
          
 

 

 
 
 

6th International Conference on Thermal Equipment, 

Renewable Energy and Rural Development 

 

TE-RE-RD 2017 
 
 
 



              
 

 
 

6th International Conference on Thermal Equipment, 

Renewable Energy and Rural Development 

TE-RE-RD 2017 
 

 

ORGANIZERS: 
 

University “POLITEHNICA” of Bucharest 

Faculty of Mechanical Engineering and Mechatronics -  
Faculty of Biotechnical Systems Engineering -  

 
National Institute of Research – Development for Machines and Installations 

Designed to Agriculture and Food Industry – INMA  

 

Society of Romanian Agricultural Mechanical Engineers – SIMAR 

 

 

PROCEEDINGS 
 

 

Editors: 

 
   Assoc. Prof.dr.ing. Gabriel-Paul NEGREANU 

   Senior Lecturer dr.ing.Iulian-Claudiu DUȚU 
 

Moieciu de Sus – Romania 
8-10 June 2017 

 

ISSN 2359 – 7941  

ISSN-L 2359-7941 
 

 

Editura POLITEHNICA PRESS 

 

COVER: Gabriel-Paul Negreanu 



II 
 

 
SCIENTIFIC COMMITTEE 

 
Dr. Atanas ATANASOV       BULGARIA 
Prof. Viorel BĂDESCU       ROMANIA 
Prof. Hristo BELOEV       BULGARIA 
Prof. Alexandru DOBROVICESCU      ROMANIA 
Dr. Cătălin DUMITRESCU      ROMANIA 
Prof. Iliya ILIEV        BULGARIA 
Prof. Ion V. ION        ROMANIA 
Prof. Krzysztof JESIONEK      POLAND 
Prof. Önder KABAŞ       TURKEY 
Prof. Imre KISS        ROMANIA 
Prof. Silvio KOSUTIC       CROATIA 
Prof. Gheorghe LĂZĂROIU      ROMANIA 
Prof. Edmond MAICAN       ROMANIA 
Prof. Milan MARTINOV       SERBIA   
Prof. Nicolay MIHAILOV      BULGARIA 
Prof. Jaroslaw MILESKI       POLAND 
Prof. Alfonso NASTRO       ITALY 
Prof. Vlastimir NIKOLIC      SERBIA 
Prof. Simeon OKA        SERBIA 
Prof. Constantin PANĂ       ROMANIA 
Prof. Gigel PARASCHIV      ROMANIA 
Prof. Ionel PÎȘĂ        ROMANIA 
Dr. Ion PIRNĂ        ROMANIA 
Prof. Tudor PRISECARU       ROMANIA 
Prof. Violeta RASHEVA       BULGARIA 
Prof. Kemal Çağatay SELVİ      TURKEY 
Prof. Mariana-Florentina ȘTEFĂNESCU    ROMANIA 
Prof. Marija TODOROVIC      SERBIA 
Dr. Cristina-Elena RADA      ITALY 
Prof. Rosen VASILEV       BULGARIA 
Georgi VALTCHEV       BULGARIA 
Prof. Gheorghe VOICU         ROMANIA 
Dr. Nikolai ZLATOV       UK 
 
ORGANIZING COMMITTEE 

 
Chairman  Prof. Lucian MIHĂESCU   ROMANIA 
Co-chairmen Prof. Sorin-Ştefan BIRIŞ    ROMANIA 
   Dr. Gabriel-Paul NEGREANU   ROMANIA 
   Dr. Valentin VLĂDUŢ    ROMANIA 

Dr. Iulian-Claudiu DUȚU    ROMANIA 



III 
 

 
Members  Dr. Cristian-Gabriel ALIONTE   ROMANIA 

Dr. Valentin APOSTOL    ROMANIA 
Prof. Mircea BĂDESCU    ROMANIA 
Dipl.Eng. Viorel BERBECE   ROMANIA 
Dr. Cristina COVALIU    ROMANIA 
Dr. Mihaela-Florentina DUȚU    ROMANIA 
Dr. Irina Aura ISTRATE    ROMANIA 
Dipl.Eng. Mihai MATACHE   ROMANIA 
Dr. Elena POP     ROMANIA 
Dipl. Eng. Elena SORICĂ   ROMANIA 

 
Secretary   Dipl. Eng. Iuliana GĂGEANU   ROMANIA 

Dipl. Eng. Mariana MUNTEANU   ROMANIA 
 
 

CONFERENCE SPONSORS 
 

 
Șos. București - Măgurele nr. 232 

051434 București 5, România 
Tel:     +40 21 255 31 32 
Fax:    +40 21 255 30 66 

 

 
Calea Basarabiei nr. 96B 

Loc. Huşi, jud. Vaslui, Romania 
Tel. / Fax. +40 335 426 839 

 

 
Str. Mihail Kogălniceanu nr. 60 

Roşiori de Vede, Jud. Teleorman, Romania 
 



IV 
 

 

 

CONFERENCE PROGRAMME  

 

Thursday, June 08 Friday, June 09 Saturday, June 10 

  

Breakfast Breakfast 

15.00 - 16.00  
Registration of participants 

08.30 - 09.30 
Registration of participants 

09.00 - 12.00  
Networking 

16.00 - 16.30  
Opening ceremony 

09.30 - 11.00  
Oral presentations 
“Sections 1 & 2” 

12.00 
Participants’ departure 

16.30 - 18.30  
Plenary session 

11.00 - 11.30  
Coffee break 

 
 
 

18.30 – 22.00 
Welcome Cocktail 

11.30 - 13.00 
Oral presentations 
“Sections 1 & 2” 

 

  
13.00 - 14.30  

Lunch 

  

  
14.30 - 16.30  

Oral presentations 
“Sections 1 & 2” 

  

 
16.30 - 17.00  
Coffee break 

 

  
17.00 - 18.30  

Workshop 

  

  
19.30 - 22.00  

Conference Dinner 

  

 
 



V 
 

CONTENTS 

 

SECTION 1: THERMAL EQUIPMENT 

 

1. Biomass storage approach impact of a power plant 

I. Bitir-Istrate, M. Scripcariu …………………………………………………………… 1 
2. Review on existing Brown’s gas (HHO) production’s systems and analysis of 

capabilities for its use in practice 

D. Deltchev, A. Terziev, I. Iliev ………………………………………………………….. 7 
3. Thermal analysis of light weight wall made from sandwich panels in the aspect of 

thermal insulation design for sustainable built environment 

D.M. Hachim, Q.A. Abed …………………………………………………………..……. 13 
4. Experimental aspects of laser ignition use at spark ignition engine 

B. Done ………………………………………………………………………………...…. 19 
5. Experimental aspects of the cycle variability study of a SI engine with Laser Plug 

Ignition system 

B. Done ………………………………………………………………………………...…. 25 
6. Micro CHP – chance of low emissions restrictions 

J. Duda, K. Jesionek ……………………………………………………………………… 31 
7. Equipment for study of various heat exchange conditions in capillary-porous 

structures of power equipment 

A.A. Genbach, D.Iu. Bondartsev, I.K. Iliev ……………………………………………… 37 
8. Heat exchange in oil-cooler at power station    

A.A. Genbach, K. Olzhabayeva, I.K. Iliev ……………………………………………….. 43 
9. Research and calculation of high-forced capillary-porous heat exchanger 

A. A. Genbach, N.O. Jamankulova ………………………………………………………. 47 
10. Simplified dynamic model of the building energy balance for the energy audit 

results interpretation   

M. Ibragimova, W. Streicher, V.Kambourova, V. Stoyak ……………………………….. 51 
11. Integration of biomass resources into existent district heating system 

I.V. Ion, F. Popescu, E. Dimofte …………………………………………………………. 57 
12. Numerical optimisation of polygonal breathing thermal manikins 

M. Ivanov, S. Mijorski …………………………………………………………………… 63 
13. Carbon footprint from coal-fired power plants in Republic of Serbia 

M. Laković, M. Jović …………………………………………………………………….. 69 
14. Analysis of flame aerodynamics for burning tests of animal fat mixed with liquid 

hydrocarbons 

Gh. Lăzăroiu, L.Mihăescu, I. Pîşă, G. Negreanu, E. Pop, V. Berbece, A.Bondrea ……… 73 
15. Impellers shape influence on the heat induced in liquid environments 

L. Mândrea, C.A. Băbuțanu, G. Oprina ………………………………………………….. 77 
16. Analysis of the possibilities of combustion of animal fat mixed with liquid 

hydrocarbons in boilers with small furnaces 

L. Mihăescu, Gh. Lăzăroiu, I. Pîşă, E. Pop, G. Negreanu, V. Berbece, A.Bondrea ……... 83 
17. Stack effect in high-rise buildings – importance of the curtain walling, windows 

and doorsets airtightness for the building performance 

S.Mijorski, M. Ivanov ……………………………………………………………………. 87 
18. 

Calculating the efficiency of the electrolysers for production of oxyhydrogen  

I. Nedelchev, H. Zhivomirov, R. Vasilev, V. Vasileva …………………………………... 

 
 93 

 



VI 
 

 
19. On combustion of diesel fuel-raw animal fats blends at diesel engine 

A. Nicolici, C. Pana, N. Negurescu, Al. Cernat ………………………………………….. 99 
20. Liquefied petroleum gas fueling of a truck diesel engine – an experimental 

approach 

N.C. Nuţu, C. Pana, N. Negurescu, Al. Cernat …………………………………………... 103 
21. Suppressing the formation of nitric oxide by a shift of the combustion processes 

and its decomposition by coal dust 

B. Ongar, V. Kamburova, A. Tuymebekova ……………………………………………... 109 
22. Monthly zero net energy loss for a south facing window with shutter, in Bucharest, 

a real possibility 

R. Popa, I. Udrea, T. Prisecaru …………………………………………………………… 115 
23. Realistic trends on automotive engineering development: combining hybrid with 

classic 

Al. Racovitză ……………………………………………………………………………... 121 
24. The design of the water diffuser system of a tank for a cogeneration plant with 

reciprocating engines 

P. Rădan, V.E. Cenușă, E. Arion, A.A. Adam …………………………………………… 125 
25. Energetic and exergetic analysis of combined cycle power plant with single level 

pressure heat recovery steam generator 

P. Rădan, V.E. Cenușă, E. Arion, A.A. Adam …………………………………………… 129 
26. Analysis of prospects of fuel peat consumption in Ukraine 

S. Radchenko, V. Zubenko, T. Antoshchuk, A. Bashtovyi ………………………………. 133 
27. Technical monitoring results after energy efficiency investment for a student 

dormitory in Podgorica 

V. Rasheva, C. Iliev, V. Kamburova, D. Karadaglic, M. Velikanov ………………………….. 139 
28. Applied modelling for producer gas fired combustion chamber for micro gas 

turbine 

C. Sandu, A. Petcu Mangrea ……………………………………………………………... 145 
29. Heat recovery in metallurgy. technical and economical aspects of using ORC 

installations in Romania 

M. Scripcariu, I. Bitir-Istrate, M. Buțu, R. Porumb, Al. Pavel, M. Pătrășcan ……………. 149 
30. Instability in operation of a solar powered H2O-LIBr absorption cooling system 

I.Şoriga, A. Gheorghian, C. Stanciu, D. Stanciu, B.E. Tănase …………………………... 155 
31. Energy efficiency increasing through space management. Case study in an office 

building 

I.Udrea, T. Trita, R.Popa …………………………………………………………………. 161 
32. About wind energy conversion systems for small-scale applications 

K. Uzuneanu ……………………………………………………………………………… 167 
33. Energy efficiency in waste water heat utilization and automation of dyeing process 

N. Zlatov, C.Iliev, M. Velikanov ………………………………………………………… 171 
 



VII 
 

SECTION 2: RENEWABLE ENERGY 
 

1. Biorefining – a perspective solution for biomass use 

I.D. Alexandru ……………………………………………………………………………. 177 
2. The influence of processing parameters on yield and quality of vegetable oil 

obtained by the mechanical pressing of sunflower oilseeds 

A.O. Arișanu, Fl. Rus , H.Ghe. Schiau …………………………………………………… 183 
3. General aspects regarding oilseed plants spread both in Romania and at 

international level 

A.O. Arișanu, Fl. Rus , H.Gh. Schiau ……………………………………………………. 189 
4. Nanotechnology applied in wastewater treatment field 

Il.C. Covaliu, B.Șt. Zăbavă, L. Toma, F. Ilie, V. Vlăduț, M.G. Matache, C.I. Moga,  
G. Paraschiv, S.Șt. Biriş ………………………………………………………………….. 193 

5. Lignocellulosic substrates biodegradation by some strains of filamentous fungi 

M. Dincă, M. Ferdeș, G. Paraschiv, M. Munteanu, N. Ungureanu ..................................... 197 
6. Methods of solid waste disposal – a review 

M. Dincă, I.Găgeanu, G. Moiceanu, B. Zăbavă, M. Ionescu ……………………………. 203 
7. Increasing energy autonomy in isolated areas through combined use of renewable 

resources 

V. Dulgheru, L. Dumitrescu , A.M. Popescu, M. Blejan, R. Rădoi ……………………… 209 
8. Discoloration of water containing synthetic dyes by four strains of Aspergillus 

M. Ferdeș, M. Dincă, G. Paraschiv, L. Toma ……………………………………………. 215 
9. Researches on the influence of biomass recipes on the pelletizing process 

I. Găgeanu, Gh. Voicu, M. Dincă, V. Vlăduț, M. Matache, I. Voicea, D.L. Rădulescu, 
I. Caba ……………………………………………………………………………………. 221 

10. Modeling and simulation of mass dosing process to produce pellets with Excel VBA 

programing 

G. Ipate , Gh. Voicu, C. Dumitrescu, E. Murad, F. Ilie ………………………………….. 225 
11. The assessment of environmental impact due to the traffic in Bucharest 

I.A. Istrate, D.M. Cocârță ………………………………………………………………… 231 
12. Considerations regarding the soil compactibility evaluation in orchards 

E. Marin, M. Mateescu, D. Manea, G. Gheorghe, I. Caba ……………………………….. 237 
13. The CAE study of the air velocity over a greenhouse for the installation of a wind 

turbine 

M. Mateescu, G. Gheorghe, D. Manea, E. Marin, C. Persu, M. Bota ……………………. 243 
14. Waste gazification technology using a fixed-bed gasifier – review 

G. Moiceanu, G. Paraschiv, Gh. Voicu, M. Dincă, M. Ferdeș, L. Toma, N. Ungureanu ... 247 
15. Criteria for water management optimization in agro-tourismus 

M. Ragazzi, I. Precazzini, R. Giurea, E.C. Rada, M.I. Achim, I.A. Istrate ………………. 253 
16. Management of excessive meteoric water in rural residential areas 

V.V. Safta, I.C. Gîrleanu, B. Şt. Zăbavă, A. Boureci …………………………………….. 259 
17. Integration of renewable energy sources on electricity market using TEP 

optimization 

C.Al. Sima, G.C. Lăzăroiu, V. Dumbravă, M. Tirsu, V. Galbura ....................................... 265 
18. Monitoring of air quality in Romanian-Bulgarian board region 

G.A.C. Simion, Fl. Spînu .................................................................................................... 271 
19. Considerations regarding the importance of Melissa culture in terms of benefits as 

a medicinal plant 

E. Sorică, M. Matache, C. Sorică, I. Voicea, A. Pruteanu, I. Grigore ……………………. 277 
20. Considerations on the incineration of municipal solid waste 

N. Ungureanu, M. Nițu, V. Vlăduţ, M. Dincă, B.Șt. Zăbavă, I. Voicea, I. Caba ................ 283 



VIII 
 

21. Experimental researches on analysing the composition of biogas resulted from the 

process of anaerobic digestion 

I. Voicea, I. Găgeanu, M. Matache, D. Cujbescu, C. Persu, M. Dilea, N. Ungureanu, 
S.O. Bota, I. Caba ………………………………………………………………………… 289 

22. Consideration on the constructive factors of clarifiers and their influence on the 

settling process efficiency – a review 

B.Șt. Zăbavă, Gh. Voicu, N. Ungureanu, M. Dincă, M. Ionescu, M. Munteanu, A. 
Pruteanu …………………………………………………………………………………... 295 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



IX 
 

SECTION 3: RURAL DEVELOPMENT 
 

1. Aspects on the efficiency of roll-over protective structures testing 

S.Şt. Biriş, E. Maican, N. Ungureanu, C. Persu, M. Matache, M. Oprescu ........................ 301 
2. Methodology for estimating fuel consumption and production norms (working 

capacity) by power classes, depending on the agricultural works of hoeing and 

applying herbicides 

Gh. Bolintineanu, D. Cujbescu, M. Matache, V. Vlăduţ, C. Persu, I. Găgeanu, A. 
Muscalu, I. Caba, C. Vlad, C. Popescu …………………………………………………... 307 

3. Considerations concerning the growth and development of horticultural plants in 

acquaponic crops 

I.L. Caba, E.A. Laza, A. Pop, D. Cujbescu, N. Ungureanu ……………………………… 313 
4. The lifting drums importance in construction of self loading wagons 

I.L. Caba, E.A. Laza, D. Cujbescu, I. Voicea, I. Gageanu, N. Ungureanu, 
I. Dumitru, M. Oprescu, V. Vlăduț ..................................................................................... 319 

5. Open source paradigms in urban and rural development 

Al. Calcatinge …………………………………………………………………………….. 323 
6. Convergence study for parabolic non -stationary structural models 

P. Cardei, R. Sfiru ……………………………………………………………………...… 329 
7. Identifying shaft surface defects using vibration analysis 

C. Carp-Ciocârdia, R.A. Becheru, G. Dunca, D.M. Bucur, I. Magheți, M. Anica ………. 335 
8. The influence of the speed of revolution of a hammer mill on energetic willow 

chippings 

M. Chițoiu, Gh. Voicu, G. Moiceanu, G. Paraschiv, M. Dincă, I. Găgeanu, V. Vlăduț …. 341 
9. Turbo-generator set simulation in dynamic conditions 

D.Al. Ciupăgeanu, Gh. Lăzăroiu …………………………………………………………. 347 
10. Analysis of stresses arising in a scarifier equipment with five working bodies 

Şt. Croitoru, I. Caba, M. Matache, C. Persu, I. Voicea, E. Marin, V. Vlăduţ, N. Ungureanu,   
S. Bungescu, M. Hărmănescu, D. Cujbescu, I. Dumitru, C. Brăcăcescu ………………… 353 

11. Considerations on the estimation of fuel consumption and production norms (working 

capacity) by power classes, depending on the agricultural work of sowing 

D. Cujbescu, M. Matache, Gh. Bolintineanu, V. Vlăduţ, C. Persu, I. Găgeanu, G. 
Gheorghe, I. Caba, Gh. Voicu, C. Vlad …………………………………………………... 359 

12. Production and consumption of wholesale meat 

M.Fl. Duţu, M. Begea, I.C. Duţu, Al. Cȋrȋc ………………………………………………. 363 
13. Design of machine for separation and processing the recyclable solid waste 

N.M. Faleh, I.A. Grafu …………………………………………………………………… 367 
14. CAD-CAE model for the structural analysis of scarifier SCAR-ART main load 

bearing structure 

G. Gheorghe, P. Cardei, L. Vlăduțoiu, M. Matache, I. Grigore, M. Bota, M. Marcu ……. 373 
15. Considerations on vibratory working bodies used to minimize soil compaction 

N.E. Gheorghiță, S.Șt. Biriș, N. Ungureanu ……………………………………………… 381 
16. Aspects on mint culture technology 

I. Grigore, E. Sorică, C. Sorică, C. Brăcăcescu, C. Popescu ……………………………... 385 
17. Numerical simulation of dynamic behavior of a multifunction motor vehicle 

equipped with a primary adjustment hydrostatic transmission 

I. Lepădatu, C. Cristescu, L. Dumitrescu, P.Al. Chiriță ………………………………….. 391 
18. Experimental researches on soil temperature optimization in roots area 

D. Manea, G. Gheorghe, E. Marin, M. Mateescu ……………………………………… 397 
19. Customer service management in a boarding house 

P. Mihai, O. Vlăduţ , M.Fl. Duţu, D.I. Vlăduţ, I.C. Duţu ………………………………... 403 



X 
 

20. Correlation between the impulse and performance of the employees within the 

“Apele Romane” National Administration 

P. Mihai, O. Vlăduţ, M.Fl. Duţu, D.I. Vlăduţ, I.C. Duţu ………………………………… 409 
21. Colorado beetle biological control 

C. Mircea, C.I. Covaliu, A. Zaica, A. Angheleț, M.O. Turcan, E. Sorica., I.L. Caba ……. 415 
22. Influence of kneading rate on kinetics of wheat dough structure 

M.G. Munteanu, Gh. Voicu, M. Dincă, G.A. Constantin, M. E. Stefan, B.Șt. Zăbavă ….. 421 
23. Study on the process of sowing medicinal and aromatic plants 

A. Muscalu, Gh. Bolintineanu, D. Cujbescu, E. Marin …………………………………... 427 
24. Soybean seeds dry extrusion processing to obtain high nutritional value forage for 

animal feed 

A. Păun, C. Brăcăcescu, I. Caba, V. Ciobanu, D. Milea, A. Zaica ………………………. 433 
25. Evaluation honey yield of sunflower (helianthus annuus l.) crop under climatic 

conditions for Ruse region in Bulgaria 

M. Petrov, A. Atanasov, I. Hristakov, H. Beloev, S.Șt. Biriș, V. Vladuț ………………… 439 
26. Separation of chopped chicory material on flat sieve length 

A. Pruteanu, M. Matache, L. David, A. Muscalu, M. Niţu, E.L. Rădulescu, M.S.O. Bota …..  445 
27. Cooling systems for hydraulic fluid used in electro hydraulic operated industrial 

machinery 

R. Rădoi, Al. Hristea, B. Tudor, I.C. Duțu ……………………………………………….. 451 
28. Researches regarding the drift phenomenon in the field crops spraying machines 

M. Roșu (Nițu), T. Căsăndroiu, M. Matache, D. Cujbescu, A. Pruteanu,  
D.L. Rǎdulescu, M.S.O. Bota …………………………………………………………….. 457 

29. Vibratory phenomenons in cleaning equipments of agricultural products with 

oscillating plane sieves and vibratory conical sieves 

D. Stoica, Gh. Voicu, I.C. Duțu, G.A. Constantin ……………………………………….. 463 
30. Influence of the number of passes on soil compaction – a review 

N. Ungureanu, V. Vlăduţ, S.Șt. Biriș, D. Cujbescu, D.I. Vlăduţ, N.E. Gheorghiță, 
I. Caba …………………………………………………………………............................. 469 

31. Method developed  for  determination of  uncertainty of the transient resistance of 

protective earth connections 

V. Vasileva, R. Vasilev, I. Nedelchev ................................................................................. 475 
32. Trends of the Romanian rural policy in the current European context 

O. Vlăduţ, P. Mihai, S. Maiduc (Osiceanu) ........................................................................ 481 
 Analysis of the home design market in Romania and its current trends 

O. Vlăduţ, S. Maiduc (Osiceanu), P. Mihai, D.I. Vlăduţ .................................................... 485 
33. Aspects regarding the construction and working process of auto-vidanges for sewer 

unclogging 

Gh. Voicu, I.C. Duțu, P. Tudor, G. Ipate ............................................................................ 489 
34. Theoretical aspects regarding the drying of fodder plants by ventilation for 

preservation and storage under optimum conditions 

A. Zaica, A. Nedelcu, Al. Zaica, R. Ciupercă, L. Popa, C. Mircea, C. Brăcăcescu ……… 495 
 



��

�

 

Lecturer I. BITIR-ISTRATE Ph.D1, Associate Prof. M. SCRIPCARIU Ph.D. 

Politehnica University of Bucharest, Energy Faculty 

 

Abstract- The aim of the paper is to reveal the impact of biomass storage on the economic efficiency for a power plant. 

It is about a technic to buy the green fuel for 2-3 month in advance both for a better price and for a natural or industrial 

reduction of wood residues humidity. An extra space would be necessary, but the advantages in term of biomass 

consumption are clearly calculated. A buffer amount of cash is needed to cover the drying period for the power plant. 

The economic efficiency of biomass storage approach is positive in certain conditions to be discussed. Conclusions 

and recommendations are drawn by comparing results for different sizes of biomass plants. 

 

Keywords-Biomass, Economic efficiency.

 

1. INTRODUCTION 

 

The use of biomass to generate electricity is one of the most desirable method to cover the energy 

demand. Usually the wood residue humidity is a problem to manage for power plant engineers. The higher 

the level of water in biomass, the more necessary fuel for combustion. Figure 1 presents a typically biomass 

power plant diagram where all processes are represented. Biomass storage is necessary for many reasons. 

Firstly, a buffer in fuel supply is indicated for avoiding the situations when plant could be affected by biomass 

lack. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Biomass power process flow diagram [1] 

 

Secondly, a natural humidity reduction of the biomass is obtained when fuel is stored for few weeks at 

least. This technic is named passive drying. In order to avoid internal heat generation in stored biomass an 

uncommitted form of wood residues is recommended. The natural drying process is depending on the fuel 

moisture content, the storage area, the ambient conditions such as air temperature, air circulation and relative 

humidity. If the drying period is too extended there are some risks related to the process: microbial activity 

and potential biomass self-ignition [3]. Optimal way to manage a biomass storage is LIFO principle (Last In 

First Out). The best storage geometry is elongated strings with a width of double the height for increasing 

the cooling effect from the surroundings [3]. 
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2. OPTIMAL TIME OF BIOMASS STORAGE 

 

As previously discussed, the storage period for passive drying has to be a subject of optimization. If it 

is too short, not enough moisture content is extracted. If it is too extended, microbial problem and self-

ignition risk are possible.  

Ambient air temperature has a big impact on natural drying performances. When high levels of air 

temperature are recorded, the moisture evaporation is accelerated. Contrarily, when the air temperatures are 

low and rainfall period is in place a rewetting process could be installed.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Change in moisture content of wood chips pile covered with tarp [4] 

 

Afzal & al. [4] experienced the passive drying technic in different weather conditions. Moisture content 

reduction has been accelerated when storage started in July. No significant changes was recorded when air 

humidity increased at lower temperature, starting with November. The least moisture content drop of the 

biomass bundles was observed between February and April during one year storage period.  

Codina and Lopez [5] presented very interesting results on moisture content evolution during 9 month 

storage of biomass. Important humidity reduction have been obtained during the first 3 months, even if the 

starting water content was about 40%. Rewetting is recorded when storage is extended over 3 months.  

 

 

 

 

 

 

 

 

 

 

Figure 3 Moisture profile of a wood chip pile stored under a textile,  

May – top, Aug –middle, Jan -bottom [5] 
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Figure 4 Average moisture content of Norway spruce wood and relative air humidity in time [6] 

 

According to Laurila’s [6] experiment in Finland, the initial moisture content right after harvesting was 

53%. The humidity decreased fairy quickly at the storage site in one month to 31%. No significant variations 

outside the range 20-30% water content have been recorded.  

Considering all these examples, we can conclude that a period of 3 months biomass storage could be 

considered for a real case. Over this limit, no significant moisture reduction can be obtained. At the same 

time, microbial problem and self-ignition risk are possible. Depending on the moment position in the year, 

over 3 months of storage, the humidity level could rise because of the rainy season. No advantages are 

calculated if this period of time is exceeded.  

 

3. RELATION PRICE – HUMIDITY IN BIOMASS PROCUREMENT 

 

Obviously, more moisture content, bigger price for energy unit is paid. It is because the biomass supplier 

has to carry more water to bring a fixed energy content in fuel. For example, at 60% moisture, a level of 60 

USD/tonne leads to a net energy price at 10 USD/GJ. The same biomass weight price, at 40% moisture, leads 

to 6 USD/GJ. 

 

 

 

 

 

 

 

 

 

Figure 5 Impact of moisture content on the price of feedstock cost on a net energy basis [2] 

 

Another interesting approach is to pay for the energy content of the biomass. Considering 10 USD/GJ 

as a target in procurement process, if the moisture content is 40%, the biomass price is 100 USD/tonne, but 

if 60% humidity level can be accepted, the price could decrease to 60 USD/tonne. A storage facility is built 

for naturally drying biomass from 60% to 40% in less than 3 months. It is an optimization on how much the 

storage will cost and money savings in procurement. Additionally, an important amount of cash will be 

stored in biomass until the evaporation process is over and electricity is produced and sold. Is it a business 

to follow for the power plant? A case study is presented for answering to this dilemma. 
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4. CASE STUDY – 9 MWe STEAM TURBINE BIOMASS PLANT 

 

A 9 MWe steam turbine power plant has been selected for calculation. The reference situation is to use 

60% moisture biomass to fuel the boiler. HHV for the biomass is calculated at 5,940 kJ/tonne. For these 

data, hourly fuel consumption is 20.28 t/h biomass for 9 MWe electricity generation. 

 

Table 1 Biomass yield considering moisture content with HHV and LHV indication 

Moisture 

[%] 

HHV 

[kJ/tonne] 

LHV 

[kJ/tonne] 

Biomass 

yield  

[tonne/h] 

40 10,120 8,349 11.90 

50 8,030 6,624 15.00 

60 5,940 4,900 20.28 

 

Considering 40% moisture in fuel, with HHV = 10,12 kJ/tonne, the real biomass yield for boiler supply 

is about 11.9 tonne/h. Less water in introduced in boiler, less energy is consumed for engines, more efficient 

the burning process becomes.   

For 8,000 hours/year running period for the power plant, the fuel consumption at 60% moisture is 

calculated at 162,240 tonne/year. At 60 USD/tonne, the annual fuel cost could be 9.73 mil. USD/year. 

For the same period, is biomass at 40% is used the annual consumption is 95,200 tonne/year. At 100 

USD/tonne, the biomass cost 9.52 mil USD/year. 

A simple calculation shows that 17.94 tonnes biomass at 60% humidity is necessary to obtain 11.9 

tonnes dried biomass at 40% after 3 month of storage in natural conditions. A biomass amount reduction of 

2.34 tonne/h could be obtained. For 8,000 hours/year, the fuel save could be 18,720 tonne/year. In term of 

money, the saving could be about 1.12 mil USD/year. The additional benefits (internal power plants 

consumption reduction) have not been considered for the economic analysis. 

It is important to evaluate the financial effort to make for the plant owner in order to pay the stored 

drying biomass. Considering 2,200 hours/year the period when the fuel is in the storage facility, about 40,000 

tonnes have to be extra-paid. At 60 USD/tonne, an amount of 2.4 mil. USD is necessary to block for storage 

and drying processes. Usually a credit line has to be open for running this business. The interest rate could 

be considered 1%/year, so the credit line cost will be 0,024 mil USD/year. 

For storage purposes, a facility has to be built. An important free space has to be identified very close 

to the boiler house. A designer will draw optimal configuration for the storage area, optimising the way to 

supply fuel for burning process. Biomass density could be assumed at 0.300 tonne/m3. Necessary volume 

for storage could reach 133,333 m3. Supposing 3 m height for the biomass stack, a minimum 44,444 m2 area 

is necessary for the facility. 

 

 

 

 

 

 

 

 

 

Figure 6 Capital cost of natural drying facilities for different size of biomass feedstock [2] 
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According to Figure 6, for the presented case study the capital cost can reach 4 mil. USD if a natural 

biomass drying process is installed. These calculation proves that biomass storage for the power plant is not 

an easy business. Important investments are demanded for preparing the storage facility, huge free areas 

demanded, a credit line has to be available for paying biomass to be dried and no exceptional fuel cost 

reduction is obtained. 

First important conclusion is that if high quality biomass is available on the market, no natural drying 

technology is suitable for improvements to the power plant economic efficiency.  

The question to answer is what will be the results for an industrial drying process for the biomass?  

Would the drying become more efficient if the process period is reduced from 3 months to few hours? 

 

5. INDUSTRIAL DRYING USE FOR BIOMASS PLANT OPTIMIZATION 

 

Once the economic analysis for the natural drying made, the next question is how an industrial drying 

equipment could improve the business. A residual heat is available from the steam turbine and a warm water 

recovery circuit could be installed. Exhausted gases for the boiler is an important heat source to use for 

drying too.  

The necessary area will reduce at maximum 10,000 m2, the credit line cost will decrease accordingly. 

Important investment in drying facility has to be made. Several technologies are available for industrial 

drying as following: rotary drum, belt/conveyor, cascade/fluidized bed, flash/ pneumatic, superheated steam, 

bed/grate.     

 

 

 

 

 

 

 

 

 

 

Figure 7 Economical aspects of industrial biomass drying process [7] 

 

Haque and Somerville [7] presents the average drying cost for the biomass in relation with the process 

temperature. As shown in the Figure 7, the real cost of eliminating the moisture tends to be constant at 40 

USD/tonne, which is exactly the difference between the biomass cost at 40% and 60% moisture. 

Second important conclusion is that if high quality biomass is available on the market, no industrial 

drying technology is suitable for improvements to the power plant economical efficiency.      
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6. FINAL CONCLUSIONS ON DRYING IMPACT ON POWER PLANT ECONOMIC 

EFFICIENCY 

 

As previously calculated in the article, no drying process is suitable when less of 40% moisture biomass 

is available on the market. 

Natural facilities for drying are huge areas consumers, with positive impact on the power plant when 

strong negotiations on fuel price for high quantities can be realized. High capital costs are demanded but 4 

years payback period can be obtained, if land is available. 

Industrial facilities for biomass drying ask for less capital cost, but energy consumption could be 

expensive. Use of exhausted heat is essential for improving the economy efficiency of the project. It is 

suitable for small or medium daily quantities of fuel and some optimization in term of biomass storage in 

relation with external temperature and available storage space to reduce heat consumption is possible.   
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ABSTRACT 

 

A literature review of existing Brown’s gas generators is presented in this work. Factory 

parameters for leading electrolyzers’ manufacturers are compared and analysed. The article 

provides an applicability overview of Brown’s gas electrolyzers in practice and their 

significance. An extensive review Brown’s gas effects has been done when used as an 

additive to liquid fossil fuel, as well as the results.  

 

1. INTRODUCTION 

 

 As the fossil fuels era ends, the world is trying more intensively to find a sustainable 

substitute. Fluctuations in fossil fuel prices make the world look for a cheaper source of 

energy. The continuous growth in the consumption of primary energy sources is also of great 

significance. Fig. 1 shows information about the consumption and production of liquid fossil 

fuels, and their projection into the future is also presented [1]. The figure shows that the 

production/consumption of fossil fuels, in that five-year period increased by approximately 

9%. The estimated increase is even higher.  

 

 

 
Figure 1 World liquid fuels production and consumption [1] 

 

                                                 
1Sofia, Bulgaria,+359 887918028, deyan.deltchev@gmail.com 
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Along with the development of technologies related to the renewable energy sources use such 

as wind, sun and water, intensive worked is also put on technology improvement for thermo 

fusion and production and storage of hydrogen. The so-called Brown gas or oxy-hydrogen 

gas, can also be referred to the sources listed above (inscribed as HHO). In 1977 Yull Brown 

patented electrolyzer technology for producing gas, named later on its discoverer – Brown’s 

Gas [2]. 

�����������, the Brown’s gas (HHO) production represents electrolysis of distilled water and a 

certain amount of potassium hydroxide solution. There are various theories, conducted 

experiments and studies, what actually constitutes Brown’s gas from scientists like George 

Wiseman, Stanley Meyer and in recent days - by Chris Eckman. Most of them are agree with 

George Wiseman definition about the Brown gas. He defined this gas, as “it is entire mixture 

of gasses evolving from an electrolyzer specifically designed to electrolyze water and not 

separate the resulting gasses”. Each Brown's Gas generator is composed of the following 

elements shown in Fig. 2: 

• Cell – the vessel, where electrolysis happens; 

• Bubbler – secure from backfire; 

• Reservoir – electrolyte storing; 

• Battery – supplying the needed electricity; 

• Connections between each vessel. 

 

Figure 2 HHO electrolyzer block diagram  

One characteristics of Brown’s gas is its flame temperature. By isolated combustion the flame 

reaches a temperature around 1370 C [3], which can be measured quite accurately and easily 

using the modern tools such as a thermal imaging camera system. When, however, the flame 

comes in contact with another material different from the air, significantly higher 

temperatures are achieved. Brown’s gas has the property to sublimate the tungsten [4] 

(tungsten has a melting point of 34220 C). 

The purpose of this work is a critical analysis of existing technologies for the Brown's gas 

production and their implication. 

 



* Max Gas output for EP-500 was estimated by the max. water consumption given by the manufacturer 

multiplied by 1,866[8] 

  

 

2. EXISTING BROWN’S GAS TECHNOLOGIES. TECHNICAL DATA 

 

Electrolyzers for the Brown’s gas production can be categorized on several counts: 

• Cell construction type; 

• Maximal Brown’s gas production measured in  l/h or m3/h; 

• The necessary electricity amount for 1l Brown’s gas production, resp. Brown’s gas 

amount produced from 1 kWh 

 

Given that, the most established manufacturers do not disclose detailed technical performance 

of their electrolyzers, a comparison has been made only between officially specified data, 

namely the electrolyzers parameters such as machines performance and power consumption. 

Tab. 1 presents the electrolyzers’ data manufactured by leading companies in the sector. The 

indicated features are maximum power consumption, maximum amount of HHO, which can 

be produced by the generator and the ratio "amount - produced gas" for 1 kWh. The data are 

taken from the manufacturers official websites [5] [6] [7]. 

 

 
Table 1 HHO generator models data   

 

 

It should be noted that B.E.S.T. KOREA CO. Ltd electrolyzers production is in the range 

3,000 - 24,000, while the product portfolio of EPOCH Energy Technology CO. and Okay 

Energy Equipment CO. Ltd includes Brown’s gas generators with a small capacity in the 

range 200. Generators of different manufacturers are chosen and shown in Tab. 1 with a 

similar Brown’s gas (l/h) performance. The information given in Tab. 1 shows that Okay 

Energy Equipment Co. Ltd generator has the highest performance of Brown gas production 

per 1 kWh input power. It should be noted that the manufacturers official websites data are 

from 2001, only EPOCH Energy Technology CO. and Okay Energy Equipment CO. 

announced innovations in theirs generators. For the B.E.S.T. KOREA CO. Ltd Brown’s Gas 

generators no information concerning the technology’s improvement is presented. According 

to the same table the B.E.S.T. KOREA CO. Ltd. model WE-3000 has greatest weight 

reaching 950 kg. Although the other two Brown’s gas generator models have up to three times 

less weight, their weight remains significant. There is another class Brown’s gas generators, 

which have much smaller dimensions and weight, which can be hand-held. Fig. 3 shows a 

Spirflame® model 250HP [9] of the company SPIRIG based in Switzerland. This is their 

generator with the highest Brown’s gas productivity. The electrolyszer is able to produce up 

to 250 l/h of gas. This is 12 times lower output compared to machines presented above. On 

the other hand, the weight of 250HP without electrolytic liquid is 52 kg. This makes it easily 

portable, unlike the B.E.S.T. KOREA CO. Ltd., EPOCH Energy Technology CO. and Okay 

Energy Equipment CO. Ltd. Models.
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Figure 3 Spirflame® 250HP 

 

3. APPLICATION IN THE PRACTICE 

 

 Small Brown’s gas generators with an approximate capacity of around 500 l/h are 

successfully used as welding machinery in goldsmith and jewellery industry [10]. In addition 

to its small Brown's gas productivity, they are characterized by small dimensions and weight. 

Generators with greater Brown's gas productivity, as the Italian company OWELD [11] find 

application in the industry. These Brown’s gas generators are used for the welding of copper 

wires in electric motors and transformers. 

Brown's gas finds intensive applications in recent years as addition to fuel for heaters, boilers, 

engines, etc. The information published by B.E.S.T. KOREA CO. Ltd [12] showed that their  

Brown's gas generator can be installed to existing combustion plants (operating on diesel, oil 

fuel, LPG and LNG). The results of such combination reflects in two aspects: 

1. Fuel consumption savings; 

2. CO2 emissions decrease. 

Similar results are achieved in households using a mixture between the HHO and diesel fuel 

in boilers. Results for the effects of the mixing HHO gas and diesel fuel in boiler system are 

presented below. Experiment scheme is presented on Fig. 4. 

 

  
Figure 4. Experiment Setup������

 

The conducted experimental study shows that by feeding Brown’s gas through the air tract to 

the combustion chamber, the boiler thermal efficiency increases from 79% to 82%, and the 
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combustion efficiency increased from 89.5% to 92.2%. The following is established as the 

technological solution proposed by B.E.S.T. KOREA CO. Ltd and in the conducted: 

1. Positive environmental effect due to decrease emissions of NOx, CO2 (by 20%), SO2 

(a decrease from 260 PPM to 160 PPM); 

2. Boiler efficiency increasing at reduced diesel fuel consumption, as a result of Brown’s 

gas addition in the fuel mixture. “Thermal efficiency of the boiler increases due to the 

reduction of diesel flow rates occurring at same energy out 	(temperature of water 

was set fixed at 80 �C to achieve constant boiler operating condition)”.[13] 

A number of papers are available describing the work of an internal combustion engine on 

Brown's gas mixture with petrol/diesel fuel. The measurements show significant 

improvements in the engine performance – reduction of unburned hydrocarbons with 5%, 

reduction in CO emissions with 13.5% and reduction of the specific fuel consumption by 14% 

[14]. The conclusions are that the addition of HHO to the fossil fuel, significantly improves 

hydrocarbons combustion in the combustion chamber, resulting in primary fuel (petrol/diesel) 

savings. The analysis of exhaust gases is also impressive, as emissions of CO, CO2, NOx and 

HC, and smoke are drastically reduced. 

Similar results are declared by Automotive students from Anna University, India. They 

conducted bench tests of petrol single cylinder engine working ones only on petrol and after 

that on Brown’s gas and petrol fuel mixture. The tests results show 6% reduction in absolute 

fuel consumption and 11% reduction in specific fuel consumption at full load, in the case 

where gasoline was mixed with Browns gas. The reached savings are small, but still they are 

some. Environmental effects are also significant, there was significantly emissions reducing 

measured - unburned HC reduced by 88%, CO by 94%, NOx by 58%, and smoke emissions is 

reduced by 18%. A disadvantage must be pointed out that the tests were conducted on 100cc 

single-cylinder engine, and that the supplied amount of Brown’s gas to the combustion 

chamber was not mentioned. [15] 

To achieve positive economic and environmental effects in a mixed mode (liquid fossil fuel 

and Brown’s gas) the amount of Brown’s gas supplied to the system is essential. 

In December 2016, a test was conducted jointly with NIS at the Technical University Sofia, 

Bulgaria. For the test needs diesel engine of 1,900 cc was used. During the test, the engine 

was fed with Brown’s gas from 10 l/min to 100 l/min. The following parameters were 

monitored - fuel consumption, exhaust gas analysis, and smoke emissions. The test has shown 

that by adding less then 30 l/min Brown’s gas to the engine, did not account for any changes 

compared to the standard engine parameters when working only on diesel fuel. At the 

maximum of 100 l/min Brown’s gas following values were recorded: 

• 1,4 times smoke emissions decrease; 

• 2,7 times NOx emissions decrease; 

• 6 times CO emissions decrease; 

• Up to 15,7 % specific fuel consumption saving. 

The exact amount of Brown’s gas is not indicated in the most studies. There have not been 

tests with different Brown’s gas amounts fed into the systems. The author’s opinion is that 

this may be due in part to the inability to adjust the generator to supply different amounts of 

Brown’s gas. 

When determining the economic effects the cost for the energy input of the Brown's gas 
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production is of significant importance. That is the only way to calculate the real effect of 

fossil fuels saving. If it is necessary to identify savings in monetary aspect, it is necessary to 

compare the costs for the primary system’s energy carriers with the cost for energy carriers in 

co-combustion system, as the costs for Brown’s gas production are added. 

4. CONCLUSIONS 

 

At the present moment, it can be concluded that the Brown’s gas generators have rather 

low productivity per unit of input energy. However, there are positive results from the use of 

Brown’s gas. Economic effects of the fuel savings are small, but they are a sign of Brown’s 

gas capabilities to increase the performance of generators. Undisputed is the Brown’s gas 

environmental impact in mixed fuel systems (engines, boilers, incinerators, boilers) or 

welding machines. This is a very important aspect, making it one the main reasons it is worth 

to use and develop this type of technology. 
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ABSTRACT 

Based on the energy saving design in cold winter and hot summer zone like Iraq weather 

conditions, a prototype of sandwich wall panel (SWP) is analyzed by COMSOL Multiphysics ver. 5.0 

programe. A new design of sandwich wall panel that enhances thermal insulation of Iraqi buildings by 

adding an insulating multilayer inside the wall is presented. The thermophilically properties of the 

insulating multilayer SWP, the external environment impact (solar irradiation, temperature, wind speed, 

etc.) and durability are taken into account. The major influence of solar irradiation is highlighted as it can 

increase heat transfer crossing the insulation wall. The result showed, the proposed sandwich wall panel 

can effectively save a significant amount of energy consumption in terms of electricity spent on heating 

and cooling. The thermal conductivity, convective heat transfer coefficient, specific heat, density, 

capacity, and surface emissivity of materials are necessary to evaluate the temperature distribution and the 

performance of the suggested sandwich wall panel. 

Keywords: thermal performance, sandwich wall panel, light weight wall. 

 

1. INTRODUCTION  

 The majority of brick walls are continually exposed to environment, which makes the walls 

focused to the solar radiation unavoidably. As a result, higher temperature in Summer and lower 

temperature in winter is one of the most important factors affecting living in the buildings. 

 The thermal energy of the building is priority areas of development. In the near zero energy 

building consumption, the energy consumption from the external walls ranging betwen  60% ~ 

70% [1]. Therefore, more demand is put on the materials and formation design in external panel 

of building. On my point of view, the more functions are confirmed on the material used in walls 

of the building, such as the environmental effect (warm weather and cold weather), waterproof 

property, fireproof property and wall durability. Sandwich wall panel (SWP) is one of the best 

options to overcome the warm and cool in summer and winter seasons respectively. The 

Sandwich wall panel consists of a lightweight core and two rigid faces[2]. The importance of the 

thermal energy flux through a sandwich wall panel has been presented by [3]. The thermal 

performance of concrete three-wythe sandwich wall panels with two-wythe sandwich wall panels 

have been compared by [4]. Some analytical models proposed  for a dynamic non-linear by using 
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finite element method (FEM) to analyse three-dimensional concrete wall [5]. The use of a 

sandwich wall panel could help increase insulate and hardness, whilst at the same time weight 

reduction[6]. The thermal insulation configurations of the brick walls have been studied 

analytically by [7]. The authors were focused on cooling and the heating requirements. A number 

of research studies relevant to energy efficiency and thermal performance of walls buildings have 

focused on the behaviour of heat transfer of wall for three rooms with a different combination of 

building elements were compared experimentally and theoretically [8]. 

 Previous studies have been limited primarily to increase the temperature in side of the 

bulding in cold weathers. In the present study, a theoretical mathematical time-dependent model 

is developed for estimation of the heat transfer in the brick wall and sandwich panel wall in 

different boundary condition (ambint temperature and solar irradaince). The simulation 

investigation is established on measure weather data from Alternate and Renewable Energy 

Research Unit- Technical Engineering College Najaf. 

  

2. NUMERICAL MODELLING 

 Weather conditions are the main factors that affects on the building materials in general of 

Iraq and special of south Iraq. In this work we propose a simulation which uses to show how the 

thermal capacity of the wall in iraq building. The two separate cases for wall have been simulated 

throu using the numerical model summarized down. The first one is brick wall and the second 

one is sandwich wall panel. The walls have the same solar radiation collection surface area but 

different wall materials. The length, hight and width of the brick wall and SWP are 5m, 3m and 

0.3m and 5m, 3m and 0.05m respectively. The assumptions are made in this analysis: The heat 

flux through the two types of wall is under quise- study state conditions three dimensionals. The 

constant thermal conductivity (do not change with temperature) for solid materials of wall. 

 Take into consideration a three dimensional body in heat transfer conditions. In order to 

analyze heat transfer through the wall, we assume that the conductive heat transfer of wall 

materials can be expressed with Fourier's Law. The energy equation of the heat conduction in the 

wall is [9]: 
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Where K is the thermal conductivity of wall [W/(m.K)], T is the temperature in any position of 

the wall [K], Q is the rate of heat generated within wall [W/m3], ρ  is the density of wall used 

[kg/m3] and Cp is the wall specific heat [J/(kg.K)]. 

 The thermal loads on the surfaces of wall (inside and outside) are described in the following 

boundary conditions equation as it is shown in figure 1. 
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where l is the direction cosine of an outward vector perpendicular to the boundary and q is the 

sum of all heat fluxes normal to the outside wall surfaces [W/m2]. 



15 

conskyoutwsol qTTGq +−+= )( 44

,εσα        (3) 

For outside wall surface convection heat transfer equation 

)( ,, outwamboutcon TThq −= ∞         (4) 

For inside wall surface convection heat transfer equation 

)( ,,, inwinincincon TThq −=         (5) 

where
solG Total solar radiation on a horizontal surface,  �� �� ������Absorption and emissivity 

coefficient of wall and Stefan- Boltzman constant respectively, ∞h and inch , Convective heat 

transfer coefficient for outside and for insid respectively [W/m2.K], inwT , , outwT ,  and ambT Inside, 

outside wall surfaces and ambient temperatures respectively [K], inconq , and outconq , Heat transfer 

by cnvection between inside and outside wall surface respectively [W/m2]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: The general describtion of thermal walls model for: (a) brick wall (b) sandwich 

wall panel. 

 The traditional brick walls account for about 80% of the Iraq’s housing. The proposed brirk 

wall constructed with brick, plaster and cement. The parameters of brick wall and SWP are 

presented in Table 1. The table tabulats the apparent thermal conductivity for brick and 

lightweight core with two rigid faces of SWP. 

Table 1: Parameters of brick wall and sandwich wall panel used in this study 

Parameters 

Value 

Units 
Brick wall 

Sandwich 

wall panel 

Inside Room Temperature 298.15 298.15 K 

Inside heat transfer coefficent 8.33  8.33 W/(m²·K) 

Outside heat transfer coefficent for summer 22.666  22.666 W/(m²·K) 

Emissivity of brick 0.9 0.9 ------ 

Absorption of brick 0.6 0.2 ------ 

Density of brick 1970  40 kg/m³ 

Thermal conductivity  0.7  0.026 W/(m·K) 

Thermal capacity 800  750 J/(kg·K) 

h� 

hr,sky 

(a) (b) 

hc,in 

 

hc,in 
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3. MODEL VALIDATION 

 The mathematical model proposed here refers to the thermal performance of two different 

types of wall (brick wall and SWP). In order to check the accuracy of this simulation, the results 

of this simulation were compared with those of other researchers[8]. Table 2. shows that 

simulated and measured U- value, for two different walls materal (Foam concrete and Fiber 

glass). There is good agreement between simulated result and measured (average erro for Foam 

concrete and Fiber glass are 10.9% and 8.5% respectively). Therefore, the model can be used to 

perform enough accurate simulations. 

 

Table 2: Comparison between experimental results of [9] with theoretical results of present work. 

Insulating 

material 

Thickness 

(mm) 

U-value 

(W/m2 K) 

Kumar (2013) 

U-value 

(W/m2 K) 

Present work 

Error 

(%) 

Foam 

concrete 

(K= 0.070) 

75 0.711 0.799 10.927 

100 0.567 0.621 8.706 

125 0.471 0.508 7.253 

140 0.428 0.458 6.589 

Fiber glass 

(K =0.040) 

50 0.631 0.697 9.397 

70 0.479 0.517 7.350 

75 0.452 0.485 6.639 

100 0.353 0.373 5.361 

 

4. RESULTS AND DISCUSSION 

 The thermal heat transfer analysis is a very important function in the design for many 

applications of engineering. The conservation of thermal energy of building is dependent on the 

ability of a walls and windows in reducing the amount of heat transferring into or from the 

outside of the building to the inside. Therefore, the importance work to do a comparison of the 

thermal performance between the traditional housing wall and the SWP.  

 Heat flux and inside room temperatures, were obtained from the numerical simulation (by 

using the COMSOL Multiphysics), using as input data weather conditions of Najaf, Iraq (32° 1' 

N / 44° 19' E). The thermal performance of the house walls are affected by the level of solar 

irradiance and ambient temperature. Figure 2 shows the variation of ambient temperature and 

solar irradiance on a sunny day (21/July/2015). The solar irradiance and ambient temperature 

were measured at time intrevel 30 minutes by Alternate and Renewable Energy Research Unit- 

Technical Engineering College Najaf. The maximum value 32.4 °C and the maximum solar 

irradiance was 878 W/m2. 
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Figure 2: Variation of ambient temperature and solar irradiance on (21/July/2015) 

 

 Figure 3 below shows the distributed brick wall and sandwich wall temperature during a 

suny day 21/July/ 2015 in the midle of the ady at 12:00 pm. That is, the solar irradiance, out sid 

air temperature and avarege wind speed are 878 W/m2, 20 °C and 2.5m/s respectively. In figure 

3, it can be observed that the higher temperatures accumulated in brick wall compering with 

SWP. A larger value of thermal resistance of wall Rt indicate a lower heat flow rate from outside 

to inside (good insulator). The result showed that the avarege thermal resistance duringe 

simulation day for the bick wall and SWP are 1.56 and 1.956 [K.m2/W] respectively. 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Temperature distribution intow types of  wall: (a) Brick wall, (b) Sandwich wall panel. 
  

 The quasi- study thermal analysis determines temperatures and heat flux that vary with time 

because the input buadary conditions change with time such as ambient temperature and solar 

irradiance. The three dimensional (3D) simulation model was used to simulate the performance 

of two types of wall houses typical in Iraq.  

 Actually, the main problem in Iraq is hot weather conditions especially in summer season. 

For the reason that, it is important to provide a good comparison for the heat capacity of the walls 

at night-time. Lengthily, the time independent heat flux during continuity 21h through same 

service area of the brick wall and sandwich wall pane is shown in figure 4. Its shows the variation 

of heat flow from outside to inside during the day and night on summertime data (21/July/ 2015).  

(b(a
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Figure 4: comparison of heat flux of brick wall and SWP during the day and night time 

  

 The simulation results show the higher temperature storage in the brick wall during the day- 

time and relest to inside at night- time. Take into consideration, this parameter is discomfort 

conditions due to overheating according to the adjustment approach. On the opposite in the 

sandwich wall panel the heat flux nearly is constant during the day and night time. 

 

5. CONCLUSIONS 

 In our work, we simulate the effect of global solar radiation on two types of walls with 

different materials. One is made of brick (Rt = 1.56 K.m2/W) and the other wall is made of SWP 

(Rt = 1.956 K.m2/W) and the outside surfaces of both walls are subjected to global solar radiation 

from the south in Najaf city-Iraq. The inner walls surfaces are subjected to convection in room 

temperature of 25 °C ( inside the room). The simulation is assumed to be for 24 hours (day and 

night). The results show that total heat transfer in brick wall is greater becuase of the lower 

thermal resistance. Moreover, during night the brick wall behaves like a heat source that releases 

its stored heat to the inside of the room, wheras this is not ture for the SWP. 

 

6. REFRENCES  

[1] M. Dunn, “Book review,” J. Exp. Mar. Bio. Ecol., vol. 336, p. 263, 2006. 

[2] D. Bushnell, “Optimum design via PANDA2 of composite sandwich panels with honeycomb or foam cores,” 

AIAA J., 1997. 

[3] A. Joudi, H. Svedung, and M. Rönnelid, “Energy efficient surfaces on building sandwich panels—A 

dynamic simulation model,” Energy Build., vol. 43, no. 9, pp. 2462–2467, 2011. 

[4] B. J. Lee and S. Pessiki, “Thermal performance evaluation of precast concrete three-wythe sandwich wall 

panels,” Energy Build., vol. 38, no. 8, pp. 1006–1014, 2006. 

[5] N. Inoue, K. J. Yang, and A. Shibata, “Dynamic non-linear analysis of reinforced concrete shear wall by 

finite element method with explicit analytical procedure,” Earthq. Eng. Struct. Dyn., vol. 26, no. 9, pp. 967–

986, 1997. 

[6] X. Lü, T. Lu, V. Penttala, and T. Lehtinen, “Study of heat and moisture transport for concrete sandwich 

panel wall construction,” Build. Serv. Eng. Res. Technol., vol. 25, no. 2, pp. 89–98, 2004. 

[7] T. G. Theodosiou and A. M. Papadopoulos, “The impact of thermal bridges on the energy demand of 

buildings with double brick wall constructions,” Energy Build., vol. 40, no. 11, pp. 2083–2089, 2008. 

[8] M. Charde, S. Bhati, A. Kheterpal, and R. Gupta, “Comparative thermal performance of static sunshade and 

brick cavity wall for energy efficient building envelope in composite climate,” Therm. Sci., vol. 18, no. 3, pp. 

925–934, 2014. 

[9] A. Kumar and B. M. Suman, “Experimental evaluation of insulation materials for walls and roofs and their 

impact on indoor thermal comfort under composite climate,” vol. 59, pp. 635–643, 2013. 



19 

 

EXPERIMENTAL ASPECTS OF LASER IGNITION  

USE AT SPARK IGNITION ENGINE 

 

Bogdan Done  

University Politehnica of  Bucharest,  

Department of Thermotechnics, Engines, Thermal Equipment and Refrigeration Installations,  

 
ABSTRACT 

 

New technologies are represented by laser ignition systems which can be successfully used in classic 

petrol engines. Laser ignition technology brings many advantages for engine operation control, engine 

performance improvement and pollutant emissions reduction. The objective of the paper is the 

experimental research of laser ignition use in the spark ignition engine. The laser plug ignition system 

was mounted on an experimental spark ignition engine and was tested at the regime of 90% load and 

2800 rev/min, at a dosage of λ=0.9. The experimental results present the influence of laser ignition on 

different engine parameters compared to the reference operating regime of the engine equipped with 

classic spark ignition systems. The influences on in-cylinder pressure, heat release rate, engine 

efficiency and pollutant emissions level are analysed. Compared to the conventional spark plug 

ignition system, the laser ignition system assures the increase of engine operating efficiency at the 

investigated regime.  

 

1. INTRODUCTION 

 

At present, pollutant emissions and greenhouse gases produced by automotive internal 

combustion engines  as well  the  need for engines efficiency improvement, have intensified 

research in the field of in-cylinder combustion processes. One  new technology  is  the laser 

ignition system which can be successfully used in classic petrol engines. Laser ignition 

technology has many advantages in terms of engine operation control, the improvement of 

engine performance and the reduction of pollutant emissions. One main aspect is that laser-

induced sparks are as a rule  smaller in size, shorter in duration and have higher temperatures, 

[1], [2]. Laser technology is one of the most recently developed technologies for combustion 

management to be successfully applied to classic spark ignition engines. Laser technology can 

be used to develop a new Laser Plug Ignition system (LPI) able to control the ignition and 

combustion processes which will lead to the improvement of the performance of the engine  

in terms of pollutant emissions and fuel efficiency, [3]. The phase of spark formation in 

correlation with breakdown intensity and the subsequent ignition, which depends on 

minimum ignition energy (MIE) must be established for LPI use, [1]. With reference to the 

phase of spark formation, mention must be made of the fact that the delivered energy is 

sufficient for ignition but its intensity is very low, insufficient  for the spark to be formed;  

spark formation may occur  but the energy for combustion is insufficient, [1], [3].  

There are four main mechanisms  which by means of laser radiation can ignite a mixture 

of air-fuel: thermal initiation (TI), non-resonant breakdown (NRB), resonant breakdown (RB) 

and photo-chemical ignition (PCI) [3]. During the thermal initiation (TI) phase the in-cylinder 

mixture  uses  laser energy  to reach threshold ignition temperature. Also, the TI phase can be 

established [3], [4] by heating a specific target surface inside the combustion chamber.   

During the non-resonant breakdown (NRB) phase the laser beam creates an electric field of 

high intensity which leads to dielectric breakdown of the air-fuel mixture , [1]. At one or more 

specific wavelengths, the resonant absorption at atomic level is specific to the resonant 

breakdown phase (RB).  
 

 Rezonantei 1-3, bl. 15-16, ap. 74, sector 4, Bucharest, 0761405655, bogdan.done@yahoo.fr 

 



20 

 

Compared to NRB, during the RB the free electrons required for the breakdown process 

are created. The free electrons are created in two preceeding steps : the stage of non-resonant 

(NRPD) photo-dissociation of a molecule and the resonant photo-ionization of the atom 

created during the NRPD stage. The essential stage for the processes of non-resonant 

breakdown (NRB) and resonant breakdown (RB) is the non-resonant photo-dissociation of a 

molecule (NRPD) by absorption and ionization. The non-resonant breakdown is a laser 

ignition mechanism that  emits light, heat and a shockwave, [5], [6]. Photo-chemical ignition 

(PCI) is a process that requires the absorption and dissociation of a single photon in 

ultraviolet radiation [5], [6]. The method using two-protons or non-resonant photo-

dissociation of a molecule absorption in matter can lead to energy release in the form of a 

single high-energy photon, when the intensity is high. The benefit of this process is that the 

short wavelengths can be used for resonant absorption based on the action of longer 

wavelength laser light, [5], [6]. Regarding the mechanism of non-resonant breakdown, 

Dearden et. al. used laser-induced sparks that offer  the advantage of small size design, but are 

shorter in duration and operate at higher temperatures [5], [7]. 

Comparative results regarding the operation of an automobile engine that was ignited 

with classical spark plugs as well as with laser spark plugs were presented recently by 

research groups from National Institute for Laser, Plasma and Radiation Physics (INFLPR) 

and Renault Technologie Roumanie (RTR), Bucharest, Romania [8]. Subsequent to the 

measurements made for the engine K7M 812k, a lower CO and HC emissions  level were 

identified, using  the Laser Plug Ignition. At the speed regime of 1500 min-1, due to the 

improvement of combustion process based on laser ignition use, the CO emissions decreased  

by 18…25% and the HC emission decreased by 14…17%. For higher engine speeds, over 

2000 min-1, the decreases are limited to ~3%. When laser was used the NOX emission 

increased  by 8%  at a speed of 1500 min-1 and by 2% at a speed of 2000 min-1, researchers 

from INFLPR and RTR explained  that the higher flame temperature reached in the first part 

of combustion leads to the production of significant quantities of NOX, [8]. As a solution for 

NOX emission reduction the INFLPR and RTR proposed the increase of EGR rate (Exhaust 

Gas Recirculation), [8]. The researchers from INFLPR explained the CO2 emissions increase 

at laser ignition use by stating that the carbon content entering into combustion and resulting 

from the combustion process is constant and it is necessary to make a compromise between 

HC and NOX for the internal combustion engine calibration, [8]. Measurement results show 

that the power of the engine ignited by laser system increases by ~3% compared to the 

classical ignition system. For INFLPR the most critical problem of laser ignition (LI) used 

during the experimental investigation was the risk of destroying  the optical element coatings. 

The optical element is designed to construct the focusing line and damage of the lenses from 

the pump line can sometimes appear during engine operation, [5], [7], [8]. Usually, the laser 

lenses are purchased from standard market, being designed with no special coatings. This 

technical issue is eliminated by a special coating technology applied to the lenses, using high-

damage threshold layers, [15]. Also, in order to eliminate this disadvantage, uncoated lenses 

can be used at critical points in the laser beam (for high intensity laser beam). The second 

solution, proposed by many researchers has already been used for different engines but has 

resulted in a deposit of the combustion products on the sapphire window. H. Ranner et. al. [7] 

investigated the problem and proposed the self-cleaning solution, a method that cleans the 

window with the laser beam itself, and can be applied in three steps. As for the first method 

Ranner [7] explains that the initial part from the higher laser pulse energy, Ep= 4 [mJ], was 

able to clean the laser window, but only partially. The second method  proposes the  

possibility of using two laser pulses due to the increased length duration of the pump puls. To 

clean the lenses the first laser pulse was used, this cleaning method being the most efficient. 

The third cleaning method applied by Ranner [7] used a four stroke engine which admits 
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double triggering per cycle. Thus, in order to clean the window of cylinder no.4 before a new 

ignition started, the laser pulses were applied into cylinder no. 4 in the exhaust stroke while 

the ignition was being initiated in cylinder no.1, [7]. The window of laser plugs for cylinder 

no. 2 and 3 were cleaned in the same way. Due to the fact that Ranner used a water compact 

cooling system for each laser plug, the engine was able to operate for a few hours without 

coatings issues for windows or for optical elements, [9], [10]. Mullett and Dearden [5], [11], 

studied  the LI system performance on a Ford Zetec engine at the speed regime of 1500 min-1 

and 30° before Top Dead Centre (TDC) and calculated the different Laser energy values 

between 12...16 [mJ], [5]. Regarding the control of emissions, the reduction of pollutant 

emissions, especially the NOX emission, can be successfully assured by the use of exhaust 

gases to dilute the inlet fresh charge. The use of high ratios of  exhaust gas recirculation 

(EGR), especially at partial load operation regimes, can significantly improve the engine 

efficiency, knowing that in urban traffic,  automotives consume 30% of their fuel in idle  

conditions [12], [13]. R. D. Fruechte et al. reached the conclusion that a reduction in idle 

speed from 800 min-1 to 650 min-1 could assure fuel savings of up to 24% at idle regime 

[12], [14]. With no electrodes to quench the flame kernel as in the case of classical spark 

plugs, the LPI could offer improved cold-start performance. The present paper shows some 

aspects of the experimental investigation of laser ignition use on an experimental engine 

equipped with laser plug ignition system. The paper analyses the effects of LI use on in-

cylinder pressure, heat release rates and heat release laws versus classic spark plug ignition. 

 

2. EXPERIMENTAL INVESTIGATION 
 

The experimental research was developed on an experimental single cylinder SI engine, 

equipped with Laser Plug Ignition. The engine operating regime was 2800 rev/min, 90% load. 

The experimental engine was mounted on the test bed adequately instrumented, as follows: 

Schönebeck B4 hydraulic dynamometer, coupling, electronic speed transducer, air flow 

meter, hydraulic dynamometer water pump, AVL DiCom Analyzer 4000, gasoline fuel pump, 

gravimetric fuel flow meter, gasoline consumption tap, fuel tank, inlet air temperature 

measurement indicator, exhaust gas temperature measurement indicator, engine oil 

temperature measurement indicator, engine oil pressure measurement indicator, cooling liquid 

temperature measurement indicator, PC equipped with AVL acquisition board, crank angle 

encoder, cooling fan, cooler, engine water pump, Kistler charge amplifier,  piezoelectric 

Kistler pressure transducer and  spark plug ignition. The engine is equipped with a laser 

ignition system that has the following components: laser plug ignition, optical fibre,  laser 

diode, laser power supply, PC with soft laser, the ensemble breaker distributor (cam with one 

corner). The laser spark used in the experiments was provided by INFLPR, Laboratory of 

Solid-State Quantum Electronics, Magurele, Romania as shown in figure 1. 

 
 

   

         

 

 

 

 

 

Figure 1: A photo of a laser spark plug is shown in comparison with a classical spark plug. 

The plasma induced in air by optical breakdown is visible. 

(Courtesy of INFLPR, Laboratory of Solid-State Quantum Electronics, Magurele, Romania). 
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The laser medium was a Nd:YAG/Cr4+:YAG ceramic structure (Baikowski Co., Japan) 

that consisted of a 8.0-mm long, 1.0-at.% Nd:YAG ceramic, optically-bonded to a Cr4+:YAG 

ceramic with saturable absorption (SA) [8], [15]. The initial transmission of Cr4+:YAG SA 

was around 40%. The monolithic configuration of the resonator was obtained by coating the 

high reflectivity mirror at lasing wavelength, �em= 1.06 �m on the Nd:YAG free side and the 

outcoupling mirror with reflectivity R= 50% at �em on the Cr4+:YAG free surface. The 

Nd:YAG side was coated for high transmission (T> 0.98) at the pump wavelength, �p= 807 

nm. The optical pump was performed with a fiber-coupled diode laser (JOLD-120-QPXF-2P, 

Jenoptik, Germany) that was operated in quasi continuous-wave mode; the pump pulse 

duration was 250 �s and repetition rates up to 100 Hz were used. Typically, the laser yielded 

pulses with energy of 3.8 mJ at 1.06 �m for the pump with pulses of ~35 mJ at 807 nm; the 

laser pulse duration was around 1 ns. 

3. RESULTS 

The experimental research was carried out on the SI engine firstly equipped with Spark 

Plug Ignition system (SPI), defined as reference and secondly on the engine equipped with 

Laser Plug Ignition system (LPI) . The operating regime was 2800 rev/min, 90 % load and 

air-fuel ratio λ=0.9. For the investigated regime, the data were  measured with a resolution of 

1 CAD and recorded with the AVL data acquisition system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Pressure diagrams registered for  Spark Ignition System and Laser 

 

Figure 2 presents the averaged in-cylinder pressure diagrams measured for Spark Ignition 

System and for Laser Ignition System. The peak pressure rise from 46 bar up to 48 bar. The 

increase of maximum pressure, was around 5%. Also, the maximum pressure was achived 

sooner per cycle for laser ignition compared to spark ignition, the angle of maximum pressure 

reached was 2% closer to TDC for Laser Ignition, figure 2. The initial phase ended ~ 8 

degrees sooner for laser ignition compared to the spark ignition system. Heat release rate is 

presented in figure 3. The peak values registered per cycle heat release rate are comparable 

for the laser and classic ignition systems, but the maximum admitted is 5 CAD sooner per 

cycle for laser ignition. Also, the heat release rate for laser ignition starts sooner, i.e. 4 CAD 

quicker versus spark ignition and decreases faster, in a much more significant manner 

compared to the tendency registered for classic ignition. These aspects are in corellation with 

the heat release allure, figure 4. In the case of the laser ignition system the heat release starts 

with 6 CAD sooner, compared to the classic ignition system. The initial phase of the 

combustion is reached 6 CAD sooner per cycle and has a shorter duration compared to the 

classic ignition system, being almost 22% shorter, the value decreasing from 9 CAD down to 
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7 CAD. The reduction of the duration of the initial phase of combustion is due to a much 

higher energy developed by the laser ignition system versus the spark ignition system. Also 

this affects the main phase of the combustion which is registered 6…7 CAD sooner per cycle 

compared to classic ignition, Figure 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Heat release rate diagrams evaluated for  Spark Plug Ignition and  

Laser Plug Ignition. 

 

 The heat release law curve rises faster for LPI comped to SPI and the 10% of conventional 

mass fraction burned is reached by almost 8 CAD sooner per cycle for the LPI system 

compared to classic ignition system. The 50% mass fraction burned per cycle is achived 

before TDC at 354 CAD for laser ignition and at 358 CAD for spark ignition system. The 

conventional end of the combustion process, reflected by 90% of cycle heat release, appears 5 

CAD sooner per cycle for laser ignition system, figure 4. The main influence of laser ignition 

is reflected on the combustion process which begins sooner and ends earlier compared to the 

combustion phenomenology registered for the classic ignition system.  

 

 

 

 

 

 

 

 

 

 

Figure 4: Heat release law diagrams evaluated for  Spark Ignition System and  

Laser Plug Ignition. 

 

4. CONCLUSIONS  

 

The experimental results obtained from the laser ignition use on the spark ignition engine 

compared to the classic ignition system have led to the following main conclusions: 
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The in-cylinder maximum pressure increases by almost 2 bar when the laser is used. Also 

the maximum pressure rise rate registered for classic ignition increases from 1.7 bar/CAD up 

to 1.9 bar/CAD for laser ignition. The maximum pressure appears ~ 5 CAD sooner per cycle 

at laser use, the angle of maximum pressure being reached 1.3 % closer to TDC. When the 

laser ignition system is used the initial phase ends around 8 CAD sooner per cycle compared 

to the spark ignition system.  

The heat release rate and law are accelerated by almost 5 CAD for laser ignition, the 

maximum values being comparable with the values of SI cycle heat release rate. Reduction of 

the initial phase of the combustion was 2.4% at laser ignition use versus classic ignition 

system. The stage of 10% heat release per cycle is reached 7 CAD sooner per cycle with laser 

ignition system. The reduction of the duration of the initial phase of combustion is due to a 

much higher energy developed by laser ignition system vesus spark ignition system. Percent 

of 50% from mass fraction burned per cycle is achived before TDC with 4 CAD sooner for 

laser ignition.  

 
Acknowledgement 

 

The experiments were performed with a laser spark device developed at National Institute for 

Laser, Plasma and Radiation Physics, Laboratory of Solid-State Quantum Electronics, Magurele, Ilfov, 

077125, Romania. The authors would like to thank Mr. Pavel Nicolaie, Mr. Dinca Mihai and Mrs. 

Croitoru Gabriela for their help and assistance during the experiments. Also, the authors address 

special thanks to the AVL GmbH for providing the necessary equipment.  
 

References 

 

[1] P. D. Ronney, "Laser versus conventional ignition of flames", Opt. Eng. 33 (2), 510–522 (1994). 

[2] N. Negurescu, C. Pana, M.G. Popa, Internal Combustion Engines. Processes (Matrixrom Bucharest, 2009). 

[3] C. Morgan, "Laser -Induced Breakdown of Gases", Rep. Prog. Phys. 38(5), 621–665 (1975). 

[4] S. S. Vorontsov, V. N. Zudov, P. K. Tretyakov, and A. V. Tupikin, "Peculiarities of the ignition of propane-

air premixed flows by CO2 laser  radiation, Thermophys. Aeromech". 13(4), 615–621 (2006). 

[5] G. Dearden and T. Shenton, Laser ignited engines: progress, challenges and prospects , Opt. Express 21(S6 

Suppl 6), A1113–A1125 (2013). 

[6] Y. L. Chen, J. W. L. Lewis, and C. Parigger, "Spatial & temporal profiles of pulsed laser -induced air 

plasma emissions, J. Quantitative Spectrosc". Radiative Transf. 67(2), 91–103 (2000). 

[7] H. Ranner, P. K. Tewari, H. Koefler, M. Lackner, E. Wintner, A. K. Agarwal, and F. Wintner, "Laser 

cleaning of optical windows in internal combustion engines", Opt. Eng. 46(10), 104301 (2007). 

[8] N. Pavel, T. Dascalu, G. Salamu, M. Dinca, N. Boicea, and A. Birtas, Ignition of an automobile engine by 

high-peak power Nd:YAG/Cr4+:YAG laser -spark devices, Opt. Express 23(26), 33028-33037 (2015). 

[9] S. Lorenz, M. Bärwinkel, R. Stäglich, W. Mühlbauer, and D. Brüggemann, Pulse train ignition with 

passively Q-switched laser spark plugs, Int. J. Engine Res. 17(1), 139–150 (2016). 

[10] H. Chen, V. Page, Z. Kuang, E. Lyon, G. Dearden, and T. Shenton, Multiple Pulse Laser Ignition Control 

Application in GDI Lean Combustion, presented at the 3rd Laser Ignition Conference (LIC’15), Argonne 

National Laboratory, USA, April 27–30, (2015). 

[11] J. D. Mullett, Laser-Induced Systemsfor Gasoline Automotivr Engines, PhD Thesis, University of Liverpool 

(2009). 

[12] P. B. Dickinson, A. T. Shenton, J. D. Mullett, G. Dearden, and A. Scarisbrick, "Prospects for LASER 

ignition in gasoline engine control", 10th Int. Symp. on Advanced Vehicle Control (AVEC10), 22–26 (2010). 

[13] R. Jurgen, Automotive Electronics Handbook (McGraw-Hill), (1995). 

[14] R. D. Fruechte, F. E. Coats, and C. H. Folkerts, Idle speed control for automobiles, IEEE Proc. 17th ISECE 

Conference, 467–472 (1983). 

[15] T. Dascalu, G. Salamu, O. Sandu, M. Dinca, and N. Pavel, Scaling and passively Q-switch operation of a 

Nd:YAG LASER pumped laterally through a YAG prism, Opt. & LASER Techn. 67, 164-168 (2015). 



���

�

EXPERIMENTAL ASPECTS OF THE CYCLE VARIABILITY STUDY 

OF A SI ENGINE WITH LASER PLUG IGNITION SYSTEM 

 
Bogdan Done 

University Politehnica of Bucharest  

Department of Thermotechnics, Engines, Thermal and Refrigeration Equipment 

 
The Laser Plug Ignition system could be used to replace the Spark Plug Ignition system of the 

Spark Ignition Engines with several main advantages related to engine performance and the reduction 

of pollutant emissions, a topic which has been researched for the last thirty years. The paper presents 

the preliminary results of the cycle variability study carried out on an SI Engine equipped with a Laser 

Plug Ignition system. The laser plug ignition system was mounted on an experimental spark ignition 

engine and was tested at the regime of 90% load and 2800 rev/min, at a dosage of λ=0.9. Compared to 

the classic ignition system, the Laser Plug Ignition system assures the reduction of the combustion 

process variability, reflected in the lower values of the coefficient of variability evaluated for the 

indicated mean effective pressure, maximum pressure, maximum pressure angle and maximum 

pressure rise rate.  

 

             Keywords: laser, cycle variability, spark ignition engine, combustion and performance. 

1. INTRODUCTION 

In the current global context of severe restrictions regarding the limits of the level of 

pollutant emissions and greenhouse gases produced by automotive internal combustion 

engines and in view of efficiency improvement, researchers have been focusing on the use of 

new technologies regarding combustion process control, [1], [11].  

Thus, pollution reduction and fuel efficiency can be controlled at the induction phase 

in the engine in-cylinder, by direct control of the ignition and combustion processes. Such a 

new technology may be represented by the Laser Plug Ignition system (LPI), also known as 

Laser Ignition system (LI), [2]. In order to take place, the process of LI requires two basic 

steps: spark formation (generally limited by breakdown intensity) and subsequent ignition 

(generally limited by a ‘minimum ignition energy’ or MIE), [1]. For example, it is possible 

either to deliver sufficient energy for ignition but with insufficient intensity (i.e. no spark 

forms), or to form a spark but with insufficient energy for combustion.There are four well-

known main mechanisms in use by which laser radiation can ignite combustible gas mixtures 

[2] and which are constantly evolving: I. Thermal initiation (TI); II. Non-resonant breakdown 

(NRB); III. Resonant breakdown (RB); IV. Photo-chemical ignition (PCI).  

The most widely studied LI mechanism is NRB. It is similar to conventional electric SI as it 

produces plasma that emits light, heat and a shockwave, [5], [6], [7]. However, laser-induced 

sparks are generally smaller in size, shorter in duration and have higher temperatures [5], [13]. 

Another important issue is the reduction of cycle variability in engine operation, with benefits 

on efficiency and emissions, [10], [13]. Basically, the phenomena of cycle dispersion are the 

results of the variations of the combustion process, produced by imperfect mixing of in-

cylinder fill in terms of homogeneity, by the phenomena produced in the formation of the 

plasma channel between the spark plug electrodes, by heat transfer from the flame core to 

spark plug electrodes, by convective heat transfer from the developed nucleus to the mass of 

initial mixture and by variation of the engine in-cylinder turbulence, [10], [14], [15], [16]. 

Cycle variability is strongly influenced by dosage, local air-fuel ratio and by the in-cylinder 

turbulent velocity field, [10], [12], [13].  

 
�����	�
�����������������	����������
����������	���
������������������	������ !	����"� 



���

�

Recently, researchers from the National Institute for Laser, Plasma and Radiation Physics 

(INFLPR) and Renault Technologie Roumanie (RTR), Bucharest, Romania, have presented 

comparative results regarding the operation of an automobile engine that was ignited with 

classical spark plugs but also with laser spark, [4]. In the case of the K7M 812k engine, at a 

speed of 1500 rpm, the coefficient of variation (COV)Pmax decreases by 15% and the 

(COV)IMEP improvement was in the range of 18.5% (at 920-mbar load) to 22.6% (at 880-mbar 

load), [4]. The researchers noticed that the cyclic variability of an engine is improved at both 

high speed and load regimes, showing a lower influence of LPI on the coefficients of 

variability, expected in these conditions [4]. At 2000 rpm speed regime and high 920-mbar 

load, small differences between (COV)Pmax and (COV)IMEP for classic and LI ignition systems 

were noticed, [4]. Also, the results indicate a higher stability of the car engine that was 

operated at medium speeds by LPI, resulting in reduced noise, vibrations and mechanical 

stress, [4]. 

Mullett and Dearden [5], studied the LI system performance and cycle variability on a Ford 

Zetec engine at the regime of 1500 rpm and 36° before Top Dead Centre (TDC), [5]. Mullett 

calculated, for different values of laser energy in-cylinder, between 4...92 mJ, the ratio 

between the COV of IMEP determinant for the LI system and for SI system, [5].            

The ratio of COV values for IMEP evaluated for Laser Plug Ignition system and for classic 

ignition system continuously decreased with the increase of in-cylinder laser energy, [8]. 

Regarding the combustion stability, for stoichiometric operation, � = 1, the LI system was 

found to outperform the SI system in terms of reduced (COV)IMEP [8]. Dickinson compares 

the values of (COV)IMEP over a wide range of ignition angles at 1500 rpm, 2.62 bar brake 

mean effective pressure (BMEP), and analyses the effect of load on (COV)IMEP when 

operating at 1500 rpm at minimum advance for best torque (MBT), [8].  

Shenton, Mullett and Dearden show that LI system improves the combustion stability, 

explained by measured values of (COV)IMEP, [8] and with proper control, these improvements 

can enable engines to be run under leaner conditions, with higher EGR concentrations, or at 

lower idle speeds without increasing the noise, vibration and harshness characteristics of a 

vehicle. LI gives significantly shorter plasma duration compared to SI, [8]. With the recent 

development of higher average power and higher pulse frequency lasers, it is expected that a 

multi-strike LI system and associated combustion control can reduce the probability of 

misfires under high levels of dilution. The prospects for LI are also interesting from a control 

perspective, from optical sensing of the in-cylinder combustion made possible through self-

cleaning (SC) of the laser beam pathway, to the array of possible ignition activation and 

control mechanisms, [8]. It is anticipated that, combined with the capability to control the 

ignition location and timing, this will play a significant role in the optimization of future 

engines by dynamic feedback control, [7]. In case of new ignition system use, like Laser Plug 

Ignition system, a study of cycle variability for the main parameters that characterize the 

engine running is imminent.  

 

2. EXPERIMENTAL INVESTIGATION 

 

The experimental research was developed on an experimental single cylinder SI 

engine, equipped with laser Plug Ignition. The operating regime was 2800 rev/min, 90 % 

load. This operating regime, defined by the fact that speed is close to the maximum torque 

speed regime, is often used in exploitation and presents interest for investigation. The load is 

reduced at 90% in order to assure acceptable mechanical stress of the engine and does not 

affect the mechanical structure and function of the laser spark plug during this preliminary 

investigation. The experimental engine was mounted on the test bed adequate instrumented 

for the experimental investigations carried, its schema being presented in Figure 1. 
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The test bed: 1- laser plug ignition, 2 - optical fibre, 3- laser diode, 4 - laser power supply, 5 - PC with soft laser, 

6,7 - the ensemble breaker distributor ( cam with one corner), 8 - inlet air temperature measurement indicator, 9 - 

exhaust gas temperature measurement indicator, 10 - engine oil temperature measurement indicator, 11- engine 

oil pressure measurement indicator,12 -cooling liquid temperature measurement indicator,13 - PC equipped with 

AVL acquisition board, 14 - crank angle encoder, 15 - cooling fan, 16 - cooler,17 - engine water pump, 18 - 

Kistler charge amplifier , 19 - piezoelectric Kistler pressure transducer, 20 - spark plug ignition, 21- coupling, 22 

- Schönebeck B4 hydraulic dynamometer, 23 - mechanical snuff speed, 24 - air flow meter, 25 - hydraulic 

dynamometer water pump, 26 - AVL DiCom Analyzer 4000, 27 - air flow meter, 28 - gasoline fuel pump, 29 - 

gravimetric fuel flow meter ,30 gasoline consumption tap, 31 - tank. 

The laser spark used in the experiments was provided by INFLPR, Laboratory of 

Solid-State Quantum Electronics, Magurele, Romania. The photo in Figure 2 shows a laser 
spark plug compared with a classical spark plug. The plasma induced in air by optical breakdown is 

visible. The laser medium was a Nd:YAG/Cr4+:YAG ceramic structure (Baikowski Co., Japan) 

that consisted of a 8.0-mm long, 1.0-at.% Nd:YAG ceramic, optically-bonded to a Cr4+:YAG 

ceramic with saturable absorption (SA) [4], [9]. The initial transmission of Cr4+: YAG SA 

was around 40%. Monolithic configuration of the resonator was obtained by coating the high 

reflectivity mirror at lasing wavelength, �em= 1.06 �m on the Nd:YAG free side and the 

outcoupling mirror with reflectivity R= 50% at �em on the Cr4+:YAG free surface. The 

Nd:YAG side was coated for high transmission (T> 0.98) at the pump wavelength, �p= 807 

nm. The optical pump was performed with a fiber-coupled diode laser (JOLD-120-QPXF-2P, 

Jenoptik, Germany) that was operated in quasi continuous-wave mode; the pump pulse 

duration was 250 �s and repetition rates up to 100 Hz were used. Typically, the laser yielded 

pulses with energy of 3.8 mJ at 1.06 µm for the pump with pulses of ~35 mJ at 807 nm; the 

laser pulse duration was around 1 ns. Cyclical variability is evaluated mainly by the variation 

of pressure differences, which are reflected in the calculated values of coefficients of cyclical 

variability, [10], [13].The cycle variability can be characterized by coefficients of a cylinder 

pressure variation. The intensity of the cycle variability phenomena is defined by the 

coefficient of cycle variability, [10], [13]. For “n” consecutive cycles, if is considered a 

normal distribution of the deviation probabilities, the squared average deviation can be 

calculated and the cycle variability coefficient is defined as:              

                                                          (1) 

 

 

 

 

 

 

Figure 2: Compared LPI and SPI 
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where n is the number of cycles, a is the parameter of which variability is studiedand is 

defined for indicated mean effective pressure IMEP, maximum pressure pmax, maximum 

pressure rise rate (dp/d�)max and the angle where maximum pressure occurs, �pmax in the 

cycle number “i”.  

The way of cycle variability evaluation for regimes with spark timing closer to the value of 

spark timing for maximum torque brake (MTB) the coefficient of variation (COV) of 

maximum pressure is suitable, [10], [13]. When the maximum pressure occurs, the COV of 

maximum pressure angle is used for characterization of the combustion cycle variability 

during the initial phase of combustion [10], [13].The variation of the IMEP, appreciated by 

(COV) IMEP, is the most suitable instrument to define the engine respond to the combustion 

process variability. From this point of view, the limit value of (COV) IMEP defines practically 

the limit of mixture leaning, [10], [13].This cycle coefficient can also indicate the variability 

of flame development during the initial phase of combustion [10], [11].A higher combustion 

velocity reduces the influence of turbulence and reduces the cycle variability [10, 11]. The 

quality of the in-cylinder mixture influences the combustion process through chemical 

reaction speed, with a maximum in the area of rich dosage. As a result, the initial and final 

phases of the combustion process have minimal duration at the dosage for which the chemical 

reaction speeds are maximum, λ=0.9 [11], [12]. At the mixture leaning, the duration of those 

two phases increase and the total combustion duration also increases. The normal automotive 

engine manoeuvrability is assured if the coefficients values are fewer than 10% [10], [13]. 

3. RESULTS 

The experimental research was carried on the SI engine firstly equipped with Spark Plug 

Ignition system (SPI), defined as reference, and secondly for the engine equipped with laser 

Plug Ignition system (LPI). The operating regime was 2800 rev/min, 90 % load and air-fuel 

ratio λ=0.9. For the investigated regime, the data were measured with a resolution of 1 CAD 

and recorded with the AVL data acquisition system. Analysis of the consecutive pressure 

diagrams, the cycle variability coefficients were calculated for IMEP, maximum pressure, 

maximum pressure rise rate and angle of maximum pressure. COV values are presented in the 

following figures.  

 

Figure 3:  The (COV)IMEP 

evaluated for SPI and LPI systems 
 

The values of COV calculated for IMEP for Spark Plug Ignition (SPI) and for laser Plug 

Ignition (LPI) are presented in the Figure 3.  

�Figure 4: The (COV)pmax  

evaluated for SPI and LPI 

systems
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The value of COV of IMEP decreases with 1.9 % at the use of LPI, fact that shows an 

improvement of the combustion stability at the use of laser Plug Ignition system versus classic 

ignition system.  

A lower value of (COV)IMEP, registered at the LPI use, as figure shows, indicates a better 

engine respond at the variability of the combustion process, at λ=0.9. Also, the reduced value 

of the COV for indicated mean effective pressure shows a much lower variability of the flame 

development into the initial phase of the combustion process when the LPI is used 

comparative to the spark plug system. 

The values of COV calculated for maximum pressure for Spark Plague Ignition (SPI) and for 

laser Plug Ignition (LPI) are presented in Figure 4. The value of COV of maximum pressure 

decreases from 7.7% down to 6 %. The variability coefficient improves its value with almost 

1.7 % when the laser Plug Ignition system is used comparative to the classic spark ignition 

system. The decrease of COV for maximum pressure is correlated with the variation tendency 

registered for the COV of IMEP. 
 

  

Figure 5: The (COV) αpmax  

evaluated for SPI and LPI systems 
 

The COV of maximum pressure angle, illustrated in Figure 5, defined by the angle when 

maximum pressure occurs per cycle, decreases from 80.8% value registered for SPI down to 

47.5% for LPI. The decrease of the COV of maximum pressure angle, with 33.5% at LASER 

Plug Ignition system use, reflects a lower cycle variability of the combustion process 

registered during the initial phase of the combustion; this fact is correlated with the variation 

tendency registered also for COV of IMEP, Figure 3.  

The COV of maximum pressure rise rate is presented in Figure 5. The calculated values for 

the LPI system of the COV of maximum pressure rise rate decreases with almost 3.5% 

comparative to the values registered for the classic ignition system with spark plugs. The 

decrease of the COV for (dp/dα)max appears in correlation with the reduction of the other 

COV values calculated for IMEP, maximum pressure  and  angle  of maximum pressure. 

4. CONCLUSIONS 

Regarding the experimental research of a new laser Plug Ignition system used on a SIE, 

the main conclusions of the cycle variability study can be formulated as it follows: 

The values of COV calculated for IMEP for laser Plug Ignition system (LPI) decrease with 

1.9%, fact that shows an improvement of the combustion stability at the use of laser Plug 

Ignition system versus classic ignition system.  

Figure 6: The (COV) (dp/dα)max  

evaluated for SPI and LPI 

systems
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Due to a lower value of (COV)IMEP, registered when the laser Plug Ignition system is used, 

indicates a better engine respond at the variability of the combustion process, for λ=0.9. 

Moreover, a much lower variability of the flame development during the initial phase of the 

combustion process when the LPI is used comparative to spark plug system. 

The values of (COV)pmax for laser Plug Ignition system (LPI) decrease from 7.7% down to 

6%, the variability coefficient improves its value with almost 1,7%. The (COV)pmax decrease 

is in correlation with the variation tendency registered for (COV)IMEP. 

The decrease of the COV of maximum pressure angle, (COV)αpmax with 39% when using 

laser Plug Ignition system, reflects a lower cycle variability of the combustion process 

registered during the initial phase of the combustion; this fact is correlated with the variation 

tendency registered for (COV)IMEP.   

The values of COV for maximum pressure rise rate, (COV)(dp/dα)max,   decreases with almost 

3.5% for LPI system use comparative to the values registered for the classic ignition system 

with spark plugs. The decreases are in correlation with the reduction of COV values 

calculated for IMEP, maximum pressure and angle of maximum pressure. 

The improved values of the cycle variability coefficients registered for laser ignition versus 

classic ignition system show a good perspective for further experimental investigations 

carried on other engine operating regimes. 
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ABSTRACT 

 

Observed in the most recent period exceeding the low standards, the result of which in many metropolitan areas 

in the country there was smog, caused, that the problem of the limitation of the emission of silt and gas has 

become one of the most important tasks for the local administration. With survey data of pollutant emissions in 

the country shows that the largest share has low emissions from furnaces and small boiler room housing estates. 

This is a phenomenon observed in many EU countries, and therefore requires a systemic solution, involving, 

inter alia, on the participation of States in funding the modernisation of existing heating systems. A decisive 

influence on the low emission limit has a selection of heating system and the type of fuel used to produce heat 

for heating purposes and use in households. This article presents one way of production of hot water for heating 

purposes and utility in which you apply the micro-cogeneration – µCHP (Micro Combined Heat and Power). 

This is the production of heat and electricity as a typical cogeneration power plants, only in a much smaller 

scale, limited to the needs of individual farms.   

 

1. INTRODUCTION  

 

The problem of protection of the environment and reduce harmful emissions of dust and 

gas as energy security in the European Union the main tasks. In the energy industry, heating 

and energy-intensive industries – chemical, metallurgical and cement – it issues is 

successfully implemented in the framework of BREFS and energy climate package 3X20, 

which requires EU countries to achieve in the year 2020: 

–  20 % reduction in greenhouse gases emissions compared to 1990 

–  increasing to 20 % the share of renewable energy sources (RES) in the production 

of primary energy (Poland was committed to 15 % RES)  

–  20 % reduction of primary energy consumption in relation to 2006.  

While the much worse it looks like the problem low emission, which besides to the traffic 

emission, is the result of mostly emissions of particulate matter and noxious gases coming 

from the combustion of low calorific solid fuels for heating purposes in furnaces and small 

boilers. Particularly this winter, low emissions due to the favourable weather conditions (no 

wind) was particularly difficult. In many regions, the result of low emission was the harmful 

smog. Therefore, the problem of eliminating the low emission is now one of the priorities.  

One of the effective ways is to eliminate the low calorie burning coals, mules carbon and 

waste and rubbish in the heating systems. At the current level of individual installations, fuel 

combustion techniques, there are many ways to reduce low-emission, low-carbon fuels costs 

only limited and modern, high-efficiency boilers for central heating. In the urban 

agglomeration, the cheapest way to elimination of emissions from individual furnaces is 

joining the holdings to the heating network. On the other hand, if it is not possible to connect 

to the heating plant you can apply other, also effective solutions that rely on the use of low-

���������������������������������������� �������������������
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emission fuel boiler-natural gas, fuel oil or biomass (e.g. wood pellets). Type of fuel and its 

use dependson the price and access. In the countryside where there is virtually no access to 

the gas network, this may be the most fuel biomass. However, in urban areas where virtually 

every household has access to the gas network, the best solution is to switch from fuels-coal 

to natural gas fired. 

2. HOUSING ENERGY CONSUMPTION  

 

Eurostat data shows that in households in Poland, total energy consumption per capita is 

about 12 % lower than in the countries of the former UE-15 and 9 % lower than in the EU-27 

as a whole. While the share of the costs for electricity, gas and other fuels in net income in 

Poland, are among the highest in the EU and is about 120 % higher than in the EU-15 

countries and about 105 % higher than the average in EU-27 countries. It follows that the 

households in Poland are almost 2 times more sensitive to changes in the cost of energy in 

comparison to the EU as a whole. In Figure 1 is shown the energy consumption of a typical 

household in Poland. 
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Figure 1: Energy consumption in the household: 1 – heating, 2 – hot water production,  

3 – cooking meals, 4 – lighting, 5 – eletrical equipment 

 

Of the data shows that the main part (about 70 %) of energy consumption in the household in 

Poland is used for heating and the production of hotwater. Compared to the energy 

consumption for heating purposes in the countries of the former EU-15, where energy 

consumption for heating purposes is around 50 %, it appears that there are still considerable 

reserves (possibility to reduce energy for heating), which you can use in order to meet the 

requirements of the climate package and low emission restrictions. In recent years, housing is 

observed beneficial changes, among other things, reducing heat losses (improved insulation of 

buildings) and energy (high efficiency heating systems, ventilation and lighting). In Fig. 2 are 

shown the changes in the consumption of energy for heating and hot water production targets, 

which have occurred in recent years in the national housing. 

These changes do not, however, have a greater impact on improving the environment, 

especially in the last period you can conclude after alarming signals about the emission limit 

is exceeded and the effect of smog in many cities in Poland. High heating costs, especially in 

older buildings, which is characterised by high heat losses and heating systems with low 

efficiency of the cause, that is looking for a cheaper, not always eco-friendly solutions. The 

large dispersion of these small furnaces (detached houses) and their great number causes, that 
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this is asignificant environmental problem in the country. The solution to this problem 

requires significant investment. Therefore, the choice of a new individual production system 

hot water heating purposes and performance requires a deep analysis of both in terms of 

property and energy efficiency. One increasingly common solution is Association of the 

production of domestic hot water with electricity generation [1]. 
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Figure 2: Energy intensity of the housing in Poland, kWh/m2a 

 

 

3. HOME MICRO-COGENERATION  

 

Micro-cogeneration (µCHP) is the cogeneration process on a smaller scale, which can be 

applied to an individual household. It consists in the production of hot water for heating 

purposes and utility and electricity network parameters. Micro-cogeneration in accordance 

with the provisions of Directive 2004/8/EC means the production associated with the 

maximum electric power of less than 50 kWel. So far, systems were big application mainly in 

multi-family residential buildings, public buildings, schools, swimming pools and sports [2]. 

Such objects are characterized by greater and constant demand for heat and electricity, 

resulting in a higher energy efficiency. In recent years, it is observed particularly in the 

countries of the former EU-15, high interest, low heat power µCHP systems below 20 kWth 

and 0.6÷5.0 kWel. On a chart – Fig. 3 – shows a progressive increase in the applications 

installation of µCHP. 
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Figure 3: Increase in application of µCHP installation in thousands of units 

 

Such systems have found use mainly in individual households. In Figure 4 is shown a 

schematic of such system. 

 

Figure 4: Scheme of µCHP installation 

 

In recent years, it is observed a significant development of installation of µCHP for 

households with electricity power below 5.0 kWel, which reflects a large demand for such 

devices. Such devices to generate electricity mostly used: piston engines or Stirling engines. 

A typical example of the layout of the µCHP with piston engine are the Dachs device of 

German company SenerTec. For example, one such a device is shown in Fig. 5. 
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Figure 5: Micro CHP of SenerTec [3] 

 

µCHP device of reciprocating engines are characterized by larger power electric than Stirling 

engines. Figure 6 shows the device µCHP Hybris Power with Stirling engine production of 

De Dietrich [4]. 

 
Figure 6: Installation view and technological scheme of HybrisPower 

 

This device is similar to a typical wall gas furnace, condensing. It is equipped with two gas 

burners and a Stirling engine to produce electricity. The engine is coupled with a generator 

that produces alternating current with a frequency of 50 Hz and a maximum power of 1.0 kW. 

Heat output of this device is 5.4÷24.0 kW, consumption of natural gas GZ 50 from 0.5 to the 

max. 3.7 m3/h.  
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4. CONCLUSIONS  

 

Low efficiency of individual heating units and used in them because of the cost, fuel 

quality, are the main cause of harmful emissions of particulate matter and gases. A significant 

number of individual heating systems makes these devices belong to the main sources of 

carbon dioxide emissions in the country. Previous actions to reduce emissions, despite the 

significant financial incentives not influenced significantly improve an existing State. 

Presented heating system – home-micro-cogeneration – consisting of the production of heat 

and electricity in a device installed inside an individual household can be a solution that will 

reduce harmful emissions. Higher efficiency of µCHP compared to the traditional system of 

gas heating is an argument for the use of such solutions, [5]. Limitation is the high cost of 

these installations, especially for individual solutions. µCHP installations should first be 

applied in multi-family buildings where it is not possible to connect to the heating network 

and in public buildings. As is clear from the experience of the working installation, depending 

on the size of the unit and the demand for heat and electricity use µCHP allows in addition to 

ecological effect, get lower electricity costs by more than 50 % compared to buying this 

energy from the power plant. Having regard to the profit of the energy produced, the resulting 

cost of heating is 30÷40 % lower than with traditional heating. 
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ABSTRACT 

Experimental setup has been developed and studied in order to determine the integral heat-exchange 

characteristics of the capillary-porous cooling system according to the coolant supply circuit, degree of 

pressure on the structure, height of the heat exchange surface, design of the tubular arterial structure and 

micro arteries supplying coolant, orientation of the heating surface and the pressure in the system. A 

diagram has been shown of the cooling system functionality along with measurements and methodology. 

Overheated heaters and fuses have been shown at the time of the crisis of heat transfer. 

 
1. INTRODUCTION 

 

We can give a number of experimental equipment that allow us to investigate the 

integral characteristics of heat transfer: the specific heat fluxes q, the fluid and vapour flow 

rates mf, mvap, the pattern of temperature distribution along the height and length of the heat 

exchange surface. 

The studies are carried out in a capillary-porous cooling system which can operate on 

the principle of a closed evaporative condensation scheme or can be opened. Different heat 

exchange conditions are studied, i.e. the method of the cooler supply, the degree of clamping 

of the capillary-porous structure, the ability to feed water along the height of the heat exchange 

surface, the orientation of the degree relative to the gravitational forces, flat, tubular and curved 

cooling surfaces, the operation of the system under pressure in advance of the onset of crisis 

phenomena accompanied by the burning-out of a wall.  

To study the mechanism of heat transfer, holography methods [1], generalization of 

similar [2] and equivalent phenomena [3] are used. 

         The heat exchange control is carried out due to elliptical systems [1,4,5] by 

combined action of capillary and mass forces [2,4,6]. 

          The study of heat transfer is of practical nature, it is intended for the creation of 

various thermal power plants, such as porous casings for pipelines [8], steam coolers of steam 

boilers [9], porous coatings of poorly heat-conducting material [10], seals in steam turbines 

[11,12] and a number of other power plants [13,14]. 

 

3. Measuring circuit 

 

Fig. 1 depicts the functioning scheme of the porous cooling system, the method for measuring 

the temperature of the heating surface tw. The measurement of fluid flow rates mt
f, m1, m2, mdr, 

mcon, mcir.wat, mair and vapour flow rates mvap. The accepted indices are “t” - tank, “f”-fluid; “dr” 

- drain, “con” - condensate, “cir.wat”- circulating water. Control of the temperature of the liquid 

is represented with tf
t, tf

dr, tf
out, tf

in, that of the vapor with tvap, and of the electrical insulation tel
ins 

= tdiff.  
Fig. 2 shows the cooling element with a capillary-porous structure. It allows to study 

the schemes of fluid supply from tubular arteries 3, influence of the height of the heat exchange 

���������������������������������������� �������������������
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surface h, the degree of compression of the structure with the help of a perforated plate 10, and 

the dispensing intensity of the coolant by micro arteries 11.  

 
Fig.1. Functioning Scheme fora porous system and the measurement procedure: TSD-1000 – 

welding transformer; UCT–universal current transformer; W–wattmeter; V–voltmeter; �–

ammeter; VR–voltage regulation; G–galvanometer; �–variable-area flowmeter; NV–needle 

valve. 

 
Fig.2. The cooling element with a capillary-porous structure: 1–envelope, 2–cover, 3–tubular 

arteria, 4–plug, 5–capillary-porous structure, 6–electrical insulation (mica), 7–principal 

heating unit, 8–guarding heater, 9–heat insulation, 10–perforated clamping plate, 11–micro 

arteria. 

The clamping scheme of a capillary-porous structure is shown in Fig. 3. 
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Fig.3. The clamping scheme of a capillary-porous structure: 1 – plates, 2 – clamp 

screws, 3 – steam slots, 4 – inflow input, 5 – perforated clamping plate, 6 – capillary-porous 

structure, 7 – heated wall, 8 – micro arteria. 

 

 
Fig.4. Cross section of flat experimental equipment: 1 – clamping bar, 2 – capillary-porous 

structure, 3 – perforated clamping plate, 4 – tubular arteria, 5 – asbestos plate, 6 – heating 

unit, 7 – insulation, 8 – plate, 9 - hold-down nut, 10 – electrode, 11 – windows, 12 – heat 

insulation, 13 – cooling wall, 14 – chamber collector, 15 – support. 

 

Fig. 4 shows a transverse section of flat experimental equipment with a perforated 

clamping plate 3, tubular arteries 4 and a capillary-porous structure 2.  

Fig. 5 shows the investigation schemes of the influence of the orientation of the heat-

release surface. 
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Fig.5 The schemes for investigation of orientation of a heat-release surface: a,b – the fluid is 

supplied by the arteria, c,d – "siphon" supply of liquid: � – angle between the cooling surface 

and the force of gravity. 

Fig. 6 shows experimental equipment with a curved surface operating under high 

pressure.  

 

4. Experimental design 

Heat transfer studies were conducted prior to the onset of a boiling crisis with surface 

overheating and a capillary-porous structure (Fig. 7a,b) with the surplus liquid mf/mvap of (1 ÷ 

17.6). 

Thus, experimental equipment of integral (average) heat-exchange characteristics of a 

capillary-porous cooling system is designed and investigated:    a scheme of functioning and a 

measurement procedure, building of a cooling element with tubular arteries, a perforated 

clamping plate and micro arteries were shown. Various factors were studied: the height of the 

heat exchange surface, the pressure in the cooling system up to the burning-out of both the wall 

and the wicks. 

 
Fig.6 The schemes of experimental equipment with a curved surface operating under high 

pressure: 1 –electrode, 2 –asbestos plate, 3 – flaked asbestos, 4 –nichrome, 5 –net structure, 6 

– liquid supply pipe, 7 –vapor channel, 8 – vapor discharge tube, 9 – envelope, 10 –cover, 11- 

seal. 
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Fig.7. Blown heating units (A) and capillary 

-porous structures (B) wicks. The surplus of  

liquid was changed from mf/mvap = 1 to 17,6. 

 

The greatest possibility of error in current measurement is ± 0,6%, in the voltage drop 

± 1%, and in the power it is ± 1,6%. Electric energy is supplied to the guarding heater from a 

voltage regulation of the VR type. 

When studying the onset of liquid boiling and critical loads the current transformer of 

the TSD-1000 type is used with an output voltage of off-load of 71 V. The electric current 

intensity is regulated in the ranges of 200 ... 1200 A. 

Measurements of liquid and ambient temperatures are performed by mercury 

thermometers of the TL-4 type with a scale of 0 ... 500� and 50 ... 1000� and a pressure of 

0,10�. The temperatures of the liquid and vapour discharge are measured by chromel-copel 

thermocouples made of cable with a diameter of 0.1x10-3 m. The diameter of the junction head 

of the thermocouples is 0.4 x10-3 m. 

The electrodes of thermocouples are isolated by two-channel straws with a diameter of 

1.0x10-3 m fixed with BF-2 glue inside injection needles with a diameter of 1.2x10-3 m. 

In order to measure the wall temperature, the thermocouple electrodes with a diameter 

of 0.2×10-3m are welded to it by an electric arc formed during the discharge of condensers. For 

this it is normal to make a borehole to a depth of 1.9x10-3 m with a diameter of 1.2×10-3 with 

an accuracy of ±0.05×10-3 m to the surface of the wall with thickness of 2×10-3 m. The 

thermocouple electrodes are insulated with porcelain straws measuring 1.2×10-3 m in diameter 

and they are put along the wall surface between two layers of mica with a thickness of 0.05x10-

3 m glued to the surface of the heating unit. The cold ends of thermocouples are thermostated 

in melting ice. The electrodes of thermocouples are connected to two twelve-point switches of 

the PP-63 cl. 0.05 type. To eliminate the effect of induced circulating currents on the 

thermocouple readings, the equipment and instruments are grounded. 

The cooling and circulating fluid flow rates are determined by electric variable-area 

flowmeters of the PED type with a secondary electronic device of the KSDZ-43 cl. 1 type 

calibrated with a volumetric method. The discharge of the merging liquid and condensate is 

fixed using a measuring container with a pressure scale of 0.5x10-3 liters, and the filling time is 

measured with a stopwatch of the C-P-1b type with a scale interval of 0.1 second. 

The greatest possible error in determining of the flow rate of the liquid by variable-area 

flowmeters does not exceed ± 3%, and by the volumetric method does not exceed ± 2%. 

3. Conditions for experiments 

The supply of electrical energy to the main 

heating unit is carried out from a welding 

transformer of the TSD-1000 type the 

output voltage of which compose the 

following fixed values: 2,5; 5; 7,5 and 10 

(see Fig. 1). The electric current feeding 

the heating unit is measured according to 

the scheme with a universal transformer of 

the UCT-6�2 cl.0,2 type. The secondary 

current is up to 5 A, the primary current is 

100 ... 2000 A. The voltage drop on the 

heating unit is measured by a voltmeter of 

the D523 cl. 0,5 type. �
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The conditional coefficient of transparency was investigated in the work [2]. The data 

scattering of the value K� in the generalization of the experimental data does not exceed ± 16%. 

The effective thermal conductivity of the wetted network structure was determined by 

the formula (1): 

���� � �� � �
	
�������      (1) 

where a=8�103 m-1, �=1.35 for nets 12�18�9	, and a= 1.8�103 m-1, �=0.73 for brass nets. 

The imbalance of the heat supplied by the current and the heat generated by the 

circulating and surplus water taking into account Qsp does not exceed ± 12%, and the imbalance 

of the heat supplied by the vapour in the condenser and the heat generated by the circulating 

water does not exceed ± 11%. 

The material imbalance between the flow rate of the cooling liquid, drainage and 

condensate flow rates does not exceed ± 10%/ 

The procedure for measuring and processing of experimental data was published in the 

works [2-4, 6, 7, 14]. 

 

Conclusions 

 

The presented experimental setup is suitable for determination of the integral heat-

exchange characteristics of the capillary-porous cooling system and possesses wide possibilities 

of determining the following: different schemes of filling of the refrigerant, according to the 

coolant supply circuit; degree of pressure on the structure; height of the heat exchange surface; 

design of the tubular arterial structure and micro arteries supplying coolant; orientation of the 

heating surface and the pressure in the system. 
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HEAT EXCHANGE IN OIL-COOLER AT POWER STATION    

 
Alexander Alexievich Genbach �, Karlygash Olzhabayeva �, Iliya Krastev Iliev � 

 
ABSTRACT 

 
Implementation of porous systems in production was preceded by research work on the transfer of 

energy and matter in the heat exchangers containing capillary-porous coating of different thermal 

conductivity and porosity. For a heat exchange intensification at evaporation and boiling a capillary cellular 

coating on the cooled surface is widely used recently. Capillary-porous coatings facilitate the boiling of 

liquid (the necessary difference is reduced), can significantly intensify the heat exchange at nucleate boiling 

and increase the critical heat flux. 

The need to improve the efficiency of oil coolers of steam turbine installations is increased 

particularly during the present period which is characterized by constant growth of energy costs, of power 

supplies as well as increased attention to problems of energy and resource saving. 

Offered capillary-porous cooling system eliminates the ingress of oil into the water supply source, 

and the cooling liquid into the oil supply system. This maintains a high coefficient of heat transfer from the 

coolant and increases from the heat carrier (oil). The uniformity of the temperature field will stabilize the 

temperature of the oil. The amount of circulating coolant (by 60-70 times) considerably reduces. The 

technical solution provides a simple, reliable design, its unification. The described scheme allows us to 

solve the problem of environmental protection in two aspects: the treatment of wastewater and soil from 

oil products and the use of low-potential heat. 

 

 
1. INTRODUCTION 

 

1. Studying of heat exchange processes in a new porous cooling system of   power 

equipment at power plants  

When building a physical model of boiling of liquid in a new porous system working under 

combined action of gravitation and capillary forces [1], for the primary boiling region we consider 

that the bulk of heat q is transferred by efficient thermal conductivity  �ef in the process of heat 

exchange   � � �ef �T �����	                                                                                                  (1) 

Assuming that �ef 
���������� , we will get the  correspondence 

 

� � ��������������� ,                                                                                   (2)  

�� � �������������� ; �� �  !"#"�$
%#&' ; 

��� � ( )*� +,*� - *./01�234�5�6 7�$.8*�*./�$9
�2 : 6���$8*./ 9

�2; < = 
 

For the region of developed bubble boiling [2] we consider that extraction of head flux, is 

realized mainly at the expense of evaporation, i.�. > �./
?@ 8*./��� , where the average volumetric 
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pulsation speed of a vapour bubble in a cell of a grid-type structure equates to ?@ � AB�AC. 

Assuming that the volume of a growing bubble is B
�2, we will have ?@ � A�2�AC
��A��AC. 

As the experiment shows, the density of active evaporation centers is ��@
���� , thus we can write 

a formula for a heat flux �
 DE
DF ������8*GHI , where the rate of velocity of the growth of vapor 

bubbles in the grid-type structures has been determined by  empirical data processing DE
DF � 6�5��������C9��.                                                                                     (3) 

Putting the equation (3) to the correspondence (2), and considering the type of the porous 

structure and heat-accumulating properties of a wall, we have the formula of a heat flux for the 

developed boiling region (correspondence 1).  

Therefore, the formula (1) may be received by considering the fluctuation  process of 

generation of a vapour bubble of critical size with a burst, occurring on the wall or on the carcass 

of the structure, i.�. �
BJ%�����8*./, 
where  BJ% - is the volume of a bubble of critical size. 

Showing the value BJ% through the critical size of a bubble �J% � (7��K , where �K ���8*./��. , and using the derived formulas for the values  ����L��� , we will have the correspondence � � MNOPQ��6K9���	 Hence, the initial stage of bubble formation,  having the nature of a burst, 

and being studied by us on an impulse holographic installation [4], is the determining in subsequent 

regime of active bubble boiling in the studied porous cooling system. 

 

2. Analysis of the derived equations  

The analysis of the derived equations demonstrates: 

1. To study the porous system there is no such a drastic correspondence of the rate of heat exchange 

α=f (bg, h, L), as it takes place in heat pipes, where L – is the length of the surface. 

2. The function q=f (∆T) is “stronger” than for heat pipes, which is explained by the excess of 

liquid. 

3. The excessive liquid consumption, through which the influence of velocity and under heating 

of the liquid is reflected, is insignificantly affects the value q, however, its existence is significantly 

expand the borders of working capacity of the system qcr. 

4. Bending the system reduces q. 

5. The increased size of cells and larger thickness of structures reduces q.   

6. Pressure influences on q more smoothly, than under boiling in a large volume, because the 

existence of capillary potentiality is a constraining factor. 

7. The growth of accumulating capacity of a wall increases q. 

8. The density of centres and frequency of generation have larger values, which is connected with 

larger and more uniform overheating of bordering layer, and   departure diameters are smaller than 

in boiling in a large volume. 

 

3. Model of derived equations    
Analysis of holographic interferogram showed that with the value of q=const stable 

concentration of interferential stripes in the time, characterizing the boiling process as quasi-

stationary, were derived. However, some deformation is associated with pulse regime of the 

boiling process, and availability in the cells of the structure of regularly changing centers of 

evaporation. At the same time, one can assume that in the near-the-grid area there is an emission 

of the drops of liquid   (figure 1) [2]. 

With different values � by degree of deformation of forms and density of interferential 

stripes, heat and hydro dynamical condition of the processes of heat and mass-transfer were 

assessed.   

Therewith we can judge about micro processes and some local processes, for example, about 

temperature micro topography, on fluctuation phenomena, on emission of drops. The more 
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intensive the process, the brighter the pictures are expressed. There are some differential pictures, 

which is impossible to be determined by any other ways. 

 

 
 

Figure 1 - Holographic interferogram of the process of evaporation in a grid-type porous 

structure of type 0,4 where q=1,2.105 W/m2; mf/mst=1,1=opt 

 

 
 

Figure 2 - a fragment of a picture gram of the process of evaporation in a grid-type porous 

structure of type 0,4 where   q=6,7.104 W/m2; mf /mst=5,2 

 

For example, in the near-the-grid space, active processes take place within 4.10-3 m at q=40 

kW/m2 and q=7.10-3 kW/m2 at q=120 kW/m2.    

In case of admission of small amounts of the value q, the areas of homogeneity are more 

enlarged, which notes the stability of the processes in some local area or even on a significant 

section of surface. At high values q the areas are concentrated right until the sizes of certain cells 

of the structure. Therefore, one can assume that the nature of liquid boiling shall be determined by 

the sizes of one or several cells [3]. 

With the increasing of the value q, the number of evaporation centres increases as well. There 

are vapour bubbles and their formations, derived due to the junction of separate bubbles. Upon 

existence of a fine grid in the wall, there is a tendency of filling op and accumulation of vapour 

bubbles inside it, which creates “dry” areas on the wall. 

Such phenomena have not been determined for the grid with large sizes of cells (0,4.10-3 m). 

The sensibility of the structure is higher, as long as it has lesser hydraulic resistance and capacity 

to derivate, although larger, bubbles (figure 2). In case of smaller values q behaviour with a burst 

of a double-phase flux is slightly expressed [4]. 

In case of optimal consumption of liquid, the time of “life”  τlife of vapour bubbles has been 

not more than 1/2500 s, and the holding time (0,006 - 0,014) from the time of “life” for the value  

q=120 kW/m2 and twice more for q=67 kW/m2. 

 

The phenomena of growing the bubbles from the film as in thin-film vaporizers did not take 

place. At the time of destruction, a bubble had the shape of a circle. Phenomenon of the drop 

carrying away for the structure 0,4 was extremely poor. 

The growth of the value � was accompanied by increasing the density of the evaporation 

centers O�. At q=67 kW/m2 it was 18/144 bubbles/number of cells, and at q=120 kW/m2– 33/144 

bubbles/number of cells. 
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CONCLUSIONS 

 

Estimated semi empiric correspondences of the described thermos-hydraulic characteristics 

of the process of evaporation in the grid-type porous structures, such as departure (destroyable) 

diameter of a vapour bubble, density of the generation centers, the frequency of carrying away and 

the velocity of the bubble growth ±20%. These values depend on thermal physical properties of 

the liquid (pressure) and a wall, temperature stress, excess of liquid. Based on internal properties 

of boiling, simple engineering formulas to calculate the carried away heat flux depending on the 

type of porous structure and geometry of vapour-generating surface, which generate the empiric 

data with precision ±20%, were built. 
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ABSTRACT 

 
A capillary-porous cooling system for caissons of melting units has been studied, developed and 

calculated.�The experimental type of the mesh porous structure (2×0.55)·10-3 m is defined. The heat 

transfer capacity of the cooling system is increased six times.�The hydraulic resistance at boiling of 

water will be 40.4 times less than in mesh heat pipes, and even more so for the wicks of heat pipes 

with fibrous, powder and ceramic materials.�The caisson allows to carry out cooling of furnaces is 

explosion-proof due to the maintenance of a trace amount of liquid in the porous structure.�The system 

of caisson of the lining of the unit and the cooling scheme of the caisson by a capillary-porous system 

is presented.� The hydraulic resistance in the capillary-porous structure, the criterial heat transfer 

equation, taking into account the excess fluid, which determines the speed and underheating of the 

flux, and the heat-storage capacity of the wall, are obtained by us as a result of experimental studies. 

Key words: capillary-porous system; cooling system; caisson; heat flux. 

 

1. INTRODUCTION          

The capillary-porous heat exchanger is designed to ensure the explosion-proof  operation 

of melting units in metallurgy. It contains a very small amount of liquid, which eliminates the 

danger of explosion at the burnout of the cooled element. It is also excludes the ingress of 

water into the melt, which leads to the explosion of the furnace, as is the case for water and 

evaporative cooling systems, made in the form of caissons.  

The next stage of development of the heat exchanger was the study of a capillary-porous 

structure.To increase the removal of thermal loads, the management of heat transfer processes 

is used. For this purpose, the separation of the energy of the boiling stream in the porous 

structure into energy of the thermal wave and the energy of the vapor flow is investigated [1]. 

For this purpose also, the process of explosive production of a steam germ is simulated. 

The next step in controlling heat exchange is the joint action of mass and capillary forces 

for coolant transport, creating underheating and forced flow velocity in the structure [2]. Also, 

the system is capable to increase the critical heat loads by an order of magnitude and can be 

allocated into a separate class of heat exchangers, characterized by high forcing and intensity 

of heat transfer. In addition, mass forces make it possible to control the shape and intensity of 

generation of internal characteristics of a boiling stream in a capillary-porous structure and 

intensify heat transfer processes [3,4]. 

 

2. METHODOLOGY 

 

Physical and mathematical models of processes of boiling in a porous structure are 

developed for all modes of boiling (initial, transitional, developed and crisis (limiting) [5-8]. 

���������������������������������������� �������������������

1 Professor Dr.Sc., AUPET, Republic of Kazakhstan, aipet@aipet.kz 
2 PhD Student, AUPET, Republic of Kazakhstan, e-mail: dnellya@mail.ru, cell: +77019303750 

 



���

�

Generalization of experimental data on the basis of the theory of similarity and modeling 

makes it possible to obtain a criterial equation for calculating the heat exchange of boiling and 

foam flows in porous structures [9] and to create an engineering calculation technique. 

We give an example of calculation of such system in relation to the heat exchanger 

executed in the form of a caisson. The system of caisson of lining (garnissazh lining) of the 

melting unit is shown in figure 1. The scheme of the caisson with the garnissazh lining 

consists of: �1 – meling  film; 2 – garnissazh; 3 - fireproof packing;; 4 – thermal isolation; 5 – 

outside metal covering;  6 - temperature variation in the thickness of the lining; 7 –  viscosity 

variation  in a garnissazh layer; 8 – caisson wall; 9 – caisson.  The following designations are 

accepted: 

��� , �� ,�����- - the specific heat flux from a melt; the specific heat flux is carried away by a 

cooling system; the specific heat flux coming to an environment; 

	
 , 	
� , 	
�� ,�	 - temperatures of melting, of melting films, of metal and the protecting 

wall 

 

               

Figure 1:�The scheme of the caisson 

with the garnissazh lining 

Figure 2:�The cooling scheme of the caisson 

of a capillary-porous system with struts�

 

Figure 2 shows the cooling scheme of the caisson of a capillary-porous system with 

stiffening ribs made in the form of struts. It consists of: 1 – housing; 2 – cover; 3 – bolt; 4 – 

wall; 5 - capillary-porous structure; 6 – plate; 7 – artery; 8 – basket; 9 – opening; 10 – 

channel; 11, 17 – branch pipe; 12 – pipe; 13, 15 – collector; 14 – siphon; 16 – struts. 

It can be seen from fig. 2 that a capillary-porous structure has a small thickness (a 

fraction of millimeters), every second contains a small amount of cooler, which is not 

dangerous for the formation of an explosive mixture in case of its enter in a melt of a melting 

furnace. 

The design of caissons (fig. 2) represents a box-shaped form. They consist of the housing 

1 and a removable cover 2, hermetically bolted on perimeter 3. The internal surface of a wall 
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4 is covered with the capillary-porous structure 5 pressed by perforated plates 6. Arteries 7 are 

connected to top ends of structure through the end face of which to the cooled surface liquid 

is supplied by mass and capillary forces. The lower ends of structure are usually free and 

immersed in baskets 8 where liquid accumulates due to leaks, droplet entrainment or the 

excess.  On a surface of plates the  openings 9 are stamped which provide a steam-out from 

structure in channel 10 and also serve as catchers of the drops which are thrown out from 

structure and the flowing-down excess liquid on an external surface of a plate. The artery is 

connected to a branch pipe 11, with the distributing pipes 12 and a collector 13. The excess of 

cooling liquid accumulates in the bottom of a caisson and is removed by a siphon 14 in the 

lower collector 15 and further in the store for return to system. For the purpose of facilitation 

of a design and preservation of sufficient rigidity, the caissons are provided with struts 16. If 

the struts made in the form of ribs, they may be located either on the outside or inside the 

shell and the caisson cover. On a cover, in her upper part, branch pipes 17 with flanges for 

connection with a steam line are welded. The structure can be extended in the vertical or 

horizontal direction, the upper or lower ends of which (or both) are connected to an artery. 

The perforated plates make in a form and the sizes according to structure. The stamped and 

perforated recesses in them can have the form of the truncated cone, or longitudinal slots with 

openings facing upwards. 

We will calculate the capillary-porous cooling system, made in the form of a box-shaped 

form (caisson). 

The hydraulic resistance is determined by Darcy's law 

 

�� � ����� � ����� � �������� � ��� � ���, ����, 

where Kcond is the conditional permeability coefficient, which we determined experimentally 

[2]; 

� !�" � #$# � %&'( � �)*�+�
',$�- � #$#� � %&'( � �&$##�&$.�',$�- � %$/0 � %&'(m2 ; 

)* - hydraulic structure diameter; )* � . � #$# � %&'1�. � ��&$## � %&'1 m; 

d - average diameter of wire mesh; + � &$. � %&'1 m; 

���� - dynamic viscosity of a liquid; 

at 2 � %/3 bar, 	 � 43& 5 ,����� � 66$# � �%&'7 89 � :; 

���� – flow rate of a liquid; 

���� � ; � � � ���<� � �%$% � 3 � %&= � &$0/.�%&.6 � %&1 � &$3&# kg/s; 

;- coefficient of fluid excess; the optimal value is determined experimentally by us, 

; � %>% [5];  

�?�- heat load, �? � 3 � %&= W/m2 (take the maximum value); 

@- heat of vaporization, < � %&.6 � %&1 J/kg; 

�? – heat exchange surface; take  �? � % � &$0/. � &$0/. m2; 

A���- density of the liquid; A��� � 3%& kg/m2; 

��- “live” section of the capillary-porous mesh structure 

�� � � � B� � % � %$&/ � %&'1 � %$&/ � %&'1 m2; 

C - porosity of structure;  C � &$6; 

B�- thickness of structure; B� � . � &$#. � %&'1 � %$&/ � %&'1 m. 

Then 

�� �
(($=�,DEF�D$7D=�,

7,D�,$DG�,DEH�,$G-�,DEI
� /0/  Pa. 

The hydraulic resistance of the mesh structure operating only in the field of capillary 

forces, as in the case of heat pipes, will be equal to 

 

�� �
(($=�,DEF��D$7D=�7��,

7,D�,$DG�,DEH�($,G�,DEJK
� . � %&G Pa, 
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where 0.605/6 is recalculation by the magnitude of the critical heat load, which in heat pipes 

is six times less; the value of Kcond in the field of capillary forces is [2]: 

 

� !�" � /$4&# � %&',D � �)*�+�
D>= � /$4&#� � %&',D � �&$##�&$.�D>= � 6$%/ � %&',D m2, 

 

 i.e. the hydraulic resistance of the offered structure will be in  /0/�. � %&G � /&/ time less. 

When comparing the mesh structures with ceramic-metal, felt and powder materials, for 

which the maximum permeability can be %% � %&',D m2, i.e. in total, in  
,$,�,DEL

(>,G�,DEJK
� %>#/  

times more than for the mesh structures operating in the field of capillary forces, and the 

hydraulic resistance is less in 1.54 times. 

In the proposed capillary-porous structure operating under the combined action of mass 

and capillary forces, the hydraulic resistance at boiling of water will be 40.4 times less than in 

heat pipes with fine-cell meshes,�and even more so with  fibrous and ceramic materials that 

allows to cool the heating surfaces of the larger sizes in relation to caissons of melting 

furnaces. 

 

3. CONCLUSION 

 

Thus, in comparison with other existing cooling systems (ceramic-metal, felt or powder) 

the mesh capillary-porous structure working in the field of mass forces has a number of 

advantages. The permeability coefficient becomes smaller and the hydraulic resistance of the 

entire structure decreases. There is no need for additional settings for a delivery or drive of 

such a system, because the motion of the liquid is due to mass and capillary forces in the 

capillary-porous structure selected experimentally. 

Hydraulic resistance at boiling water will be 40.4 times less than in heat pipes with fine 

cell meshes, and even more so with fibrous, powder or ceramic materials. This allows to cool 

caisson surfaces of large dimensions. 
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Abstract. The dynamic model of building energy performance as an energy consumer has been developed, 

which includes calculating of heat gains/losses of buildings depending on combined effect of external and 

internal climatic parameters and calculating of dynamic energy load to energy supply system. The model also 

includes functional block of solar radiation falling on the building envelope calculation and thermal processes in 

the room. The model allows to vary the parameters,� ��� take into account both environmental conditions and 

properties of building structures.�A new approach for dynamic simulation of the energy balance of buildings is 

proposed,�based on the using of standard transfer function units and having a number of advantages. Proposed 

approaches of dynamic simulation may be used to create an effective energy supply control system, also can be 

used for the interpretation of the energy researches and energy audits of residential and public buildings. 

Key words: dynamic simulation model, energy balance of building, dynamic load of energy supply system, 

transfer functions 

 

1. INTRODUCTION 

 

The building sector accounts for more than 30% of the total world energy consumption, where the 

share of residential buildings is 74% and non-residential buildings - 26% of the world's energy 

consumption [1]. The building sector of Kazakhstan consumes about 11% of electric power and 40% 

supplied heat energy. According to expert estimates, about 70% of buildings have thermal 

characteristics that do not meet modern requirements (especially for buildings built in the 1950s and 

1980s) [2].  

Due to inefficient regulation of the heat supply system or regulation by a simplified method, not 

taking into account the changing of external and internal climatic parameters of buildings in real time, 

there are situations that at the heating season people to maintain a comfortable condition are forced to 

open windows or to connect an additional electric heater. 

As is known, there are two main categories of heat flows in different buildings [3]: heat flows 

from outside (heat gains / losses due to temperature difference, from solar radiation, external 

penetrating air); heat flows occurring inside of buildings (heat generated by people, lighting devices, 

electrical appliances, etc.). 

Most of the factors affecting the thermal conditions of the building are generally determined by a 

priori information, but the radiant-convective heat exchange of a building with the environment is a 

complex physical process and it has a significant influence, especially in such climatic conditions, 

when the winter and summer temperatures differ significantly from comfortable ones. 

In recent years, a number of researchers have paid close attention to the dynamic nature of the 

heat exchange processes of buildings and structures as a factor that allows us to identify the reserves 

for reducing the energy costs of the building. So the author of the paper [4] argues that at the present 

level of development of science, technique and technology, it is necessary to apply a dynamic 

approach to the phenomenon of heat loss and heat accumulation, which allows using system analysis 

and simultaneous consideration of the unsteadiness of the thermophysical processes, climatic 

influences to the building and mathematical methods, to obtain new results for a full and detailed 

assessment of the energy balance of buildings.� In the above given paper, the author pays special 

attention to the fact that most researchers simplify by default and do not notice the following important 

parameters: the unsteadiness effects of temperature, as well as wind and radiation to buildings and its 

envelope. 
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In the author's opinion of [5, 6], an important role in the energy modeling of buildings and 

structures is played by the accounting the population of buildings.�Additionally, well-known software 

products such as TRNSYS [7], Energy Plus [8], IES [9] and eQuest [10], which are powerful tools in 

modeling the technical characteristics and performance of building energy systems, takes into account 

gains from people by using explicit schedules. 

The importance of accounting the energy of solar radiation in the study of building energy 

balance is noted in [11, 12]. In work [11] the authors developed a mathematical model of insolation 

income based on Simulink and confirmed that taking into account the insolation heat gains allows 

reducing the consumption of heat energy to 14.3%. 

In work [13] it is noted that dynamic modeling of energy consumption and heat losses of 

buildings allows for more realistic and accurate studies. Thus, the authors, comparing the results of 

dynamic modeling with the corresponding indicators of the standards EN ISO 13790, revealed 

significant differences in the determination of the annual supplied energy by heating systems from the 

required. 

The present work is devoted to the research and development of a dynamic simulation model for 

the integrated accounting of heat gains/losses from climatic parameters in the overall heat balance of 

buildings and structures in order to obtain sufficiently reliable information about the changing energy 

needs of buildings (heat/cold) within 24 hours based on meteorological observations and instrumental 

measurements of internal energy supplies. 

 

2. METHODOLOGY 

 

As is known, the solar radiation is one of the main factors that affects to the thermal regime of 

building [3]. To taking into account the radiant heat exchange of a building, it is necessary to have a 

subprogram for calculating the solar radiation on the building's envelope construction elements, 

depending on the spatial arrangement of the Sun. 

For this, firstly, methods and astronomical algorithms determining the spatial location of the Sun 

at any time of the day were considered and was chosen an algorithm that allows calculating the 

trajectory of the Sun's motion during the day with an error not exceeding one angular minute for dates 

in the range of 1900 to 2100years [14]. 

Secondly, the existing methods for calculating solar radiation on an inclined surface were 

considered too. Most of the existing methods for calculating solar radiation on an inclined surface use 

table values of solar radiation intensity and do not allow calculating instantaneous heat gains to the 

surface. On the basis of the literary analysis, we chose the most suitable method, suggested by the 

author in [15], which allows calculating the instantaneous admission of the total energy of solar 

radiation taking into account the cloudiness on an inclined plane located on the Earth's surface at any 

angle to the horizon and oriented in any direction, at any day of the year. 

Combining the noted methods described above, a subprogram was developed by using 

MATLAB, which calculates the position of the Sun depending on the geographic characteristics of the 

area and date, as well as the dynamic gains of the total solar radiation to an arbitrarily oriented surface. 

As an example of solar insolation calculation, a vertical building envelope was installed in the Almaty 

city (Figure 1). The time interval is 1 day (July 20, 2015 - in the summer and January 20, 2015 - in the 

winter). 

The developed model of complex accounting of radiant-convective heat transfer to the heat 

balance of a room includes the following mathematical models: 

− accounting for heat gains through an opaque building envelope; 

− accounting for heat flows through transparent building envelope; 

− accounting for radiant heat flow, penetrating through a building envelope. 

The mathematical model of accounting for heat gains as a result of radiant-convective heat 

transfer through an opaque building envelope includes a linear differential heat equation used to find 

solution of the heat transfer through the thickness of the building envelope construction with initial 

conditions and boundary conditions of the third kind on the inner side of the wall and the complex 

boundary conditions of the 1st and 3rd kind on the outside of the wall. 
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Blue line - heat gains to the south, red line - heat gains to the east, green line - heat gains to the west, blue lines - 

heat gains to the north wall 

Figure 1: Insolation heat gains to the wall in summer (a) and winter (b) 

The parameters that were taken into account in the model: heat gains from solar radiation to the 

building envelope comes depending on the season, date, position of the sun, cloudiness and 

transparency of the atmosphere, etc .; multi-layered wall; slope and arbitrary orientation of the 

building envelope. 

Accepted assumptions: within each layer of the wall the coefficient of thermal conductivity is 

constant; the temperature inside the room is assumed constant, which is permissible for the task of 

maintaining comfortable conditions of premises; the outside air temperature changes according to the 

harmonic law. 

As an example the solution of the problem of non-stationary heat transfer through an opaque 

building envelope (0.4 m thick brick wall), for the wall in Almaty, which oriented to the south and is 

located strictly vertically was obtained. Calculations were carried out for the summer day, namely July 

20, 2015. To solve the described problem, we use the functions of the MATLAB kernel - the PDEPE 

function, which is used to solve one-dimensional non-stationary differential equations. 

Figure 2 shows the insolation gains on the wall (a), the temperature fluctuations on the outside 

surface of the wall (blue line) and the outside temperature (green line) (b), the heat gains into the 

interior through the wall (c). As a result of the complex influence of solar radiation and the 

temperature of the outside air, temperature variations on the outer surface of the wall are observed, 

which leads to fluctuations in the heat flux on the inner side of the wall. It should be noted that the 

internal oscillations of the flow lag about 9 hours. 

 

�
Figure 2: Results of dynamic model calculations 

 

Heat flows through translucent constructions include the convective and radiant component of the 

heat flux. Convective heat transfer Qk through translucent constructions is equal to 

�� � �� � ��� 	 ��
 � �� ��� (1) 

where �1 is the heat transfer coefficient of the inner side of the window, W/m2 * 0�; 

�	� 
	�

�	� 
	� �	�
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T1 - indoor air temperature, 0�; 

T (x = 0, �) - the temperature of the inside surface of the window, 0�. 

The radiant (penetrating) component of heat transfer can be represented as: 

�� � ������ � � � �� � (2) 

where j - the factor of accounting for shading by opaque window elements; 

kl - the coefficient of relative penetration of solar radiation through the transparent part of the 

window. 

As an example, a single-compartment glass unit (a plastic window with a coefficient of heat 

transfer of 0.32 m2*0C/W) was adopted. The results of the calculation of the subprogram are shown in 

Figure 3. 

 

 
Figure 3: Radiant and convective components of heat input (a) and total heat input (b) through a 

translucent construction 

 

For an opaque building envelope construction, a transfer function of an aperiodic link with a 

delay of the first order for a brick wall, described in detail in the previous example, was obtained: 

���� �
�

�� � �
����� �

�����

�� ��! " ��#� � �
��$%�$"�&
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A combination of transfer functions has been developed to simulate the process of heat transfer in 

a room through an opaque building envelope (Figure 4), the solution of which was obtained by using 

Simulink. The scheme consists of a subprogram for calculating solar radiation on an inclined surface - 

1, an aperiodic link of the first order - 2, a delay link - 3, an external temperature modeling 

subprogram - 4, transfer functions for calculating convective heat transfer - 5 and a graph for showing 

the calculation results - 6. 

According to the results of the compilation of assembled transfer function scheme in Simulink 

and the program developed in Matlab, a fairly high coincidence of the results was obtained, which 

indicates the principle possibility of using the method. 

Calculation of energy consumption for the ventilation of indoor air was carried out using standard 

techniques [16]. For constructing a specialized software of the ventilation influence on the heat 

balance of a building as part of the dynamic simulation model, in contrast to [16], there was taking 

into account the dynamics of the effect of diurnal changes of the ambient temperature. 

As an example, we consider a room of 15 m2 and a height of 3 m, in which there is one person. 

The results of the calculation showed that to provide one person with chilled air in the summer, it is 

necessary to spend up to 150 W/m2 of energy on the air-conditioning system. 

Let’s consider the calculation of total heat gains in the summer and heat losses in winter using the 

example of a room of 15 m2, using the subprograms described above. The vertical wall of the room is 

oriented to the south. The walls, ceiling and floor inside the room have a constant temperature of 20 

°C. There is one person in the room who needs to provide comfortable conditions: air temperature - 20 
0
�, fresh air volume - 3 m3/h per 1 m2 of room. We assume that translucent constructions (window) 

account for 40% of the external wall and, correspondingly, 60% fall on the non-translucent 

construction. As initial data for the wall, window, location and climatic parameters in the calculation 

were adopted in accordance with the conditions described above. 

�	� ����
	�
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Figure 4: The solution scheme of the transfer function in Simulink 

 

The results of calculating the heat gains to the room in the summer (July 20, 2015) are shown in 

Figure 5 (a). From the obtained results, it can be concluded that the greatest heat gains occur due to 

penetrating radiation passing through the window (1150 W). Heat gains through the wall does not 

exceed 42 W. The maximum total load on the air conditioning system during the day is 1580 W. The 

daily load profile for the air conditioning system is shown in Figure 5 (b). 

 

  
Figure 5: Total heat gain (a) in the room in summer and the required load to the air-conditioning 

system (b) 

 

 
Figure 6: Total heat gains and heat losses (a) in the winter room and the required load to the heating 

system (b) 
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Figure 6 (a) shows the heat losses and heat gains in winter (January 20, 2015). According to the 

obtained results, the maximum heat losses in the room falls through the windows (-870W), the 

minimum through the wall (-130 W). Heat gains into the room, arising from penetrating radiation, 

reaches 1400 W. 

Thus, in order to maintain comfortable conditions in the room, it is necessary to provide heat 

supply in accordance with the daily load profile shown in Figure 6 (b). 

 

3. CONCLUSIONS 

 

A refined method for analyzing the energy balance of residential and public buildings is 

proposed, which takes into account the dynamics of energy flows due to the influence of internal and 

external climatic parameters. The method allows to calculate the dynamic loads to the heat and cooling 

supply systems more objectively compared with the existing ones and, accordingly, to coordinate them 

more effectively with the productivity of the heating and air conditioning devices both at the design 

stage and during the operation period. 

An important result of the work is the creation of a simplified methodology for dynamic 

modeling of energy balance of buildings,�which can be used in the future both in the creation of 

computer-free embedded control systems of buildings climatic parameters and as a tool for 

interpreting the results of energy audit and energy research. 
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ABSTRACT 

 
District heating is facing a strong technical and economic crisis in Romania. Besides the 

inheritance of systems with structural deficiencies, the lack of a vision of restructuring / development 
is the critical factor that can no longer be ignored. The outdated systems - inefficient systems, network 
losses and high prices of the heat energy resources - led to a massive decrease of dwellings number 
connected to the system. In this paper the integration of renewable energy source – biomass sources 
into an existent district heating system is analysed as additional source of heat energy. The case study 
of a heating system using urban biomass resources (sewage sludge, wood residues) and sunflower 
husk from oil mill is presented, analysing the efficiency of integration and economic effects. 

 
1. INTRODUCTION 

 
Nowadays, central district heating networks from Romania include a small number of 

conventional heating plants and cogeneration plants fuelled with fossil fuels. They have 
become unsustainable as a result of the aging of heat generation systems, abolition or 
reorganization of enterprises that were served by them, and the loss of heat in networks. The 
increase of energy cost offered by the systems has led to the massive disconnection of the 
dwellings. In 1992, approximately 2885000 homes and about 8.5 million people were 
connected, and today the number of dwellings is less than half. It is obvious that the 
efficiency of heating systems can only be solved by reorganizing the infrastructure, 
recalibrating from very large structures to some territorially optimally manageable from an 
energy and economic point of view [1]. 

Cogeneration plants demonstrate efficient fuel use and exploit waste heat sourced from 
power generation. District heating systems must meet the requirements of Directive 
2004/8/EC of the European Parliament and of the Council on the promotion of cogeneration 
based on the useful heat demand in the internal energy market, of Law no. 121/2014 on 
energy efficiency, which promotes at local and regional level the development and the 
integrated use of efficient heating systems, especially those using high efficiency 
cogeneration and to fulfil the criteria and conditions established by GD no. 1215/2009 to 
qualify for bonus support for high-efficiency cogeneration based on the useful heat demand. 

At present, the district heating systems based on cogeneration plant face two markets: a 
market for electricity, which is a national market and a heat market, which is a local market. 
A solution as a cogeneration plant heating system to become effective is to get it into local 
government administration on the basis of local energy planning. This means that 
cogeneration plants can set their sales prices so they can keep their heat consumers and even 
to gain new heat users. 

Modern district heating systems need to be sustainable, rely on renewable energy and 
substantially reduced heating demand of buildings. Heating technologies should have reduced 
network losses and increased efficiency of low temperature heating units. Renewable energy 
(solar, biomass, geothermal), energy conservation (recovery and use of waste heat) and 
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combined heat and power generation are key factors in responding to climate change in 
Europe. The competitiveness of district heating results from the combination of heat supply 
and distribution conditions. An important condition for heat distribution is that heat demand 
has to be concentrated in order to minimize distribution costs and heat loss [2]. 

In order to integrate renewable energy sources into existing district heating systems in a 
sustainable way, it is necessary to assess the available sources and their potential and to 
determine the technical and economic suitability. Many renewable energy sources, such as 
thermal solar energy and geothermal energy, low temperature waste heat in combination with 
heat pumps can offer at the limit heat at temperature above 100°C. The requirements of these 
energy sources on the site of generation are also different from those of fossil fuel plants. 
Reconstruction strategies for large district heating systems must be in line with field 
conditions. Experience has shown that the use of renewable energy in combination with fossil 
fuels is the most economically efficient. Biomass and geothermal energy are the most used 
renewable sources for heat generation. Thermo-solar energy, biogas and biomethane play a 
secondary role. The success of the integration of renewable energy depends greatly on the 
specificity of district heating system [3, 4]. 

The use of biomass requires the appropriate change of the traditional system. When 
biomass resources are available close to the heat generation site, the cost of biomass transport 
and storage is low, providing sustainability to the district heating system. Among the biomass 
resources available in a Romanian city are sewage sludge from wastewater treatment plants, 
wood from urban tree pruning, grass, wood wastes from municipal wastes, waste streams such 
as rice husk from rice mills, sunflower husk from oil mills, wood residues (saw dust, pulp 
wastes, and paper mill). 

 
2. GASIFICATION OF SEWAGE SLUDGE FOR ENERGY VALORIZATION 

 
In the National Sewage Sludge Management Strategy, it is assumed that the utilization of 

biogas produced by the anaerobic fermentation process is a common process that takes place 
in new or rehabilitated wastewater treatment plants, where it is cost-effective. Fermented 
sludge can be valorised by re-use on farmland, co-incineration in cement plants, co-
incineration in solid waste incinerators and more recently through gasification. If the energy 
valorisation of the sludge is chosen, it should be taken into account that more energy is 
obtained in the case of raw (unfermented) sludge.  

Before being used for energy purposes, the sludge is subjected to the following 
preparatory operations: magnetic separation of ferrous and non-ferrous metals; manual 
separation of the non-combustible fraction; mechanical sorting; fragmentation; drying and 
palletisation or briquetting. Fuel produced from sludge is characterized by variable heating 
value (12-14 MJ/kg), density, moisture content and content of harmful elements and 
compounds. Sludge from sewage treatment plants has a high water content (97%) which has 
to be eliminated to reduce transport costs.  

By sewage sludge gasification it is generated, on average, 90% gas, 30% charcoal and 
5% tar. There are several types of gasifier, but the most commonly used are fixed and 
fluidized bad. The biomass properties, as shape and size, moisture content, volatile matter and 
carbon, influence the gasification process [5]. In order to obtain a high calorific gas, the 
sludge must have a moisture content of (15-20)%. Fixed bed gasifiers produce a gas with 
lower ash, tar, carbon residue than fluidized bed. The downdraft fluidized bed gasifiers may 
suffer from the slagging of material layer caused by the high ash content of the biomass. To 
avoid this phenomenon, the temperature of the layer should be reduced, but this has the effect 
of increasing losses through the carbon incomplete combustion. Operating conditions greatly 
influence the performance of the gasification process, such as carbon conversion, synthesis 
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gas composition, tar formation and reduction. The temperature of the layer influences the 
composition of the gas, tar concentration, reaction rate, accumulation of ash, etc. A lower 
temperature leads to a higher tar content and less CO and H2 in the synthesis gas, and a too 
high temperature leads to the slagging of the layer. For this reason a temperature is chosen in 
the range (750-900)°C [6]. 

As gasifying medium are used air, steam, carbon dioxide and oxygen. The most used 
medium is air because of the low cost. The generated gas has a reduced calorific value 
because of the nitrogen content in the air. If steam is used, a higher calorific gas is obtained 
due to the water-gas shift reaction. The use of steam reduces the efficiency of gasification. 
The use of oxygen as a gasification medium leads to a higher calorific gas but it is very 
expensive. The use of steam or carbon dioxide requires heat input for endothermic 
gasification reactions. Heat can be provided indirectly by circulating a hot material (sand) or 
using heat exchangers, or directly, by feeding the gasifier with air or oxygen for partial 
combustion of biomass. The gasification with steam allows the production of a high calorific 
gas and eliminates the need of using an expensive oxygen production plant when the air and 
the oxygen are used as a gasification medium. The residence time greatly influences the 
amount and composition of the tar in the syngas. A high residence time leads to a low content 
of tar and carbon residue and a higher methane content [6, 7]. 

In Table 1 are given the composition of three typical syngas generated by different 
gasifiers of dried sewage sludge [2]. 
 
Table 1. Typical composition and calorific value of syngas obtained from sewage sludge [2]. 

Dry gas composition 
Air gasification 
in a circulating 

fluid bed system 

Circulating fluid bed 
with 45% oxygen-

enriched air 

Lurgi-Ruhrgas 
thermal 

gasification 

H2 12.2 20.7 29.8 

CO 20.9 37.9 24.9 

CH4 1.6 4.6 19.0 

C2+ hydrocarbon 0.6 0.8 12.3 

CO2 0.6 11.4 12.0 

N2 54.8 24.4 1.0 

Other 0.2 0.2 1.0 

Lower heating value (MJ/Nm3) 5.2 9.3 22.7 

 
The overall gasification reaction, considering the chemical equation of biomass as 

qpmn NOHC
, can be written as follows: 
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 ; Mbiomass – molecular weight of biomass; 

The major gasification reactions are [8]: 
1. Water–gas reaction 

COHOHC +→+ 22  - 131.38kJ/mol carbon 

2. Boudouard reaction 

COCCO 22 →+ - 172.58 kJ/mol carbon 

3. Shift conversion 

222 HCOOHCO +→+ -41.98 kJ/mol carbon 
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4. Methanation 

422 CHHC →+  +74.90 kJ/mol carbon 

5. The cold gas efficiency of biomass gasifier is: 
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LHVm

LHVV

⋅

⋅
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�

�

η  (2) 

where: sgV�  - syngas flow rate (Nm3/s); bm�  - biomass flow rate (kg/s); 

          LHVsg – lower heating value of syngas (kJ/Nm3): 

42 397601263012760 CHCOHHHVsg ⋅+⋅+⋅=  [kJ/Nm3] 

 ( )42 22008 CHHHHVLHV sgsg ⋅+−=  [kJ/Nm3] (3) 

H2, CO and CH4 represent volume participation of H2, CO and CH4 in the produced 
syngas. 

LHVb – higher heating value of biomass (kJ/kg).  
The equivalence ratio, defined as the ratio of actual air fuel ratio to the stoichiometric air 

fuel ratio, is maintained in practical gasification systems between 0.2 and 0.3 [8]. 
The syngas composition can be determined by using the thermodynamic equilibrium 

models, kinetic models, phenomenological models, chemical equilibrium models or Artificial 
Neural Network (ANN) models. The thermodynamic equilibrium model is the simplest and 
determines the composition of the syngas for different types of biomass at various gasification 
temperatures. There are many commercial software packages to simulate numerically the 
gasification process, such as: UniSim, FactSage, Aspen Plus, Thermo-Calc, Ansys-Fluent, 
Open Foam. 

 
3. INTEGRATION OF SEWAGE SLUDGE GASIFICATION INTO DISTRICT 

HEATING SYSTEM 

 
The generated fuel gas by seawater sludge gasification can be burned in boilers, gas 

turbines or internal combustion engines. Internal combustion engines are more tolerant with 
regard to the content of contaminants in syngas than gas turbines. Most studies have been 
conducted on compression-ignition engines. Because syngas has high auto-ignition 
temperature (above 500°C), it cannot be used alone in the Diesel engines, it can be used in 
dual-fuel Diesel engines, in which oil is injected in small quantities to initiate the ignition of 
syngas [9].  

A schematic flow chart of the system considered in this study is shown in Fig. 1. It 
includes the following processes: dewatering, drying, gasification, gas cooling and cleaning, 
and a combined heat and power plant based on internal combustion engine. The system uses 
171 kg/h pellets made from wood from urban tree pruning and wood from municipal waste, 
50 kg/h pellets made from sunflower husk and 833 kg/h sewage sludge. 

The composition and properties of the biomasses considered as gasification feedstock in 
this study are given in Table 2.  

Table 2. Chemical composition of gasification feedstock. 
Analysis Dry sewage sludge Sunflower husk pellets Wood pellets 

C 44.6 43.5 48.7 

H 5.9 5.9 5.3 

O 24.3 37.1 20.9 

N 4.9 0.7 0.8 

S 1.1 0.2 0.3 

W 13.0 9.7 11.6 

A 19.2 2.9 12.4 
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Lower heating value (kJ/kg) 12937 14880 16284 

 
Figure 1: Flow chart of a gasifier CHP plant. 

 

Using data given in Table 2, the chemical formula dcban SNOHC  of biomass resulting by 

mixing the feedstock is calculated as follow: 
H

C

MC

MH
a

⋅

⋅
= ; 

O

C

MC

MO
b

⋅

⋅
= ; 

N

C

MC

MN
c

⋅

⋅
= ; 

S

C

MC

MS
d

⋅

⋅
=  where MC, MH, MO, MN, MS represents the molecular weight of carbon, hydrogen, 

oxygen, nitrogen and sulphur respectively.  
 The composition and lower heating value of syngas and cold gas efficiency were 
estimated by using the Gasifier program developed by Felicia Fock and Kirstine Thomsen 
from DTU MEK Denmark (Table 3).  
 
Table 3. Calculated performance of gasifier. 
Syngas composition 
(% vol) 

N2 CO CO2 CH4 H2 H2O 

38.1 25.2 6.2 1.9 22.3 6.3 

Syngas low heating value (LHV) (kJ/Nm3) 6676 

Cold gas efficiency (LHV) (%) 85.4 

 
 The electric efficiency of a spark ignition engine based CHP plant with sweater sludge 
gasification with air in a fluidized bed is 17.5 % and the cold gas efficiency is 72%. The 
specific plant cost is 18400 $/kWe [12].  

In paper [13] is reported an electric efficiency (LHV) of 18.03% for sludge gasification 
and 20.69% for gasification of mixture 50% sludge and 50% wood. The thermal efficiency 
(LHV) is 48.55% for sludge gasification and 45.54% for gasification of mixture 50% sludge 
and 50% wood. The CHP plant uses a gas turbine.  

A CHP plant with dual fuel engine fuelled with syngas generated by sweater sludge 
gasification has the electric efficiency 22% and the thermal efficiency 69% [10]. 

The energy balance of the system considered in this study is given in Table 4.  
 
Table 4. Technical results. 
Thermal input (kWth) 9090.79 

Thermal output (kWth) 6272.64 

Power output (kWe) 2000 

Gross electric efficiency (%) 22 

Dry biomass 

Stack 

Wet sludge 

Dewatering Drying Fluidized bed 

gasifier 

Syngas  
cleaning 

Internal 
Combustion 
Engine CHP 

Heat 
�th=(44-48)% 

 

Electricity 
�el=(17-21)% 

  

Air Air 

Cold gas 
efficiency 

(70-85)% 
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Gross thermal efficiency (%) 69 

 
Taking into account the earned money by selling the extra power energy (83€/MWh plus 

national support of green certificates 10 €/MWh), by selling the heat (0.1 €/kWh) and by 
avoiding sludge disposal in landfill (20 €/ton dry mass), the cost of consumed sunflower husk 
pellets (0.1 €/kg) and the capital cost of 18400 $/kWe results a payback period of about 11 
years (for 7000 h/year operation).  
 

4. CONCLUSIONS 

 

There are many ways of biomass resources integration into an existing district heating 
system. When the district heating system owner has his own resources, this integration is 
more cost-effective. In the studied case, where a municipality has biomass resources (pellets 
made from wood from urban tree pruning and wood from municipal wastes, pellets made 
from sunflower husk and sewage sludge), it was proposed to gasify the available biomass and 
to use the fuel gas in a CHP plant driven by dual-fuel engine. The power output reaches 
2196.9 kW and the thermal output 6890.30 kW. By selling the extra electricity and heat, the 
system total investment cost of 36799516 € can be recovered after 11 years. 
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ABSTRACT 

 

 The presented paper describes a CFD based optimization approach for improvements in the 

geometrical shape of a simplified polygonal breathing thermal manikin. A base model of a 

physiologically identified manikin and two proposed polygonal models were compared. The polygonal 

models are designed to match the overall 95th percentile of the anthropometric size of a standard 

person, with and without the addition of proposed flow optimization collars. 

 The numerical results showed that the optimization with the proposed collars had a positive effect 

over the resulted flow acceleration at top head and chest zones of the manikin. However, the 

improvement of the flow characteristics was observed for two of the simulated three breathing phases. 

A further work for the optimization of the new proposed polygonal manikin is suggested, by 

introducing additional model modifications, like sharp-edges filleting and closing the mechanical 

openings. 

 

1. INTRODUCTION 

 

� In today’s engineering research practice, the real Thermal Manikins (TMs) and Virtual 

Thermal Manikins (VTMs) are used for overall assessment of the human thermal comfort, as 

well as for analyses of the indoor air quality in the occupied spaces. They represent modern, 

complex tools for measurement and analyses of the convective flows around human bodies in 

different conditions, without excessive risk of human exposure [Nilsson (2006), Bjørn 

(1999)]. However, the main application of the TMs and VTMs is not just in simulating 

different levels of physical activity (through surface heat losses), but also in simulating other 

human actions such as breathing, sweating, sneezing, coughing and others. 

 Performing experimental studies with TMs is sometimes expensive, time consuming, and 

may require highly skilled labor [Madsen (1999)]. Thus, the use of VTMs appears to be an 

appropriate alternative to the actual manikins’ experiments, especially at the design stage of 

the indoor environment [Ivanov (2015)]. But still, a need exists for rather inexpensive and 

easy to construct and use real TMs, especially when numerical models have to be verified and 

validated with experimental measurement data. Therefore, the proposed simplified polygonal 

construction of TM with breathing function, previously modelled by the authors in Ivanov and 

Mijorski (2017), would present an opportunity for manikin’s production cost optimization. 

However, a numerical optimization at this stage of the design of TMs, by means of CFD 

(Computational Fluid Dynamics) based analyses, is required. 

 That is why the global aim of the presented study is to optimize numerically the 

simplified polygonal shape of the previously proposed thermal manikin, by the 

implementation of specially designed collars. A comparison analyses is made, between base 
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model of a physiologically identified manikin and two proposed polygonal models, one of 

which is supplied with the additional collars. 

 

2. 3D GEOMETRY MODELLING 

 

The base model (Humanoid Manikin) used is multifaceted 3D female manikin, specially 

remodeled and adapted for the purpose of the study. It represents with high degree of 

physiological identity a real female human, and has an approximate surface area of 1.8 m2 and 

height of 1.65 m. The nasal valve opening was built according to the study of Lin (2015) and 

was initially used by the authors in Ivanov and Mijorski (2017). The nasal opening area is 7.3 

x 10-5 m2, as shown on Fig.1. The normal to the nasal opening was specified to 45 degrees 

from the vertical body axis. Furthermore, exhaust walls from the nasal valve to the nose end 

were inclined to 15 degrees according to Nilsson (2006) and Lin (2015). 

The first polygonal model (Polygonal Manikin) represents the overall 95th percentile of 

the anthropometric size of a standard person. It is designed by Georgi Chervendinev 

(Engineering Design Lab at TU-Sofia, http://design.tu-sofia.bg), in order to meet the basic 

requirements of the ergonomic design area. It has an approximate surface area of 2 m2 and 

height of 1.75 m. The nasal valve opening is constructed in the same way as in the base 

model, described above.  

The second polygonal model (Polygonal Manikin with Collars) is in general the same as 

the first one, but with specially implemented collars in the neck and waist areas. It is supposed 

that these additional collars will improve the thermal plume characteristics in the free 

convection zone above the manikin.  

Both polygonal manikins are proposed for use in real research applications, as well as for 

educational purposes, complying with the requirements for: high degree of manufacturability; 

high degree of mobility; availability in different scales and open design.  

 

 
Figure 1: 3D models and nasal valve geometry details 

 

3. CFD MODELLING 

 

 The 3D models of the virtual thermal manikins were placed inside rectangular shaped 

room with dimensions: 3 m height, 4 m width and 4 m depth. The spatial discretization was 

completed with snappyHexMesh utility, part of an ENGYS® (www.engys.com), which 

provides an enhanced version of the CFD code OpenFoam® (www.openfoam.com). Details 

for the generated numerical grids are provided in the Table 1 below. 

 In all numerical grids was followed one and the same meshing logic, i.e. defining base 

cell size to 4 10-2 m and increasing the refinement level to 6.25 10-4 m in the nasal valve zone, 

in order to capture the detailed geometrical features. Also, the numerical models were well 

refined at the surfaces of the manikins, with a first layer height of approximately 0.5 10-3 m. 
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These refinements were dictated from the requirement for low y+ values over the manikin 

surfaces, recommended in the work of Spalart (2001). 

 

Table 1: Poly-mesh details 

Type of the 

elements 
Humanoid model Polygonal model 

Polygonal model 

with collars 

hexahedral 94 [%] 92 [%] 92 [%] 

polyhedral 3 [%] 6 [%] 6 [%] 

prisms 2 [%] 2 [%] 2 [%] 

wedges <1 [%] <1 [%] <1 [%] 

tetrahedral <1 [%] <1 [%] <1 [%] 

Elements 1139195 cells 1417722 cells 1413376 cells 

 

 
Figure 2: CFD model boundary conditions 

 

 In total of nine RANS (Reynolds-averaged Navier–Stokes) CFD simulations were 

performed, three for each individual virtual manikin. The three phases of the human breathing 

cycle were simulated, including: inhaling, exhaling and no breathing (the free convection flow 

case). The implemented solver for all simulations was buoyantBoussinesqSimpleFoam. This 

solver models a buoyant turbulent flow of incompressible fluids with combinations of semi-

implicit method for pressure-linked equations (SIMPLE) algorithms. The turbulent features of 

the resulted buoyant flows were modelled with introduction of the Shear Stress Transport 

(SST) k-� turbulence model suggested by Menter (1993). This model is based on a two-

equation eddy-viscosity approach, where the SST model formulation combines the use of a k-

� in the inner parts of the boundary layer, but also switches to a k-� behavior in the free-

stream regions of the solutions. In the work of Menter (2011) are provided further details of 

the selected turbulence model. Due to high level of surfaces refinement, the steady state 

resolving of the buoyant flow close to the manikins would be associated with high 

nonlinearity of the solutions and some flow fluctuations in the velocity and pressure fields. 

This effect was overcome with introduction of a flow averaging at the final 1000 iterations for 

each of the simulations. 

 The buoyant flows were modeled with the same material properties for the air. These 

were derived for reference conditions of 101325 Pa for the pressure and 20 oC for the air 

temperature. Thus the air density was specified to 1.204kg/m3, the dynamic viscosity to 1.82 

10-5 kg/(m.s), kinematic viscosity to 1.51 10-5 m2/s and specific heat to 1006.0 J/(kg·K). 

 Details regarding the adopted boundary conditions in the CFD simulations are provided 

in Table 1 and Fig.2. The heat fluxes specified for the manikins’ surfaces were derived from 

the study of Nilsson (2006). These were calculated for total heat load of 110 W from the 

whole manikin surface. 
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 The velocity inlet for the exhale phase and outlet for the inhale were specified at the 

nasal valve openings. The approximated flow rates for one nasal valve (6.29 10-4 m3/s for the 

inlet flow rate and 6.91 10-4 m3/s for the outlet flow rate) were calculating based on the study 

of Lin (2015). The formula relates the geometrical characteristic of the nasal valve and the 

dynamic pressure at the opening: 

 

( )
L

rP
Q

..8

.. 4

η

π∆
=            (1) 

 

where  - Q is total flow rate during inhaling and exhaling, m3/s; 

- �P is pressure in the range of 40-80 Pa, selected 60 Pa for the study; 

- L is approximated nasal valve length, specified to 0.33 m for the study;  

- r is approximated nasal valve radius, specified to 0.11 m for the study; 

- �20, kinematic viscosity at 20 oC, calculated to 1.51 10-5 m2/s for inhale phase; 

- �36, kinematic viscosity at 36 oC, calculated to 1.66 10-5 m2/s for exhale phase. 

 

 The turbulent intensity for the nasal velocity inlet was approximated to 6.8% by 

Reynolds number calculation with proposed by Lin (2015) eq. 2. 
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Table 2: Implemented boundary conditions 

Boundary Name Boundary Conditions Inhale 
Free convection 

flow 
Exhale 

No Slip Walls Surface temperature, 20 [oC] Yes Yes Yes 

Vent Opening 
Air temperature and pressure, 20 

[oC] and 101325 [Pa] 
Yes Yes Yes 

Manikin Fixed heat flux as per Fig.3 Yes Yes Yes 

Nasal valve inlet 
Inlet flow rate, 6.29 10-4 [m3/s] 

at 36 [oC] 
No No Yes 

Nasal valve outlet Outlet flow rate, 6.91 10-4 [m3/s] Yes No No 

Symmetry Symmetry plane Yes Yes Yes 

 

4. CFD RESULTS 

 

The numerical results are presented at two different sections from the velocity field 

solutions for the free convection flow (no breathing phase) of the breathing cycle. The first 

section is perpendicular to the symmetry plane of the CFD domain (see Fig.3) and the second 

is aligning with the symmetry plane (see Fig. 4). Also, a pointwise data of the numerical 

solutions for all three phases are presented in graphical format, for a horizontal profile above 

the manikins’ head, again parallel to the symmetry plane at 2.5 m height from the floor. 

The monitoring data of the numerical solutions has shown that the maximum air velocity 

for the free convection flow is reaching the value of 0.6 m/s for the Humanoid Manikin, while 

the other two models have resulted in lower velocities. For the Polygonal Manikin models, it 

was registered a maximum velocity of 0.54 m/s and 0.57 m/s for the optimized model with the 

collars. 

As it can be seen on Fig. 3 and Fig.4, the thermal plume of the humanoid model is well 

formed, with higher acceleration in close proximity of the manikin head and as well in the 
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chest zone. Also, there is a clear flow separation at the manikin’s back zone resulted from the 

increased flow acceleration at the legs (see Fig. 3a). 

The polygonal model is associated with increased turbulence of the free convective flow 

and better mixing of the flow at the manikin’s back zone (see Fig. 3b). This effect is in result 

of the many mechanical openings and the sharp edges of the polygonal elements at the legs 

and lower back. Also, the effect of the big recess zones at the neck and at the waist is 

illustrated further in the form of flow recirculation at these areas. 

 

 
Figure 3: Velocity fields for free convection (no breathing phase) – X section 

 
Figure 4: Velocity fields for free convection (no breathing phase) – Y section 

 

 

 
Figure 5: Horizontal air velocity at monitoring points: a) Inhale; b) Free convection; c) Exhale 

 

 The polygonal model optimization, with the introduction of the two collars, has resulted 

in visible flow improvements along the manikin surfaces, but the impact of the increased flow 

mixing at the legs and lower back zones is still visible, as shown in Fig. 3c. The manikin’s 

back flow is well mixed without distinct flow separation, which was observed in the 

Humanoid Manikin. The big recirculation zones at the neck and the waist do not exist 

anymore and there is a visible improvement of the flow acceleration near the chest (Fig. 4c). 
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 The pointwise data showed in Fig.5a and b, clearly illustrates the flow characteristics 

improvement, resulted from the introduction of the two collars. However, for the exhale phase 

results in Fig. 5c, it was observed worsening of the thermal plume profile. The impact of the 

exhale flow increases with proposed modifications. Also, from the graphical data is visible the 

need of further polygonal model modifications in the back and leg zones. Furthermore, the 

shapes of the velocity profiles are different, especially in the front zone of the manikins. 

 

5. CONCLUSIONS 

 

 The numerical optimization study has led to improvement of the free convection flow 

along the proposed Polygonal Manikin. Also, the analyses of the results assisted the 

understanding of the implications caused by the geometrical characteristic of the model. 

However, the comparative analyses between smooth surface manikin and polygonal with 

many sharp edges and openings by itself is a difficult task. The Humanoid Manikin model 

would be characterized with more laminar flow along the surfaces, while the polygonal with 

more turbulent flow and mixing at the upper zones of the model. In reality, the human body is 

covered with clothing and accessories (as hat, headphones, glasses and etc,), which would 

result as well in more turbulent flow and better mixing, which then could have a better match 

in the thermal plume characteristics of the proposed polygonal manikin. 

 Further work of the Polygonal Manikin optimization should be taken in direction of 

introduction of the post-manufacture filleting of the sharp edges and additional closing of the 

mechanical openings with highly flexible material, which will not restrict the movability 

feature of the model. Furthermore, numerically derived results should be compared with 

experimental data of clothed thermal manikin. This way, a validation of the proposed virtual 

thermal manikin would be accomplished and the next design stages for the breathing system 

could be taken. 

 

 Acknowledgements 

 

 The presented study is supported by “RDS” at TU-Sofia, as part of the activities under 

the "Perspective leaders" project, with Contract � 171��0016-02, entitled: “Implementation 

of CFD based intelligent technologies, for design assessment of developed virtual breathing 

thermal manikin". 

 

 References 

 
[1] Bjørn E., Simulation of human respiration with breathing thermal manikins, Proceedings of the 3rd 

international meeting on thermal manikin testing 3IMM, Stockholm, Sweden, 12–13 October, 1999. 

[2] Ivanov M., Compact Breathing Simulation System, Developed as Additional Functionality for Thermal 

Manikins, “Romanian Journal of Building Services”, Vol.1, No.3, ISSN: 2393-5154, pp. 1-12, 2015. 

[3] Ivanov M., Mijorski S., CFD modelling of flow interaction in the breathing zone of a virtual thermal 

manikin, “Energy Procedia” Journal, Volume 112, pp. 240-251, ISSN: 1876-6102, Elsevier, 2017. 

[4] Lin S., Nasal Aerodynamics, Chief Editor: Arlen D Meyers, MD, MBA, 

http://emedicine.medscape.com/article/874822-overview#a1, Updated: May 14, 2015. 

[5] Madsen T., Development of a breathing thermal manikin, Proceedings of the 3rd international meeting on 

thermal manikin testing 3IMM, Stockholm, Sweden, 12–13 October, 1999. 

[6] Menter F., Zonal Two Equation k-� Turbulence Models for Aerodynamic Flows, AIAA Paper 93, 1993. 

[7] Menter F., Turbulence Modelling for Engineering Flows, ANSYS Inc., 2011. 

[8] Nilsson H., How to Build and Use a Virtual Thermal Manikin Based on Real Manikin Methods, Sixth 

International Thermal Manikin and Modelling Meeting, “Thermal Manikins and Modelling”, ISBN: 962-367-

534-8, 2006. 

[9] Spalart P., Young-person’s guide to detached-eddy simulations grids, NASA/CR-2001-21103, Boeing 

Commercial Airplanes, Seattle, Washington, 2001. 



69 

 

 

 

 CARBON FOOTPRINT FROM COAL-FIRED POWER PLANTS IN 

REPUBLIC OF SERBIA 

 

Mirjana Lakovi� 1, Milica Jovi� 

Faculty of Mechanical Engineering, University of Niš, A. Medvedeva 14, 18000 Niš 

 

 
ABSTRACT 

 

 One of the main sources of carbon dioxide that affect global warming is the energy sector. In 

this paper, the effects of greenhouse gasses that arise during the production of electricity, with a 

special analysis of thermal power plants in the Republic of Serbia, were done. Coal-fired power plants 

represent the largest polluter of the atmosphere because during coal combustion significant amounts of 

CO2 is released. Carbon footprint is also analyzed in this paper. The carbon footprint from thermal 

power plants compared to the carbon footprint from other sectors has the highest value. This paper 

analyzes the changes of the carbon footprint for two years from power plants in the Republic of 

Serbia. 

Keywords: carbon footprint, carbon dioxide, global warming, greenhouse gasses, thermal power plants 

 

 

1. INTRODUCTION 

 

� The Kyoto Protocol defines binding targets for reducing emissions by 37 industrialized 

countries and the European Union during the first implementation period 2008-2012. year [1]. 

Since belongs to the group of developing countries (non-Annex I countries), the Republic of 

Serbia has no quantitative commitments to reduce emissions of greenhouse gasses in the first 

commitment period. However, Serbia has all the obligations with regard to the establishment 

and implementation of measures and activities to achieve the objectives of the Convention. 

The second commitment period under the Protocol was initiated when in December 2012 in 

Doha, Qatar, signed Amendment Doha. During the second commitment period, the parties 

have committed themselves to reduce emissions of greenhouse gasses by at least 18% below 

1990 levels during the eight-year period 2013 - 2020. Changes from Doha are not yet active. 

 The tendency of increasing emissions of greenhouse gasses leads to the long-term goal of 

establishing control of environmental impacts caused by climate change. The carbon footprint 

has become a widely used concept in emissions assessments [2]. The term carbon footprint is 

used for greenhouse gas emissions and is generally expressed as CO2 equivalents (CO2e), 

which consists of emissions of CO2, CH4 and N2O. These gasses are translated into the 

amount of CO2 (this is called the equivalent amount of CO2). It is a measure of the total 

amount of carbon dioxide in the atmosphere in a given time frame which is directly or 

indirectly transmitted. Carbon footprint helps us to determine the amount of emissions from 

various sectors, which is useful for quantifying the impact of human activities on the 
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environment and global warming. In the postindustrial era, the concentration of carbon 

dioxide in the atmosphere is increasing alarmingly. 

 The following expression represents the equation to calculate the carbon footprint:  

 

Carbon footprint of a given activity = Activity data (mass/volume/kWh/km) ×Emission factor 

(CO2 e per unit)  

 In the case of thermal power plants [3]: 

 

Carbon footprint (tons CO2/year) = Yearly electricity consumption of the plant (MWh/year) × 

Emission factor (tons CO2/MWh). 

 

 

2. SERBIAN ENERGY SYSTEM 

 

 Thermal power plants in the Republic, Serbia are [4]: 

 

a) Eight power plants with 25 blocks that use lignite as a fuel and the installed capacity 

of 5.171MW, two of these power plants are located in Kosovo and Metohija 

b) Cogeneration plant with a total installed capacity of 425MW of electricity generation, 

505MW for the production of thermal energy 

 

Table 1. Thermal power plants in Serbia 

Power plant Location Number of 

blocks 

Installed power [MW] 

Nikola Tesla A Obrenovac 6 1650 

Nikola Tesla B Obrenovac 2 1290 

Kolubara Veliki Crljeni 5 270 

Kostolac A and B Kostolac 4 1007 

Morava Svilajnac 1 120 

Kosovo A and B Kosovo and 

Metohija 

7 - 

 

 From 1 June 1999, the Electric Power Industry of Serbia does not manage its capacity in 

Kosovo and Metohija.  

 The energy sector in Serbia has some characteristic weaknesses that contribute to high 

energy consumption and high emissions of CO2. These disadvantages are low efficiency due 

to outdated technology in the sectors of production and consumption, high losses in electricity 

distribution. In order to reduce CO2 emissions is necessary to implement a project that will 

examine what is possible to improve in the thermal power plants to reduce emissions of CO2 

and then put into practice these tests. Any minimal reduction of this gas would bring great 

benefits to air quality. 

  

 

3. CARBON FOOTPRINT IN THERMAL POWER PLANT IN SERBIA 

 

 In this part of the paper will present the carbon footprint by thermal power plants in the 

Republic of Serbia for 2008 and 2014. year. The year 2014 has been chosen for comparison 

because the year had a significant drop in electricity production during that year. The month 

of May that year in the Republic of Serbia have been flooding and area around the thermal 

power plant Nikola Tesla A and B was flooded and area of the Obrenovac town. As a result of 
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the floods in the period from May to September this power plant operated with reduced 

capacity. The produced quantity of electricity per month for the thermal power plant Nikola 

Tesla A and B for 2014 is given in Table 2. 

 

Table 2. Produced amount of electricity by month for the 2014 year from the power plants 

Nikola Tesla A and B [4] 

The produced amount of electricity GWh 

Month Nikola Tesla 

A 

Nikola Tesla 

B 

January 1028 847 

February 968 750 

March 1005 859 

April 931 639 

May 368 335 

June 440 364 

July 537 418 

August 459 415 

September 510 645 

October 549 749 

November 504 757 

December 550 745 

In total 7849 7523 

 

 Based on the research that has been shown in [5] values for carbon dioxide emission 

factor for thermal power plants Nikola Tesla A and Nikola Tesla B were used and that values 

are shown in Table 3.  

 

Table 3. Carbon dioxide emission factor 

Power plant The mean value of CO2 emission factor [kg 

CO2/kWh] 

Nikola Tesla A 1,16 

Nikola Tesla B 1,09 

 

 Emission factor of the thermal power plant Nikola Tesla A is lower than emission factor 

of the thermal power plant Nikola Tesla B. The reason for this is that the thermal power plant 

Nikola Tesla B in recent years modernized and therefore many systems were improved. Based 

on the known production of electricity and the value of CO2 emission factor can be calculated 

Carbon footprint from thermal power plants Nikola Tesla A and B. Table 4 shows the 

comparative analysis of the carbon footprint for 2008 and 2014. 

 

Table 4. Comparative analysis calculated carbon footprint for the year 2008 compared to the 

year 2014 

 Carbon footprint [t CO2/year] 

Power plant Year 2008 Year 2014 

Nikola Tesla A 11 482 000 9 104 840 

Nikola Tesla B 9 214 000 8 200 070 

 

As can be seen in Table 4 CO2 emissions are reduced. As the carbon footprint is directly 

connected to the produced amount of electricity can be noted that this reduction in emissions 
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is precisely because of that. In fact, based on data from Electric Power Industry of Serbia in 

2008 in the considered thermal power plants around were produced the 4GWh more 

electricity than in the year 2014. On the other hand, the CO2 emission is the result of constant 

care for the environment. Same power plants have their own projects related to environmental 

protection. Thermal power plants are improving their systems for reducing emissions of 

harmful gasses into the atmosphere. A key project of environmental protection in the thermal 

power plant Nikola Tesla is associated with the emission of CO2. That is the reconstruction of 

electro filters. When adjusting the operation of these power plants to the demands of the law 

regulations, the priority was given to the reduction of particles from the oldest blocks and 

adjusting the operation of electro filters to the demands of the European Union (50 mg/m3). 

The condition of electro filters has a significant impact on air pollution in the surrounding of 

these blocks situated near settlements. It is, therefore, expected that the reconstruction of these 

electro filters will have a considerable effect on the improvement of the air quality. 

 

4. CONCLUSIONS 

 

 Carbon footprint has appeared as a strong and popular indicator of greenhouse gasses 

with special emphasis on carbon dioxide. Because of its important role in raising awareness of 

responsibility to the global warming, many scientists but also politicians try to use it as a tool 

for management. It is possible to define the carbon footprint for each sector separately and 

analyze the impact of GHG on the atmosphere. In this paper, special attention was paid to 

thermal power plants, determining the carbon footprint of power plants. Thermal power plants 

which used fossil fuel are major polluters, and it is necessary to analyze their impact on the 

surrounding air. To reduce emissions of greenhouse gasses by technologies which are 

available, alongside the more intensive level of implementation of energy efficiency and 

introducing renewable energy sources, it would be necessary to introduce and nuclear energy 

plants in the Republic of Serbia [6]. However, the period until the middle of this century is 

long and it can be expected and significant technology intrusions that are now at the 

experimental plant, or even just a theoretical elaboration (production and use of hydrogen, 

fuel cells, nuclear fusion, etc.). 
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ABSTRACT 

 
For the combustion of animal fat mixed with liquid oil has been adopted the solution of using a system with 

mechanical atomizer and flame swirling. This technology is represented by a wide range of special designed burners, 

in order to reduce as much as possible, the financial effort for industrial implementation. This paper details the 

aerodynamics of the flame for the specific case of animal fat burning experiments. 

  

1. GENERAL ASPECTS 

 

Animal fats used in the experimental tests had the following characteristics 

- freezing point: 17.4 – 18.80C 

- flash point: 165 – 1880C 

- viscosity: 4 E at 450C; 1.2 E at 750C 

- elemental analysis: C = 68 – 74%; H = 13 – 14%; O = 14.8 – 19%; N = 0.18 – 0.25% 

- lower heating value: 35000 – 35500 kJ/kg 

 

2. EXPERIMENTAL DATA 

 

In the experimental tests, mixtures with a maximum fat mass participation of 30% have 

been done. The fuel analyzed is in cvasi-solid form at ambient temperature. In order to atomize it, 

the fuel must be preheated to 450C at least. Figure 1 shows the state of fuel at ambient 

temperature, in the preheater (dosage 30% fat). 

 

 
 

Figure.1. Fuel stat in the preheater at ambient temperature 
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For a good atomizing, a burner equipped with electric fuel preheater to a temperature of 

750C, has been chosen. 

Swirling air must provide a short jet, suitable for the size of the combustion space. 

.For experimental tests a burner GB-Ganz type ANYO 12R-2-1-0, presented in the figure 

2, has been selected. This burner has a flame stabilizer which acts based on recirculation of flue 

gas obtained as a result of the swirl. 

 

 
 

Figure.2. GB GANZ burner Figure.3 Construction of aerodynamic 

stabilizer  

 

 Figure 3 present the construction of aerodynamic flame stabilizer, characterized by three 

sections for air flow. 

The first section is the central one, in the front of the injection nozzle and has a diameter of 20 

mm. The flame will come out through this section being initiated by primary air. The other two 

sections are intended for the secondary air flow and present the following constructive elements: 

- 4 channels with a 600 inclination to the axial direction of flow, having the radial 

length of 25 mm and channel width of 3 mm. These axial channels form a system for 

generating swirling flow; 

- an annular channel located on the periphery of embrasure, with external diameter of 

80 mm and an inner diameter of 73 mm. The outdoor air jet achieved by this flow has 

the purpose to stop the flame bursting under the swirling effect  

 

3. MATHEMATICAL MODEL 

 

 The axial air flow velocity through the all three sections is ux = 20m/s 

The swirled jet is characterized by the following parameters: 

- the degree of swirl n; 

- tangential speed. 

The degree of swirl for an axial generating system can be determined by the relationship:  
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where: d is the outer diameter of the swirling channel, d0 - diameter of central zone, and � the 

positioning angle of geometric elements for swirl 

 The tested burner is characterized by the following values : 

d = 70 mm; d0 = 20 mm; � = 600 

 By calculus, it results n = 2.99. 

 The amount of swirl generated fall within the limits for liquid fuels. 

 Tangential velocity is determined by the following relationship: 

 

αϕ tg
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d
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0

2

2

−
=  

 

where:  ux – axial velocity (ux = 20 m/s). By calculus, results: 

 

smu /6.37=ϕ  

 

For a set of coaxial swirling jets, the average degree of swirl is determined by the relationship: 
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where: p is fluid i density, in kg/m3; F - flow section, m2; uxi - axial velocity, m/s; Di - flow 

channel diameter, m; D - embrasure diameter, m. 

 The flow is represented by three concentric jets, swirled being only the one from the 

center. For the diameters and flow sections resulted by interaction of the three jets, the following 

equivalent degree of swirl has been obtained: 

7.2=echn  

 The internal recirculation formed in the depression zone from the center of the swirl, leads 

to the increased mass of the swirl jet that can be determined using the relationship: 
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+=  

 

where: x is the axial distance, in m; m0 – initial mass, in kg/s; n – degree of swirl, and D – 

embrasure diameter, in m. 

 For equivalent degree, at an average flame temperature of 1100 K, the increasing of the 

jet mass will become: 

skgx
D

x
mDm /259.04.10 == ρ  

 

 For a flame length of x = 0.4 m results a flame mass intake of 0.1 kg/s. 

 This entrainment by the swirling flame jet of the ambient air leads to increased 

combustion and ultimately to burning in a low flame volume. 
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Figure.4. Aspect of the flame 

  

Figure 4 shows the appearance of the flame length by its ignition into an infinite burning 

volume, out of the fire. 

 

4. CONCLUSIONS 

 

The flame had a length of 0.45 m. The atomizing of the fuel was achieved with a 0.5 mm 

nozzle, the size of which was imposed by the need for very fine atomizing. 

 In conclusion, it is appreciated that the aerodynamic analysis for the burner used has 

highlighted its ability to be used in the combustion of animal fat mixed with light liquid 

hydrocarbons. The air jet produced led to a short flame and a significant increase in combustion 

achieved by internal recycling. These conclusions explain the performance of experimental tests 

on a 55 kW boiler. 
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ABSTRACT 

 
 Mixing reactors are used in a wide variety of industrial processes, starting with the mining 
industry and up to the cosmetics industry and biotechnology. The movement induced in the liquid by 
impellers results in obtaining uniform concentration and temperature gradients. It occurs also the 
temperature increasing due to the heat released by the liquid layers movement. For liquids with a high 
viscosity, the heat resulted from the movement of the layers can have beneficial effects, or conversely, 
negative effect for the technological processes. In the present paper the authors studied the influence 
of the impellers shape on the heat generated by the movement of liquids in mixing reactors. Eight 
types of impellers (4 turbines with 2 flat blades, 1 turbine with 4 flat blades, 1 turbine with 4 pitched 
blades, 1 turbine with 6 flat blades and 1 Rushton turbine) were tested in a speed range between 100 
and 500 rpm. The moment, the power consumption and the released heat were determined. The 
experiments have shown that the largest energy consumer was the turbine with 6 flat blades. Under 
certain conditions the results can be extrapolated to liquids with different densities and viscosities. 
 

1. INTRODUCTION 

 

� The exponential growth of the population and the rising living standards from recent 
decades has led to a substantial increase in needed products of process industries. An 
important part of the price of these products (up to 50% according to [1]) is represented by the 
cost of mixing technologies.  
 The study of mixing processes is done either theoretically by mathematical modeling 
(analytical or numerical) or experimental by using models that reproduce more or less real 
plants. Thus, the power consumption by different type of impellers has been studied in several 
papers, determining the power number or using different correlations between calculated 
values and experiments [2, 3, 4, 5].  
 Also, impeller rotation has as effect the increasing of the fluid temperature due to the 
shear stress that occurs between the fluid layers effect presented in studies like [6,7]. 
 In this paper the authors intend to realize an analytical approach in order to calculate the 
total amount of energy transformed in heat by rotating a disk with the diameter D in a cylinder 
full of water.  
 The disk is placed at the distance h1 from the superior part of cylinder and at the distance 
h2 from the bottom of the cylinder. The water from the cylinder has the density � and the 
dynamic viscosity µ.  
 The rotating speed of the disk is n, the angular speed is ω and the tangential speed is v as 
in figure 1 b. 
 If the flow regime is laminar, then the shear stress is calculated with the Newton law: 
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The elementary surface where this shear stress acts at the variable radius r is: 
 drrdS ⋅= π2           (2) 

 The elementary force becomes: 
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 drr
h

vdFdP 3
2

2
ω

πµ=⋅=         (4) 

 As a consequence, the total power lost is: 
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 If the power P1 corresponds with the distance h1 and P2 with h2, because R=D/2, it results 
the total power lost in the cylinder: 
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 If the flow regime is turbulent, then the shear stress is calculated with the similitude 
formula: 
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 � is the coefficient of the hydraulic local loss. 
 Following the same reasoning, the total power lost in the cylinder becomes: 
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 Because h1 and h2are known in our case, we shall calculate the total amount of heat 
produced in a certain time taking into consideration the power lost in the laminar regime, 
which is in fact the minimum power lost: 
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2. METHODOLOGY 

 
In order to calculate the heat generated by liquid motion caused by rotors operation, 

several set of experimental measurement was made. The purpose of these measurements was 
to determine the power consumed depending on the type of rotor used.  

The experiments were conducted in an experimental setup shown in figure 1 a. It consists 
of a transparent cylindrical vessel with the ratio D/H of about 1.5 and a capacity of 0.126 m3. 

The experimental setup is equipped with a variable speed motor on whose shaft can be 
fitted impellers of different types and sizes as in figure 1 c.  

Also, the setup is endowed with electronic speed control, and a panel which displays 
rotational speed and momentum produced by the studied impellers.  

The experiments were done with tap water under atmospheric pressure and a temperature 
of 20°C.  

The eight types of impellers (four impellers with two flat blades, an impeller with four 
flat blades, an impeller with four pitched blades, an impeller with six flat blades and a 
Rushton turbine were tested in a speed range between 100 and 500 rpm. 
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All the impellers had a hub diameter of 20 mm and blades size as follows: 
- two thin flat blades impeller - 100 mm length and 10 mm width; 
- two flat blades impeller - 100 mm length and 20 mm width; 
- two wide flat blades impeller - 100 mm length and 40 mm width; 
- two short flat blades impeller - 60 mm length and 20 mm width; 
- four flat blades impeller - 100 mm length and 20 mm width; 
- four pitched blades(45° pitch angle)impeller -100 mm length and 20 mm width; 
- six flat blades impeller - 100 mm length and 20 mm width; 
- Rushton turbine – 105 mm diameter and 20 mm width. 

 

 
a 

 
b 

 
c 

Figure 1: The experimental setup (a), the rotating disk (b) and the tested impellers (c) 
 

The measurements were done in five different points, vertically located on the center axis 
of the vessel, at 130, 140, 150, 160 respectively 170 mm from the vessel bottom. The values 
of resulting temperature variation calculated for 24 hours of functioning are shown in Table 1. 

 
Table 1: The temperature variation for the studied impellers 

4 at 45° pitched blades �t=Q/mc 2 flat wide blades impeller �t=Q/mc 
n  

[rot/min] 
h =  

130mm 
h =  

140mm 
h =  

150mm 
h =  

160mm 
h =  

170mm 
n  

[rot/min] 
h =  

130mm 
h =  

140mm 
h =  

150mm 
h =  

160mm 
h =  

170mm 

100 0.05 0.05 0.05 0.05 0.05 100 0.06 0.06 0.06 0.06 0.06 

200 0.15 0.16 0.16 0.15 0.16 200 0.25 0.22 0.22 0.23 0.23 

300 0.35 0.36 0.34 0.34 0.34 300 0.53 0.48 0.54 0.54 0.55 

400 0.69 0.68 0.67 0.67 0.67 400 1.18 0.92 1.12 1.18 1.21 

500 1.29 1.21 1.23 1.17 1.16 500      

D 

h2 

h1 

� 
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4 flat blades impeller �t=Q/mc 2 flat short blades impeller �t=Q/mc 
n 

[rot/min] 
h = 

130mm 
h = 

140mm 
h = 

150mm 
h = 

160mm 
h = 

170mm 
n 

[rot/min] 
h = 

130mm 
h = 

140mm 
h = 

150mm 
h = 

160mm 
h = 

170mm 

100 0.06 0.06 0.06 0.05 0.06 100 0.05 0.05 0.05 0.05 0.05 

200 0.21 0.19 0.21 0.21 0.18 200 0.12 0.11 0.11 0.11 0.11 

300 0.47 0.45 0.47 0.46 0.46 300 0.23 0.21 0.19 0.20 0.20 

400 1.04 1.01 1.02 0.94 0.86 400 0.38 0.34 0.33 0.33 0.33 

500      500 0.54 0.50 0.50 0.49 0.49 

6 flat blades impeller �t=Q/mc 2 flat thin blades impeller �t=Q/mc 
n 

[rot/min] 
h = 

130mm 
h = 

140mm 
h = 

150mm 
h = 

160mm 
h = 

170mm 
n 

[rot/min] 
h = 

130mm 
h = 

140mm 
h = 

150mm 
h = 

160mm 
h = 

170mm 

100 0.06 0.06 0.05 0.06 0.06 100 0.05 0.05 0.05 0.05 0.05 

200 0.20 0.22 0.20 0.22 0.21 200 0.14 0.14 0.13 0.13 0.13 

300 0.51 0.51 0.53 0.54 0.51 300 0.30 0.29 0.28 0.28 0.27 

400 1.12 1.11 1.10 1.05 1.13 400 0.54 0.54 0.50 0.48 0.50 

500      500 0.88 0.86 0.82 0.79 0.83 

2 flat blades impeller �t=Q/mc Rushton turbine �t=Q/mc 
n 

[rot/min] 
h = 

130mm 
h = 

140mm 
h = 

150mm 
h = 

160mm 
h = 

170mm 
n 

[rot/min] 
h = 

130mm 
h = 

140mm 
h = 

150mm 
h = 

160mm 
h = 

170mm 

100 0.05 0.05 0.05 0.05 0.05 100 0.06 0.06 0.06 0.06 0.06 

200 0.18 0.18 0.18 0.18 0.18 200 0.25 0.25 0.26 0.23 0.23 

300 0.42 0.43 0.42 0.42 0.42 300 0.62 0.56 0.64 0.63 0.64 

400 0.82 0.83 0.84 0.80 0.80 400 1.18 1.17 1.16 1.14 1.16 

500 1.43 1.44 1.48 1.46 1.41       
 
The diagrams on the temperature change due to the movement of the fluid are shown in 

figures 2-6. 
 

 

Figure 2: The temperature variation for impellers mounted at 130 mm from the vessel bottom. 
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Figure 3: The temperature variation for impellers mounted at 140 mm from the vessel bottom. 
 

 

Figure 4: The temperature variation for impellers mounted at 150 mm from the vessel bottom. 
 

 

Figure 5: The temperature variation for impellers mounted at 160 mm from the vessel bottom. 
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Figure 6: The temperature variation for impellers mounted at 170 mm from the vessel bottom. 
 

3. CONCLUSIONS 

 
 A first remark is that the differences of the power consumed with the rotation are less 
than 1 W if we modify the position of the same impeller in the vessel. This difference could 
become significant with a more viscous fluid. As we expected, the power lost and transformed 
into heat is bigger for 6 flat blades than 4 flat blades. The last one is bigger than for 4 pitched 
blades. The same is with the 2 flat wide blade impellers which create a lost bigger than 2 flat 
blade impellers, bigger than for 2 flat thin blade impellers, bigger than for 2 flat short blade 
impellers. The Rushton turbine, which has also a disk, creates the maximum power lost 
transformed into heat. A significant conclusion is what difference of temperature they create 
during 24 hours. From (6) we can see that the power lost is proportional with the dynamic 
viscosity, so if we use oil and if we suppose also that the vessel is an adiabatically system, we 
can calculate at what temperature the liquid will arrive. These one is a very important result 
and a very important conclusion for practical use of different liquids. 
 
The research was conducted within NUCLEUS Program, contract no. 14N/2016, financed by 
the National Authority for Scientific Research and Innovation. 
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ABSTRACT 

  
The paper presents the experimental results of the combustion of animal fat derived from the tanner 

industry, mixed with liquid hydrocarbons, in boilers with small furnaces. Various mixtures have been 

studied in which the fat concentration was varied, thus obtaining their limits the addition into liquid 

hydrocarbons, for a good efficiency. The resulting pollutant emissions were also studied.  

 

1. INTRODUCTION 

 

Combustion of animal fats is a necessity imposed by compliance with 

environmental requirements. The leather industry, by incinerating this waste, possibly 

with energy recovery, becomes much more flexible in respect to environmental 

protection legislation. 

 The choice of industrial applicability at a low power energy unit, with a small 

furnace is a consequence of the amount of animal fats resulting from an industrial unit 

from the tannery industry in Romania. 

 All the developed research has taken into consideration a mix of animal fats and 

liquid hydrocarbons, so far to a maximum mixing limit of 30%. 

 This paper presents the interpretation of a series of experimental test, which 

included: 

- energetic characteristics of fats; 

- determination of atomizing possibilities; 

- the choice of a technical-economical combustion technology; 

- application of the combustion technology as defined in a hot water producing 

boiler. 

The energy characteristics have demonstrated the possibility of spraying animal 

fats both in a pure state (viscosity at 450C being 1.5 - 2E) and mixed with liquid 

hydrocarbons. The calorific value of animal fats is similar to that of liquid hydrocarbons, 

having a value of 35000-35500 kJ/kg.  

 

2. EXPERIMENTAL TESTS. RESULTS AND DISCUSSIONS 

 

Combustion tests were conducted using a 50 kW boiler for hot water production, 

equipped with a mechanical spraying pump burner. The burner includes a fuel preheater, 

to a level of 750C. The installation was completed by a fuel preheater up to a temperature 

level of 500C. 

Figure 1 shows the boiler installation with the annexes relating thereto. 
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Figure 1. The boiler installation with the related annexes 

 

The burner was equipped with an injector whose spray nozzle diameter was 0.5 

mm to achieve as fine droplets as possible. Fuel flow rate during experimental testing 

was 15 l/h. Flame length Lf at the combustion of sprayed liquid fuels can be determined 

using relation [5]: 

( )2
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ut
L f

+
=  

 

where: u is the flow velocity at the outlet of the burner, in m/s; t - time, s; A - coefficient 

characterizing the interaction between the energy characteristics of the fuel and the 

geometry of the burner. 
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where: cτ is the surface tension of the fuel, in N/m; ca ρρ , -air density, i.e. fuel, kg/m3; 

ca νν , -viscosity of air and fuel, respectively m2/s, dj, do-diameter of the output section, m. 

 The burner air duct diameter is 80 mm, the output section being 20 mm 

( mdmd j
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2 102;108 −− ⋅=⋅= ). 

 For 
3/1 mkga =ρ ; 

3/948 mkgc =ρ ; sma /1022 6−⋅=ν ; smc /1068 6−⋅=ν ; 

23 /1032 mNc

−⋅=τ results: A = 11.3 

According to the Spalding burning model for light liquid fuels, the burning time 

τ  for one particle of radius R0 is determined with the relationship [5]: 

 

( )B

Rccc

+
=

1ln2

2

0

λ

ρ
τ

 
 



85 

 

∆Ι

−
+

∆Ι
=

sg

c

i

i
TT

c
mH

B
β

02  

where: cρ  is the fuel density in kg/m3; cc – specific heat of the fuel, ( )Κ⋅kgkJ / ; R0 – 

radius of the fuel particle, mm, λ  - thermal conductibility, ( )Κ⋅mW / ; i

iH -lower heat 

value of the fuel; 02m - gravimetric concentration of oxygen; β -oxygen required for 

burning the unit of fuel; ∆Ι - enthalpy increase when the particle is vaporized, kgkJ / ; Ts 

– particle surface temperature, Κ ; Tg – flue gas temperature, Κ . 

 For the used fuel, represented by a 30% mix of animal fat in light hydrocarbon 

liquids, the calculations were performed for the following physical sizes: 

kgkJH i

i /3550035000−= ; 
3/948 mkgc =ρ ; ( )Κ⋅= kgkJcc /8,1 ; ( )Κ⋅= mW /18,0λ ; 

kgkgm /23.002 = ; kgmN /3.3 3=β ; kgkJ /500=∆Ι ; CTT sg

0800=− ; Κ= 500sT  

 Testing the burner yielded a flame length of Lf = 0.45 m. The flow rate 

determined from the burner aerodynamics has indicated a value of u = 20 m/s at 200C. 

For a temperature of 900 Κ , flow velocity reaches the value of u = 66 m/s. The burning 

time for these values will become: 

 

( ) ( )
s

u

AL
t

f
43.0

66

3.11145.01 22

=
+

=
+

=  

 

for this type of burning, the total combustion particle diameter has resulted in: 

 

mRd p µ702 0 ==  

 

 Within the experimental tests, the burner shown in Figure 2 was mounted on a 55 

kW hot water boiler, whose furnace has the dimensions L = 0.76 m, cross-section radius 

0.65 m. Figure 3 shows to maximum burning space inside the furnace. 

 

 

 

Figure 2. The burner used and the flame obtained during testing, in a free atmosphere 

 

As the flame length during the burner tests in free atmosphere for the animal fat 

fuel mixed in a proportion of 30% in light liquid hydrocarbons was of 0.45 m, there 

results full compatibility of the burner with the boiler’s furnace. 
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Figure 3. Maximum burning space inside the furnace 
 

 In addition, it also highlights a possible flame size with a maximum of 0.3 m, 

which allows less fine spraying, with a maximum particle diameter of up to 100 �m in 

diameter. 

 

3. CONCLUSIONS 

 

 The tests carried out have shown a good combustion, characterized by the absence 

of soot particles and by an acceptable content of carbon monoxide for such fuel. For an 

excess of air of 2.15-2.43, the emission of CO had values within 900-1200 ppm (animal 

fats mix 10%, 20%, and 30%), and NOx emissions within the limits of 90-152 mg/m3
N. 

As the temperature of the flue gases exhausted at the stack had values of 340-3780C, the 

efficiency of the boiler was: η =70.4-82%. 

 In conclusion, as a result of this research, we could prove the limitations of using 

animal fats mixed in a mass proportion of up to 30% for boilers with low thermal powers. 

The conclusions drawn lead to the hypothesis of the possibility of the successful use of 

this fuel in high power thermal plants as well. 
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ABSTRACT 

 

 This paper presents a review of the stack effect phenomenon in high-rise buildings and the 

associated implications related to the façade curtain walling, windows and doorsets airtightness 

quality. A 150 m tall office building was numerically modelled with two different classification grades 

of the construction elements as specified in the European Standards EN 12152 and EN 12207. The 

analysis was performed under both winter and summer weather conditions (0.4 % of the time 

exceeded), specified in ASHRAE Handbook - Fundamentals. The numerical results have 

demonstrated the importance of the construction elements’ airtightness properties to the overall 

building performance. For both winter and summer conditions, the infiltrations in the building have 

been reduced with 21% by improving the façade airtightness quality from Grade 1 to Grade 2. At the 

same time, it was observed an up to 35% decrease of the differential pressures at the interior doors. 

 

1. INTRODUCTION 

 

  The need for high-rise building development has increased significantly through the 

recent years. The growing population, the continues globalization – forcing more and more 

people to flow in the big cities, and the lack of free city centers’ land are the main reasons for 

that. Nevertheless, the high-rise buildings are associated with certain requirements and 

recommendations to avoid unwanted physical effects as described in Simmonds P. and Zhu R 

(2013). One of the most common is the stack effect phenomenon, which is a buoyancy-driven 

and typically occurs in regions with extreme climatic conditions. The main driving force 

behind the stack effect is the temperature difference between the interior of the buildings and 

the outside environment, with addition of certain impact of the wind pressure acting on the 

external envelope. Detailed schematic description of the stack effect process is given in Fig.1.  

 Thus, for the classical stack effect under extreme winter conditions, the warmer indoor 

air rises due to buoyancy forces, creating a pressure difference between bottom and the top of 

the building. As high the building is, as bigger the total differential pressure is. The process 

tries to draw air in at the lower building level and pushes air out at the top. To close the cycle, 

the cold air that has been drawn in, is then heated up by the building services and thermal 

mass. Additionally, the wind pressure also could have non-negligible impact over the building 

performance, by increasing or decreasing the differential pressure at the façade construction 

elements. Depending on the building scheme, height and massing of adjacent developments, 

the lower and upper levels are subjected to rather different wind pressures, impacting the 

infiltration and exfiltration through the building envelope. Positive external wind pressures 

have the ability of enhancing infiltration and counteracting exfiltration, while the negative 
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external wind pressures have the ability of enhancing exfiltration and counteracting 

infiltration (see Fig.1b).  

 The reversed process could occur in extreme hot regions. In such case, relatively cooler 

indoor air tends to precipitate due to higher density, creating a pressure build-up at the lower 

building level. This way, the air is pushed out and drawn at the upper levels. Again, the 

process is closed by the building services and thermal mass, which cool the introduced 

warmer air that has been drawn at the top. The process is called reverse stack effect, as shown 

in Fig.1c. 

 The design challenges associated with stack effect phenomenon varies from reduced 

building performance (energy losses), reduction in comfort levels (due to excessive draught 

and noise levels), health related issues (due to infiltration of no treated air with outdoor 

pollutants) and to pure mechanical issues related to the elevator and pedestrian doorsets’ 

operation. A detailed review of the stack effect related issue is presented in the work of 

Mijorski and Cammelli (2016). 

 All these issues could be mitigated with on-time design decisions. By performing 

numerical simulations, as part of the integrated design process, several mitigation and 

preventive measures can be proposed. Such as: 

• Taking right decision for the façade, windows and doorsets airtightness specifications; 

• Adjusting the HVAC systems operation (increasing or decreasing the pressurization 

levels at different building zones); and 

• Introduction of vertical and horizontal building separations. 

 Other preventive measures are well presented in the work of Jo et al. (2007) and Mijorski 

and Cammelli (2016). 

 

 
Figure 1: Stack effect diagram: a) Wind profile; b) Stack effect; c) Reverse stack effect. 

 

 The aim of the study, described in this paper, is to provide a quantitative numerical 

assessment over the impact of the façade curtain walling, windows and doorsets airtightness, 

related with the airflow through a typical office building envelope. In other words, the global 

purpose is to demonstrate the importance of on-time design decisions and preventing 

measures, regarding the building construction, partitioning and envelope material quality. 

 

2. BUILDING CONFIGURATION AND SPECIFICATION  

 

 For the purposes of the numerical study, a 37-storey / 150 m tall office building of 

rectangular floor plan was modelled (see Fig.2) in the mild continental climate of Sofia, 
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Bulgaria. The climate at the site is characterized with relative extreme winter and summer 

conditions, as specified in ASHRAE Handbook - Fundamentals (Design Conditions, 2013). 

For time exceedance probability of 0.4 %, the winter is characterized with low winds of just 1 

m/s (at 10 m height and wind approaching from West) and ambient temperature drops to -12.4 
oC. While for the summer season, the temperature rises to 32.8 oC and the winds increase to 

2.8 m/s, again approaching from West. The approaching winds are demarcated according the 

typical level layout given in Fig.2. 

 For accounting the effect of atmospheric boundary layer over the wind profiles, the 

design wind speed should be recalculated at roof top height. This was completed by assuming 

an urban terrain for the city of Sofia. Thus, the roof top speed VH was calculated to 2.4 m/s for 

winter conditions, and for summer - to 6.7 m/s. Whilst, the magnitude and the distribution of 

the external mean wind pressures over the building envelope were calculated following 

Eurocode EN 1991-1-4 (2005). 

 

 
Figure 2: ContamW model – typical level layout and approaching winds. 

 

 Two different grades of building envelope elements were selected from Eurocode EN 

EN12207 (2014) for the purposes of the comparative assessment. For all the exterior windows 

and pedestrian doorsets Grade 1 and Grade 2 were selected. While for all the internal doorsets 

were defined with fixed grades from A, B and D for all simulated scenarios (see Table 1). At 

the same time, the lift doors were specified with a uniform door-to-frame gap size of 0.005 m 

and thickness of 0.05 m. Details for the specified air leakage properties are given in Table 1. 

 

Table 1: Façade, windows and doorsets specifications 

Construction element type Grade Leakage Scenarios 

Façade curtain walling 
A1 1.5 m3/m2·h at 150 Pa 1 and 3 

A2 1.5 m3/m2·h at 300 Pa 2 and 4 

Operable exterior windows 

and doorsets 

1 50 m3/m2·h at 100 Pa 1 and 3 

2 27 m3/m2·h at 100 Pa 2 and 4 

Interior doorsets - office units B 6.25 m3/m·h at 100 Pa All 

Interior doorsets – stairwells D 0.75 m3/m·h at 100 Pa All 

Other interior doors A 12.5 m3/m·h at 100 Pa All 

 

 The façade curtain walling systems is specified, based on the Eurocode EN EN12152 

(2012), by selecting Grade A1 and Grade A2 for the comparative analyses (see Table 1). All 

internal walls and floor areas (shaft and partitioning) were classified as either low, medium or 

high air flow resistant elements following the specification in Table 2, derived from ASHRAE 

Handbook – Fundamentals (2013). 
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 Heating, Ventilation and Air Conditioning (HVAC) systems were considered in operation 

at all building’s levels by specifying design temperatures for each different type of space, as 

given in Table 3. The air supplies and extractions were assumed to be in balance at each of the 

floors. Thus, the stack effect would not be effected by any pressurization and under-

pressurization resulted of the HVAC operations, but just of the buoyancy and wind pressure 

forces. All the operational openings of the building were assumed to be closed with exception 

of the louvers located at building Mechanical / Electrical / Plumbing (MEP) levels 2, 20 and 

30. 

 

Table 2: Porosity levels of the internal walls and partitioning (ASHRAE Handbook - 

Fundamentals, Chapter 16, Ventilation and Infiltration, Table 10, 2013) 

Wall type Total opening area per square meter 

High air flow resistant walls 0.14×10-4 m/m 

Medium air flow resistant walls 0.11×10-3 m/m 

High air flow resistant walls 0.35×10-3 m/m 

Floors/ceilings 0.52×10-4 m/m 

 

Table 3: Design temperatures of the building interior spaces 

Space type Winter conditions Summer conditions 

Office areas 21oC 24oC 

Corridors & MEP zones 20oC 26oC 

Lift and stairwell shafts 5oC 28oC 

 

3. NUMERICAL MODELLING AND RESULTS 

 

 For the purposes of the study, a computer program ContamW 3.2 was utilized. This is a 

multi-zone airflow and contaminant transport analysis software developed by the National 

Institute of Standards and Technology at the United States of America (NIST, 

https://www.nist.gov/). A detailed review of the ContamW validation is presented in 

Emmerich (2001). The constructed zone model included all office areas, corridors, vestibules, 

lift shafts, stairwells and other spaces. It has incorporated detailed representations of the 

airtightness of the building external envelope, internal partitioning, door and window 

elements with different types of mathematical models. 

 The windows, internal/external doorsets and façade curtain walling were modelled 

through a power law based on a single test data point at specified differential pressure (see 

Table 1) and a flow exponential of 0.67. The floors, interior walls and partitioning were 

modelled through a power law based on a given leakage area (given in Table 2) at a 

differential pressure of 75 Pa, a flow exponential of 0.65 and a discharge coefficient of 0.6. 

While, the lift doors were represented by quadratic model calculating the volume flow rate at 

different pressures as given by Baker et al. (1987). Stairwells were modelled through a power 

law based on flow resistance, fitted to an experimental data provided in the work of Achakji 

and Tamura (1988). Finally, the lift shafts modelled with power law based on a flow 

resistance calculation, is performed according to the friction model of Darcy-Weisbach and 

the friction factors equation of Colebrook given in ASHRAE Handbook - Fundamentals 

(“Chapter 21 – Duct Design”, 2013). Details of theoretical background and all the available 

mathematical models pertaining to different types of flow paths can be found in Dols and 

Polidoro (2015). 
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Table 4: Scenario matrix 

Case name 

Ambient conditions 

Façade 

curtain 

walling  

Exterior 

windows and 

doorsets 

Winter – Grade 1 Winter, -12.4 oC, 1 m/s West winds Grade A1 Grade 1 

Winter – Grade 2 Winter, -12.4 oC, 1 m/s West winds Grade A2 Grade 2 

Summer –Grade 1 Summer, 32.8 oC, 2.8 m/s West winds Grade A1 Grade 1 

Summer –Grade 2 Summer, 32.8 oC, 2.8 m/s West winds Grade A2 Grade 2 

 

 
Figure 3: Air flow through different building zones. 

 

a)      b)  

Figure 4: Façade infiltration and exfiltration: a) Winter conditions; b) Summer conditions. 

 

a)      b)  

Figure 5: Façade maximum pressure differential: a) Winter conditions; b) Summer conditions. 
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 In the presented study, a total of four cases were modelled, two for winter and two for 

summer conditions. The comparative analyses were completed for two different façades, 

external windows and pedestrian doorsets grades, as shown in Table 4. 

 The numerical results are presented in form of stack charts for the total air flow rates for 

each of the building levels, describing correspondingly the infiltration and exfiltration through 

different building zones (whole exterior envelope, individual lift and stairwell shafts). Fig. 3 

shows the results of worst case scenario, the Winter – Grade 1, illustrating the resulted air 

flow through building envelope and core zones. Whilst, in Fig.4 and Fig.5 are given the 

comparative charts only for the exterior envelope infiltration, correspondingly between 

Winter – Grade 1 and 2 and between Summer – Grade 1 and 2. 

 

4. ANALYSES AND CONCLUSIONS 

 

 The numerical results demonstrate clearly the importance of the construction elements’ 

airtightness properties to the overall building performance. For both winter and summer 

conditions, the infiltration in the building have been reduced with 21% by changing the façade 

quality from Grade 1 to Grade 2 (see Fig. 4 and Fig.5). Also, the façade curtain walling, 

windows and pedestrian doorset improvements resulted in decrease of the interior doors 

differential pressure, reaching up 35% reduction compared to the derived values in Case 1. 

 Leakier façade causes more air flow through building interior elements, thus exposing 

the doors of the cores shafts (lifts and stairwells) to high differential pressure, reaching 

maximum for internal doors of 33 Pa and 56 Pa for the doors exposed to ambient 

environment. By increasing the air flow through the building envelope and core zones, the 

differential pressure can easily exceed the operational threshold of 70 Pa for manually 

operated doors, thus obstructing the normal access at the lobby areas, premises, stairwells and 

lift cars. In addition, the excessive infiltration of the exterior air leads to corresponding 

reduction of the mechanical system performance and effectiveness, together with reduction of 

indoor air quality. For winter conditions, there is a high risk for suction of polluted outdoor air 

from road traffic or the sewerage cannels and shafts. Thus, the main benefits of improving 

building envelope airtightness are in attaining better air quality, higher comfort in the indoor 

environment and energy savings from MEP systems operation. 
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ABSTRACT 

 

 A lot of constructions are known for producing of oxyhydrogen mixture. During the oxy-redox 

reaction, there are physical factors that interact on this process. Thus the real production of gas is quite 

different from the theoretical calculated by the well-known Faraday’s laws of electrolysis. This mainly 

depends on the construction of the electrolysers. Two main approaches exist for assessment the 

efficiency of the electrolysis – by Faradaic losses (Faraday’s efficiency) and the overvoltage method 

(difference between theoretical and real reaction voltage). This paper compares these two approaches 

for estimating the efficiency in one of the most used construction of electrolysers via variation of  its 

main constructive parameters.   
  

 

1. DEFINITIONS OF THE EFFICIENCY OF THE ELECTROLITIC CELLS 

 

 A lot of constructions are known for producing of oxyhydrogen mixture. During the oxy-

redox reaction, there are physical factors that interact the process of the electrolysis. Thus the 

real production of gas is quite different from the theoretical calculated. According Faraday’s 

law of electrolysis, mass of produced gas mixture of oxyhydrogen can be found as [1,3]: 

 

 
z

M
.

F

Q
mT =  ,         (1) 

 

were: mT is mass of the materials released over the electrodes, Q is quantity of the electrical 

charge, used in the electrolysis, M is molar mass of the elements, z is valency number of the 

ions (electrons transferred per each ion), F is Faraday’s constant (F=96 485 C/mol). Using the 

produced mass in reaction mR, Faraday’s efficiency (EF), can be expressed as: 
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were mR is real mass production, I is current in the cell and t is duration of the reaction. Due to 

the recombination of the products, involving of some part of the charge-carriers in side 

reactions and forming by-products, EF is less than 100% [3].    

 According the Nernst equation [2,5], for pure water, the electrode potential for the 

reduction producing hydrogen is -0,41V and electrode potential for the oxidation producing 

oxygen is +0,82V. These potentials are defined according the temperature, number of 

electrons involved in the reaction and specific concentration of ions. Using direct current 

supply, the half-reaction of the electrolysis of water is [2,4]: 
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 V229,1U);g(O)g(H2)l(OH2 0222 +=+→  .     (3) 

 

 The real potential for driving reaction is quite different from theoretically calculated and 

the reaction actually doesn’t start on the voltage shown in (1). Therefore the voltage Ur on 

each single gap between two electrodes, which can drive the reaction, is bigger than U0. 

Differences between Ur and U0 (�U= Ur - U0) is often called “overpotential” and shows, that 

for the start of the reaction is needed more energy than theoretically calculated, which express 

the losses in the electrolyser as a heat and side reactions. Calculation the efficiency by 

overpotential can be expressed as: 
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were EL is energy of the losses, and ER is the whole energy involved in the reaction. 

The overpotetial depends on many complex factors. Most of them are connected with the 

current density and respectively construction of the electrolytic cell. The main factors, which 

affect the value of the Ur and therefore the EV are: 

-  activation energy for transferring the charge-carrier from the electrode to the electrolyte. 

-  reduction of the active surface from the gas bubbles and thus the increase of the current 

density;  

-  formation of unequal concentrations of the charge-carriers on the electrodes due to the 

restriction of the diffusion capabilities of the electrolyte; 

-  junction resistances in the electrical circuit and opportunities for inducting counter 

electromotive forces.     

 

2. CONSTRUCTION OF THE TESTED ELECTROLYSER 

 

For calculation efficiency (EF and EV), it was observed the most used construction of the 

so called “dry cell”, which consists of pack of metal electrodes, electrically insolated with 

non-conducted separators [1]. Voltage from the direct current source is directly supplied on 

the lateral and the middle plate of the electrodes as shown on Figure 1.  

 

 
Figure 1: Construction of the tested electrolyser. 
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This construction forms thin separate cells which are connected in serial and filled with 

the electrolyte (water and potassium hydroxide). The equal distance between the metal plates 

and level of the electrolyte in each cell, ensure regular distribution of the potentials over the 

all plates. The products of the electrolysis are released from the small gap on the top of the 

electrodes. The main parameters of this type of construction are: number of the metal plates 

(neutrals) between anode and cathodes – n, distance between each both metal plates – d, 

material of the electrodes, which is stainless steel type 316L.  

 

3. RESULTS 

 

According to the numbers of the neutrals in the construction n and the applied voltage 

between anode and cathodes UAC, drop of the voltage over each two metal plates (UC) will be: 

 

  
1n

U
U AC

C
+

=  .         (1) 

 

It was tested constructions with 4, 5 and 6 numbers of neutrals and distances between them 

from 0,8 mm to 5 mm as shown in the Table 1.  

 

Table 1: Experiment conditions 

Number of neutrals [-] 4 5 6 

Distances between neutrals [mm]  2 0,8 2 5 2 5 

 

Tables 2 - 4 show the efficiency calculated by the Faraday’s and overvoltage method 

obtained by experiments of the electrolyser with 5 neutrals and distances between them from 

0.8 mm to 5 mm. The produced oxyhydrogen are expressed as a flow rate (q). Figure 2 - 4 

represent the graphic view of the results from Table 2 - 4. 

 

Table 2: EV and EF for experiment conditions: n=5, d=0.8 mm. 

I [A] 3.55 4.40 10.50 11.60 16.20 

�U [V] 0.87 0.87 0.74 0.84 0.82 

q [m3/min].10-3 0.198 0.256 0.269 0.333 0.790 

EV [%] 58.57 58.57 62.54 59.52 60.00 

EF [%] 47.72 49.77 23.41 24.97 42.69 

 

 
Figure 2: EV and EF vs. the current. For n=5, d=0.8 mm. 
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Table 3: EV and EF for experiment conditions: n=5, d=2 mm. 

I [A] 2.26 5.00 7.40 8.40 10.20 

�U [V] 0.74 0.84 0.90 0.97 0.99 

q [m3/min].10-3 0.155 0.323 0.525 0.583 0.750 

EV [%] 62.44 59.52 57.88 56.21 55.49 

EF [%] 62.50 56.14 59.95 56.98 59.56 

 

 
Figure 3: EV and EF vs. the current. For n=5, d=2 mm. 

 

Table 4: EV and EF for experiment conditions: n=5, d=5 mm. 

I [A] 1.50 2.34 10.45 11.20 12.44 

�U [V] 0.75 0.78 1.25 1.15 1.14 

q [m3/min].10-3 0.105 0.153 0.677 0.764 0.808 

EV [%] 62.02 61.30 49,56 51.79 51.90 

EF [%] 63.69 58.13 46.90 51.55 49.19 

 

 
Figure 4: EV and EF vs. the current. For n=5, d=5 mm. 

 

The received data show the main trend of decrease EV and EF when the current increase. 

This is in relation with the current density and the factors for affecting the overvoltage, 

mentioned above. At separation distance d = 0.8 mm, it was found a deep minimum of the EF, 

which is connected with the massive gas production and bigger influence of the surface 

tension of the bubbles. The bubbles can’t be released easy from electrodes.  

The experiment results for test conditions at n=4 and n=6 are shown on the Tables 5 - 7 

and Figures 5 - 7.   
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Table 5: EV and EF for experiment conditions: n=4; d=2 mm. 

I [A] 3.40 5.80 6.35 15.80 

�U [V] 0.82 1.08 1.08 1.62 

q [m3/min].10-3 0.185 0.313 0.356 0.807 

EV [%] 60.00 53.25 53.25 43.16 

EF [%] 56.95 50.41 52.28 38.65 

 

 
Figure 5: EV and EF vs. the current. For n=4, d=2 mm. 

 

Table 6: EV and EF for experiment conditions: n=6; d=2 mm. 

I [A] 1.90 4.90 5.50 7.60 9.78 

�U [V] 0.54 0.88 1.04 0.93 0.33 

q [m3/min].10-3 0.104 0.382 0.429 0.600 0.447 

EV [%] 69.66 58.37 54.15 56.91 78.99 

EF [%] 47.69 56.92 52.80 56.22 45.16 

 

 
Figure 6: EV and EF vs. the current. For n=6, d=2 mm. 

 

Table 7: EV and EF for experiment conditions: n=6; d=5 mm. 

I [A] 1.43 1.73 3.76 5.10 

�U [V] 0.78 0.73 0.86 1.01 

q [m3/min].10-3 0.110 0.131 0.292 0.412 

EV [%] 61.32 62.76 58.97 54.84 

EF [%] 59.00 59.57 57.24 55.40 

 

The represented data show dependences of the both efficiency parameters (EV and EF) 

on the number of the neutrals. It can be found that the decrease of n, makes the electrolyser 

more sensitive to the current changes. The more is n the less is the slope of the main trend of 

both efficiency diagrams. This is due to the fact that the bigger number of the neutral plates, 

distributes the current changes over more gaps and therefore its relative influence is smaller. 



98 

 

Usually EV is greater than EF. The minimums and maximums in the EV and EF curves show 

the predomination of the heterogeneous effects at the different current values.   

 

 
Figure 7: EV and EF vs. the current. For n=6, d=5 mm. 

       
4. CONCLUSIONS 

 

 The paper shows comparison between two main approaches for efficiency calculation of 

the electrolytic cells for oxyhydrogen production. Experimentally was obtained the main 

dependences of the Faraday’s efficiency and overvoltage efficiency of the cells on the main 

constructive parameters. The influence of some specific effects was shown practically during 

the electrolysis in the tested constructions. 
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ABSTRACT 

 

 The general objective of the research is analyzes of the preheated gas oil- raw animal fat blends 

use at the experimental diesel engine, type CFR- IT9-3M. The engine was fuelled firstly with diesel 

fuel then with diesel fuel-animal fats raw state blends, the raw state animal fats content in blend with 

diesel fuel being 5%, 10% and 15%. The results of experimental investigations show the animal fats 

effects on the combustion parameters. At the raw animal fats content increase in mixture with diesel 

fuel, for same engine adjustments were obtained the follow results: auto ignition delay increases with 

~20%; maximum in-cylinder pressure decreases with 10%; heat release rate decreases with ~23%. The 

animal fats effects on the fuel autoignition and combustion was established. Animal fats can be 

considered a viable alternative fuel for diesel engine, assuring the replace of the fossil fuels and 

resolving the major problem of animal wastes.  

 

1. INTRODUCTION 

 

The growing concerns for the depletion of the fossil fuel reserve in accordance with the 

limitation of emissions [1], [2], [3], greenhouse gases and raw materials availability leading to 

search for alternative solutions for fossil fuels used in internal combustion engines [3], [4], 

[5]. The growing concerns for the depletion of the fossil fuel reserve in accordance with the 

limitation of emissions, greenhouse gases and raw materials availability leading to search for 

alternative solutions for fossil fuels used in internal combustion engines. For this reason is 

looking for preferable non fossil origin fuel, renewable, vegetable oil and animal fat can be 

one of this fuels [1, 2, 3, 4]. The main animal fat advantages - cetane number and calorific 

value very close to diesel, higher oxygen content it recommend a good alternative fuel for 

diesel engines. But, the high viscosity and poor vaporization characteristics of animal fats 

need prior their heating and content limit in blend with diesel fuel. Being in the oxygentaed 

fuels category [2, 3, 5], animal fats have a composition similar to that of diesel but with a 

lower quantity of carbon and hydrogen and a higher oxygen content (oxygenated fuel) and 

biodiesel made it from animal fats is non toxic, sulphur free and lower caloric power slightly 

lower than diesel [2, 5]. The main problem of animal fats is high viscosity at poor volatility, 

but there are some methods who can resolve this problem: transesterification, use of blends 

between diesel fuel and biodiesel fuel, use of blends between biodiesel fuel and alcohol, use 

of emulsion with alcohol and water, preheating [3, 5]. One problem of biodiesel oils and 

animal fats is degradation due to oxidation if stored for a period of more then six months. The 

oxidation reaction is accelerated by exposure to a heat source [4, 5]. Preheating animal fats 

and blending with diesel is a simple, cheap and does not require engine modification. Animal 

fats and oils are lipid materials derived from animals products. Physically, oils are liquid at 

room temperature (20…25oC), and fats are solid. Chemically, both fats and oils are composed 

of triglycerides [1, 2, 3, 5, 6, 7]. Animal fats are in more parts constituted from tryglicerides 

of saturated monocarboxylic fat acids with even number or carbon atoms (C12-C18) in which 
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palmitic and stearic acids are predominant [3], [4], [5], [6], [7]. In a test on a agricultural 

tractor engine (single cylinder, water cooled, 1999 cm3, power output of 34 kW at 2600 min-1) 

three different animal fats biodiesel BD BD20, BD 50, BD100) were tested, the performance 

and the result of next parameters being compared: power output, fuel consumption rate, 

exhaust gases and particle materials [8]. The test cycle is composed by 3 different engine 

speeds and 3 different engine loads. As a results of tests at 2600 min-1 with a torque of 120 

Nm and running time of 72 minutes the BD20  has the maximum power output (34.67 kW) 

followed by BD50 (34kW) and the last BD100 (32.93 kW). As a consumption rate the BD20 

has the smallest consumption followed by the BD50 and BD100 [8]. The quantity of CO2 is 

higher in case of BD20 and decreases in case of BD50 and later in case of BD100. The 

quantity of CO has the same decreasing trend like in case of CO2 and it has the maximum 

value in case of BD20 and decreases in case of BD50 and BD100. The NOx has the same 

decreasing trend from BD20 to BD100, the difference between BD20 and BD100 being 

~15%. The same decreasing trend is registered for PM (Particulate Matter) being more 

pronounced from previous cases, the decreasing being even over 50% between BD20 and 

BD100 [8]. At the use of a higher BD (like 100), the emissions of CO, CO2, NOx and PM 

decreases more considerable, the output power is diminished slightly and the consumption 

increases [8]. Studies carried on an air cooled diesel engine (Lister Petter LS1 model) with 

direct injection fuelled with diesel fuel and animal fat at ambient temperature, or with the 

same animal fat preheated to 70°C, and in blending with ethanol and methanol or in 

emulsions with water show significant influences on combustion process [6, 9]. The in-

cylinder maximum pressure recorded the highest values at diesel fuelling, the lowest values 

being registered for emulsion methanol-animal fats use and for only animal fat use [6, 9]. 

Animal fats use leads to the increase of the combustion duration comparative to diesel 

fuelling. This increase appears because large quantities of fuel are injected in order to 

compensate the lower heating value of animal fats. Because of poor atomization and 

vaporization of animal fats the physical component of ignition delay increases leading to the 

increase of ignition delay duration comparative to diesel fuelling [6, 9]. Higher ignition delays 

are registered also for animal fats-methanol/ethanol emulsions use versus diesel fuel. This 

influence appears because the value of the latent heat of vaporization of water and 

methanol/ethanol emulsion is high [6, 9]. Comparative to diesel fuelling the use of animal fats 

at low temperatures leads to the increase of auto-ignition delay and combustion duration [6, 

9]. Due to the fact that is situated in the oxygenated fuels category, [1, 2, 3, 5] animal fats can 

be a good alternative for diesel engine, in terms of low levels of pollutant emissions 

(especially for smoke, NOx and CO2). The general objective of the research is analyzes of the 

preheated gas oil-raw animal fat blends use at the CFR- IT9-3M diesel engine. For diesel fuel 

and gas oil-raw animal fats blends fuelling, the main combustion parameters are analyzed. 

 

2. METHODOLOGY 

 

Preparation of blends between animal fats in raw state and diesel fuel implies the heating 

of both fuels at over 40°C. At this temperature the raw animal fats are in liquid state and 

becomes perfect soluble in diesel fuel. The engine is fuelled firstly with gas oil then with 

different gas oil-raw animal fat blends (xc=5%, 10% and 15% raw animal fats energetic 

content in blend with diesel fuel). For each sample were determined/recorded the autoignition 

delay, pressures and heat release diagrams, for 100 consecutive cycles. The fuel cyclic dose 

was maintained constant to 28.9 [mm3/cycle] for all experimental determinations. The 

experimental investigations results show the raw animal fat effects on autoignition delay, on 

the combustion parameters (maximum pressure, combustion duration, maximum pressure rise 

rate, combustion laws and heat release rates characteristics). For same engine adjustments, at 
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diesel fuel-raw animal fats blends fuelling were obtained the increase of autoignition delay 

with ~20% and the decrease of maximum pressure with 10%. 
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Figure 1: Pressure diagrams  
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Figure 2: Heat release rate for diesel fuel and diesel fuel-raw animal fats blends 

 

 The pressures diagrams registered for the engine fuelled with diesel fuel first and then 

fuelled with blends of diesel fuel and animal fats in raw state, for the same injection timing 

value (13 CAD) and for same compression ratio (13.74) are presented in figure 2. The in-

cylinder pressure diagrams were obtained by averaging of 100 consecutive cycles. The 

maximum pressure decreases with the increasing of the fats content, figure 1. At raw animal 

fats use the maximum heat release rate decreases, figure 2, the autoignition delay duration 

increases, figure 3, with the increasing of the fats content. The autoignition delay increases 

from 2.4 [ms] at diesel fuelling to 2.6 [ms] at xc=5%, 2.7 [ms] at xc=10% and 2.9 [ms] at 

xc=15%. The aggravation of the atomization process because of the animal fats higher 

viscosity (drops of more large diameter are formed) leads to the reduction of preformed 

mixture quantity. This issue leads to the increasing of autoignition delay, with 20% at 

xc=15%, comparative to classic engine at the rise of animal fats content in blends with diesel 

fuel. Because the quantity of preformed mixture is lower at engine operating with diesel fuel- 
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raw state animal fats blends, the diffusive combustion weight increases, fact that leads to the 

reduction of the maximum heat release rate at the beginning of combustion, figure 2. Because 

of autoignition delay increasing the combustion is moved into expansion area, at more large 

volumes, (for constant spark timing), which leads to the slightly decreasing of maximum 

pressure, figure 1 and to maintaining practically unchanged of the maximum pressure rise 

rate. This fact is influenced by the reduction of the cycle heat release at the increases of 

animal fats content, knowing that animal fats have a much lower calorific power comparative 

to diesel fuel (fuel cyclic dose was constant). The also taking into consideration the calorific 

power reductions of the used blends and the aggravation of fuel atomization at the increases 

of animal fats content in blends lead to combustion deterioration and cycle heat release 

quantity reduction, figure 2. 

 

3. CONCLUSIONS 

 

 The paper brings an important contribution in the knowledge field of animal fats use in 

raw state in blends with diesel fuel at diesel engine fuelling. As a research originality is the 

establishing of the raw animal fats effects on the fuel auto ignition and combustion. For same 

engine adjustments, at diesel fuel-animal fats blends fuelling were obtained the increase of 

auto ignition delay with ~20%, the decrease of maximum heat release rate with 23% and the 

decrease of maximum pressure with 10%. For this regime, an optimal correlation between 

animal fats content in blend with gas-oil - injection timing - NOx emissions level - smoke 

emission level – in-cylinder maximum pressure was established. Animal fats use can solve the 

pollution problems in large urban and agriculture areas, the fuelling solution can being easily 

to implement on all types of diesel engines (including old design models which can be 

converted to fit the current rules of pollution). Blends of diesel fuel and animal fats in raw 

state can be considered a viable alternative fuel for diesel engine, assuring the replace of the 

fossil fuels and resolving the major problem of animal wastes. 
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ABSTRACT 

 

 This paper presents experimental investigations of a truck diesel engine fuelled with liquefied 

petroleum gas. The fuelling method used was the diesel-gas method, which consist in LPG injection 

(in gaseous aggregation state) in the engine’s intake manifold. Fuelling with LPG a diesel engine is a 

viable solution as far as the price and infrastructure are concerned and because of its good burning 

properties has a great potential to improve energetically and pollution performances of the engine. 

The test bed situated in the Thermotechnics, Engines, Thermal Equipments and Refrigeration 

Installations Department was adapted to be fuelled with  liquefied petroleum gas. The engine used is a 

turbocharged truck diesel engine with a 10.34 dm3 displacement. The investigated working regimens 

were 40% load and 1450 rpm and 55% load and 1450 rpm , and the energetic substitute ratios of the 

diesel fuel with LPG was situated between [0-24.94%] for 40% load regimen and between [0-30.37%]  

for 55% load regimen. 

 

 1. INTRODUCTION 

 

 Liquefied petroleum gas is a fuel which generally consist of a mixture of two 

hydrocarbons, propane and butane, in different ratios depending on season and producing 

company. Because of its good burning properties and because of the price liquefied petroleum 

gas is a very good alternative fuel for the compression ignition engines.  

In the table 1 are presented some liquefied petroleum gas properties, compared with the 

diesel fuel properties. 

 

Table 1. Liquefied petroleum gas properties, comparative with diesel fuel properties [1]. 

 

Properties 

 

Diesel fuel 

 

Propane 

 

 

Butane 

Density [kg/m³] 800-840 503 500 

Self ignition [ºC] 355 481 544 

Stoichiometric A/F  

ratio [kg/kg] 

15 15.71 15.49 

Lowe r heating 

value[MJ/kg] 

42.5 46.34 45.55 

Cetane number 40-55 -2 -2 

Flame temperature 2054 1900 - 
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Because of a lower density of liquid LPG, the mass of the same volume of fuel is lower, 

503 kg/m³ for LPG and 800-840 kg/m³ for diesel fuel [1], leading to a lower fuel autonomy 

for the vehicle fuelled with LPG. 

LPG needs a lower quantity of heat to vaporise than diesel fuel 420 kJ/kg to 465 kJ/kg 

for diesel fuel [1], allowing to consume less local heat in the case of direct injection in the 

combustion chamber.  

The LPG self ignition temperature is higher than the diesel fuel self ignition temperature, 

481 ºC – propane, 544 ºC –butane, 355ºC diesel fuel [1] and this combined with a very low 

cetane number gives LPG very poor self ignition properties. Therefore fuelling a diesel engine 

with LPG requires the use of specific methods. 

The flame temperature of LPG lower than the diesel fuel flame termperature leads to an 

important reduction in nitrogen oxides emissions level. 

The higher LPG lower heating value ensures an increase in the amount of heat released 

during the combustion of fuel for the same fuel quantity. 

Fuelling a diesel engine with LPG involves specific methodes. In this paper the authors 

chose the Diesel-Gas method, which consists of gaseous LPG injection in the intake manifold 

of the engine. 

 This method has been applied also by Tariq Miqdam in [2] with good results regarding 

the brake specific energetic consumption and pollutant emissions. In the paper [ 3] the author 

fuelled with LPG a diesel engine that equip a road vehicle using the diesel-gas method, 

experiments leading to a reduction in the operating price of the vehicle. Qi et. al. in the work 

[4] experimented the direct injection of a LPG-diesel fuel mixture with different proportions: 

0, 10, 20, 30, 40 %, leading to a decrease in the pollutant emissions of the engine. In the work 

[5] the authors decreased the level of the nitrogen oxides emission fuelling the diesel engine 

with LPG but the level of unburned hydrocarbons increased. To reduce this emission a glow 

plug was used [5]. A decrease of emissions level was achieved by Pali Rosha et al. in [ 6] , by 

LPG fuelling a single cylinder diesel engine and using exhaust gas recirculation. The level of 

nitrogen oxides emissions and carbon dioxide emission decreased compared to standard diesel 

engine case, while emissions of unburned hydrocarbons and carbon monoxide increased, 

especially in the partial load regimens. In order to reduce these emissions the authors used a 

percentage of 16% recycled exhaust gas (for example at 60 % load the level of unburned 

hydrocarbons and carbon monoxide was reduced with 46.9 %, 27.4 % respectively). Another 

example of a liquefied petroleum gas diesel engine fuelling is presented in the paper [7] . The 

authors used liquefied petroleum gas injection into the intake manifold of the engine and 

rapeseed oil for the pilot injection. The maximum degree of substitution used of rapeseed oil 

with LPG was 60 %, where the engine cyclic variability was within acceptable limits. The 

level of unburned hydrocarbons and carbon monoxide emissions decreased but the level of 

nitrogen oxides emissions increased. To reduce the emission of nitrogen oxides authors used 

also the exhaust gas recirculation. 

 This paper presents results of experimental investigations carried out on a truck 

compression ignition engine fueled with liquefied petroleum gas using the diesel-gas method. 

 The engine is located in one of the test beds of the Department of Thermotechnics, 

Engines, Thermal Equipments and Refrigeration instalations . 

 

2. EXPERIMENTAL STUDY 

 

The experimental study was carried out on a compression ignition engine type Roman 

D2156 MTN 8, with 6 cylinders in line. The main specification and performances of the 

engine are presented in the table 2 [8]. 
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 The test bed consist of: the Roman D2156 MTN 8 diesel engine, Hofman eddy current 

dyno, AVL data aquisition system, Kistler piezoelectric pressure transducer, AVL Dicom 

4000 gas analyser and opacimeter, Optimass masic fuel flow meter, Meriam volumic air flow 

meter, thermocouples and thermoresistences for temperature measuring, gravimetric system 

for diesel fuel consumption measuring, gas leak detector. All the equipments were calibrated 

prior to measurements. The investigated regimens were 40% load and 1450 rpm and 55% load 

and 1450 rpm. The Diesel-Gas method consists in gaseous LPG injection in the intake 

manifold of the engine. Therefore the homogeneous mixture of air-LPG is ignited by the 

flame which appears in the diesel fuel jet. 

 

Table 2. Specifications and performances of the engine D 2156 MTN 8 [8]. 

Number of cylinders 6 

Bore [mm] 121 

Stroke [mm] 150 

Displacement [L] 10.34 

Compression ratio 17 

Rated power [kW] 188 

Maximum torque 

[Nm] 

900 

Admision type turbocharged 

 

First time was determined the reference, fuelling the engine only with diesel fuel, then the 

diesel fuel was partially substituted with liquefied petroleum gas, concerning to maintain the 

same engine power like in the standard case of fuelling with diesel fuel. Therefore, for each 

substitute ratio investigated, the diesel fuel cycle dose was reduced and the LPG cycle dose 

was increased. The energetic substitute ratio was calculated with the folowing relation: 

 

dieselfuelLPG

LPG

idieselfueliLPG

iLPG

c
HmHm

Hm
x

+
=                                     (1)  

 

Where: ����- the LPG dose; 

             ������	
��	-the diesel fuel dose; 

             Hi- the caloric heating value. 

 

The investigated energetic substitute ratios of the diesel fuel with LPG was situated 

between [0-24.94]% for 40% load regimen and between [0-30.37] % for 55% load regimen. 

 In order to reduce the nitrogen oxides emission level for the 55% engine load regimen 

exhaust gases recirculation was used. The exhaust gas recirculation quantity is defined as a 

percentage occupied by the gases in the total amount of intake air admitted in the engine. The 

exhaust gas recirculation quantity was 2.34% form the total amount of air consumed by the 

engine. 

 

 3. RESULTS AND DISCUSIONS 

 

The pressure inside the cylinder increased for all the substitution ratios of diesel with 

LPG investigated. This can be explained by the intensification of the burning process due to 
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the presence of LPG-air mixture in the combustion chamber. The figure 1 shows the 

measured in cylinder pressure for the investigated cases. 

 

 
Fig. 1. The maximum pressure inside the cylinder versus the substitute ratio. 

  

The maximum rate or pressure rise increased for all the investigated cases because of a 

higher flame speed in the homogeneous mixture or air-LPG. The figure 2 presents the 

maximum rate of pressure rise for the investigated cases. 

 

 
Fig. 2. The maximum rate of pressure rise versus the substitute ratio. 

 

 The nitrogen oxides emission level decreased for all the investigated substitute ratios of 

diesel fuel with LPG because the combustion temperature decreases when exhaust gas 

recirculation is used and because liquefied petroleum gas has a lower flame temperature than 

diesel fuel. The nitrogen oxides emission variation is presented in the figure 3. 
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Fig. 3. The nitrogen oxides emission versus the substitute ratio. 

 

The smoke emission level decreased for all the investigated substitute ratios of diesel fuel 

with LPG in the case of 55% engine load regimen because when LPG is present in the 

combustion chamber the burning rate of diffusive mixtures decreases and the burning rate of 

preformed mixtures increase. For the 40% engine load regimen the smoke emission level 

increased due to the lack of air (the engine load is low and the LPG is injected in the intake 

manifold and replace a part of air, in order to reduce the smoke emission for the 40% engine 

load regimen the supercharging pressure must be increased). The figure 4 presents the 

measured smoke emission level, evaluated by the coefficient of absorbtion k. 

 

 
Fig. 4. The smoke emission level versus the substitute ratio. 

 

 The brake specific energetic consumption decreased for the substitute ratios of diesel fuel 

with LPG. Figure 5 presents the brake specific energetic consumption versus the substitute 

ratio. 

 
Fig. 5. The energetic specific fuel consumption versus the substitute ratio. 
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 4. CONCLUSIONS 

 

 At the LPG engine fuelling were observed the following: 

1. The brake specific energetic consumption decreased with ~20% when the substitute ratio 

was xc=24.94 in the case of 40% engine load regimen and with ~6%  when the substitute ratio 

was xc=18.09 in the case of 55% engine load. 

2. The nitrogen oxides emission decreased with ~25% for the substitute ratio xc=24.94 (40% 

engine load), and ~9% for the substitute ratio xc=30.37 (55% engine load). 

3. The smoke emission level decreased in the case of 55% engine load regimen because when 

LPG is present in the combustion chamber the burning rate of diffusive mixtures decreases 

and increased in the case of 40% engine load because of the worsening of intake proces (to 

decrease this emission the supercharging pressure must be increased) . 

4. The maximum pressure and the maximum rate of pressure rise increased in the case of LPG 

fuelling. 

 

5. ACKNOWLEDGEMENTS 

 

The authors would like to thank to AVL List GmbH Graz, Austria, for providing the 

possibility to use the research equipments. 

 

6. REFERENCES 

�

[1]. Popa, M. G., Negurescu, N., Pana, C., Motoare Diesel, Matrix ROM, Bucuresti 2003. 

[2]. Miqdam, T., Exhaust analysis and performance of a single cylinder diesel engine run on 

dual fuels mode, Journal of Engineering, Nr. 4, Vol. 17, 2011. 

[3]. Michal, J. et al, Analysis of engine parameters at using diesel-lpg and diesel-cng mixture 

in compression-ignition engine, Acta Universitatis Agriculturae Et Silviculturae Mendelianae 

Brunensis, vol. 62, nr. 1, 2014. 

[4]. Qi, D. H., Bian, Y. Z., Ma, Z.Y., Zhang, C. H.,  Liu, S. Q., Combustion and exhaust 

emission characteristics of a compression ignition engine using liquefied petroleum gas–

diesel blended fuel,  Journal of Energy Conversion Management, vol. 48, no. 2, pp 500-509, 

2007. 

[5]. Vijayabalan, P., Nagarajan, G., Performance, Emission and Combustion of LPG Diesel 

Dual Fuel Engine using Glow Plug, Jordan Journal of Mechanical and Industrial Engineering, 

Volume 3, Number 2, June. 2009 ISSN 1995-6665 Pages 105 – 110. 

 [6]. Rosha, P., Bharj, R.S., Gill, K., Performance and emission characteristics of 

Diesel+LPG dual fuel engine with exhaust gas recirculation, International Journal of Science, 

Engineering and Technology Research (IJSETR), Volume 3, Issue 10, October 2014. 

[7].�Tira��H.S, Herreros�� ����, Tsolakis��A., �����������M.L.��Characteristics of LPG-diesel 

dual fuelled engine operated with rapeseed methyl ester and gas-to-liquid diesel fuels, 

Energy, Volume 47 (2012) 620-629. 

[8]. Ab�it�ncei, D., Motoare pentru autovehicule si tractoare fabricate in Romania, Alma, 

Craiova 2011. 

 



109 

 

 

 

SUPPRESSING THE FORMATION OF NITRIC OXIDE BY A SHIFT OF 

THE COMBUSTION PROCESSES AND ITS DECOMPOSITION BY 

COAL DUST 

 
B. Ongar1, V. Kamburova 2, A. Tuymebekova 1. 

 
1Almaty University of Power Engineering and Telecommunications, Almaty, Kazakhstan 
2Rousse University, Ruse, Bulgaria  

 

 
ABSTRACT 

 

The relevance of the effective organization of expansion-supply and reduction of nitrogen oxides of 

carbon to molecular nitrogen and gasification to carbon oxides are discussed in the paper. The 

experimental technique and equipment, calculated and experimental data on the rate and composition 

of the chemistry-reactions are also presented.  

The results of the calculation and the development of the conceptual project for dust supplying 

Ekibastuz coal of high concentration with a shift of combustion processes Ekibastuz CHP to reduce 

nitrogen oxides in a reconstruction of the boiler are presented. 

 

 

1. INTRODUCTION 

 

The tendency to improve the environmental efficiency of the operation of boilers and 

the fullest use (burning) of fuel with minimum costs for repairs and maintenance of furnace-

burner  equipment makes it necessary to constantly improve the schemes and methods of 

burning fuels, and also to utilize various technological procedures (organization of flue gas 

recirculation, transfer to step-by-step burning, etc.). Specially, the issues of optimization are 

on pulverized coal boilers because of the gradual quality degradation of the used coals and 

their alteration into off-design form. 

In this case, a twofold decrease in the concentration of nitrogen oxides in flue gases to 

500-550 mg / Nm3 by creating a reducing zone of nitric oxide to molecular nitrogen by 

organizing incomplete combustion in the second tier and in each tier horizontally. It is noted 

that in order to reduce nitrogen oxides emission from 500-550 to 200 mg / m3, it is expedient 

to use their selective catalytic reduction with ammonia. After desulfurization at a temperature 

of 55°C, flue gases flow to an additional steam heater, where their temperature rises to 330-

350°C, necessary for the catalytic reduction of nitrogen oxides. Indeed, 3500C is the 

necessary temperature level, and a sufficient temperature for the catalytic reduction of 

nitrogen oxides should be 4500C. 

This clearly shows the urgency of solving the problem of suppressing the formation of 

nitrogen oxides. Reducing the temperature of huge flows of hot flue gases to 55°C, and then 

heating them to 350 / 450°C, catalytic reduction of nitrogen oxides to molecular nitrogen, a 

repeated reduction in temperature to the temperature of stack gases requires not only a perfect 

technical solution, but huge capital and operational costs. This is in unrealized theoretical 

form of solving the problem. From our point of view, what is already realized also considered 

wrong. 

The fact is that during  nitrogen oxide reduction  to molecular nitrogen in the second 

stage of combustion with an excess coefficient of air  less than one, the resulting carbon 
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monoxide, hydrogen, methane encourage occurring of 60 times more toxic than oxides of 

nitrogen and hydrogen sulfide, causing high-temperature corrosion of metals . Therefore, it is 

necessary to organize the burning of fuel with an excess air coefficient greater than one in 

order to prevent corrosion and slagging. In addition, in this specially created reduction zones 

of incomplete combustion, smoking and the formation of carcinogenic agents occur, which, as 

is known, are related to the first class of toxicity /the  nitrogen oxides - to the second class of 

toxicity/. 

Thus, the organization of step-by-step combustion of fuel, in our opinion, does not 

reduce the amount of harmful emissions to the environment, but complicates and makes less 

reliable the design and operation of the combustion chamber. 

A closer technical solution is a vortex pulverized-coal burner containing annular 

channels of over-fire air and fuel-air mixtures, positioned into gap between the boilers, 

designed to reduce the diffusion of oxygen from the over-fire air during displacement with 

pulverized-coal into fuel-air mixture [1]. This method somewhat prolongs the combustion 

process and reduces the combustion temperature, which results in a slight suppression of 

thermal nitrogen oxides at a low level of the furnace burning temperature of pulverized-coal. 

As for the basic fuel constituents of oxides, their formation is not suppressed in this way, 

since the oxygen content in the underfire air is quite sufficient for the formation of nitric 

oxide. 

When moisture is supplied to the hot air path by burning fuel oil [2], the suppression 

of nitrogen oxides is less than the localized phased additions of moisture into the combustion 

zone of the fuel with intense generation of nitrogen oxides. 

The use of high-density pulverized coal (HDC) does not lead to a possible increase in 

the kinetic temperature of combustion, since the pulverized coal of HDC is diluted in the 

underfire air before being fed into the burner. 

These demerits are characteristic for all existing pulverized-coal burners of various 

designs. 

Therefore, the aim of this work is to increase the fuel combustion efficiency and 

suppress the nitrogen oxides formation. 

On the axis of the burner device, which carries out the burning of solid fuel method, a 

central channel is installed for additions into the furnace a coal HDC, the gap is placed 

between the central channel and the channels for additions into the combustion chamber 

underfire and over-fire air, the gap thickness being equal to 1.5-1.9 equivalent Diameter of the 

central channel, and the discharge burner is installed above the burner device at a distance of 

1.8-2.2 equivalent diameter of the burner device with the direction of its axis down at an angle 

to the plane of the furnace wall, equal to 65-75 degrees. 

Figure 1 shows the vortex version of the proposed burner device, and in Figure 2 - a 

straight-flow version. 

The vortex and straight-flow burner devices, shown in Figures 1 and 2, contain a 

underfire air channel 1, a over-fire air channel 2, a central channel 3 and a gap 4 between the 

central channel 3 and air channels 1 and 2. 
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Figure 1- Vortex fuel burner. 

  

Due to the presence of the gap 4, high-density coal dust enters the furnace from the 

central channel 3 separately and at a distance of the gap 4 from the underfire and over-fire air 

from channels 1 and 2 into the furnace. 

While running mathematical modeling, the following burner geometries were adopted: 

- burner screens with a diameter of 70 mm were replaced by flat surfaces. 

- for the performed research of the object, it was decided to perform calculations 

taking into account the estimated volume. 

 

 

 

 
  

Figure 2 – straight-flow burner. 

 



112 

 

The basic integral parameters for the aerodynamics of the burner are summarized in 

Table 1. 

 

Table 1 - Aerodynamic parameters of the vortex burner 

Air channel Inner Central 

Air quantity, r 0,5365 0,0456 

Temperature t, 0� 245 245 

Sectional area F, m2 0,1874 0,0246 

Average velocity W, m/s 43,3 17,4 

 

Based on the results of mathematical modeling of furnace processes with vortex 

burners: 

- high heat fluxes falling on the elements of the burner are conditioned to the 

aerodynamics of the flame - the active burning zone starts at 100-120 mm from the tips of the 

gas pipes and an intense central zone of recirculation of flue gases with a temperature of about 

1800 0�; 

- high speed of mixing and intensive recirculation of flue gases ensure rapid burnout of 

the fuel, which leads to high local maximum temperature and can contribute  the formation of 

nitrogen oxides. 

In the vortex burner, over-fire air is supplied through the outer annular channel, 

underfire air is concentric and contiguous with it, and in the straight-burner, air is supplied 

through side channels where a underfire air channel is located on the side of the tangential 

flue gases and the over-fire air duct axis is guided at an angle of 0-10 0 to the axis of the 

central channel. Gap values of 4, equal to 1.3-1.9 equivalent diameter of the central channel, 

respectively, larger and smaller volatile yields, conventional exhaust flow rates, underfire and 

over-fire air twist parameters, thermotechnical characteristics of high-concentration coal dust 

provide high-speed pyrolysis. 

Since burning of volatile substances and coke dust of fuel occurs at an excess ratio of 

air greater than one, the probability of formation of so-called "fast" nitrogen oxides is 

excluded. 

The degree of formation of nitrogen oxides from the combustion of coal dust 

contained in waste gases is reduced by organizing the drying of the fuel by flue gases, and not 

by hot air. The harmful emissions of nitrogen oxides can also be reduced somewhat by the 

method of supplying the low-dusted drying gas in the present invention through combustion 

products where partial reduction of nitric oxide occurs due to over-fire combustion reactions. 

All these signs allow to reduce the concentration of harmful emissions of nitrogen 

oxides many times. Thus, for example, the kinetic model of calculation shows that when the 

oxygen content in pulverized-coal is 1% and its ambient temperature is 1600 K for 0.043, 

94% of the released amount of atomic nitrogen recombines into molecular nitrogen and a nine 

fold suppression of the formation of nitric oxide occurs. This is in ideal conditions. Under real 

conditions at this temperature, the thermal constituents of the nitrogen oxide formations are 

ignorable compared to conventional fuel components. 

Thus, the proposed invention can give a high result in suppressing the formation of 

nitrogen oxides and provide the strictest environmental requirements without significant 

capital and operating costs. It should be noted that pulverized-coal  with a high concentration 

of 20-50 kg / kg of transport gas (air) when fed by a steam ejector and reaching 250 and more 

kg / kg with a blower under pressure has a mass specific heat for unit mass of 40-500 times 

less than when transporting in a fuel-air mixture with an ordinary concentration of 0.5 kg / kg 

air. Therefore the coal HDC in a hot environment is also heated approximately much faster 

than a conventional fuel-air mixture. 
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If it is necessary to reduce the concentration of nitrogen oxides further (if the resource 

of primary environmental protection regime and technological measures is exhausted), a flue 

gas cleaning method (secondary environmental measures) may be applied, completing in the 

oxidation and absorption of nitrogen oxides from flue gases [3]. 

The economic effect is also expected from the exclusion of the "clearing of flame with 

fuel oil", reaching 6.12 and 30 from capacity of thermal power stations in the USA, the CIS 

and the RK, respectively. 

 

Conclusions 

 

1. A method for burning solid fuel by heating and addition into  a high-density of coal 

dust furnace / HDC into the combustion chamber // 20-250 kg of dust per kg of gas, underfire 

and over-fire air through a burner and a low-dust drying gas(LDDG) through a discharge 

burner, which is distinguished by which the underfire air is preheated to the over-fire air 

temperature, then the coal HDC is added into the furnace separately from the underfire and 

over-fire air, separately heated to the flaming temperature of the fuel volatile substances 

(FVS) and combined with the underfire air , and after burning FVS its coke dust is connected 

with over-fire air and the LDDG is fed to the intense firing of coke through combustion 

products. 

2. A burner device for carrying out the solid fuel combustion method according to 

claim 1, comprising channels for additions of the fuel-air mixture and over-fire air and a gap 

there between, characterized in that the central channel is installed for addition into the coal 

dust furnace of the HDC  along the axis of the burner device, the gap is placed between the 

central channel and the channel for addition of  underfire and over-fire air into the combustion 

chamber, the gap thickness being equal to 1.3 to 1.9  equivalent to the  diameter of central 

channel, and the discharge burner is installed over the burner device at a distance of 1.8-2.2 

equivalent to the diameter of the burner with its direction downward at an angle to the surface 

of the furnace wall, equal to 65-75 degrees. 

Thus, the combustion technology of a high density concentration of dust is 

advantageously characterized in that, the reduction in NOx emission occurs without impairing 

efficiency, which typical for regular schemes with low concentrated fuel-air mixture flow. In 

addition, since changes in the combustion conditions in the furnace relate mainly to the 

burners, the cost of reconstructing the combustion process in order to reduce emissions of 

nitrogen oxides is much lower, sometimes even by more than in comparison with typical 

solutions. Therefore, repowering in order to reduce NOx emissions must be started with the 

translation usual concentration of dust supply to the high concentration of dust supply system 

(HDC). In this case, it is possible to implement the technology of burning solid fuel in a 

highly concentrated stream. 

Moreover, the transition to a highly concentrated dust burning significantly reduces 

the risk of slagging of combustor, since the number of primary jet fuel-air mixture flow 

decreases sharply. 
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ABSTRACT 

 

 The monthly solar gains and heat losses for an  unobstructed South window in Bucharest, having 

either a double non-low_e glazing or a low_e one have been calculated for three situations at night : 

the window without shutter, with a  wooden panel shutter and with a thermal insulation panel shutter. 

In all three cases, the window has no shutter during daylight time. The calculation followed the 

monthly method for building energy of  SR EN ISO 13790, that is, it produced and used a one monthly 

average value for the quantities involved (like the window losses or the outside temperature or incident 

solar radiation). The thermal correction due to mounting the window in the wall (the so-called 

psi_installation by Passivhaus Institut) has also been considered. Achieving zero net energy loss even 

in the coldest months, for a themally-good-glazing-and-frame window, consistently insulated by an 

exterior shutter at night, appears to be possible in the climate of Bucharest. 

 

1. INTRODUCTION 

 

The general strategy of lowering the cost of building energy consumption, has mainly two 

directions of attack : creating more energy efficient building envelopes and creating more 

intelligent building installations that use energy costing less. As part of the first direction, 

improving the energy performance of the glazed part of the building shell has continuously 

been targeted for several decades. Even after the invention of the insulated glazing units 

(IGUs),  low_e glass and much more thermally efficient window frames, the race to improve 

the energy performance of windows continues. And one not complicated way to have better 

window systems is to place one or more window attachments performing a thermal function; 

systems that are thought of in the design phase not after the building has been raised. Well 

matched windows and attachments can be of real value to lower the energy consumption of a 

building and are desirable because in general, window attachments do not require an 

expensive investment and are applicable in almost any situation.  

Attaching exterior shutters to windows in order to prevent the interior heat loss in cold 

nights is something known and common to the Romanian traditional architecture. But this 

knowledge appears to have been lost to a large extent in the new building design process here. 

Very many times when window shutters are installed, the fact is an after-building-construction 

consideration and action, not a consequence of a previous design process for that. Such an 

attitude leads to makeshift solutions and the envelope structural and thermal integrity is 

compromised so often.  

It seems there is just one window shutter model currently sold on the Romanian market 

for the thermal insulation purpose, the roller type, whose slats can be all packed in a case 

mounted on the exterior wall above the window head . The slats are made from wood or 

plastic ; some can also have foam insulation inside, that is something like 5-6mm insulation 

for the thickest . 

                                                 
1 Thermodynamics Dept., University POLITEHNICA of Bucharest, Spl. Independentei 313, Bucharest, Romania 060042, 

romeotraian@gmail.com 
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This paper probes some possible thermal consequences of a one-piece panel type shutter 

having thicker insulation, 3cm EPS. To operate such a shutter one needs hinges or some 

gliding rail system enabling the panel to move so that it covers the window when closed and 

does not obstruct it at all, when completely opened. 

 

2. METHODOLOGY 

 

The monthly net energy loss of a mobile window of standard size, height 1.48m and 

width 1.23m (according to EN ISO 10077), facing South, completely exposed to the sun (that 

is unobstructed in any way), in Bucharest, has been calculated (see Fig. 1). 

 

 
 

Fig. 1   The two simulated windows have an identical frame but different insulated glazing 

units (IGUs) : IGU 1 in the "red" window and IGU 2 in the "green" window 

  

Some characteristics of the Saint-Gobain Glass (SGG) glass panes and the two used 

glazings (IGU 1 and IGU 2) made of them are shown in Fig. 2 . The pane type is either 

Planiclear (clear float glass, no low_e depositon on its surfaces) or  Planitherm XN II (one 

surface is low_e). Planitherm XN II, is pane #2 (when counting from the outside to the inside) 

in the "good" glazing (IGU 2), see Fig. 2 (the low_e surface faces the exterior) . The exterior 

pane in IGU 2 is Planiclear. IGU 1 is made of two identical Planiclear layers. 

Fig. 2 shows some glass technical data, the solar transmittance at normal incidence Tn , 

the far-infrared (FIR)/thermal emissivities of the two pane surfaces (e1 for surface 1, to the 

exterior when mounted in the glazing, and e2 for the surface to the interior) . The effect of 

depositing a low-e layer is striking, the FIR emissivity of untreated glass, 0.84, is lowered to 

the value 0.039. Another remark that should be made is some (undesired, at least for the cold 

season) loss in solar transmittance that accompanies this low_e deposition process, the Tn = 

0.871 of Planiclear is lowered to 0.636 for Planitherm XN II (some loss in the visible 

transmittance, not shown, also occurs). All panes are 4mm thick and the gap between them in 

the IGU is filled with an Argon_90% & Air_10% mix. The thermal transmittance (the inverse 

of the thermal resistance) , Ug, of both IGUs is given in Fig. 2 as well as the solar heat gain 

coefficient of the glazing for normal incidence, gn (accounting for various incidence angles for 

the solar radiation was done in the following calculation in the very crude way proposed in 

EN ISO 13790 [1], by taking an ajusted g as 0.9gn). 

The used window frame, a thermally efficient model, PVC Alphaline 90 made by 
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Fig. 2   The two IGUs made of SGG glass panes, Planiclear and Planitherm XN II 

 

Veka [2], see Fig. 3a and 3b, was chosen because its detailed geometry was known to us 

(although we did not know exactly all material properties and we had to guess some of them, 

our guesses proved reasonable as the calculated result in THERM, Uframe = 1.11 W/m2/K is 

practically the same with the one declared by the manufacturer). 

 

 
 

Fig. 3a and 3b   A 2D drawing and a photo of the frame used in the simulations 

 

As window attachments, exterior shutters of  two kinds have been considered: 1cm thick  

wood panel and 1cm wood + 3cm expanded polystirene (EPS). They are assumed operated to 

be completely opened during daylight time but completely closed between sunset and sunrise. 

Commonly, the building envelope heat transfer calculation (for both its opaque and its 

glazed parts) hypothesizes a 1D heat flow, accross the envelope. However, there are regions 

of it where, for reasonable accuracy, a 2D heat flow should be considered (in other words, 

linear thermal bridge corrections should be made) . The window itself has such one region, 

requiring a 2D calculation for it: a two "lane" strip composed of a lane neighboring the 

junction of the glazing and the frame, and the other being the frame itself . 
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Another correction is also necessary, especially for energy efficient building design, one 

accounting for the additional 2D heat transfer caused by mounting the window in the wall (its 

thermal bridge correction coefficient is the so-called psi_installation by Passivhaus Institut, 

Darmstadt). The strip around the outer edge of the window frame affected by this correction is 

illustrated in Fig. 4. 

So, first after the Ug of the window glazing is determined (based on the optical and 

thermal characteristics of the glass panes and gas mixture it is made of), a cross section 

covering the above mentioned two "lane" strip of the complete window (unmounted but in a 

vertical position) is simulated for the 2D steady state heat flow, with adiabatic boudaries at its 

top and bottom, and boundary conditions for the indoors and outdoors (that is on its sides).  

The softwares WINDOW and THERM [3] by Lawrence Berkeley National Laboratory 

(LBNL) were used for this purpose. Fig. 5a displays the cross sections prepared for simulation 

in THERM (after they have been drawn and heat transfer properties have been assigned to the 

various drawing regions, differently colored according to the material they are made from). 

Fig. 5b displays the results of the simulation,  suggestively displaying the temperature field.  

 

 
 

Fig. 4   Mounting the window in the wall ideally, not perturbing the heat transfer through the 

wall without window (very non-realistic) and considering that perturbation  

 

The run THERM simulations produced the necesary numbers to calculate cf [4], the 

quantities Uw, Uw+sh and Uw+ish respectively the whole unmounted window thernal 

transmittance , the transmittance for the window & its wood panel shutter and the 

transmittance for the window and its insulation shutter. A (very optimistic for Romania) 

thermal bridge correction for mounting the window in the wall, psi=0.1 W/m/K was used [5]. 

Two heat fluxes were computed for each month from October to March included, for 

daylight time when the shutters are completely opened and for night when they are completely 

closed. They were multiplied by the total day and respectively night time of every month, 

taken from [6], and then added for each month to obtain the heat loss in the six cases 

described. Monthly mean outdoor temperature data from [7] were used and the indoor 

temperature value was taken 20º C . 

The monthly solar gains, same for all six cases, were calculated using monthly solar 
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Fig. 5a   The three considered configurations for the unomunted window before the 

simulation (a 1cm insulation was additionaly placed by us at the base of the frame and thought 

of as part of it ; it is the orange region in the drawings) 

 

 

 
 

Fig. 5b   A colored display of the simulation results for cases having the same glazing 

 

radiation means for Bucharest (on a vertical surface facing South), from [8] .  
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3. RESULTS 

 

The results, illustrated in Figs. 6, show as expected, higher both gains and losses for the 

"red" window, in Fig. 6a (the biggest value is 80 kWh, the gains for October).  

 

Legend 

 gains  losses   no shutter  wooden shutter  insulated shutter  

 

 
 

Figs. 6a and 6b   Left the "red" window and right the "green" window. From left to right, 

gains and losses for October, November, December, January, February and March. The 

figures on the Y axis and horizontal grid lines are 20 kWh apart. 

 

4. CONCLUSIONS 

 

Even for such a South window in Bucharest, having a non-low_e glazing (the "red" one 

in Fig. 1) and Argon&Air mixture in its cavity and a thermally performant frame, a zero net 

energy loss in the most unfavorable months (December and January) seems reachable. 

Although it is of course expected this window requires much higher daily fluctuations in the 

heating and the cooling need, compared to the low_e glazing window (the "green" one).  

However, a crux of the made calculation is the assumption of a very optimistic (for the 

Romanian construction market) psi_installation value, 0.1 W/m/K. Achieving such a quality 

requires very carefull planing in advance of the window mounting work and even thinking 

about that construction detail in the building design phase (which is laborious procedure but 

normal in the case of a passivhaus). 

Another necessary remark is related to the air space between the shutter and the window 

(the intense green area in Fig. 5a) where an optimistic natural ventilation regime was assumed 

(the option "slight cavity ventilation" was used in THERM). Such a weak ventilation may 

require a closer-to-the-window mount of the shutter (the distance is 9mm in Fig. 5a), which in 

practice may not be very easy. 
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ABSTRACT 

 
This paper highlights the benefits of using an integrated solution consisting in a combination inside the Hybrid 

Electric Vehicle configuration based on the electric energy supply ensured by a Direct Ethanol Fuel Cell (DEFC) 

and the classic propulsion furnished by a supercharged Spark Ignition Engine (SIE) with the support of a Micro-

Turbine (MT) as the main motion source for the Electric Generator (EG). 
 
Key Words:  Hybrid Electric Vehicle, High Efficiency, Low Emissions, Bio-Ethanol, Direct Ethanol Fuel Cell, 
                       Supercharged Spark Ignition Engine. 
 

1. INTRODUCTION 

 

Nowadays, strong arguments are used by those positioning themselves on one side or 

another related to the key role played in the propulsion by modernised and new adapted 

thermal engines and  the hybrid solution, in which electric propulsors are gaining a 

furthermore importance. The newest standards limiting the exhaust gas emissions, encouraged 

by the continuously greater role played by the bio-fuels are leading to solutions regarding the 

expectations for the engines efficiency and their emissions levels [1]. Hybrid propulsion is 

also considered to better fit the above described needs, but technically there are some 

problems not yet covered in the long therm use of the automotive applications, such as the 

limited operation autonomy and service assistance, less passengers room comfort due to the 

higher dimensions and weights of the components. In Hybrid Electric Vehicles (HEV) there 

are two possible configurations assembling the two propulsion types: in series and in parallel 

(see Fig.1 a and b) [2]. In the first case the thermal propulsor is connected to the  system and 

in the second case both propulsors connect the transmission one at the time. 
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Figure 1: Hybrid engines configuration – in series (a) and in parallel (b) [2] 

 Despite the fact that Hydrogen Fuel Cells are “cleaner” than cells using other primary 

fuel, Direct Ethanol Fuel Cells (DEFC) [3] (see Fig.2) are more efficient and providing more 

safe in use [4,5]. Furthermore, bio-ethanol can be used on-board of the vehicle fueling the fuel 

cells as the thermal engine as well, with certain gain on CO and HC engine emissions’ levels 

[6]. The electrical generator system which supplies the batteries of the electrical engine 

receives its primary motion energy from the thermal engine, and when vehicle operated from 

the wheels Breaking Regenerative System (BRS) [7]. Other methods to gain supplementary 

electric power is to use micro-turbines in the path of the exhaust gas produced by the internal 

combustion engine [8].  

 

 

 

 

Figure 2: The schematic of the DEFC bipolar operation [3] 

 

 

 

2. INTEGRATED CONFIGURATION USING DEFC AND MICRO-TURBINE 

 

The schematic of the proposed solution (see Fig.3) is based on a combination between 

the functional elements of a classic supercharged Spark Ignition Engine (SIE) and the electric 

part formed by the electric engine, the electric generator, the battery and the fuel cell (DEFC). 

The common fuel used by both engines is bio-ethanol due to its properties requested as a fuel 

cell primary fuel and in the same time as a combustion fuel in the thermal engine, delivered 

by the injection fueling system (FS). The engines are configured to act as in the parallel 

scenario mentioned above and their functions sustaining each others operation. Thus, SIE is 

coupled to the transmission system (TS) and at the same time is delivering energy to the 

alternator (ALT) which is charging the battery (BT) of the electric engine (EE). On its turn, 

the electric engine can switch to the transmission connection and it has to furnish motion 

energy to the internal combustion engine compressor (C). The battery is provided with more 

electric energy supply from the braking regenerative system (BRS) attached to the wheels 

(W). The battery must cover all the necessary supply for the system, and in the first place for 

ECU (Electronic Command Unit). Among the most controlled sub-systems of the whole 

configuration the injection fueling system (FS), the spark ignition system (SI), the catalyst 
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systems of the fuel cell as for the exhaust gas (CT) have integrated all their specific functions. 

The micro-turbine (MT) mounted on the outlet path of the SIE exhaust gas delivers motion 

energy to the electric generator (G) and following to this situation it doesn’t supply the engine 

air compressor as classic turbocharging group usually works. In order to limit the emissions, 

catalysts have been mounted downstream the micro-turbine and in the outlet collector of the 

fuel cell, in this particular case especially the CO2 emissions being necessary to be filtered. 

Among many other functions, ECU is collecting operational data from engines and controls 

the regime functions of the spark ignition system (SI) and of the fueling system (FS).   
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Figure 3:  The schematic of the HEV solution with DEFC and Micro-Turbine 

 

 

 

 

 

3. CONCLUSIONS 

 

HEV configurations must provide benefits concerning both types of installations, thermal 

and electric. The global efficiency relies on the particularities of each part which operates 

under specific conditions and requests.�

The adopted solution as presented above combines the advantages of using DEFC and 

the ICE exhaust gas micro-expander. The chosen fuel which is bio-ethanol is an appropriate 

fuel to be used as a primary fuel in the fuel cell and to be combustioned in the SIE, leading to 

an increase of the efficiency and to a drop of the emissions comparing to other classic fuels.�

It remains as an assumed task for the future research objectives to theoretically 

investigate the influences of all the main components of the system efficiency under certain 

defined optimization purposes.�
�

�
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ABSTRACT 

 

 Integration of thermal energy storage systems into cogeneration plants plays a very 

important role in their technical and economic operation. The use of storage systems increases 

the efficiency of the cogeneration plant and its flexibility in operation. The efficiency of the 

heat storage systems can be improved if the water inside the tank is stratified. In time, water 

de-stratification results in energy losses. The paper presents the integration of a heat storage 

system into a cogeneration plant with a reciprocating engine by means of an existing fuel oil 

tank. At the same time, the water diffusion system is calculated considering a four-ring 

octagonal system. 

 

1. INTRODUCTION 

 

 The heat supply of consumers is the main objective of the cogeneration plants, but 

nowadays heat and electricity production is affected by the electricity market that leading to 

inconsistencies between the demand of heat and the electricity produced [1]. The heat demand 

is usually discontinued when the heat demand is low; the cogeneration plant will produce 

electricity, and the excess heat is stored to be used later when the heat demand is higher [2, 3]. 

Water stratification is created by the difference in density between hot water and cold water. 

The intermediate region between the cold water at the base of the tank and the warm water is 

called thermocline. The formation of the thermocline zone is determined by the volume and 

geometry of the tank, the water flow, the thermodynamic properties of the water, and the 

dimensions of the slots. There are several water diffusion systems (radial, octagonal, "H", 

square) on the market. The water diffusion system in the tank selected in the present paper is 

octagonal. 

 

2.   INTEGRATING THE TANK IN THE COGENERATION PLANT SCHEME 

 

 The analyzed cogeneration plant is equipped with two piston engines, each with a power 

output of 6800 kW. The recovered thermal power is of 5560 kW, and the total hot water flow 

rate of the two engines is Qmain pipe = 480 m3/h (0.133 m3/s), with a temperature difference 

of 20 °C.The pipeline through which this hot water flow passes has a nominal diameter of 300 

mm. To cover the peak of the heat load the cogeneration plant has two hot water boilers.     

 Even if in winter the heat demand exceeds the thermal power produced by the two engines 

in cogeneration operating at maximum load, for most of the the year the engines operate at 

partial load. There are also periods of time in spring and in autumn when the hot water boilers 

are used for covering the heat demand. In order to use the engines longer periods of time at 
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maximum load and to reduce the utilization time of the hot water boilers are used heat 

accumulation is required. Thus, the fuel utilization and the engine lifetime can be improved. 

 Heat accumulation involves additional investments and seeking solutions for reducing 

them is always a priority. Taking into account the specific characteristics of the analyzed plant, 

the paper proposes that an existing fuel oil tank be adapted for heat accumulation. The tank has 

the following geometrical characteristics: 11.4 m radius and 11.8 m height, the volume being 

of about 5000 m3. The material the tank is made of is OL37, and its insulation is made of 

fiberglass wool. 

 Figure 1 presents the variant that involves the tank's integration into the analyzed 

cogeneration plant. The storage system involves three steps: loading, storing and unloading. 

The hot water tank needs the following parts: distribution / take-up (diffuser) to insert / remove 

water into / from the tank without creating turbulence. During the tank loading, the hot water is 

taken from the engine and diffused by the top horizontal diffuser, and the bottom take-up part 

drains the water and reinserts it into the circuit. During unloading, the top part draws in the 

water and sends it to the consumer, while the lower diffuser returns the water from the return 

of the district heating network to the base of the tank. 

������

Heat 

Accumulator

5000 m
3

��	
�

�������

��

��

 
Figure 1: Integration of the tank into the cogeneration plant with piston engines 

 

3. SYSTEM DIFFUSER DESIGN 

 

 The proposed diffusion system is octagonal, with a number nrings = 4 diffusion rings, 

resulting in a number of ndiffuser pipes = 8 • nrings = 32 diffusion ducts. The diffusion system 

dimensioning must take into account the maximum operating regime. This is obtained by 

considering that the sale of electricity takes place at the top of the consumer curve when the 

price is high and in the conditions of a deficit of thermal consumption. This case involves the 

accumulation of heat produced in cogeneration by both engines at full load. Thus, the flow of 

hot water through each side of the octagons can be calculated by means of the relation: 

 

 Qdiffuser pipe = Qmain pipe / ndiffuser pipes           (1) 

  

  The water flow in the diffusion system is influenced by the inlet Reynolds number (Rei) 

[4],[5],[6]        
  

 Rei = q / �                (2) 
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where: - q is the volume flow rate per unit of length of the diffuser into the circumferential 

direction (m2/s) (3), and 

     - � is inlet kinematic viscosity (m2/s). 

 

 q = Qi / L                (3) 

  

where: - Qi is the inlet volumetric flow rate (m3/s). 

  - L is the characteristic length of diffuser (m). 

 

       In relation (3), if Qi = Qmain pipe then L is the characteristic length of the whole diffuser 

system, and if Qi = Qmain pipe / nrings, then L is the characteristic length of one ring of system 

diffuser. L is calculated as the double of the perimeter of the octagon [4, 5]. 

 

Table 1: System diffuser characteristics 

Design inlet temperature during charge cycle [°C] 90 

Inlet kinematic viscosity,  � [m2/s] 3.25719E-07 

Length of each diffuser pipe in octagon #1 [m]  3.3 

Length of each diffuser pipe in octagon #2 [m] 5.6 

Length of each diffuser pipe in octagon #3 [m] 7.3 

Length of each diffuser pipe in octagon #4 [m] 8.6 

Characteristic length of diffuser for octagon #1 [m] 52.8 

Characteristic length of diffuser for octagon #1 [m] 89.6 

Characteristic length of diffuser for octagon #1 [m] 116.8 

Characteristic length of diffuser for octagon #1 [m] 137.6 

Rei for octagon #1 1938 

Rei for octagon #2 1142 

Rei for octagon #3 876 

Rei for octagon #4 744 

 

Rei is heavily influenced by water temperature, through the strong variation with it of 

kinematic viscosity. Figure 2 shows this dependence. From the point of view of the flow, the 

cold storage installations are more advantageous than the heat storage ones, the laminar flow 

being easier to obtain at low temperatures. 

Different diameters of the diffuser water supply pipe have been considered (0.273 m, 0.219 

m, and 0.168 m) (nominal diameters by 250 mm, 200 mm, respectively 150 mm), and their 

corresponding water velocities have been computed obtaining the following values: 0.0712 m/s, 

0.1105 m/s, and 0.187 m/s. 

Considering that the ratio between the length of the diffuser pipe cross-section and the slot 

length is 4 the slot length (21.4 mm, 17.2 mm, and 13.2 mm) has been computed. By selecting 

a slot width of 1 mm, the slot area is determined. At the same time, by imposing the slot 

inlet/outlet velocity (for example 0.2 m/s), the flow rate of each slot can be computed and a 

total number of slots in diffuser pipes is obtained.  

Then the number of slots in each diffuser pipe is computed. By rounding the obtained 

values and recomputing with the total number of slots in diffuser pipes the final number of slots 

in each diffuser pipe can be obtained: 10, 13, respectively 16.  
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Figure 2: Inlet Reynolds number (Rei) vs. water temperature 

 

4. CONCLUSIONS 

 

 The paper analyzes the adaption of an existing fuel oil tank from a cogeneration plant with 

piston engines for storing heat. An octagon water distribution system with four water diffusion 

rings has been dimensioned, determining the inlet Reynolds number to establish the laminar 

flow and the dimensions of the water diffusion system. The highest inlet Reynolds number (Rei 

= 1938) has been obtained on the inner water diffusion ring. 
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ABSTRACT 

 

 Selecting the combined cycle parameters with a single steam pressure level is a compromise 

between the optimal use of energy and the optimal exergetic heat of combustion gases from the gas 

turbine. The main parameter is the live steam pressure. In a combined cycle, high steam pressure does 

not necessarily mean high efficiency. It is amazing that the best efficiency is achieved even while the 

steam pressure is rather low. A change in the live steam pressure greatly affects the amount of heat that 

needs to be discharged into the condenser. The electrical power of the steam turbine increases when the 

steam pressure is lower because a larger amount of heat is recovered from the combustion gases and 

transformed into less efficient electrical energy.  

 

1. INTRODUCTION 

 

 The main challenge in designing a combined gas-steam cycle is proper utilization of a gas 

turbine exhaust heat in the steam cycle in order to obtain maximum steam turbine power.  Lee 

[1] has study the optimum design parameters of Heat Recovery Steam Generators(HRSG) to 

maximize the efficiency of bottom cycle of the combined cycle power plant(CCPP) by 

minimizing the irreversibilities. Franco and Giannini[2] obtain the main operating parameters 

and detailed design of the component concerning the geometric variables of the heat transfer 

sections for minimization of the pressure drop and overall dimensions of HRSG. In this paper 

it is proposed a model of energy and exergetic analysis of the combined cycle to identify the 

optimum steam pressure for a maximum electrical power at the steam turbine. 

 

2. METHODOLOGY 
 

 In this paper, the CCPP has 3xGas Turbine(GT)+3xHRSG+ 1 Steam Turbine (ST).The 

HRSG has three components: economizer, evaporator and superheater  with single steam 

pressure. The circulation of the HRSG is natural. The energetic and exergetic analysis of the 

HRSG was made with the pinch-point temperature �tpp=8°C and the approach point �tapp=5°C 

at constant value. 

 

Table 1: Gas turbine SGT 800-50 data characteristics (in ISO conditions, natural gas)[3] 

Electric power [MW] 50.500 

Heat rate [kJt/kWh] 9410 

LHV Efficiency [%] 38,26 

Flue gas temperature [oC] 556 

Flue gas flow rate [kg/s] 133,7 
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 The mathematical model implementation. 

 

 A. Computational assumptions. 

1. Atmospheric conditions ISO: t=15°C, relative humidity=60%, p=1.01325bar 

2. Fuel, CH4 100%, with Low Heating Value, LHV=46798 kJ/kg; 

4. Pressure, temperature and enthalpy losses on pipes are estimated to 2%; 

5. The steam turbine mecanical and generator efficiency are: �m = 99.2%; �g = 98.5% 

6. The air filter pressure drops are neglected; Steam quality > 80% 

7. The specific heat it the combustion gases is considered to be constant; 

 B. Reference parameters for exergy: 

1. Pref=0.03170 [bar];  

2. Tref=298.15 [K];  

3. Href=2,546.54 [kJ/kg];  

4. Sref =8.556796 [kJ/kg K] 

C. Main Inputs 

1. Flue gas analysis: O2, CO2, H2O, N2, Ar 

2. Gas turbine: Dgas, Cpgas, tgas, power electric, heat rate,  

3. HRSG: �tsup (dif betwen flue gas temp-steam tempe),�tpp, �tapp 

4. Steam Turbine: pmin, pmax, �ST 

5. Condenser:pc,trau., �tmin, �tmax 

 

The physical component of the exhaust gas exergy flow rate is given by[4], [5] 

����� � ���� � 	
���� � ���� � ������ ��� � �
���� � ��
���
���

��  

                  (1) 

Then, the exergy rate of steam/water: 

������ � ����� � 	������� � ������� ��� � ������ � ������  

                  (2) 

Lost exergy: 

������ � ��� � ����� � ���             (3) 

       

 

      

Table 2. Exergy balance results of 3xGas turbine SGT 800-50 

Exergy In [kW] 398964 

GT fuel exergy combustor  [kW] 1399234 

Air exergy compressor inlet [kW] -267.87 

Exergy Out [kW] 253461 

GT electric output  [kW] 151500 

GT exhaust exergy [kW] 101961 

Exergy Loss [kW] 145503 

GT compressor, combustor, and turbine exergy loss [kW] 138954 

Mechanical/electrical/gear loss [kW] 6547.8 
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Table 3. Exergy balance results of 3xHRSG 

Exergy In[kW] 99,156.34 

Exergy in with flue gas [kW] 98,249.31 

Exergy in feed water [kW] 402.28 

Feed pump electric power [kW] 504.75 

Exergy Out[kW] 84,486.12 

Exergy to steam turbine [kW] 73,323.05 

Exergy lost to stack [kW] 11,163.07 

Exergy Loss [kW] 14,670.22 

Exergy lost by heat transfer [kW] 14,670.22 

 

Table 4: Steam turbine exergy balance results 

Exergy In [kW] 73,374.64 

Throttle steam exergy (before stop valve) [kW] 73,374.64 

Exergy Out [kW] 63,449.95 

ST electric output [kW] 58,375.53 

ST exhaust steam [kW] 3,240.05 

Leakages not recovered to ST [kW] 1,834.37 

Exergy Loss [kW] 9,924.69 

ST expansion exergy loss [kW] 9,924.69 

 

  
Figure.1: Maximum exergy transmitted by 

HRSG to steam turbine 

Figure.2:Inlet steam pressure vs electric 

power produced by steam turbine  

 

�  

 

Figure.3:T-Q Diagram Figure.4:Combined cycle efficiency 
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Figure. 5:Combined cycle power plant results 

 

 

3. CONCLUSIONS 

 

 Optimization of the HRSG steam pressure was made in the assumption of keeping the 

constant steam temperature and varying the outlet pressure from the superheater. The steam 

pressure range is [45÷90 bar]. From the point of view of the maximum transfer of exergy 

recovered by the steam generator in the combustion gases, the optimization is made at a steam 

pressure of 56.79 bar. The maximum recovered exergy is 73.77 MW.  

 The maximum electrical power produced by the steam turbine is 60 MW. The steam 

pressure at which electricity production was maximized is p=69.23 bar, t=523 °C. The 

maximum steam pressure limit was conditioned by the end steam quality at the condenser inlet. 

The quality of steam is 87.61%, being an acceptable value. The internal turbine efficiency is 

88.3%, and the specific turbine steam consumption is 3,093 tonnes of steam/MWh. 
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ABSTRACT 

 

In the article, results of experimental investigations of peat combustion were presented as 

an example of effective and environmentally friendly technology. The developed installation 

includes the retort-type burner in which crushed heat-treated peat briquettes are burning. As a 

result, conditions for sustainable work of the burner with 65 kW capacity were selected and the 

suitable combustion regime was identified for crushed peat fuel with a moisture content of 15%, 

which is acceptable for implementation in the industrial equipment of various capacities. 

 

1. INTRODUCTION 

 

An exhaustion of fossil fuels and the problem of "greenhouse effect" make people find 

possibilities of improving power-generating equipment and use more renewable energy. One 

of perspective fuel for some regions of Ukraine may be peat. 

According to the resolution �33/148 UN General Assembly (1978) peat as mineral, refers 

to non-traditional renewable energy sources, together with the wind, geothermal, hydropower 

and biological resources [1]. In 2000, European Parliament also admitted peat as renewable 

energy within a frame of annual increase of stocks [2]. Also in 2006, the European Parliament 

confirmed the status of peat as a slowly-renewable energy resource [3]. Peat was separated into 

an independent category of "Peat" (between the categories of "other solid fuels" and "Biomass") 

on the 25th session of the Intergovernmental Panel on Climate Change (IPCC) in 2006 at the 

suggestion of Finland, that reflect the nature and age of peat fuel [4]. 

Production and use of peat in the energy sector are traditional for many countries. This is 

because the main deposits are formed of peat with a high degree of decomposition; on the other 

hand, peat with low decomposition is not very popular in agriculture. 

According to the authors [5] in recent years, the EU overall average annual use of peat for 

energy purposes was about 3640 toe (42 TW×h). Approximately 2 million people receive 

thermal energy from peat. The largest size of primary energy peat among the European 

countries is in Finland and Ireland (5-7%), significantly lower in Estonia (1.2%) and Sweden 

(0.6%). The largest consumers of peat are Finland (63% of total consumption in the EU), Ireland 

(27%), Sweden (8%). Peat is mostly burned in CHP (42% of peat consumed), the CES (39%), 

boilers (11%) and private households (8%). 

Table 1 presents data on the consumption of peat resources in six countries of EU where 

the peat industry is concentrated. 

 

Table 1: Degree of peat assimilation in EU countries 

 Finland Ireland Sweden Estonia Latvia Litvenia Total 

Resources of energy peat, th. toe 1100000 47500 370000 59000 57000 22000 1655500

Annual consumption, th. toe 2280 987 290 72 2 4 3640 

% 0.207 2.078 0.078 0.122 0.004 0.018 0.22 

 

As seen in Table 1, Finland consumes the largest amount of peat among European 

countries, but Ireland is the most intense in deposits using. In addition, according to the data 

[6], which is shown in Figure 1, in last years the consumption of peat in Finnish energy sector 

decreased slightly, due to the general decrease in country energy consumption, more intensive 

use of wood waste and significant development of wind power industry [7]. 



����

�

Generally, there is distinguished three types of peat fuel: milled peat (moisture content 40-

50%), lumpy peat and briquette peat/pellet peat (with a moisture content of 10-20%). Usually, 

milled peat comes to large energy factories (CHP/CPP), lumpy peat is burned in the boilers and 

briquette/pellet peat is used in private households. 

 
Figure 1: Consumption of peat in Finland 

 

The main part among total annual extracted peat in the EU makes milled peat (80%), much 

less - lumpy peat (16%) and pelleted peat only 4%. Figure 2 shows more detailed distribution 

by countries. It should be noted that unlike Finland and Ireland, which produce mainly milled 

peat, in Sweden part of lumpy peat is quite high and is from 50 to 70%. 

 
Figure 2: Production of peat 

 

According to data [8] about 60 large factories (mainly CHP) and more than 120 boilers use 

peat or peat/wood mixture in Finland. According to information from [5] 20 CHP of them - is 

communal property, 27 belong to the CHP industry, 18 - are CPP stations. All these factories 

are equipped with boilers, which capacities are from 20 to 550 MWth, and produce about 7200 

MW of thermal energy per year. In addition, peat share is more than 22% from fuel consumption 

of all Finnish CHPs, 19% from boiler houses fuel consumption and 8% of CPP consumption. 

Ireland depends on imported energy on 90%. Peat in this country - is largest own fuel 

resources. According to [8], three CPP with 100-150 MW capacity and two CHP with 20 MW 

capacity are operated in Ireland, however, according to [5], the total energy output of three 

CPPs is about 370 MWe and share of peat in power generation - 13%. 

There are 22 boiler houses and 9 CHPs using peat as fuel in Sweden. There are 3 CHP and 

some smaller power stations in Estonia. Peat as fuel is used in boiler houses of municipal 

authority and small boilers in private buildings in Lithuania. Latvia hasn’t large energy plant 

on peat fuel, peat is used only by private households. 

Figures 3 and 4 show the approximate location of objects using peat as a fuel and their 

subordination. The main using of milled peat occurs in powerful energy objects (Finland, 

Ireland) and lumpy peat is burned in boiler houses (Sweden, Estonia). 

Financial performance of the industry, which consist of about 650 companies including 3 

large companies, 70 medium, and others - businessmen, as follows: turnover from sales of peat 

on the EU internal market is about 424 million Euro and on the international market - 214 

million Euro [5]. Fuel from peat can be produced in various forms in accordance with 
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consumer’s needs – it is important for Ukrainian power industry. It means that it is advisable 

of CHP building and use of milled peat in areas that are relatively rich in peat and have compact 

site coverage, which requires electricity and heat. Prepared fuel in form of peat 

briquettes/pellets will be the best solution in case of dispersed private households. 

 

 
Figure 3 – Location of energy sites according to [8] 

 

 
Figure 4: Distribution of energy sites [5] 

 

Peat, which is produced annually, should be separated in a potential assessment as a 

renewable energy source. According to the most conservative estimates, annually about 2.5 

million tons of peat (0.6 million tce/year or 0.42 million toe/year) can be used for energy targets. 

Now Ukrainian peat mining enterprises use about one percent of the available peat deposits. 

The average annual production of peat is 400 thousand tons. According to experts review, 17 

million tons of peat are available for extraction till 2030. 

Generally, the State balance of mineral reserves of Ukraine has recorded for more than 

1,500 peat deposits with total reserves of about 1.3 billion tons in terms of dry peat. The largest 

number of stocks are concentrated in Volyn, Rivne and Chernihiv regions (100-200 mill tons 

each), Lviv, Zhytomyr, Kyiv, Sumy, Poltava (50-100 mill tons each) [10]. Traditionally, the 

main part of fuel peat (80%) is converted to other fuels and energy. About 15% of not treated 

fuel peat are used for non-energy purposes. The remaining peat is used by enterprises and 

organizations of other activities. 

 

2. METHODOLOGY 

 

The aim of this work includes the practical study of crushed peat combustion in 

experimental installation with retort-type burner, which was developed by the Institute of 

Engineering Thermophysics NASU. 

The flow sheet of experimental installation with capacity up to 70 kW is shown in Fig. 5. 

The installation includes retort-type burner 1 with a screw feeder 2 that delivers fuel (milled 

peat) from the fuel hopper 3. Structurally, retort includes grating, on which biofuels is fed, and 
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which has distributed a supply of primary air in two areas: the first zone aimed to encourage 

the pyrolysis of peat and second - for post-combustion of carbonaceous residues. Torch from 

burner goes into fire chamber space of heat exchange unit 4, which is installed on the base 5. 

 

 

Figure 5 – Flow sheet of experimental installation: 
1 – retort-type burner; 2 – screw-type fuel feeder; 3 – fuel hopper; 4 – heat-exchange unit; 

5 – lined base; 6 – flue damper; 7 – cyclone; 8 – smoke exhauster; 9 – duct of flue gas removal; 10 – 

blow fan; 11, 13, 15, 17, 19, 21 – flow-measuring diaphragms; 12, 14, 16, 18, 20, 22, 27, 31, 34, 35, 38, 

41 – cocks; 23 – extended tank; 24 – output pipe; 25 – exhaust pipeline; 26, 28 – pipelines; 29 – heater; 

30 – axis fan; 32, 36 – circulating pumps;33, 37 – back valve; 39 – filter; 40 – heat energy meter; 46 – 

input pipeline. 

 

A pipeline of flue gas removal from the heat exchange unit through flue dumper 6 

connected by to cyclone 7 and smoke exhauster 8, the exhaust is directed to the duct of flue gas 

removal 9. Blow fan 10 with distribution pipelines is designed for air supply to the burner. 

Outdoors expansion tank 23 with water indication tube is installed at a level higher than heat-

exchange unit 4. Outlet water pipe of heat exchange unit 4 is connected to pipe 24 of extended 

tank 23. It should be noted that closures and control valves are not installed on this pipeline. 

The exhaust pipeline connects the expansion tank with the atmosphere and also pipeline 

closures aren’t installed. The installation is equipped with power and control panel, and with 

auxiliary equipment and other equipment. 

Experimental study of the retort-type burner operation was performed using peat briquettes 

after heat treatment (see. Fig. 6). 

To ensure the burning of such peat briquettes in developed retort-type burner with 

mechanical screw supply system, fuel briquettes were crushed into pieces with sized less than 

30 mm. This was done manually, by hammers (Fig. 7). Fractional composition of crushed fuel 

peat is shown in Table 2.  

Mass of crushed peat was determined by the method of bulk fuel weighing in the vessel of 

known volume. The data are presented in Table 3.  

The results of these experiments demonstrate the functional ability of pilot burner on 

crushed peat and showed a sensitivity of contaminated matter emissions to variable regimes of 

the burner operation. The resulting values of CO and NOx emissions at the fire chamber exit 

depending on the excess air ratio in terms of dry undiluted products of combustion with 0% 

oxygen content at fuel consumption 8.8 kg/h are shown in Figure 8. This figure also shows the 
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values of temperature at the burner output, depending on the total excess air ratio. These data 

identify possible trends of contaminated matter emissions at changing the excess air.  

 
Figure 6: General view and dimension of peat briquettes 

 

 
Figure 7: General view and dimension of crushed peat briquettes 

 

Table 2: The fractural composition of crushed peat 

Fraction size >30…>20 >15 >10 >7 >5 >1 <1 

Fraction composition, %weight 16.75 18.54 17.65 11.13 7.29 18.03 10.61 

 

Table 3: Characteristics of crushed peat briquettes 

Characteristics Value 

Moisture level in briquette, % mass. 15.0 

Poured mass, kg/m3 819.5 

Higher temperature of burning,  kJ/kg 17685.0 

Lower  temperature of burning, kJ/kg 16306.7 

Theoretically necessary volume of air, nm3/kg 6.047 
 

According to the analysis of chemical composition of the combustion products, the residual 

oxygen concentration ranged without control from 3.8 to 8.9% vol., that correspond to the 

excess air ratio in the burner in the range of from 1.22 to 1.74.  

 
Figure 8: Emissions of CO and NO depending on the excess air ratio 
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The temperature of combustion products at the burner exit is ranged from 475 °C to 653 °C, 

in addition to that concentration of carbon monoxide is changed from 1359 to 1850 ppm at 

varied excess air ratio and the concentration of nitrogen oxides ranged from 287 to 431 ppm. 

The dependence of emission of carbon monoxide and nitrogen oxides on excess air ratio is 

shown in Figure 8. The trend line of CO concentration shows that CO emissions are minimal at 

excess air ratio from 1.35 to 1.55. The trend of NOx concentration demonstrates a slight increase 

of NOx emissions at rising of excess air ratio.  
 

3. CONCLUSIONS  

 

Summarizing the data presented in the review, the active use of peat as fuel is caused by 

not only rich peat resources but also by state policy against use of renewable energy in the 

energy consumption of the country. A responsible approach to the environment is required to 

use most of the features of effective local fuels consumption and try to expand the range of 

conventional combustion technologies. Experimental study of crushed peat combustion in 

installation with the retort-type burner is shown as an example of research for finding effective 

technologies and environmentally safety energy use of peat in installations with low capacity. 

As a result, the conditions of stable work of burner with 65 kW capacity were discovered 

and regimes of combustion for crushed peat with 15% moisture content were found. Such 

regimes are suitable for implementation in the industrial equipment of different capacities. 
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ABSTRACT 

 

Energy conservation measures (ECMs) were implemented in the Student Dormitory (Dorm) in 

2013 in Podgorica, Montenegro. The Dorm has 2 buildings (Phase 1 and Phase 2 wings). The 

next ECMs are implemented: 1. Exterior walls thermal insulation on the Phase 2wing; 2. Energy 

efficient windows and doors with low U-values on all of the Phase 2 and partially of the Phase 1 wing.  

The Dorm’s annual energy consumption before the energy efficiency investments (i.e., 

the Dorm’s baseline energy use) was estimated in 2012 [3]. 

The technical monitoring of energy consumption after investment in the Dorm indicates that 

the thermal ECMs provided a substantial saving of 14% for Phase 1 and 40% for Phase 2 of the 

Dorm. In addition, the building retrofit led to the improvements of the student room’s comfort. 
 

1. INTRODUCTION 
 

Climate change and security of energy supply are two major challenges needing urgent 

actions. They have common causes and common solutions. The issue of energy consumption in 

buildings stands in the heart of the EU policy on energy efficiency. The energy consumption in 

the building sector has the largest share in the total energy consumption and the CO2 emissions 

released into the environment [1]. Large part of this energy can be saved by renovation of the 

existing buildings and implementation of profitable energy conservation measures. 

The aim of this paper is to report the results from technical monitoring after the energy 

efficiency investment implemented in the Dorm. 
�

2. METHODOLOGY   
 

Student Dormitory Buildings Characteristics (Table 1): The Dorm's main technical 

design documentation, including thermal engineering, was prepared 40 years ago. The buildings’ 

thermal engineering was based on standards that largely ignored the „cost of energy use“.  

The Dorm was completed between 1975 and 1978: Phase 1 in 1975 and Phase 2 in 1978. 

Total floor area of all buildings is 10,700 m2, while the total building envelope is 7,483 m2. 

The Dorm is located within the complex of buildings of the University Engineering Faculty. 
 

Table 1: Dorm characteristics 

Characteristics Phase 1 Phase 2 
Headquarters Building: Offices, 

Kitchen, Restaurant 
Total 

Area, m2 4,535.30 3,864.56 2,298.62 10,698.48 

Heating Area, m2 2,724 3,500 1,848 8,072 

Number of inhabitants ~400 ~600 - ~1000 

                                                 
1 Professor PhD University of Food Technologies, Bulgaria; tel:+359897910737; e-mail: v_rasheva@abv.bg 
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 The Dorm’s Complex is the largest student dormitory in Montenegro, with two wings: 

Phase 1 with 181 student rooms and Phase 2 with 180 student rooms. The Phase 1 and 2 

buildings accommodate up to 1,200 students. Phase 1 has 45 bathrooms and Phase 2 has 18 

bathrooms. In the Phase 1, the two dorm rooms share one bathroom, while in the Phase 2, five 

rooms share one bathroom. Phases 1 and 2 combined have 70 corridors. 

In addition, the Dorm has: Dorm Management Offices, Kitchen, Restaurant with line 

food service, Café bar, Student Club, Library; Internet Café, and TV Hall. 

The Phase 1 and 2 buildings are used as a student dormitory almost all year. More 

precisely the Dorm rooms are used by students during the academic year from September 1st 

to June 30th of the next calendar year. Students use their rooms not only as bedrooms and 

living rooms, but also for studying. In addition, some students are preparing food in their 

rooms, ironing clothing washing in their bathrooms, etc.  

The buildings are of a reinforced concrete. Concrete external walls were without thermal 

insulation. Doors and windows were wooden. Five years ago, some of original wooden doors 

and windows of the Phase 1 building were replaced with aluminum doors and windows. The 

flat roof is made of concrete and had no insulation. 

Dorm systems: The Dorm does not have an independent space heating system. Instead, 

the Dorm shares its space heating system with the Engineering Faculty’s other buildings. The 

Dorm’s Buildings do not have ventilation or air conditioning systems. 

University’s Boiler Plant for Space Heating. Heavy-fuel oil fueled boilers, situated in the 

University’s Boiler Room, supply space heating water to the Dorm Phase 1 and 2 buildings and 

other University’s buildings. These boilers are not operated by the Dorm’s staff. The University’s 

Boiler Room has three heating boilers, manufactured by a company of Former Yugoslavia, now 

Croatia. One was produced in 1988 and has a power 3.25 MW, while another two are from 1977 

and with the power of 1.9 MW each. Total power of the plant is 7.05 MW. The working regime 

of the system is 90/70°C with a pressure of 2.6 bars at 65°C. This information was obtained from 

the boiler room’s main and the as-built technical design documentation. 

University's Pipeline for Space Heating. The forced space heating pipe and the return pipe 

line have a diameter of 150 mm. The pipe run from the University’s Boiler Plant to the 

University Engineering Faculty is 600 meters. At the distance of about 250 meters from the 

University’s Boiler Plant, branch pipes, with a diameter of 80 mm, are welded to the main space 

heating and the return pipe. These branch pipes connect the University’s main space heating 

lines to the sub-stations of the Dorm’s Phase 1 and 2 buildings. Other Dorm’s buildings, like 

restaurant, kitchen, café bar, student club, library, Internet café, and TV halls, are not connected 

to the University space heating lines. Space heating of these buildings is provided by individual 

heating units that use heating oil and by split electric-powered air conditioning units.  

Before the energy efficient investment the University’s Boiler Plant produced hot water 

for space heating from Monday to Friday for about 3 to 4 hours in the morning and 3 to 4 

hours in the afternoon [3]. Heat was generated to meet heating needs of the University 

Engineering Faculty buildings not the Dorm’s space heating needs. More precisely, the 

duration of the daily heating periods was primarily decided based on the heating needs of the 

University students attending classes. Thus, the space heating system is operated to meet 

classroom heating needs in the morning between 7:00 and about 11:00 and in the afternoon 

between 15:30 and about 17:30, for on average about 7 hours of heating per day. For the 

remaining about 18 hours per day, the University’s Boilers are off.   

During weekends (Saturday and Sunday) and during holidays and school breaks, the 

University’s Boiler Plant is always off. On many weekdays, the Dorm’s students remain in their 

Dorm’s rooms for the entire day. Some of the students attend classes in the morning, some in the 

afternoon, but all of them are generally in their rooms in the evening and night. This is exactly 

when the University’s Boiler Plant is off and heat is not provided by the University Line.  
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After the energy efficient investment the University space heating system operated for only 4 

to 5 hours daily. Whenever the boilers are off, the Dorm’s space heating is provided by in-room 

plug-in electric heaters and electric radiators, which are owned by the students.  Often, even when 

the University line is operating the water temperature is far below the building’s needs, and thus, 

the students using their electric heaters and radiators. It is likely that many students leave their 

electric heaters on all day for the entire heating season. The plug-in electric heaters/electric 

radiators have a capacity of between 1.5 kW to 3 kW each. Based on the inspection of rooms and 

the interviews with students and Dorm’s maintenance staff, the monitoring team concluded that 

every one of the 381 rooms is normally equipped with at least one electric heater or radiator. 

Radiators for Heating: A radiator-based heating system is used in Dorm’s Phase 1 and 2 

buildings. Before the energy efficiency investment the radiator’s lacked control valves. Also 

the space heating sub-stations of both buildings were not equipped with electronic regulation 

or automated control systems. Radiators are 68 cm high and 10 cm wide and are in poor 

technical condition. The radiators in student rooms have 10 segments, in corridors they have 9 

segments and in bathrooms, if they exist at all, radiators have 4 segments. 

The headquarter building offices, restaurant, kitchen, etc. are heated using split air 

conditioners, electric heaters and other similar space heating devices. 

Dorm’s Maximum Heat Demand [2,4,6]. The University’s Boiler of 3.25 MW is able to 

satisfy maximum heat demand of the Dorm. About 40% of the University's Boiler capacity is 

devoted to meet the Dorm's heat demand. This is based on the assessments of the monitoring 

consultant in close cooperation with University staff managing the space heating system 
Domestic Hot Water (DHW) for the Dorm is generated by a DHW Boiler (model NP-

125-MP) firing LFO oil. This Boiler is situated in the Dorm’s Boiler Room in the basement of 

the Headquarters building near the Phase 1 building and it is equipped with a built-in fuel 

flow meter. The Dorm’s DHW Boiler has a nominal heat capacity of 1.5 MW, nominal 

operational pressure of 0.5 bars, and the DHW (at nominal operational pressure) has a 

temperature of 1000�. The DHW Boiler was produced by the Boiler Manufacturing Factory 

Metal in Preševo, Serbia, and has been operating since 1997. This information was obtained 

from the DHW Boiler’s technical documents and was confirmed during the monitoring 

inspection. The DHW Boiler’s flue gases are exhausted in the atmosphere using a chimney of 

280 mm diameter. The Boiler has its own feeding pumps. A fan feeds air to burner. In 

addition to the Dorm’s DHW Boiler of 1.5 MW, there are two new electric DHW Boilers 

produced by the Mikoterm Electronic Company. Each Boiler has capacity of 72 kW, and the 

total capacity of these 2 Boilers is 144 kW. The Boilers are equipped with electronic controls. 

Thermal Efficiency of University’s Boiler Plants [7,9]. To determine the efficiency of the 

boiler units operation, measurements of the operating mode of the water heating HFO boilers 

were performed. Analysis of the boiler’s exhaust flue gas was made using a portable 

electronic gas analyzer Testo 350xl. The selected representative section, for the flue gas 

analysis, was at the horizontal gas duct after the back boiler chamber.  

Boiler efficiency is derived using the following reverse balance equation:  

                                              η = 100 - (q2 + q3 + q4 + q5), %,                                               (1) 

where -q2  is  losses of heat with the exhaust flue gasses, % 

    -q3  is  heat losses due to the incomplete chemical fuel combustion, % 

   -q4  is  heat losses due to the incomplete mechanical fuel combustion, %  

   -q5  is  heat losses due to radiation into the environment, % 

The temperature of the supplied air, the temperature of the exhaust gases, the excess air 

and other gas (i.e., CO, CO2, O2 and RO2) levels in the flue gases were measured using the 

gas analyzer Testo 350xl. The supplied air is fed to the burner without heating or other 

treatment. The air’s moisture content for the region of Podgorica is taken from the literature. 

The temperature of the fuel before the burner was measured using a thermometer. The 
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moisture, injected by the burner is assumed to 2 kg/kg (this value is normal for this type of 

burners). The Bacharach smoke number is determined using a sample of the sites HFO. The 

Q5 (1.5%) losses are estimated by the team’s expert based on hot water boilers with similar 

thermal capacity. The design power of the boiler is taken from boilers’ passports 

(specifications). The efficiency of the University’s Boiler Plant 1 is calculated to be 84.9%, 

and the efficiency of University’s Boiler Plant 2 is calculated to be 88.1% 

Thermal Efficiency of Dorm’s DHW Boiler. The team’s expert made efficiency 

measurements at the Dorm’s DHW Boiler of 1.5 MW using the same portable electronic gas 

analyzer (Testo 350xl). The efficiency of the Dorm’s DHW Boiler is calculated to be 83.6%. 

 

3. TECHNICAL MONITORING   

 

Thermal Energy: Based on measurements of the hot water flow rates, and the difference 

in temperatures of the hot water in-flow and return-flow, the daily heat energy consumption 

was calculated using the following formula: 

                                           Q = G x (Tin – Tout) × c x t, kWh,                                                  (2)                                                                                  

where -G is volumetric flow rate, kg/s  

            -Tin is temperature at the inlet, oC 

            -Tout is temperature at the outlet, oC 

            -c is specific heat of the liquid, kJ/(kg.K) 

            - t is time of working of the system, h 

Hot water flow rates and the temperatures of the in-flow and return-flow in the pipeline 

were measured 10,000 times at 2-minute intervals over the 14–day measurement period. The 

average outdoor temperature for the period from the 9th to the 23th December 2013 was 5.1°C.  

Exterior wall U-coefficients were measured before and after investments in randomly 

selected rooms of the Dorm’s Phase 1 and Phase 2 buildings. The U-coefficient after 

investment was measured using the U-value measurement device, model Testo 635-2. The 

results of measurements are given in Table 2.  
 

Table 2: U-Value Measured on January 29, 2014 

Measurement Site  
Coefficient of Heat Transfer U, W/m2K 

Before [3] After Declined by 

Phase 1 - Average  2.34 2.3 1.7% 

Phase 2 - Average  3.22 0.64 80% 
 

The coefficients of heat transfer of the external walls in the Phase 1 building were not 

changed after investment, since the external wall thermal insulation was not included in 

energy efficiency measures for Phase 1 building. The coefficient of heat transfer of the 

external walls of the Phase 2 building decreased significantly after investment. The thermal 

insulation included in energy efficiency measures at the Phase 2 building increased the heat 

resistance of the walls, thus decreasing the heat transfer coefficient by about 80%.  

Building comfort is controlled by four variables [5, 7, 8]: Indoor air temperature, Surface 

temperatures, Relative air humidity, and Air speed (i.e. drafts). Indoor air temperature and relative 

humidity were measured before and after the investments, but air speed was not measured. After 

the investments, the average daily indoor temperatures increased from 21.10C before investment 

to 21.6 °C (Phase 1) and 22.8 °C (Phase 2) after investment. The average daily temperature after 

investment was generally above the recommended Dorm’s temperature of 20°C. Humidity data 

were not measured before investment. After investment measurements indicate that Phase 1 and 

Phase 2 buildings had an average indoor air humidity of 44.28% and 41.96%, respectively. The 

average humidity is in the range of the recommended humidity levels of 35% to 50%.  
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The recent energy efficiency investments, including improvements in exterior wall 

insulation and windows and doors with lower U-values, should have increased interior wall 

surface temperature during the heating season, thereby improving building comfort. Similar 

improvements to exterior windows and doors should reduce infiltration losses thereby reducing 

drafts in the building and again should improve building comfort. Thus, the building retrofit is 

very likely�to have improved of the Dorm’s Phase 1 and 2 buildings’ comfort. 

The annual thermal energy consumption (Wg.a) is estimated as follows [2,4]: 

                                                      Wg.a = KTM*Ag* DHg.a/1000,                                              (3) 

where -Ag is total heated area; 

   -DHg.a is average annual degree hours for the heating season; 

           -KTM is Heat Transmission Coefficient which reflects building heat transmission 

through walls, windows, doors and floors (KTM = 1000 x WTM / (Ag x DHTM)); 

    -WTM is Measured thermal energy consumption; 

    -DHTM is Degree hours during 11 days of measurements (outdoor temperature (TOUT) 

and indoor temperatures (TIN) were measured): �(TIN - TOUT) for 11 days. 

The Dorm’s energy efficiency measures led to energy savings of 14% for Phase 1 and 

40% for Phase 2 (Table 3). During the monitoring period the University’s space heating 

system operated for only 4 to 5 hours per day. To heat their rooms, the students used their 

electrical heaters. The Dorm Management has no information on time of electrical heaters 

operation and the actual consumption of student’s electric space heaters. Since students do not 

pay electricity bills, it can be assumed that electrical heaters were even used in some rooms and 

some days/hours when the central space heating system was operating. If so, some measured 

indoor temperatures, and therefore, the estimation of the Heat Transmission Coefficient KTM are 

likely to be impacted by electrical heaters operation. Consequently, the Dorm’s thermal 

energy consumption estimate for space heating is likely to be under estimated. 
 

Table 3: Annual Thermal Energy Consumption and Savings before and after Investment [3] 

Indicator Unit Phase 1 Phase 2 Total 

Thermal Energy Consumption before Investment kWh/Year 568,959 731,041 1,300,000 

Thermal Energy Consumption after Investment kWh/Year 488,683 439,898 928,581 

Thermal Energy Savings kWh/Year 80,276 291,143 371,419 

Thermal Energy Savings % 14% 40% 29% 
 

The electricity consumption before investments (Figure 1) shows seasonal usage changes 

with higher consumption from November to March and peak consumption in December. This is 

probably caused by the increased use of lights during the winter and the use of electrical space 

heaters in rooms that are under heated by the central heating system.  
 

 

Figure 1: Total Monthly Electricity Consumption of All Dorm’s Buildings in 2012 
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The electricity consumption data after investment (Figure 2) was collected during the 14-day 

technical monitoring period and for the four-month period after the investment were completed by 

the building owner. The after electricity consumption from October 2013 to December 2013 was 

higher than the electricity consumption for the same period in 2012. However, a new large Dorm’s 

building was connected to Dorm’s electricity meter (there is one electricity meter for the entire 

Dorm’s Building Complex) and fewer hours of space heating was provided by the University’s 

Boiler Plant so the students’ electrical space heaters are assumed to have operated more. 
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Figure 2: Total Monthly Electricity Consumption of All Dorm’s Buildings in 2013 

 

3. CONCLUSIONS 

 

The technical monitoring and evaluation of energy consumption after investment in the 

Dorm indicate that the thermal energy system efficiency measures provided a substantial 

saving of 14% for Phase 1 and 40% for Phase 2 of the Dorm. 

In addition, the building retrofit led to the improvements of the student room’s comfort. 

The electricity consumption in 2013 was higher than the electricity consumption for the 

same period in 2012. However, a new large Dorm’s building was connected to Dorm’s 

electricity meter and fewer hours of space heating was provided by the University’s Boiler Plant 

so the students’ electrical space heaters are assumed to have operated more. 
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ABSTRACT 

 

 This paper is an attempt of analyzing the possible conversion of a small power equipment from 

burning conventional liquid fuel to low calorific gaseous fuel, as producer gas.    

 

1. INTRODUCTION 

 

� Nowadays, renewable forms of energy are constant preoccupation all over the world for 

many economies, regardless the level of development. This happens not only due to the 

reduction in the consumption of fossil fuels, with ecological benefits, but also waists from 

different economic activities, such as agriculture, turn into useful raw materials. It is the case 

of biomass, which can be converted into producer gas. At a first evaluation, the low calorific 

value seems to be a disadvantage, but with the new knowledge in combustion technologies it 

can be overcome. Considering the possible benefits, the authors took in account to derivate a 

shaft power gas turbine engine, Garrett model GTP 30-67, in such a way to make it able to 

run on producer gas. Good experience have been previously gained with this equipment when 

studying another nonconventional fuel[1] . In this endeavor, authors found very good 

inspiration in the studies [2], [3]. The most promissing result of several CFD simulation 

corresponding to few tehnical solutions was chosen to be presented in the following.  

2. GEOMETRY 

 

In Figure 1  the concept of the combustor, that will be part of GTP 30-67  turbo-shaft 

engine running on producer gas, is revealed.   

 

 

Figure 1: Physical model  
 

It is an annular type combustion chamber in contrast with the solution used on the base 

engine. Because of very narrow space, resulting from back to back disposal of the compressor 

and turbine rotors, the reverse air flow is imposed. Air is delivered inside the flame tube in 

two stages. The primary stage is basically a nozzle ending with a rectangular section A1 and 

the secondary stage is a rectangular straight slot of  A2 section. 

The fuel injector is placed at the very entrance of convergent nozzle on the track of the 

primary air. Thus a small possible combustion zone is created. The chemical reactive gas 
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mixture enters the flame tube, where it meets burnt gases coming here by recirculation. The 

role of recirculation products is firstly to reduce the oxygen concentration and secondly to 

bring an amount of heat in order to guarantee a stable burning. The reduction in oxygen 

concentration in this region is desirable, in order to avoid stoichiometric condition being 

fulfilled. The goal is to maintain the temperature under a value of 1800 K and thus to 

minimize the NO formation by thermal mechanism.  

In the subsequent evolution inside the flame tube, reactive products reach the secondary air 

inlet section.  Secondary air jet join the main flow, thus contributing by diffusion and mass 

transfer to the completion of combustion. Furthermore it adds kinetic energy, which provide a 

higher recirculation rate of the burnt gases. A cavity is provided just below the secondary air 

inlet in order to offer the necessary space to generate a swirl. This rotor behaves as a kinetic 

accumulator, intended to reduce fluctuation in the main flow.   

 Fuel injection section is a very narrow rectangular slot.  Accordingly fuel exits in a flat jet, 

this shape being considered to fit in the best way with the geometry of the first stage burning 

chamber. One can also assume that a flat fuel jet mixes easier with air, especially  in the 

confined primary zone of combustion. 

Based on all above assumptions a practical solution was imagined. As shown in Figure 2 

it is designed as a circular chain of identical narrow cylindrical segments. In this way, a very 

discreet fuel and air injection are provided, with good consequence regarding mixing and, 

therefore combustion characteristics. 

 

Figure 2. Constructive solution for the combustion chamber using producer gas 

3. COMPUTATIONAL DOMAIN 

 

� Numerical evaluation of the proposed technical solution was carried out by using the 

commercial code ANSYS CFX. The geometrical CAD model is a 10 degree cylindrical sector 

corresponding to a base element of the circular pattern which represents  the combustor. 

Computational mesh(Figure 3), accomplished through ICEM CFX, is in unstructured 

tetrahedral format, with 5,696,798 elements. 

  Boundary conditions : 

 Taaer= 450 K: inlet air temperature 

 Tacomb= 288 K : inlet fuel temperature 

 aer= 0,012 kg/s : inlet air mass flow 

 comb= 0,0024 kg/s : inlet fuel mass flow 

 pega= 2 bar : outlet burnt gas relative pressure 
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Figure  3. Computational grid 

The specific models used in the numerical simulation of combustion process are 

presented in Table 1. 

Table 1: Simulation models 

Turbulence model k-� 

Combustion model Eddy Dissipation Model (EDM) 

Reaction mechanism Methane Air WD2 (multi step) 

Reaction mechanism Hydrogen Oxygen(multi step) 

Reference pressure 101.323 Pa 

Reference temperature 280K 

 

4. RESULTS 

The total temperature map corresponding to the diametrical axial plane of the combustor 

device is displayed in Figure 4. As seen, an uniform field of temperature was obtained in the 

hot region of fire tube.   

 

 

Figure  4. Total temperature map   

To reveal, even more, the uniform temperature distribution, the simulation was 

undergone to a post processing using total temperature isosurfaces(Figure 5) . The 

corresponding temperature of these surfaces are (from red to green):  T1= 1850 K ; T2= 1500 

K ; T3= 1400 K ; T4= 900 K;  

Using the same plane as for the temperature map,  a velocity vector plane was 

processed(Figure 6). An intense recirculation of burnt gases can be observed from exit to the 

primary combustion zone. 
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Figure  5. Total temperature isosurfaces  

 

Figure  6. Velocity vector plane 

The most significant parameters, resulting from simulation, are included in the following 

table.  

Table 2 : Calculated parameters  

Average outlet burnt gases total temperature Tega= 1095 K 

Average outlet burnt gases velocity wega=95 m/s 

CO mass fraction in outlet burnt gases 0.17 ppm 

CH4 mass fraction in outlet burnt gases 0,016 ppm 

Fuel inlet velocity wacomb= 135 m/s 

 

5. CONCLUSIONS 

An annular combustion chamber with very discrete injection of fuel and air supply is a viable 

solution for running a gas turbine with  producer gas. Good burning feature is theoretically 

achieved in the combustion device, due to the intensive recirculation of flue gases and 

secondary air intake. Rather than being used in combustion process only, the secondary air 

injection is mainly used for enhancing burnt gases recirculation and obtaining an favorable 

temperature cross profile at the combustion chamber exit.    

There are good premises to start the design of an experimental model using the computational 

model, in order to validate the theoretical results.  
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ABSTRACT 

 

Energy efficiency is a key factor for the sustainable development and competitiveness of the 

Romanian industry. In the last years the energy intensity of this sector has decreased with 43% but still 

has further potential. The aim of this paper is to present the conditions in which heat recovery using 

ORC installations is technically feasible and economically attractive in the metallurgy industry. The 

first section briefly presents the energy efficiency and the environmental impact aspects for this 

industrial sector. Next are identified processes with heat recovery potential and technical solutions 

using installations operating on ORC cycle for low temperature thermal energy capitalization. The 

economical efficiency is further analyzed, highlighting the conditions leading to successful projects in 

the Romanian energy market conditions. Conclusions and recommendations are drawn up using the 

sensitivity analysis and a comparison between different ORC equipment sizes. 

Keywords-energy efficiency, heat recovery, industrial process, ORC cycle, electricity generation, 

economical performances. 

 

1. OVERVIEW REGARDING ENERGY CONSUMPTION AND 

ENVIRONMENTAL ASPECTS IN ROMANIA 

 

The economy primary energy consumption during 2008 thru 2015, decreased with 

20.5%, recording 31844 ktep [1]. In 2015, gas consumption had the highest weight in the 

primary energy consumption with 31.3%. 

In the same period, the final energy consumption decreased with 12.5%, mainly due to a 

26% reduction in the industrial consumption. Out of the energy intensive branches, 

metallurgy recorded an increase in its energy consumption in 2015 compared with the year 

2012 (+ 122 ktep, representing + 7.4%), while the chemical industry recorded a decrease of 

its energy consumption (- 244 ktep, representing - 14.7%). 

The typical indicator for energy efficiency at the national level is the energy intensity. In 

table 1 the trend of the energy intensity for Romania during the period 2007-2014 is 

presented. Energy intensity recorded a drop with around 43% both due to measures taken by 

the industry for energy efficiency improvement and to the restructuring process that took 

place in the economical crises period, closing down of production capacities included. Even 

with a favourable trend in the analysed period, energy intensity still has values over the UE-

28 average, placing Romania among the most energy intensive countries in Europe. 

The energy economy potential, mainly losses reduction in Romania, is estimated at 

approximate 28% of the final energy consumption. For the industry, the estimate is 20% [3, 

4]. Industry represents the economy branch with the highest contribution to environmental 

pollution, through the large quantity of gaseous, solid and liquid pollutants evacuated in air, 

water and soil. 

���������������������������������������� �������������������
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Table 1 Energy intensity trend, 2007-2015 [2] 

Indicator 2007 2008 2009 2010 2011 2012 2013 2014 

M.U. tep/1000EUR 

Primary energy 

intensity 
0.428 0.404 0.374 0.384 0.384 0.373 0.335 0.330 

Final energy 

intensity 
0.269 0.254 0.244 0.251 0.245 0.244 0.236 0.215 

Industry energy 

intensity 
0.361 0.336 0.252 0.230 0.216 0.210 0.208 0.206 

 

The impact on air quality is generally caused by the IPCC2 installations operation or by 

exceeding the emission limits or the ceiling values established for specific pollutants: 

particles, sulphur oxides, nitrogen oxides, heavy metals (e.g., zinc), volatile organic 

compounds (VOC). As for the water quality impact, this is caused by the installations’ age, 

inappropriate operation of stations/installations for technological wastewater treatment/pre-

treatment as well as to the inefficiency of air decontamination installations. Soil is polluted 

firstly by the incorrect storage of solid waste resulted from specific industrial production 

processes than, indirectly, through acid deposition and through exploitation of raw material 

resources needed by the industry. 

Between 2010 and 2013, Romania recorded a decrease of GHG3 emission with 

approximately 6.32%, which place it among the countries with the most important reduction 

of this indicator. In 2012, values reported for Romania were with 26.73% higher than the 

average value in EU (see figure 1). This decrease continued over the years till 2016 due to 

structural changes the industry is permanently showing. 

Among activities with significant environmental impact for metallurgy can be mentioned 

[6]: 

− metal production in primary forms and semi-finished, activity with air pollution impact, 

− hot rolling and applying coatings of molten metal. 

The actual economical situation transforms activities like ensuring of energy resources, 

the need for CO2 emission reduction as well as the environmental protection in major 

challenges for the energy management at national level [5]. 

 

2. THE NEED AND OPPORTUNITY OF HEAT RECOVERY IN METALLURGY 

 
Processes generating secondary energy sources like heat are frequently encountered in 

Romanian metallurgy. It is mainly about combustion processes for heat treatment or for waste 

neutralization (melting, quenching, incineration, drying, etc.) followed by warm or hot flue 

gases release through exhaust chimneys. Not always this secondary energy source is 

recovered, mainly due to technical and economical reasons. 

The technological recovery direction (that assumes the use of the thermal energy in the 

same technological process) is limited mainly due to thermal-technical reasons. 

The power generation direction (generation of warm/hot water in a heat exchanger) needs 

an advanced simultaneity with a consumer or the existence of a storage equipment, with an 

important investment requirement. 

The recovery of the energy content from the secondary sources needs to pass over all the 

obstacles of technical or economical nature to exploit its exceptional potential regarding the 

improvement in energy efficiency. One of the best solutions in this direction is represented by 

���������������������������������������� �������������������
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the valorisation of this potential to generate a superior form of energy, electricity. In this way 

disappears the limitation given by the need for simultaneity of energy generation and 

consumption due to the permanent electricity demand on the industrial sites. In addition, it is 

generated an expensive resource, fact that brings positive effects in the field of energy 

efficiency and of environmental protection in the whole transformation chain in the national 

electricity grid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Trend of GHG emission for each GDP4 unit and calorific value at EU level and 

for Romania [6] 

 

3. GENERAL ASPECTS REGARDING THE TECHNOLOGY FOR ENERGY 

GENERATION USING INSTALLATIONS OPERATING ON ORC CYCLES 

 

The Rankine Organic Cycle (ORC) represents, from the thermodynamics point of view, 

one of the most efficient technologies of heat conversion into electricity. The range of 

electricity output for the equipment relying on this technology is mainly between 50÷2,200 

kWe, depending on the manufacturer. Yet, on the market, one can find solutions based on 

ORC cycle with higher installed capacities (5÷70 MWe), solutions developed mainly by 

manufacturers like Ormat, Enertime, Cryostar [8, 9]. 

The main factor that influences ORC technology parameters is the hot source 

temperature. Thus, in figure 2 it is shown the range of needed temperatures at the hot source 

for the main manufacturers developing this technology [8, 9]. As well, the electricity 

efficiency of the ORC based equipment and the selection of the working fluid (organic) 

depends on the hot source temperature. 

When the ORC installation works in cogeneration (with heat generation or refrigeration 

energy combined or not with an additional equipment), the global efficiency is around 

86÷90%. 

For example in Romania, in other industries, a Turboden ORC unit has been installed in 

Gherla and it generates 1.4 MWe and about 5.3 MWt. Generated heat is used for the factory’s 

wood process treatment and electricity is delivered to the grid. Sortilemn consumes heat in its 

process for boiling logs and in its wood presses, veneer and timber drying kilns [7]. 

 

���������������������������������������� �������������������
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Figure 2 The range of the needed temperature at the hot source for the main ORC 

technology manufacturers 

 

4. ECONOMICAL OPPORTUNITY ANALYSIS OF USING ORC EQUIPMENT IN 

THE METALLURGICAL SECTOR IN ROMANIA 

 

The economical analysis using indicators highlighting costs and benefits resulting from 

energy efficiency improvement projects, during the entire life span of the equipment, is 

recommended by the energy efficiency legislation promoted at the European Union (EU) 

level [10] and transposed in Romania through Law no. 121/2014 [11]. 

For the opportunity analysis of heat recovery solutions in the metallurgical industry with 

ORC cycle based installations, the following indicators were used: 

− NPV (Net Present Value) that quantifies the profitability over the life-cycle, 

− IRR (Internal Rate of Return), useful for the financing cost analysis and ascertainment of 

the funding opportunity through grants (e.g. the Large Infrastructure Operational 

Programme-POIM that will be available in Romania until 2020), 

− Cost/benefit ratio (CBR) that gives decision-makers an image on the economies that can 

be achieved for each spent euro, 

− Simple payback period (tr) that is useful for assessing the speed for investment recovery 

and, moreover, it gives a piece of information on the efficiency of such investments in 

comparison with those for the core business. 

The technical-economical analyses were performed by the authors for a range of ORC 

units between 400 and 1,790 kW in two technological solutions: 

− With the valorisation of thermal energy, 

− Without the valorisation of thermal energy. 

From technical literature and recent procurement documents it could be established 

ranges for the specific investment costs [12]. The valorisation of thermal energy required an 

increase of the specific investment cost determined by the hot water preparation installations. 

The technology used for the steam turbine in the thermodynamic cycle of the ORC 

installations allows for a very high availability of the generation units, of about 98%. 

Generally speaking, these installations need only 3÷5 hours/week for maintenance works. 

For the calculation of the thermal energy generated by the ORC installations, the 

following evaluation has been considered for the boilers working on natural gas whose 

production of thermal energy can be replaced: efficiency � � ��� and � � �����	the 

cogeneration index of the units with steam turbine, generating simultaneously electricity and 

thermal energy. 
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In order to calculate the economical indicators, the following avoided costs were taken 

into consideration: 

− with the procurement of electricity, 

− with natural gas. 

In table 2 there are presented the results of the economical analysis for projects using 

ORC units for heat recovery in the metallurgical processes in the case of using the minimum 

values of the range for the investment costs. 

The main conclusions are: 

− Projects in which the thermal energy, resulting from the Rankine cycle with organic 

fluids, can be used on site are economically attractive, 

− The development of projects in which the thermal energy resulting from the cycle is 

exhausted in the atmosphere are not feasible in the conditions given in Romania, 

− Projects in which thermal energy from ORC units can be used on site, become attractive 

for units starting with installed capacities Pi�700 kW. If the specific investment is close to 

the minimum level of the range, even projects with 600 kW units become economically 

viable. 

For establishing conditions in which projects using ORC installations for heat recovery in 

the metallurgical sector become economically attractive were developed sensitivity analyses 

of the economical indicators when specific investment, annual operation hours, annual 

operation costs, electricity and gas prices on the market vary. They were done for the case of 

the 400 kW ORC unit, see table 3. 

 

Table 2 Results of the economic analysis for projects using ORC installations for industrial 

heat recovery. The case of using the minimum value of the investment cost range 

Pi 

With the valorisation 

of thermal energy 

Without the valorisation 

of thermal energy 

NPV IRR tr CBR NPV IRR tr CBR 

kW euro %/year years - euro %/year years - 

400 -1,580,682 4 8.0 0.75 -4,178,529 <0 28.6 0.27 

600 218,286 13 5.4 1.07 -3,678,485 <0 17.3 0.39 

700 1,872,985 20 4.1 1.38 -2,673,247 <0 12.4 0.50 

970 3,043,928 22 3.9 1.46 -3,255,851 <0 11.5 0.54 

1,790 7,548,338 28 3.3 1.70 -4,077,027 1 9.5 0.63 

 

Every economical indicator proved to be very sensible to the investment cost (IC) and the 

annual operation hours (tf). A variation in the annual operation costs (Cop) has a less 

significant influence on the economical performances of projects for heat recovery in the 

metallurgical industry with ORC equipment. 

Electricity and gas prices (pel, pg) on the Romanian market that determine the avoided 

costs for electricity and thermal energy, have an influence on the values of NPV and IRR. 

A drop in the annual operation hours to values bellow 7,800 hours/year makes only 

projects with ORC units over 700 kW economically attractive, if the thermal energy resulting 

from the thermo-dynamical cycle is used on-site. 
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Table 3 Results of the sensitivity analyses of the economical indicators. The case of 

400kW ORC units with the valorisation of thermal energy 

Criterion NPV IRR tr CBR 

Variable 

IC, �10% �37% �59% �11% �12% 

tf, �10% �27% �57% �13% �10% 

Cop, �10% �3% �6% �1% �1% 

pel, �10% �10% �21% �4% �3% 

pg, �10% �17% �36% �8% �6% 

 

5. MAIN CONCLUSIONS AND RECOMMENDATIONS ON THE DEVELOPMENT 

OF PROJECTS USING ORC INSTALLATIONS FOR HEAT RECOVERY IN 

THE METALLURGICAL INDUSTRY IN ROMANIA 

 

The analyses performed for this paper highlight the following recommendations that 

could bring a contribution to the successful development of heat recovery projects using ORC 

installations: 

• This solution of heat recovery is advantageous on industrial sites where there is a demand 

low parameters heat during the whole year, 

• Projects become attractive for ORC units starting with 600 kW installed capacity; projects 

with smaller units could become efficient only if grants are available, 

• Projects were heat resulting from the ORC cycle is not used on site become feasible only 

if a support scheme is available, 

• Along with the complete market liberalization for gas and an increase in the electricity 

and gas prices, we consider that a support scheme may help such projects to become 

attractive for decision-makers in the industry. 

Authors shared in this paper their experience in working with the industry and consider 

that the results could help decision-makers in the metallurgical sector to become more 

efficient by cutting the energy costs through innovative solutions. We would like to continue 

our research on the benefits of using ORC installations for heat recovery in the industry with 

a detailed case study. 
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ABSTRACT 

 

 Daily operation of a solar powered simple effect one stage water - lithium bromide absorption 

cooling system is analyzed. The whole system is composed by a parabolic trough collector concentrating 

solar energy into a tubular receiver, a fully mixed thermal water storage tank and the absorption cooling 

system. Water is solar heated and stored to be used for maintaining the cooling system in operation as 

long as possible during the considered day. Time dependent cooling load is considered for the air 

conditioning of a residential two-storeys house. The aim is to correctly size the solar collector and 

storage tank and thus a parametric study is performed in this regard. The results emphasized high 

operation instability of the cooling system due to the large interval of variation for desorber temperature. 

Optimum dimensions of the storage tank associated to a specific solar collector dimension are 

determined to ensure the longest continuous startup operation of the cooling system.  

 

1. INTRODUCTION 

 

 The main advantages of absorption cooling systems (ACS) compared to mechanical vapor 

compression ones (VCS) consist in the following issues: they do not use greenhouse gases 

(CFC) as refrigerants; are able to use other energy sources than electricity, including solar 

energy; they are silent. As regarding the cost, ACS are significantly more advantageous than 

the VCS [1, 2]. According to [3], most ACS use balanced liquid/vapor absorption cycles, 

particularly the ammonia/water systems for refrigeration and lithium bromide/water systems 

for air conditioning. In some experimental prototypes a plate or coaxial heat exchanger was 

introduced to reduce heat loss and dimensions, and therefore increase the system energy 

efficiency. A new ACS cycle (H2O-LiBr) for cooling a house with a total area of 300 m2, 

powered by solar energy, is proposed in [4]. Using storage tanks effectively balances the 

cooling load, enhancing the ability to provide cooling on demand. The results showed that this 

system can solve the problem of mismatch between solar radiation availability and demand for 

air conditioning. Paper [5] analyzes a solar assisted H2O-LiBr ACS for residential buildings. In 

normal operation conditions, single-effect H2O-LiBr ACS need inlet temperatures between 80 

and 100°C and achieves a coefficient of performance (COP) of about 0.7. The authors 

concluded that the ACS using H2O-LiBr as the working fluid are suitable for domestic 

applications. A commercial single-effect H2O-LiBr ACS, with a cooling capacity of 4.5 kW, 

intended for domestic use, has been tested in [6], to determine its energy performance. In 

simulations over a period of 20 days, for inlet water temperature values between 80 and 107°C, 

the total energy supplied to the vapor generator has reached 1085.5 kWh, the heat removed 

from the evaporator was 534.5 kWh, and the average COP for the entire period was 0.49. Paper 

[7] presents a feasibility study of a solar power ACS, located in Tunisia. The system was 

modeled using TRNSYS and EES programs, based on input data regarding annual weather 
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forecast in Tunisia. The authors found that the system optimized for a typical 150 m2 building 

should contain a H2O-LiBr ACS with a capacity of 11 kW, flat-plate solar collectors with a 

total area of 30 m2 and a 0.8 m3 hot water storage tank. The designing of a 11 kW H2O-LiBr 

ACS, which could cover the cooling load of a typical house in Cyprus is described in [8]. The 

optimal system obtained by the authors from the simulations consisted of 15 m2 parabolic 

collectors, inclined at 30° from the horizontal, an ACS, and a hot water storage tank of 600 l.  

 In this paper, instability in operation of solar assisted H2O-LiBr ACS is emphasized due to 

the small range storage tank water temperatures for which the system can operate. In this 

context, we present here an optimization study regarding the solar collector and storage tank 

size coupled to a simple effect single-stage water – lithium bromide ACS. The goal of this 

optimization is to maximize the working period of the system during the day. 

 

2. MODEL AND RESULTS 

 

Figure 1 shows the schematic representation of the studied ACS. The absorption cooling 

system is powered by a parabolic trough collector (PTC). The PTC useful heat is stored in a 

fully mixed water storage tank with the role of ensuring a longer period of constant heat supply 

to the generator, independently of the solar irradiance fluctuations. To simulate the transient 

operation of the presented system, a mathematical model is proposed and implemented in 

Engineering Equation Solver [9]. The studied ACS cooling load is correlated to the 

requirements for the air conditioning of a residential two-storeys house on July 15th, in 

Bucharest climatic conditions [10]. It varies between 1.9 kW and 4.7 kW along the day, the 

maximum being attended at 2PM. 

Applying the first law of thermodynamics, the following differential equation is obtained, 

describing the storage tank water temperature variation in time: 

 ( ) ( ) ( )aSTSTGu
ST

STp TTUAQQ
d

dT
cm −−−=⋅

..

τ
      (1) 

where  m is the storage tank water mass [kg]; cp is water specific heat capacity [J/(kg·K)]; TST 

is the tank water temperature [°C]; Qu is the PTC useful heat rate [W]; QG is the heat rate 

transferred to the vapor generator [W]; (UA)ST is the overall heat conductance (product between 

the global heat loss coefficient and tank surface) [W/K]; Ta is the ambient air temperature [°C]. 

 

 
Figure 1: Absorption cooling system with H2O-LiBr and parabolic trough collector. 
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The solar collector mathematical model has been thoroughly described in [10]. 

The thermal loads of the evaporator and condenser were determined by equations (2) and 

(3): 

 ( )560

..

hhmQ
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−=          (2) 

 ( )340

..
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−=          (3) 

where h is the specific enthalpy [J/kg] of H2O vapors that left the desorber; ���  is the refrigerant 

(H2O) mass flow rate crossing the two heat exchangers [kg/s]. 

Energy balance equations for the absorber and desorber (vapor generator) are given by 

equations (4) and (5): 
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where a is the recirculation factor defined as 
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mass flow rate of the H2O-LiBr mixture. 

Exergetic efficiency and coefficient of performance were determined by equations (6) and 

(7), respectively: 
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 Initially the simulations were performed for a PTC solar collector of 6 m length and 2.9 m 

width, and a hot water storage tank of 0.17 m3. At every step of calculation, the operating 

conditions of the absorption refrigeration system have been checked, in terms of acceptable 

concentrations, degassing interval, and verification of first and second laws of thermodynamics. 

We obtained an inappropriate variation of the water temperature in the storage tank, as its value 

is too small to maintain the continuous operation of the ACS module in the morning, although 

it is continuously functioning in the time interval 13-18. Two methods of improvement can be 

applied: either to use a larger surface PTC, or to decrease the amount of water in the storage 

tank, mst. By increasing the size of the collector to a 7 m by 2.9 m PTC collector, while keeping 

the same hot water storage tank of 0.17m3, significantly increased the storage tank water 
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temperature, Tst, in the morning, enough to sustain continuous operation of the ACS module 

(Figure 2). Because water is used as refrigerant, the maximum value can not exceed 220oC (in 

this case the water in the system is pressurized to 10 bar). In the case of Tst value greater than 

220oC, the system will be turned off automatically. It is noted that the temperature in the 

desorber at noon (equal to the storage tank temperature, Tst) is greater than the upper limit of 

operation of the ACS module. Therefore, the ACS module stops working. 

 
Figure 2: The storage tank water temperature and the functioning periods of the ACS; PTC 

surface is 7x2.9 m, and storage tank capacity is 0.17m3. 

 

The next step is testing the configuration with smaller amount, mst, of water in the tank in 

order to lower Tst in the afternoon. At the same time this approach must be correlated with the 

size of the PTC collector so that Tst doesn’t decrease in the morning. A very similar storage 

tank water temperature variation with the one presented in Figure 2, is obtained if we choose a 

PTC collector of 6 x 2.9 m, and a lower hot water storage tank volume of 0.13 m3. 

In conclusion, both options for improving the functioning of the ACS module proved to be 

inefficient. In addition, it has been previously shown that H2O-LiBr ACS are able to function 

only in a very narrow interval of the vapor generator temperature. This simulation shows the 

high instability of the system when it is powered by solar energy. In this context, a compromise 

must be found between the size of the solar collector and the storage tank to obtain a longer 

period of stable operation of the ACS module. After successive attempts, these dimensions are: 

a PTC solar collector area of 6x2.9 m2, and a storage tank volume of 0.22 m3. The results for 

this configuration are shown in Figure 3, which reveals the increased operation period of the 

ACS, compared to the previous cases. Table 1 summarizes the results regarding the operation 

periods of the ACS module, and the sensitivity study on the size of the collector and the storage 

tank, respectively. 

 

Table 1: Operating time of ACS module; sensitivity study on the size of the collector and 

storage tank dimensions. 

 ACS ON, for the longest stable operating period 

PTC length [m] - storage tank 

volume [L]  
On time Off time 

6-170 13:10 18:00 

7-170   9:00 11:30 

6-130   9:00 11:40 

6-220 10:30 18:00 
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Figure 3: The storage tank water temperature and the functioning periods of the ACS; PTC 

surface is 6x2.9 m, and storage tank capacity is 0.22m3. 

 

 
Figure 4: ACS module exergetic efficiency; sensitivity study on the size of the collector and 

storage tank dimensions. 

 

 
Figure 5: ACS module coefficient of performance; sensitivity study on the size of the 

collector and storage tank dimensions. 
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In Figures 4 and 5 the ACS module performance variations (exergetic efficiency and 

coefficient of performance, respectively) for the accomplished sensitivity study are presented. 

Two cases are from far better than the others considered, namely cases 6-220 (6m long PTC by 

2.9 m wide and 220L storage tank) and 6-170. Note that the exergetic efficiency in the case 6-

220 presents values in the upper limit, slightly lower compared to 6-170 between 13:30 and 

16:30. However, the advantage of the 6-220 configuration is obvious, due to the small 

difference between it and 6-170, and because in this case, the ACS works for a longer period 

compared to the other three cases. In terms of coefficient of performance, Figure 5 reveals that 

it’s values are maximum in the case 6-220 for an extended period (the time interval 13:00-

17:00) compared to the other 3 cases. 

 

3. CONCLUSIONS 

 

 A mathematical model was proposed to simulate the dynamic behavior of H2O-LiBr ACS, 

to study the effect of various design parameters on the instability in the system operation. Thus, 

it was shown that for certain values of the PTC surface and the water storage tank capacity, 

either the ACS starts and stops too often, or it does not work at all in certain times of the day. 

This is because the storage tank water temperature, in direct correlation with the amount of heat 

received by the vapor generator, exceeds the maximum limit. In this regard, we tested different 

sizes of the PTC collector and storage tank volumes, to optimize them so that during the day, 

to obtain a longer period of continuous operation of the system. The main conclusion is that in 

the studied case, the best operation of the ACS module is obtained when it is coupled to a PTC 

collector of 6 m x 2.9 m and a storage tank of 0.22 m3. 
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ABSTRACT 

 

 European Directives which establish energy targets for 2020 and 2030 are the main legislation 

when it comes to reducing the energy consumption of buildings. Energy efficiency is a large field of 

study, it doesn’t mean only energy consumption minimization by improving measures applied to 

building envelope and its systems. An efficient use of energy and spaces is very important too. Facility 

Management (FM) is a field of study that considers all the aspects of a building in this regard. Main 

pieces of software in the field were reviewed in order to find the better software to use for space 

management analysis. A well-known software - ARCHIBUS that can integrate Building Information 

Models (BIMs) was chosen. BIMs are files containing physical and functional characteristics of the 

building and linked data, which can be exchanged or networked to support decision-making. Using a 

Romanian office building and its digital plans, a BIM has been done. For this BIM, a space allocation 

in agreement with organizational company structure, with functional company structure and with a 

Romanian standard, SR 1907-2, relate to design indoor temperature, was done in ARCHIBUS 

software. From all space classifications the methods of energy improvement are discussed. 

 

1. INTRODUCTION 
A continued reduction of energy consumption in buildings is required by European 

Directives, 2010 Energy Performance of Buildings Directive [1] and 2012 Energy Efficiency 
Directive [2]. The building sector is the main user of energy, with a percent of 40% from 
Union’s final energy consumption. The building energy evaluation is usually made for some 
design temperatures and by reporting total energy consumption to useful floor area of the 
building. This approach is very correct and allowed a consensus of all buildings. But the real 
use of energy and space in building and the people behavior inside it are at least as important 
as classic building energy assessment. In this regard, Facility Management (FM) is a field of 
study that considers all the aspects of a building.  

According to International Facility Management Association (IFMA) definition, FM is a 
profession that encompasses multiple disciplines to ensure functionality of the built 
environment by integrating people, place, process and technology [3]. From the definition 
given by EN 15221-1 [4], it can be found that FM represents “integration of processes within 
an organization to maintain and develop the agreed services which support and improve the 
effectiveness of its primary activities.” A good presentation of FM field, its history and a 
synthesis of new relevant FM papers can be found on European Facility Management 
Network (EuroFM) [5]. EU FM Coalition [6] is a European organization that emphasizes the 
importance of energy efficiency in FM in the context of European Directives targets. 
Romanian Facility Management Association (ROFMA) is an important promoter of Facility 
Management in our country [7].  
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In order to realize a building and its space analysis from FM approach the main software in 
the field were reviewed. FM software helps the facility managers to conduct and optimize 
their activities. According to an important reviews portal [8], Buildium is a finest choice of 
property management software, especially for residential properties and associations. It stands 
out for its clean and easy to navigate interface. Other recommendation is Total Management, a 
good commercial property management software. One of the best features is the highly 
customizable dashboard and its optimal multitasking capabilities. From another source of FM 
software classification [9], it is found DirectLine, a Web-based service that provides solutions 
management maintenance and inventory cost and that has 25 years of successful 
implementations. CAFM Explorer software is a product for organizations looking to better 
utilize space, improve service levels, and tighten cost control. From [9] also, ARCHIBUS 
software is found, it is presented as a global provider of software and services for real estate, 
facility, and infrastructure management. In [10] the authors realized a presentation of FM 
software field and it results that ARCHIBUS is one of the industry's leading software 
packages. The author mentions also a commercial maintenance management system, IBM - 
Maximo Asset Management. In [11] the authors present ARCHIBUS as a brand of 
internationally renowned property management software. ARCHIBUS comprises a space 
management tool that integrates location tracking and space management capabilities with 
facilities management systems or software [12] and it allows users to link design elements, 
such as furniture, equipment, located in a  database with CAD plans of the building [13]. 

Some of the facility management software, including ARCHIBUS, can integrate Building 

Information Models (BIMs). Building information modeling is a process involving the 

generation and management of digital representations of physical and functional 

characteristics of places. BIM helps us understand the way buildings look, the way they 

function, and the ways in which they are designed and built. This is a worldwide trend at the 

moment. BuildingSMART alliance [14] is a North American organization and a council of the 

National Institute of Building Science that coordinates the creation of tools and standards that 

allow projects to be built electronically before they are built physically using Building 

Information Modeling. This organization develops comprehensive norms related to BIM 

development as United States National CAD Standard [15] and United States National BIM 

Standard [16]. The FM software that use BIMs implement an IWMS (Integrated Workplace 

Management System) that get a single, integrated real estate-focused solution that addresses 

all business domains. The five core functional areas are Space Management, Operations and 

Maintenance, Real Estate Management, Capital Project Management, Sustainability and 

Energy Management. Space Management module has features that permits CAD/BIM 

integration. An IWMS solution is based on a single platform and database repository [17]. 

Other Facilities Management software use CAFM system that is defined as a combination of 

Computer-Aided Design (CAD) and/or relational database software with specific abilities for 

FM [18]. 

In [19] the relation between BIM and FM software is discussed. Several innovative 

techniques were used to input the information directly in the BIM model. For this study two 

FM software were used, ARCHIBUS and FacilityMAX. From [20] it can be found that 

ARCHIBUS Space Management is the effective way of managing space and to minimize cost 

wastage and optimize space usage. The optimization of space management contributes to 

efficiency and success to most organizations. The authors analyze space management, 

particularly in a Malaysian University. The importance of space management within the 

meaning and understanding of Facilities Management is highlighted by the authors in [21]. 

They recommend the best methods for space management to the higher education institutions. 

From its good space analysis method and its integration capabilities ARCHIBUS software 

was chosen for present study. 
The aim of this paper is to present a real case of interdisciplinary use of the same BIM. That 

means a time economy and a systematization of the data and efficient space utilization can be 
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made. More than this, in this study, it is for the first time when a new space classification is 
realized in ARCHIBUS in order to allocate the design temperatures to the rooms. 
 

2. METHOD 

2.1. Studied building description 

The building chosen for this research is named MultiGalaxy and it is rented by OMV 
Petrom Global Solutions SRL. The height regime of the building is 3S + P + 9E, its gross area 
is over 15.000 sqm and the construction year is 2008. MultiGalaxy is an A class office 
building, according to BOMA [22] and has a very good add on factor 3.7% (difference 
between the usable area and the rentable area of an office building expressed as a factor of the 
rentable area). The building has two generators of 700 kW power and last generation security 
and protection systems. It is provided with curtain walls composed of glass type Guardian and 
Schuco structure. The HVAC system is realized by a three pipes heating/cooling plant type 
Sanyo with VRF (Variable Refrigerant Flow) with ecological Freon agent. This kind of 
system, with three pipes presents the advantage that they can operate simultaneously in 
heating or cooling regime. The ability to simultaneously heat certain zones while cooling 
others is realized by a heat recovery system has. The input power of the system is achieved by 
acting the heating pumps compressors using a thermal engine with gas fuel. This kind of 
system can be used at nominal capacity for outdoor temperatures up to -21 degree. 

 

 

Fig. 1. The studied building, MultiGalaxy, rented by OMV Petrom Global Solutions SRL 

2.2. ARCHIBUS software description 

ARCHIBUS is produced by ARCHIBUS, Inc. of Boston, Mass. ARCHIBUS is a Real 
Estate and Facilities Management software that offers a variety of platform options to 
accommodate the organization's needs - from single users within a department to worldwide 
access via the Internet for every industry. The need to extract, duplicate, or e-mail data and 
files is eliminated by the new Run Anywhere architecture [23]. ARCHIBUS software is an 
IWMS platform that permits a workspace customization and a continuous development of the 
software. As any IWMS, ARCHIBUS integrates main business domains, but in this research, 
Space Planning&Management domain presents interest. ARCHIBUS can operate with digital 
building plans and links them to its database. Thus, a lot of information and classifications 
related to CAD plans can be made. Any further modifications of the plans will lead to 
automate database modification. These kinds of space management allow a good and accurate 
room inventory, employee assignment to organizational space allocation, internally bill 
departments for their space usage and other benefits. 
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2.3. Spaces assignment 

 

Fig. 2. MultiGalaxy building, groound floor, organizational space structure by divisions 

 

 

Fig. 3. MultiGalaxy building, groound floor, functional structure of spaces according to EN 15221-6 

 

Fig. 4. MultiGalaxy building, groound floor, space structure according to SR 1907-2 
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From the definitions related to BIM, in this paper its main definition is considered, “a 
model that contains characteristics of the building and linked data which can be exchanged”. 
Thus, although, generally BIM refers to 3D models, in this paper, respecting its basic 
definition, a BIM is used. 

 

 

3. RESULTS AND DISCUSSIONS 

 
The energy consumption in buildings can be reduced by classical method that means 

modernization solutions of the building and its systems or by rational use of energy and 
spaces. By rational use of energy it is understood the compliance with comfort temperature 
requirements, compliance with intermittent heating or cooling program. Where possible, the 
change of classical comfort temperatures with adaptive comfort temperatures [26] represents a 
decreasing of energy consumption. And it is not least important the rational use of space that 
means the reduction of the space allocated to a person. Based on industry studies, many 
organizations, both public and private sector alike, have been found to underuse office space. 
And more than this, efficient and effective space usage will be controlled at an expenditure 
cost and level of productivity [20]. 

The organizational space structure by divisions can be seen in figure 2. An efficient usage 
of the spaces is accomplished by employee assignment to the organizational structure of the 
building. Thus, the energy consumption can be reported to the employee instead of sqm, and 
it is significantly reduced. In figure 3 a functional classification of the spaces is presented. 
The space use is carefully watched and the common area, for example, can be reduced and 
thus, the energy used, reported to sqm of rented area, can decrease. 

In figure 4 a space classification according to SR 1907-2 is made; the rooms are grouped 
according to indoor conventional air temperatures. The room’s areas corresponding to 
different temperatures were exported from ARCHIBUS to EXCEL as xls file. In table 1 the 
data is systemized and the indoor reduced temperature is computed. This temperature can be 
used further in energy evaluation programs in order to find energy use for the studied 
building. Those indoor conventional air temperatures must be the set point temperatures for 
the HVAC system sensors. 

At the end of this paper a comparison between indoor conventional air temperatures 
proposed by SR 1907-2 indoor comfort temperature recommended by European standard EN 
15251 [27] is made. In European standard the temperatures are classified according to 
comfort category (A, B and C). In EN 15251 the temperatures are structured according to type 
of building/space and they are not at the same detail level as is SR 1907-2. As can be noticed 
in Table 1 the mean comfort temperature (for category B) is of 20 ºC in EN 15252 case and 
the mean reduced (design) temperature is of 18.4 ºC in the case of SR 1907-2. 

Table 1. Indoor reduced temperature computation for MultiGalaxy building, ground floor 

BIR HOL GRSAN BUF INTR SALI SCARI VEST   

Supr [m2] 519.1 54.4 84.3 115.6 123.5 376.0 12.2 105.8 1390.9 TOTAL 

T_i (SR 1907-2)[ºC] 20 15 15 20 12 18 15 22 18.4 T_i_red 

T_i (EN 15251)[ºC] 20 20 20 20 20 20 20 20 20.0 T_i_comf 

 

4. CONCLUSIONS 
In conclusion, space management is one of the essential components in FM and in building energy efficiency. 

In this paper it is for the first time when, in ARCHIBUS software, such an interdisciplinary space 

classification is made, all of these classifications are related to energy efficiency in the building. In the project 

that includes MultyGalaxy building, the possibility of space classification according to European norm EN 

15221-6 was made by software customization. A new space classification, accordingly to SR 1907-2 is realized. 

It can be used in further computations for building energy assessment and for the centralization of room’s set 

point temperatures used by the HVAC system. 

For the studied building, a comparison between the indoor conventional air temperatures recommended by 

Romanian norm and indoor comfort temperatures proposed by European standard was made. A significant 

difference, of 1.6 ºC can be noticed. Although the EN 15251comfort temperatures are partially transposed in 

Romanian norm I5 [28] we recommend to update indoor conventional air temperatures proposed by Romanian 
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norm SR 1907 according to our day room types. The indoor air temperature is different from comfort operative 

temperature and also it is important in design and HVAC set point. 
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Abstract 

In the current context characterized by the alarming increase in pollution caused by energy 
produced by burning fossil fuels, it is becoming increasingly important to reduce the dependence on 
these fuels and wind energy is a viable alternative. The paper presents some possibilties to use wind 
energy conversion systems for isolated areas. 

 
1. Introduction  

The convertion systems of wind energy into electrucity can be connected to the network or 
systems generating electricity for isolated areas. 
A system of wind energy conversion into electricity connected to the network consists in (Fig. 
1): 

• wind turbine (1); 

• axial or radial electric generator (alternator) that can be single phase or three phase 
(2); 

• single -phase or three- phase rectifier bridge (3); 

• circuit breaker (battery - turbine isolation) (4); 

• controller to supervise charging of the battery unit  and alternator protection 
(keeping battery in good condition) (5); 

• battery unit (6); 

• circuit breaker (battery-charge isolation) (7); 

•  DC to AC converter (8); 

•  consumers (9); 

• electric meter (10). 
 

 
 

Fig. 1 System of wind energy conversion into electricity [1] 
 

These systems connected to the  networked can be systems for production of electricity on 
a large scale (eg. high power wind turbines), in which case components 5, 6 and 7 are missing 
from the scheme in Fig. 1. Also connected to the  network may be the  systems producing low 
power energy which, although connected to the network , are not mainly intended to supply 
electricity to the  network. In this system the electricity produced is used locally  (a household 
supplied in this way) but when producing an energy surplus, it can be "pumped" into the 
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national electricity grid/network  (this can be done only if the parameters of the produced 
electricity correspond to the parameters of the  network). 

Small turbines are attractive to people who need something above 100-200 W to power  
their homes, offices or houses isolated from the mains power supply. Unlike photovoltaic 
panels that have virtually the same cost per watt regardless of the panel size, wind turbines are 
cheaper with increased  size. 

For a 300 W power, the cost of a wind turbine is 2,5 $/W, while a photovoltaic panel is $ 
5 / W. For 1500 W, the wind system costs 2 $/W and at 10000 W the wind generator cost 
(without  electronics) is 1.5 $ / W. [2]. The cost of regulators and controllers is the same with 
wind turbine and photovoltaic panel. Surprisingly, the cost of the wind turbine tower is 
equivalent to the cost of the support and tracking system of  the photovoltaic panel. 
 

2. Electricity Generating System for Isolated Areas  
 

This system incorporates one or more turbines of different powers. The turbines provide 
variable power which turns, inside the inverter, into steady AC voltage 230 V and constant 
frequency 50 Hz, further used to supply AC consumers. The power excess is accumulated in 
batteries until they are charged. In periods of weak wind, the energy stored in batteries supply 
the  consumers via the inverter.  
If the battery voltage falls below a certain preset level, the backup Diesel generator starts 
automatically and  works while the batteries are charged. 

Battery charging is controlled by the very feature of  this type of inverter to be bi-modal 
(DC-AC or AC-DC). In larger systems, the inverter can be synchronized with the backup 
generator for the high load  peak uptake. In this way, the operation time of the generator is 
kept to a minimum and the fuel is used optimally during the operation of the backup 
generator. Alternative output voltages can be 230 V AC single-phase or 380 V AC and 50 Hz 
three-phase. 

 
 

Fig. 2 Electricity generating system for isolated areas 
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Wind turbines can also be used to heat homes. The energy generated, that can be 230 V AC 
single-phase or 400 V AC three-phase, supplies the heating resistors in a battery power tank 
on the house heating network.  
Energy is generated in a low speed alternator driven directly by permanent magnets. The 
turbine speed is maintained almost constant by the process computer, therefore as long as the 
wind is blowing, there is a voltage of 240 V or 400 V AC of variable power across the 
terminals [3]. 
If use is made of a sufficiently strong turbine, eg. 11 kW, full heating can be provided to  a 
house of 200 m2 in windy periods.  
The energy surplus produced can be sold to an energy supplier through a complex processor 
of synchronous IGBT Inverter (GridTek Power Procesor). System operation is automatic.[4, 
5]. 
 

3. Water Pumping System  by means of a Wind Turbine 

 
In areas where water is limited, but there is deep groundwater and regular winds (typical 

situation for desert or dried areas), a wind turbine can be successfully used to pump water to 
the surface for its subsequent use. As a matter of fact, one of the prevailing uses of wind 
turbines prevailed since their emergence was water pumping. Water pumping can be done 
directly using the mechanical force of the wind turbine (Fig.3) or using the wind power 
installation for the production of electricity which is subsequently used to power an electric 
water pump (Fig. 4). 
 

 
 

Fig. 3 Wind system for pumping water by a mechanical pump  
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Fig.4 Wind system for pumping water by an electrical pump 
 

These systems are also used in agriculture for irrigation of dry areas, for pumping water 
from rivers, etc. Basically, the operation of such wind systems for water pumping is almost 
free, except for possible costs of servicing and maintenance. The costs of the initial 
investment must be analyzed in the context of the economic and social importance attached to 
such investment, which can solve a number of serious problems caused by water shortage in 
some regions. 
 
Conclusions 

Wind energy has already been proven to be a very good solution to global energy 
problems. Using renewable resources refers  not only to energy production, but by the 
particular way of generating it, also reformulates the model of development by decentralizing 
the sources. Wind energy is one of the particular forms of renewable energy that is suitable 
for small-scale applications. 
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ABSTRACT 

 

 The paper presents the investigation and analysis of the energy efficiency project envisages the 

building of a waste water heat utilization system as well as automation of the dyeing process in the 

dyeing workshop of the company Bulgaria - K Jsc. As a result of this work a list of energy efficiency 

measures was developed. The most promising measures were selected for analysis. It includes the 

estimated energy savings and the CO2 reduction, due to the use of innovative automation production 

processes in dyeing as part of the company business. 
 

 

1. INTRODUCTION 

 

 The present investigation is the basis of detailed preliminary engineering studies, carried 

out about the working process of the industrial steam generators, type KM-12, analysis of the 

waste waters and working process of the dyeing workshop in Bulgaria - K Jsc. 

The Energy Efficiency Project envisages the building of a waste water heat utilisation system 

as well as automation of the dyeing process in the dyeing workshop. The research results are 

presented along with the Energy Audit performed by specialists of EnCon Services. 

The company Bulgaria - K Jsc is situated in the territory of the town of Kazanlak. The 

following production units are positioned on the site: Mechanical Treatment Workshop, 

Dyeing Workshop and Finishing Workshop. 

An independent boiler station, including three industrial steam boilers type KM 12, is 

located on the main site. The steam generators are operating and supply the site of the 

company by means of a heat carrier consisting of saturated steam 0.5 MPa only for process 

needs and preparation of hot water according to the requirements of the production process. 

 The burned fuel for one year is as follows: heavy fuel oil - 2,835 tons and light fuel oil as 

supporting fuel - 43 tons. The boiler station has also consumed 435,186 kWh of electric 

energy for the BS s own needs as well as 20,225 m3 of softened water (including hot water 

preparation). The operational costs for salaries, insurance, repair and maintenance in the 

boiler station amount to EUR 34,800. 

 

The dyeing of the threads includes processes as boiling-off, washing, neutralising, bleaching, 

dyeing, mercerising, and drying. Most of these processes require considerable quantities of 

heat. The processes of dyeing, using KRANTZ apparatuses are accomplished manually, 

which provokes imperfection in the maintenance of the technological regimes. The result is 

about 30% bad quality dyed threads, which have to be re-dyed, thus increasing the operational 

costs of the production. 
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Nearly 1,500 m3 of waste water at an average temperature of 35-400C, as a result of the 

processes in the Dyeing Workshop, are discharged daily into the sewage system. The 

operational costs of the process of dyeing for materials, consumables, salaries, spare parts and 

maintenance for one-year amount to EUR 261,618 

 

Company Bulgaria - K consumed electricity for process needs in the amount of 4,452 MWh, 

which costs EUR 187,131. 

 The heavy fuel oil consumption was 2,835 tons, costing EUR 749,396. The light fuel oil 

consumption amounts to 43 tons at the amount of EUR 26,576. The water consumption in this 

period was 324,479 m3, amounting to EUR 6,333. 

 The value of the purchased electricity amounts to 19.3% of the total energy costs for one 

year, the heavy fuel oil costs are 77.3%, the light fuel oil costs are 2.7%, while water costs are 

0.7%. 

Figure 1 presents the energy costs breakdown at Bulgaria - K Jsc for one-year period. 

 

 
Figure 1 Energy Costs Breakdown at Bulgaria - K Jsc for one year 

 

Figure 1 shows that the relative share of the heavy fuel oil is significant. This is due to the 

considerable consumption of heat energy, needed for the production processes. In the same 

time important quantities of warm waste water is poured out in the sewage system. 

 

2. DESCRIPTION OF RECOMMENDED TECHNICAL MEASURES 

 
The main goal of this energy efficiency project is to decrease the energy costs of Bulgaria - K Jsc. This 

will be achieved through the implementation of the following two groups of proposed technical 

measures: 

� Waste water heat utilisation; 

� Automation of the dyeing process. 

 

2.1. Waste water heat utilisation 
The project provides building of a waste water heat utilisation system as follows: 

The warm waste water at a temperature of about 35-380C, actually discharged into an open waste 

water reservoir in order to be purified, is pumped to the Heat Utilisation Station, where it passes 
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through an automatic self-cleaning filter LEFCO  France, type LST-04 before entering a heat 

exchange group. The heat exchange group consist of two plate & gaskets heat exchangers GEA  

Ecoflex, type NT100X HV situated in parallel. After giving its heat, the cooled waste water (at about 

150C) is discharged into the sewage system. 

The softened cold water with temperature of about 100C is pumped down from a water tank with 

capacity of 180 m3 by means of an insulated pipeline to the Heat Utilisation Station, where it passes 

through the heat exchange group. 

After heating (up to about 300C) the water is transferred through an insulated pipeline to a warm water 

tank of 100 m3. The warm water from the tank is pumped to the heat exchangers of the sub-stations of 

the Dyeing Workshop in order to be heated up, in accordance with the technological requirements. 

The system provides local control at operative management of the whole process of heat utilisation. 

The local level controls the parameters (flow, pressure, temperature) of the water, the level of water in 

the tanks and the state of the pumps. 

The operative management is realised through a personal computer, situated in the Operative Control 

Centre. Specialised system software ensures the connection with the local controls and visualises the 

information. 

The system optimises the waste water heat utilisation system functioning and ensures the maximum 

utilisation of the waste water heat. 

 

The alculation data about the energy savings from heavy fuel oil, light fuel oil, electric energy and 

water, resulting from the building of the waste water heat utilisation system at Bulgaria-K is shown in 

Table 1. 

 

��� 1 Waste water heat utilisation

1. Base conditions Value Unit Sources

Working hours 4,380 h/yr Bulgaria-K

Boiler station's electric energy consumption 435,186 kWh/yr. Calculation

Boiler station's energy consumption 1,567 GJ/yr

Heavy fuel oil consumption 2,835 ton/yr Bulgaria-K

Light fuel oil consumption 43 ton/yr Bulgaria-K

Water consumption 20,225 m
3
/yr Bulgaria-K

Steam boiler efficiency 85% % Measurement

Heavy fuel oil energy consumption 95,908 GJ/yr

Light fuel oil energy consumption 1,517 GJ/yr

Total fuel energy consumption 97,425 GJ/yr

Operational costs 34,800 EUR/yr. Bulgaria-K

2. Expected conditions Value Unit Sources

Working hours 3,456 h/���. Calculation

Boiler station's electric energy consumption 344,932 kWh/���. Calculation

Boiler station's energy consumption 1,242 GJ/���. Calculation

Heavy fuel oil consumption 2,386 ton/���. Calculation

Light fuel oil consumption 36 ton/���. Calculation

Water consumption 13,825 m
3
/���. Calculation

Heavy fuel oil energy consumption 80,733 GJ/yr

Light fuel oil energy consumption 1,277 GJ/yr

Total fuel energy consumption 82,010 GJ/yr

Operational costs 45,160 EUR/yr. Calculation  

3. Savings

Electricity savings 90,254 kWh/yr.

Heavy fuel oil savings 449 t/yr.

Light fuel oil savings 7 t/yr.

Water savings 6,400 m3/yr.

Operational cost savings -10,360 EUR/yr.

 
Table 1 Energy Savings Data for the Energy Carriers - ECO 1 in Bulgaria - K Jsc 
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The project provides installing of automated systems for full management of the technological process 

for dyeing of thread coils on 9 dyeing apparatus KRANTZ. 

 

The Glauber s salt is introduced in the beginning of the process. The dye is stirred in a special vessel 

with heating up to 600C and mixing with a propeller agitator, and then introduced lightly for 20 min.  

 

The other components (Na2CO3, NaOH or Egazol or TC-fix) are dosed precisely by quantities and by 

adding time. A precise maintenance of the desired parameters and gradients is ensured. The system 

maintains a great number of technological regimes, indicated by Bulgaria-K technologists. 

 

Each system contains: 

� Operating controller and software by Rockwell Automation Allen-Bradley; 

� Operator s panel Easy View 5,7 for selection of the dyeing regime; 

� Electro commuting devices; 

� Temperature and level probes; 

� Pneumatic valves with their accessories; 

� Installation boards by Rittal; 

� Vessel with propeller agitator and washing system of stainless steel X18H9T for dye stirring; 

� Vessel for NaOH of stainless steel AISI316; 

� Dosing NaOH pump by Prominent; 

� Tubing connections. 

Controllable pneumatic valves replace all existing manual valves, needed for the automatic regime. 

 

The module controller Micrologix 1200, the operator s panel Easy View, the operator s manual regime 

panel and the commuting and pneumatic accessories are disposed in the operating control board. 

 

The preliminary assigned technological regimes are selected and controlled on the operating control 

board. Switching to manual regimes is realised by using a password. 

 

The system is extendible with operating computer, inquires and archives. The system ensures the high 

quality of the dyeing process and minimizes the waste, i.e. avoids re-dyeing of thread coils. 

 

The calculation data about the energy savings from heavy fuel oil, light fuel oil, electric energy and 

water, resulting from the installation of the system of automation of dyeing process at Bulgaria K Jsc 

is shown in Table 2. 
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�CO 2 Automation of the dyeing process

1. Base conditions Value Unit Sources

Electric energy consumption 681,861 kWh/yr. Bulgaria-K

Heavy fuel oil consumption 152 ton/yr Bulgaria-K

Light fuel oil consumption 2 ton/yr Bulgaria-K

Water consumption 3,036 m
3
/yr Bulgaria-K

Steam boiler efficiency 85% % Measurement

Heavy fuel oil energy consumption 6,058 GJ/yr

Light fuel oil energy consumption 96 GJ/yr

Total fuel energy consumption 6,154 GJ/yr

Operational costs 261,618 EUR/yr. Bulgaria-K

2. Expected conditions Value Unit Sources

Electric energy consumption 524,509 kWh/yr. Calculation

Heavy fuel oil consumption 117 ton/yr Calculation

Light fuel oil consumption 2 ton/yr Calculation

Water consumption 2,335 m
3
/yr Calculation

Steam boiler efficiency 85% % Measurement

Heavy fuel oil energy consumption 4,660 GJ/yr

Light fuel oil energy consumption 74 GJ/yr

Total fuel energy consumption 4,734 GJ/yr

Operational costs 211,244 EUR/yr. Calculation

3. Savings

Electricity savings 157,353 kWh/yr.

Heavy fuel oil savings 35 t/yr.

Light fuel oil savings 1 t/yr.

Water savings 701 m
3
/���.

Operational cost savings 50,373 EUR/yr.

 
 

Table 2 Energy Savings Data for the Energy Carriers  ECO 2 in Bulgaria - K Jsc 

 

Detailed technical specifications for the main energy equipment and auxiliary facilities are present. 

The cash savings and avoided operational costs to be realised after the project implementation are 

shown at the diagram of Figure 2. 
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Figure 2 Savings and Revenues Resulting from Project Implementation 

 

The analysis shows that the decrease of the project assets energy expenses after the project 

implementation will be 14.2%, compared to current operations, which meets the EBRD requirements 

for achieving minimal savings in energy consumption of 10%, compared to the baseline. 
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2.3. Operational costs breakdown. Project cash Flow. 

The direct annual operational costs of Bulgaria - K include all current costs, related to the 

operation of the new waste water utilisation system as well as to automation of the dyeing 

processes in the dyeing workshop and are presented by the following components: 

� Salaries and social security payments of the operation personnel; 

� All costs, related to the consumables, spare parts and maintenance of the equipment. 

The annual operation and maintenance costs of Bulgaria - K are estimated at EUR 30,160. 

The total operation costs include EUR 20,160 for salaries and social security payments of the 

operational staff and EUR 10,000 for consumables, spare parts and maintenance of the 

equipment. 

Table 3 shows the allocation of the operational and maintenance costs. 

 
Table 3 Operation and Maintenance Costs of Bulgaria-K Jsc 

 

2.4. Revenues such as energy and other savings, revenues from electricity sales, Carbon 

Credits and/or Tradable Green Certificates  
The annual savings as a result of the project implementation are given bellow: 

• Electricity savings amounting to EUR 10,704; 

• Heavy fuel oil savings amounting to EUR 158,773; 

• Light fuel oil savings amounting to EUR 5,159; 

• Softened water savings amounting to EUR 139; 

• Cash savings from operation costs at the amount of EUR 40,013. 

The net savings of the project implementation at Bulgaria - K Jsc amounts to EUR 214,788. 

 

3. CONCLUSIONS 

 

According to the Agreement with European Bank for Reconstruction and Development 

EBRD, the eligible energy efficiency projects are to be investments whereby the financing of 

the sub-project can be repaid from the resulting benefits and savings of no less than 10% 

achieved. As a result of the present project completion, Bulgaria - K Jsc will reduce the 

energy expenses for the assets subject to the project by 14.2%. The cash flow generated from 

the avoided energy expenses is sufficient. 

The developed energy efficiency measures create energy savings and the CO2 reduction, due 

to the use of innovative technology of waste water heat utilization and automation of 

production processes in dyeing. 
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