu2+, though in case of Ni2+, Na+ and SO4

2- it decreased significantly. At NF slightly lower 
retention values, 90% for Cu2+ and 86% for Ni2+ were obtained. 

Our study revealed that both technologies are efficient for heavy metal removal, however 
they provide different demineralization rates, rejection and extraction percentage for sodium- 
and chloride ions. We also successfully demonstrated that ED is a highly efficient method for 
simultaneous salt and heavy metal removal for process waters possessing initial conductivity 
up to 30 mS/cm. Though if it would be applied for desalination of more concentrated solutions, 
the contact time and/or the applied voltage should be further increased. 
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LIFE-CYCLE NITROGEN OXIDE EMISSIONS OF THE HUNGARIAN 
ELECTRICITY CONSUMPTION MIX 

�$�U�W�X�U���6�]�L�O�i�J�\�L 
Department of Energy Engineering, Budapest University of Technology and Economics  

Abstract. Goals: this paper examines the direct NOx emissions of the Hungarian electricity 
system over the last two decades and explore the ways how the sector reduced its emissions 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 public statistical 
databases while indirect emissions are determined by life cycle assessment. Results: The 
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 in emissions, 
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 NOx emitted 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 have been a number of significant 
legal changes regarding the nitrogen oxide emission reduction efforts in Hungary. In July 2017, 
the Union ratified the 2012 amendments to the Gothenburg Protocol, which will maximize 
emissions at EU level after 2020. The prerequisite for the adoption of the Protocol was the 
codification of the 2016/2284 EU Directive on National Emission Limits, which sets annual 
NOx emission ceilings for each EU Member State between 2020 and 2030. For after 2030, the 
Directive sets out even more ambitious targets than those of the Protocol by aiming at the 
reduction of EU NOx emissions by 63% compared to 2005. 

The new legislation also imposes severe restrictions on combustion plants in the 
electricity sector, which poses a major challenge to industry players. Although NOx emissions 
�L�Q���W�K�H���H�O�H�F�W�U�L�F�L�W�\���V�H�F�W�R�U���D�U�H���I�D�U���E�H�K�L�Q�G���W�K�D�Q���W�K�R�V�H���R�I���W�U�D�Q�V�S�R�U�W�¶�V���D�Q�G���K�R�X�V�H�K�R�O�G�V�¶���L�Q���+�X�Q�J�D�U�\�����L�W��
is still a significant emitter. Furthermore, the increase in electricity imports in the last few years 
raises the possibility that a significant part of the NOx emissions caused by the Hungarian 
electricity consumption simply "exported" to another country. 

In this paper, the following questions are investigated in the light of the ambitious EU 
nitrogen oxide reduction targets: 

1. �K�R�Z���G�L�G���W�K�H���G�L�U�H�F�W���1�2�[���H�P�L�V�V�L�R�Q�V���R�I���W�K�H���+�X�Q�J�D�U�L�D�Q���F�R�P�E�X�V�W�L�R�Q���S�O�D�Q�W�V���L�Q���W�K�H���H�O�H�F�W�U�L�F�L�W�\��
�V�H�F�W�R�U���K�D�Y�H���G�H�Y�H�O�R�S�H�G���L�Q���U�H�F�H�Q�W���\�H�D�U�V�� 

2. �K�R�Z�� �P�X�F�K�� �L�Q�G�L�U�H�F�W�� �1�2�[�� �H�P�L�V�V�L�R�Q�V�� �D�U�H�� �J�H�Q�H�U�D�W�H�G�� �G�X�U�L�Q�J�� �W�K�H�� �O�L�I�H���F�\�F�O�H�� �R�I�� �H�O�H�F�W�U�L�F�L�W�\��
�J�H�Q�H�U�D�W�L�R�Q���D�Q�G���W�K�H���L�P�S�R�U�W�V���D�Q�G���L�Q���Z�K�L�F�K���F�R�X�Q�W�U�L�H�V���W�K�H�\���R�F�F�X�U�� 

3. �Z�K�D�W���W�U�H�Q�G�V���D�U�H���H�[�S�H�F�W�H�G���L�Q���W�K�L�V���I�L�H�O�G���L�Q���W�K�H���I�X�W�X�U�H�� 

1.2 Nitrogen oxides (NOx) 

Nitrogen oxides are the compounds of nitrogen (N) with oxygen (O). From a practical 
point of view, nitrogen oxides (NOx) are understood as nitrogen oxides (NO) and nitrogen 
dioxide (NO2), so that only these compounds are measured for air pollution. Nitrogen oxides 
are produced during high temperature, largely from the nitrogen content of the air and to a lesser 
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extent, the nitrogen content of the fuel, such as in internal combustion engines, power plants, 
or domestic heaters. In addition to combustion and transport, the chemical industry is also an 
important source of anthropogenic nitrogen oxide emissions. Nitrogen oxides play an important 
role in the formation of photochemical smogs, and in acidification 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 emissions has its origins in the Geneva 
Convention on Long-Range Transboundary Air Pollution, signed by Hungary in 1979 and 
ratified a year later. Since 1979, the Convention has been ratified by 50 countries and the EU 
as a separate Party as well, which means that from our accession to the EU, the tasks derived 
from the Convention are also present through Union law in the Hungarian legal system. 

Of the protocols annexed to the Geneva Convention, the eighth is the Gothenburg 
Protocol of 1999, which was signed by Hungary in 1999 and ratified in 2006. Based on this, by 
2010 the country had to reduce its nitrogen oxide emissions by 17% (from 238 to 198 kt) 
compared to 1990 and to apply stringent technological emission limits to all stationary sources. 
According to the 2012 amendment to the Protocol, Hungary has to further cut its emissions by 
34% until 2020 compared to 2005. The 2016/2284 EU Directive has made the amendments an 
integral part of EU law, and for Hungary, after 2030, another 66% reduction is expected from 
the 200�����O�H�Y�H�O�����%�L�E�y�N�������������� 

2 MATERIALS AND METHODS 

2.1 Analysis of direct emissions 

Direct emission data from the energy sector is available in various public statistical 
repositories (eg. EUROSTAT, KSH). Emission data were compared to the legally required 
emission limits found in the literature and with the information contained in the MAVIR annual 
reports. 

2.2 Indirect emissions 

In addition to direct emissions, we also wanted to identify indirect emissions from the life 
cycle of electricity production and imports. We used life cycle assessment for this, which is a 
novel approach as we have not found any evidence in the relevant literature that a country's 
NOx emissions from electricity consumption would be analyzed in this way. 

Life cycle assessment (LCA) - also known as life cycle analysis �± is the assessment of the 
potential effects on the environment during a lifetime of a product, process or service. The life 
cycle of a product is referred to as all the processes from raw material extraction, mining 
through manufacturing of the product to the use and en-of-life (ISO 2010). The life cycle of the 
electricity can be divided into two main parts: life-cycle of the fuel (mining, processing) and 
the life cycle of the power plant (construction, operation and dismantling). As a source of data, 
the Swiss ecoinvent 3.2 database was used, which includes data from tens of thousands of 
industrial processes, including the life cycle data of the Hungarian electricity consumption mix 
(Wernet et al., 2016). 

Using the open-source software, openLCA version 1.7, the life-cycle environmental 
impacts of 1 MWh average electricity consumed in Hungary at low voltage are estimated for 
the year 2014. Among other things, one can query the whole life-cycle 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 significantly in all contributing 
sectors except agriculture (Figure 1). In particular, energy-related and industrial emissions has 
shown a spectacular decline. Transport has shown a slight growth again in recent years, despite 
the fact that vehicles without catalytic converters almost disappeared from the roads. The reason 
for that, in addition to the total growth of the vehicle fleet, is that average age of the fleet is 
constantly growing, mainly because of the used car imports from 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 energy sector rose slowly from 1990 
up to about 50 kt in 1997, followed by a rapid decline which slowly continued until today (down 
to around 17 kt in 2015). During the same period, the share of the energy sector from the total 
emissions was halved from about 27% to 13%. In the light of the legal background, it is not 
surprising that the first reduction happened just before the turn of the millennium, as the 1998 
KTM Decree No. 22/1998. (VI.26) limited the total emissions of nitrogen oxides from 
electricity generation combustion plants as follows: 

�G �X�Q�W�L�O���������'�H�F�H�P�E�H�U�������������������N�W���\�H�D�U�� 
�G �X�Q�W�L�O���������'�H�F�H�P�E�H�U�������������������N�W���\�H�D�U�� 
�G �D�Q�G���X�S���W�R���������N�W�������\�H�D�U���D�I�W�H�U�������-�D�Q�X�D�U�\������������ 

The first major decrease since 1998-2000 was due to the increase in the number of natural 
gas fueled, high efficiency combined heat and power generating units. At the same time, several 
primary emission reduction processes have been introduced in many coal-fired power plants, 
�L�Q�F�O�X�G�L�Q�J���W�K�H���O�D�U�J�H�V�W���H�P�L�W�W�H�U�����W�K�H���0�i�W�U�D���3�R�Z�H�U���3�O�D�Q�W�����Z�L�W�K���Y�D�U�L�R�X�V���X�S�J�U�D�G�H�V�����Z�K�L�F�K���K�D�Y�H���H�Q�V�X�U�H�G��
further emission reductions complying with legal requirements (MAVIR 2015). Since our 
accession to the EU in 2004, thresholds are set by EU regulations. 
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�)�L�J�����������1�2�[���H�P�L�V�V�L�R�Q�V���R�I���S�R�Z�H�U���S�O�D�Q�W�V���L�Q���+�X�Q�J�D�U�\���I�U�R�P�������������W�R�������������D�Q�G���W�K�H���U�H�O�H�Y�D�Q�W���O�L�P�L�W��

�X�Q�W�L�O���������������W�������\�H�D�U�������6�R�X�U�F�H�����(�8�5�2�6�7�$�7���������������9�0���������������R�Z�Q���H�G�L�W�L�Q�J�� 
 

From 2006 to 2010, the sector's NOx output was more or less stabilized at about 25 kt / 
year (Figure 2). Since then, there has been another major reduction since 2010, which, was 
apparently due to the high level of imports enabled by the growth in cross-border electric 
transmission capacity (Figure 3). Meanwhile, a number of uncompetitive power plants have 
been shut down, including Tiszapalkonya and Borsod power plants in 2011, the Tisza power 
�S�O�D�Q�W���L�Q�������������D�Q�G���W�K�H���9�p�U�W�H�V���S�R�Z�H�U���S�O�D�Q�W���L�Q���������������0�$�9�,�5�������������� 
 

 
Fig. 3: Hungary's annual electricity generation and supply 2006-2015 (Source: 

EUROSTAT) 
EU Directive 2010/75 on industrial emissions (IED), which entered into force on 1 

January 2016, contains further major restrictions. Under the new regulations, emission are not 
only limited at sectorial level as well as with emission standards but each plant has to comply 
with its specific and annually decreasing quota from 2016 to 2020 (VM 2012). 

�7�K�H�� �S�R�V�L�W�L�R�Q�� �R�I�� �W�K�H�� �V�H�F�W�R�U�� �L�V�� �Z�H�O�O�� �H�[�H�P�S�O�L�I�L�H�G�� �E�\�� �W�K�H�� �0�i�W�U�D�� �3�R�Z�H�U�� �3�O�D�Q�W���� �Z�K�L�F�K�� �L�V��
responsible for around half of the of the total NOx emissions from the sector. This plant has a 

Domestic 
Import 
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���������0�:���L�Q�V�W�D�O�O�H�G���F�D�S�D�F�L�W�\���Z�K�L�F�K���L�V���P�R�V�W�O�\���S�U�R�Y�L�G�H�G���E�\���W�K�H���O�L�J�Q�L�W�H���P�L�Q�H�G���L�Q���*�\�|�Q�J�\�|�V�Y�L�V�R�Q�W�D��
�D�Q�G�� �%�•�N�N�i�E�U�i�Q�\���� �,�Q�� �R�U�G�H�U�� �W�R�� �F�R�P�S�O�\�� �Z�L�W�K�� �W�K�H�� �U�H�J�X�O�D�W�L�R�Q�V���� �S�U�L�P�D�U�\�� �P�H�D�V�X�U�H�V�� �H�O�L�P�L�Q�D�W�L�Q�J�� �W�K�H��
nitrogen oxide forming conditions started already in 1998 when performance and lifetime 
�H�[�W�H�Q�V�L�R�Q�V���Z�H�U�H���F�D�U�U�L�H�G���R�X�W���R�Q���W�K�U�H�H���E�O�R�F�N�V�����.�L�V�V���D�Q�G���*�i�F�V�����������������7�K�H���Q�H�Z���U�H�J�X�O�D�W�L�R�Q���K�D�V���V�H�W��
the emission standard to a value of 200 mg / Nm3 for all coal-fired power plants with a total 
nominal input heat power of at least 50 MW, which can not be maintained permanently and 
reliably with the primary measures, so it was necessary to resort to secondary methods that are 
basically to capture and convert the already formed NOx from the flue gas. From 2011 to 2014, 
the power plant had to incorporate an SNCR (selective non-catalytic reduction) equipment, 
which is relatively costly and short-lived (Orosz 2014). Ultimately, stricter regulations pose a 
serious cost to the power plant, which reduces its competitiveness compared to import 
electricity. 

3.2 Indirect emissions 

The results of the life cycle analysis show that due to the high import share, indirect NOx 
emissions far exceed direct emissions from domestic power plants. Emissions from other 
countries account for more than 60% of the total "nitrogen footprint", approx. 0.4 kg of NOx 
(Fig. 4). 

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 directives, is by far the most important 
emitter country, which means that for every 1 MWh electricity consumed in Hungary there is 
approximately 0.18 kg of NOx is emitted in our eastern neighbour. We do not import electricity 
from Russia, but the production of fuel (mostly uranium and natural gas) from there produces 
significant indirect emissions in the life cycle of our electricity system. 

4 CONCLUSIONS 

Due to tighter regulations and sharp price competition, lignite firing in the Matra Power 
Plant is expected to halt between 2020 and 2025, which will result in a further significant 
reduction in NOx emissions in the energy sector, but the big question is how this disappearing 
capacity will be compensated for. According to the national energy strategy, the country would 
like to rely on its domestic coal reserves until 2050, but it does not appear to be economically 
viable at current electricity prices. However, it is almost certain that the impacts and impending 
indirect emissions will continue to determine the environmental impacts of domestic electricity 
consumption for a long time. 
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