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Preface

The reader hand is the Proceedings of th® C&nference on Heat Engines and
Environment Protection organised by the Department of Energy Engineering at Budapest
University of Technology and Economics. The new venue was chosen for the conference, city
of P®cs in south r egiddketooh&nk td oungainrsponsor,Heotiae b y
Hungary for supporting the conference and
Power Plant.

The history of conferences started 21 years ago. The original idea of the founders of the
conference was pserved: 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 opportunity for young professionals as well.

Especially this 1% 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
numbes 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 20 May, 2015 was attended 24 international and 72
domestic participants including students. They came ft@mountries and they presented 41
papers, which are included in this volume.

The conservation of the nature and the efficient, secure, economic and social affordable
supplyof energy is the main task nowadays in energy engineéerimg.conference subjects
were according to thesgoalsthat couldbe reached by the harmonized utilization of the
renewable and the traditiahenergy resources. In the conference the renewaltiediegies
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. Morer avorking 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 | would like addressing my thanks to all attendee rising up of
the scienific level of our conference.

We are looking forward to meet all of you at the next Conference in 2017.

Gyul a Gr - f
Head of Department of Energy Engineering

vii
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EXERGOECONOMIC ANALYSIS AND OPTIMIZATION
OF A STEAM PLANT

Axel Groniewsky
Budapest University of echnology and Economics, Department of Energy Engineering
groniewsky@energia.bme.hu

Abstract: Exergoeconomic analysis combines economic and Second Law based
thermodynamic analysis by applying the concept of cost, originally an economic property, to
exergy, allowing the determination of cost associated with qualitative and quantitative losses,
also allocating different products gained from the same thermodynamic process. The aim of
this paper is the exergoeconomic optimization of a naturafigad seam plant.

Keywords:exergoeconomy, steam turbine power plant, energy costing

1 INTRODUCTION

Losses of energy conversions can either be identified with the first law of
thermodynamics, when useful energy leaves the system either in the form of enesyy or
stream of matter (energy loss), or with the second law of thermodynamics, when the process
proceeds in an irreversible way. The applications of temperatirepy and enthalpy
methods are sufficient if systems are analysed only thermodynamically.oforeic study,
however which investigates the costs of loses cannot rely on two different thermodynamic
methods without assigning different unit costs for different losses. Namely, if temperature
entropy and enthalpy methods are applied, irreversibilitglisulated in (J/K) and energy loss
is calculated in (J). Exergy method however, calculates both irreversibility (exergy
destruction) and energy loss (exergy loss) in (J) and provides solid ground for
thermoeconomics. In this paper, a steam turbine powart phat produces 215 MW of
electricity is optimized based on exergoeconomic principles. Exergoeconomic Analysis
(EEA), which is a subcategory of algebraic method, developed by Tsatsdriohis been
chosen for the demonstration.

2 EXERGY COSTING

In exergy costing a cost is associated with each exergy stream. Therefore, cost rate
associated with entering and exiting streams of matter, power and heat transteg can
expressed respectively as follows:

¢ (2
¢ ' B 2
¢ ) @
« (4)
Heret , I ,V and! denote entering and exiting exergy streams, power and exergy
transfer rate associated with heat transferc,, c, andc, represent average costs per unit of

exergy in ($/GJ) or (c/kWh).

Exergy costing involves cost balances formulated for each system component
separately. A cost balance applied to ktte component E¢5) shows that the sum of cost
rates associated with all exiting exergy streams equals the sum of cost rates of all entering
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exergy streams supplemented with a component dependent cosi atastociated with

investment { ) and with operating and maintenance expens | as it is shown in
Eq(6):
a (c.d | o ®)
7, =CCH M e ©6)
(PEG @)
where CCs, O&M, PEC antl, are the annual carrying charges, the annual operating and
maintenance costs, the purchased equipment costs and the operating hours of the power plant
per year respectively. For the determinatibthese parameters the estimation of capital costs
and manufacturing costs were calculated based on PEC cost functions of Tsdpamais
Lozano[3]. If the number of unknown exergy unit costs are higher than one, auxiliary
relations are required to supplement(ggy.General principles applied in the formulation of
these auxiliary relations are as follows:
- the unit cost of the product (purpose of the equipment) is calculated from cost balance;
- if no other inbrmation is provided, within an equipment each unit of exergy is
supplied to each product stream at the same average cost;

- when fuel of a component calculated as the difference between inlet and outlet stream
of the same matter, the average cost per exergyemains constant for this stream.

3 CASE STUDY

The case study is performed on the thermodynamic model of a EBBIG 215 MW
steam turbine (Fidl). These units were operating in Dunamenti Power Plant and Tisza Il
Ther mal Power Pl and BPedtweemhehesupobeat ed s
superheater SH of boiler, it next expands in high pressure turbine HPST, it then reheated in
reheater RH, and expands first in intermediate pressure turbine IPST than in low pressure
turbine LPST to condenspressure. In the main condenser MC steam condensates at constant
pressure and saturation temperature. Feedwater than delivered to the regenerative system by
the pump EP. The regenerative system composed of 3 low pressure feedwater heaters E1..E3
and 3 highpressure ones E5..E7 separated by DEA deaerator and a main feedwater pump.
MFP is driven by an auxiliary turbine PT where extraction steam expands to condenser
pressure. After condensation in auxiliary condenser AC feedwater delivered to low pressure
heaer E1 by pump. Drains from heater E3 are cascaded to heater E2 and delivered to cold
side of E3 by drain pump. Drains from E1 are directed to the condenser. The high pressure
feedwater heaters with external desuperheaters and drain coolers have {Regaidy
arrangement. State properties corresponding tolFage given irAppendix

Design parameters representing dimensions of search space are as follows: live steam
parameters (F 4 4 0 € A8 Q= 1p3 0 ¢ Haij, Gsentropic efficiencyhE 0, 78 €0, 9) an
extracton pressures of steam turbineip2 5 éBa0 p=1 0 €édaQ p=5 é Dar,
po= 2 €& béx, p—=1étar, p—0, 4bar2 p,=0, 1 &&), Germinal temperature
differences (for E1, E2, E3, E5, E6, and E7 heat exchangers TTD changes between 2 and
15AC) a n doolet ragpioaches of feedwater heaters (for E3, E5, E6, and E7 heat
exchangers DCA changes between 2 and $5) . This way parameter s
with significant and insignificant effects on system efficiency as well. Also, some of the
variables have no optima and have to fall on either the lower or upper limit of search space.
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Fig.1. Simplified scheme of the LANBBC 215 MW steam turbine cycle

Optimization problem is solved with swarm intelligence using parameter sett[Ag of
Thermodynamic analysis of the optimization process is carried out in GateCycle (GC) plant
performance monitoring software. Tallleompares the parameter séthe desigrtase(deg
with the results of thermodynamit-{,, g, P3) and exergoeconomic optimunes(Pg.

Table 1.Results of optimizations

des | Trwni ol P3 P7 P8
hy 1 40,439| 42,886| 42,934| 42,958| 41,997 | 42,049
T,, AC| 540 580 580 580 | 542,836| 544,248
h,1 0,86 0,9 0,9 0,9 0,9 0,9

P2, bar 161,88| 170 170 170 170 170
P11, bar 38,442| 45,798| 45,798| 45,798| 35,992 35
Ps, bar 19,181 29,313| 24,923| 22,222 15 16,472

ps7, bar 8,953 | 15,219| 11,156| 11,046| 7,852 8,159
po, bar 4,305 | 6,731 | 4,365 | 4,289 | 3,595 3,618
P10, bar 1530 | 2,851 | 1,725 | 1,901 | 1,241 1,317
P1e bar 0,632 | 0,942 | 0,573 | 0,644 0,5 0,5

P17, bar 0,167 | 0,246 | 0,172 | 0,149 | 0,148 0,137
TTDg, 4 3,427 2 2 2 4,417 4,996
TTDg, 4 4,204 2 2 2 4,945 4,451
TTDgs 4 3,565 2 2 2 5,369 5,602
DCAg, | 63 2 2 2,002 | 4,780 4,166
TTDgs, 4 4,283 2 2 2 5,242 5,654
DCAgs, | 6,7 2 2 2 4,505 5,084
TTDgs, 4 3,391 2 2 2 5,132 5,538
DCAgs, | 85 2 2 2 5,390 4,332
TTDg7, 4 37 2 2 2 8 4,004
DCAgr, | 49 2 2 2 4,857 5,775

Exergoeconomic optimums were calculated under different economic condRibasd P8
represents the solutions in economic environment before and after the financiavitisiee
following financial indicators: beginning of the design and construction periods are 2006 and
2012, average general inflation rate and nominal escalaton rates are 2.5% and 1%, escalaton
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rate of fuel costs 3.5% and 2%, ratio of equity to assets are 20% &@¥@30equired return
of equities are 1Q2%/a for both , return of debts are 10%/a and 7%, unit cost of fuels are
8.01 and 10.58/GJLHV, average labor rates are 25.15 andB1

From a thermodynamic viewpoint live steam parametg@s [2) and isentropic
efficiency (7) have no optima therefore in optimal conditions they reach the upper limit of
search space and for the same reabbs andDCAs reach the lower one. Since optimal
extraction condition$ if stage efficiency is constanttan be estimated eithby keeping the

temperature change of feedwater heaters constaRpy,(; = DTF?NH/n) or by keeping the rate

of temperature change constant :éq/TFWH nout/ Trwniour ) DOth methods were calculated and

compared with results of thermodynamic aexkrgoeconomic optimusnof PSO search.
Cycle efficiencies of exergoeconomic optimums are 0.5% higher than thatdd#stiate and
almost 1% lower than the efficiency BB set. Low efficiencies oP7 andP8 are caused by
low T, temperature and;p pressue. Temperature resistance of steam turbines made from
austenitic steel is relatively low and above QG n -basdd alloy are required. Since the
cost of nickelbased alloy materials is well beyond the cost of austenitic stainless steel the
extra eletricity caused by higher efficiency does not cover the higher cost of a-hiaket
steam turbine. If TTD and DCA values are low the area of the heat exchanger is high which
increases the PEC of the feedwater hedf€b and DCAhowever, have less effeoh cycle
efficiency than on investment costs.

Exergoeconomic indicators of the system with different parameter sets are shown in
economic environment after the financial crisis in Téble

Table 2. Exergoeconomic indicators of different systems in 2012

Megnev ( ,$h| ¢ ,$h|C ~ ,$h| PEC,$ | C,,$kWh |k $KkW | h,,1
des 25896 | 30415 17643 82923107 0,1383 1112 | 40,439

P3 24332 | 33063 15766 162895600, 0,1503 1911 | 42,958
Trwh,i 24383 | 33035 15814 161230100, 0,1501 1894 | 42,886

i 24355 | 33075 15778 162660544, 0,1503 1908 | 42,934

P8 24806 | 29474 15915 85338160 0,1339 1129 | 42,049

Sincedeshas the lowest cycle efficiency it has the highest fuel cost v ¥ &nd
highest cost rate associated with exergy loss and destruc " ). The specific investment
costs(k) of P3, Trwni andq; are significantly higher than that desor P8. The purchased
equipment costsREC) of P3, Trwn,i andq solutions are nearly twice as much as that of the
base system whichdespite of the 2.5% higher cycle efficientyeads to higher average cost
per wit of electricity (c,) and increases the cost associated with losses with Ti@8aesult

of the exergoeconomic optimum provides a solution with 2.91% higher investment costs and
3.18% lowerelectricitycost than that of the basase.

To be able to compare solutions from different economic environment exergoeconomic
indicators were divided by the values of base case from the same environment. Specific
exergoeconomic indicators are shown in Tablgnder the same thermodynamic citimhs,

base case specific fuel cost ra(«' "~ stay constant in different economic environment.

These exergoeconomic indicators only depend on thermodynamic properties of the system
and fuel costs. Since fuel cost rates are divided by the fuel cost rate of the design case, fuel
costs have no effect ote ratio of fuel cost rates neither does thbange of economic
environment influence the thermodynamic behavior of the system directly.

The same applie® the base case specific purchasedipment costs as well. PECs are
determined with thermodynamiaqgperty dependent cost functions and CEPCI cost index.
Since the construction period of the analyzed case and the base case are the same they have
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the same cost index which therefore, has no impact on thisaiedn&Eonomic environment
does not influenceay AEC,, either.

Table 3. Specific &ergoeconomic indicators of different systems id&2&nd 2012

( ( ( PEC k h

N T N 1 1 Cu 1 — 1 01

' ' ‘ Fmie Cw,des kd&s ho,des
dese 1 1 1 1 1 1 1

P3s | 0,9396 | 1,1046 | 0,8967 1,9644 | 1,1047 | 1,7310| 1,0623
Trwnios | 0,9416 | 1,1033 | 0,8994 1,0443 | 1,1029 | 1,7154| 1,0605
Gios | 0,9405 | 1,1048 | 0,8973 1,9616 | 1,1045 | 1,7280| 1,0617
P7 0,9589 | 0,9700 | 0,9034 1,0224 | 0,9698 | 1,0114| 1,0385
des, 1 1 1 1 1 1 1
P3, | 0,9396 | 1,0871 | 0,8936 1,9644 | 1,0872 | 1,7184| 1,0623
Trwnizz | 09416 | 1,0861 | 0,8963 1,0443 | 1,0858 | 1,7031| 1,0605
G | 0,9405 | 1,0874 | 0,8943 1,9616 | 1,0870 | 1,7155| 1,0617
P8 0,9579 | 0,9691 | 0,9021 1,0291 | 0,9686 | 1,0153| 1,0398

Among many other parameters, base case specific investment cost deperdkimom
capital and startup cost. Since there values depend on financial indicatorenec

environmenthanges specific investment ccﬁktkdes). Since the ratio adiverage cost per unit
of produced electricity(cw/c ) is calculated fromlevelized costsit is also depends on

‘W, des
financial indicators. Considering the ratioseofergoeconomic indicatord P7 andP8 it can
be said thathe financial crisisaltered theeconomic environmerin a way which provides
lower electricity prices in exchange for highevestment costs.

4 CONCLUSION

Exergoeconomic analysend optimization were performed onsteam turbine power
plant that produces 215 MW of electricitgonsidering the results of the simulations it can be
said thathe financial crisisltered theecoromic environmenin a way which provides lower
electricity prices in exchange for higher investment costs.
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APPENDIX
m, kg/s | p,kPa | T,K | h, kd/kg| s, kd/kg/K m, kg/s| p,kPa | T,K | h, kJ/kg| s, kd/kg/K

1 178,6 | 16188,0| 524,6| 1093,0 2,778 | 33| 178,6 | 16188,0 | 425,0| 649,8 1,843
2 178,6 | 16188,0| 813,2| 3410,0 6,442 | 34| 6389 200,0 | 285,1| 50,6 0,181
3 163,6 | 3844,2 | 606,5| 3055,1 6,539 | 35| 638,9 200,0 | 291,1| 75,3 0,266
4 163,6 | 3844,2 | 813,2| 3538,9 7,227 | 36 7,2 4,0 302,1| 2317,1 7,690
5 139,6 | 895,3 | 618,6| 3150,6 7,341 | 37 7,2 4,0 302,1| 121,4 0,422
6 111 1844,6 | 711,8| 3335,2 7,291 | 38 7,2 1373,0 | 302,2| 123,0 0,423
7 13,0 895,3 | 618,6| 3150,6 7,341 | 39 7,2 895,3 | 618,6| 3150,6 7,341
8 125,0 153,0 | 438,5| 2803,6 7,483 | 40| 178,6 | 16188,0 | 444,0| 731,55 2,031
9 8,6 430,5 | 539,6| 2997,4 7,409 |41| 46 16188,0 | 543,9| 1186,3 2,953
10 6,0 153,0 | 438,5| 2803,6 7,483 | 42 5,8 895,3 | 618,6| 3150,6 7,341
11 15,0 3844,2 | 606,5| 3055,1 6,539 | 43 5,8 895,3 | 453,8| 2787,3 6,655
12 45,2 153,0 | 438,5| 2803,6 7,483 | 44| 319 895,3 | 431,7| 669,3 1,927
13 38,4 3,9 301,7| 2354,9 7825 | 45| 4.6 16188,0 | 444,0| 731,5 2,031
14 79,7 153,0 | 438,5| 2803,6 7,483 | 46| 10,8 | 16188,0| 568,0| 1309,2 3,174
15 73,8 3,9 301,7| 2352,8 7,819 | 47| 11,1 1844,6 | 526,7| 2918,7 6,612
16 6,9 63,2 | 368,4| 2671,2 7,558 | 48| 174,0 | 16188,0| 478,1| 880,5 2,354
17 59 16,7 | 329,3| 2496,5 7,650 |49| 10,8 | 16188,0| 478,1| 880,5 2,354
18 | 112,2 3,9 301,7| 23535 7,821 | 50| 15,4 | 16188,0|560,9| 1272,3 3,109
19 | 1181 3,9 301,7| 119,7 0,417 | 51| 174,0 | 16188,0| 444,0| 731,5 2,031
20 | 10007,7| 200,0 | 288,1| 63,2 0,224 | 52| 26,1 1844,6 | 452,5| 760,8 2,132
21 | 10007,7| 200,0 | 294,2| 88,3 0,311 | 53| 163,3 | 16188,0| 478,1| 880,5 2,354
22 | 118,1 | 1373,0|301,8| 121,3 0,418 |54| 15,0 3844,2 | 540,9| 2871,3 6,218
23 | 125,3 | 1373,0|301,8| 1214 0,418 |55| 163,3 | 16188,0 | 517,5| 1059,4 2,714
24 | 1253 | 1373,0 | 325,9| 222,0 0,739 | 56| 10,8 | 16188,0| 517,5| 1059,4 2,714
25 59 16,7 | 329,3| 235,2 0,783 |57| 10,8 | 16188,0| 568,2| 1310,7 3,177
26 | 125,3 | 1373,0 | 356,2| 348,8 1,110 | 58| 152,5 | 16188,0| 517,5| 1059,4 2,714
27 | 138,2 | 1373,0 | 356,6| 350,5 1,115 | 59| 26,2 | 16188,0| 564,0| 1288,2 3,137
28 12,9 63,2 | 360,4| 3654 1,161 | 60| 15,0 3844,2 | 483,0| 897,7 2,420
29 12,9 1373,0 | 360,5| 367,0 1,161 | 61| 200,0 101,3 | 288,1| -0,6 6,869
30 | 138,2 | 1373,0| 381,5| 4554 1,400 |62| 111 300,0 | 288,1| -1, 10,172
31 6,0 153,0 | 362,9| 376,0 1,190 | 63| 2111 101,2 | 429,0| 1554 7,586
32 | 178,6 | 430,5 |419,4| 616,2 1,804
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Abstract: The Genetic Algorithm is widely used metaheuristic optimization technique. It has
remarkable role in the field of power plant optimization, since the related technology
improves slowly, thus the best possible performance of the conventional systems must be
reached. In this paper the comparison of the Giicke mp o 6-& quiasiNewtdn algorithm

and the developed Genetic Algorithm is presented.

Keywords:Rankine cycleQptimization, Genetic Algorithm

1 INTRODUCTION

In the field of energy engineering there ¢
be solved analytically. A significant amount of these problems are attached to optimization.
the work below the goas to maximize the net efficiency of a power plant in design
conditions.In [1] the authos compared their readodedGenetic Algorithm with a wide range
of optimizationtechniquesandfound the reatoded GA the most promising

2 CYCLE-TEMPO

Cycle-Tempois a plant performance monitoring software which is capable of predicting
design and offlesign performance of an energy conversion system, it calculates power and
heat flows, and thermodynamic properties in energy conversion systems. The model consists
of apparatuses and pipes connecting them, thus it forms a network of mass and energy flows.
Since the user is free to constructlTempbe mode
is very flexible and can provide solutions for wide range of probleraeengy engineering

[2]

3 THE OPTIMIZED POWER PLANT

The subject of the optimization is the most commonudi®@+ 2similar) power plant
unit i n Hungar yNW gdlahteThe.séhantatic BfBh€ poivdr plant is shown in
Fig.1. These plants used todignificant in the Hungarian Electrical Power System. Due to
retrofits, parts of these systems are still in use, thus these plants remained relevant. In the
original plant steam is produced on subcritical pressurel{amCand is reheated on 3far,
themain and the reheated steam temperatures are both 6/8}

Here the optimization is mainly concentrated on the feedwater heater system where the
feedwater reaches220C. The feedwater of the boiler is
pump. The feedwar heaters are heated from 7 bleeds of the turbine. There is only one drain
pump in the system after the second feedwater heater; all other drains are cascaded back. The
desuperheaters of the high pressure feedwater heaters are separated, and thisr feadsva
flow is adjusted in order to reach a lower terminal temperature difference, and increase the
efficiency of the cycle[3]
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Fig.1. Schematic of the modelled power plant.
Nomenclature: HPT: High Pressure Turbine, HIPT: Highetermediate Pressure Turbine, LIPT: Lower
Intermediate Pressure Turbine, LPT: Low Pressure Turbine, GS: Governing Stage, RH: Reheater, MC: Main
Condenser, MCP: Main Condensate Pump, FWH: FeedwatdehdaA: Deaerator, BFC: Boiler Feed Pump,
BFPT: Boiler Feed Pump Turbine, BFPTC: Boiler Feed Pump Turbine Condenser, ABFP: Auxiliary Boiler
Feed Pump3]

The optimized parameters were the bleed pressures of each feedwater heater. The developed
Genetic Algrithm needs constrained search space to operate. These limits, shown th,Table
are chosen to be loose enough to contain both the original parameters and the vicinity of the
global optimum.

Table 1.Sample caption, should describe the table

p1 p2 p3 p4 p5 p 6 p7

(bar) (bar) (bar) (bar) (bar) (bar) (bar)
Higher limit 1 4 10 20 40 60 100
Original values | 0.165 0.625 1.46 4.3 8.81 17.91 37.46
Lower limit 0.05 0.06 0.17 1.1 5 10 20

10
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4 GENETIC ALGORITHM

A real coded Genetic Algorithm was developedcFORTRAN for general purposes and
was applied on this specific problem.

Genetic Algorithms (GAs) examine multiple solutions of a problem parallel, these
solutions are called individuals and together they form the population. The algorithms core is
anite ati on in which some individuals (called p
offspring). After this step the population is renewed so the new population contains different
individuals thus the population of a specific iteration step is called ggmerThe individuals
represent a solution of the problem with a chromosome, which is an array of real values. The
elements of the chromosome are the genes.

The GA describes each individual with a fitness. In the above mentioned reproduction
procedure th@robability of an individual being chosen for reproduction is proportional to its
fitness. In this study the fitness is equal to the net efficiency belonging to the specific data set
of the individual, if it is feasible, otherwise (for example if the les@hange is infeasible in
the desuperheaters) the fithess is reduced drastically.

In the main iteration cycle of the genetic algorithm two parents are chosen with a
probability proportional to their fithess then with given probability their chromosomes mi
this is called recombination or crossover. Then some genes may be altered randomly, this is
the mutation. The two created individuals are probably differing from the parents thus the GA
evaluates them and assigns fitness to them. The new generationesl from the offspring
and some of the best parents but the number of individuals in each generation remains
constant. The main iteration is performed until a predefined iteration number is reached.

The selection process presasesea tbuostahée &
obtain higher and higher net efficiencies along the generations.

5 QUASI-NEWTON ALGORITHM

QuasiNewton methods (QN) can be used to find the local extrema of functions. They
mean an alternative t odiNfefwdroemrbse ail ggotrhathmvhiT
algorithm requires the Hessian to find the local extrema du&ston methods can
approximate the gradient and the curvature of the minimized or maximized function.

CycleT e mp o 6-m opbhimization is executed with EQ4B developed by Numerical
Algorithms Group which is a quabiewton algorithm. It performs minimization on functions,
where the derivative of the function is not availapié.

In Cycle Tempo the default optimization function is the gross efficiency, harot
functions could be given with the user subroutine FUNCOP. (E€@hepo interprets the
given maximization problem into a minimization problem, to give to EO4JAF)

6 RESULTS

In order to be comparable, with the found optimum a constant isentropic efficienc
each stage of the turbine is needed, because the bleed pressures and the terminal temperature
differences (parameter DELTH in the software) in the feedwater heater system determine the
mass flows on each bleed and turbine stage, thus varying tuffiiieneies would stimulate
any optimization algorithm to distribute bigger enthalpy drop and mass flow on the turbines
with greater isentropic efficiencies. Thus constant isentropic efficiency (86%) was assumed in
the turbines to compare the results. Hegrehe optimization was carried out for both
constant and calculated (by Cydlempo) isentropic efficiency.

11
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The two examined scenarios:

1 Scenario A: Constant isentropic efficiencies
1 Scenario B: Calculated isentropic efficiencies

With the originalparameters in scenario A the net efficiency on nominal load is
43.952% while in scenario B it is 43.695%.

The GA optimization was performed 37 times on scenario A with random initial
population. The best of the 37 running reached 44.388 % net efficiencly mbeans 0.43pp
gain compared to the original parameter set. The worst running resulted in %87
efficiency.

The Genetic Algorithm was run 29 times on scenario B. In the best case it reached
43.924% efficiency which means 0.2@209 gain comparetb the original performance.
Moreover even the worst result was 43.944et efficiency.

The results of the different scenarios and algorithms are collected in Table 2.

Sensitivity study was executed on the found optimum of the GA. The results are
presentd i n Fig. 2. The calculation was perf or me

diagram shows, the Genef\gorithm found a solution in the immediate vicinity of the
global optimum.

Sensitivity: scenario A Sensitivity: scenario B
0.444 0.4395
0.44375 - —%7 0.43925
& —_ 9 S
< 0.4435 - pl < 0439 - pl
No—e | | E —
2 0.44325 2 0.43875 -
S 3 S 3
£ P £ P
S 0443 - p4 S 0.4385 - p4
z z
——p5 ——p5
0.44275 P 0.43825 - —— P
p6 p6
0.4425 . . . | p7 0438 1L o7
50% 75% 100% 125% 150% 50% 75% 100% 125% 150%
Parameters (percentage of optimum Parameters (percentage of optimum
value) (%) value) (%)

Fig.2. Sensitivity of the found optimum in the two scenariosi{jglbleed pressures)

The QuasiNewton algorithm was tested on scenario A and scenario B. The starting
point of the optimization had to be set, in the examined case it was the original parameter set.

First the optimization function was the default: greficiency. However that way the
optimization did not considered the feasibility of each solution during optimization. The
algorithm resulted in the values preseritedable 2, but the found parameter sets were
infeasible. Namely the heat exchange indbsuperheaters of the high pressure feedwater
heaters was impossible because it needed negative temperature difference.

To get comparable and feasible results, the objective function of the Genetic Algorithm
was implemented through the FUNCOP user subreuT his new custom optimization
function has discontinuities which occur near the global optimum. For example decreasing the
temperature difference in the heat exchangers is beneficial until it turns the heat exchange
infeasible.

In scenario A the resdtl bleed pressures were almost equal with the results of the
Genetic Algorithm except the bleed pressures of FWH5 and FWHG6, but the net efficiency was
still only 44.291% which is still 0.096 pp lower than the result of the GA. This performance
was possibl®decause the QN algorithm did not encounter any discontinuities during its run.

12
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In scenario B the solution was infeasible even with the objective function of the GA.
The algorithm encountered a discontinuity, and after that, the algorithm converged in a
stboptimal solution and in the last optimization iteration errors occurred thus the calculation
was inhibited before convergence. The performance of the QN algorithm in this case is
presented itfrig. 3.

Performance of the built -in optimization with custom
function on scenario I/b
1,6 43,79% -pl
£ 43,78%
=1 B y 0
g 14 — —p2
o [ - 43,77%
g 1 3 43,76% 3
g - - 49,/0%0
L= - 4375% <= ——p4
(O] >
55 %
5 S 0,8 43,74/05 05
— b=
©
§ £ 06 - 43,73%% 56
= = P
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g 04 p7
2 r__fJ - 43,71%
E 0,2 | - 43,70% A First discontinuity
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> 0 ' 43,69% —— Net efficiency
0 200 400
Optimization cycle

Fig.3. Optimization withQN algorithm on scenario ®ith the objective function of the Genetic Algorithm

Table 2 Results

O p1 p2 p3 p4  p5 p6  p7 efﬁtliee)tncy
(bar) (bar) (bar) (bar) (bar) (bar) (bar) %
Original (A) 0.165 0.625 146 4.3 881 1791 37.46 Feasible 43.952%
GA (Best (A)  0.286 1.483 5.227 10.66 25.28 41.40 64.00 Feasible 44.388%
individual)
ON (A) 0.285 1.321 4.354 9.65 11.42 18.94 45.73 Infeasible
QN (with new
objective (A)  0.269 1.299 4.426 8.34 18.83 22.61 57.73 Feasible 44.292%
function)
Original (B) 0.165 0.625 146 4.3 881 1791 37.46 Feasible 43.695%
GA (Best () 0.197 0568 1.355 525 1506 33.36 58.08 Feasible 43.924%
individual)
ON (B) 0.213 0.489 0.781 2.63 8.61 19.53 45.31 Infeasible
QN (with new
objective (B) 0.142 0.324 0.860 3.33 8.57 18.57 40.04 Infeasible
function)

13
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7 CONCLUSION

The L8ng BBC 215MW pl an tTerhpsm and theoptmizatiencfale | e d i
bleed pressures of the feedwater heater system was executed by a Genetic Algorithm

developed in FORTRAN. In comparison with the Cy€le mp o 6s b eNeWwtdn i n quas
algorithm, the performance of the Genetic Algorithm is outstanding. It is proven with

sensitivity study that the found solutions are in the immediate vicinity of the global optimum.
Meanwhile the performance of the qualdwton method dependisghly on the inital values,

onthe nature of the optimized parametensd on the objective function. The Genetic

algorithm is expected to cope with more complex objective functions which will incorporate
economical aspects.
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Abstract: Designing pressure facilities may seem a relatively simple engineering work for
designers, but the processes of licensing are poorly understood due to their complexity and
the continuous changes. The goal is to present theoemation of establishment and usage
step by step. The article contains a brief description of the various competent authorities and
the scope of their duties, as well as applicable laws, regulations and standards, that such
work cannot be achieved withaiaking into account.
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1INTRODUCTION

It is not enough to design pressure systems, various official camrnibiare necessary
to installand operate them. According to the contract signed with the client resjibasibf
the designer usually include the acquisition of these licenses.

Of thecomplicated permitting process jafessure equipment incorporating facilities we
would like to presenthe installation, usage and the gas supply processes, addressing the
conmpetent authorities and the main relevant regulations.

2 LICENSING

Establishmerg involving equipment subject to prudential supervision may be
authorized by the authoritp

a) be establish at a determined location,

b) be used, operated,

c) be transportetb another location,

d) the conditions of establishmentbealtered

e) beeliminated.

The several times amended GKMecreeNo. 63/2004.(1V.27.) ©n pressure holding
and charger facilities and technical safety supervision) is current. According to the
governmentaDecreeNo. 320/201Q(XIl. 27.) the official technical and safety supervision of
first instance is provided by the capitol city and the county government offices, and of the
second instance by the central body of the Hungarian Trade Licensiog. Of

The A 1 of(the2 GKM Decree No. 63/2004 (I27.)st at es t hat 6t he
Regulation extend is those pressure equipment, systems, facilities, transportable pressure
equipment and charger facilities where the maximum allowable pressure ofthraar®.5
bar 6. [ 1]

The Pressure Equipment Technical Safety Regulations (NyMbSz, 16 November 2007)
contains detailed technical requirements necessary for the implementation GKMe
DecreeNo. 63/2004 (IV.27.).

0 F cechnidal safety procedures conductedthe technical safety authority and the
construction authority procedures referred to its competence, including the special authority

15
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co-operation in other authoriti@procedures, administrative service fee (hereinafter referred
to as fees) must be paid by the requesting client to the Hungarian Trade Licensing Office
(hereinafter: the Office) as entitled for the collection of the f@. The amount of the fesi
defined by theNGM DecreeNo. 20/2010. (XII31.) (fees payable for technical safety and
construction authority procedures of the Hungarian Trade Licensing Offide. clients
request out of turn (within 15 days) and in the case official acts performediaitieng

hours the amount of the fee is 150% of the applicable fee, for activities on tiveoriang

day, the amount is 200% of the applicabled@g2] The Act CXL of 2004 on General Rules

of Administrative Proceedingsnd services prescribes the deaék of administration. It
provides twentyone days as guidelines for official administration, which, where appropriate,
can be extended up to tweripe days. The administration deadline does not include, among
other things, the suppletory period and tineetrequired for special authorities. Deadline for
administrative procedures of special authorities is fifteen days, which may be extended up to
another fifteen days.

3 INSTALLATION LICENCING PROCESS

The concept of establishment, according to the NyMliSeeating pressure holding
facility by installing pressure equipment as a system at a specifif3jitéhe establishment
of the GKM DecreeNo. 63/2004.(1V.27.) subject to authorization, an authorization process is
initiated by the operator or agent inriting at the Authority, at the Technical Safety
Department.

At the 2.1.3 point of the Procedural requirements of Hungarian Trade Licensing Office
(for the implementation ofhe GKM Decree No. 63/2004. (IV.27.) and the Pressure
Equipment Technical Safetfgegulatiors) a description can be found of the content of the
application for an installation license. Its annex is the installation documentation.

The license is issued by the Authority on the basis of a comparison of the licensing
documentation andnstallation requirements, which is accompanied with a copy of the
licensing documentation with clause and remark, gadiSes the method of test(®quired
to grant a usage license. In case of-nonformity, depending on the procedural stage the
Authority terminates the proceedings by order or reject the application by decision.

In the installation license, the Authority may order tests or restrictions on the acceptance
tests. It is valid for two years from its issue, and shall be repealed if thehamges
occurred in the data released or in circumstances relating to security. During the two years the
installation should start.

The installation documentatié language isHungarian, foreign language sections
should be supplemented by an officialnskation. It can be administered in paper and / or
electronic media (floppy, CD, DVD, the latter case, the designer must declare the contents of
the different formats are the same) in 2 copies and 1 further copy to each of the special
authorities concerned

The Regulations takes us through the detailed installation documentation, describing the
general form and content, but does not offer a template or sample.

The plan shall include the following documentation to include:

A designer statement,

Atechnical @scription,

A drawing documentation,

A safety assessment, risk anal ysi s,
A temporary operating instructions,
A temporary maintenance instructions.

The installation documentation used for technical safety assessment of the pressure
equipment, the interactio with the environment is taken into account. The design

16
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documentation is the desig@erinstructions to the contracfey the content and the quality
must be suitable for implementation. The designer must indicate the design limits in drawings
and in theechnical documentation (pressure equipment / systems and / or pipelines as well).

In addition to the above, the construction license application must be accompanied by
two copies of

A certificates of compliance required by I

A UsGuidegrovided by the equipment manufacturers,

A title deed-ownersvaorsensfdarm,p and co

A consultation documents of public utilit:i

A Notification Form of the facility,

A nei ghbor i@ gonséna (if ciecessary, éf rthe protective distancehef
pressure equipment affects the adjacent property)

easement disclai mer T{Hytalei gn property wt
A copy of the official base map,
special authority contributions.

The Pressure Equipment applicant and registration form (BN¥vaslable on the
website of the Hungarian Trade Licensing Office, within the Technical Surveillance Authority
and Market Surveillance under theemu item Pressure equipment argystems
(http://mkeh.gov.hy/ Can be sent electronically or printed (computgsewriter or by hand
filled), two copies of government agencies operating in the specialized administrative body of
competent regional metrological and technical security authority. The authority registers the
classification of equipment, the official qpeits and periodic checks on the data sheet.

The acting Inspector formally checks the correct completion of the Pressure Equipment
applicant and registration form. If this is appropriate, he performs the classification of the
pressure equipment accorditgthe specified data. After he hands a copy of the registration
form to the operator, which is to preserve throughout the service life of the equipment at an
accessible location, and is required to be presented at each regulatory control.

Mobile pressuresquipment are exception from the procedure, if are not installed at a
place for an extended period of time.

For pressure equipment manufactured and used before the regulation entered into force
various documents and information must be presented to theriyitas a condition of the
installation.

If for some reason the facility requires building permit, it should be exercised in
accordance with the government@kecree No. 312/2012. on construction and building
inspection authority procedures and contratsyvell as on the construction authority services.
Table I and Il of the 6. Annex of tH2ecreeinclude the specialized authorities participating in
the permitting process. The required official authorization documents must be uploaded to the
electronic @cumentation system of the construction authority that supports the authorization
procedure (E£TDR).

4 CONTSRUCTION

The execution must be made on the basis of the design documentation that is suitable
from a technical safety point of view. Any deviatioorfr that requires theedigneés consent,
only the designer is entitled to modify the plans. This may be required in case of changes to
the technical and safety standards. It is not necessary to modify the plan if pressure equipment
is replaced by one witthe same parameters are or change occurs on the piping trail that will
not alter the technical and safety conditions.

Pressure equipment construction can be performed only by organization with official
certificate showing compliance with suitability forethproduction of welded struces
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according to théKIM Decree No. 3/1998. (I2.). Gas installation work specified in the’21
of Section of the Act XLII of 2003 can be carried out by gas mechanic, who was recorded on
the gas installers authentic officieggister (registration of gas installeiGM DecreeNo.
26/2000. (VII. 28)) by the Hungarian Trade Licensing Office.

In case of facilities requiring building permit the commencement of construction to be
announced.

5 USAGE LISENCING PROCESS

dJsage license for pressure equipment requiring official procedures, when the facility
becomes safe and suitable for use, must be requested in writing by the operator from the
authorityi before usé[4]

The application of the usage license shall be acemied by the following, which are
made up usage documentation during the approval process:

A -luid documentation,

A documents of the controls carried out,
A the pressure equipment conformity certif
A ma n u & documentation of the pressureigment,

A the operating instructions,
ﬁmaintenance instructions and

the audit plan.

The design documents must therefore be accompanied by the documents that can not be
given during the installation authorization process, documents on the amendments and
deviations from the plan. The operations manual must fit into the existing technology. The
designer is actively involved in the compilation of the documentation.

The documentation usage is also to be submitted in two copies, in paper and / or
electronc form and 1 further copy to the special authorities concerned.

Within the framework of the procedure, the authorities conduct a site inspection before

I nitial use. 0O0Based on t he i nstall ation d
equipment must beevified by a technical inspector entrusted by the operator and entitled in
accordance with applicable |l aws. 0 [2] O6The |

first commissioning includes external checkingvhich means local review among others
and also internal checking and pressure test (or another procedure replacing this latter) if
necessary. The lotaheck also means checkin§doncuments which verify the suitability of
the pressure equipment operators. o6 [ 2]

The authority can prescribetr@al run for a period of max. 180 days if some uncertainty
or deficiency is found. During this period the tests requested by them should be carried out
effectively and should be evaluated. They grant a temporary permit for this period.

6 APPROVAL OF GAS SUPPLY

Now, after several amendments, the Act XL of 2008 on Natural Gas Supply is in force,
as well as the gavnmental Decree No. 19/2009 (I. 30.) on the implementation of the
provisions, in addition to th NGM Decree No. 11/2013. (I21.) (ontechnical safety
regulations and administrative tasks associated with the gas supply pipes, the user equipment
and onsite pipes). The Technical Safety Regulations (MBSZ) is tharmhex to the latter.

Utility connections, site wirings and user equipmenitscombustible gases and also
their operation are supervised by the technical safety authority. The official supervision of
first instance is provided by the capitol city and the county government offices, and of the
second instance by the central bodyhaf Hungarian Trade Licensing Office.

Installing or modifying the consumer gas system can be made only on the basis of the
work of a person registered to the Hungarian Chamber of Engineers official designer roster.
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The gas design documentation and teddrspecifications should be submitted for review to

the competent regional gas supplier. The requested documents might vary per provider. The
service provider might allow or reject the
initiated to assedke suitability for construction of the design the application submitted to the
Authority be accompanied by the construction plan and the negative statement of the natural
gas distributor. o6 [ 5]

The new gas system $ito be checked by a technical safetgpactor of the provider
before it becomes operational. This is the gas MEO in which the client, contractor and
provideis technician performs the audit. Then the chimney sweep opinion, the declaration of
standardization and the EPH (equal potential pipebystem) test report is given. The
authorization is valid for two years.

After the system was put into use the user is liable to ask for permission from the
Authority (Technical Safety Department) if the gas consumer technologgasxéé kW in
combined kat load. This has to be so according to the NGM Decree No. 11/2013. (lll.21.).
The description of the gas user technology, the construction plan and the designer statement
(that can be downloaded as Annex 1 of the Decree) are to be included.

Oil and sold fuel usage should be preded according to the prescription of the GKM
Decree No. 63/2004. (1V.27.).

7 CONCLUSION

In addition to installation and usage permit during the life of the facilities additional
licenses may be required to obtain (eg, convarsiepair, decommissioning), but their
discussion is beyond the scope of this document.

You can see that the success of the tiar@ energyzconsuming procedures requires
knowledge of myriad ofdws, regulations and standarde& can also expect regularastges
in the area.

We hope that with those described, we may give help for whom these processes are not
known or who were less up to date.
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Abstract: After the overhaul of a 20 MW back pressure steam turbine, during the setup an
electric arc was observed at the housing of the journaribg. After the emergency
shutdown, the turbine was subjected to strong vibrations until stop. The baaetg was
damagedand a portion disappeared from the journal bearing. The shaft suffered plastic
deformation. The analysis introduces the causes of problem from electrical and mechanical
modelling point of view. The repairing technology is also presented.

Keywords:steam turbine, turbine diagnostics, vibration

1 INTRODUCTION

For safe operation, power plant steam turbines essentially have strict maintenance
schedules along with comprehensive operating instructions provided by the manufacturer.
Furthermore, he company has weltained turbine operators. Contrary to that, such
unpredictable incidents can even occur which lead to machine failure. Reconstruction of the
root causes requires high degree of knowledge, while it is not an experiment, therefore no one
wants to repeat such a case. Consequently, the investigators usually must rely on very poor
data log and personal commaaiions.

2 THE INCIDENT

The 20 MW steam turbine of the power plant failed on January 12, Zég&2jands,
bearings were repairedhafts journals were grinded, and thietire assembly was balanced.
Operating parameters of the currently investigated steam turbine can be found in Table 1.

Table 1.Data sheet of the steam turbine

Manufacturer L8ng G®pgySsr
Serial number 984

Nominalload 20 MW

Nominal steam flow rate 200 t/h

Rotating speed 3000 RPM

Steam inlet temperature |4 35 AC

Steam inlet pressure 36 bar

Backpressure 0,2 bar

Steam outflo_w rate (due to | 16 th

large extraction)
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After the cold tests on January 11, 2013, hot tests started on the next day at 8:10 am.
During the electrical security test the gemnti¢ation gone violent and the workers detected
electric arc at the second journal bearing. Consequently, the turbinghwiadown at 1:33
pm. After the 72 hours continuous shaft rotation by protocol the bearing was dismounted. The
bearing was repaired by milling. Five days later, on January 17, 2013 the turbine was started
again, but the vibration level exceeded the thriested nominal RPM. Furthermore,
spectacular steam flow loss was present at the front glands of the high pressure housing.
Therefore, the experts decided to stop the turbine and open the housing. The inspection gave
the following result:

- There was evidare of physical damagén the second bearing while the surface of the
journal was unaffected, at some shaft shoulders, on the dummy disk, and on the third gland
- Plates of the first and the second gland were worn

- The shaft wasrooked

- The high pressuneaction blades were scrubbed the housing

The turbine shaft wasrooked which was definitely not caused by the arising current directly.
However, their possible interconnection should be kept in mind. After a deeper analysis of the
damaged parts, thelfowing possible causes were investigatesing refs. [1, 2]:

1. The shaft was alreadycrooked, before the hot tests. The threshold exceeding
radial and axial vibration levels are surely indicate the mentioned problem, but
the vibration levels, recorded duing the hot and cold tests, were appropriate.
Consequently, the failure was happened after the hot test. It is even more
probable, while the problem should have to face up during the overspeed test
(~3300 RPM). Therefore, this possible cause was rejected.

2. Thermal deformation of the shaft. This phenomenon arise, when the temperature
gradient exceeds a certain value. Such failures usually happen during the startup
process. It is related directly to the subject machine, therefore, there is no general
suggestian to avoid thiskind of problem. In order to avoid thermal deformation,
the manufacturer provides strict instructions for startup in the manual. Figure 1
shows that the processmet the minimum requirements. Only he hot start lines
intersect the allowed baindary, but the low sampling frequency resulted that
behavior, the sampled values donot break the insatructions. Consequently,
thermal deformation is also rejected as the core of the problem.

3500

3000

2500

RPM [1/min]
B RN
o A o
o o o
o o o

/ \ —&— Measured poeration
Allowed cold start

500 -
| / —&— Allowed hot start

7,55 824 852 921 9550 10:19 10:48 11:16 11:45
Time (h:m)
Fig.1. Comparison of the allowed and the measured coldrendtarts
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3. Unstable oil whirl, shown in Fig.2a. It is a tricky phenomenon, while it is not
spectacular. The flow field in a journal bearing is laminar by design. If a transition
to turbulent flow occurs, violent vibrations arise which may lead to shaft
crooking. Typically, that phenomenon can be detected in the spectra, while it
results in an outstanding peak at 0.40.48 times the actual RPM. Luckily, the
spectra were appropriately recorded and there was no clue of sucta
phenomenon.

4. Cavitation of the Iwricant, shown in Fig. . This phenomenon is welknown in
the ship industry and occurs, when the local pressure in the liquid falls below the
steam pressure. Underthis condition, small bubbles are formed and if they
collapse near the wall, erosion occus due to the locally rising extreme stresses.
The removed small material particles pass with the lubricant to the tank. In the
current case, the tank was huge and the oil filter was not appropriate for the
possible particle size. Furthermore, cavitation tpically appears in the 10 kHz
range, which is rarely monitored in such systems. The only proof, which suggests
that this theory is not the answer for thecurrent problem is that cavitation
requires weeks or even months continuous operatiorto fail. Here, the operation
took only hours.

5. Production or installation error, shown in Figs. 2c and 2d. Either happens, it can
result in unacceptable vibration levels. But during the cold and overspeed tests
they were fine. Consequently, these problemare improbable.

6. Chemical effects. If the lubricant is not selected carefully, molecular level
reactions may occur and damage the bearing. The temperature of the oil reaches
its peak there, therefore, chemical reactions take place in the bearing with the
highest probability. Furthermore, contaminations simiarly can occur, shown in
Fig. 2. Again, such a process requires long operational time.

7. Damage by electric arcshown in Fig. 2 If there is a potential differencebetween
the rotor and the housing due to the inappropriate grounding, electric current
will flow through an arc in the thinnest gap. Considering the 0.3 mm gdmetween
the journal and the bearing, that part is exposed tahe highest level ofdanger.
The dectric arc hits through the oil film, resulting in damage of the bearing,
leaving almost no sign on the journal surface. The above mentioned phenomena
has the highest probability among the others. Therefore, further investigations
are required in order to figure out the required conditions, which led to the
emerging complex problem.

Figure 3shows the damaged bearing. Based on the possible causes detailed above, similar
damage can be caused by cavitation, electric arc, and chemical contamiridimnsaise

the similar, mattolored damaged surface. Furthermore they leave the corresponding surface
of the shaft intact. As it was found before, the very short operational time suggest that only
the electric arc could lead to such a damage. If there is eldarc present in the bearing, it

can reduce its stiffness. From the electrical investigation it is turned out that asymmetry could
lead to a secondary magnetic field, which induces electric current in the coils of the rotor. The
arising voltage reachetsimaximum value every half turn. If it results in electrical arc, it is an
explanation to the clicking noise, heard by those who were present. Such phenomenon does
not occur, if the exciter coils are in a closed circuit and a proper resistance is irctiite ¢
Based on the log, that resistance was not inserted, so the exciter coils were not connected to
the circuit. Consequently, the first vibrational mode of the shaft could be subject to a change.
Therefore, a rotordynamical analysis is carried oueatisn 3.
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Fig.2. Possible ways of journal bearing failure by: unstable oil whirl (a), cavitation (b), inappropriate
tolerances (c) and balancing (d), contaminations (e), and electric arfd (f2]

Fig.3. The damagetearing.
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3 ROTORDYNAMICAL ANALY SIS

Based on the available 2D drawing of the rotor, a simplified 3D model was created for
numerical simulations, shown in Fig. 3. The original documentation mentioned that the
critical speed of the rotor is 4240 RPM. Basadoor previous experience with steam turbine
bearing modeling and thigerature [3] the numerical calculation flawlessly gave back the
2200 RPM critical speed with decreased stiffnefshe second bearing, which is in an
excellent agreement with the local measurement during the failure. While the frequency of the
first mode was dropped below the synchronous RPM, during the shutdown procedure, violent
vibration could occur, while thenaft went through the critical speed. It is in agreement with
the operation log, as it says that the turbine was stopped in 7 minutes instead of a usual 16
minutes. Considering the inertia of the rotor, the faster dissipation of the rotational energy is a
good indicator of such failure, which was detailed in section 2.

Fig.3. 3D model of the rotor.

4 POSSIBLE REPAIR TECHNIQUES

There are two terms for describing the crookedness of a shaft. The first is the shaft
crookedness, which can be directly determined by a dial gauge. By a full rotation of the shaft,
it is the maximum of the arithmeticalgveraged values of the oppositargs. There is an
agreement in the literature in the definition of this tedn5). The second one is the shaft
deviation, which is the double of the shaft crookedness indlefHpwever, ref. ] say it is
equal to the shaft crookedness. Consequetity first term will be used in order to avoid
confusion.

Care must be taken during the determination of the shaft crookedness. First, a certain
position is chosen arbitrarily, then it is used as point zero for later measurements. Of course, a
measurementesies consist measurements at multiple points along the shaft, starting from the
previously assigned zero point. It is sure that the measurement cannot be carried out at exactly
the rotation axis. Therefore, finding the maximum amplitude is not accuratglenin order
to correct that error, a full rotation is measured by typically 45 degrees, resulting in 8 points
total. Then the process is repeated in several characteristic points along the axis. To ensure an
accurate measurement, the dial gauge isretcebmded t o be checked af
while it should show exactly the beginning value. Based on the measurement process,
resetting the dial gauge is not necessary, while only the difference matters.

For machines operating at 3000 RPM, the maximunwalbshaft crookedness is 0.03
mm, but 0.04 mm is alsacceptable [4]. If the shaft is oval, the measurement shows more,
than one local maximum and minimum. Consequettky ovality should be calculated based
on Eq. (2).
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If the value of ovality is over 0.06 mm, usually the shaft is milled after straightening.
Values below that have a lower relevance, since removing such a small amount of material is
generally impossible.

Heat treatment of thiurbine shaft is generally a potential technique to straighten that,
but it requires the removal of all blades. Usually, it is an unwanted way, because the
technique always results in damaged blades, therefore, often new blades are required. So it
can be dime and money consuming method. But it is certainly the best solution among others
investigated below.

Mechanical straightening. It requires the fixing of the shaft at the crooked part with each
end up. It is also common that the ends are hold by geppéen a proper straightener tool
and a 1 kg hammer can stretch the compressed part by soft hammering. During the repair, a
check with dial gauge is highly recommended. The mechanical straightening technique is
cheap, but it is appropriate only for smsitlaft crookedness. Therefore, this method was not
recommended.

Local thermal treatment is very similar to the mechanical straightening technique, but
now the shaft is positioned with ends down. It is carried out with the help-8frard flame
welder. Theefore, it requires attention, while melting or tempering the shaft must be avoided
and such failure permanently damages the shaft. The ideal heating temperatusé & 858 C .
After that, a blanket must be placed on the shaft in order to prevent fastgcdblthe
technique is applied correctly, the shaft crookedness increases even more, but after cooling its
amount is reduced below the original one. In this way, repeating of the process can be
necessary. The maximum effect takes place at the firstthi@ahext ones will have lesser and
lesser effect.

5 CONCLUSIONS

An investigation of a complicated steam turbine failure was presented, where the result
was a crooked turbine shaft. The following conclusions were derived:

1. The damaged bearing was a keydernitify the failure process. Among others,
the evaporated lubricant by electric arc found to be the situation.

2. During emergency shutdown, the turbine shaft was crooked, due to the
decreased frequency of the first mode. Therefore, resonance occurred, which
couldresultsuchtype ofdamage.

3. Different straightening techniques were detailed and analyzed for the current
problem. These were: mechanical and thermal straightening and heat treatment
of the whole turbine shatft.
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PRIMARY WATER REGIME OF VVER -1200 NPP UNIT
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Abstract Article summarizes upo-date requirements of primary water regime for planned
VWER1200 wunit fAPaks |1 0 based on internationa
years Hungarian knowledge of VWBR4 0 units in APaks | 0 NPP.
Keywords VVER-1200 reactarprincide of harmony, water regime, water chemistry

26 (6 Russian) VVERI40 (Vodo Vodjanoj EnergeticeskijReakto) and 28 (10 Russian)
VVER-1000 unitsare in operation onthe world. Designed for Hungary AESA{omnaja
Elektro Stancijg or MIR (M odified I nternationaReactor)-1200 unit is developed version of
VVER -1000 building in Leningrad NPP.

Water regime is harmony of the construction, materials and water chenmmgtrimary and
secondary side and in all equipment. Russian design philosophy dossphothe principle
of harmony, therefore Hungarian nuclear professisnobliged to drawup modern
requirements based anternational experience of PWR and VVER units &8 years
knowledge of VVER440 units infiPaks| ANPP. Table 1 and 2 containthe rominal
paraneters of VVER1200 and VVER440 unit operating ifiPaksl &8IPP today.

Table 1 Nominal parameters of VVER200 and VVER440 units

Parameter Unit of measure VVER-1200 VVER-440 (108%)

Heat power of reactor MWy, 3200 1485
Electric power MW, 1170 520
Self-consumption % 7,5 5,0
MW, 88 26
Net electric power MW, 1082 494

Efficiency 0,366 0,350

Net efficiency 0,338 0,333

1 NUCLEAR STEAM GENE RATOR

Nuclear steam generator (NSG) of VVER and PWR NPP is divisible by main and auxiliary
circuit (Figure 1) from water regime point of view. The main circuit consists of reactor vessel
(R) and four loops. There are hot and cold pipes, main circulating pump (MCP) in cold pipe,
and one steam generator (SG) without closing valves and water purifierNY¥Rh each

loop. Pressurizer connects with hot and cold pipe of one loop.

Today flow picture of coolant in active zonef reactor vessel (and in SG tubes and
collectors)by CFD model is requiredh order to know inequality of mass and heat transfer.

High temperature corrosion products filter of WP NL.VT) decreases activity concentration

of corrosion products scarcely on the base of 25 years operation experience iR19VER
units. Therefore it will not build to VVER200 and VVERTOI units [Krickij]. It is
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unknown what water purifier N1 will instead of high temperature filter of corrosion

products.

Table 2 Nominal parametersf nuclear steam generator

Parameter Unit of measure VVER-1200 VVER-440
Volume of main circuit m’ 290 205
Number of loops db 4 6
Nominal pressure of coolant bar 162 125
Saturation temperature of pressure (ts) °C 348,3 327,8
Inlet temperature of coolant (tsg) °C 298,2 266,0
Outlet temperature of coolant (tg) °C 328,9 298
Coolant warming up °C 30,7 32,0
ts-tr °C 194 29,8
Volume rate of coolant m°/h (m°/s) 86000 (23,889) | 41000 (11,389)
Mass rate of coolant kg/s 17391 8918
Calculated heat power MWy, 3169 1487
Inner diameter of reactor vessel mm 4232 3524
wall thickness mm 197,5 135
volume m® 130 105
Equivalent diameter of active zone mm 3160 2890
active height mm 3750 2500
volume m° 29,4 16,4
Volume of fuel elements m° 3,3 2,9
Volume of coolant m° 26,1 13,5
Calculated volume heat density MW /m> 123 110
Surface of fuel elements m’ 5449 3141
Calculated surface heat density KW ,/m? 587 473
Nominal volume rate of MCP m°/s 5,97 2,1
Nominal raising of pressure ( qp ) bar 6,22 4,5
SG tubes dyxsxL mm 16x1,5x11.069 16x1,4x9.025
number pc 10978 5536
tube side volume m° 4x28=112 6x11=67
tube side surface m’ 4x4960=19840 | 6x2070=12425
Volume of pressurizer m’ 79 40
Heat power MW, (4x) 2,52
Inner diameter of pipe mm 850 492
Estimated/calculated volume of loops m° 48 33
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Figure 1. Main and auxiliary circuit of VVERL200

Auxiliary circuit controls watechemistry of the main circuit by closed NSG and high purity
coolant. It consists of makep water deaerator (PG) and WP2N2.VT). WP N2 controls
water chemistry of the main coolant at VVAROO units and its components are identical
with VVER-440 (capacity is unknown). Mixed bed ion exchanger misses from R N
thereforecommon design of tasks for water purifier®® and N2 is requiredfor VVER-
1200by modified philosophy in Paks NPPWP N1 and N2 do the water chemistry control
of main coolant bcause water purifying function restricts to starting and-dbwn period of
unit and operation period working with defected fuel rods.

Table 3 shows velocities of main coolant in some elements of NSG. It is ~30 % higher in
active zone oVVER-1200and 65 % higher in SG tubes than VVERO, somass and heat
transfer is more sensitive to impurities of main coolant

Table 3 Average velocity of coolant in nuclear steam generator

Parameter Unit of measure VVER-1200 VVER-440
Loop m/s 10,5 10,0
Ring of reactor vessel (D,/D;) mm 4232/3620 3524/3230
w m/s 6,3 7,3
Active zone (A) m’ 4,533 3,698
w m/s 5,3 4,0
Steam generator collector (D)) mm 1,176 0,800
w m/s 5,5 3,8
SG tubes (A) m’ 1,456 0,757
W m/s 4,1 2,5

D; inner, Dy outer diameter, Alowing crosssection

2 MATERIALS

Material of reactor vessel is 15H2NMR#th cladding(9 mm) of SG tubes material. Material

of inner elements in reactor vessel, pipes and all equipment of auxiliary circuit is austenitic
steel. Material of SG tubes andllectors will be 08H18N12T instead of 08H18N10T (tubes)
and10GN2MFAwith (6 mm) cladding (collectors) in order to decrease sensibility of SCC.
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Material of fuel rods is ZrNb1 (H1), ZrNb2,5 (spacer grids) and material of control and safety
rods is austefic steel with content of neutron absorbeBs¢ , Dy,O,TiO, ).

3 WATER CHEMISTRY

3.1 High purity of coolant

Professional culture of high purity coolant developed in Paks NPP with high purityupake
water, nuclear qualified ion exchange resins, membranes and chemicals. Russian nuclear
standard [U213Pr-1744] fixes the quality of coolant for VVER reactors (TaBle These

values of impurities are identical for all pressurized water reactor

Table 4 Expected/limit concentration of chloride ion and oxygen in main coolant

Parameter Unit of measure U213-Pr-1744 VVER-440 Paks
Chloride ion mg/kg
A in opeaiodat i /0,1 <0,05/0,1
Ain standing /0,1 <0,1/0,15
Oxygen mg/kg
A in operati /0,005 0,000/0,01
Ain standing saturated saturated

3.2 Boric acid concentration of coolant

Boric acid concentration of coolant is reactor physigatl not water chemistry control
parameter. Actual boric acid concentration of coolant determines the chemical condition of
NSG (Table 5). It is input data of water chemistry control. Coolant is boric acid solution in
standing period and linearly decreagiconcentration of boric acid compensates the surplus
reactivity of placed fuel assemblies in operation period.

Table 5 Boric acid concentrain of coolant in four chemicalondition

Reactor Operation Shutdown Standing Starting
VVER-440 7,6-0,0 0, 0¥40 14,0-17,5 14,0Y9,0
VVER-1200 8,5-0,0 0,0Y>16 16,0-20,0 16, 0VY10,

Diluting clear (chemicafree) condensate decreasestibac acid concentrain of coolant in
greater part of operation period and ion exchar®@}(/OH") of WP N°2 in last thousand

hour of operation periods sufficient capacity of BOS /OH") ion exchangerof WP N2 or

is applicable boron thermal regeneration system of PWR in VVEROO in order to
significant decreasing of dirty condensate nfisslly volume (<50 n¥1200 MW,) of liquid
radioactive wasté)

Volume of safety stored boric acid solution with-2® and 4146 g/kg concentration will be
higher significantly than in VVERI40 unit.

3.3 Hydrogen concentration of main coolant

Hydrogenrecombines radiolysis products of water in active zone and by this it insures
minimal risk of the local corrosion for zirconiualloy and austenitic steel. Moreover surplus
hydrogen insures reductive chemical condition of main and auxiliary coolant. Hydisg
necessary in operation period only. Minimal required concentration of hydrogen to
recombination of radiolysis products is 1,125 mg/kg (15 fkg) and its control interval is

2,254,5 mg/kg (3660 Ncni/kg) in main coolant of VVER reactors (, =0,075 mg/Ncri).
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Till now ammonia (or hydrazine) is dosed to return auxiliary coolant of VVER and radiolysis

of ammonia produced required hydrogen in active zone. Russian experts propose dose of
direct hydrogen to auxiliary coolant (Figure #®r VVER-TOI and VVER-12007? units.
Dosage of hydrogen gas will change the transport of chemicals in coolant, decrease the
capacity of cation exchangers in WP°Rl and finally the quantity of liquid radioactive

waste

iy cncmenm KB B cucreary KB
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Figure 2. Dosage of hydrogen gas to auxiliary coolant [Susakin]

3.4 Coordination of boric acid and alkalizing cations in main coolant
~80 % of surface contacting main coolant is austenitic steel and ~20 % is zireloyr(see
Table 2), thereforgvater chemisy of main circuit for VVER was optimised the solubility and

transport of mixed spinel magnetifermed on austenitic steeFE’ Cr’'Fe’ NiZ'O; ) in

operation temperature intervaMolar concentration of alkalizing cation’() of coolant in
VVER is

[L+] — CK+ + CLi+ + CNa"

= mmol/k
391 7,0 230[ al

sum of potassiunirom dosed KOH in starting period, lithium formed from {46 isotope
and accumulated in coolai operation periodand sodiumimpurity. Russian standard
[U213-Pr-1744] gives molaconcentration interval of alkalizing cations in function of boric
acid concentration (Figure 3).
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Coordination of boric acid and alkalizing cations
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Figure 3. Control interval of boric aciglkalizing cations in operation period

This coordination raises the following question on the base of experieNd&E®R-440 units

in APaks 1 0 NPP: how many maxi mal concentr e
hydrogen gas dosage (without ammonia) and less capacity of cation vessv®er
determines theperation and control oprimary water chemistry

4 SOME CONSEQUENCE OF WATER REGIME

1 Higher by ~30°C temperature of main coolant compared with VVER (46 e g/ kg)
doubles the concentration of solved magnetitddt & € g/ k g) cal c-Bdeat ed b
modelT beside of all constant water chemistry parametersu(€ig). Thereforeexpected

transport of iron corrosion products doublext least so risk of theirs deposition on fuel rods

will increasel beside 5,5 m/s average velocity of coolant.
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Figure 4. Concentration of solved iron in boric acid concentration calculated by SwBassmodel

2 Higher (>60 MWday/kg U) burn out of fuel compared with VVER440 (3040
MW day/kg U) increases number of defected fuel rogigobably, so significantly more
campign will be with defected fuel assemblies than we were used at operation of-¥A(ER
units in APaks | 0o NPP till now.

3 Russian standard [U24Br+1744] does not contain requirements of starting and shutdown
water regime, therefore it will be task of Huniga nuclear profession.
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Abstract: The aim of the essay is to demonstrate the importance of modern engine
management to reduce emissions. The upldate methods of pollutant reduction are
demonstrated which help perform latest emission regulations. The paper is mainly focus on
the control and management systems of these methods. The operation principals and the
benefits of these relevant managemecirejues are investigated in details like injector with

built in pressure sensor, cylinder deactivation and sstop system. Development trends of
these solutions are also highlighted.

Keywords:managememf vehicle enging emission reduction

1 INTRODUCTION

At the moment passenger cars fuel consumption and emissions are measured by New
European Driving Cycle (NEDC) in Europe. Emissions are controlled by Euro standards.
From the beginning of 2015 Euro 6 emission standard became mandatory for nevisars. T
became stricter and more challenging than th
Nitrogen Oxides (NOx) emission is cut dramatically to 80 mg/km from 180 mg/km by Euro 6.
The NEDC is supposed to represent the typical usage of a car in EAltbpegh it is

criticized for delivering unachievable consumption and emission figures in real world driving
conditions. According to a recent analysis of driving data the difference between laboratory
and real world economy is widening. While in 2001 affeet was below 10 %, by 2011 it

had increased to around 25 %. This is particularly true for NOx emission from Diesel cars.
The limits of NOx were decreased by 64 % between Euro3 (2000) and Euro 5 (2009) but real
world emission improved only 18 % duringg period. This difference causes persistent air
quality problems in urban areas. Because of the defect of NEDC the United Nations is
currently developing a new vehicle test procedure, the Worldwide Harmonized Light
Procedure (WLTP). As expected it wik implemented in the EU by 2017 and it will solve
some of the welknown issues of the current cyclat the end of 2013 the European Union
declared new Cgdimits. It specifies that by 2020 the fleet €émissions of automakers have

to be decreased to @km value. CQemission corresponds to fuel consumption it can be
translated into a fuel consumption of aboutlB,60 km for Diesel vehicles and 4,1 1/100 km

for gasoline operated ones. Car manufacturers are forced to develop new consumption and
emission reducing methods by the legislations. The aim of this paper is to present some of the
new engine management taaue which helps to full fill these demanding regulatigth$

2 DIESEL INJECTOR WITH BULIT IN PRESSURE SENSOR

A conventional common rail injection system could only detect an injection quantity based on
indirect methods such as crankshatft rotation flattun. In comparison Intelligent Accuracy
Refinement Technology-ART) enables a direct detection of the injection quantity. Each
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injector is equipped with a built in fuel pressure sensor to directly measure injection pressure
inside the injector, see Fig By featuring pressure feedback from each injector instead of
using a traditional single pressure sensor in the common-A&Timakes it possible to
continuously monitor and adopt fuel injection per combustion in each cylinder. Injection
quantity andiming are calculated by the Engine Control Unit (ECU) based on the

information from the built in pressure sensors. The calculations are made bybasdél

control system. The point of modehsed control is that the dynamic characteristic of injector

is simulated by the ECU. The calculations made by this model are corrected with the
information from the pressure sensor in the following injection cycle through the lifetime of
the injector. [2]
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with memory IC

Model-based
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I_l Drrve pulse
‘ Modeling

Injection rate
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N
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Pressure mside
Fii) :
mjector

Feedback |

Fig.1.i-ART injector and overall structufe]

The injecton rate can be expressed by five parameters of a trapezoid shape. The injection
guantity is obtained by the area of the trapezoid. The measured pressure waveform is
processed by filteringsee Fig.2.

i Pressure change due to mjection Pressure waveform |
$ 2MPa after processmg

Pressure(MPa)

; . dCldin
. | \ Modeling | Zd—/__|om: ax) njector drive pulse]

asind aALI(

Time(msec)

Fig.2. Pressure waveform in injector after proc¢2p

The advantage of using this technic that triple pilot injection can be adopted because of the
high accuracy of injection quantity. Lower compression ratio can be achieved by triple pilot
injection. On one hand side lower compression ratio deterioragkegfutability on the other
hand side it reduces NOx formation due to the lower cylinder temperature, see Fig.3.
Compression ratio can be reduced to 15:1 because the triple pilot injection can maintain
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enough preheat effect and solve the ignitability ots. Independently from the innovative
control system of fuel injection, the injection pressureARIT injectors can achieve 2500
bar which helps prevent the formation of particulate matter (PM). [2]

- Image of the mjection pattern ‘-~ -~ [
! -Double pilot injection _ : Double pilot mjection
a2 a A Triple pilot injection

-Triple pilot mjection

FvwY \

SRS T —] Py

Cylmder pressure

| Cylmder gas
average temperature

-60 -40 20 0 20 40 60
Crank angle [degree CA]
Fig.3. Comparison of heat releagetween double and triple pilot injection [2]

3 CYLINDER DEACTIVATION

Deactivating cylinders reduces fuel consumption and €&fissions in throttled internal
combustion engines without compromising performance and comfort. During partial load it
works like a temporary downsizing because cylinders that are not needed can be deactivated.
When there is only low load needed, the cylinders that are still being operated must generate
higher mean pressure because they must generate the torque of the deaygtindérd to.

This load point shifting leads to a reduction in the throttle losses of the engine and ultimately
helps to save fuel, see Fig.4. In Fig.4 green fields represent load and engine speed operating
points that associated with the highest efficieatthe engine which means the lowest

specific fuel consumption. [3], [4]

Complete engine operation Cylinder deactivation mode

Road-resistance
curve

Engine speed
Fig.4. Operating map of an engine and driving resistance c{#ye

The greatest challenge is that the transition between the full and partial operating modes must
be made really quickly without compromising engine response. During the transition the
position of throttle valve, ignition timing and fuel injection must bapaed to prevent a drop
in torque by the engine management. First the engine management calculates what air charge

Engine speed
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will be needed to generate the target torque in cylinder deactivated mode. To reach the higher
load point the air charge of the cylinders ashé® be increased with the difference of the actual
and target air charge. In order to supply the target torque required, the ignition timing must be
adjusted in full engine mode to compensate the effect of the increasing air charge. As soon as
the targetir charge has been created engine management starts to deactivate gas exchange
valves. The deactivation process starts by determining which cylinder can be deactivated first
with the help of camshaft position sensors of intake and exhaust camshaftas Hxelgange

valves must be deactivated in their rest position. Deactivation of the following cylinders
continues in the firing sequence. When the gas exchange valves of the first cylinder
deactivated, the injection into the cylinder is switched off atitite time. To avoid torque

jitter the ignition timing switches to the optimum timing as soon as the first cylinder
deactivated and no longer generates any torque. The throttle valve opening is reduced to
maintain the target air charge adapting to thecéffe displacement of the engine. In Fig.5 air
charge and ignition timing modifications can be seen during the witch over process. The steps
required to activate cylinders are taken in reverse order. [3]

i
i Engine torque
EFilling-target | ____.._._.lee e
[ ]
.
:
:
____________ | ]
100 % 100 % i
Ignition angle-
efficiency
50 %
Time
o =
8 Cyl. mode Switch-over phase 4 Cyl. mode

Fig.5. Process of cylinder deactivatiga]

4 START-STOP SYSTEM

Basically engine stattop systems shut down the internal combustion engine of the car every
time the vehicle stops or engine is idling and restart it instantly when it is needed. From cost
benefit point of view this is one of the madtective ways to reduce CO2 emissions. Saving

is about 45 % measured under NEDC. This is due to the fact that the 23 % of time the
vehicle is stationary during NEDC. In real world driving conditions this amount of fuel saving
cannot be achieved unlesg tvehicle is used only in heavy urban traffic. Apart from the
customer demands of more fuel efficient cars, manufactures are also interested in the
reduction of CQemissions because of the European regulations. If manufacturers cannot full
fill CO, reguldions with their fleet of new vehicles they will be banned. Four different start
stop technologies have been adopted in the European market. [5]

The cheapest technology is the enhanced startessgtarsystem. The system consists of a
modified starter taneet the requirements of multiple starts compared to a conventional one.
A modified generator for recuperation can also be a part of the system. It is the most widely
spread solution among the manufacturers thanks to the fact that this can be adbpted to t
existing engine architecture the most easily and cost effective way. The disadvantage of the
system is that the restarts are slow compared to other solutions. [5]
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Another solution is that the conventional starter motor and alternator can be replaced b
beltdriven starteigenerator (BSG) system. The BSG is integrated into the belt drive system
of the engine, see Fig.6. It also charges the vehicle battery by recuperating energy. The
reinforcement of the belt tensioning system is needed because theaB$@nsfer power bi
directionally. Traditional alternator delivers power only one direction but BSG also needs to
drive the crankshaft to speed up the engine duringgbartUsing BSG system delays of
restarts become shorter. The disadvantage thiadfdet system has to be changed. [5]

DecDC | | AGM
Converter | | Batlery I:IOplional
DNecessary
T~ BSG J Conventional
——  Starter
® 00
Gear-
ICE bax
Start-up . . .
mode
Generator
mode

Fig.6. System layout of betiriven startergenerator{5]

Third sol ut 4istoprsysters thatrastadsah@ sngine by directly injecting the fuel

into the cylinder and igniting it to create downward pistnecd. The important aspects are to
recognize the cylinder whether is in its compression or expansion stroke with the camshaft
position sensor and to stop the piston within an appropriate position with the help of alternator
to have a right balance of aiolume, see Fig.7. Engine restart is done by identifying the

initial cylinder to ignite and inject fuel and then allowing combustion take place. The
disadvantage of this solution that it can be used only in spark ignited engines. [5]

Engine Stop Engine Start

Piston Position Conlrol . Combustion 0
Throttie + Alternator Engine Stop + Motor Assist Engine Stant

7
Throllle Body

Pisten Stop
Pesition

\ Alternator

Starter Motor Starter Motor Starter Motor Starter Motor
Fig.7. Operatingpric i pl e ofstopfgdzdads i

Integrated/Crankshaft Starter Generator (ISG/CSG) combines the conventional starter motor
and alternator into a single electric machine that is fitted directly to the crankshaft of the
engine. Besides of stagtop and recupeiian function, ISG system can assist the engine by
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providing supplementary power during acceleration and generate electric energy from the
rotating crankshaft. Vehicles equipped with ISG system usually called as Mild hybrids. Of
course this is the most expgve and complex solution to build in a vehicle but it also offers
better engine restarting comfort and more fuel consumption benefit compared to other
systems. [5]

g Internal
t Combustion
Integrated Engine
Electric Machine

GearBox

Fig.8. System layout of Crankshaft Starter Gener§&dr

5 CONCLUSION

With the high injection accuracy ofART system combustion improvement can be achieved
which both reduces NOx and PM emissions. With additional NOx reducing technics like
exhaust gas recirculation and effective exhaust gas after treatment systems likeldétfwe
catalytic reduction NOx emission can be controlled and reduced to full fill Euro standard.
Temporarily deactivating cylinders offers an attractive compromise to reduce fuel
consumption and retaining high level of driving pleasure. As afuptteet ent i al t he
operating torque range can be increased by deactivating variable number of cylinders. With
alternating cylinder deactivation even three cylinder engines can profit from this technic. In
the future it is highly probable that cylindezattivation will play key role in fuel

consumption reduction. [3]

The emission target of 95 g/km @€annot be achieved without statbp system by 2020.
Manufacturers need to react to the most common complaint of the drivers that says duration
of start reed to be reduced. ISG is the best solution followed by BSG but thanks to the cost
advantage of BSG it will be more competitive. In order to tap the full potential of ISG
technology a second electrical subsystem is needed with 48 V to increase recupedation
power boost performance. Systems with sailing function can stop the engine when it is not
under load while the vehicle is still rolling. It can causEO8% of fuel consumption reduction

so it is expected to spread in the industry. [5]
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Abstract: The transmitted power of tlenginescan be defined by test bench examinations, to
which the engine is needed to be dismounted. In the paper diagnostic methods are
systematized by different researches. Besides, a new diagnostic procedure (established by the
authors) is also to be introduced, which can be carried out by relatively cheap measuring
systendesign.

Power measurement on roller test bench is a-etl technique for vehicle examination.
Applying the new procedure, the diagnostic method (simple construction and test bench
construction at a favour price) torque and power characteristics ofitbentedenginecan

be defined. The theoretical considerations of the new measuring technic and the
implementation of the measuring system are introduced in the paper.

Keywords:power, torque, roller test bench, diagnostics

1INTRODUCTION

In the study thediagnostical measuring systems and as a novelty, the measuring
principle and technology of the new thedrgsed roller power test bench are presented. To
the construction measurements have been carried out being important contribution to the
research.

2 THEORETICAL BASIS OF NEW MEASUREMENTS METHODS

The following principles were taken into considerations:

Tapplicability for operational diagnostics
{effective engine power measurement can be determined.

The measuring method principle is that the unloaded emmnertrain is accelerated
and decelerated on free running rollers (test bench not needed).

Since the whole loading characteristic (usually available comparing data) should be
measured, measurements should be carried out at maximal load (full gas).

At this time engine makes its inertia torque (a) and the inertia torque of powertrain
(b+c+d), wheels (e) and roller test bench (f) accelerate (Figure 1).
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Fig. 1 Vehicle acceleration and running on free running rollers

Main measuring sections:

1 ACCELERATION SECTION : engine on test bench, powertrain, wheels and power
test bench rollers are free accelerated at full load till nominal engine rpm (revolutions
per minute) in test gear.

2 FREE RUNNING SECTION: disengaging clutch leawy gearbox in the given gear
vehicle is let decelerate until it stops. At this time the system is decelerated by the
powertrain p+c+d), wheels €) and rollersf) of the power measurement test bench.

Since there is no external load, the representedgur&i2.14 inertia torques have to be
accelerated by the engine. During free running engine inertia torque is disengaged, thus
residual inertia torque decelerates the system.

Table 1Accelerated and run out inertia torques

Notation Notation Description Unit
in figure
a Qm engine crankshatt inertia torque engine
b Qqear torque converter inertia torque in a given gear
Cc Qx cardanaxle inertia torque :
. . — powertrain
d Qq differential gear inertia torque
e Quheel wheel inertia torque
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Fig. 2 Tyre deflection

During tests there is no need to calculate with bigger tyre deflection, since an inertial
system is measured.

One transmitter is needed in order to measure rpm of rolleratler radius: §), from
which the following data can be derived:

1 angular speed: 1 — ¢, (O
1 angular acceleration: - — (2
1 vehicle speed (wheel and roller peripheral speed): L 1g D @)

The following equations are appliéat measuring:
Torque: 0 O 4)

Power: 0o 09 —D-2) (5)

Regarding the equations abd@eepresents the roller axle reduced inertial torges)
as roller axle rpm is measured.
Concerning the above the following considerations can be stated
0 0OX-0 (6)
0vx -2 (7)

Based on the above and measurements the following diagram can be represented in
Figure 3
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R un -

Fig.2. Free acceleration and run out

Function e plotted against vehicle speed (or even rpm) regarding its character it
corresponds to full load torque curve, while functiom.e] regarding its character it
corresponds to power function.

3 PRACTICAL CONSIDERATIONS OF THE MEASUREMENTS

Power proportional functions can be seen in Figure 3. Their vehicle engineering
significance:
1 ACCELERATION SECTION: roller is accelerated by wheel, thus measurement
function (wv.e) is proportional to wheel power.
2 RUN OUT SECTION: roller and powertrain are decelerated by losses of units after
engine, which are the power losses.

Namely:
0 0 0 (8)
Inversely:
0 0 0 (9)
Where:
T Pes i effective engine power
T Poss i powertrain loss
T Puaheel i wheel power

The latter equation is represented in Figure 3, where the sum of wheel and powertrain
loss proportional functions (red and yellow sections) can be seen. Resultant function is
proportional to effective engine power.
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Fig.3. Measured power proportional characteristic

4 MEASURMENT EVALUATION

Basic condition of evaluation is determining inertiagues in Table 1, which are not
available. Their absence can be eliminated by appropriate measurement procedure and
validation. New procedure has been elaborated by the author in habilitation theses.

4.1Validation of external engine characteristic cunes by vehiclebrake test bench tests

If roller power test bench is available then the next procedure can be followed:
1. Definiton of local maximum speed of acceleration sectionjs (v
2. Selection of permanent speed load characteristic, sewofivat full bad wheel power
is measured (Figure 4),
3. At this scaling values on vertical axle in Figure 3 are in kW, thus effective engine
power curve is represented.

Puheer A

*
P wheel
Pwheel

v=constant

v* Y}

Fig.4. Power scaling determination on roller test bench

The only flaw of this method is that the Biog of acceleration and run out diagram
sections is not the same, since in one of the cases the unknown inertial engine torque should
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also be taken into consideration, but not in the other case. This fact can only be taken into
consideration by a correof factor (usual 10%) determined empirically.

4.2 Validation of external engine characteristic curves without roller vehicldrake test bench

Own measuring method is the following:

If roller power test bench is not and only measuring rolling bearer is available, then two free
accelerating test have to be carried out.

1. measurement

This corresponds to the above mentioned measuring technlque Equations:

Ugp _‘Qs QRO T E 0 Qi @lﬁé@)pj) ; (10)
UhD NELQi dxu(k@@@ p (11)

2. measurement
In this case a fly mass is mounted to the roller axle, which increases the whole reduced
inertial torque for roller axle.

Utk D¢ Qad o ¢ 6 Qi dnua(mﬁ)emammIMa wc;)Qj) n (12)
Uuhl; THE O QI BINBRETQNN ([t & coc;}Q :D (13)
Ll PN
(w, )4 -

Analysis speed

—~——_ V

Fig.5. Diagrams of two tests in series

However, inertas, decelerations and accelerations are different in the two cases, but power
values of wheels and losses must be equal, since engine and powertrain, which accelerate the
system, have constant losses.

Equations of wheel power and powertrain lossesScdntl 2" tests can be equaled in pairs.

From run out equations the reduced powertrain inertial torque can be calculated:

THE 0 Qi ouQ@@Qp THE 0 Qi bl&)(ﬂfl'%%qmambiﬁi'nrggnq)rqm (14)
THE O QBOEIQQ —Qupmplmcﬁz s (15)

Replacing this into the wheel power equation engine inertial torque value can be determined
(-g"and-g"are determined at a certain rpm, at identical vehicle spgel,

Based on the above engine inertial torque can be determined by equaling wheel power
equations.

It is controlled and calculated by the appropriate measurement software, therefore external
torque and power characteristic curve can precisely be deterbyrtad end result.
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5 VALIDATION

I n order to validate the above tests have be
the Laboratory of Vehicle Diagnostics (Figure 6).

5 Fig.6. Tests with and without fly mass
6 SUMMARY
More advantages are available by new measuring system development:

1. No need of roller power test bench. More simple, cheaper measuring equipment can be
developed, which are more available $analler services.

2. More precised measurements determined by tests only without empirical correction
factor.

For professional services this new method is an available opportunity for the determination of
diagnostical engine power at high precision (aboux 5%
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Abstract The purpose of the work that is presented in this article, was the numerical model of
an internal combustion engine and the simulation of its combustion processes with a
conventional diesel fuel and biofuels. The model wast land the simulations were
perfor med i 4purpds® thérmdluitn@HDtsoftware package. To validate our
numer i cal model, measurements were carried
type, EURO II diesel engine. The measurements ansirthdations were carried out on 3
operating point. Diesel fughccording to theVi'SZ EN 590standard as a reference, and it

was compared with the standardized biodiesel (Fatty Acid Methyl Esters (FAME)). The
results of the simulations were satisfactofyrther it is planned to investigate the
charact er i standacddbiofueb f a non

Keywords:numerical simulation, biofuel, combustion proc&ssD

1INTRODUCTION

Numerical simulations alloweducing the time, and costingquirements of a R&D
project. Qur aim was to create a functioning numerical model, which is able to work with
different fuel types (conventional diesel fuel and biodiesel fuel) used for ClI engine. Further,
we aim to validate our model with measured data. Present study coversaylendier
pressure, and heat release rate.

Several researels havebeen conducted on this topic. Computational Fluid Dynamics (CFD)
modeling of combustion processes requires a substantial amount of computational resources.
With reduced chemical kinetics mechems the computational resources needed for CFD
simulations of combustion processes can be reduced too. This reduced kinetics model is able
successfully predicts the general trends of pressure trace and rate -ofldasd [6]. A
reduced mechanism contaitens of species and hundreds of reactions to investigate the
effect of chemical kinetics [12]. Numerical studies [7, 8, 9] investigate the spray, spray
formation and reaction, combustion, and the effect of piston bowl geometry in connection
with biodieselfuel. In order to obtain a reliable moddl has to bevalidated by experimental

tests in different load and speed conditions [11]. Our ultimate purpose is to expand our
investigated topic as detailed e.g. in [10].

2 FUELS AND THE USED METHOD

Diesel fuel is the traditional energy source of Compression Ignition (Cl) engines. Use of
Cl engines in ommoad HDVs (Heavy Duty Vehicles; e.g. buses) and in other machines (e.g.
nonroad mobile machinery; e.g. excavators, bulldozers) is almost autoorpaced to the Sl
(Spark Ignition) engines thanks to their better efficiency and higher specific power. In the
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latest times an ever greater penetration of Cl engines can be observed in passenger cars, due
to the rapid development of technology [4, 5]. Far @womparison tests diesel fuel,
corresponding to the standard EN 590:2013, was used as a reference fuel, which was
purchased from a gas station.

Diesel engines can be propelldoesides conventional fuelby different fuels derived
from biomass. Among #m the most frequently used are the Faityd-Methyl-Esters called
biodiesel, which are produced from different basic stocks, as well as the other compounds
with oxygen content (for example dimetksther); the nexgeneration biodiesels (for
example nand i-paraffin mixture produced from triglycerides of vegetable oil); the synthetic
diesels (mixture of synthetic-mnd tparaffins (for example the Fisch&ropschdiesel) and
the bioparaffins produced from carbohydrate [3]. It was used for our tesssatidardized
biodiesel (EN 14214:2013), which is applied for blending the dies¢kold in some filling
stations all over Europe.

Three points were chosen for the tests from the sjo@eblrange of the engine as
follows:

- 1300 rpm; 50% load 1900 rpm;25% load - 1900 rpm; 75% load

The above three test points were chosen in relation to the emission of particulate matter. In
these three test points the properties of the particulate matter emitted by the engine are very
different. (Measuring more thanrée points did not seem justified and was avoided in order
to prevent damages to the engine or the meas
runs under high fuel load.)

3INTRODUCTION OF THE NUMERICAL MODEL
3.1 Geometry

AVLOs Engine Si mul abDiesa)nn the FIRE modulerwasnused (0O E S E
define the geometry and create the meshing for the combustion chamber. To reduce the
computational demand of the simulations, the 3D model is simplified and created a less
deta | ed model . Wi th a compensation volume the
numer i cal model 6s. With the dependent aver a
options, we were able to use a finer mesh around the combustion zone, and an®ugh
during the compression and the expansion. The finer (1,2 mm average cell size) mesh was
applied from 32A before TDC to 32Aafter it,
average cell size) mesh was us€dmpensation volume is needed becanfsdifferences
between the modeled combustion chamber and the real one, in order to adjust the initial
compression ratioThe prime geometrical characteristics of the engine are summarized in
Table 1.

T

Fig.1. The mesh of the combustion chamber withmensation volume
Table 1.The main properties of tested and simulated engine
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Layout Inline

Number of cylinders 6
Bore diameter [mm] 120,5
Compression ratif-] 15,2
Crank radius [mm] 75
Connecting rod length [mm] 275
Piston pin offset [mm] 1

3.2The numerical model

The simulations were accomplished with the Extended Coherent Flame Mdlel
Zones(ECFM-3Z) model, which was developed for diesel combustion simulation. This is a
combustion model based on a flame surface density transport equatiannairiohg model
that can describe inhomogeneous turbulent premixed and diffusion combustion. The model
relies on the ECFM combustion model, and on a three areas mixing description with an
improved burnt gas chemistry description compared to ECFM [1].

The simulations were run assuming a compressible flow, thus the pressures were obtained
with an equation of state, from the change of density (continuity equation) and temperature
(energy equation). The rate of heat releases were also calculated with basreation laws.

As per the Reynolds Transport Theorem the general form of the differential conservation law
(for an intensive property 0) can be written

0] 20

— [ J (1)

where is the corresponding pperty (per unit mass); is fluid density,/ is the local

diffusion flag of at the control boundary per unit tinfe, is the source or sink of per

unit mass and unit tim€y is the local velocity of the moving boundary of the control

volume. The ECFM3Z model uses the-&f turbulence model which is a version of eddy

Vi scosity model based on Durbinds elliptic r

numerical stabiliy by solving a transport equation for the velocity scale matio— instead
of velocity scaled [2]. The model equations are:

0 0-O (2)

n o » 6 _ - t . (3)
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3.3Initial conditions

The simulations were performed on the same three operating point as those were at the
measurements. The initial conditions of each simulation are summarized in the Table 2. The

two fuels (diesel and biodiesel fuel) can be chosenlgimghe program.

Table 2.Initial conditions of the simulations

Operating point
Type of inital condition 1300 rpm 50% load | 1900rpm 25% load | 1900rpm 75% load
Diesel FAME Diesel FAME Diesel FAME

Dose [mg] 60,3 68,3 37,6 42,6 84,8 96,6
Boost pressurfpbar (a) 1,15 1,15 1,13 1,13 1,59 1,58
oy otimecton (0TB9 9y6 | 5/05 | -9/4 | e/5 | 9/13 | -8/17
Turbulent kiretic energy [M/s7] 10 10 10 10 10 10
Turbulent scale [m] 0,003 0,003 0,003 0,003 0,003 0,003
Turbulentdissipation [rﬁ/sS] 1732,05 | 1732,05| 1732,05 | 1732,05| 1732,05| 1732,05

4 RESULTS AND DISCUSSION

When performing the calculationsthe measured pressure data were taken as reference.
We changed some of the initial condition so the simulated pressures would approximate
the measured data. The modified initial condition were parameters of the injection, such
as the start and the duration In one case we had to slightly modify the injection profile

too.

4.1In-cylinder pressure

The most relevantnvestigated parameter was the-cylinder pressure profile during
combustion. Results can be seen on the Figure 2. These are the first umesfirtsd The
simulated results have to be validated foicytinder pressure. It means pressure profiles,
peak pressure and pressure timing. The results shows that the numerical model needs to be
further refined. The differences are greater than the deswaximum 5% in all but two
operating point. In case of the first engine running point (1300 rpm and 50% load) the curves
run togethetthe differences are smaller than 5 # second column of the diagrams can be

seen differences considering the maximuatugs and the phase. The last results in the third
running point of the engine (1900 rpm and 75% load) have to be corrected as well. During the
compression the simulated pressure curves get an offset compared to the measured data, this
might be due to theoughness of the mesh or because we were not taken into account the
blow-by, this and other parametarsed to be refined further..
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Fig.2. In-cylinder pressurén case of diesel (first row) and biodiesel fuel (second row)

4.2 Heat release rate

THE

Second investigated parameter was the heat release rate profile during combustion. Results
can be seen on the Figure 3. In case of the first engine running point (1300 rpm and 50% load)
there are huge differences in case of diesel regarding peak vaingsy, tetc. In second
column of the diagrams can be seen slightly better results. In case of diesel result needs to be
improved. The last results in the third running point of the engine (1900 rpm and 75% load)

have to be corrected as well. Quite high dédfeces in both cases.
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Fig.3. Heat release raten case of diesel (first row) and biodiesel fuel (second row)

5 CONCLUSION

Experimental investigations were carried out on a research engine with conventional diesel

and biodiesel. An operating nuneal model was created in order to simulate the combustion
in the engine. For both fuel were investigated theyimder pressure and the heat release rate
to validate the model. The simulation is working in case of the two fuels and in all the

operatingpoints. There is a huge challenge to improve the accuracy of the model. If the model
has a correct accuracy, simulation will be accomplished in order to compare the experimental
emission result with the simulated one.
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Abstract: Utilization of renewable fuels is a significant effort in the field of internal
combustion engines. This originates in various reasons, on the one hand in the reduction of
the dependence on fossil fuels, on the other hand in the expectation of the nedfictio
harmful emissions occurring due to the general oxygen content of fuels. In the present article
we investigate the potential of alcohol mixing and joint combustion and their effect in the case
of compressiongnition engines. In the framework of whiete are dealing with three
alcohols that can also be produced from renewable raw materials, that is methanol, the
production of which may be carried out by pyrolysis of organic waste or for example by the
so call ed Ol 8h -giaxidec hes reexinéterial | eticanof, the production of
which can be carried out with firsand second generation methods but it is mainly used as a
petrol additive. The third alcohol to be examined is normal butarbltanol or rbutanol),

for the sake of whoseecoromic- production on renewable basis, research and development
works are currently in progress. We present the effect of the mixing of the three alcohols with
diesel oil on the basic fuel parameters of the fuel. We also present the results of internal
comhustion engine experiments.

Keywords:Compression ignition engine methanol, ethanol, butanol blending.

1 INTRODUCTION

Utilization of renewable fuels is a significant effort in the field of intew@hbustion
engines. This originates in various reasamsthe one hand in the reduction of dependence on
fossil fuels, on the other hand in the expectation of the reduction of harmful emissions
occurring due to the general oxygen content of fuelthe present article we are dealing with
three types of alcdlts, the use of which with internal combustion engines is of key
importance. In the course of the tests we are focusing on the use with Diesel engines.

The first investigated alcohol is methanol. Methanol is a highly toxic alcohol, there are
several metbds known for its production:

I Carbon monoxide and hydrogen react over a catalyst

T From carbon dioxidewith catalytic hydrogenation of COwith H, ( Ol § h
methanol economy )

T direct catalytic conversion ofethane

From the perspective of its use with Dieselgimes methanol has a disadvantage,
namely that it cannot be used directly because of its very low cetane number, therefore it is
usually incorporated in Diesel oil, but it constitutes a problem that it creates an unstable blend,
therefore either emulsifie are used, or a triple mixture is created e.g. with biodiesel. Another
possibility is the use in a Dual fuelled engine. [1].

We are also dealing with ethanol. There are several methods to produce ethanol as well:
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T Fossil basehydration of ethylene
T Microbial fermentatiorof sugars, distillation, and dehydration
The direction of developments today is the substitution of traditional sugar or starch
based raw materials. The utilization of ethanol currently primarily takes place in Spark
ignition engines. Irthe case of this kind of use the problem is that only-pigfity, secalled
abs. alcohol may be incorporated to the petrol, since the water content of ethanol separates
and this may cause problems in the operation. The required demand of dehydratgrisener
significant. Its use with Diesel engines is problematic similarly to that of methanol, a stable
mixture can be produced only with additives [30]. The utilization in a Dual fuelled engine is
also possible [1, 6]. It is worth mentioning here that tvaatage of this is that ethanol with
higher water content is also can be used.
The third investigated alcohol is butanol. The production of butanol can be carried out
in the following ways:
T commercially produced frorossil fuels
T Acetoné butanof ethanol (ABE) fermentation (Clostridium beijerincKii
bacteria,)
The advantage of butanol is that it can be incorporated in diesel oil [2]. However, its
production from renewable raw materials requires further developments.

2 IMPACT ASSESSMENTOF ALCOHOL MIXING

In the present article the authors have carried out provisional calculations in order to
define the theoretical limits of the mixture rations, and to be able to create a vision on what
combustion technological characteristics the different dies@laihol mixtures have. After
that we examine the change of further parameters of fuel mixtures to the impact of mixing,
such as viscosity and cetane number. The aim is to define the mixing ration that meets the
requirements on limit values imposed by the tations (EN 590:1999, EN 590:1999 winter
diesel oil [3], GOST R 52368005 [4], reference fuel of regulation stepg &nd IlI/A of
Directive 97/68/EQf the EuropearParliamentandof the Council of 16 December 199[5].

Similar calculations have beenrgad out by numerous authors but only for one component.

[6]
2.1 Stoichiometry calculations

In the course of the tests we examine how the demands of stochiometry air change from
the point of view of combustion, as well as the impacts of this on tberarof released heat
during the combustion of fuel mixtures. Based on provisional calculations the basic
combustion technological parameters of the examined fuels appear in table 1.

Parameter Diesel oil | Methanol | Ethanol 1-butanol
no [kg/kg] 14,5 6,43 8,95 11,13
Caloric values [MJ/kg] 43,9 19,93 28,86 33,07

Table 1The major details of diesel oithethanol, ethanol and-iutanol

On the basis of the above results we can define that if we mix the examined alcohols in
diesel oil, how the mass of ttieel mixture added to the unit mass air changes, and on the
basis of this the heat input taken in with the fuel mixture related to air unit in the event of
different air excess factors. This appears in figure 1 at excess air factor 1,2
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Fig. 1. Methanol, Ethanol and-butanol Heat Input in 1 kg of air at Excess Air factor = 1.2

It can be observed in Figure 1 that under the impact of methanol and ethanol mixing
more heat input is possible in the fa& mixture, while in the case ofldutanol t is less. The
reasons of this are obvious, since in the case of methanol the theoretical excess air factor is
2,25" part ( 14,5 (diesel oil)/ 6,43 (methanol), in the case of ethanol it i§%p&&, while in
the case of -butanol it is 1,30 part of he theoretical excess air factor of diesel oil. However,
the calorific value in the case of methanol is 2 part of that of diesel oil (43,9 (diesel oil) /
19,93 methanol)), in the case of ethanol it is ¥ Hart, while in the case ofHutanol it is
1,32" part of the calorific value of diesel oil.

The consequence of this is that the heat input to be taken in to air unit in the event of
methanol it is 102,30 %, in the case of ethanol it is 106,49 % and in the cabatahdl it is
98,15 % of diesebil.

2.2 Change of viscosity due to mixing

In the course of the examination of the kinematic viscosity of mixtures the specification
of the parameters of the certain mixtures is also important. To define the viscosity of diesel oil
we used the measureme resul ts of t he aut hor so own
components we use the data with relevant references of Dortmund Data Bank Software &
Separation Technology GmbH [7].

5,0
4,5
—e—1-butanol
4.0 —=—Ethanol
'g' 35 —a&—Methanol
2 30 1 e=EN-590
g M
E s —. e,
8 2,0
g —\‘ﬂ\‘\:::\.\.\.\
= 1,5 \;\\\‘r\.
E 1,0 —
0,5
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Fig. 2. The kinematic viscosity of diesel oil methanol, ethanol adsutanol nixtures in terms of the mixing
ration at 40 degrees Celsius
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On the basis of the data, from among the examined fuels it is diesel oil that has the
highest kinematic viscosity, followed bylutanol [917], then ethanol [:20] and finally
methanol [2126] has the lowest viscosity.

Kinematic viscosity of the mixtures reduced in each case through mixing. It was
observed that methanol reached the lower limit value specified in the regulatien (EN
590:1999) in the case of a mixing ration of 45 percent, altheughe case of -butanol
kinematic viscosity does not fall below the limit value even in the case of a mixing ration of
100 percent.

2.3 Examination of cetane number of the mixtures

Cetane number is expected to be change significantly by mixing. Itnsluckzd
concerning the evaluated alcohols that they have a very low cetane number, precise figures
can be found in the literature, where the cetane numbers of these alcohols are obtained by
extrapolation (Table 2).

Diesel oil| 1-butanol Ethanol Methanol

51 18 8 S
Table 2.The cetane number of methanol [27], ethanol [28] ardglianol [29]

The cetane number of diesel oil placed on the market is 51 with an accuratylof +/
since it is prescribed in the regulation, therefore if we wish to qualify thengn&ccording to
EN 590:1999 [3] or the GOST R 523@805 [4] regulation for example, alcohols virtually
cannot be mixed to diesel oil. However, on the basis of the prescriptions on reference fuels
prescribed for regulation stepsllof regulation 97/68/E directive [5], cetane number 45 is
still acceptable.
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Fig. 3. The cetane number of diesel wiethanol, ethanol and-iutanolin terms of mixing ration

It can be observed in figure 3 that if we accept cetane number 45 as the lower limit, in
the case okthanol and methanol the mixing limit is nearly 14%, however in the case of 1
butanol having a cetane number higher more than two times than ethanol and methanol, a
mixing ration of 19% is also feasible.

60



Luk 8cs, ABRVESHGATION OF POSSIBILITIES OF UTILIZATION OF ALCOHOLS IN COMPRESSION IGNITION

3 CONCLUSION

We examined the amount of heat inpaitthe unit mass air on the basis of theoretical
calculations and we have found that under the impact of methanol and ethanol mixing the heat
input to the unit mass air had increased compared to diesel oil, while in the casetandl
it had reduced ive kept the excess air factor at a constant value.

On the basis of the kinematic viscosity tests it is concluded that since kinematic
viscosity of alcohols is lower than that of diesel oil, thus it reaches the lower limit value in the
case of methanol ahé mixing ration of 45 %, although in the case djutanol kinematic
viscosity does not fall below the limit value even at the mixing ration of 100 percent.

It can be said concerning the investigated alcohols that they Haxaxyai low cetane
number, &king into account the lower limit value 45 of cetane number, in the case of ethanol
and methanol the mixing limit is nearly 14%, while in the caselmithanol a mixing ration of
19 % is also feasible. The results regarding the certain parameters anddhealcohols can
be found in table 3. It may be concluded on the basis of the table that from among the
investigated parameters the latter, namely cetane number is limiting the mixing ration. Of
course, it is possible to increase this e.g. with cetameber increasing additives, however
the examination of this goes beyond the scope of this article.

Parameter methanol | ethanol | 1-butanol regulation

Density 48% 49% 83% EN-590:1999 [3]

Kin. viscosity 43% 56% - EN-590:1999 [3]

Cetane number 13% 14% 19% 97/68/EC directive [5]

Table 3.The limit values of mixing of methanol, ethanol ardsliianol according to the different regulations
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Abstract: Nowadays large effortere made in order to reduce waste disposal share in
accordance with EU directives. This fact pushes large amount of municipal solid waste
(MSW) to another waste treatment solutions as incineration. Waste material may be
incinerated in original form or by artain pretreatment RDF/SRF solid recovered fuel is
produced for firing.

Besides installation of new systems designed directly for MSW or SRF incineration another
much cheaper solution is transformation of existing coal fired power stations to MSW or SRF
incineration. But any type of MSW or RDF/SRF contains significant amount of chlorine
originated mainly from different types of plastics. High chlorine content could cause serious
corrosion at high temperature zones of boilers. This article gives a gemealiew of this
corrosion procedure and describes its principals. In further step preventive measure
possibilities are compared and evaluated from technical, energetic and economical point of
view.

1 INTRODUCTION

The energetic utilisation of selectatlinicipal waste can be done in combustion equipments
designed originally for this purpose or in modified efiadd power plants. Nevertheless the
incineration of the waste means a notable technical chall&énger¢ 1) because contrary to
traditional fues the composition and therefore also the heating value and the particle size of
the fuels shows a large variety. A further significant difference is the relatively high chlorine
content of wastes (0.3 weight%), which is present due to the plastics (gdiecause of the
PVC) and salts (NaCl, KCI). If the chlorine content is not taken into consideration serious
corrosion damages can occur in the high temperature regions of the boilers and furnaces
(Figures 2ab). Therefore the chlorine corrosion must bailited in any event or at least
slowed.
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Figure 1: Net calorific value and difficulty of incineration of different fuels [1]

|

Figure 2a: Deformation of superheater tubes caused by the corrosion of brackets [2]
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Figure 2b: Failure of vaporatibn tubzaused by corrosion in a municipal solid waste
incinerator [3]

2 REASONS OF CORROSON
The reasons of this harmful phenomenon can be different [3].

A. Usually the gas phase corrosioms not very notable, excepted in strongly reducing
conditions occurindpcally or at especially high temperature.

B. The main corrosion process is usually therosion caused by the depositjievhich occurs

in the solid or molten deposits containing corrosive skitgufes 3ab). It can occur in the

lower regions of theurnace where the atmosphere is locally reducing. In this case the
deposits are rich in chlorides. Nevertheless it can occur even in the upper regions and also
in the convective draft. There the ratio of sulphates in the deposit increases continuously
upwads in the boiler. In oxidizing conditions they are more stable than the chlorides,
therefore the extent of the corrosion is also lower. The deposition process begins with the
condensation of vapour state components, then it is followed by the depositiba of
flying ash, finally the gaseous components and the earlier deposited solid materials react
with each other.
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Figure 3: Tubes corroded by deposition:
a. deposit on surfaces, b. corroded surfaces after the removal of the deposit [2]

C. The mechanically assisted corrosioa a parallel abrasion and erosion, whose extent is
higher by one order of magnitude than that of the chemical corrosion itself. It can occur
first of all in the convective bank where the gas velocity is higher than irrtdhkaited
zone.

3 CORROSION MECHANISMS

Behind the corrosion series of different chemical reactions can stay. In the following section
the different mechanisms are presented [4].

A. Formation of FeGlon pure metal surface

The C} being present in the flue gas condenses on the cold wall wherg iBeiGimed,

which is converted to FeS®y the reaction with the S£50; content of the flue gas. During

this reaction Gland HCI are released which continue the corrosion of the puet soefaces.

B. Formation of FeGlin oxygenrlean atmosphere

In O,-deficient conditions CO is also formed in the course of the combustion, which harms
the protecting magnetite (§®y) layer of the metal surfaces. In this casé éieFecarbide

(FeC) isformed, which can be easily oxidized by, @hd HCI being present in the flue gas. It

can occur in the fire chamber, in the irradiated draft and also in the evaporation part (under
400 AC wall t e m;qorecentatiom inehe flue gab is abtvé//VI then the

CO concentration is decreasing, hence this kind of corrosion is suppressed.

C. Corrosion caused by eutectic chloride melts

The melting point of the eutectic systems (in our case the mixture of NaCl/KCl +
ZnCl/PbCL/FeCh in variable compsition) is notably lower than that of the pure
components. In molten form these chlorides are even more reactive than in solid state.

D. Corrosion caused by chlorine liberated from chlorine containing deposits during sulfate
formation

During thecombustion the chlorine content of the fuel is converted to NaCI/KCl, which is

condensed on the cold tube wall [5]. The chloride salts react with th&Gontent of the

flue gas and they are converted to,8l@/K,SO, (Figure 4). During this reaction Gland

HCI are liberated, which form Fedn the pure metal surface under the deposit. This layer is

the corrosion front. The FeLls converted to F©, for the effect of oxygen and then to

FeO; but FeS also can be formed in a reaction with the sulfiotecd of the flue gas. In the

course of previous reactions,@ liberated, which continues the corrosion. The final product

of this cyclic process is the coarse grain, porous iron(lll) oxide, which peels off easily from

the surface and does not forms teative layer. This process goes on at-806 0 AC (i n

superheater).
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3 Clb+ H20 = HCI

Figur 4: Corrosion proceeding in chlorine bontaining deposit

4 INFLUENCING FACTOR S
The corrosion velocity is influenced by several parameters:

A. Chlorine concentration
Increase of the PVC content of the waste by 2 percentage point increases the corrosion
velocity of the carbon steels by-460%.

B. Gas and wall temperature
The increase of the temperature usually increases the corrosion velocity.

C. Oxidizing agentms the furnace atmosphere

The oxidizing environment usually suppress the corrosion but exceptions can occur. If
temporarily reducing conditions occur in the furnace then the vapour pressure of the alkali
chlorides is increasing, which results in the mantensive formation and deposition of
chloride salts. Getting into oxidizing conditions these salts exert a strongly oxidizing effect
(sulfate formation + chlorine liberation). In the case of instable firing the atmosphere can be
alternately oxidizing andeducing, which results in the fast corrosion in the lower regions of
the furnace.

D. Presence of heavy metals in the waste

The heavy metals are harmful also from the point of view of corrosion: chlorides of lead, zinc
and tin diminish the melting point tifie deposited ash and therefore the reaction potential of
the ash is increasing [6]. The lead is especially dangerous for the stainless steels.

E. The corrosion inhibition effect of the sulfur

The injection of elementary sulfur into the reaction spacernishes the corrosion rate. If the

SO, concentration is sufficiently high in the furnace atmosphere then the corrosion cycle can
be stopped. For the effect of e metal chlorides are converted into sulfates still in the
flue gas. The liberating HCI meains in the gas flow instead of getting into the deposit. In this
manner there is no possibility of reaction with the material of the tube. In the case of the co
combustion of coal and waste there is no chlorine corrosion in the fire chamber but the sulfu
can cause corrosion problems in the superheater.
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5 WAYS OF AVOIDANCE OF CHLORINE CORROSIO N
The extent of chlorine corrosion can be reduced by different methods [3]:

A. Application of corrosion resistant materials

The resistance of carbon and lalloy steels against chlorine is not convenient at high
temperatures. Instead of them it is worth to apply high nickel containing austenitic steels and
Ni-based alloys. Chromium is an important component of the aod nickelbased alloys
because it has an purtant role in the formation of the protective oxide layer. For being able

to exert this effect the ratio of nickel must be at least 20% but for the sake of weldability not
more than 30%. The molybdenum improves the corrosion resistance until the craenfr

15%. The silicon also enhances the corrosion resistance but in reducing conditions it can be
har mf ul . The cobal't i mproves the corrosion
CoClb) it is harmful. From the point of view of corrosion resistathe aluminium content is
advantageous even in reducing conditions.

The corrosion resistance of the highdllioys is excellent. In the case of wafited boilers

the most frequently used corrosion resistant alloy is Alloy 625Ci{NVo-Fe). But its
drawback is its high price. The Alloy 825 (Nie-Cr-Mo) has higher iron content and lower

nickel content and it is less resistant but it is cheaper. It is a frequent material of superheater
tubes.

In the early wastéo-energy boilers austenitic stainlessetdewere used often but in milder
conditions (< 500 AC). These structur al mat e

B. Coating of surfaces

To the less resistant metal surfaces corrosion resistant coatings can be fixed by metal spray. In
this mannetungsten carbide suspended irmfatrix or Al+Ni-Cr dual layer can be fixed on

the metal surfaces. In the latter case the corrosion resistant-cickebium layer is covered

by an aluminium layer ensuring cathodic protection. However, these coatingshsesnaiuist

be renewed (e.g. yearly).

C. Limitation of temperature

In the case of purely wasted furnaces/boilers the steam temperature is limited te4420

AC because of t h e -formingr noaterials.eHowg\ers g sesuls mdthe a s h
decrease of the electric efficiency to-24% [6].

D. Feeding of other marials into the fire chamber

In the case of cdiring with high ashcontaining coal the acidic ash particles (Si@l,05)

serve as condensation nuclei for NaCl and KCI. Similar effect can be reached by the feeding
of fine sand or any Si{or Al,O3 containing material. With the addition of sulfur containing
materials (coal, ground tire rubber) the extent of chloride formation can be reduced [7]. If the
S/CI molar ratio is larger than 4 then at convenient sulfur concentration (min. 1.2 mass%)
practially there is no NaCl and KCI formatioRigure 5.
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Figure 5: Dependence of the chlorine corrosion on the sulfur content of the fuel and
sulfur/chlorine ratio [8]

E. Removal of chlorine from the fuel

The chlorides can be extracted from the waste hywaber. The drawback of the process is

that waste water is formed and the waste becomes wet therefore it needs drying. Another
drawback is that the neaonic chlorine (in the plastics) remains in the waste.

Another possibility is the gasification of tleaste. In this case the ionic chlorine remains in

the ash but the chlorine content of the plastics flies away with the gas product.

6 SUMMARY

The high temperature chlorine corrosion can cause serious damages in the combustion
equipments therefore it camminbe ignored. It is a complex phenomenon, which can proceed
according to different mechanisms (on pure metal surface, in reducing atmosphere, in molten
or solid salt deposit). Its extent depends on several parameters: chlorine concentration,
temperaturegoncentration of oxidizing agents in the flue gas, heavy metal and sulfur content.
For the suppression of the corrosion several methods can be applied: temperature reduction,
application of resistant materials as structural or coating materials, feedtigeofmaterials

into the fire chamber and removal of chlorine from the fuel before the combustion. The best
solution is the combined application of more amtirosion measures, e.g. use of corrosion
resistant structural material (e.g. Alloy 625) andahpn of sulfur containing material (e.g.
(NH4)2SQy) into the fire chamber.
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Abstract: A solution for keeping simultaneously fluidized radically different sized fuel classes will be
proposed in this paper by means of setting up a binary\v@t. the fine tune of the mass ratio of the
jetsam and floatsam particles an optimal condition cdaddeachegdwherethe lighter fuel class will

not be elutriated from the lighter bed class; and the heavier fuel class will not sink in the heavier bed
class. Common calculation methods based on obtaining the minimum fluidization velocity of the multi
commnent bed cannot be applied here.

Keywords:binary bed, normixing bed, segregation, minimum fluidization velocity

1INTRODUCTION

Fluidization became a widespread technology for various industry sectors and
applications from chemical industry, througknergy to food industry. Despite the goals can
vary from one case to the other, mostly we are looking for good mixing between the bed
material and raw material, because this exceptionally good mixing is the key of the expected
intensive heat transfer andfchemical reactions.

The subtopic of binary beds based on the revelation that adding fines to a fluidized bed
will enhance the mixing. Although the characteristics of radthponent beds have been
studied for the past four decades7[2 a thorough desiption of the phenomena is still
missing.

This paper examines thmossibleutilization of nontyre rubbers in fluidized bedon
experimental basisAs the preliminary experiments showed, the main challenge is with this
type of fuel, that the hydrodynamiproperties go through radical changes during
devolatilization. Regarding to the substantial difference in size, shape and particle density of
the raw fuel and the char particles, a mattmponent bed is needed for sufficient operation.

2 APPLIED MATERIAL S

The aim of our work was the investigation of Figre rubber as a possible alternative
fuel i n our i nd-4lsdizedibed boilgrsaThe details @ the behawouriofdthe
analysed fuel samples can be found elsewhere [11], this paper dooustne settingp
procedure of a suitable fluidized bed.

Throughout the experiments two types of bed materials, sand and gravel particles
(hereinafter referred to as jetsam and floatsam according to [8]) were used with significantly
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different mean diamet. The main parameters of the applied particles are collectEabie
1, while Fig.1 shows the corresponding particle size distributions.

Table 1.Parameters of the bed materials (claimed by the suppliers)

Chemical features Physical features
Si02 (min.): 93% Mean diameter 270 O
floatsam CaO+MgO (max.): 0,7% Density: 1580 kg/ni
Fe,0; (max.): 0,25% Melting point(min.): 1450
Loss on ignition(max.): 0,3%
Si02 (min.): 96% Mean diameter: 1,5mm
jetsam Density: 1500 kg/nd
Melting point(min.): 1700 £
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Fig. 1. Particle size distribution of the floatsam (a) and the jetsam (b) bed material

It is notable, that the large difference between floatsam and jetsam particle diameters
were needed to maintain fluidization whettiex fuel presented in its raw form or as char.

I f we pl ot the bed-kmanpewdéeraldssficationdiggmah[@ar t 6 s
it is obvious that the two types will behave in completely different way under fluidization.

The floatsam particles belgrio the Geldart B class. These patrticles have very good
fluidization properties and if they reach the minimum fluidization velotiiy excess gas
appears in bubbles forg: = Ump). The presence of the bubbles and the fact that they can
grow to verylarge sizes mean that the mixing is excellent in this [dds#&lost of the

industrial case boilers use bed materials from this class.

However, the jetsam particles fit in Geldart D class. This class described in literature as
the set of spoutable partislebecause as the velocity increases, jets can be formed in the bed
and then the particles may be blown out by the air jets with spouting motion. Additionally,
bubbles rise more slowly and mixing is poor even at high superficial gas velocities. The
phenomea were clearly recognizable during our experiments.

The minimum fluidization velocity of the floatsam and jetsam particles were measured
separately and used as a benchnvaitkie to the cases with mixed bed materials.

3 EXPERIMENTAL APPARATUS AND PROCEDURE

The fluidization expements were conducted in a 12h long plexiglass column of
19.2 cm internal diameter with a free outflow section. Instead of proper nozzles, bored plate
was used as the distributor plate. The distribution and diameter of the helesiform.
Parallel with achieving uniform fluidization during operation, the 1.5 mm diameter bores
prevent the particles from escaping under settling conditions. The fluidizing air went through
a flexible pipe and a diffusor section before reaching tsigiloutor plate. A short cylindrical
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section was applied between the diffusor and the distribution plate in order to stabilize the
flow before entering the riser. A radial blower was attached to the experimental layout, which
is capable to deliver 540 % air (by I1SO conditions). This is far enough to achieve and
sustain the flow velocity needed to the bubbling fluidization of the applied bed materials. The
necessity of continuous airflow control was fulfilled by the fitting of an OMRON0@0
inverter. To measure the actual airflow we used an inlet orifice plate and differential pressure
sensor. The main parameters of the applied configurationecéouhd in Table 2, while Fig.

2 shows the arrangement of the main parts.

Table 2.Main parameters of the prrimental apparatus

Distributor Plate

Hole distance: 5 mm
Hole diameter: 1.5 mm
Total number of holes 1160
Sum area of holes:  0.0021 M

Riser

Height: 1.2m
Internal diameter: 0.192m
Crosssection area: 0.029
Blower

Nominal airflow: 540m3/h

D S 47.760 kPa

Differential pressure
sensor

Inlet orifice

Fig. 2. Schematic view of the experimental layout

In order to define the minimum fluidization velocity it is necessary to record the change
in pressure drop of the bed. It was conducted by a differential pressure measurement between
the ambient air and the airflow just before the distributor plate. Tkectetpe effect of any
disturbance in the airflow the pressure signals are collected from four points on the perimeter
of the cylindrical section.

In each case we followed the same method to quantify the minimum fluidization
velocity and observe the fluidization characteristic of the bed. After the desired quality and
quantity of solids had been fed into the riser (via the upper and open end téxigtaps),
the bl owerdés rate of | oad was raised careful
satisfactory around the point where the bed come into motion. After reaching the minimum
fluidization condition the raising of the load was persistetil full-load. In this layout it was
impossible to cease the airflow abrugtlyhich would have been favorable to get additional
information about the behavior of the mixed beds. The used bed material could be removed
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completely and easily by the opeoatal staff, because the riser was detachable from the
distributor plate.

4 RESULTS AND DISCUSSION

Firstly, the cefluidization capability of Geldart B floatsam particles had been analyzed
with the raw fuel samples and also with the fine powder evolvimy fthe raw fuels during
the early stages of combustion. The visual observations showed that char and sand particles
create a goodhixing bed, practically as soon as the minimum fluidization velocity of bed
particles is reached. With special regard to theagsize difference between the raw fuel
particles and the char, we determined the superficial velocity where theocérof the
particles reaches an unacceptable ratio. This was based upon a subjective scale of the char
particle flux on the riser owdt surface. Subsequently a result of many experiments, the
highest allowable gas velocity was determined in 1 m/s. Experiments showed that this type of
bed not suitable for the analyzed raw fuel samples, neither the hoses nor the sprues tend to be
fluidized within the above mentioned velocity range.

In the second part of the experiments the aim was finding a suitable bed material, which
could be used to bring and keep both types of the raw fuel particles in fluidized state. The
chosen Geldart D class grawtisfied our requirements, but for this achievement a pretty
high gas velocity had to be applied. Around 0,9 m/s gas velocity random parts of the bed
started to get into motion, jets were formed and the spoutable behavior of particles was
noticed. The gplied shallow bed demands 1,4 m/s to get fully fluidized; at this state the fed
raw fuel particles stayed constantly in motion, circulating between the bottom and the top of
the bed. Thus the gravel layer was able to fulfill the required task, which essnfing the
raw particles to sink on the bottom of the bed and stafjudized during the combustion
process.

It should be emphasized that the 1,4 m/s gas velocity which is needed to get evolved
fluidization with the coarse patrticles, is higher thantth@sportation velocity of major part
of the char particles. Thus, it is desirable to lower the fluidization velocity of the gravel layer
in order to avoid the elutriation of fine char particles. Adding finer particles to the bed has a
well-known result 6better mixing and lowering minimum fluidization velocity, but we failed
to find any literature proving the phenomena according to particles from the same size ranges
that we worked with. However, we assumed that the addition of Geldart B class puaiiticles
tend to lower the minimum fluidization velocity of the mixture as if Geldart A class added to
Geldart B class bedwhich is a much more common case.

During the cefluidization experiments three types of binary mixtures were used, each
with different jetsamfloatsam patrticle ratio. The properties of the different binary mixtures
are shown imable 3.

Table 3.Investigated binary mixtures

Explanation Ratio
1 kg jetsam and 1 kg floatsam 1.1
1 kg jetsam and 3 kg floatsam 1.3
0,5 kg jetsam and 3 Kitpatsam 1:6

Determining the minimum fluidization velocity of binary bédsspecially with such a
high difference in particle featurésis more complicated than in the case if only one type of
bed material is present. The complexity arises from the substantial namthgegregating
mechanism, which may occur during fluidizatitm all three cases it was observed, that there
is a lower gas velocity range within thegsamparticles form a fixed bed, but tHimatsam
above them are thoroughly fluidized, hence act as a separate bed. It was also revealed, that the
sand layer reaches the minimal fluidization velocity, independently from the actual particle
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weight ratio, at around the same gas velocity where it would gravel were there. Raising
the superficial velocity further and the whole mixture starts fluidizing.

The results of the experiments did not show any barrier, which could fail the co
fluidization of the selectefloatsamandjetsamparticles. Moreover, itve plot the measured
minimum fluidization velocities correspondingly the casest a&s dondn Fig. 3 it can be
seen, that the fluidization velocity tend to decrease substantially in accordance with the
increasing weight ratio of the add#tidatsamparticles. Thus, the muktomponent bed of the
selected particles can fulfill our requirements, because with the fine tune of particle ratio the
fluidization of the raw fuel particles and the char particles can be done simultaneously, as the
minimum fluidization velocity of the mixture can be lowered below the transportation
velocity of the char particles.

4

3,5

3

2,5

2

15

1

Relative minimum fluidization velocity

0,5

Only floatsam Only jetsam 1:1 1:3 1:6
Investigated binary mixture configurations (on mass basis)

Fig. 3. Minimum fluidization velocitiesy(, ) referred to the minimum fluidization velocity of the floatsam

particles (U, )

The minimum fluidization velocity of the mutomponent bed could be calculated by
empirical or semempirical equations, too. The simplest equat{obtained clearly by
empirical way)for binary mixtures was introduced by Cheung etX0] [

— & (_j, (1)

whereu,,u, and u, are the minimum fluidization velocity of the smaller, the bigger particles
and the mixture, r@ectively. Notationx, refers to thgweight) fraction of larger particles.

The results obtained by Eqg. (1) showedFog. 4 The significant discrepancy what can be
seen between the calculated and measured values is not surpasir@heung et al.

experienced similar errors applying the equation if the diameter F’%(o)(was less than 0,3

B

T in our caseo% =0,18 . This shows the need for a new or extended mathematical model
B

which is suital®@ for particles with a diameter ratio less than 0,3, too.
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Predicted
® Measured

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1
Mass fraction of floatsam

Fig. 4. Predicted and measured according to Cheung et al.
In order to develop aforementioned mathematical model further experiments required to
highlight the parameters which have to take into account. To get a better tracking of the
phenomena, digital imaging process should be integnatedhe experimental yeut.

5 CONCLUSION

Based on the experiments, the Geldart B and D class particles can be fluidized together,
and, in our special case, they form a-moing binary bed. This multicomponent bed meets
our requirements as with fine tune of the jetsam floatsam mass ratio it is able to fluidize
the actual binary characteristic ntyme rubber fuel.

The available mathematical models fail to predict the minimum fluidization velocity of
the mixtures with such a low diameter ratio.

Future steps could be applg imaging process during the experiments and constructing
a mathematical model, which is suitable in the case ofm&mg binary fluidized beds.
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Abstract: The proper firing of challenging solid fuels is a popular topic of research activities
today. Combusbtn experiments were carried out in an FBC test equipment to investigate the
combustion characteristics of two special kinds of fuels. These fuel types were th@enon
waste of the rubber industry and the SRF (solid recovered fuel), which is the pobduct
special sorting method. This fuels could be utilized very efficiently, if we could identify and
prevent all of the potential operational problems caused by their special behaviour. The most
critical part is the fuel feeding, because the rubber an8Rtecould easily cause congestion

in the thin pipes.

Keywords:FBC, SRF, rubber, waste

1 INTRODUCTION

The main motivation of the presentessearchist he f ac't t hat the Eur o)
wastemanagemenrdirectives include the drastic decrease ofatm®unt of landfilled wastey

reusing or recycling it as much as possible [1]. Hungary,rmeraber of the EU is bound to

follow these aims anib also motivated to substitute somehthe fossil energy sources with

biomass or waste [2[50 there is a grealemand nowadays to find energetically utilisable

fuels derived from wasté¢hat could substitute coal without major reconstruction, could keep

the strict pollution regulations arate economically reasonablayhich means thathey are

cheaper thn coal and do natontainrecyclablewaste because recyclingill always ke more

profitable than firing

These challenging fuels include specially sorted and threated municipal and industrial wastes,
by-products of a specific industry, biomasses,-fnace coals and their mixtures. Two main
groups were investigated, what have very promising characteristics, and are available in a
considerable amount. These groups are thetyrerrubbers, and solid recovered fuel (SRF).

The phrase rubber covers an extrgmelide range of materials described by various
compositions, physical, and chemical properti&d][ Industrial rubber products are usually
composed of 10 or more ingrediei® and the main component is called elastonidre
repeating elements of thepelymers are called monomers, the selection of which basically
determines the properties of rubber.

The tyres are the most widely utilized waste rubbers nowadays, so it is comoatagorse

theminto two major groups dfyresandnontyre products §], both of which can be further
subdivided. The curremaperfocuses on two, industrially relevant subgroups wbntyre

products, namely hoses aménufacturing sprues.

Waste tyres were not investigated in this study, but their literature could be a gooe cb
relevant information about the ndyres, too. Tyres, especially those of private cars,
motorbikes, and small lorries are mainly made of stytmrtadiene rubber (SBR)S]
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however,the qualityand amount of additives still allow lagh variety within this widely
investigated group.

The main problenof tyre combustionrseems to béhe presencef framewireswhich have to

be removed, but nowadays there are a lot of possibilities to achievjs It is also
important to mention that millingrecutting rubber wasteven after a proper wire remoye
difficult and energy intensive. Thimakes FBC even more advantageous because of its
particle size flexibility.

The phenomenon of primary fragmentatiQmhich is a very important thermochemical
conversion of every rubbewas descbed by a research group [9,10] in case of tyres and later
it was also confirmed for the materials investigated in this paper, toa [1d$n
devol atil i sat i 0,nhe uberbady |ats texitlity, 2 He@amé fEagile and
fell apart into fine particleander a minimal mechanical agitatiarhis process has very high
importance in the fluidisd bed conversion technique.

Interestingly, nortyre waste rubbers aspgomising resource for energetical utilisation were
investigated at a lower intensity than tyres. Detailed observations were reported on the
combustion behaviour and the pollutant emission during firing nlittadiene rubber (NBR)

balls and woodblocksiian FBC reactor [16,25,26]. FBC technology was also used [15] for a
norttyre chloroprene rubber (CR) which hasighhannual production in Germany.

Besides of the primary fragmentaticamother intermediate macroscopic change may occur,
however, it is vey rarely mentionedDuring heating up, ame rubber materials have the
tendency fobuilding sticky combustion surface/hich is essentially important for the design
of fuel feeding routedt was mentioned generally for every rubp®g], and is also coniined

for the samples of this paper, too [11]

The other investigated fuel group is the solid recovered fuel, sortly SRF. This group includes
every specially sorted and threated waste derived fuels, that fulfill the related EU standards,
among which the mésmportant is theeN15359 Based on this standard, the SRF could be
characterised by a set of physical and chemical properties, for example its heating value,
moisture content, ash content and its chemical componéhés.standard also includes a
categorization metod, which uses the most important characterics to create SRF subgroups.
There are five classes based on net heating value, chlorine content and mercury tontent (
Tablg. The chlorine content is potentially dangerous for the combustion equipment as the
main source of corrosion, the mercury content shows the amount of the emitted heavy metals
[17].
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1. Table:The categorisation of SRF

Classification Statistical Unit Classes
characteristic measure 1 ) 3 4 5

Net calorific

Mean MJ/kg (ar) 0O 250 200 150 100 3
value
Chlorine Mean % (d) O 0,0 0,0 1,0 1,0 3,1

Median mg/MJ(ar) O 0, O 0,100008 O 0, O O,
Mercury N ) R R R R R

80" percentile mg/MJ(ar) o 0,0 0,0 0, O 0, O 1,1

The combustion characteristics of waste derived fuels were investigated by many research
groups. However, the term SRF is used very rarely, because the related stangardtige

only in the EU. A more widely used term is the RDF (refuse derived fuel) which is originated
from an US standard. There are a lot of small practical and legal differences between SRF and
RDF, but generally a scientific result related to ondefrt, could be true for the other, too.

It was observed in a FBC test equipment, that the RDF has very high volatile content
compared to coals and its release is much faster [18]. It was also mentioned, that after the
volatile release, during the coke corsban, the RDF was floating on the bed surface as the
coal sinked [18]. Sample with a looser structure, but similar components was also investigated
and it was found, that it easily falls apart into fine pieces and its volatile realease is much
faster [18] In connection of the volatile content, intense CO, @l temperature spikes was
measured [18].

The temperature profile in a bubbling fluidized bed was also investigated in case of RDF
combustion. It was found, that the temperature in the freeboarddls hgher because of the

high volatile content, and the change of the excess air ratio does not have a relevant impact on
it [19].

It was also verified, that the structure of the fuel has a huge effect on the CO emission. The
samples with loose structuee. the ones derived from municipal solid waste) had much
higher CO concentration than the tighter ones, for example the pelletised samples. The reason
is the connection between the structure and the rate of the volatile release. It was also
confirmed, hat this CO emission could be lowered with secondary air [20].

Saw dust and RDF pellet @mmbustion was also investigated in a vortexing fluidized bed
combustor. The RDF pellet had a high density, so mainly it burnt out in the bed and had a
high residenceéime. Low CO emission was measured, so the combustion of the dense fuel
particles was almost perfect [21].

2 MATHERIALS AND METHO DS
2.1 Rubber waste

The first group of the investigated samples came ftieenrubber industryl has two sub
groups he firstone called sprues, whigh the waste of the plastic industry, mainly injection
moulding. They are very various in shape, but their composition is quite honTdgelength

of the samples was &0 mm.The other type called hoses, they came directly frioencar
industry, in form of engine injection tubekheir length was 280 mm.Generally, they have
quite good energetical characteristics, for example their calorific value is relatively high (20
25 MJ/kg), which is connected to its high volatile concgian (more thn 60%). Moreover,
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they are the waste of a specific process, so their qualitynot change a lot during the
operation. These characteristics could be utilised very efficiently in power plants, if the proper
method is available to cope witbome serious drawbacks, for exampie previously
mentioned primary fragmentation or the sticky behaviour.

2.2SRF

The other investigated fuel type was tBBRF, which is derived from various mixtures of
hungarian municipal and industrial wasfehe sorting process and the desired quality is
regulated bythe previously mentione@U standardput despite that, its quality waglite
diverse.

However, their main components are the same: PE/PP packaging, paper andttisxélso
important to mation, that the sorting method was not perféatr. example extremglbig and
hazardous samples were found. Besaof this, it is very important teave reliable suppliers
and aninternal audit for the qualityGenerally, mainly becese of the plastic coent, its
volatile concentration is very high, but there are also otherlypeombustible parts, that
decreasé¢he heating value to only 127 MJ/kgin our caseThe diameter of the fuel particles
was very diverse: it was mostly -B0 mm, but there weraigger ones (40 mm), too.The
sticky behaviour (that was mentioned at the rubbers, too) here is more significant, there are
much more samplesith this characteristic. It is also important to mentithatthe particles
are relatvely light and elasticbut becase of their small densitgnd weid shape, there
surface is quite big.

2.3FBC test equipment

Figure 1. illustrates the FBC equipment which was used during the experimeatmajor

part of the combustion takes plaoethe riser, whichs 5 m hgh, and its internal diameter is

158 mm. The combustion air firstly goes through an air prehealéch isequipped with a

flue gas heat exchanger and an electric heater. After that, it slteigeeimary, secondary and
tertiary air. The quantity in ewverpipe can be regulated with valves and measured with
measuring orifaces. These pipes connect to the riser: The primaentans through the
bottom of it,through a group of nozzlde maintain the fluidizatiorwhereashe secodary

and the tertiary aienteron higher points The solid part of the flue gas is separated with the
cyclone, and recirculated to the riser through the loop seal to maintain the CFB mode. The
feeder is located on theturnpipe after the loop seadlhis pipe has an internal dneter of 50

mm. It is also possible to operate it in bubbling fluidised bed mode, simply by decreasing the
air velocity in the riser. All of the presented experiments were carried out in this mode.
Almost every part of the equipment can be separated, whiaktes possible to observe and
cleanthe critical parts after the measurments. It is also possible to measure the concentration
of CO,, CO, Q, NGO, THC and SQin the flue gas. The bed material was common sand.
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Figure 1: The FBC equipment used in the experiments

3 RESULTS

The following results contain interesting operational observations and experiences, mainly
from the early phases of the experiments, that could be very important to maintain smooth
operation85nt he future. In contrast to the ones from the literature, all of the results are
related to pure rubber and SRF combustion.

3.1Rubbers

Becauseof the powdeilike behaviourand the primary fragmentatiomany deposit®f fine

coke particles formedn the most endgered instruments, like valves and measuring orifices

in the flue gas path. In a long term, these valves and orifices became totally unusable. On the
other hand, the imde of the riser remained clean, so the formation occured only in the colder
parts of he equipment,

The air preheatdlue gas heat exchangeranotherritical part, b@ouse ofthevery thin flue
gas pipes. They were totally blocked with the emitted fine pestichat cold not be
separated by the cyclone. These fine particlesttlesame as mentioned before, they are
originated fromthe powderlike behaviour during the devolatilizatioand their incomplete
combustionTheir amount coulthe reduced wih optimal operation conditions.

Small explosions were also obserydtkey are relatedo the high volatile concentration and
the intense release. When the fymrticlesreach the riser, the volatile emits and ignites
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instantly. It could be prediced that this makes difficult the total burnout, bese a part of
this volatile exits the funace too early, in form of CO. This could be coped with a well
designed fluggas recirculation.

3.2SRF

The problems of the separatiomas already mentionedvhich besides the previously
described factdead tothe presence of quite big inert glass, o@caand metal particles. The
second picture shows, that these particles gather in the bottom of the bed, slowly preventing
the fluidisation. In a commercial boiler, it is very important to find a way to remove these
particles during operatn.

Another bigproblem was the result of big but light, flexible melting particles. Origintiky,
feeding point on the quite narrow return pipe was usedhis pipe, close to the riser,
congestionsvere regularly formedThey started with a bigger than enage slightly molten
particle.lt was found, that these particles do not stick to the surface of the pipe, but they could
adhere to eachother very easily. To completely cover the return pipe, two or three big particles
were enoughMoreover, its flexibility preented the other particles to break through the
blockade, thataused the rapid increasement of the obstaldte problem was solvedith

two minor reconstructiorfirstly, the return pipe was drastically shortensathe sample fell
almost immediately ito the riser. Secondly, an air cooler coats installecaround the snag,

so the high temperature could motcourageéhe melting process

A process very similar to the previoosngestion could occur in the bed, too. The biggan th
average particles calllcause local luidisation problems, that lead the partial isolation of

the area, where the temperature could ddoastically to a value where melting is the
dominant process instead of the burnitrgthis cold, defluidisedreathe inert bed material
could easily form a solid block around the molten particles, that will stay in the bed th&ing
whole measurement and $etck the fluidizaton, helpindhé formation of more blockd his
problem could be coped with the grinding of the SRF, so thiéirenot be too big particles to
start the formation. It is also important, to maintain the fluidisation with the desired
parametersit should notbe allowed forthem (not even locally) tadrop to apoint, where
defluidisation could occur.

4 CONCLUSIONS

The objective of this paper was to observe the combustion behaviour of challenging, special
waste derived fuels, netyre rubbers and SRF in a FBC test equipment in bubbling mode.
The focus was on the gathering of operational experiences about the serioesngrob
regarding to the special fuel characteristics.

About the nortyre rubbers (hoses and sprues) it was found that the fine particles originated
from their powdedike behaviour and primary fragmentation could form obsticles on the

instruments of the flugas path. It was also observed, that the high volatile concentration of
the fuel releases and ignites very rapidly, that cause small explosions and high CO emission.

The most of the problems regarding to the SRF came from the flawed separation. Despite of
the categorisation based on the EU standard, a lot of incombustible and too big particles were
found in the samples. The inert particles gathered in the bottom of the bed and blocked the
fluidization, which led to the termination of the measurements.céhebustible, but too big
particles often became melted and formed congestions in the feeder return pipe and in the bed,
too. They could stick to eachother and to the bed material, but never to the pipe wall.
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Abstract With the intention of developing an electrostatic precipitator for sstled
biomass combustion systems, several laboratory and field tests were carried out to transfer
the theoretical approaches into the practice. The described precipitator represeatsel
approach for the development of an electrostatic precipitator for the usage in domestic
applications: The precipitator can either be applied as a direct integration into the cold end
section of the biomass boiler, or it can be applied as an adaptiution, integrated into an
especially developed precipitation box which is installed between the cold end section and the
suction fan of the boiler. By showing detailed examples of the acldevetbpment stepse

article also describes the ground laying theory and the approaches, which have been made
during the development.

Keywords: Integrated electrostatic precipitator; Theory of an electrostatic precipitator;
Laboratory and field tegprecipitators;

1INTRODUCTION

In January 2015, Germany implemented a new legislation that restricts dust emissions of
newly installed small and medium sized biomass combugfiong/ooden fuels until 1MW,

andfor alternativestrawbasedfuels until 200kW,) to 0.02g/Nmi (CO: 0.4 g/Nni). Within

this regulation, stronger requirements for both, the combustion and the emission reduction
methodologies to be applied in these processes, were defined. It also established a certain
transitional period after which, the previously existing bionw@sabustors are also required

to comply with the mentioned guidelines. The new legal framework coincides with a growing
usage of alternative fuels, like strdssed materials or waste woods, to power combustion
applications. Fuels that, due to their usudligher dust emission rates, demand a stronger
performance of the dust reduction equipnié&ijR]. All these factors are creating a market for
highly developed dust emission reduction measures. That can either aim for the optimization
of the combustion paess (primary measures) or, for the filtering of the exhaust gas through
secondary measures, installed along the exhaust stack line. The methodology presented here
describes the small series test, which is necessary to transform the electrostatic tprecipita
(ESP) prototype into a solution that can cope with the new market requirements and be easily
applied to new and existing biomass boilers.
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2 AIMS AND APPROACH

The aim of the complete project is to develop a scientifieallyported andmplementation

oriented transformation of the ESP prototype into an economically feasible and series
production ready product that can either be fully integrated or attached to small and medium
biomass combustion systems. The intended commercial prodiicalleiv an efficient,
sustainable, environmentally and naténiendly use of bioenergy. This solution also helps for
new, previously unfeasible natwra@source paths to be considered, especially biogenic
residues and waste materials. In addition twéty robust, simple and cestfective design,

the developed ESP prototype is also characterised by its ability to be easily integrated or
attached to the body of a biomdssler. These two solution paths are picturedrigure 1.

The left hand scheme shows the attached ESP solution. Because of its flexible installation into
the exhaust stack line of the boiler, this solution can be applied to nédrigraass boilers,
independent from the manufacturer. With this solution, an especially developed precipitation
box is attached to the back of the boiler body, between the former suction fan stub and the
chimney connection. The suction fan gets instabédhe precipitator box and the new
chimney stub gets connected to the chimney pipes. The precipitation box includes all
necessary ESP components such as the high voltage supply and control unit, the insulators
and the discharge and collecting electrodee Becond aimed solution will be the direct
integration of the ESP into the biomass boiler. In case the biomass boiler provides enough
space (for example in a third draught or in a cold end section), the discharge electrode and the
insulators are directlintegrated into the boiler. In this case the boiler walls are used as the
collecting electrode. The high voltage supply and control unit also is attached to the top of the
boiler body. This solution provides a very easy and not very complex applicatioa BSP,

since the exhaust stack line does not have to be changed. At the other hand this solution is not
independent from the boiler manufacturer as it is limited to a needed space availability.
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New exhaust

Fuel storage gas stub

Exhaust
gas stub

1st draught/
. pame cha
Feeding door- Suction fan
Combustion
Former chamber

exhaust stub

i i Suction fan
Primary air

. ESP
Secondary air Secondary air

3rd draught/
cold end section

ESP add-on
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N/

Combustion

chamber Primary air
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Heat exchanger
Feeding screw 2nd draught/

heat exchanger

Ash removal-

Figure 1: Simplified schematiciews of the two different solution approaches. Left: With the
attached solution equipped logwood boiler. Right: With the integrated solution equipped
wood chip boilet.

For both solutiondhe ESP can be used as a constructional and functional elemt& of
boiler, which constitutes anique feature of the development. In the project, a small series of
the precipitator will be produced and installed indiferentsites. These biomass combustors
were selected due to their diverse: thermal output, fuat,tynanufacturer, and boiler
technology. By operating the precipitator with practical, real and very varied conditions, the
system will be developed to a technically and economically market peadyct.

1 Source: Developed with data from [3]left hand picture) and from [4] (right hand picture)
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In order to carry out the proposed tasks, theFigure 2 presented modular and cyclic
optimizaion methodology has been used. The iterative and continuously ran cycle consists of
five maindst des:t , Aikwial uate, define and | mpl €

Build up of the systems /
efinition of the test location:

Y
R
22

o
W %
( lemel
Evaluation imp!
ation
- :
0

) 3
> ) \o(?‘Q
2 % ] O@@

Final system, ready for official approval
tests and for the market entry

Figure 2: Cyclic optimization process

The cyclic methodology iased toevaluate the three crucial operational characteristitiseof

ESP: Long term operationatability of the ESP, mass suitability (applicalide different

boiler types) and practical applicability (in terms of usage in househdlus)test phases are

carried out within the three winter seasons of 2014/2015, 2015/2016 and 2016/2017. After the
test phase, the results of the ESP operation are evaluated and used to define the needed
improvements. During the optimization and development phases, which are mainly carried
out during the summer months, the needed improvements are developed and iteplemen
The cyclic process is used as long as the defined aims are reached.

3 EXCURSUS ON ELECTROSTATIC PRECIPITATION

Since decades electrical precipitators are widely used, especially in the industrial sector they
are used to reduce dust emissions fegi large scaled power plants, foundries or steelworks.

In contrast to the large scaled industrial application, the fine dust discySsionEurope
(especially in Germany, Austria and Switzerland) leads to a growing interest to use ESPs for
smallscalel domestic applications. Therefore the equipment of especially biomass
combustions beyond a nominal power output of 500 kWth with an ESP becomes more and
more interesting in order to be able to observe the new legal limits and the stricter emission
laws inselected European countries. But in contrast to the large scaled industrial application
of ESPs, the smaficaled use of electrical precipitators underlies new boundary conditions,
which are not fully developed and investigated. Of course the physicaigbeis and laws

also can be applied for the smsatlaled use, but especially economic issues and problems
because of the small space availability show several tasks, which have to be fulfilled during
the development of a dowstaled ESP. Wherein the cosfsa large scaled ESP represent a
small share compared to the whole system (plant e.g.), the costs of -@catedl ESP should

not exceed for example a tenth of the price of the biomass combustor which it is applied to.
Otherwise the application of ESPsthe domestic sector would not be economically efficient,
hence the installation numbers of biomass combustions would decrease strongly. The limited
space availability in smalicaled precipitators also results in new developments because the
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available pace has to be used as efficient as possible. Rough and large steel constructions to
install the discharge electrodes or huge fans to keep the insulator surface free of dust
depositions like they are used in the large scaled application cannot be utieel $oraH

scaled ESP. The construction of a srsaliled ESP requires fine and small constructions,
which on the other hand are very robust and cheap.
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Figure 3: Schematic view of a smaltaled pipeESP(left) and the typicaplate construction
of a large scaled ESRight)

Basically a large and a smaitaled ESP consists of four main components: hMatage

control and supply unit, discharge electrode, collecting electrode and ash r¢@&jovalo

different main ESP typesan be defined6]: A plate electrostatic precipitator uses plates as
collecting electrodes and spark covered steel rods as discharge electrodes. The mounting of
the discharge electrodes usually is carried out with strong steel rods, which are connected to
the high voltage supply unit. The exhaust gas usually flows between the collecting plates in a
90A angle to the discharge electrodes. The
enable the mechanical cleaning of the discharge and the collectotigoeés with a knocker
device. Theses plate electrostatic precipitators are usually used for large scaled industrial
applications where several plate arrangements are installed together in large registers. Pipe
electrostaticprecipitators use a pipe as leating electrode and a small diameter wire for
example as a discharge electrode. The discharge electrode is mounted through an electrode
feedthrough insulator to the centre of the pipe and the exhaust gas flows along the discharge
electrode. These predigtor types are often used for the small scaled application because they
can be installed directly into the chimney [7][8]. But also plate type ESPs are used for the
small scaled application as they are installed directly into the boiler. The withirathe 6f

this work described ESP also represents a plate type electrostatic precipitator but it also
contains parts of a pipe electrostatic precipitator since a single discharge electrode is mounted
into a chamber, which represents the collecting elecsodiace. At the one hand the exhaust

gas flows along the discharge electrode like in a pipe electrostatic precipitator, the collecting
electrode on the other hand describes a typical plate type ESP set up.

The functional principle of an electrostatic ppatator (supplied with direct current) can be
explained with four major steps: The first step is represented by the gas discharges and
ionization processeg®]. As soon as a high D@oltage is applied to the discharge electrode,

an electrostatic field wilbe created between the electrodes. Basically the strength on the
electrical field depends on the height of the voltage and the distance between the electrodes
[10]. The gas in between the electrodes will react on this electrical field with discharge
effects. At a certain height of voltaddy, the electrical field strength is high enough to start

the independent discharge. This voltage depends on the discharge electrode dianheter
electrical field strength at the surface of the discharge eleckgpdad the distance between
discharge and collecting electrodéormula exemplarily shown for pipe ESPs) [11]:
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In this state, the so called corona discharge enables in the near of the discharge electrode the
release offree electrons out of gas molecules or out of the discharge electrode surface. On
their way to the oppositely charged electrode, these start electrons will collide with other gas
molecules (stochastic process). During the collision, other electrons arge atarriers will

be set free, which on their own will collide with other molecules. Due to this chain reaction, a
charge carrier avalanche is created ($égure 4). This so called independent corona
discharge represents the first step of the ESP work: The ionisation of the gas molecules and
atoms [11].
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Figure 4: Schematic view of the corona discharge and the charge carrier avafanche

The second step of the functional principle of an ESP will be the charging of the dust
particles.Figure5 pictures these charging processes: Next to the diffusiargicty process,

the field charging process is the most important charging process for the charging of the dust
particles [11].

Electrical f8rce lines o

Deposited dust
particle

Fully charged dust

Charge carrier — | particle

Collision charging

Collecting electrode

Neutral dust
particle

§ £

J?‘_ High voltage supply

-
ischarge electrod|

Figure 5: Schematic view of the particle charging process (2D cross section) due to field
charging efects, including the qualitatively pictured electrical field lihes

% Source: IZES gGmbH

® Source: IZES gGmbH
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During the field charging process, the electrical field guides the charge carriers, which travel
along the field lines, towards the particles. The accumulation of charge carriers aittitle p

will continue until a certain saturation point is reached. As arotational source field, the

static electrical field strength density is not affected by neutral dust particles (modeled as a
conductive ball in a homogenous field [11]) and thetipga is not attracted towards the
collecting electrode. But as more and more charge carriers will accumulate at the particles, the
field strength towards the oppositely charged collecting electrode and hence the Coulomb
force will be increased. Duringétthird step of the precipitation process the charged particles
will migrate along the electrical field lines, accelerated due to their oppositely charge (in
contrast to the collecting electrode) and hence by the Coulomb force [10]:

0 @

With Q as the | oad of two point charges, r
vacuum permittivity. Once the charged particles arrive at the collecting electrode (step four of
the precipitation process), they immediately trangfeirtioad to the collecting electrode. The
particles are deposited to the collecting electrode surface due tdevviaalsforces (for

very small diameter particles) and due to additional electrostatic forces [11]. The electrostatic
forces, which enabléné deposition of the particles at the collecting surface, are built because
of the electrical resistivity of the dust. At a certain point the dust layer at the collecting surface
is thick enough to represent an electric resistor between the dischargkeaodll¢cting
electrode, which will interfere the load transfer of the arriving charged particles [9] [11]. After
the deposition and accumulation of the particles at the collecting electrode, the precipitation
process was finished. The efficiency of thimgess was investigated by many researchers
[12] [13] [14] [15] [16]. The most known model to determine the precipitator efficiency will

be the Deutscinderson equation which builds a relation between the migration velocity of
the particles w the colleting electrode surface A and the gas flow rate Q. The factor k
represents an empirical found value which enables the mathematical adjustment of the
theoretical ball model of the dust particle to the real dust particle shapes [11] [12].

z

— Q 3)

As a last step, the collecting electrode has to be cleaned in order to extract the deposited ash
out of the precipitator.

4 THE DEVELOPED ESP

The developed ESP mainly caostsiof two main components: The precipitation unit, which is
eitherinstalled directly into the biomass boiler or carried out as an adaptive solution and the
high voltage contreland supply unit. The precipitatidiox contains the discharge and the
collecting electrodes, the insulators and the dust removal syStendigharge electrodes are
especially designed in order to meet the requirements on the ionization behavior (as thin
diameters as possible) and on the mechanical robustness. Therefore the discharge electrodes
were developed with a special shape and geomewydier to be mechanically robust and to
provide enough free charge carriers to charge the dust parfidelse able to ensure the
preciously theoretically determined electrical characteristics, especially the needed corona
insertion voltage, the ionizatiocurrent and the minimum retention time of the exhaust gas
inside the ionization chamber, the precipitation box was developed in three different sizes:
Version 25 is able to process the exhaust gas volume of biomass boilers with a nominal heat
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output of upto 28 kW. Version 50 is suited for biomass boilers with a nominal heat output

of up to 75 kW, and version 160 is suited until 160 k\diomass boilers. The precipitation
boxes contain single chambers which again contain a single discharge electrede. Th
precipitation box 50 for example contains 2 discharge electrodes and -2oftigge feed
through insulators, which are installed at the top of the box. In case of the directly integrated
solution, these elements are contained in the boiler and the Wallsrare used as collecting
electrode. The cold end section of the boiler is upgraded with the ash removal system, the
insulators and the discharge electrodes.

Figure 6: Left: EFC 201 standard high voltage supply and contirat for boilers with a
nominal heat outputupto 160 kW Mi dd | e: E 18/ db@ble highmadtage e r
supply and control unit for biomass boilers with a higher nominal heat output than 160 kW
Right: EFC201+, same as the standard device withdditional communication module for
long-distance observance and control

The electrical filter controller (EFC) carries out the regulation and the intelligent operational
management of the supplied high voltage. The EFE dewveloped in three differentodels:

The standard singlEFC201, which is able to supply ESPs in biomass boilers with a nominal
heat output of up to 160 kW t h e d o u,btHateis aBl& © 2up@dy) ESPs for even
highernominal heat outputs of biomabsilers (up to 500 kW,) and firally the EFC201+,

that is equipped with a protocdbased measurement and communication meodulach
enables centralized monitoring atie possibility to manuallgontrolthe ESP remotely. All
systems are operated with an autonomous working softwarel baae intelligent algorithm
which is able to adjust the needed voltage height in order to prevent spark discharges.

5 SMALL SERIES TEST

Within the small series test, a total of 16 test facilities have been planned. To examine the
aimed mass suitabilityhe systems are installed in different biomass boilers. These systems
mainly differ in: Used fuel (pellets, logwood or weolips), feeding system (manually or
automatically) and nominal heat output. The test systems, which are spread across Germany,
are grouped into 3 clusters, based on regiormluses.The installation of the first five
systems is projected during winter 2014/2015. The following 1ltesysshould be stalled

during 2015, so that the 16 ESPs can be operated and tested during the 10460 e
2016/2017 winter seasons.
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A T
Figure 7: Left: With the directly integrated ESP equipped 5@,lkdMtomatically fed wood
chip boiler. Middle: 160 k\Wautomatically fed pellet boiler, equipped with the largest
developed gecipitator box. Right: 50 kymanually fed logwood boiler, equipped with the

precipitation box 50.

Figure7 shows exemplarily three already equipped test biomass boilers. These boilers were
used during the winter season 2014/2015 to produce first test results and measurement data.
The field tests wre carried out to evaluate the letggm operational stability of the
developed ESP. The test set up was basically the same for all test locations: After the ESP the
fine dust content of the exhaust gas and the gas velocity is measured. With the ngssured
velocity, the core flow and the gas volume were determined. The dust measurement was
carried out with several dust measurement devices, which are approved to carry out a dust
measurement regarding the 1. Bl mSctnyplateT he W°
which collects the dust particles and then changes the oscillation frequency due to the added
mass. The changed frequency is calibrated to a certain dust concentration and therefore
represents basically a gravimetrical method to determine ttecdatent of the exhaust gas

[17]. The testo 380 works with the same principle but with a higher diluted gas sampling
volume [17]. The Afriso STM 225 uses an optical method to determine the dust concentration

in the exhaust gas. Two light sources, whichea i nst al l ed in a 90A ang
light with a known wavelength and spectrum. The photo detectors at the other side of the
measurement chamber are able to detect a two axes turbidity in case of the presence of mass
particles such as the dugarticles [17]. This turbidity again is calibrated to a dust
concentration. As a third measurement method the since decades established gravimetrical
dust measuring method according to the DIN VDI 2066 was used. In this case a filter paper
collects the dst inside an impactor. During the 15 min. collection of the dust, the volume
flow also is measured in order to relate the deposited dust at the filter paper to a volume. The
filter papers are weighted before and after the sampling and hence a dustratiooerdn be
determined very reliantly. In addition to the dust measurement the ESP characteristics, such
as the voltage, current and number of electrical flashovers and the boiler characteristics, such
as the actual power output, the boiler water temperaand the suction fan speed are
measured. In order to characterize the exhaust gas and to normalize the measured dust
concentration to a 13% oxygen content in the exhaust gas (in order to be able to compare the
dust concentrations during varying oxygeantents, resulting from different combustion
stages), the oxygen content and the CO content in the exhaust gas were measured.
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Figure 8: Example of a test series using logwood at the 50 kWth manually fed logwood boiler

Figure8 andFigure9 should give a short overview over the recently achieved tesitseand

found optimization methods. Therefdreggure 8 pictures exemplary results from a test series
using logwood with a moisture content of 20% (related to tyenthass of the wood). The
wood was burned in the 50kywmanually fed logwood boiler. This test should help to
evaluate the work of the ESP and the chosen precipitator geometry, which was defined
regarding the theoretically determined electrical charadteyidduring the measurement the
boiler was operated at its nominal heat output range. As it can be segui@8, the ESP

was set on during minute 07:30 and 12:0Qring this time interval, the measured dust
concentration decreases below the legal limit of 20Mgilmcase the ESP is set off, the dust
concentration varies between 50 and 30mig/fmese results show a sufficient work of the
ESP and an approximately guipitation efficiency between 30% and 75%. The strongly
varying precipitation efficiency, results from the varying raw dust concentration. The CO
values fromFigure 8 indicate a not very constant combustion process. Especially the high
peak at minute 7:00 shows that the combustion at the one hand is not in an optimal state. At
the other hand it shows thbecause of this not very stable combustion process, it is very
likely that the raw gas dust concentration also is not constant.

One of the aims of the development was also to ensure the possibility to process the dust
content in the exhaust gas of therbng of alternative fuels such as str@ased materials or
agricultural residuedrigure 9 shows an exemplarily result of a test series at the logwood
boiler, using Hernative fuels. During this test, a pomaunecanthus mixture, pressed as
briquettes and with a moisture content below 10% was used. The boiler again was operated
with its nominal power output of 50kyV As it can be seen, the ESP was set on at the third
minute onto 25kV. The dust concentration directly decreases from an average of 12&mg/m

a minimum of 10mg/rh The varying voltage height results out of the applied control
algorithm, which adjusts the voltage height in relation to the actual stapecition. Due to

the measured temperature and the measured corona current, the algorithm estimates the
approximate raw gas dust concentration. In case of high dust concentrations, the voltage is set
up to the possible maximum of 30kV. Hence the precipitaéfficiency varies between 75

and 95%. As it was explained above, the precipitation efficiency strongly depends on the
migration velocity of the particles (3). The migration velocity itself depends on the electrical
field strength and the quality of thenization process, which again depends on the applied
voltage height. This is why in parallel to the applied voltage, a stepwise varying precipitation
efficiency can be observed. The quite constant CO concentration represents a relatively
constant combusin process and hence a constant dust emission rate.
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Figure 9: Example of a test with alternative fuels using pomacgcanthus briquettes in the
50 kW, manually fed logwood boiler

6 CONCLUSION

Not only the electrostatiprecipitator has to be tested concerning the efficiency of its
operationcharacteristicéor alternative fuels such as pomanescanthus briquettes, but rather

the boiler system itself has to be able to process these alternative fuels. During the single day
field test, several dust measurements in the exhaust gas have been carried oamdt bec
obvious that the precipitator is able to process the high fine dust emission rates but also that
the boiler is not able to process these types of fuel. Especially due to the clogging and
slagging effects, the combustion air circulation was disturbednaarly set off. First the

boiler system has to be able to burn these fuels without slagging or cloggeceffects, then

the precipitator can process the emissions. Without an optimal combustion process, the
emission would be even higher. This mearat the future development should respect the
combination of both systems: The boiler system and the combustion process as a primary
emission reduction system and the electrostatic precipitator as a secondary emission reduction
system. If the usage of altetive fuels, residue and waste materials and other not recently
used resource paths should be increased for the single room combustéos thiedsmall

boiler systems, the combustion systems have to be developed further in order to be able to
burn thesdfuels efficiently. Not until the combustion of those fuels can be carried out the
most optimal or at least stable way that can be reached concerning the combustion process
and the boiler itself, the usage of a highly developed and costly secondary engdsiciion

system is not the way to solve the problems of a planned increased usage of alternative fuels.
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TESTING RESULTS OF A NEW TYPE RECUPERATOR
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Abstract Gas Institute, NASU (Kiev) developed a new type of parallel and cefilmter
combined recuperator, applicable for heat recovery of industrial furnaces. In the frame of
EUREKApr oj ect Co. T KI undertook to manufact u
testing process. The investigation included its theoretical analysebythaulic trials and

the defining of thd0lhermostechnical parameters. The paper introduces the resilthe

i nvestigation at hot operating condi tion.
combustion capacity, applicable for the hot work trials. The investigation was separated on
two stages using mixture of blast furnace gas and coke oven gas was @ad ged as fuel.

It focused on the effect of volume flow and of flue gas temperature on the rate of air
preheating. The results verified, that both thermal and hydraulic parameters of the
recuperator are competitive.

Keywords recuperator, testing, furr@e, preheating

1 PRELIMINARIES

An international consortium has been submitted a EUREKA application under-the co
ordination of the Gas Institute Kiev (NASU) in the year 2011 for promoting of development
of special firing and heat recovery appliancedadlé for NG substitution by alternative
gases. ThEREPLACINGO project has been accepted by the EUREKA Forum of Brussels in
June of 2011.

From Hungarian side R&D Company T, KI h a s
undertaking the thermal and hydraulic tegtof the heat recovery equipment. The Supporting
Contract /EUREKA HU 121-2012003/ contains the approval of the International
Development Agency concluded with the Co. MAG. Starting of the program began in
February 2013

2 THE RRD RECUPERATOR

The trialswere carried out by RRD type radiatigenvective recuperator. Its basic
constructiordeveloped by NASU is distinguished with enhanced heat exchange surface and is
it intended for reheating and heat treatment furnaces of different typperated by wide
assortment of gaseous fuels.

The recuperator can be located into the chimney or directly on the ceiling of the furnace.
The flue gas is flowing parallel through both the internal tube and the intermediate space of
ring. The central flue gas line zone limtes secondary heat exchange surfaces increasing the
efficiency of the recuperator. The effect depends on its shape and location and can increase
the transferred heat up to 25 % [1], [2]. On the other side the application of these elements
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makes possiblethat the heat transfer should take place operating on lower level of
temperature reducing the corrosion effects.

The preheated medium picks up the heat of the flue gas partly in parallel and partly in
counter flow system. The construction is presentdegnl.

™~ - Cross-over tubes
D, it

m Internal annular
air flow channel
Thermal T T
insulation Peripheral annular
e airflow channel

B " Central flue gases
channel equipped
T ‘ _.with the ribs
a Peripheral annular
T flue gases channel

Hot air fi i
(gul?ért) o } Cold air flow

-] - (inlet)

ion products flow

Fig.1. Draft of the RRD type recuperator

3 THEORETICAL ANALYSES

For preliminary calculation of the heat r
model was developed [3]. It makes possible to analyse the rate of energy saving by
application of RRD recuperator comparing W

corstruction. Fig. 2 presents the scheme of both types.

Viez Via
Trzow T g1 ot

x=0

Vs * T Ve
Tieo Trgo

Parallel- and counterflow Model of RRD recuperator
models of BR recuperator

Fig. 2. Scheme of recuperator models

The RRD type heat exchanger has about the double length of flowing line for the air and
about three times more heat transfer surfaces. The investigation of their effect on the rate of
the air preheating was carried out by mathematical model based omhesir dimensions
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of both type of recuperatorsMtas f ocused on the effect of #fAk
as variable estimated parameter, independent from the other input date.

I n contradistinction to the fcdanstrbcdonhas t ube
four separated heat transfer surfaces and the relevant coefficigptksjkhave to be
calculated separately too. Howevenf compari son there was ap,
parameter characterising the heat transfer condition of the tpigdneent. The effect of the
heat transfer coefficient is presented in Fig. 3. The input parameters are identical with the
ones of the experimental investigation.

400

~ 350 - =
3 >0 / + RRD recuperato
5 200 / = BR recuperator [
S 150 — I
£ tgo= 900 G
£ 100 Vig=0,058 n¥is |

50 V= 0,083 ni's

0 T T T T T

5 10 15 20 25 30 35

Heat transfer coefficient (W/m2l

Fig 3. Temperature of preheatedaironh e A ko f act or

Comparing the data of both types of recuperatbies range of the transferred heat flux
by the RRD equipment has been about twofolddependent from the input parametdrse
calculations resulted similar tendencies at other input paeasnas well.

4 EXPERIMENTAL INVESTI GATION
T, KI 6s partner I nstitution NASU Kiev el al
process calculated could be confirmed (corrected) by using of the results of the trials

Combustion air

Natural gas supplying

Controll box

Gas bumer

Testing fumace

Fig. 4. Testing station of RRD recuperator
The first phase of trials was carried out at the cold rolling mills plant of ISD
DUNAFERR using mixture of blast furnace gas and coke oven gas as fuel. The RRD type
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unit applicable until 1000 &flue gas temperature wéscated on the pilot furnace of 150 kW
capacity [4].

The trials presented at this paper were a
using natur al gas as fuel. Fi g. 4 presents
the volume flow 6preheated air as variable input parameter. It was changed from*256m
525 ni/h. The investigation was carried out at 218¥mflue gas volume flow as stable. The
recuperator was tested at 728abd 920 @flue gas inlet temperature.

Fig. 5 preserst the changing of temperature of preheated air as function of the volume
flow. The volume flow of fuel was 15 {#h. Consequently, by application of RRD recuperator
about 500 @ as air preheating temperature can be achieved. The growing volume flow
enhances the rate of convective heat transfer, resulting somewhat decreasing of the effect of
flue gas inlet temperature.

600

500

400 \\
—————

200 o Flue gas temperature 920 ¢

Temperature ((
[8)
o
o

® Flue gas temperature 725

200 300 400 600

500
Volume flow (m3/h’

Fig. 5. Temperature of preheated air on the air volume/flo

The growing of volume flow reduces the air temperature, but the transferred heat is
increasing. It is also caused by the higher rate of convection. The relationship is presented in
Fig. 6. Contrasting the air preheating temperature, the higher volomesfithe higher effect
of flue gas inlet temperature on the heat capacity.

80,00
=< 60,00
2 50,00 —79—4-—
S
< 40,00
S rl’-7
‘< 30,00 =
% & Flue gas temperature 920
20,00 = Flue gas temperature 725
10,00
0,00 T T T
200 300 400 500 600

Volume flow (m3/h;

Fig 6. Heat capacity on the air volume flow

The heat transfer coefficiemicludes the effect of a complete radiato@vective heat
transfer process. It depends on the volutows and on the temperature function of both
medi a, c¢changing along the | ines (Axo0o functio
well approximate by the logarithmic average value. On the other side the RRD type
recuperators have four separhtesat transfer surfaces and the relevant coefficiends KR
have to be calculated separately too. However, the comparative analyses and the preliminary
calculations require form a unified fAko val.Ll
measued input and output data.
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Al t hough, there (S an approxi mati on, t
recuperators of different rates for comparing and evaluate the effect of their utilization. On

h e

Fig. 7 can be seen the relationship between volume(flavo nvecti on) and uni

The effect of the velocity is higher, than the one of the flue gas temperature (radiation).
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=8 16,00 o Flue gas temperature 924—
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Fig 7. Heat transfer coefficient on the air volume flow

The construction of the equipment can be led back to the tulubeén(thimney type)
recuperator ensuring at the flue gas side less than 0,2 mbar hydraulic resistance.

4
235 tg= 920 CA® ~
= ty= 725 CA o
gy e
g 25 +
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015 =
o + Flue gas temperature 92(
s 1
205 ® Flue gas temperature 725
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200 250 300 350 400 450 500 550 600
Volume flow (m3/h

Fig. 8. Hydraulic resistancen the air volume flow

The measured data of the pressure wastletotal air lines are presented in Fig. 8.
Comparing them with other types (tube bundle or bag type recuperators), it can be sen, that
the hydraulic resistance is lower. The air temperature is changing along the lines and the
higher volume flow makes fiierent the hydraulic character too. All of these effects result,
that instead of quadratic relation, tlggp = f(V) function can be characterised by the
exponents 1,55 and 1,7.

The recuperators can be well characterised by the rate of the transferred tiest
pressure waste. The efficiency parameter
growing and of the waste of pressure. These data are presented in Fig. 9.
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5 CONCLUSION

The results proved the favour energetic effect of the RRD type recuperator at
combustion by NG as fuel. The results of the trials corresponded with the obtained data of
CFD model [1]. On behalf of the computerized calculation can be realize the optimum
corstruction for energy saving of different technological processes.

The maintenance of the equipment is simple. Comparing with other types, the wall
temperature of operation is somewhat lower. Apart from the increasing of temperature of
combustion air, it @ be applied for preheating of fuel as well. These benefits make the
recuperator suitable to increase the efficiency of blast furnace gas, coke oven gas and other
LCV gases for technologies demanding high temperature processes.
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Abstract A comparativeficradle-to-gated life cycle assessment (LCA) was conducted to
estimate the environmental impact of different photovoltaic (PV) systems planned meeting the
power demand of a detached heusi n Nagyv8zsony. The base of
annual power demand. The investigated impact categories were primary energy demand
(PED), global warming potential (GWP), acidification potential jAphotochemical ozone

creation potential (POCR)Theenergypay-backtime EPBT) of the investigated PV systems

was determined as well.

Keywords:PV systemd,CA, PED,EPBT, GWP, AP, EP

1INTRODUCTION

Renewable based against traditional based power generation is mostly justiiabiiee

point of view ofsustainable development. Beside environmeptatiection the security of

supply is a key issue as well. Before replacing the old, polluting technologies it must be
investigated whether the new renewable based technology meets these requirements or not.

By the help of Life Cycle Assessment (LCA) such investigation can be carried out. There are

a variety of computer programs and life cycle databases supporting the identification and
estimation of the environmental impact and energy demands of a technoitsgifétime

from the material extrtagtaovoaothbhCAhe EBhdt bé
used materi al i's IinocuddtdeasLwal | it is a fAc
LCA has many definitions in the literature. According to ISO 14040:2006 stali@acgicle

i s donsecative and interlinked stages a production system, from raw material acquisition

or generation from natur al resources to fina
LCA can be define as f ol bftheisputs, Autpotsrgnd theat i on a
potential environmental impacts of a products system through its lifedcycle [ 1] .

In this study three photovoltaic (PV) systems with three different photovoltaic modules were
investigated. Each PV system was grahnected vih inverter modules. To estimate the
environment al i mpacts todr & \heed0 PWWC A ydd teantsa 4 éh eo
Federal Environment Agen¢mweltbundesamt, UBA) was used. The investigated impact
categories werprimary energy demand (PE@Jobal warming potential (GWP

acidification potential (AP) anghotochemical ozone creation potential (PQJRe energy
pay-backtime (EPBT) of the investigated PV systems was determined ashelresults

were compared with the environmental impaxdtsther power generation systems.

2 PHOTOVOLTAIC SYSTE MS

The main task of the study was to design a grid connected PV system and to determine the

return on investment (ROI). The most important requirement of the PV system was to fulfill

the annualelectii ty demand of a detached house in Na
four years theaveraged annuabnsumption was 36%WVh. The production of the PV system

should not exceed the annual demand considering end of year settlement, because the owners
wantto avoid the tax payments of any income regarding to the excess electricity fed back into

the grid. The supplier pays lower cost for excess energy and the producer has to pay
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additional taxes, therefore the extra production helps less conducive the R@itknauld
expect in case of larger installed power. Furthermore the available roof surface with
appropriate orientation does not allowed larger installation.

Three different types of PV cells and two types of inverters (traditional solar and micro
invertas) were investigated. The polycrystalline silicon (Si) panels were fitted with both
types of inverters. The cadmium telluride (CdTe) panels and the copper indium gallium
diselenide (CIGS) panels were fitted with solar inverter. The minor differences amtiual
power generation of the PV systems are caused by the different properties of the individual
systems. The panels can be purchased only with specified power, therefore it is difficult to
build four PV systems with the exactly same output. The etgarannual production of the
specific geographical location was retrieved from the PVGIS, which is freely available on the
internet providing reliable data for solar PV or thermal system planningi2]most

important parameteiistype and number of panels, btiiit power, prospective energy

production and the type of invertéref the PV systems are shown in Table 1. The total
investment costs of the systems and the estimated year ROI consiadeviergderating (at
most 20%) during the 2§ear life span of the PV systems are presented as well.

Table 1.Parameters of the PV syste(id3$

Type of solar panels AS-60P 250 AS-60P 240 FS 390 STO-140
Number of panels 13 12 32 23
Built-in power [kW] 3.25 2.88 2.88 3.22
Estimated annual production

[kWh] 3554 3465 3523 3607
Type of inverter StecaGrid3600 | SMI S480W72 StecaGrid3000 | StecaGrid3600
Total investment costs [HUF] 2390226 2466995 1928130 2078098
Estimated production in the

25" year* [KWh] 2843 2772 2818 2886

year ROI [a] 16 17 14 15

*considering 80% power guaranteed by the manufacturer

3 LCA OF THE PV SYSTEMS

The environmental protection in energy sector became more and more important in the recent
years. The emission limitteclinesteadily in the energy sector. No investment can be carried

out &ove a certain power unitithout any environmental impact assessmentrdier to meet

the requirements the improved technologies should have higher efficiency and lower

emissions. Bside the improvement of traditional technologies there is significant potential in
renewable energy sources as well.

Utilization of solar energy has two great benefits: solar power is unlimited and free; PV and

also solar thermal systems do not producesion during operation. On the other hand there

are energyntensive technologies in the production process of PV modules and the other parts

of the PV system like inverters that emit harmful components to health and environment.
Therefor4wgavedor a€Ahewas conducted in order to
impact of the PV systems considering their entire life cycle from raw material production to
disposal.The results were compared with the environmental impacts of other power

generation systems

To estimate the environment a-togr mpaocot £ CAf dah a
of the German Federal Environment Agency (Umweltbundesamt, UBA) was/4iséH This

database was based on the ISO 14042 and 14043 standards. UBA estimatémstmew

same using similar algorithms and factassother probleroriented approaches e.g. CML

2001. 1t has only one disadvantage that it d
toocradl edo LCA informati on c dalwaoning potentimbt ai ned.
(GWP [koCOueq)), acidification potential (AP [kgS:.eq]), photochemical ozone creation
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potential (POCRkgC,H,-eq.) and also the primary energy demand (PED), which is closely
related with energy palpack time (EPBT).

¥ k -tnstitut, a German neprofit environmental research organization, framed the database
for PV systems in UBA. These data were used for analysing Si, CdTe and CISStBMs.

First, the total emissions of PV systems were compared to other electeingsatjng

systems: the Hungarian and German energy mixes that include all the electricity generating
process in the countries, a nuclear power plant and a German hydro power plant. The results
are shown in Table 2. The ©UBArbCAOadfthE esicyclt
whole system, therefore the analysis was made with the whole PV system. However, it is also
possible to study only the PV panels without other parts of the PV system. The results in UBA
refer to 1TJ of electricity, so they we converted to the total generated electricity of the

PV systems in their 2§year lifetime. It was assumed, that the other technologies should
generate the same electricity as Si PV system.

Table 2.Impact categories of the technolog|&

Type of power Total generated electricity GwWP AP POCP
generation [kwh] [tCO.-eq.] [kgSOs-eq.] [kgC;Hz-eq.]

Si PV system 80 616 4.96 10.72 19.58
CdTe PV system 78 211 1.52 5.52 4.76
CIGS PV system 80 075 2.44 5.45 4.81

Hungarian energy mix 80 616 37.28 107.17 116.75
German energy mix 80 616 45.37 61.86 59.83
nuclear power plant 80 616 5.60 46.18 25.99
hydro power plant 80 616 3.13 5.52 8.74

Compared to conventional power generation systems only the Si PV system exceeds the
values of the hydro power plant whibhs the lowest environmental impact. The other
investigated PV systems have similar values as hydro. The other conventional processes have
significantly higher environmental impacts. In case of nuclear and hydro power plants the
operation related emissioase negligible but the emissions caused by construction are higher
due to the huge consumption of building materials e.g. concrete. The environmental impact of
nuclear power plant would be better, if we consider data from power uprising (2009).
Althoughthe total generated electricity of the PV systems in theyezi lifetimeis almost

the same in case of the investigated PV systems, to get a better comparison Fig. 1. shows the
specific environmental impacts of the Bystems in relative to the total geated electricity.

PV system are favourable compared to conventional power generating systems, as they can
have similar or lower environmental impacts compared to hydro power plants. Only Si PV
system is less favourable due to its higher emissions cayded high energy demand of the
production of Si P\panels
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Beside the presented impact categories the primary energy deman{k(®ERWp]), which
is the total energy consumed by the systems in theypea8ifetime including their
construction as well; and energy pagck time (EPBT [a]) are important parameters of an
LCA study as well. Fig. 2. shows the specific PED in relative to theiibytower and EPBT
of the investigated PV systems.

B PED [kWh/kwp] EPBT [a]
o .
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E 4000 - % g
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1000 - / / /
. . .

Si PV system CdTe PV system CIGS PV system

Fig. 2. PED and EPBT for PV systems

The investigated PV systergenerate@lmost the same power, but thePM system has
about three times higher PED compared to the other two thin filsyBéms, because
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polycrystalline but manly the production of monocrystal silicon cells is high energy
consuming technology. In addition, the material inputs of Si solar cells are significantly larger
compared to the other two thin film technologies. CdTe and CIGS PV systems have similar
PED and EPBT, less than 2000 kWh/k\afm 2 years respectively. Si PV system has much
higher EPBT too, almost 6 years, but compared to conventional power generstamyssiy

IS not extremely high.

4 CONCLUSION

Solar based power generation means lower environmental impact compared taicoalven
power generation based on fossil nuclear fuels. Their environmental impacts are
comparable to hydro power plants. Si PV system are less favorable compared to the other
investigatedhin film PV systemsdue to the high energy demand of its piiaun

technology.

The results are comparable to other similar studieg [ only the EPBT of Si PV systems

was 12 years higher compared to those studies. However, the environmental impacts of PV
systems decreased significantly in the last few yearsfthre the results are highly affected

by the data source and investigated period.
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Abstract: A comparativefigateto-gated life cycle assessment (LCA) was conducted to
estimate the environment al | mpacts ofoaa s mal
sewage sludge biogas pl ant i n Ny?2relgtheh 8z a.
heating demands thus the base of the comparison Mdgy&nerated heat. The investigated

impact categories were global warming potential (GWP), acidification pielegAP,)
eutrophication potential (ER)photocemical ozone creation potential (POCP) and primary

energy demand (PED)

Keywords:LCA, biogas, GWP, AP, EPOCP, PED

1 INTRODUCTION
In this papertwo smaltscale biogas plants are compared: a biogas plant based on

agricultural bypr oduct s i n KiskRr°s and a sewage sl
Hungary.
The biogas plant in KiskRr°s was a Europec:

startel in September of 2014. The project has several main :gtads utilization of
agricultural and animal waste; the involvement of unused agricultural land by energy crops
production in the future; replacement of fossil fuels; reducing fertilizer cpsasiding job
opportunities and participating imeetingthe national and European energy management
goals. In an 83kW,. and 913kWy, gas engineunit power and heat isgenerated The
generated powdulfils the selfconsumption and the remaining electricatmyy is sold to the
feedin system. The thermal energy is used to heat the fermenters and polytunnels,
greenhouses near the biogas plant.

The wastewater treat ment pl ant I n Nyz2reg
treatment, sludge is separated and fersmmentedfrom 2001. The product is biogas, which is
an excellent renewable energy source because of its low global warming potéraidly
products of the process are also useful. Atthg 2 r egyh8za | . sz szennyv?
of the biogas iitilized in a 42%W, and617kWy, gas enginainit. In addition a 22%W;,
boiler utilizes biogas and sometimes mains natural gas too. The produced thermal energy
heats the two fermenters and it is used for heating the buildings of the plant. Allpoinie
generatedby the gas engine is usadthewastewater treatment processes. The plant also uses
mains electricity.

2 LIFE CYCLE ASSESSMENT

Life Cycle Assessment is the compiling and evaluation of the inputs and outputs and the
potential environmentalimact s of a product system40dOur i ng
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and ISO1 4044 define the standards of the LCA.
definition, inventory analysis, impact assessment and interprefatiomhe LCA analysis
was made by usgnGaBi 6.0 Education.

2.1 Goal and scope definition

The main purpose of the Life Cycle Assessment is to compare the environmental impact
of two real biogas plants using different materials. In this case study we would like to
examine the advantages andadigantages of the different {pyoducts used for biogas
production.

The products are heat and electricity, but the plants have different gpalK i stkeRr ° s
goal is to salethe generated power i n Ny the goglig to Saxedy selfsupporting
energy supply. To compare these two systems the functionalwast set tal MJ heat. To
understand the operation of the biogas plamtssimplified models were created.

Tapwater Land

System boundary
]

I
MaFerlal Water Fermentatic 1411 t/a
delivery 12997 ta

Fermentation

storage

]
I I —8
ré&ﬁ‘éﬁzn a=tp Dehydratator comm—
T I_lp — ’ _ J Water

—.—

1 I
Biogastorch ¢ge== Biogasstorage
1.3510°'MJ/a . . .
Heating of the — _ I
Bioga: 2,7610°Pm%¥a
polytunnels ar — z
greenhouses coo T Gasengine
e
. o _ I
Heating of the Electricity | 2,05100MJ/a
fermenters
6,7310°MJ/a N — —
2,051 MJ/a 1,6610'MJ/a
Self-consumption Sale

Fig. 1. Simplified model of the biogas plant

The operation of the biogas planin K i eahk Iersdes on Fid. Theusedmain raw
materials are pig slurry, chicken manure, duck manure, corn silage, grape skins and marc. All
the ingredients are delivered fran30 kilometreszone The materials areeing stored before
loaded to the fermenters. There is one storage tank for the liquid ingredients and there is one
for the dry materials. The materials spendi3@8 y s i n t he fer menters at
in order to prevent the formation of sulploxides. Water and some additives are added to the
mixture in the fermenters tdthe biogas production. Before the biogas enters the gas engine
the pipeline is led underground, where the water vapour condenses. The condensed water is
reused in the biogaproduction. The fermesd materialis stored in a closed container for
180days before recovering as a fertilizer. There is a biogas storage to store the outstanding
biogas for later uséA biogas torch is used, when the biogas storage is full and sheng@ne
cannot burn all the biogas. The gas engine is a Jenbacher cogeneration unit. The thermal
energy is used to heat the fermenters, éReessheatsthe greenhouses and polytunnels
nearby, where vegetables and fruits are grown. In the summer an telvsoefrigeration
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machine is used to control the temperature. Gjbeerated powec over s t he pl ani
consumption, but the main goal is to sell éxeesslectrical energy. The gas engine is not a
blackstart engine, the network connection is devetbpo cover the setfonsumption if
needed. The plantds income consists of the s
water supplement and t he ekchudedaedsomeptocessas@ie a gr i
ignored in this moddP].

System boundary
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Waste |— i technology Landfill
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Fig.2.Si mpl i fied model of the biogas plant in

The simplified model of the bioga&dhepl ant
sewage arrives across the sewer and the treated water runs into the Main co8rgeeNie
chloride isusedin the chemical processes. The-pyoduct of the wastewater treatment is
sewage sludge which needs further treatment. In this case the anaerobic digestion,
dehydration and composting are the sewage sludge treatment. The product of the sludge
digestion is lmgas. Most of the biogas is utilized in 3 gas engines.gEmerated power is
used toreduce thenetwork power consumptioof the technological processes of the sewage
treatment. The waste thermal energy of the gas engines is utilizedtimo fermenters and
used for the heating of the buildings of the plant. In wintefulfd thermal energy demand,
small portion of the biogas is utilized in a gas boiler. Sometimes natural gas is burned in the
gas boileras well There is a biogas storagestore the outstanding biogas for later use. The
biogas torch is used, when the biogas storage is full and the wastewater treatment does not
need more electricity3]

In order to &amire the two systems &gateto-gated analysis wagonducted, thabnly
includes the processes the production phase and it is used to determine the environmental
impacts of a single production step or process. Because different products are made,
allocation is important. Allocation is the partitioning and relating of is@nd outputs of a
process to the relevant products anepbyducts. The allocation can be done by mass, heating
value, market value or other rules. [1]
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2.2Inventory analysis

The Life Cycle Inventory (LCI) phase involves the compilation and quantdicaif
inputs and outputs for a product system or for single procdssesludes data collection and
the compilation of the data in a LCI table. [1]

In Table 1 the main inputs and outputs are shown in case of the two biogas plants. It

can be seen, thathe pl ant i n Ny2regyh8za wuses more
agricultural and ani mal waste in KiskRr©°s,
reason is that the agricultural and animal waste contains more organic matter than the sewage
sludee . The ©pl ant i n Ki skRr©°s uses only gas

Ny2regyh8za has a gas boil er tooaswelhlThech i s
waste water treatment plant can produce less thermal and electrical energy, it isl@ndy a

cover the thermal seffonsumption of the digester tower atite heatdemand of the
wastewater tr eat megeberajed ppwdtlfisonlythe sewale tregteent T h e
technologythereforethe plant has to buy electricity from the netwdikhile, Ki skRr°s he
great amount of income from the sold energy
plant are mostly estimatedhe reason is that the plant recently started operation and there are

no operating data about the systdbata d Ny2regyh8za plant are n
calculated.

Table 1.Inputs and outputs

Ki sk Rr?©° Ny2regyh
Raw material, t/a 24965 data 63000 calculated
Fermentati on 35 data 35 | measuremen
Biogas, Nni/a 2,7640° | estimated 1 2540° | measuremen
CH, 55%| estimated 62% | measuremen
CO, 45% | estimated 32% | measuremen
other 0% | estimated 6% | measuremen
Natural gas, Nriia - - 35%0“ measuremen
Produced electricity, MJ/a z,ogﬂd estimated 8,2@106 measuremen
Purchase -1,6640" | estimated 35340° | measuremen
Seltconsumption z,ogﬂo6 estimated 8,2@106 measuremen
Produced thermal energy, MJ 2,24;,107 estimated g,gmo6 calculated
Sale 1,3540" | estimated - -
Fermenters 6,7340° | estimated 9 9740° calculated
Fermentationt/a 21411| estimated 66500 calculated
For the biogas plant in KiskRr°s the mat el
with different trucks. But the database of

vehicles were chosen for modellinfable 2 shows the distances and chosen trucks. All the
trucks are presumed to be Edrquality.

In Ny2regyh8za the sewage sludge is in pl
there are two additives which reeeded for the wastewater treatment technology, and two
kind of waste from the treatment. The additives are transported to the plant, and wastes are
transported from the plant. Tableshows the distances and the chosen trucks. All the trucks
are presunetto be Eur® quality.
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Table2.Mat eri al transportation data for Kis
Material Distance Transp(_)rted quantity] C h_o sen
(back and forth), km | at one time, t availability, t
Pig slurry 20 20 22
Chicken manure 40 10 11,7
Duck manure 40 10 11,7
Corn silage 50 15 17,3
Grape marc 20 15 17,3
Grape skin 20 15 17,3
Table3. Materia| transportation data for Ny2regy
Material Distance Tranqurted quantity] C h.o sen
(back and forth), km | at one time, t availability, t
screenings 20,6 3,175 7,5
compost 4 6,11 7,5
polyelectrolyte 494 6,49 7,5
ferric-chloride 70 25 28

Table 4.showst he emi ssi ons of the gas engines.
measurement after 1@peration hours and from that data the yearly emission was correlated.
During the measurement the gas engine naasn the nominaloperating conditions, because

thef |l ue gas heat exchanger wasnodot working. F
reqguired. The measur e muweardcariedbdut by theeFETNEV Kfte gy h § z
( FeTissav i d ®Kk i L evegRan aldicani bk seenkHalk Jessbiogasusel a b | e
causedowere mi ssi on in Ny2regyh8za compared to the
Table4. Emissions

Emission, t/a Ki skRr°s Ny?2regyhs§z

CO, 4918,300| measuremen 2261,93 calculated

CH, 30,660| measuremen 7,537 calculated

ChHnm 1,789| measuremen 7,771 measuremen

SO 0,120| measuremen -

NOy 7,154| measuremen 2,888 measuremen

(6{0) 5,621 | measuremen 4,223 measuremen

2.3Life Cycle Impact Assessment

The Life Cycle Impact Assessment (LCIA) identifies and evaluates the amount and
significance of the potential environmental impact arising from the LCI. The inputs and
outputs are first assigned to impact categories, and their potential impacts quantified
according to characterization factors. [1] In thaperCML 2001 impact assessment method
was used.

Five impact categories were chosen to be investigated. The global warming potential
(GWP) evaluates the effect of greenhouse gases. The most importarst &el@ethane,
carbondioxide, nitrogen oxides and sulphur hexafluoride. The impact of the gases are
compared to the effect of carbdioxide, the unit is kg Cg&equivalent. During eutrophication
the concentration of nitrogen and phosphor rises in therwaasing change in the
composition of species. The impact is compared to the impact of phosphate, the unit of
eutophication potential (EP) is RO, equivalent. Acidification potential (AP) is the
measure of acidifying emissions, its unit is&¥@, equialent. The most common acidifying
compounds are nitrogen oxidesjlphur oxidesand ammonia. The impact of these can be
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local or regional. Th@hotocemical ozone creation poten{RlDCP)is important because of
the impact of human health and the ecosystd@he photeoxidants are formed in the
troposphere with the photochemical oxidation of organic compounds and CO in the presence
of NOx by the help ofultraviolet radiation. The most important phaidants are ozone and
PAN (peroxy acethil nitrate). Thienpact is compared to the impact of ethylene, the unit is
kg C;H,4 equivalent.Primary energy demand (PEBRhows thetotal primary energy demand
from renewable and nemenewable energy resources, the unit is M. [

The impact categories were investigabydhe help of GaBi 6.0 Educatioiihe model
of the systems was made in erarchical structure of plans. A plan represents the system
with its boundaries. The flows represent all the material and energy flows passing between the
processes and to and frahe system. [1] The software has a database ofinuilbws and
processes. We used some bunltflows and processes, but most of them were created. In
order to create dynamic models, global parameters were defined. The global parameters are
specific paametersWe specified every flow with the produced thermal energy. The models
created in GaBi can be seen on Figardd 4.

#-. Biogas plant in Kiskéras [Biogas plant in Kiskdras] -- DB Plan -
Object  Edit View Help
UE~@B@EX = [PPI @NEQAID

Biogas plant in Kiskords Selection: Biogas plantinK[..] ¥

GaBi process planiReference quantities

. - — 5 .
HU: Electricity grid mix PE N ‘Electricity network P i@

Flectrici
-1,85E007 MJ L "

m

Electricity sale
I 1,85E007 M]

RER: Tap water PE ' ) "HU: Electricity pl
Self-consumption Z_DSEDDS T Separation <u-so>

1

Electricity from
biogas
|2, 06E007M3

"HU: Gas engine <u-so> p i

Transportation )’ EH: disposal, {HU: Biogas pXEE
—hiowaste, to [re— =
- : oduction <u-bb
2,52007 K2 anaerohic digestion -
2,15E007 kg |2. 252007 M)
Thermal energy (MJ)
!2. 25E007 M1
"HU: Fermentation p & " o i Heating of "HU: Thermal energy p o
storage <u-so> N Ermentanan fermen_ters 6, 74E006 M1 separation <u-so>
11,572007 M3
Heating of
polytunnels and
greenhouses
1
"Hu: Polytunnels, p i
greenhouses <u-so>
4 1 3
System: No changes. Last change: System, 2015.05.25., 12:08:47 GUID: {d012bc10-bfde-49f5-a3ce-1dab52ac573}
Fig. 3. GaBi model of the biogas plant in
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f +: Biogas plant in Nyiregyhaza [Biogas plant in Myiregyhaza] -- DB Plan - = B ||
Object Edit View Help
IR ~BEX|[> - |[PPI QAP

Biogas plant in Nyiregyhaza p Selection: Biogas plantinN[.] ¥ | °

¥
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(boier)
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*Boiler <u-so> P 2

HU: Natural gas mix PE £ Natural gas, at I
3,28E003 kg er Hungary

4 n

Create a new object.

Fig4. GaBi model of the biogas plant in Ny?
2.4Interpretation

To make the results comparable, the values were divided by the produced thermal

energy in the case of each biogas plant. This @ashimpact category is relative toMJ
heat Theresults are shown in Table 5

Tableb. Results

GWP, AP, EP, POCP, PED,
kgCO/MJ | kgSQ/MJI | kgPQFIMJ | kgCHA/MJ | MI/MJ
Ki s kRr 015/ -24040%| 1,3740°| -6,8940°| -2,70
Nyzreg 0,30| 3,4040*| 5,4740°| 3,8140° 1,22
It can be seen, that the biogas plcaset i n

of eachcategoy. This is due to the sale of electricity: GaBi 6.0 Education software manages

the network feeding as a saving of environmental impact of the electricity produced from
fossil fuels. The negative values also represent the savings. On the other hand thplaitiga

in Ny2regyh8za needs more electrical ener gy
impact ishighercompared tdhe biogas plant n  Ki s k Rr © s .

3 CONCLUSION

The two plants have different goal s: i n
income , I n Ny2regyh8za t he maupportingenergysspply.i s t he
Thereforehe bi ogas pl ant i n KiskRr°s wil/ al v

comparedtd he bi ogas planBecaudNg2regiKh8§kar°s the
sold saving fossil fuels antbwering the environmental impadt cannot be ignored, that the

121



12" International Conference on HEAT ENGINES AND ENVIRONMENTAL PROTECTION A -29/May 2015, Hungary

anal ysis of the biogas pl ant i n KiskRr°s wa
operating datas he plant started operation in September of 264 further examinations

an analysis should be doatterseveral years ajperation based on actual datde emission

data of gas e nlipsed en aiome dd meaguRments more geliable data is

needed in the future.
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Abstract: A comparativefigateto-gated life cycle assessment (LCA) was conducted to
estimate the environment al i mpact of a reco
addition to global warming potential (GWP), the investigated impact categories were
acidification potential (AP), eutiphication potential (EP) and photochemical ozone creation
potential (POCP).

Keywords:district heating plant, LCA, GWP, AP, EP, POCP

1 INTRODUCTION

A comparativefigateto-gate life cycle assessment (LCA) was conducted to estimate
the environmental impé#gfocusing on the hespots of GHG emissionsf a reconstructed
di strict heati ng pl &hetdistrictrheatihg plantpha®anhoilerHmin g ar vy
consisting of 2L 8 nHPK 12/12 6MWy, and after reconstruction 4 Viessmann 200 LW
8 MWy, boilers. It also has a CHP gasngine unitconsisting of 3Jenbacher JMS620
2,7MWy, and 2,IMW.gas engingwherepower and heat is generat@ithe generated thermal
energy is utilised in the district heating system and the generated power is sold on the power
grid.

The aim of the study was to determine the global warming potential (GWP) of the
district heating planestimating the emissions of the boilers and gas engines using the annual
heat demand248208 GJ) as an input data considering the efficiencies, netdasges and
emission limits [1] as wellln addition to glkval warming potential (GWP)y the help of
Gabi6.0 Educationotherimpact categories were investigatesl well: acidification potential
(AP), eutrophicatiompotential (EP) and photochemical ozomeation potential (POCP).

2 LIFE CYCLE ASSESMENT

Life Cycle Assessment is the compiling and evaluation of the inputs and outputs and the
potenti al environment al i mpacts of a product
and ISO 14044 define thetandards of the LCA. Thstepsof LCA are goal and scope
definition, inventory analysis, impact assment and interpretation [2].

2.1 Goal and scope definition

This study is focusing on the hot spots of GHG emissions, thus not all the processes of
t h eradldto-gat e 0 @ of the distiot behting plant are included in the analysis. For
manual calculationa i mp | gafetoogdt é§0 LCA model wa GWPofu i | t t
the district heaThe mayel pwas based oeconstructedsiiit-yprof&ime
district heating plant and on previous measurements, calculated and estimated data. Fig.
shows the flow chart of considered processes ofitigeatd-gea tLEA model ofthe district
heati ng pl ant dotted ling shevszthpe rgstem.bouiidarg. Some processes like
tap water or natural supply were excluded.
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Fig.1. Simplified model of thdistrict heatingplantinVe s z pr ® m

Beside GWPR by the help ofGabi6.0 EducationAP, EP and POCP were estimated as
i Nat utheael wasgaa s
opportunity to create an extendédateto-g a t LEA model of the district heating plant.

well. As GaBi hashuilt-inpr ocesses e. g.

100565GJ
o T mm— e —————————— - i |
: 106717 cf GasEngines | 16760 658 Nrh
! I
! I
248208 GJ | |
| 1985G. | Natural gas
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L°1'1eM=9135)/0 1 LO1!irc.=o,291/0 q = 95 :
| . |
Boilers 2
| 264GJ oo m95% 1 5289 819m
: s=80% :
714 Nm3 5
| System boundary

mi

Thus the previously excluded processes can be investigated as well. However, the main plant

specific praesses need to be created based on the manual calculatioder to create a
dynamic modela global parametewas defined, which was the total annual natural gas
consumption of the planEachflow was specifiedvith the global parameter. GaBi model

with the considered processem be seen on Fig. 2.

- @ District heating plant in Veszprém [Fiitémii] -- DB Plan
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2.2 Life Cycle Inventory (LCI)

The Life Cycle Inventory (LCI) phase involves the compilation and quantification of
inputs and outputs for product system.2]. Table 1. shows the values and sources of the

main energy and material flows of the LCA modetoh e di stri ct
Table 2. shows the emissioofsthe considered processes of manual calculation
Table 1.Inputs andoutputs flowg 3]
Generated Thermal Energy
- Gas engines 106717 GJ| measured
- Boilers 175886 GJ| calculated
- Deaerator 264GJ| measured
Sold Thermal Energy 248208GJ| measured
Generated Electricity 100565 GJ| calculated
Purchased Electricity 1985 GJ| calculated
Purchased Natural gas:
- Gas engines 6 760658Nm’ | calculated
- Boilers 5289819Nm° | calculated
- Deaerator 9428 Nt | calculated
Tap water: 714Nm° | estimated
Table 2.Emissions of the considered processes of manual calcu[&jion
CQO; [t/a] NO [t/a] CO [t/a] CH, [kg/a]
Gas engines [4] 1071597 1996 5.70 19106
Boilers 1327169 38.93 50.61 23662
Deaerator 187.25 0.24 87.78 1.99
Pump 1851 0.03 0.01 0.33
calculated estimated [5] estimated estimated

2.3Life Cycle Impact Assessmen(LCIA)

Unlike the LCI, which only reports sums for individual emissions, the LCIA includes
methodologiesCML 2001 [6]) for weighting and combining different emissions into a metric
for the potential impacts of significant LCI. Through LCIA the environmental impadtseof

di strict

heating

heat i wae catdgarimetllheiinputs\amd Dutputs @enfirst assigned

to impact categories, and their potential impacts quantified agwprid characterization
factors [6]. The investigated impact categories are: GWP, EP, AP, POCP.
The global warming potentigGWP) is a measure of the emission of greenhouse gases
(GHG) such as O,, PFC, and Ck and is expressed as kilogram of £&€guivalent and
spans a time horizon of 100 yeatcording to manual calculation the total annual GWP of
the district heating plant is B35 t CO,-eq [3]. Fig. 3. shows the contribution of the
consdered processes to GWP.

Fig.3. Contribution of the considered processesaal GWPo f  t
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However the generated heat of gas engines is only 60% of the boilers, but due to the
lower thermal efficiency of the engines their annual natural gas consumption is almost 30%
higher, thus the share of gas engines in annual GWP is more than 20% Tighshrare of
the other processes is negligible, altogether less than 1%.

Table3. shows tha.CIA resultsof GaBi model. According to the extended GaBi model
the total annual GWP of the district heating plant is04B.1t CO,-eq However, the
emission of théboilers and engines are the same in the Gabi model and the GWP of natural
gas and tap water consumption was considered as well, the total annual GWP of the district
heating plant is considerably lower compared to the result of manual calculation. This
difference is caused by the sale of the generated power of the CHP gas engine unit which was
not considered in the case of manual calculation. The sold electricity decreases the overall
environmental impact because there is no need to generate this elewiticitye Hungarian
electricity mix which leads to emission saving. This saving is represented by negative value in
Table. 3.

Table 3.LCIA results of the considered impact categodéthed i st ri ct heati @aB)pl ant i

GWP AP EP POCP
[tCOreq] | [kgSOreq] | [kgPO*-eq] | [kg CHaeq]

Electricity purchaseg 264.33 49006 68.72 5850
sale -1338910 -2482290 -348089 -2 96306

Natural gas 516807 1375282 94916 363960
Tap water 043 0.73 0.18 0.13
Gas engine 1327760 1946635 506125 2 45807
Boiler 1072074 998116 259510 71409
Deaerator 1852 1724 448 1.23
Total: 1606060 1888546 519800 390856

Fig. 4. shows the contribution of the consider€@&Bi processeso annual GWP
excluding saving due to electricity seBeside gas engines and boilers only the natural gas
supply has significant share in GWP, namely 17,5%. The share of the other processes is
negligible, altogether less than 1%.

Fig.4. Contribution of the consided processes tmtal GWPo f t he di strict heating pl a

The acidification potential (AP) is a measure of emissions that cause acidifying effects
to the environment, and is expressed as kilogram-eé8@ivalent. The most common
acidifying compounds are nitrogen oxidesilfur dioxideand ammoniaTotal annualAP
containing the saving due to electricity sa#lthe district heating plant 88 885.5kg SO.-eq
Theshare of gas engines in annual AP excluding sagirggmilar but the share of boilers is
only onethird compared to the share in GWP. The effect of natural gas supply is more
significant on total AP as it gives almost ttford of it. The share of the other processes is
negligible, altogetheonly 1,1%.
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The eutrophication potential (EP) is a measure of emissions that cause eutrophying
effects to the environment and is expressed lagriams of phosphate equivalefite total
annualEP of the district heating plant 5198kg PO, eqwhich contains the sing due to
electricity sell The largest contributors in annual EP excluding saving are the gas engines
with 58,3%. Almost 30% comes from the boilers but the share of natural gas supply is only
10%.The share of the other processes is negligible, altoglethethan 1%.

The photochemical ozone creation potential (POCP) is a measure of precursor
emissions that contribute to low level smog (summer smog), produced by the reaction of NOx
and volatile organic compounds (VOC) under the influence of ultra viaght. It is
expressed as kilogram ethyleeguivalent The total annuaPOCP of the district heating
plant considering the saving as wed 39086 kg GHs-eq In the case of annual POCP;
excluding saving; natural gas supply has major role with its%41The share of boilers and
gas engines is less than 10% and 30%, respectiVbly.share of the other processes is
negligible, altogether less than 1%.

3 CONCLUSION

This study focused on the global warming potentialthe district heating plant in
V e s z mnal®simg the hotspots of greenhouse gas emisei@LCIA results othe district
heating plantincluding influence of thédungarian electricitymix and natural gas supply
showed thathe hotspots of GHG emissioaee the boilers, the CHP gas engines unit and also
natural gas supply with its orsxth share.

In case of the other investigated impact categories the hotspots are the same: CHP gas
engine unit, boilers and natural gas supply, but with different signife. In case of POCP
natural gas supply has major role, but in case of EP its share is only 10%. CHP gas engine
unit has the same share in GWP and AP, namely 45%. Boilers are less significant in case of
POCP as their share is less than 10%, but more tengan case of EP.

The total environmental impact of the district heating plant is considerably lower if the
heat is generated in CHP units and the generated power is sold. In that case emission can be
saved as less power need to be generated with thgaHan electricity mix.
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Abstract: A life cycle assessment (LCA) based study was conducted to estimate the
environmental impact of an environmentally conscious family hfmgsesing on its energy
system. The results were compared with conventEmaigy systemsheé investigated impact
categories werglobal warming potential (GWP#cidification potential (AP), eutrophication
potential (EP) photochemical ozone creation potential (POGRY primary energy demand

from nonrenewable sources (PEDBased on the resulfsirther developmens proposed to
enhance the environmental awareness of this house.

Keywords:ecofriendly house, LCAGWP, AP, EP, POCRPED

1INTRODUCTION

A comparativefigateto-gate life cycle assessment (LCA) was conducted to estimate
the environmental impagtof an ecefriendly house inHungary. The 243 square meter
thatchedchousehas a basement and a partial gallery in the attic. It has renewable based energy
system: a geothermaystem and solar collectors are used for heating and domestic hot water
(DHW) production. Additional electric heaters provide excess heat if needed. The geothermal
system is used for cooling in summer as well. The house has its own waste water treatment
system as well.

The aim of the study was to determine the environmental impact @nhiionmentally
conscious family houstcusing on its energy systeasing the annual energy consumptions
as an input data and compare the results with a conventionglyeyatem. B the help of
Gabi6.0 Educationsoftware severampact categoriegl] wereinvestigated:

1 Global warming potential (GWHR}$ a measure of the emission of greenhouse
gases (GHG) such as GPFC, and Ck} and is expressed as kilogram of £0
equivalent and spans a time horizon of 100 ygakHG emissions are found to
cause an increase in the absorption of radiation emitted by the sun and reflected
by the earth, magnifying the natural greenhouse effect

1 Acidification potential (AP): is aneasure of emissior{ge.g.NOx and SQ) that
cause acidifying effects to the environment, and is expressed as kilogram SO
equivalent.

1 Eutrophication potential (EP)s a measure of emissions that cause eutrophying
effects to the environment and is expesbsas kilograms of phosphate
equivalent. The eutrophication of aquatic systems is primarily caused by
excessive inputs of nitrogen and phosphorus. @amétization can cause
excessive growth of algae, thus reducing the oxygen level and damaging the
ecoswtem. Oveffertilization of soil is related to the increased growth of
biomass that can change the biodiversity of the soil habitat

1 Photochemicalozone creation potential (POCHEs a measure of precursor
emissions that contribute to low level smog (sumsraog), produced by the
reaction of NOx and volatile organic compounds (VOC) under the influence of
ultra violet light. It is expressed as kilogram ethyleggivalent
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1 Primary energy demand from n@anewable sources (PEDis a measure of the
total amaint of nonrrenewable primary energy extracted from the earth, taking
into account the energy needed for extractions and fuel conversions, the
efficiency of electrical power generation and heating methods, as well as
transmission and distribution losséiss measured in primary energy format

2 LIFE CYCLE ASSESMENT

Life Cycle Assessment is the compilatiand evaluation of the inputs and outputs and
the potenti al environment al i mpacts of a pr
14040 and ISO 141 define therameworkof the LCA. Thephases of LCAare goal and
scope definition, inventory analysis, impactesssnent and interpretation [2].

2.1 Goal and scope definition

This study is focusing on thenergy system of thecofriendly house thus notall the
processes 4ofgat ke @ ofthe ddesy aré included in the analysis. The
environmental impacts of the production of the geothermal system and solar collectors were
investigated but later excluded from the systens A mp | crddlete-glathied LCA mod
was built to estimat¢he environmental impact of the efreendly house The LCA model
was based othe actual energy system of the dgendly house, measured and calculated
data. GaBi has buii n  pr o c e Elecwigty gad. ngi.x 0 Ao r i, hat somevat er 0
processes need to be created base®roBas LCI data [3]In order to create a dynamic
modelthetotal annuaheat deman@asdefinedas global parameteEach flow was specified
with the global parameteFig. 1. shows lte flow chart of considered processes of the LCA
model ofthe ecefriendly house.

- Eco-friendly house [G Ol =|
Ohject Edit View Help

H-2RO X5 R PR 88 D

- Y
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2,15E003 M2

_
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1,76E004 M1
1,8E005
L\*fatekrgll:'n'aste — faste e plF*
water, untrested) eatment system <u-so> .

Fig.1. GaBi model ofhe ecefriendly house

In order to compare the environmental impact of the investigateftiendly house a
comparative conventional energy based LCA model was built based on the energy demands
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of the ecefierndy house.Fig. 2. shows the flow chart of considered processeghef
si mpl i f i-tegda tieca aldC A ooonvengéidnal enérgy thdserl house
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Fig.1. GaBi model of theonventional energy based house

2.2Life Cycle Inventory (LCI)

The Life Cycle Inventory (LCI) phase involves the compilation and quantification of
inputs and outputs for@roduct throughout its life cycle]. Table 1. shows the annual values
and sources of the same flows in case of the two LCA models. The energy demands were

calculated according to regulati@®006. (V.

24.)

Table 1.Inputs and outputs flows of efaendly and conventional energy based house

Electricity (other) 3617 kWh| measured
Tap water 240 nT | measured
Sewage sludge 180 nt | measured
Energy demands [3]:
- Heating 19981 kWh| calculated
- Cooling 597kWh | calculated
- Domestic hot water (DHW) 4 796kWh | calculated

Table 2. showsthe different annual utility consumptions of the gendly and
conventional energy based house. The utility consumptions of the conventional energy based
house were calculated from the energy demands listed in Table 1.

Table 2.Annual utility consumpbins

Ecofriendly house:

- Electricity (geothermal system)

8534 kWh| measured

Conventional energy based house:

- Natural gas (boiler):

2499 n? | calculated

- Electricity (split air conditioner)

171 kWh| calculated
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2.3Life Cycle Impact Assessment (LCIA)

Unlike the LCI, which only reports sums for individual emissions, the LCIA includes
methodologieCML 2001 [5], UBA [6]) for weighting and combining different emissions
into a metric for the potential impacts of significant LCI. Through LCIA the enviromehe
impacts ofthe ecefriendly housewere categorizedlrhe inputs and outputs are first assigned
to impact categories, and their potential impactsquantified acconthg to characterization
factors [5]. The investigated impact categories are: GWP, EP, AP, POCP ARER. shows
the contribution of the considered processes of thefremally house to the investigated
impact categories.

m AP [kg SO2-Eqi1 EP [kg PO4-Eqi GWP [t CO2-Eq.; POCP [kg C2H4-Em]PEDf [x10 G.

8
6
4
2 I I
0 | — I I - —_ —
Geothermal Electricity Electricity Solar collectors Tap water
system (geo. system) (other)
Fig.3. Environmental impactsef the considered processafsthe ecefriendly house
However, a stnoplgiaftieedd nfocdreddIiweas i nvestigat

the geothermal system, solar collectors and tap water use were included in the GaBi model as
well. But theimpact of thes@rocessesare low, thus they were neglected in the comparison as
well as the production of boiler and split air conditioning system in case of the conventional
energy based model. Therefore the comparison was made with extendfitggd tee 0
models as the natural gas and electricity supply were included in the models.

Fig. 4. shows the contribution of the considered processes obtiverttional energy
based houseo the investigated impact categories. The boiler emissiotepsoincludes the
environmental impact of natural gas supply as well.

m AP [kg SO2-Eqi EP [kg PO4-Eqill GWP [t CO2-Eq.} POCP [kg C2H4-Equ]PEDf [x10 G.

8

6

4
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. _ il _
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(inc. NG supply)  (split air conditioner) (other)

Fig.3. Environmental impactsf the considered processafsthe ecefriendly house
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Based on the above mentioned simplifications the comparison was based only on the
LCIA results of energy consumption of the ddendly and conventional energy based
houseTable3. showsthe comparison ahe LCIA resultsof the energy systems.

Table 3.LCIA results of thenergy system

Ecofriendly | Conventional energy

house based house
AP [kg SQ-Eq.] 10.80 6.65
EP [kg PQ-Eq.] 151 0.78
GWP [t CQ-Eq.] 5.82 7.80
POCP [kg GHs-EQq.] 1.29 1.20
PED [GJ] 126.02 131.31

The LCIA results showed that froenglobal environmental point of viethie examined
renewable based energy system of thefaeadly house is not clearly favourable compared
to a conventional energy system. From the point of view climate change ttideeciky
house performs well as the annual GWP of thefaeadly house is 5.8Z0,-Eq., which is
only 75% of the conventional energy based house. But if we take into account the other
important impacts categories the ddendly house seems not favourabldowever, the
POCP and PEDs about the samieut the AP and EP is almost twice as high compared to a
conventional energy based system

Analysing the hotspots of the annual environmental impacts of thgzieodly house it
is clear that electricity consytion has the highest impact as the power is generated with the
Hungarian energy mix, which is based on 43% nuclear power, 29% natural gas, 17% lignite,
3% other fossil and only 8% renewable energy [7]. The environmental performance of the
energy systemfdhe ecefriendly house would be better if the share of the renewable energy
sources could be higher in Hungary. If the power could be generated with the highly
renewable Norwegian mix; which is based on 96% hydro power, thus its environmental
impact is wo orders of magnitude lower; the environmental impacts of thérieewlly house
would be no doubt favourable compared to a conventional energy based house.

The environmentaperformanceof the examined energy system of ddendly house
can be improvedvith an additional a photovoltaic system as the environmental impact of
solar power generation is one order of magnitude lower compared to the Hungarian energy
mix.

3 CONCLUSION

This study focused othe environmental impacts of the energy system okem
friendly house in Hungary comparing the results with a conventional energy based house.

TheLCIA resultsshowed that frona global environmental point of viethe examined
geothermakolar system is not favourable in all aspects. However, the GWReas by 25%
but the POCP and PEDs about the same while the AP and EP is almost twice as high
compared to a conventional energy based system.

The environmental performance of the examined energy systetime @cofriendly
house can be improvefithe corsumed power is generated with a photovoltaic system.
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COMPETITIVE DISTRICT HEATING A
DECISION SUPPORT MODEL

P®t er Jakahb
Budapest University of Technology and Economics, Department of Energy Engineering

Abstract: The main objective of this paper is to build a decision support model in the field of
district heating. A model like this could be very useful because nowadays in Hungary and
worldwide district heating faces serious changes and this model is capable of calculating
interventions and comparing different systems and technologies. The model shows the
competitiveness, the financial output of each system. A scenario is shown in the paper for
demonstration purposes.

Keywords:district heating, modeling, energy strategy, competitiveness

1 INTRODUCTION

Nowadays district heating faces several problems #fiduities i both in Hungary and
worldwide. The increase of energy efficiency, the spread of renewables, the changing
situation of CHP generation both have a serious effect on this field. In order to make
systems and interventions comparable, we dediddulild a decision support model which
presents the goodness and competitiveness of each system based on the technical and
economical properties of the district heating.

2 SYSTEM MODEL

The basic subsystem partition is the following: generation, distribution, consumption.
[1] We used a differentiated partition to describe the subsystems properly according to our
objectives.

In the heat generation subsystem we examined the heating pleatis,g power plants
and gas engines. In the heat distribution subsystem we focused on the losses which hail from
the transportation of the medium. Income is generated in the heat consumption subsystem, the
losses in this part are not presented in theaghod

In the model, the heat generation subsystem consists of the heat generation units, the
heat consumption subsystem represents the consumers (the consumer substations) and the heat
distribution consists of the circulation pumps (CP) and the pipe networkreghstructure
and the one used in the model, representing this district heating system can be seen in Fig. 1
(the model subsystems are highlighted with interrupted lines).

S
Heating P Heatina PP Gas Enain€¥ pistri- Heat
. Consumptio
bution
. _ losses
Heatina Heatina Gas Enqme
Plant Power Plant Consumotlon
_P— e — I —
Heat
Svstem operation Clrcul ati Olir)llstrlbutlon

Fig. 1 The subsystems of the district heating system

135



12" International Conference on HEAT ENGINES AND ENVIRONMENTAL PROTECTION A -29/May 2015, Hungary

To build the model we needed a software which can present the equations visually and
also, changing parameters and displaying results easily were an important issue. According to
these conditions we chose the MATLAB Simulink software.

The description oftte heat consumption consists of the heating and domestic heat water
(DHW) demand calculation. The heating demand is calculated by integration of the duration
curve which makes changing parameters g. lowest temperatuiepossible as input of the
model. The curve is a transformed version of the distribution function of the outside daily
mean temperature. [2]

Description of the DHW duration curve also could be made similarly but for the
amplitude is smaller (and it also occurs in a different term) DHWaahel is calculated via the
mean yearly DHW volume per consumer.

The heat distribution subsystem models the losses which cause the differences between
the generated and sold hé&asuch as network loss and extra heat loss. Also the costs due to
the circulaion of the medium (the electricity demand of circulation pumps) are presented in
this subsystem

To model the circulation of the medium it was expedient to introduce a parameter which
explains this process well. The correlation between the theoreticalation performance
(Pmeg and the sold heat (9 the total pipe length (L) and the multiplication of this two
guantities were examinddboth for summer and winter periods. Correlation was evaluated by
the R of the linear trendline and the besteppr ed t o be the cosinecti c
Pheo Knowing these, the annual cost of electricity consumption of circulation can be
calculated. Calculating the network losses is also a difficult issue (mostly because of the
syst embs c han gertregandtpeecongplicatenl metwork twpology). Because of
that, the network losses are calculated via the application of an anual network loss factor. The
extra heat losses are caused by the difference between the volume of medium flowing out of
and into he system. This is also represented by an annual factor in the model.

Modeling the heat generation units our goal is to calculate the generation costs of heat.
The balance equations based on the most important parameters are calculated as well as the
financial connections. The share of each heat generation unit can be set in the system
operation subsystem.

The costs are divided into four groups: fuel costs, annuity, maintenance costs and costs
of auxiliary equipment. The fuel costs are calculated viancalaequations, combustion
technology equations, efficiencies and specific fuel costs. The annuity and the maintenance
costs are calculated using the investment costs. The costs of auxiliary equipment are divided
into three parts: air fan costs, flue gas faosts and costs of other equipment (in case of
heating power plant and gas engine, these costs are represented indbesseifption).

The model calculates the supplied heat in the heat consumption subsystem. The
generated heat is calculated from thapplied heat in the heat distribution subsystem,
according to the values of network and extra heat loss factor. The circulation costs caused by
the pressure drop during heat distribution are calculated via the already calculated supplied
heat and the totpipeline length. The quantity of generated heat for each unit comes from the
system operation subsystem where the shares are set. The inputs are the generated heat and the
specific cost of electricity, the outputs are the total cost and the total inexeept for the
heating plant).

After all, we added the costs and incomes of the total district heating system which
shows us the balance of the district heating.

The income is the sum of the following:
Aincome of the electricity generated by the gagimes
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Aincome of the electricity generated by the heating power plant
Avariable income of district heating service
Afixed income of district heating service

The total cost consists of the following:
Atotal cost of heating plant

Atotal cost of heating posv plant

Atotal cost of gas engine

Aelectricity cost of circulation pumps

3 CASE STUDY

The model built following this method is applicable to decision support. Several projects
can be imagined where the application of this model would be useful to estimate possibilities,
costs, incomes, risks.

Evaluation of scenarios is not a main object¥ehis paper but we show one case as a
demonstration of the capabilities of the model. This case is the decreasing of heat demand.
The inputs of the model can be seen in Table 1. [3]

Table 1.The inputs of the model

Input Description Value
Ay e Maximum specific heating performace demand 5.417 KW
- Inner temperature of heated space 20 AC
gt Border temperature of heating 12 AC
n Number of consumers 42 000
- Specific yearly DHW demand 60 nt/a

Network loss factor 10%

Extra heat loss factor 1%

Total pipeline length 280 km
iDH.f Fixed specific income of district heating 55 000 Ft/a
iDH,v Variable specific income of district heating 2 596 Ft/GJ

Ce Specific cost of electricity 28 HUF/KWh
Ie Specific income of electricity 20 HUF/KWh

The heat generation units are heating power plant, heating plant and gas engine, with
performances of 100 MW, 100 MW and 60 MiWeach fueled with natural gas. The model
shows that the balance of the district heating system is 442.8 million HUF (ca. 1.44imb n ()

with 14.44 Dbillion HUF income (ca. 41.13 mi
million Q). I f the peak heat demand deceases
mi |l lion HUF (ca. -eden pointGs0aD29.7% deeas€, wkerelthe peakkheat

demand is 3.808 kW per consumer.
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producer (the heating plant) has a significantly decreased market share. Effects to the balance,

Fig. 2. shows the change of the duration curve. It can be seen that the peak heat

the income anthe expenditure are shown in the figures Fig. 3. and Fig. 4.
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Fig. 2 Duration curve after and before heat demand change
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Fig. 3. The changing of balance due to heat demand Fig. 4. The financial status of district heating in the

Oof

show the effects of a modification in the system. Without being exhaustive, here are some of

modification three scenarios

course this model stil | needs Ssome

the modifications which can lmalculated in the model:

A Entrance of new heat generation unit into the system (naturalvgasd chip and

waste fired plants can be applied)
A Modification of heat generation unit shares, optimization
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A
A
A

Modification of network and extra heat losses
Changps in the electricity and heat market
Heat demand change (both heating and DHW, number of consumers)

After further development, the model will be able to calculate the following:

A

To o o Do I

Modeling the outsizing according to the correlation between the netwsskalod
summer heat demand decrease

Modeling DHW as nofconstant demand

More heat generation units in the model (e. g. geothermal heating plant and heating
power plant, solar thermal collector, heat pump)

Modification of efficiencies at partial load

Salaries and other neenergy costs

More precise estimation of circulation pump electricity consumgd Real time
modeling (not based on duration curve)

4 CONCLUSION

In this paper we showed a method and a mbdétling process to a decision support model
in the field of district heating. The 3 basic subsystems were divided into 7 smaller subsystems
which were calculated using the MATLAB Simulink software. The metHaodameling are
shown in the paper for each subsystem. Main inputs and outputs of the model are listed.
Finally we show a calculation of a scenario for demonstration purposes.

The main conclusion is that district heating faces serious changes nowadayg@ording
decisions is a very important issue. In Hungary, where district hdaéind in general,
residential heat supplyis not marketontrolled, aiding these decisions is crucial. Therefore
this model (and others similar to this) could make thesesbns significantly easier, and
maybe more transparent.
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MICRO -CHP TECHNOLOGIES AND POTENTIALS

Gyul a Gr - f
Department of Energy Engineering, Faculty of Mechanical Engineering
at Budapest University of Technology and Economics

Abstract: The benefit of the combined heat and pogesreration available independently of its
dimensions and in case of the utilization of the removal heat from any cycle might useful if the

cost of the needed equipment is meaningful. The key issues are the electricity and gas prices. In
case of Aeeresg@Qyipodos no room for application
incentives. Probably more efficient is at the national level to support availability of the modern
technology than lowering prices for everybody. Government policies supporting Qki€

are likely necessary to achieve the full potential of raCHP.

Keywords:micro-CHP, supportenergy saving, C&reduction

1INTRODUCTION

Accordingto the second law of the Thermodynamics the continuous operation of any
cycleis impossible without continuous heat removal. Using of this necessary removed energy
is the basic advantages of the so called Combined Heat and Power (CHP) generation. When
maintaining of technical conditions to utilize this removed energy does not mean
extraordinary costs than this kind of heat and power generation may be economical and could
meansaving of the primary energy][1The key issue is the meaningful cost of the needed
equipment and the electricity and gas prices. When the natural gas qoiced force for
investing into the energy savings solutions there is no places and we are not able to meet with
propagatioof such kind of equipment. Todayo6s Hung
gas prices conserve the obsolete household tkadiee more over this situation is
emphasized by the energy poorness. There is no way out from this contradictory situation.
Greater parts of the population are not able to buy the necessary energy and even not able to
invest up to date equipment in orderreduce the cost of their energy needs. But substantial
change of the obsolete gas equipment may reduce the household costs without price reducing
and decrease the natural gas utilizations in the national level as well. The touchable
advantages of the (M generations are available independently of its dimensions. The
ongoing development of the micro scale CHP equipment might be observed in the last decade
and wide selections of the applied technologies were introduced into the market. These
processes arencouraged by the governmental programs in some developed countries like
GreatBritannia, GermanyNetherlands, Denmaxk Japan [2].

2 CHARACTERIZATION AND TECHNICAL OVERVIEW

2.1 Basics obperation

The electricity production of the micro CHP units gatlg are around -B KW, with
the efficiencies arountd=~0.140.2 and the heat production are arousd5kW; with the
efficiency arounchi=~0.8 depending on the applied thermodynamic cy€le keyelement
of the micro scale CHP units is tlpart thatconverts heat directly or indirectly into the
electricity. Thispartis so called prime moveilhe prime movegenerallyis the basic cycle
that converts thermal energy into electricity. The prime mover could be an internal or outer
combustion engine, a fuel cell, a micro gas or steam turbine or a Hedeoioc generator.
There are market ready solutions and available yntsdhat usedifferent type fuel cellor
based on the IC engines, or Stirling engindgplications of the rest of the mentioned
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technol ogi es

units are according to theg. 1.
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Technically the micraCHP does not differ from the greater scale variation. Important
issue might be thgpossible there is no separated interest among of the owner, the operator
and the heat utilization entity as it happens most of the cases in the middle or large scale
usage. This separated interest lead to a certain situations in Hungary related toPthe CH
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Fig.1. General application of the micf@HP units [3]

generation and adjournment of the support resulted setback of the market.

2.2 Technical overview

Internal combustion engine$he basic role of mick€HP technology is substituting

the household boilers and its heat generation capacity is tailoredliagtyr Applying the

small IC engine as a CHP unit prime mover does not mean a technical challenge: packing into
the properly insulated box (sound & heat) together with the needed heat exchangers and
storage tank. This solution offers the widest power edngusers. It is worth to mention that
comparing to the automobile engines this engines have to be able operate some ten thousands

state

o

hours. The maintenance might be the real back draw of these solutions. The constant power

operation has effect on the camstion as well, for example the Yanmar [4] made engine
operates according to Miller cycle and the maintenance periods are 10000h or 2*6000h. The

available units are listed in Table 1.

Table 1.Available IC engine based micro CHP units

Manufacturers Eower, kV(\/g Appliance Avalilability (:Dnré(t:aelfe d. 2011

Honda Ecowill 1.2 3 Home 2003t - | 7000 EUR

Vaillant 1 2.5 Home 2011t R 23000 EUR

Baxi Dachs 5.3 10.4 Home /Commercial 2000t R 18500 EUR

Ecopower 4.5 12 Home / Commercial 2008t - | N.A.

EC Power 4-13 17-29 Home /Commercial 200kt R 28000 EUR

Yanmar 3.7-25 | 12-50 Home /Commercial 2007t R N.A.

VW EcoBlue 20 34 Commercial caution + renting fee: 5000 EUR
(only in Germany)

Stirling engine:There are different technical implementations based on Pistiding

cycle that differ in the numbers of cylinder, the applied mechanism for synchronizing the
pistons (Alfatype, Betatype etc.) and these Kinematic Stirling Engines generallyl reee
complicated mechanism. The Fgiston Stirling Engines do not have rotating parts; the

*Commercial: block hase, shops and workshops
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alternative movement of the piston directly generate electricity by the help of a linear type
generator. The movement of the pistons are very small, but the foggsesuite high. There

are several homepages in order to help understanding the operation of these engines
(http://www.animatedengines.cmThe working fluids might be Air, He, Netc. The
motivation for realization of the Stirling cycle is the high efficiency that can be reached.
Theoretically it is equal to the Carnot cycle efficientiye available units are listed in Table 2.

Table 2.Available Stirling engine based micro CHhiRits
Power, kW . A Prices
Manufacturers E 0 Appliance Availability (Installed, 2011)
. 2010

Whispergen 1 7+7 Home E.On SanevoBaukontakt 14000 EUR
2010

Baxi Ecogen 1 306 2 4| Home Baxi, RemehaVaillant, 9800 EUR
Viessman
2000

Infinia STC 1 4 06 4 0 Home Rinnai, EnatecBosch, 18500 EUR
Ariston, Infinia

Disenco 0. 59|12 Homg/Com Inspirit N.A.

mercial.

Remark: Part of the heat comes directly from the burner.

Rankine cycle:Essentially it is the traditional power generation steam cydhe T
working fluid might be the water or any other refrigeration fluid since the reverse ordered
Rankine cycle is applied for many decades; the working fluids are suitable for power
generation as well. Not only the turbine could be applied for conversion the enthalpy of the
stem phase into work the expansion could be happen in the other type volumetric machine.
Not to count the expander the other parts are commonly used in the energy engineering. The
available units are listed in Table 3.

Table 3.Available Rankine cycle ls@d micro CHP units

Power, kW . Availability
Manufacturers E 0 Appliance Status Expander type
Genlec Energetix 3 10 Home In 2011 pilot Screw expander
Daalderop
Climate Energy 3 30 Home/Commercial | N.A. Screw expander
(Honda)
OTAG 0. 2|2616| Home 2006 Piston engine
Enginion 362|2. 58 Commercial N.A. N.A.
Cogen Micro : .
(Applidyne) 25 12 Home 2013 Piston engine

Fuel Cell: The fuel cell directly converts chemical energy into electricity. The major
parts of the cell are the anode, cathode and the electrolyte. There are many different types
according to the type of electrolyte and/or anodmthode material variation. Theelucell
based micraCHP units are preferable in Japan. Due to the lower heat generation capacity the
fuel cell micreCHP units are suitable for DHV application or an auxiliary boiler is also need
to be installed when the heat demand is higher. The reaktbreugh might be achieved by
the i mplement-adtstocmm fodelt heelil owThe avail abl e

Micro gas turbineThe construction is very similar to the turbocharger. High speed and
relatively low efficiency are the major charagstics of the cycle. The high speed is handled
by the air bearings or magnet bearings. The Capston (US) made systems are well known that
could operate by natural gas, by {gas or by diesel fuel. The units are applied as the
emergency electricity geraors. In CHP units the flue gas heat exchangers are integrated.
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There is a €30 unit in the Laboratory of the Department of Energy Engineering with the
department members developed heat recovery solUt@navailable units are listed in Table 5.

Table 4. Available fuel cell based micro CHP units

Manufacturers Eower, k(\/gv Appliance iﬁillj:bility Cell type
Vaillant 164./2005(Homme/Commercial Test PEM
Baxi Innotech 1 2 0 4 0 | Homme/Commercial Test PEM
Viessmann 1 N.A. Homme Laboratory PEM
Panasonic 1 1.2 Homme since 2011 PEM
Toyota 1 1.2 Homme since 2010 PEM
Toshiba 1 1.2 Homme 2009 PEM
JX (Eneos) 0.75 0.8 Homme 2009 PEM
Ebara Ballard 1 N.A. Homme 2008 PEM
Hexis 1-10 N.A Homme/Commercial since 2013 SOFC
CeramicFuel Cells 1.5 0.6 Homme since 2012 SOFC
Ceres Power 1 N.A Homme since 2012 SOFC
MTS-Acumetrics 2 N.A Homme Test SOFC
Topsoe 1 N.A Homme Test SOFC
OsakaGagyocera 0.7 0.8 Homme since 2009 SOFC
Table 5.Known micro gas turbine based CHP units
Manufacturers Eower, kW 0 Appliance Status
MTT 3 15 Homme/Commercial | Test
30 40-50 Commercial
Capstone 60 100120 | Commercial 20000 units sold
200 400500 | Commercial

Thermaelectric Generator (TEG)he Seebeck effect is utilized in the TEG units and
the applications cover those cases when the power need is sufficiently small. The gas burner
heated TEG units were applied in the-i88 and in the space technology is known the
radioactive source heatctlEG gener at or application on sat
targets of the development, but there are several hardly overcome problems. Generally the
applied materials good heat conductors, since they have to conduct electricity as well. The
current ado heats (Joule heat) the structure itself and maintaining the needed temperature
difference lead to the enormous losses and low efficiency. It is possible to produce electricity
by TEG unit to cover the setfonsumption of the heat generator (boiler, fitgce etc.) and it
could operate in case of blackout as well. The market ready solutions are not known.

3 APPLICATION EXPERIEN CES

The investigationgelated to the micro CHP show that determination of the certain
capacity is more important issue in the micro scale comparing to the middle or large scale and
the systematical planning is essential [3]. The basic input is the heat consumption and only in
the case of well suited system might be the investment economical. Without incentives in
most of the cases the rational investment expectatishsrter return than ten yeargannot
be fulfilled. Generally the optimal capacity means 80% cover of thedemaands and 85%
cover of the actual electricity demands. The primary energy saving is arouR8%20
depending on the applied prime mover type [3]. (The summation of this savings will be the
benefit at the national level.)

The earlier investigatiaessetially report similar results in the question of the power
fitting. The major finding is that only the heat demand controlled solution could result
primary energy savings and the return time of investment mosé afises are not acceptable.
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[5] More soplisticated methods (model predictive, soft computing etc.) could result additional
1-10% energy savings depending on the certain conditions compared to the Iseaple
demand control method J[6From the point of view of the grid supply the remote contfol o
the CHP units could be applied to fulfil the peak demands in electricity when the heat storage
capacities are installed but ttaly level the operation reans heat demand controlled [7

In the frame of the pilot project 500 houses were installed Witispergen (1.1 k\gf
type micreCHP unit in Manchester, UK. The monitoring results of the 54 houses are
summarized in [8]. The basic findings are that 1) the yearly electricity export towards to the
grid nearly was negligible and happened only 24 houessasn in whole year; 2) the average
peak load sum for the 54 houses was 76 kW, 3) the starts and stops of the engines caused
noises remained below the standards. The overvoltage might happens if the production
significantly greater than the consumptiomidT situation is uncommon but it is worth to call
attention of the consumers for such cases.

It is obvious that in case of installed miggdP the consumers need also the-bely
metering system. Monitoring of the consumer attitudes and to know how thie tawiéf
system could effect on the daily consumer profile we need the smart metering technology.
Treating of the techreconomic and social effects due to introduction of the smart metering
is far away of the borders that we have in this communicatibreve mention that it is very
important getting information on the quantity and the hourly profile of the RUeiB
electricity production to improve the control and operation methods.

4 FUTURE TRENDS AND PROGRAMS

There are considerable proposals in i€ speed up the spreading of mieZdiP
technology. According to new energy vision of [9] the mi@idP sum capacity could reach
the offshore wind farms sum capacity. Greater parts of the households use 85% of the energy
consumption as heat and the IC ergor Stirling engine based micro CHP units fit well for
that case since they electricity to heat production rates are about-15toThe installable
power capacity altogether could be somewher@2%We [9], grater parts would able to
operate in peakoflow mode. The planned 12 million units could result3@ Mt CG
emission reduction pro year. The fuel cell type systems fit for only DHV application. The
installable potential is 2&W, and they would operate as a virtual base power plant. For the
owness the greater part of the income would be the own electricity (no VAT, etc.) and lesser
part of the surplus production. The potential grid level advantages are: 1) quick spare
capacity; 2) better frequency; 3) decreased grid losses; 4) decreasing cctinges rpower
losses. If the heat storage installation is general the heat controlled operation could be
disestablished temporary depending on the charging level. The simple feed in tariff systems
are crude for the needed concerns and the potentials ofith@ CHP application would not
be reached.

In Netherland according to the future plans in 2030 from 2 to 4 million PQEtB units
would be in operation. Modelling of the penetrations of the technology the base scenario is
the condensing boiler applicatioThe owner decisions are investigated parallel in case of
different support systems and possible evaluation of the f@iEi® technology. The key
issue is the efficiency of heat production from the technological site and the amount of
produced electricityhas minor impacts on the decision if there is a single tariff system and
only a sellbuy meter is installed [10]. In Germany nearly the same findings are reported in
[11].

In the frame of End-arm project in Japan, launched in 2000, the applied riiete
technology based on fuel cell. The manufacturing is concentrated for three actors (Toshiba,
Panasonic, JX Energy) and the big gas supplier companies promote for their costumers the
units. More than 20000 units were installed from 2008 to 2011. It is deldedQ000 unit
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installations pro year and there are planes to increase this number to 50000 units pro year.
These figures are the results of the certain support method, in regional level variable (50000
500000 YE) incentives are offered for the costumEng. amount of the feeding is the sum of

the governmental support and the local authorities support.

5 CONCLUSION

Wild rangeof technologies and capaeis are available for application of the micro
CHP generation. The technology at the moment is too sie@and there are no signs for
increasing penetration without proper governmental support. There are enormous potentials if
the technology is applied in massively. Theoretically, in the national level, some million
installed units would be able signifidgin reduce the C@®emission and the natural gas
consumption [12]. To achieve these goals we need not only the development of the
technology but alsohangeour mind thinking about power generati¢i3]. More over there
is a decisive need forew concep of support systemslhe nowadays solutions are to crude
for catalyzing the needed social processes. Moreover the efficient use ofGhiEro
generation isndispensable withouhtroducing snart grid
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Abstract: The paper introduc&nhanced Geothermal System (EGS) technology. An EGS has
artificial reservoir, created where there is hot rock but insufficient or little natural
permeability or fluid saturation. Advanced EGS technologies are young, still under
development. There are atlof questions in connection with development of an extended,
sufficiently high temperature and permeable fracture network with suitableekelaanger
surface for longterm operations. The presentation will talk about parts and phases of EGS,
evaluation mthod of potential site, importance of drilling exploratory well and gathering
information and the risk of the establishment in reservoir engineering point of view.

Keywords:geothermaglEGS, reservoir, fracturing,

1INTRODUCTION

Before the short sum up tife EGS and the technology, the real purpose of this process
needs to be stated, as an initial step towards understanding. The aim and possible use of this
concept i's to gain a new renewable electric
crust ®r this Asimpleod aim, there are a few cri
any success. These are heat, fluid and pernigadilthe preferred depth. With this criteria, in
theory, EGS can be established in any kind of reservoir. Howevemrtitle deals with only
one type of EGS, the artificial fracture system based hydraulic fractured, dry HDR system.
The need for this method is great, because there are several thermally appropriate rock masses
with tiny or in some cases with no perme#pilHydraulic fracturing, artificially generating
pore space in common words, is a suitable s
stored heat. Dry rock systems are also created with manmadeflow of the fluid, so in this case,
the water supplysi also an engineering problem to solve. The main process is to extract the
heat content of the hot rock via a heat exchange of a-fiodkcirculated through the fracture
system. For this, there are a few rules of thumb already existing:

T Rock temperatureOET O1 A A@AAAA ¢nn J#

1 The rock mass, within the whole EGS is created should be greater than 300
million cubic meters

1 For a good heat exchange sufficiency, more than 10 million square meters
of fractured surface should be available for intensive heat transfe

It is important to state in the beginning, that no EGS establishment is the same, because
of the complexity of the process, but, there are a few steps, via the method can be fairly
described as a workflow. The first step is the locating and the charadtselection of the
site itself. This decision ultimately will define the type of the further steps, however it cannot
be carried out without an exploratory well. In addition, EGS wells are bigger in diameter,
harder to drill and deeper than most of getroleum engineering well types. The first vast
challenge before drilling, is to develop a geologic model of a potential site with geophysical
data and other surface and remote sensing explorations. In this location defining, the
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temperature gradientstrass felds and petrophysical parameters of the preferred area should
be easily accessible.

The next step in brief is the establishment of an artificial reservoir, with generated
porespace, and both production and injection wells drilled. Here fractdriligg, operating
methods and modeling all takes part in a complex design system.

The final work stage, the longest actually, is the maintenance of the reservoir and the
operation of the power plant, considering cooling times, efficiency, real reaaieablery
factors and thermal regeneration periods.

2 EGS PROSPECT

The biggest considerable studies based on artificial Hedh exchange are now
running inthe U.S.A. and in Europe. In Hungary, EGS projects are in connection with the
NER300 project maagement system. This NER300 is the financial supply of projects
considering the storage of G@h underground reservoirs, and innovative technologies in
application of usage of the renewable energy sources, funded by the EU and the EC.

The official ECdedi on about the AD®I Al f°l di EGS e
such as:

1 A minimum direct feed rate of 5SM\Wé capacity

1 With this electric energy, the substitution of actual import energy resources

1 Benefitting in local electric infrastructure improvement with a local
electricity production plant.

It is commonly known that developing an EGS system is a process filled with several
high-risk factors. From all of these parameters this script only deals with risk factors of
creating an artificial reservoir and afades of the real available thermal recovery factor. In
Hungary the most possible locatiar the EGS system is in granitieck formations, at 4000
meters depth, at temperature above 20C . The final EGS site wi
geothermal concessionea, where the consortium has won the concessional right in the
November of 2014.

To be clear, though EGS is established in a same methodology as petroleum
engineering systems, these regions are much more deep and hot, and the suitable formations
are in toal difference There are a few issues that have yet to be resolved, sgethasng
real and applicable data from that area of the crust

The regions of possible EGS s¢gms in Hungary are not well @rred, but the
petrophysical parameters of the granisuch as porosity and permeability) can be estimated.
The exploratory drilling processes just hardly reached the upper part of the granite, thus no
core samples or any measurement data is known both for the rock and the fluid properties
also. The valuesf the local geothermal gradient can be extrapolated from measurement data.

Our opinion is that the risk factors of the project can be reduced if a successful
explorationdrilling occurs, and if the information obtaining program is well established.
Drilling in HPHT conditions and in hard rock formations will definitely need the knowledge
of the engineers of the oil industry. During the establishment of the exploratory well, a high
performance drilling rig have to be rented for a long period of time, aspeaial mud
technology also have to be carried out and set up in hand. The temperature in Hungarian EGS
zones currently exceeds the operation limits of average borehole geophysics instruments.
Beside this, a few of extreme conditional instruments areadlajl but the possible solution
assemblies are far beyond industrial practice.
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The fundamentals i n estelsbwillibs the anglysit 4nd EGS
synthesizing of logging data, measurement results arelseonples. The well pattern and the
drilling schedule can only be designed if the stress field of the area is well explored, and
representative values are known. It can be a both time and money saving process for example,
if all the wells needed for the EGS8e drilled from only two pads with directional drilling.
The biggest challenge in hydraufiacturing at these conditions the watedemandfor the
massive fracturing, and for the filling of the fractured system. Hydraulic fracturing is a
worldwide conmonly used method in exploiting unconventional hydrocarbons, and the
applied technology trivially causes some micro seismic activity. To be clear, this magnitude
of underground movement is natural, and nor can be felt by humans, neither can be measured
with casual seismic equipment. The scales of micro seismic activity caused by fracturing
hardly even reaches the scale of constantly occurring natural seismic activities in Hungary.

The most important challenge to solve (and also thesbigisk) in estabshing an EGS
|l i ke energy production system is to <create
sufficient efficiency to function as a permanent heat exchange system.

The next part of this script is an estimation of the thermal recovery factor oftanegks
EGS system, based on the project presented above.

3 ESTIMATION OF THE THERMAL RECOV ERY

The estimation of the assumed E€Y st emb6s geol ogi cal resour
were based on the following:

In connection wh the system itself, the well path and the data needed for the
estimation were obtained from:

1 data from the NER300 project, as mentioned aboye

1 technical literature and referencedq1],

1 achievements and consequences gained from previous, already finished,
or simultaneously running projeds,

1 experiences from real and working oilfield appled methods.

The first step of all geothermal resource and resele®nition and dassification
systems is the determination of the Total Thermal Energy in Place. In terms of EGS systems,
declaring the rock volume only as carrier of the TTEP is not a big mistake, because the energy
from water asturated pores (as porosity of these systems as a fiothemnal energy storage
is barely inerpretable) can be easily neglitg. Determination of TTEP, named from this
point as assumed geothermal resource, is started with the calculation of the total thermal
energy contamination of the rock volume within thedel is created. The baserfala of the
calculation is:

QTotaI =r RCRVT (TRO - TSurfac) (1)

whererr = is the density of the rock (granite in this specific case) 2800%g#m is the
specific heat of the granite 840 J/kgis = is the total defined rockolume nf, Tro = is the

temperature of t he r e s,eTeuMeo=iig thei refeencensurfacea | st
temperature 10 AC.

In addition, if the economic explottan of the thermal energy from a reservoir is not
optional, it cannot be defined ag@othermal resource.

The next step was to define the real rock volume which can be reached with actual heat
transfer via the fluid circulation within the fractures. This evokes the introduction of the rock
volume, that intensively takes part in heat tfangVr). The determination of this rock
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volume was carried out based on the studies of JEjbik few affordable simplifications
were also applied, where possible.

From our aspect, it is a much more realistic option to choose, when the thermal energy
(stored as heat) within thérvolume is the temgature difference between the initial and
the minimum allowable abandonment temperature, not in reference to the surface. Thus,
introduction of the Recoverable Thermal Energy in Place is appropriateh vhithe
following:

Qrec =7 RCRVTInt(TRO - TRA) (2

whererr =is the density of the rock (granite in this specific case) 2800%g#m is the
specific heat of the granite 840 J/kg¥ine = is the rock volume which participates in heat

transfer M, Te=i s t he temperature of t h@ra¥ietheer voi r
mi ni mum all owable abandonment temperature AC
The parameters of the rock mass including the artificial fracture system were obtained
from the data of the project, from the available publications, announcements, etc. The lower

criteria of the project was 5SMW or more network feed. Based on economgesarhl other
decisions, the aim of the project is up to 11 MW as a possible feed capacity, where the net
performance of the system is about 8,6 MW.

The design of the EGS system will be a 6 well pattern with one additional monitoring
well. The pattern (2njection and 4 production wells initially) will be created in a way to
allow post processing, auding switching between well types. There is also the opportunity
of thermal regeneration witthis pattern in terms of mogihg the parameters and producatio
rate i n a -lkesystem. Thivopesationad sirategy will lengthen the lifetime of the
thermal reservoir.

Production wells

Injection well

Fig.1.Plan view of the production and injection wells, and the formation heights for each scenario

Figure 1.shows the created modeased on a more secure approach. Our calculations
were carried out in 3 scenariosskd on the height of the heednsfer regpns. (200, 300, and
500 meters as heights/scenario). The temperature in each scenario is a possible formation
average wihah is deived from geothermalrgdient measurements made on the project area.

In the EGS model, the rock mass, including all injection and production wells, is
1500x750 meter in X and Y direohs, and is treated as a rectangular shape. The Z coordinate
of the moel, the depth orientation, thus the formation height, is varying in each scenario, so

152



Jobbi KAFEASBITY QUESTIONS OF AN EGS RESERVOIR

that, it will end up in three different hot rock volumes. According to RydacB00 million

cubic meters of rock volume is needed for a 5 MW power, and the minimuneritome for

this rule of thumb is 200AC. I n terms of pr
this system will be the efficiency of fracturing. The active heat transfer surface in Fenton Hill
Phase |1 6s artificial r &in the final feport of the projd@c | ar e d
Despite the fact that the process of cooling has already exceeded the original heat changing
systembébs cooling in time, it was stild!l not
our further calculationghis value will be the lower feedback margin.

The surface, which takes intensively part in heat transfer between eagbaivellas
introduced equal as a 400x70 meter rectangular surface pair opposing each other, based on
previous workflows. To add, withhis approach, the total intensive heat transfer surface in
scenario 1 (formation height is 200 meter) is 2x400x200 which equals to a 166000 m
fractured surface. The areal efficiency of the fracture system was defined as 35%, based on
the works of Jobbikrad the measurement data from Phase |.

The aim of this script is not to create a detailed summary of the transient heat drive
processes which occur in fractured racater systems, however, for all the estimations these
formulae and assumptions were indeedilt in form local and international technical
literature and publications, in the bgodund. In some of the other steps encountered,
decisions were made along analogies from previous models and projects.

Based on the data available from the projectvtiiame flow between well connecting
fractures of the system was defined as about 40 liter/sec. The minimum allowable
abandonment temperatur e i n this model I S
temperature). The volume of rock mass, which can be ingdoiventensiveneat transfer, was
maximized in 4 meters, according to this. The rock volumes (total and intensive), the
abandonment temperatures, and the TTEP and RTEP of thariesewere imported into
table 1

Table 1Rock volumes, average reservteémperatures, TTEP and RTEP data

S1 S2 S3
- 10° m? 225 337.5 562.5
Viint 10° m? 26.9 40.3 67.2
Tro AcC 200 210 225
TTEP | PJ(16°J) 100.6 158.8 284.4
RTEP | PJ(16°J) 0.63 1.90 553

The recovery factor of this system were defined as:

— QRec — r RCRVTInt(TRO - TRA)
Ql'otal r RCRVTDist(TRO - TSurfac)

The recovery factors of each scenario are:

M ®3)

Table 2Recovery factors

Recovery factors S1 S2 S3
Mec % 0.0063 0.012 0.019

The valus obtained in percentage aréat@ely small matching our expectations. This
phenomenon occurs because the rock masses and the temperature differences regarding
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surface conditions are misleadingly big in scale so when taking these as a reference value the
final recovery factors will bensurprisingly low values.

4 CONCLUSION

The establishment of the EGSG6s artificial
problems to solve for the implementers of the project. The scale of the rock volume, which
takes part intensively in heat exchangan only be estimated, and this will be the base of the
electric performance calculations of the plant.
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Abstract Stationary fuel cell power systems have the potential to make a substantial
contribution to power supply systems, particularly on those that present a rising share of
renewables and a decentralized energy production scheme. This article examines the
techhological development experienced by these devices in the two countries that lead in their
implementation and development, i.e. Germany and Japan. The level of penetration of fuel
cells in these countries is compared through the contrast of the numbestalfations that

were achieved through energyplicy-based initiatives. In addition, the patent applications, of

the German Patent and Trade Mark Office (DPMA) are also analyzed and categorized
according to the fuel cell technology they describe. Alloviamghe different approaches of
market introduction of stationary fuel cell systems to be evaluated and the technological
strategies to be traced. The results show, that there is a lag of seven to eight years in the
number of installations of German maactiurers in the sector of polymer electrolyte fuel
cells when compared to their Japanese counterparts. The lead was achieved through a close
collaboration between the Japanese government, energy suppliers and internatatiay
technology corporationsA stable market introduction phase in Germany can be initiated by

t he European fuel cel | promoti on program
cooperation between German and Japanese manufacturers. Both, initiatives that have already
been launchedDuring the further course of commercialization, it is necessary to reduce the
production costs based on economies of scale advantages. This cost reduction is necessary if
these technology is intended to prevail against the competition from othercogaoeration
technologies. A government program for a targeted market introduction, accompanied by a
stronger commitment by energy suppliers, would be a decisive measure towards achieving the
mentioned cost reduction.

1 INTRODUCTION

Stationary fuel cell teclologies have the potential to deliver an important share of
decentralized, renewable and sustainable energy supply in the future. Among the more
widespread usages of fuel cells nowadays is as powertrain and/or energy source in electric
driven cars. Fuel dieheating systems, on the other hand, are intended and have the potential
to replace conventional CHP systems. Fuel cells constitute, then an energy efficient interface
between power and heating applications. Up to this moment, fuel cell heating syateams h
been operated using natural gas as a fuel. Nonetheless, several schemes to produce synthetic
natural gas out of renewable sources have been developed by the power sector, proving that a
climate neutral generation scheme using natural gas based fiseiscgbssible. Moreover,
these SNG production schemes constitute a
existing infrastructures, like gas storages and gas distribution grids to be also used for
synthetic natural gas commercialization. Stationfrgl cells can also be deployed as
decentralized combined heat and power generators, which can be used to equalize the
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increasing share of fluctuating power generation produced by Solar and Wind Energy. As
mentioned before, the synthetic methane producmad focal renewable sources can be used

in CHP applications. Resulting not only in the reduction of large amounts efg@®
emissions but also in further energy independence for the specific region and/or country. In
the case of the EU, considering itss&unabilityoriented energy policies as well as their
current strong dependence on energy imports, the vast development potential for the
stationary fuel cell technology is evident. This projected applicability and importance contrast
with the actual teatological development and market penetration of fuel cell heating
applications in the EU. This paper presents an interesting comparison between fuel cell
technologies and development initiatives between the two world leading countries in Fuel
Cell researchand development, i.e. Germany and Japan. Regarding Japan, since the year
2005, a large scale program ran by an alliance of policy makers, energy suppliers and fuel cell
technology developers has been implemented. In Germany, such development activities,
particularly those concerning market positioning are currently at a very early stage. The
present paper establishes the state of the technology in both countries by: comparing the
installation numbers of stationary fuel cell heating applications, describi@gcountry
specific funding programs and giving an outlook of further development strategies. It also
presents out a profile of the related patents in both countries based on the data available on the
German Patent and Trademark Office database. The$iée ps categorized by country as

well as for fuel cell technology. The research and development activities in both countries are
then compared with the installation numbers to evaluate and discuss the impact and success
that the specific research and d®pment funding programs have had in both countries.

2 COMPARISON OF INSTAL LATION NUMBERS IN GE RMANY AND JAPAN

2.1 Development in Germany

I n the case of Ger many, the demonstration
December 2014. Up to now, it hi@onstituted the largest project concerning stationary fuel
cell heating applications in the countijhe project was possible due to a cooperation scheme
between severanergy suppliers, specifically EnBW, e.on, EWE, MVVEnergie and VNG
Verbundnetz and anufacturers of small stationary fuel cell heating applications: Baxi
Innotech, Hexis and Vaillant. While, funding for the project was provided by the Federal
Ministry of Transport and Digital Infrastructure. It is relevant to mention that the company
Viessmann, another manufacturer of fuel cell heating applications, decided to abandon the
project, during its initial stage. The coordination of Callux, on a project level, was assumed by
the Centre of Solar Energy and Hydrogen Research (ZSW). The originafgoallux was

to implement more than 800 fuel cell heating devices in a five year period. In reality, at the
end of the project only up to approximately 450 units were installed, even though the
extension of the project was increased to six and a halfsy@he failure to reach the
projected installation numbers and the need to extend the project duration are partly due to the
retirement of manufacturer Viessmann from the project at its early stages, and the decision of
Vaillant to abandon the high tenmpéure polymer electrolyte fuel cell (HFEFC) technology

and because of this to disregard the installation of the respectively originally projected units
within the Callux scope. Moreover, fuel cell heating units based on solid oxide fuel cell
technology also from Vaillant, only began to be installed in October 2011, hence about three
years after the project had started. It is clear that in spite of Callux shortcomings, further fuel
cell heating units have been installed in Germany outside the progttutarly through
specific funding programs sponsored by the German federal states and/or the EU. The total
number of fuel cell heating units installed in Germany during the last ten yeafs is
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approximately 1,000 devices. It is estimated that aboditofidhem are still in operation. In
contrastthis total amount of devices installed in Germany roughly corresponds to the number
of devices installed in Japan, on fiscal year 2007 alone. Figure 1 present the evolution of
installed units within the projé€allux in the 2008 to 2014 period.

Figure 10: Cumulative number of installed fuel cell units within the project Callux (Source:
Callux 2015)

2.2Development in Japan
In Japan, the Ministry of Economy, Trade and Industry (METI) manages all the public
funding programs related to fuel cell and hydrogen as a fuel research and development. The
New Energy and Industrial Technology Development Organization (NEDO), a sub
organzation of METI, is currently coordinating five programs focusing on the development
and evaluation of SOFC and PEFC based technologies. NEDO cooperates with multiple
public institutions worldwide, among which are the German Federal Ministry of Education
and Research (BMBF) as well as the National Organization for Hydrogen and Fuel Cell
Technology GmbH (NOW). In the field of fuel cell heating units for domestic energy supply,
the METI works hand in hand with the Fuel Cell Commercialization Conference ai Jap
(FCCJ). The FCCJ is the association that groups all the Japanese stakeholders in the field of
fuel cell technology. The main aim of the FCCJ is to coordinate funding initiatives within the
private sector. Up to this point, the largest joint project ©CF is called ENE-arm, which
derives its name from combining the words Energy and Farm. Numerous Japanese utility
companies are part of ENEarm as well as the three main device manufactuRasasonic,
Toshiba and Eneos Celltech (Neef 2011). The prdjastjointly developed a fuel cell heating
unit based on PEFC technology that generates up to 0.75 kW of electric power. This power
output can be modulated between 62B5 kW. Parallely the partners have also developed a
SOFC based unit. Both partnerg)et FCCJ and METI, have started the widespread
commercialization of their fuel cell heating units early in the year 2015. Since the beginning
of the project, their strategy has been to position a high volume of units through considerable
public subsidies irthe form of investment funding for eagers. The main aim of this
strategy was to reduce the costs of the each unit produced through learning effects and
economies of scale applied to the fuel cell value chain. This strategy has proven successful
and theinvestment funding per fuel cell heating unit has been progressively lowered in recent
years as the number of installed units has considerably increased and the production costs
declined. When compared with the numbers for installed units in Germanynhigers in
Japan are significantly higher. Within four years of market preparation, from the FY 2005
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