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Preface 
 

 
 

Energy efficiency usage and development of 
efficient technologies are very diverse areas in the 
investigation methods and in many research 
applications and that is making them so challenging 
and exiting. 

In former times the electrical engineers 
usually understood as energy efficient the design of 
electricity devices and applications with nearly active 
load or with higher cos φ. Electrical performance of 
devices now are suited for many requirements, and 
the efficient use of energy is one of the most 
important. 

Now the economy of energy and the efficient 
use of energy or "using less energy to provide the 
same service" are not only engineering, but become 
also general politic and social problems,  that are 
crucial for the optimizing all the industrial processes 
and that interfere in the final  economical situation of 
one country. 

 Innovative technologies can greatly increase 
energy and material efficiency. In considering the 
development of new technologies, we also need to 
remember that the technology exists to serve us and 
our quality of life, not vice versa. Technology should 
be a tool to help us live more sustainable and 
fulfilling lives. When it comes to evaluating its role 
in building a sustainable future, "technology" is hotly 
debated issue. Improvements in energy efficiency in 
industry are most often achieved by adopting a more 
efficient technology or production process, economy 
of resources.  

The human progress in the technology of the 
last years born a filling of unlimited possibilities, but 

we must think and worry about energy and resource 
price of the new technologies, materials and services. 
Even if we tripled energy and resource efficiency, the 
world could not physically support 6 billion people 
living the lifestyle of the average western citizens. 

Efficient energy use now is the goal to reduce 
the amount of energy required to provide all products 
and services. For example, insulating a home allows 
a building to use less heating and cooling energy to 
achieve and maintain a comfortable temperature. 
Installing fluorescent lights or 
natural skylights reduces the amount of energy 
required to attain the same level of illumination 
compared with using traditional incandescent light 
bulbs.  There are many motivations to improve 
energy efficiency. Reducing energy use reduces 
energy costs and may result in a financial cost saving 
to consumers if the energy savings offset any 
additional costs of implementing an energy efficient 
technology. Reducing energy use is also seen as a 
solution to the problem of reducing greenhouse gas 
emissions. According to the International Energy 
Agency, improved energy efficiency in buildings, 
industrial processes and transportation could reduce 
the world's energy needs in 2050 by one third.  

Energy efficiency and renewable energy are 
said to be the twin pillars of sustainable 
energy policy and are high priorities in the 
sustainable energy hierarchy. In Bulgaria energy 
efficiency is also seen to have a national security 
benefit because it can be used to reduce the level of 
energy imports from foreign countries.  
           This International symposium is the second in 
this series. The organizers try to focus more attention 
of research and academic community in Bulgaria on 
these important topics. We express our gratitude to 
Prof. Jeong Tai Kim and The Center for Sustainable 
Healty Buildings, Kyung Hee University, Republic of 
Korea for joining in the organization of that meeting 
for bridging our effort for better understanding of 
complex character of the problems of energy 
efficiency in modern human community. 

 

  

 

Prof. Georgy Mladenov 
Chairman of the PEP TET 2013, 
Editor of this issue, 
Corresponding member of BAS.       
e-mail: mladenov@abv.bg 
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The Center for Sustainable Healthy Buildings (CSHeB) 
 
 

 
 

The Center for Sustainable Healthy 
Buildings (CSHeB) was founded in September of 
2008 with the award of Excellent Engineering 
Research Center (ERC) from the Ministry of 
Education, Science and Technology (MEST) of 
Korea in conjunction with National Research 
Foundation of Korea (NRF). Additional financial 
support came from Kyung Hee University. 

Korean government has recognized the 
importance of sustainable healthy building 
technology as one of the core technologies to support 
the future of Korean Green Industry. Therefore, 
CSHeB was nominated as one of the government 
supported research centers. CSHeB, established at 
Kyung Hee University, consists of 14 faculty 

members from seven prominent universities in 
Korea, more than six research associates, and 60 
graduate students. 

The architectural environment in modern 
buildings should be formulated to promote healthier 
living of human beings, considering all physical, 
chemical, biological, psychological, and social 
aspects. We believe this can be achieved by efficient 
design, control, construction, operation, and 
management of sustainable architectural resources. 
CSHeB aims to research and develop such 
sustainable healthy building technologies and their 
related key technologies particularly influential to 
Green Industry. 

CSHeB is trying to be an outstanding R&D 
center with global competitiveness by providing on-
site research facilities, establishing synergistic 
interconnection with interdisciplinary researchers, 
and promoting collaboration and cooperation with 
various industries, government departments, and 
international universities. The center also plays a key 
role in promoting sustainable healthy building 
technologies academically by hosting international 
symposiums, seminars, and workshops. 

We will endeavor to fulfill our mission along 
with our other social and academic duties. We look 
forward to your continuing interest and support. 
 

  

Jeong Tai Kim, Ph.D. 
Director, Center for Sustainable Healthy Buildings 
Professor of Kyung Hee University, 
Co-Chairman of the PEP TET 2013 
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GREEN COUNTRY RESOURCES 
 

Cost effective analysis of solar and wind power in Oman 

Dr. Dharmasa 

 

This paper presents solar and wind energy relevance to Oman with feasibility analysis. The study 
first identifies the available strength of Concentrating Solar Power (CSP), Photo Voltaic (PV) and 
Wind Turbine (WT) power generation based on the environmental conditions of the country. Then the 
study looks closely at the major past and present renewable energy initiatives, industrial and research 
capabilities in the region with a specific focus on solar and wind energy technologies. The paper 
discusses about the specific options of these resources in the remote and rural regions. The cost 
effective generation of electricity using solar and wind power is compared to existing electricity power 
tariff, that is mainly based on diesel based power plants. The paper simulates some cost benefits 
studies conducted on the PV based solar power and wind power generation and utilization as 
independent resources (non-grid) study. Furthermore, the work extends in all alacrity along some 
highlights of active roles of Rural and Urban Electricity Companies for the coming future plan. Paper 
justifies cost effectiveness and feasibility of green energies based on factors like location, size, 
management, selection and the operation of plants. 

Aнализ на ценовата ефективност на слънчевата и вятърна енергия в Oман (Др. 
Дармаса). Тази работа представя уместността на слънчевата и вятърна енергия в Оман чрез 
анализ на приемливостта им. Изследването най-напред идентифицира достижимия 
интензитет на генерация с технологийте Концентрирана Слънчева Енергия (КСЕ),Фото-
волтаика (ФВ) и Вятърни турбини (ВТ), на основата на природните условия на страната. 
След това се разглеждат по-важните минали и сегашни инициативи в сферата на ВЕИ, 
индустриалните и изследователски възможности на региона със специфичен фокус върху 
слънчевите и вятърни енергийни технологии. Работата обсъжда специфичните особености 
на тези технологии в отдалечени провинционални райони. Печеливша генерация на 
електричество със слънчеви и вятърни генератори е сравнена със съществуващата тарифа 
на електрическата мощност, която е предимно базирана на използване на дизелови 
генераторни станции. Работата симулира някои ценови преимущества на ФВ и ВТ енергия 
при използване като независими извън-мрежови ресурси. Нещо повече -изследването 
разширява в цялата гъвкавост около някои основни идеи активната роля на 
Провинционалните и Градски Електро-разпределителни компании за бъдещите планове за 
електрогенерация. Работата уточнява печелившата и реализуема зелена енергия на основа на 
фактори като разположение, размер, управление, селекция и действие на генераторните 
станции. 

 

 

Introduction 
Globally research and development has been 

carried out in the field of renewable energy resources 
due to its positive impacts on the environmental, 
economic, and political issues of the world [1]. The 

interest behind this study is the government of 
Oman’s encouragement towards the development of 
green and clean energy technologies. As far as the 
geography of the country is concerned, some areas are 
particularly difficult to access, in particular the 
mountainous north with the propagation of 
transmission and distribution of generated energy 
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being extremely difficult as such. 
The country  is located in the southeastern part of 

the Arabian Peninsula between latitudes 16°40’N and 
26°20’N and longitude 51°E and 59°40’E, and shares 
borders with the UAE, Saudi Arabia, and Yemen. The 
land area in Oman was last reported at 309500 km2  as 
per a World Bank report published in 2012. The land 
area regarded as country's total area, excluding area 
under inland water bodies and exclusive economic 
zones. In the latest news [2] Renewable Energy 
Readiness Index, Oman received 5.2 points out of a 
total of seven followed by the UAE and Saudi Arabia 
with scores of 4.7 and 4.55, respectively. Oman has a 
high ratio of ‘sky clearness’ and receives extensive 
daily solar radiation ranging from 5,500-6,000 Wh/m2 
a day in July to 2,500-3,000 Wh/m2 a day in January, 
giving it one of the highest solar energy densities in 
the world. In the year 2008 Oman’s Authority for 
Electricity Regulation (AER), Oman submitted a 
study report [3] on Renewable Energy Resources of 
Oman and Government initiates, policies. It was 
established by Article (19) of the law for the 
regulation and privatization of the electricity and the 
related water sector promulgated by Royal Decree 
78/2004. This “Sector Law” also describes the role of 
alternative energy in the future economic development 
of the country. Additionally, in the year 2012 an 
independent researcher wrote a note-book on the 
renewable in the Gulf Cooperation Council (GCC) 
region. Both [3] and [4] reports gave much emphasis 
on the potential availability of  green resources like 
Concentrated Solar Power (CSP) & Photo Voltaic 
(PV) and Wind power. 

The application of CSP in Oman found suitable 
with reference to the Direct Normal Irradiation (DNI) 
intensity of worldwide capacity. For the class of 2000-
2099 kWh/m2/y DNI can generate 3242 TWh as per 
[5] in case of Middle-East zone. Also, it is interesting 
to note that in the year 2009 the cost of construction of 
a CSP station was typically about US$2.50 to 4 per 
watt, while the fuel (the sun's radiation) is free. Thus a 
250 MW CSP station would have cost $600–1000 
million to build. That works out to $0.12 to 0.18 
USD/kWh [6].  In [7] the geographical mapping 
models are focused to locate the most appropriate site 
for large CSP plant in Wilayat Duqum, Oman based 
on a parabolic trough / dish, tower etc. But this 
technique requires large amounts of water for washing 
the mirrors.  A cost effective Motor-Wiper based dust 
cleaning/washing technique is developed in [8] to 
improve the efficiency of solar panels. Directly, this 
technique can be applied to clean the mirror with 
minimum use of water. The study [9] presents to 

minimize average production cost per kWh of CSP 
(West Africa) with the selection of reference plants 
(like Parabolic Trough, Central Receiver etc,). For 
example: DNI greater or equal to 5 kWh/m2 shows the 
lowest output is about 0.6 GW using Central Receiver, 
whereas Parabolic Trough gives higher output nearly 
21.3 GW. 

In [10] overview of PV technology, opportunities 
and challenges are presented, as well as a case studies 
reported  on residential energy of 46kWh for Oman 
and PV base 0.76 kW water pumping(18m3/day) 
system in village  at near by Sur. Then we can find 
[11] PV system optimal sizing for 0.7 kW which 
produces 1316 kWh/yr energy. After sizing results 
shows that the solar energy utilization is an attractive 
option with initial cost, Net Present Value(NPV) of 
the system, and energy cost are 3,425 US$, 6,233 
US$, and 0.561 US$/kWh, respectively, when 
compared to diesel generator output cost 0.558 
US$/kWh.   In the year 2010, PV base 3.2 kW 
standalone system is installed at Caledonian College 
of Engineering, Oman report articulated in [12] and 
found the unit cost of energy equal to 0.3926 
US$/kWh. 

Solar and wind energy relevance for the 
country like Oman 

For Oman, firstly the Main Interconnected System 
(MIS) has to studied/analyzed, because it is based on 
single purchaser model [Appendix A]. This particular 
data will help to connect solar and wind energy 
technologies to the grid as per [3] the future (2011-
2017) electrical power plan   shown in Fig 1. 

 
 

 
Fig. 1. Load plan as per Oman Power & Water 

Procurement Company(OPWP) 

In Oman actual generating cost of one kilowatt of 
electricity is around 205USD. The electricity is 
provided to people in Oman with 70% subsidy [As per 
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Oman Observer news dated 1 Sep 2013: for the year 
2012 Electricity subsidy =718 Million USD] (OMR 
1=1000 baisa= 2.6 USD). It is fact that, [13] oil and 
gas form of energy is unsure and also have an impact 
on environmental like emissions of CO2, Sulfur, etc.  
Subsequently, the relevance of solar and wind energy 
exits for Oman, which offer energy independence and 
sustainable development and in addition creates long-
term local jobs and industries. 

 
Solar insolation in Oman 
The weather data were taken from the monthly 

climate summary reports issued by the Directorate 
General of Meteorology and Air Navigation 
(DGMAN), Oman, for each city for Oman map as 
shown in Fig 2. 

 

 
Fig. 2. Oman map with 10 locations 

The solar radiation varies from place to place and 
can verify for 5 cities using 
[http://solarelectricityhandbook.com/solar-
irradiance.html] in kWh/m2/day onto a horizontal 
surface. The measurement for ten different cities 
values are as follows:  Seeb 5.6 kWh/m2, Suwaiq 5.59 
kWh/m2, Buraimi 5.38 kWh/m2, Sur 4.52 kWh/m2, 
Salalah 6.06 kWh/m2, Ibri 5.6 kWh/m2, Muscat 5.6 
kWh/m2, Fahud 5.69 kWh/m2, Khasab 6.09 kWh/m2, 
Sohar 5.43 kWh/m2 per day. The average solar 
insolation of country varies from 4.52 – 6.09 
kWh/m2/day, corresponds to 1650 – 2223 kWh energy 
per yr( Remote location of Suwaiq is considered under 
study). 

Wind strength in Oman 
Data required for a wind speed study like elevation 

and roughness length was obtained from the 
DGMAN, Oman The wind strength at any location 

can be utilized for power conversion from the 
rotational energy into mechanical energy by turning a 
rotor. The equation for power converted from the 
wind into rotational energy: ½*ρAV3Cp (Air 
density= ρ in kg/m3; Blade swept area A in m2; 
V=Wind speed in 12 m/sec; Power Coefficient (Cpmax 
= 0.59)). 

Researchers of [14] evaluate five (2004-2008) 
years hourly wind data from twenty-nine weather 
stations to identify the potential location for wind 
energy applications in Oman. The power output, 
vertical profile, turbulence and peak demand fitness 
with reference to 29 stations have air densities less 
than 1.2 kg/m3 apart from Sur location. It is clearly 
seen that few stations have annual theoretical power 
density above 150 W/m2. These stations are with 
twelve-monthly wind speeds above 4.5 m/s. Only two 
stations, specifically Thumrait and Qayroon Hyriti, 
have yearly wind power densities above 200 W/m2]. 
The Oman Solar System (OSS) local company [15] 
has designed, supplied and installed the first 10kW 
Wind Powered Electrical Water Pumping System in 
Oman for Ministry of Water Resources (MWR) at 
Heelat Ar Rakah Camp, Thumrait in December 1996. 
Similarly, OSS has developed solar base projects 
agriculture, telephone, refineries etc. In Oman Rural 
Area Electricity Company(RAEC) in its  five year 
plan (2013-2017) taking care to work on two other 
wind farms in Masirah and Thamrait, this can produce 
200 kW to 300 kW of power. They are already in an 
move head step to start building a 350 kW solar 
project and a 750 kW wind power project in Al 
Mazyuona and Masirah. 

Major renewable energy initiatives and 
progress in Oman 

The availability of oil and natural gas in Oman 
quite is easy, as on 2008 in [3] Oman 92 % of 
electrical power produces with less cost source i.e. 
natural gas.  At the present [As per news: Times of 
Oman, dated: 28-08-2013] Oman has imported gas 
through a pipeline from Iran, which is commencing 
from 2015, in a 25-year deal valued at nearly $60 
billion. For the reason that, Oman has plants able to 
produce up to 10.4 million tonnes of  LNG a year, but 
has not produced more than 8.8 million in the last five 
years and output fell to 8.4 million in 2012, domestic 
energy needed etc. Electrical energy for year 2012 
growth like 6.4% i.e. Fr: 11510 GWh to 12240 GWh 
(as per National Centre for Statistic & information). 

As per [3]  AER  shortlisted six projects in Oman 
as the production costs of renewable energy 
technologies decrease due to increased efficiency and 
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overall structure optimization. 
In July 2011, Petroleum Development Oman 

(PDO) honored the first solar thermal Enhanced Oil 
Recovery (EOR) project to GlassPoint Solar. The 
PDO will use a 7MW solar array to produce 11 
tons/hour of high pressure steam which will be used to 
extract 33,000 barrels of oil. It will also provide 24 
hour heating expressed by CEO and can cut 80% of 
natural gas. (Muscat Daily news dated 26th May 
2013).  As per [7], it was proposed to start with a 
100MW power plant which is expected to consume 
about 2.4 km2 of flat land for the parabolic trough 
CSP technology. The total calculated potential of 
yearly electricity generation would be about 2.3 TWh. 
 
 

AER supports the implementation of pilot projects 
in conjunction with the RAEC diesel generation in 
rural areas. These six projects would allow RAEC to 
replace 11GWh of annual diesel generation with 
renewable sourced electricity, this would reduce oil 
consumption by 19498.4139 barrels per year and 
avoid 8,298 metric tons of CO2 per year [14].  It also 
sumits, if  the solar water heaters are used in the Seeb 
region over 31,182 building roofs (8.8km2), then total 
annual energy saving was estimated to about 335,431 
MWh/year which is equivalent to a total annual 
Greenhouse Gas Emission Reduction of 148,590 
tCO2, which is equal to 2,625,374 oil barrels per year. 
Study suggests  the Capital Cost Allowance  in the 
format subsidy=> 50% : 50%= User: Government. 
Further, as  per [Muscat Daily news dated 28 Aug 
2013] in Sur, Sohar, Ghala and Wadi Kabir many 
have switched to solar based hot bathing water, which 
can provide around the clock hot water with built in 
Thermos Flask technique. 

In case of Duqum area, future plan supervised by 
the Supreme Committee for Town Planning, the 
demand load is expected to meet 100MW in 2013 by 
solar. On the other hand, the Oman Electricity 
Transmission Company (OETC) has already planned 
the construction of a 400 KV transmission line which 

is expected to reach Duqum and connect it to the main 
grid by the year 2013. 

In teamwork with the Middle East Best Select 
fund, Terra Nex, a Switzerland-based global wealth 
management company, recently announced plans to 
invest US$2bn to develop a solar energy value chain 
project in Oman [Muscat Daily news dated 31 Aug 
2013]. 

Case Studies: Separete and combined analysis 
of solar and wind stations 

In the year 2008 (Authority for Electricity 
Regulation) AER Oman [3] received proposals from 
12 developers for 35 pilot projects with a capability of 
around 48.7 MW in Oman. Two proposals are WT 
based with a total capacity of 4.7 MW. Proposals were 
received for 33 solar projects with aggregate capacity 
of 44 MW, of which 27 MW (61%) proposed PV 
plant and 17 MW (39%) CSP. This leads to the cost 
effective analysis of pilot projects like 3MW to 5MW.  

We can find good economic solution for Oman  as 
per [16-17]  the role of policies on the economic 
feasibility  of 5MW  PV  base plant for 25 locations. 
These papers also expressed that capital cost 
allowances will reduce  impact of taxes and improve 
the project economic feasibility significantly, this 
study respected the New Royal Decree 28/2009 
corporate tax rate for companies as 12%.  

The grid-connected PV Solar System can be 
connected to MIS in Oman. A visit is conducted   to 
study grid connected PV solar project located at 
Raichur-Karnataka-India as views(left side first) 
shown in Fig. 3 (Approximately area =60703 m2; Grid 
voltage=11kV, Average. Output of April 2013 =284. 
55MWh). This station does not effectively, utilize the 
shaded- land available below the panel, which have 
direct impact on initial cost and unit cost of energy. It 
is well known that solar panel surrounding area is 
non-hazardous, not revolving, these points will help 
PV based power generator to think towards for 

  
Fig.  3. Combined views of  Visit palce- PV shaded palnel Land –Gap Management 
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forming veggies and this will support to cut the initial  
land cost need. 

Partial shaded place under PV panels can be used 
to grow cooler temperature preferring veggies such as 
Broccoli, Cabbage etc. They will grow with only 3 to 
4 hrs of direct sunlight per day [18].   To add boost to 
the Oman’s deserts land, Hydroponic farming  may 
suits better, which requires an investment of up to 
[News as: High-Tech Agriculture, Tribune, dated 23 
Mar 2013] USD 15424 per acre, though it can yield 
net profits of up to USD 30848 per acre annually.  
Adaptability of this farming-technique as shown in 
Fig.3, may be production cost is so high, which cannot 
compete with the traditional farming, especially where 
agricultural land water is easily available. Finally, 
taste of product must accepted by the people. As per 
[www.zenithenergy.com] report (1-10MW projects) in 
India express that 15% rise in initial cost/ MW PV 
panel with inclusion of land cost. 

Cost Effective Analysis of 3MW PV Solar 
Station 

Here, 3 MW PV plant  is studied at  Sawaiq,  for 
Oman with the objective of Cost  Effectiveness of 
energy. The data table 1, which can provide 
considerable input to the grid to supply deferrable AC 
load, this may kindle to analyze at other locations of 
Oman. Table 2 and Table 3 represents outcome with 
major input parameters fed into simulation software 
Homer [19]: Capital Cost of 3 MW PV 
Module=$6000000; Replacement Cost=$5100000;  
Rate of interest=6.5%; Derrating Factor=80% ; 
Defferable Load=8700 kWh/day; Peak =1987 kW. 
Latitudes =26°20’N and Longitude =59°40’E. Energy 
$ 0.160/kWh is appreciable [Appendix C] (CSP is not 
analysed, bcz insolation have direct impact on same). 

Table 1    
Input  Laod Data 

J=6429 F=7896 M=8565 A=9812 M=10916 J=10730 Month kWh/d 
J=9688 A=9423 S=9128 O=8506 N=6982 D=6174 

 

Table 2   
Net Present Costs 

Capital Replacement O&M Fuel Salvage Total 
Component 

($) ($) ($) ($) ($) ($) 

PV 5,100,000 0 0 0 0 5,100,000 

Grid 0 0 710,579 0 0 710,579 

Converter 350,000 125,180 1,757,051 0 -29,637 2,202,593 

Other 0 0 87,959 0 0 87,959 

System 5,450,000 125,180 2,555,589 0 -29,637 8,101,132 

 
Table 3   

Cost Effectivenss of  kWh with Land-Gap Management 

Content Before Land- Gap Management After Land Gap Management 

Total net present cost $9001130 $ 8,101,130 

Levelized cost of energy $ 0.178/kWh $ 0.160/kWh 

Operating cost $ 211239/yr $ 211,239/yr 
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Fig. 4  Combined views of  load variation, proposed WT location & company  

Table  5  
AC Wind Turbine: [Fuhrländer 250] and  Electrical Power Contribution 

Variable Value Units 

Total capacity 15,000 kW 

Component Production 

(kWh/yr) 

Fraction 

Mean output 5,463 kW Wind turbines 47,859,220 =>99% 

Capacity factor 36.4 % Generator 1 278,053 =>1% 

Total production 47,859,220 kWh/y Total 48,137,272 =>100% 

 

 
Usually, WTs  are located away from the city, 

same as in case of marble cutting industry.  Fig.4   
shows the load data of industry 
(www.aljazeeramarble.com, @Sawaiq, Oman) and it 
shows nearby place suitable height 30m for WTs. 
Again, the HOMER [19] simulated cost-effective of 
energy by neglecting tr.line cost. Major parameters 
submitted are: Capital Cost of   WT=$6045000; WT 
Replacement Cost=$5138250; Rate of Interest=6.5%.  
The results are: Total net present cost=$ 8,524,006; 

Levelized cost of energy=$ 0.222/kWh; Operating 
cost=$ 195,034/yr are tabulated in Table 5 (Diesel  
Denerator of 200kW support). 

Observe, variable load not connedted to the grid, 
because in [20] discussed that power generation must 
match load to maintain the stability of the electrical 
grid or choose variable load not connedted to the grid. 
It is found to that, building a wind plant closer to load 
than would be profitable for generation solution 
comparatively a higher cost of transmission line. 

 

Table 6 
   Tabulation of Optimal cost & Bar chart-Net cash flow 
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Table 7  
Net Present Costs Comnined Structure 

Capital Replacement O&M Fuel Salvage Total 
Component 

($) ($) ($) ($) ($) ($) 

PV 2,000,000 454,075 0 0 -248,565 2,205,510 

Fuhrländer 250 3,022,500 998,937 0 0 -177,387 3,844,051 

Generator 1 100,000 229,330 148,131 683,465 -4,198 1,156,728 

Converter 400 124 0 0 -22 502 

System 5,122,900 1,682,467 148,131 683,465 -430,172 7,206 

 
Feasibility Analysis of PV Solar Plus Wind 

Stations 
To achieve the energy  feseability systems are 

combinedly operated to meet load of marble  comapny 
as choosen earlier i.e:   PV Arry=1000kW; WT30 
Fuhrländer 250 kW; Gen=200 kW; Inv=1 kW; Rec=1 
kW. It is observed that, as the PV contribution is 
added, which improve the reliability of the system and 
also reduces the number of system of WTs also 
decreases to 25 Nos. This have direct impact on 
capital cost and as well deccreses the unit from from 
$0.222 to $0.190. Combined system economic results 
are tabulated in Table 6 and 7.  With reference to 
Appendix A, B and C system feasibility may still 
improve to cost effectiveness. 

Conclusion 
The cost effective energy study outcome  will assit  

to append more and more  clean and clean energy in 
Oman. At present  Oman offers best price for more 
stable energy with the impact on environment. The 
paper found technicality of green resources like CSP, 
PV Solar and WT power and its suitability of feeding 
energy to main interconnection system (grid). The 
reference  load data of  Oman’s future plan directly 
renewable energy thinkers. Minization of capital cost 
of the system both Solar and WT setup, based on 
selection of Land-Gap Managemnet and location 
selection, respectively found straight reduction in unit 
price. Optimal cost effectiveness and feasibility can 
found by combined operation of solar PV and WT 
systems, when comparative independent opearation of 
system. Homer displays both sensitivity and optimal 
solutions, which contains other details like Emissions, 
Annualized cost etc. Grid rate (energy purchased, 
energy sold, net purchases, peak demand, energy 
charge, demand charge). These data may significant 
role to decide the new tariff for renewable energy in 
future. 
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Appendix A: Power Generation-Distribution-Transmittion-Purchaser link 

 
Appendix B: Solar and Wind based projects plans in Oman 

Project Rating Locations  Developer 
Wind Power 500 kW Masirah Island Gulf Renewable Energy 

PV Solar 100 kW Hij Gulf Renewable Energy 

Wind Power 4,200 kW Saih Al Khairat, a Wilyiat of Thumrait Zubair/Tefirom/Suzlon 

Solar Power 292 kW Al Mazyonah DSME/Conergy/Bahwan 
Engineering 

Solar Power 1500kW Not confirmed Centrotherm Photovoltaics 

Solar Power 28 kW(storage) Al Mathfa Phoenix Solar / Silver Circle 

Solar thermal  7000kW PDO, Amal West Glasspoint 
  

Appendix C: Solar PV Module Spot Price  
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Energy efficiency and renewable energy generation in Bulgaria 

Elena G. Koleva, Georgi M. Mladenov 

 

The interest in Renewable Energy Sources (RES) utilization and Energy efficiency improvement 
programs in Bulgaria reflects the changes in the field of energy policy worldwide and in Europe. Now 
energy management becomes a great problem of inner policy of Bulgarian government.  In the last 
few years there has been a growing interest in the renewable energy sources applications. Bulgaria 
has one of Southern European countries with richest renewable energy resource base.  Bulgarian EU-
backed target is for 16 percent renewable energy sources of all energy generation by 2020. The paper 
presents the status of renewable energy technologies and their installed capacities. The opportunities 
and constraints for development and use of renewable energy are considered. There are given data for 
energy balance, dwellings and one illustrative example of energy efficiency improvement of one multi-
dwelling panel house, typical for a lot of Bulgarian citizens in small and big towns. 

Енергийна ефективност и възстановяеми източници на енергия в България (Е. 
Колева, Г. Младенов). Интересът за използване на Възстановяеми Енергийни Източници 
(ВЕИ) и на програми за повишаване на енергийната ефективност в България отразява 
измененията в областта на енергийната политика навсякъде и в Европа. Сега управлението 
на енергийния сектор стана голям проблем от вътрешната политика на Българското 
правителство. Впоследните няколко години имаше и нарастващ интерес вприложенията на 
ВЕИ. България e една от държавите в Югоизточна Европа с най-богата ВЕИ ресурсна база. 
Българската цел в рамките на ЕС планираното за 2020 е 16 процента ВЕИ от общата си 
генерирана енергия. Работата представя състоянието на ВЕИ технологиите и инсталирания 
им капацитет.  Възможностите и ограниченията за развитие и използване на ВЕИ са 
разгледани. Дадени са данни за енергийния баланс, жилищата и един илюстративен пример за 
подобряване на енергийната ефективност на жилищен панелен блок, типичен за повечето 
жилища в малките и големи градове. 

 

Introduction 
Bulgaria is the most energy inefficient country 

in the EU. Despite of a progress in the last decade, 
energy efficiency remains an enormous challenge for 
the country. The low level of energy efficiency is a 
burden on the economic competitiveness, keeps the 
energy dependency at an unnecessarily high level and 
it also associated with significant social cost as a 
result of high energy bills and fuel poverty. Electricity 
and heating of homes prices are politically sensitive in 
Bulgaria, where power bills eat away a huge part of 
monthly incomes, especially during winter months. 

In the last two year a big increase of mounted solar 
parks start to work and the former government who 
was responsible for the licenses in the power 
generation sector on second half of 2012 try 
unexpected actions to stop increased participation in 
Bulgarian electricity mix the expensive component 
from two power coal combustion stations, owning by 

USA companies, as well as of the clean renewable 
(wind and solar) energy sources. In this direction the 
Bulgaria's energy regulator drastically cut guaranteed 
rates for electricity generated by wind and solar power 
parks. The regulator cut by more than 50 percent the 
preferential feed-in tariff for the obligatory purchase 
of solar energy and by 22 percent the energy produced 
by wind power. The new tariffs come into effect from 
July 1, 2012 for solar and wind parks and were in 
power until 1 August 2013. The regulator said that a 
large part of the increase of electricity bills was 
because of the growing proportion of more expensive 
green energy. 

As a separate action, the energy regulator also 
increased the power transmission fees by 50 percent 
from July 2012, that hitted the electricity exports to 
neighboring countries. This action really leads to huge 
losses for both producers and traders of electricity and 
coal in Bulgaria. 
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Fig.1 Solar resources in Bulgaria-theoretical potential (kWh/m2/year): 1- <1450; 2-  1450÷1500; 3- >1500 

 
Al l these government actions had controversial 

effect - the peoples go on roads making protests 
against energy monopoly and the government falls. 
The subsequent actions of temporal government, 
which prepare the next election on 12 May 2013, and 
mainly of newly elected parliament and government 
lowered electricity prices about 4,5% from 1 August 
2013, but problems with low monthly wages and need 
to improve energy efficiency are still actual tasks. Just 
the higher energy efficiency offers unique low cost 
opportunities for stimulating employment and 
economic growth, improving the standards of living 
and reducing the energy bills as well as a decrease of 
the greenhouse gas emissions. 

This paper presents an assessment of Bulgarian 
renewable sources of energy as a stage in increasing 
the contribution of these resources in the country’s 
total energy balance, aiming at the improvement of the 
environment, the stimulation of industrial 
development and creation of new jobs. The paper 
considers the potential for solar, wind, both large and 
small hydro, geothermal, and biomass and waste 
energy sources. There are given data for energy 
balance, for the dwellings and one illustrative example 
of energy efficiency improvement of one multi-
dwelling houses, typical for 2 000 000 to 2 700 000 
Bulgarian citizens, living in small and big towns. 

Theoretical renewable energy potential 
Total or theoretical resource potential is defined as 

the total amount of the energy source from which 

energy can be generated. Solar resource theoretical 
potential is the solar energy on the earth surface that is 
expressed as the average kilowatt-hours (kWh) of 
thermal energy incident on a square metre of 
horizontal area. This is given in daily, monthly or 
annual averages to obtain the theoretical or total 
energy available. The Institute of Hydrology and 
Meteorology (IHM) of the Bulgarian Academy of 
Sciences (BAS) has sunshine hour data from 45 sites 
covering 30 years and actual solar radiation (SR) 
measurements from 5-6 stations [1,2,3]. The results 
from the analysis of this data using a correlation 
relating solar irradiation to sunshine hours are shown 
in Fig. 1. The country is divided into three solar 
regions: 
I - SR<1 450 kWh/m2/year (41 % of land area) 
II - SR: 1 450 - 1 500 kWh/m2/year (52 % of land 
area) 
III - SR >1 500 kWh/m2/year (7 % of land area) 
        This gives a figure for the energy falling on 
Bulgarian soil over one year of approximately 12 995 
million tones of oil equivalent (Mtoe). 

The   theoretical potential   for wind is the energy 
contained in the wind at a certain height above the 
ground level. This potential is commonly expressed as 
the average annual wind speed for a location of 10 
meters above the ground level. Data of the wind speed 
and the wind direction has been obtained by the IHM 
from 419 meteorological stations over 30 years [1−3]. 
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Fig.2. Theoretical potential of wind energy in Bulgaria-average annual wind speed 

 
Fig.3. Wind energy flows in W/m2 

 
Figure 2 shows a wind resource map. The country 

is split into four wind zones. The only two zones of 
interest for wind electricity generation are zones with 
5−7 m/s and more than 7 m/s. An estimate of the land 
area in these zones is 1 430 km2. 

Total theoretical potential for hydro-
electric power is commonly expressed in terms of 
Gigawatthours (GWh) of electrical energy which 
could be generated from this source per annum, and 
estimated from river flow rates and the change in 
height of the rivers over sections of their length. The 
resource assessment has been based on existing data 

(over many years). Based on the analysis of hydro 
resources they have been divided into categories: large 
hydro of above 2 MW and small hydro of below 2 
MW installed capacity. Table 1 shows the theoretical 
hydro potential in GWh/year and ktoe [5]. 

Total potential for small hydro-electric power 
is commonly expressed in terms of Gigawatthours 
(GWh) of electrical energy which could be generated 
from this source per annum, and estimated from river 
flow rates and the change in. 

Theoretical potential for geothermal, where 
Bulgarian sources  are  primarily  for  thermal  use,  is  
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    Table 1.  
 Hydro Resources- Theoretical Potential and Installed Capacity 

 
   Table 2.  

Geothermal Resources-Theoretical Potential and Installed Capacity 

 

Table 3.  
Bulgarian Biomass Theoretical Potential 

 
thermal energy contained in thermal waters. Energy is 
expressed in Terajoules per annum (TJ/yr) for 
comparison purposes with energy balance data and it 
is calculated from the flow rate and the temperature of 
thermal waters. Theoretical potential is taken only 
from known resources. The total geothermal potential 
has been assessed on the basis of data from more than 
120 different sites around the country. It is shown in 

Table 2. 
 Theoretical potential for biomass and waste 
is first expressed in available tones of resource per 
annum. The theoretical potential depends on the 
calorific value of each waste or biomass resource. 
Tones of biomass are defined by either the amount of 
waste produced (for industrial, animal and municipal 
wastes) or by the land area which is under crops (for 
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agricultural wastes and for energy crops) and produces 
a certain yield on the annual basis. The number of 
biomass sources is large. 

 

 
Fig.4 Bulgarian biomass resources relative proportions at 

measurement in toe 

The main categories are: forestry residues; energy 
crops - wood; energy crops - liquid biofuels; 
agricultural solid waste; agricultural liquid waste; 
industrial solid waste; industrial liquid waste; 
municipal solid waste; municipal liquid waste. Table 3 
shows biomass resources by resource type. The 
relative proportions of biomass categories are shown 

in Fig. 4. All theoretical potential can be expressed in 
common terms: tones of oil equivalent (toe) or 
Terajoules (TJ), in order to allow comparison. 

The amount of agricultural waste in Bulgaria is 
estimated to 7.4 million tons per year of which 3.6 
million tons of wheat waste, 0.8 million tons of barley 
waste, 2.4 million tons of corn waste, 0.6 million tons 
of sunflower stems. Wood waste amounts to 1.1 
million tons per year. 

The profile of Bulgarian theoretical potential for 
renewable energy resources is summarised in Table 4. 

Renewable energy technologies− present status 
and installed capacity 

Without energy all our economic and living 
activities will stop and our modern world will cease to 
exist. The ultimate importance of energy is reflected 
into the ever-growing pattern of supply and 
consumption. Some important determinant of the 
power generation in Bulgaria, are: 

 

Table 4.  
Bulgarian Renewable Energy Resource 

 
 

 
Fig.5. Renewable energy resources potential in Bulgaria 
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• Large-scale hydro power is currently the main 
source of cheapest energy, but its technical 
and economic potential is already fully 
exploited  

• Good opportunities exist for biomass, since 
60% of land is agricultural, and about 30% is 
forest cover. 

• Total wind energy capacity of around 2,200 – 
3,400 MW could be installed in the next years 
(3 000 MW 2020 ) 

•  Solar potential exists in the East and South of 
Bulgaria, estimating mounted PV panels for 
>1 000 MW just now, 

• >200 MW could be generated from the 
geothermal sources. 

•  

 
Fig.6 Bulgarian energy sources by fuels, 2005 

 
Fig.7  Structure of energy sources for production for 

electricity and heat, 2008 

On Fig.6 are shown energy sources of Electricity 
generation at 2005, that is typical and for the next 
years. It can be seen, that main part of electricity 
energy is produced mainly by coal combustion and by 
nuclear reaction (40,6% and 42%). From the RES 
practically in 2005 exists only Hydro electricity 
generation. Additionally it can be noted: 

• Poor local energy resources – only low quality 
lignite coal 

• Bulgaria imports 89% of the petrol, 100% of 
the natural gas and 100% of the nuclear fuel 
from Russia; 

• The energy intensity of Bulgaria is the highest 
among the countries in EU-27; 

• The reduction of the energy intensity of the 
final energy consumption with 2,5 times up to 
2030 will save energy about 26 ktoe annually; 

• There are a big potential for energy efficiency 
investments with short pay-back. 

Fig.7 shows the structure of energy sources, used 
in 2008 for electricity generation.  There nuclear 
energy is decreased, but coal combustion is increased, 
practically due to imported coal. RES there take 2% 
from electricity balance. 

           The renewable energy technologies are at 
different stages of development. Geothermal, solar 
and wind energy have been widely studied. Small 
hydro generators have been installed over many years 
but the overall capacity is still quite low (Table 1). 
Biomass has an enormous installed capacity in the 
domestic, agricultural and industrial sectors but 
reliable data on the precise amount is very difficult to 
find. 

Solar energy 
Solar thermal water heating. There are more than 

50 000 m2 plane collectors installed largely in hotels 
for catering and some process heating such as bottle 
washing.  

Passive solar design. There are tradition to 
improve heating and ventilation by solar heating of 
buildings. From monitoring of experimental passive 
solar house for a one month period it was found that 
the passive solar contribution was 30 % of the load. 
There is clearly a good potential for passive solar 
heating given the good solar resource and the large 
heating demand. 

Solar photovoltaics (PV). The solar photovoltaic 
park in 2009 were about 10 MW.A big development 
of solar parks (1000 MW in exploitation) were done 
during 2011/2012. The enormous increase of prices 
for green energy in the country energy mix leading to 
increase of bills and protests of people. 

Wind 
The data of Bulgarian Wind association for 

realized wind energy sources in end of 2011 are as 
they are shown on fig. 8 [www.thewindpower.net]. 
The total installed energy in the wind parks during 
2012 become about 750 MW. 
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Fig.8 Capacity of wind generators in Bulgaria in the end of 2011 

           
                 Fig.9a    Bulgaria is covered by RES Fig.9b Parts of RES 

Small Hydro. The country already has 
considerable hydropower potential and this sector 
could be expanded. The National Energy Strategy to 
2020 in that direction,have a focus on privatisation 
and rehabilitation of existing hydropower plants and 
construction of new ones Hydro generation represents 
a modest, but important 6.9 % share in Bulgarian 
energy needs (World Bank 1993). The 2010 installed 
capacity of hydro electricity generators is about 2 000-
2300 MW, of which only25 MW is small hydro.  

Biomass and Waste Assessing installed capacity 
in the market sectors has proved to be very difficult. 
The biomass user survey has produced some very 
revealing statistics about the amount of wood fuel 
being used in Bulgaria. Household wood consumption 
is high. It is 5 m3 per household per annum on the 
average. Over 4,7.106 m3 of wood (2.106 tonnes) per 
annum are being used for household energy purposes 
in rural areas.  

For biomass to play a more significant role in the 
Bulgarian fuel economy consumers, would have to be 
familiarised with the new equipment and techniques 
for biomass fuel utilisation. 

In [7] RES potential on 2009 is evaluated to 
77156,7 J/year for solid agricultural waste; 478,4 
J/year – biomass from paper waste; 9605,2 J/year –
biomass from wood for heating; 79,8 J/year – biomass 
from natural fibers; 11381,83 J/year – liquid 
agricultural waste;  

There is an estimated potential for up to 200 MW 
[4] of geothermal power generation. This estimation 
could be subject to verification.  In [7] the potential 
for geothermal energy on 2009 is evaluated to 14387 
J/year. 

As result of preferential conditions-good price and 
contracts for purchasing of all produced energy in 
2010 and 2011 in Bulgaria  were  mounted  and  put in  
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Fig.10    Coal production: at 1987and 2008: upper number-Bulgarian coal production, as percentage  of the 

European  production; lower number – Bulgaria, as percent of the world coal production 

 
operation more than 50 solar and wind parks (fig.9a) 
with peak energy more than 1750MW. 

The parts generated energy in 2012 by kind of 
Renewable energy sources and quantities sold to 
electricity provider companies are given in sector 
diagrams on fig.9b. 

The Government try to stop the enormous increase 
of RES by changing the preferential conditions 
(namely the prices and adding taxes for transportation 
of the electricity, tax for the losses in grid), but in this 
way make the electricity prices non concurrent and 
stop export of electricity in the neighboring countries. 
As result some problems arises for coal production 
companies as well as losses from decreasing of coal 
transportation in logistic companies. The bills for 
energy consumed of peoples become too high and the 
peoples go on the roads- due to that the government 
falls. 

In fig.10 is shown the graphic of history of coal 
production in Bulgaria, which decrease after the 
changes of economy from planned to market one 
during1989, but still is important own energy source 
for Bulgarian steam thermal electricity and heat 
generation nevertheless it take a small percentage in 
Europe and world coal production. 

 
Fig. 11 Final energy consumption 2007 (2011;  12Mtoe) 

 
Fig. 12 Production of RES (2011 : 1232 ktoe) 2004 - 9,1% 

2011 : 11,6% 

During the period 2006-2011 the final energy 
consumption (fig.11) was in the range 10-12 Mtoe and 
production of RES become in the range 9,1-11,6 % 
(fig.12). 

 
Fig.13 Installed capacity of electricity generation 

The installed electricity generators were (fig.13) of 
total power 12 GW producing energy up to 41TWh 
annually (fig.14).  Coal-fired generation accounts for 
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51 percent of power production, followed by nuclear 
power (35 percent) and hydroelectricity (8 percent). 
Oil-fired and gas-fired generation is limited (1 percent 
and 4 percent, respectively). Wind power accounts for 
1 percent of the power generation (fig.15). 

 
Fig.14. Produced electricity energy of Bulgaria 

On fig.16a are presented a decrease of installed 
power of hydro-electricity generation plants in the 
period 1989-2001 due to bed service and restart of 
used hydro-potential after 2004 with 2,5 GW installed 
power, producing up to4,5 TWh annually (fig. 16b). 

Ideas for portions of various energy sources in 
Bulgarian energy balance and industry energy 
consumption are given on fig. 17 and fig. 18, as well 
as in Table 6. In Table 5 is presented portions of  
various RES. Coal thermal electricity and heat 
generation and nuclear electricity generation are the 
main energy sources. Between RES wood combustion 
power, hydro-power and wind and geothermal power 
are predominates during 2011 (Table 6).  

 
Fig.15  Wind-electricity generation: a)total net installed capacity of power plants; b) total electricity 

production 

 
Fig.16  Hydro-electricity power plants and  production: a)installed capacity; b) electricity production 

Table 5.       
Energy Balance RES 2011, ktoe 

Total Hydro Wind PV Solar heat Geoterm Wood Biogaz Biodisel 
1 230 251 74 9 14 33 834 3 14 
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Table 6.        
Energy Balance-Total  2011,  ktoe 

Total Coal Gaz Petroleum RenES 
12 000/19 000 6 200/8 000 1350/2630 122/5930 900/1230 

 

 
Fig. 17. Power generation sources by, 2009 (others 

includes solar, biomass and geothermal) 

 

Fig. 18. Energy consumption in industry by source, 2009 

 Fig.19.  Relative values of GDP(1), Final energy consumption(2) 
and final energy intensity(3)  for 2000-2010 year    

 
The presented data on fig.19 shows that in first 10 

years of millennium Bulgarian GDP increases, the 
final energy intensity decreases and the final energy 
consumption was roughly invariant. The world 
economy crisis deeply depressed Bulgarian economy 
and a big decrease of energy consumption could be 
observed in the period 20011-2013, as this was 
mentioned above. 

 
Fig.20   The ratio of the cost of purchasing energy to the 

Bulgarian household incomes, 2000-2011 
 

The low wages in Bulgaria and big energy 
consumption are reason for majority Bulgarian citizen 
to be poor in energy bills payments, as this could be 
seen from presented on fig.20 average month ratio 
between consumed energy prices and incomes of a 
householder.  Bulgaria is the country with the lowest 
per capita income in the EU. At the same time 
Bulgaria uses resources including energy very 
inefficiently; emits a lot of greenhouse gases and 
produced a lot of waste compared to other EU 
countries. For example, Sweden has the same 
greenhouse gas emission per capita, but has 
production of 8 times higher GDP. 

Energy efficiency in Bulgarian houses 
Buildings are big energy consumers. The analysis 

reveals that both the Energy and Building sectors in 
Bulgaria are ineffective. The buildings themselves 
have poor energy performance because of their old 
age and the loose thermal regulations. Appropriate for 
Bulgaria technical measures would include insulation 
of dwellings, metering, and some low-cost measures 
such as sealing the windows, double pane glazing, etc. 
Additionally, the human factor could be recognized as 
a determining component of a building’s energy 
performance. Because of this, the options to motivate 
people to save energy are important. In Bulgaria there 
are first, economic forces such as higher energy 
prices; and second, economic incentives such as 
establishing funds to provide for investment subsidies, 
soft loans, or low-income households programs, as 
well as bonuses and tax reduction on energy saving 
equipment or RES installations. 
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Just like in the rest of Europe, and more-due to its 
old state and insufficient effective   heating,   the   
residential   buildings   in Bulgaria accounts for 21% 
of the country’s total energy use and 39% of the total 
electricity use. An important part of consumed in 
residential houses is used for heating (fig.21). The 
major portion of the dwelling in Bulgaria was build 
during the period 1946-1980 (fig.22). As a rule, they 
are privately owned and occupied by owners (fig.23). 

 
Fig.21. Distribution of household electricity energy in 

applications 

 

Fig. 22.  Dwelling in Bulgaria by period of construction 

 
Fig.23      Dwelling by tenure status 

So, there energy-efficient features should be built-
in in the buildings during the earlier stages, e.g. during 
the design and construction phases of the building 
instead by choosing the more effective home 
apparatus. From 1958 to 1990 a lot of dwelling 
buildings were erected by using of prefabricated 
concrete panels or cast-in-situ concrete external walls. 

This leads to a negative impact on the physical 
qualities of the dwellings, considering the building 
environment as a whole.  

In particular, there are 11128 dwelling buildings 
erected with prefabricated concrete   panels, including   
787096 dwellings, where about 2000000 to 2700000 
people live.  

According to the EC Directives, energy 
consumption by existing buildings can be reduced by 
up to 50%.  And given the large share of old panel 
apartment buildings in Bulgaria the energy savings 
potential in Bulgaria could be even higher. In short, 
Bulgaria’s energy consumption could be reduced 
significantly if existing buildings would be retrofitted 
with energy saving measures like insulation and 
exchange of windows through a large scale program. 

The main aim of Bulgarian government is: 
1. To put an end to the deterioration of the 

condition of the existing residential buildings through 
the implementation of the National Program for 
Renovation of Residential Buildings; 

2. To create a functioning mechanism for 
providing new affordable houses by means of: 

a. increasing the number of municipal rental 
buildings; 
b. promoting the establishment of housing 
associations; 
c. integrating public and private rental buildings 

Bulgaria should move ahead fast, bold and in a 
coordinated manner on the green growth path, 
including on energy efficiency in buildings. In this 
movement the government leadership is crucial. 
Government leadership is necessary, but it is not 
sufficient. Because, the movement depends on all 
Bulgarians, on all daily decisions and actions on 
energy investments  and consumption.  

As an illustration for actions to improve the energy 
efficiency of buildings will be shown a realized 
demonstrative project “for Energy Efficiency in 
Multi-dwelling Houses with Individual Heating in 
Radomir town (Bulgaria)”: 
 

Number of storeys: 8 

Number of apartments: 23 

Typical floor area (m2): 217 

Typical storey height (m): 2,8 

 
As was mentioned, from 1958 to 1990 a lot of 

dwelling buildings were erected by using of 
prefabricated concrete panels or cast-in-situ concrete 
external walls. This leads to a negative impact on the 
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physical qualities of the dwellings, considering the 
building environment as a whole. The aim of the 
project is to demonstrate the potential for energy 
saving at building refurbishment. It was selected a 
typical multi-storey building erected with 
prefabricated concrete panels and with individual 
heating. This building is typical for small and medium 
sized towns in Bulgaria, and in case of using central 
heating-for Sofia as example. General characteristics 
of the buildings are given in the table. The external 
walls of the building consist of large prefabricated 
concrete slabs about 20 cm thick. The theoretical U 
value for concrete panel with plaster layers is about 
2.9 – 3.0 W/ m²K. The windows are composite 
thermo-windows with wooden frames, having a 
theoretical U value 2.6 W/ m²K. The window frames 
had cracks and misfits that caused significant heat 
losses. In many cases outer glasses are not properly 
tightened to their frames and windows are not sealed. 
In consequence, the double-window insulation 
properties were partially lost. The situation was even 
worse in areas of common use. The windows in the 
corridors, main entrances and staircases had   broken   
glasses,   cracks   and   gaps.   As the buildings were 
under-heated, the temperature in these areas does not 
differ much from the outside temperature. Many 
balconies have been modified to an extra small room 
through glazing with single windows on metal frames. 
These extra glazing needed an improvement as they 
were of poor quality. The roofs consisted of two 
concrete slabs with a thermal insulation on the lower 
slab. This insulation was very poor. Moisture was 
identified on the ceilings of several apartments 
because of water proofing problems. Such problems 
were found even at the first floor as water flowed 
down through piping and other channels of the 
buildings. The floors, basement slabs as well as cold 
bridges were not insulated. The floor’s structure was 
reinforced concrete prefabricated slabs 15 cm thick.  
Moreover, in the past the building was connected to 
the local district heating system for their space and hot 
water heating. This system stopped operating due to 
financial problems and it was not expected to operate 
again in the near future. As the whole system was 
either in bad condition or completely destroyed, the 
required investment to start it up again would be very 
high.  The consumer hot water supply networks were 
of double pipes with conventional substations in the 
basement. The visual inspection of the system showed 
that the networks were in a relatively good condition 
without major corrosion problems. However, the 
systems should be tested under pressure to identify 
and repair possible leakages. Most of the radiators 

were still connected to the systems. In a few 
apartments the radiators were disconnected by the 
owners, either to gain some space or to connect them 
with electrical boilers. In sort, the apartments in these 
six dwellings did not enjoy heat comfort. About 55% 
of the rooms were not heated at all. The remaining 
rooms were mostly heated by means of electrical 
radiators or heat accumulators. Even the “heated” 
rooms were not heated permanently. In practice, in 
most apartments one room was heated and a second 
room would be heated when this was absolutely 
necessary. 

 

 
Fig.24 Multi-dwelling House before the refurbishment 

 
Fig.25. Multi-dwelling House after the refurbishment 

Table 7 summarizes the heating practices before the 
refurbishment. 
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Table 7  
The heating practices before the refurbishment. 

Number of  apartments 23 
Total number of rooms (incl. kitchens, 
bathrooms etc) 

101 

Heated by electrical radiators of various types 18 
Heated  by electric accumulations  6 
Using wood of coal  stoves 2 
Other heaters 1 
Number of rooms with  space heating 39 
Number of rooms without  space heating 62 

 
Hot water for use was almost exclusively produced in 
electrical heaters of storage or of through flow type. 
The energy diagnosis of the block showed that the 
specific energy consumption of the building was at 
373,23  kWh/year.  

Technical description of the improvements  

Insulation of external walls on building  
External walls were insulated with extruded 
polystyrene foam classified within thermal 
conductivity group WLG 040. The thicknesses of the 
plates are 3, 4 and 6cm depending on the surface. The 
chosen insulating thickness improved the U value 
from 2.9 – 3.0 W/ m²K to 0.52 0 W/ m²K.  
Water proofing and thermal insulation of the roofs 
on building 
The top-storey ceiling, two concrete slabs, was 
provided with a 5cm-thick layer of Keramzite 
concrete, a very environmentally friendly fill that is 
similar to expanded perlite. This fill improved the U 
to 0.80 W/ m²K.  
The water proofing insulation of the upper slab was 
changed.  
Insulation of the basement ceiling on building 
The insulation of the basement ceiling was performed 
by mounting boards of extruded polystyrene foam 39 
mm thick on the concrete slab. 
Replacement of windows and closing of balconies on 
building   
The wooden windows and balcony doors of building  
were replaced with PVC windows with an U value < 
2,0 W/m²K.  
North facing balconies of building  were closed with 
PVC windows.  
Replacement of the main entrances’ doors on 
building 
The wooden joinery of the main entrances was 
replaced with PVC windows and doors.  
New boilers  

In the following list the main characteristics of the 
boilers are given:  
 
Type of unit: Special automatic boiler with a blower  
Output: 80.0 kW  
Year of construction: 1997  
Fuel: Oil  
Distribution: Central  
Annual utilisation ratio: 0.912  
Boiler efficiency: 0.935  
Stand-by losses: 0.001  
Stand-by time: 6,000.000 h/a 
 
A whole series of energy-saving measures in the heat 
controlled area was purely mechanical and so require 
practically no investment whatsoever were 
implemented in building. The most important 
measures included: 
− presetting heat radiation (valve lift stop on each of 
the heating unit valves). This was designed to provide 
an even distribution of room temperature in all of the 
rooms of the building. The circulation pump’s 
capacity should also be set as necessary;  
− optimum adjustment of the heating curve with 
weather-dependent flow temperature regulation. 
Correctly setting the target value helps maintain the 
desired mean room temperature in the building 
throughout the heating season without the need for 
readjustment;  
− fixing of thermostatic valves on radiators;  
− fixing of timer-controls on radiators;  
− additional regulation;  
− fixing of heat meters on radiators.  
Installation of electrical heaters for hot water  
For hot water supplying electrical heaters were 
installed in each flat. 
1. Building Envelope  
Thermal insulation of exterior walls;  Closing of 
balconies at north side; Water proofing and thermal 
insulation of roof; Basement ceiling insulation; 
Windows replacement;   Repair of existing wooden 
windows;  Replacement of the main entrances; Air 
stops in the building joints .  
2. Space and Water Heating  
Boilers and space heating systems; Electrical heat 
accumulators; Hot water electrical heaters. 

Annual requirements for fuel: before the 
refurbishment 191,9; after the refurbishment 101,5;   
Total 47% of the required before refurbishment. 

The economic effect of the measures for thermal 
insulation of the buildings’ envelopes is based on the 
presumption that the buildings are normally heated. 
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Thermal insulation on walls 6,6;  
Thermal insulation on roof (without waterproofing 
insulation) 3,7; 
Thermal insulation and water-proofing insulation on 
roof 12,5;  
Thermal insulation on the basement’s slab 7,3;  
Repair of wooden windows 5,3;  
Change of windows 20,5;  
Total energy efficient measures on the building’s 
envelope 10,8;  
Total energy efficient measures on the building’s 
envelope and installation of local heating system 13,5. 

Conclusion 
Bulgaria has numerous opportunities to develop its 

renewable energy source base and to decrease used 
brown energy. Bulgaria has the infrastructure to 
support the development and exploitation of 
renewable energy to a much greater extent than many 
countries in Europe. It has a long history of renewable 
energy utilisation. In the same time a large scale 
program for retrofitted old panel apartment building, 
finding suitable European funds, Government 
leadership and community mobilization can realize a 
big energy savings. 

The constrains for development of renewables are 
as following.  

The prices of renewable energy and necessary 
money for energy efficiency improvement in EU 
country with smallest GDP and wages per capita have 
put a disadvantage for many years. To overlap this: 

1. Stronger anti-corruption measures need to be 
put in place. Monthly reports should be 
published revealing results, plans, strategies 
and flaws in the system. Illegal actions should 
be prosecuted as appropriate. 

2. Transparency and public participation should 
be promoted. Policymakers should start 
considering public participation as an 
important element of the decision-making 
process, while promoting awareness-raising 
and more public debate on energy issues. 
There is a strong need to empower NGOs, 
universities and civil society organisations in 
order to redress the balance at the institutional 
level. 

3. Technological and technical capacities must 
be built. University courses and training 
programmes on renewable energy technology, 
good practice standards and business 
development skills should be established to 
build the capacities of future professionals. 
This is the best way to properly develop 

understanding of international environmental 
practices and adequately adapt them to local 
conditions. 

4. Investment opportunities must be promoted. 
To attract international investors, the 
government needs a better strategy on 
marketing the country’s renewable energy 
potential. One way to do this is by holding 
business-to-business workshops for investors. 
Another is by issuing better quality publicity 
materials and by creating and maintaining 
valuable business contacts. The national 
investment promotion agency needs to have a 
strong international presence as a starting 
point for future partnership 

5. Energy efficiency is cheapest way to made 
energy bills acceptable from population. 
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Overview and scope of biogas technology in Serbia 

Nina Drndarski, Vesna Vranic Mandusic 

 

The adoption of anaerobic digestion in Serbia has been sporadic and limited to animal farms and 
a few municipal wastewater treatment installations. The interest is to better define anaerobic digester 
optimum design and operational characteristics. For an acceptable return of the capital investment in 
building an anaerobic digester it must operate reliably at the design performances for several years 
but this condition has not always been met in domestic practice. 

Обзор и размах на технологията за биогаз в Сърбия (Нина Дрндарски и Весна Вранич 
Мандасич). Усвояването на анаеробната  преработка в Сърбия е случайна и ограничена до 
животновъдни ферми и няколко общински инсталации за преработка на отпадни води.  
Интересът е за по-добро дефиниране на оптималното конструиране и работните 
характеристики на анаеробни инсталации. За достигане желаната възвращаемост на 
капиталовите инвестиции при построяване на анаеробни инсталации за биогаз,  те трябва да 
работят надеждно при предвидените конструктивни параметри за няколко години, но това 
изискване не винаги се среща на практика 

 

 
Introduction 
Anaerobic digestion (AD) is conversion of variety 

of  organic wastes such as domestic/municipal, 
agricultural and industrial  by a mixture of  
microorganisms under oxygen depleted conditions to 
produce  a gaseous mixture-biogas- composed of CH4, 
CO2, H2S, NH3,N2,H2 . Four groups of 
microorganisms which depend on each other for their 
growth can be determined - the hydrolytic, the proton-
reducing acidogenic, the homoacetogenic and the 
methanogenic microorganisms. In general, AD 
process can be categorized as disintegration, 
hydrolysis, fermentation-acidogenesis, acetogenesis- 
acetate generation and methanogenesis - methane 
generation [1], [2], [3], [4], [5].The AD process 
occurs naturally in deep soil and water sediments and 
man-made waste landfills.  

The engineered AD process takes place in a 
designed facility-an anaerobic  digester- a closed 
vessel  with a mixture of bacterial species fed 
regularly with digestible organic matter and kept on  
designed performances such as quality  of organic 
wastes, microorganisms growth rate ,retention times, 
organic loads-feed volumes, t (oC), p (mb), pH, 
mixing etc. Moreover, microorganisms require trace 
quantities of nutrients, N, P, K, for their optimum 
growth while heavy metals, antibiotics etc are a major 
source of toxicity. As a rule anaerobic 
microorganisms have long generation times and 

consequently anaerobic process design reflects these 
low growth rates. That is, anaerobic digester sizes are 
huge and therefore their construction costs are too 
high. Regarding current global interest of 
environmental sustainability AD is assumed to be a 
promising process both as a renewable energy 
resource and a waste stabilization method for 
generation nutrient rich digestives which can be used 
as fertilizer. 

However the main problem faced by AD users is 
its instability i.e. an extremely sensitivity to changes 
of operating and feed conditions [6],[7],[8].  Many 
attempts have been made to develop more advanced 
models on anaerobic digestion [7],[8],[9],[10]. Thus, 
an anaerobic filter /fixed-bed digesters and fluidized-
bed digesters were studied  with an aim to provide 
longer biological solids retention times (BRT) at low 
hydraulic retention times (HRT).Also, it has been 
reported that  a limited  aeration can be applied as a 
pretreatment prior to AD to enhance  digestion of  raw 
wastes. 

At present in EU within the project of Clean 
Development Mechanism (CDM) standard models 
were developed on AD of manure:  

“Methane recovery in manure management 
system”ACM0010 (regular scale) plus ASM-III.D 
(small scale), 

“GHG emission reduction through multi –site 
manure collection and treatment in central plant”, 
AM0074 (regular sale), 
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Table 1. 
The hog farms capacities, manure characteristics, digester volumes potential biogas production, an equivalent electric energy, 

pollution loads [11],[12],[13] 

Manure  
 

Farm location Farm 
capacity  

sm(t/yr) om(t/yr) 

Digester 
(m3) 

Biogas 
(Nm3/yr) 

Electricity 
(MWh/yr) 

Load 
(BOD5t/yr) 

Secanj 30 000 7050 5640 1700 912 500 5694 6770 

Padin. Skela 30 000 7050 5640 2000 912 500 5694 6770 

Surcin 30 000 7050 5640 2000 912 500 5694 6770 

Banatski 
Karlovac 

20 000 4700 3760 2200 608 330 3796 4510 

Vladimirovac 18 000 4230 3380 2400 546 850 3412 4050 

Varvarin 30 000 7050 5640 1700 912 500 5694 6770 

Negotin 30 000 7050 5640 1700 912 500 5694  

Senta 
“Fermin” 

Industrial wastewater (ANMET, Sweden) 

Soko Banja 
JKP  

Municipal wastewater (pilot plant) 
 

Kragujevac-
Cvetojevo 

Municipal sewage sludge  plant 

 
“Methane recovery in agricultural activities at 

household and small farm level”, 
ASM-III.R (small scale) 

‘Replacement of anaerobic lagoons with 
aerobic systems”, ASM-III.I,  

“Methane avoidance through separation of 
solids from wastewater of manure treatment system”, 
AMS-III.Y. 

Biogas in Serbia 
Anaerobic digestion has a long and turbulent 

history as a process for stabilizing manure on animal 
farms and treatment of municipal and industrial 
wastewater and sludge in Serbia. Thus, in late 
seventieth to the beginning of nineties in the last 
century many biogas plants were erected and the list 
of such biogas plants is shown on the Table 1. 
Moreover Table 1 gives data of capacities of pig 
farms, content of solid and organic matter in manure, 
digester volumes, as well as calculated quantities of 
biogas production and an equivalent of electric energy 
and pollution loads. At that time the produced biogas 
was burned at the burners. In 1983 the feasibility 
study on biogas production and utilization was 
elaborated for the Regional Chamber of Commerce in 
Pancevo which showed that return of the investment 
costs for these large farms and digesters was 
approximately 9 years [13]. 

Unfortunately no one of the listed anaerobic 
digesters was in operation for a longer time. Some of 

them failed soon after starting because of acidification 
or/and an inadequate design construction or heavy 
corrosion of installations by H2S. Thus these plants 
represent an example of failed investments. However 
there is one more optimistic example i.e. the biogas 
plant in JKP Kragujevac-Cvetojevo which was started 
at 1990 and soon after shut down and consequently 
reconstructed in 2002. This plant consists of two 
digesters of 4000 m3 and produced biogas is used for 
digesters heating as reported. 

At the beginning of the second decade of twenty 
first century, under pressure of western commercial 
companies and politicians, it seems there will be an 
another wave of biogas plants erection.  Thus, there is 
a claim of successful start of biogas plant and biogas 
conversion to electricity for treatment of municipal 
wastewater sludge in Subotica [14] and a new biogas 
plant is in a phase of erection for the dairy farm in 
Curug. Table 2 shows new animal farms, their 
capacities, and calculated biogas production and 
emission of CO2.  

The common type of biogas technology applied in 
Serbia is a mesophilic single mixed digester without 
sludge recirculation where a degree of waste 
stabilization is controlled by residence time in a 
digester. Thus the volume of the digester required to 
achieve retention times of 15 to 30 days has to be 
large.  
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Table 2. 
The existing farms, farms capacity, potential biogas production, calculated GHG emission as CO2et/yr [Ministry of  

environment and planning, 2010] 

Farm No. of animal 
Biogas 

(tCH4/yr) 
Emission 

(t CO2e/yr) 

Neoplanta (pigs) 150 000 2 577 54 119 

PKB (cattle) 22 000 3 023 63 500 

Napredak (pigs) 30 000 150 10 824 

D. Markovic (pigs) 22 469 386 8 107 

Vizelj (pigs) 17 109 293 6 137 

Pantomarket (cattle) 1 700 233 4 907 

S. Kovacevic (cattle) 1 200 164 3 460 

Kuc comp. (cattle) 1 000 137 2 886 

Klanica Divci (cattle) 2 000 274 5 773 

Pepy Pork (pigs) 9 650 165 3 482 

PIK Becej (pigs) 56 000 280 5 880 

 
 
 

Figure 1 shows the biogas plant for the farm of 
30000 pigs where biogas is transported by pressure 
gradient to scrubbers and desorbers  for CO2 and 
partially H2S removal and separation  of CO2 from 
water. Recirculation of  digester sludge is provided by  
sludge pumps(HSP) [13]. 

The Figure 2 shows biogas plant for a small farm 
of 600 pigs with sludge recirculation where a mean 
bacterial cells residence time greater than hydraulic 
retention time can be obtained by settling solids from 
effluent and recycle concentrated sludge back to the 
digester. In this manner the excessive digester volume 
is avoided but there are some difficulties with 
degasification and poor solids recovery [15]. 

The Figure 3 shows the fluidized bed digester 
where the digester is filled with the inert packing 
material. This packing provides a huge surface onto 
which microorganisms are attached. Thus the 
population of microorganisms in the fluidized bed 
digester is in equilibrium with the organic feed load 
and the hydraulic retention time [9].  
 
 
 
 
 
 
 

Fig. 1. Block scheme of the biogas plant - capacity 30000 
pigs (Drndarski N. et al.,(1983), Feasibility study of biogas 

technology in SAPV, Regional Chamber of Commerce, 
Pancevo, ROII). 
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Figure 2. PI diagram of the biogas plant  -capasity 600 pigs [15]. 
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Figure 3. PI diagram of fluidized bed biogas plant [9]. 
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Conclusion 
Biogas technology is applicable to municipal 

wastewater and sewage sludge and industrial 
wastewater and sludge as well as to agricultural 
wastewater and manure stabilization. Furthermore 
biogas technology is applicable for biogas extraction 
from man-made landfills. 

Depending on waste quality and quantity an 
anaerobic activated sludge process, an anaerobic 
contact process and an anaerobic filter process with 
fixed film or fluidized bed digesters can be applied. 
An anaerobic activated sludge process or single mixed 
digester is applicable to concentrated organic sludge. 
In such digester the degree of waste conversion is 
controlled by the residence time in digester and 
consequently the digester volume is large and its 
investment cost is high.  

An anaerobic filter process involves digester filled 
with packing inert materials which provide a huge 
surface onto which microorganisms are attached.  
Therefore, the population of microorganisms in the 
digester is in equilibrium with the organic feed load 
and the hydraulic retention time. 

Moreover advanced microbial research is required 
so that pure and enriched cultures can be used for 
adaptation and inoculation of anaerobic digesters to 
enhance microbial growth rate. 

At present there are some efforts to revive some of 
the existing biogas plants as well as to build new more 
sophisticated biogas digesters. 
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To save energy, we must also save water 

Christian Georgiev Kalchev 

 

The connection between energy and water is important relation for understanding ecology 
friendly policy. Water is vital resource, produced and distributed utilizing energy. Water is used in 
nearly every aspect of energy production. So, saving energy will save water, and saving water will 
save energy. 

The sustainable and efficient water management is discussed on example of situation in Bulgaria. 
The balance between water demand and availability is reaching critical level in parts of Europe.  
Bulgaria is scarce in water resources, despite that over 60 river flow through the country. The water 
sector in Bulgaria will need substantial investment in the next 10-15 years. A decreasing trend of 
water resources in Bulgaria is observed. As a result of current and future water shortage condition in 
Bulgaria, general strategy can be recommended: saving water resources; overcoming water supply 
crisis; securing water for irrigation and related efficiency; formation of knowledge and sense for 
water resources saving. 

In the paper are cited some important measures of the water abstraction and consumption in 
Bulgaria(annual abstracted water, distribution between economy sectors of utilized water, utilized 
fresh water per capita, price of water in bigger cities, clean water average consumption, agricultural 
and industrial water use, virtual water consumption). 

За да икономисваме енергия, трябва също да икономисваме вода (Кристиян Георгиев 
Калчев). Връзката енергия-вода  е важна за разбиране на екологично-съобразената политика. 
Водата е жизненоважен продукт, произвеждан и разпространяван с помоща на енергия.  Oт 
своя страна водата се използва в почти всички дейности за производството на енергия. Така, 
като икономисваме енергия ще спестяваме вода, и като пестим вода спестяваме и енергия. 

Устойчив и ефективен воден менажмент се дискутира на примера на ситуацията в 
България. Балансът между нуждите от вода и нейната достъпност достигна критично ниво 
в част от Европа. България е с ограничени водни ресурси, независимо от това, че 60 реки 
текат през страната.   Водния сектор на България се нуждае от значителни инвестиции през 
следващите 10-15 години. Една тенденция на намаление водните ресурси на България е 
установена. Като резултат на сегашното и бъдещо  водно обедняване на страната може да 
се препоръча следната генерална стратегия: пестене на водните ресурси; преодоление на 
кризата във водоизточниците; обезпечаване на вода за напояване и за други ефективни 
приложения; формиране на знания и обществена нагласа за пестене на водните ресурси.  

В  работата са цитирани някои важни данни за водочерпенето и консумирането на вода 
в България (годишно добивана вода, разпределение на използваната вода между секторите на 
икономиката, използвана дневно прясна вода от жител,цена на водата в по-големите градове, 
средното потребление на вода, вода за селско стопанство и индустрия, потребление на 
виртуална вода). 

 

 
Introduction 
Clean water is a vitally important basic natural 

resource, as energy, air, land and soil. The balance 
between water demand and availability is reaching 
critical level in parts of Europe. Reduced river flows, 
lowered lake and ground water level are widely 

reported. Due to that, the clean water demands needs a 
careful management. 

Fresh water is only 2,5% of the all Earth water, but 
only 1% is available. So, due to increasing demand of 
clean water and slow renewal of water sources, its 
pollutions through urban and industrial development, 
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climate changes due to environmental impact from 
greenhouse gas emissions and mismatch between the 
distribution of people across Europe from one side, 
and the availability of water from another side, the 
limitations of the clean water resources must be 
understood. 

A big amount of water is used in energy-generation 
sector (this demand is about 44% of water resources 
of Europe). The water, consumed by power plants 
creating electricity, has increasing volume. In a 
typical thermoelectric power plant, water cools the 
steam that spins the electricity-generating turbines.  In 
nuclear power stations cooling water is used to 
remove heat from nuclear generator. As example, it 
takes between 1,0 and 2,0 m3/s of water just to power 
a single 60-watt light bulb over the course of tests. 
Refining transportation fuels requires also water, as 
does producing fuels—for example, mining coal, 
extracting petroleum, or growing crops for bio-fuels 
need also water 

From other side - water production needs energy. 
In fact, as much as 80 percent of a water utility's 
processing and distribution costs are for electricity 
power, spent for pumping and treatment drinking 
water. Water utilities, which depend on ground water 
as one of basic sources of supply, require about 30 
percent more electricity than those that get most of 
their supply from surface water. Water abstraction use 
about 4% from the total power generation, or about 
0.64 kWh/m3 ( in the case of desalinated sea water - 4 
kWh/m3 ) the efficient use of water is connected with 
the energy-efficient policy.   

 Fossil fuel generation, nuclear power, thermal 
power stations and hydroelectricity all consume large 
amounts of fresh water. Clean energy technology such 
as biofuels and carbon sequestration actually require 
large amounts of water to produce, so while they cut 
down on greenhouse gas emissions, they may actually 
contribute to water pollution. Hydraulic fracturing or 
"fracking" is one of the most controversial topics 
currently circulating in the energy sector. It is a hot 
topic because chemicals are mixed with water and 
injected into rock to release gas or oil. There is still 
debate over whether or not this practice seriously 
contributes to pollution of the water table. 

Heating household water for bathing, shaving, 
cooking, and cleaning also requires a substantial 
amount of energy. Households with electric water 
heaters, for example, spend one-quarter of their total 
electric bill just to heat water. Heating water in 
industrial facilities uses even more energy. Many 
factories heat large quantities of water as part of their 
manufacturing processes. 

In this way water and energy are intertwined. 
Producing energy uses water, and providing fresh 
water uses energy. The close link between water and 
energy must collect the attention from business 
leaders, policy makers, and citizens. The 
interconnection between water and energy means that 
conserving one will help conserve the other. By 
becoming more energy efficient we become more 
water efficient, and vice versa. 

The water efficient use is most important policy in 
resource efficiency, water scarcity and drought policy; 
climate change vulnerability and adaptation policy. 
The sustainable and efficient water management must 
be integrated with management of energy, materials 
and land. In 2010 European experts evaluate that 
Europe could decrease its overall water consumption 
by 40 %. A number of technologies offer strong 
opportunities to address the water-related impacts of 
our energy use. One of the easiest solutions is also the 
most cost-effective: using less electricity or 
transportation fuel by making appliances, buildings, 
and vehicles more efficient. 

Using renewable energy technologies such as wind 
and photo-voltaics means doing away entirely with 
water use for electricity production. Retrofitting old 
coal or nuclear plants with more water-efficient 
cooling technologies could increase water 
consumption, potentially even doubling it, but could 
reduce water withdrawals by two orders of magnitude. 
Given the many connections between energy and 
water, the choices we make in the near future about 
how we produce and use energy will determine not 
only the extent to which we mitigate the worst 
impacts of climate change, but also how resilient our 
energy system is to the variability of our water 
resources and the many competing demands for it. 

Bulgarian water resources 
Bulgaria is appointed usually as country, scarce in 

water resources, The estimations of average annual 
quantity water precipitations per capita are similar as 
for the most poor of water countries in Europe: Spain, 
Belgium, Poland, Macedonia and Cyprus. 

The water scarcity is despite that over 60 river 
flow through the country. There are also 6 lakes with 
total area of 87 km2 and water volume of 211 million 
m3 and 24 dams with total area of 376 km² and water 
volume of 4 571 million m3 [1]    

If  one looking on EU statistics of the water 
balance, it can be evaluated that the fresh water 
resources of Bulgaria are 20 100 millions m3, than the 
average resource of fresh water per inhabitant per year 
is   of  order   of  2 831  m3  per  capita  per  year,  that  
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Fig.1. Distribution of weather (the squares) and experimental crop variety (the points) stations of National 

Institute of Hydrology and Meteorology at BAS. The dark areas are with highness more than 800 m from the 
sea level 

Table 1.  
Distribution between economy sectors of utilized water 

Year Agriculture-total Irrigation Industry Households Service 
2006 178 165 4869.7 268 75.5 
2010 308 283 4087.8 264 67 

 
 
 
quantities is as for the most bigger countries – 
members of EU France, Germany, UK, Italy etc. 
(3 000 m3 per capita per year). 

The Danube is the biggest river flowing along the 
Bulgarian boundary with total length of 470 km at 
Bulgarian territory. If in water balance will be taken in 
account the significant portion of  Danube water 
inflow, the total fresh water resources of Bulgaria 
become 107 200 millions m3 or 15 000 m3per 
inhabitant per year, that is a good level of resource. 
But it can be accounting big volume of the external 
outflow, that is 108 500 millions m3. Another 
important annually averaged measures: the annual 
internal flow is 18 100 millions m3; the precipitations 
are 68 600 millions m3 per year at an intensive 
evaporation of 50 500 millions m3 water per year [2]. 

In fig.1 is presented spatial distribution of 16 
weather stations with elevation less than 800 m across 
the country, measuring daily temperature and 
precipitations in the period from 1900 [3]. Three 
climatic regions are detached in Bulgaria: Danube 
basin( North Bulgaria), Black see basin (Eastern 
Bulgaria) and Mediterranean basin (South Bulgaria). 
The river runoff was investigated from 1935 to 1997 
[3]. 

In various years from precipitations is collected 
between 24 and 70 billion m3 water (there for 
comparison could be appointed the Danube water 
flow, that inflow is about 80 billion m3 per year).  

The annual abstracted fresh water during 2009 was 
6 120 million m3 (ground water was 584 and surface 
water was 5 536 million m3) and during 2010 - 5 960 
million m3(556 million m3ground waters and 5 404 
million m3 surface water). Utilized water in 2006 was 
5 342.3 million m3 and in 2010: 4 821.3 million m3; 
the fresh water losses in the respective years were 
1 249 and 973 million m3 or 23,38% and 20,18%.  

The three main users of water are agriculture, 
industry and the domestic sector (composed of both 
households and services).  

The distribution of utilized water between sectors 
is given in Table 1. The main portion of utilized water 
is for industrial use. Nevertheless that the 
householders utilized a small portion of total quantity 
clean water (about 5 %), they are sources of 28,7 % 
wastewater. 

Several droughts have occurred throughout the 
previous century. The water demands applied for 
irrigation in Southern Bulgaria were higher than the 
irrigation demands in Northern Bulgaria due to less 
precipitation and higher air temperatures. A 
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decreasing trend of water resources in Bulgaria is 
expecting to continue into the future. Annual river 
runoff is expected to decrease up to 14% in 50 years 
and to be 20% less at the end of the 21-st century in 
respect of the current climate [3]. For climate 
adaptation in Bulgaria several strategies can be 
followed. First of all water resources can be protected 
and water can be saved, for instance by adequate 
management of reservoirs, by runoff regulation, and 
by waste water treatment. Secondly, additional 
measures can be taken to increase water supply in 
times of droughts, such as building reservoirs to catch 
high spring discharge, and reconstructing water supply 
networks. Thirdly, maize hybrids with longer growing 
duration should be grown and the irrigation efficiency 
should be increased, using new technology for water 
transport and irrigation. Finally, a new attitude is 
needed of people towards water, public control on 
water thefts and waste. 

Urban water demand 
In Bulgaria only 40-50% of clean drinking water in 

domestic sector is utilized. One citizen use 97.5 l 
water per day that is of order of 2-3% of utilized fresh 
water per capita. The mentioned big losses of drinking 
water are due to outdated and amortized set. The 
investment, spent for the set repairs in the last years 
was15 times less than average investments in Europe 
(in Bulgaria are exchanged    only   0,1 % of the set 
tubes annually, instead 1.5 %). There are also need of 
more than 350 new cleaning stations for wastewater 
and few for cleaning of drinking water. Intended to 
solve the water problems of   about 160 000   citizens 
are the new dam lakes under construction: dam 
„Plovdivci” as water source for cities Rudozem and 
Madan; dam:”Luda Yana” (near to Panagiuriste) and 
dam“Neykovci” (Triavna, Plachkovtsi), as well as 
dam ”Kiustendil”. These dam lakes have total volume 
of collected water of 43 million m3 and annual utilized 
water volume of 24.64 million m3 and are needed of 
final capital investments of order of about 80-90 
million EUR [4]. The dam ”Studena” need overhaul 
repair but  complexity is that have not reserve 
reservoir to provide water for the consumers and must 
to be invested capitals for construction and utilization 
of new water sources. Another 12 dams are with 
started buildings or are only under planning and are 
intended to solve the water problems of about one 
million citizens and   needed   capital   investment 
about  600-650 million   EUR [4]. According to the 
Water and Sewerage strategy from 2004, up to 2014 
will be implemented reconstruction of 15 000 km of 
water supply networks and broadening and 

constructing sewerage networks in 418 settlements. 
Water pricing is a key mechanism to achieve more 

sustainable use of water across all sectors. Particular, 
the price of water is instrument for control of clean 
water consumption in homes. Pricing   must   not   
only change water use but    also   provide    funds       
maintain infrastructure In Table 2 are given the prices 
of 1 m3 water (not including VAT) for 2013 in 
selected bigger cities in Bulgaria (1 EURO=1.96 BG 
leva). 

Table 2  
The prices of fresh water 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

The price in the small villages is smaller, but now 
water providing companies is grooving by its 
associations and probably the price will increase. 
Increasing of prices is expected also due to 
intensification of capital investments in water set. The 
mentioned association of water providers is to open 
possibility for EU funded projects execution. 

The water expenses could be not more than 4% 
from family income. In the last time a discussion on 
introduction of two-step price of water was done. But 
due to low daily consumed water volume per capita, 
this is considered as not efficient change. For a 
comparison, in fig. 2 is given the consumption of 
clean water per day and capita in some countries (for 
Bulgaria the average consumption is 97.5 l, that is 
more than Lithuania’s 80 l and less than Estonia’s 100 
l per day and per capita). 

Water required for drinking and domestic purposes 
is the a small portion of the total water demand. In 
European countries, water consumption on household 
level ranges between around 80 litres/person a day in 
Lithuania and around 260 litres/person a day in Spain 
(fig. 2). 

            
 

No City Price,1 m3, 
BG leva 

1. Blagoevgrad 1.35 

2. Botevgrad 1.01 

3. Bourgas 1.81 

4. Varna 1.99 

5. Gabrovo 1.83 

6. Pleven 1.73 

7. Plovdiv 1.36 

8. Sofia-district 1.55 

9. Sofia-city 1.47 

10 Stara-zagora 2.27 
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Fig.2 Household  water  use in selected European countries  

 
On a global scale, the variation is much bigger. 

People in arid zones, for example in Africa, have an 
average water consumption of only 20 litres/person a 
day, an extreme contrast to the 300 litres/person a day 
in the USA. 

A range of factors influence public water demand, 
including population and household size, tourism, 
income, technology, and consumer behavior such as 
buying bottled mineral water of utilizing various home 
technologies. 

Water demands for agriculture 
In the EU as a whole, together with the energy 

production utilizing 44% of the total water 
abstraction, primarily serving as cooling water,  
accounts the rest 24% of the abstracted water as used 
in agriculture, a portion of 21% for public water 
supply and about 11% for industrial purposes . 

TheseeEU-wide figures for sectoral water use 
mask strong regional differences, however. In 
Bulgaria, for example, agriculture accounts 3%-6% 
(Table 1) of total national abstraction, trend to rising. 
Total portion of agricultural water use in the last 23 
years undergone dramatic decrease and now a slow 
increase due to destroying irrigation equipment and 
structure of agricultural land utilization and 
stabilization in production in some agriculture sectors 
together with depression and decrease of water use in 
the industrial sector Another peculiarity of water use 
in agriculture is, that the consumption of water 
through crop growth and evaporation typically means 
that only about 30% of water abstracted for 
agriculture could be re-used.  

Irrigated agriculture is central problem for 
economy of many regions in Bulgaria. Adopting a 
sustainable and efficient agricultural water use is base 

not only to protect the environment but also to ensure 
agriculture remains profitable. A key requirement is, 
that national Governments provide conditions for 
public-private investments in technologies and 
measures that improve the efficiency of water use by 
agriculture. 

The price of irrigation water in the last years in 
Bulgaria is rising, due to shortage of the agriculture 
irrigated land with conserved hydro-melioration 
equipment and respective produce. Only water for rice 
farms have increased consumption (from 2007 to 2011 
the increase is from 180 to 250 million m3), in all 
other agro-cultures the irrigation water consumption is 
decreased. 

Various practices can be implemented to ensure 
that agriculture uses water more efficiently. These 
include changing the timing of irrigation so that it 
closely follows crop water requirements, adopting 
more efficient techniques such as using sprinkler and 
drip irrigation systems, and implementing the practice 
of deficit irrigation. In addition, changing crop types 
can reduce water demand or shift peak demand away 
from the height of summer when water availability is 
at a minimum.  

Water for industry 
Significant potential remains for greater 

implementation of water efficient practices in 
industry. Industrial water demand is especially high in 
urban areas with high populations and where most 
industries are located. Recycling of industrial 
wastewater has an important role to play in this 
respect, not only in reducing water use but also the 
subsequent discharge of wastewater. 
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Table 3. 
The main drivers and impacts of water stress in the Iskar River Drivers 

Climate variability  Alternate periods of dry and wet conditions, 
hydrological regime over the period 1931-2000, 
precipitation anomalies  

Water supply source for the capital - the Iskar 
reservoir  

Single source of supply to 1.5 million citizens, in 
case of opera-tional problem population will be 
exposed to water scarcity, high vulnerability  

Former state water policies  Centralized decisions, low water price, lack of 
public awareness on n water saving and water 
problems.  

Socio-economic development of the capital in the 
transitional period  

Boom in construction activities around Sofia, rapid 
population growth, intensive migration, industrial 
changes  

Impacts  
 Conflict among the users, higher expenses for water 

per capita/unit, disturbed comfort of citizens  
Environmental  Socio-economic  

 
 
 

Bulgaria had decrease of industrial water 
abstraction in 2009 - in comparison with 1995 more, 
than 50% [5]. 

Due to vulnerability to water scarcity, the 
industrial activities in the urban industrial areas have 
considerable impacts on need of water effective 
technologies. The water-intensive industry in future 
development could be avoided due to lack of enough 
water resources. 

An example of industrially water stressed region 
could be the Iskar river basin. The Iskar River is the 
longest river in Bulgaria (368 km), with the third 
biggest catchment area (8.650 km²). The test area 
includes Sofia, the capital of Bulgaria, and the main 
drivers and impacts of water stress have been 
identified inTable 3. 

The hidden water use 
Water which is used to manufacture commodities, 

goods or services, is not visible (physically touchable 
or perceptible) to consumers in the end product. When 
buying fresh vegetables or fruits from a market or 
grocery store, it can be difficult to imagine the amount 
of water that was used to grow them. This kind of 
water is called”virtual water”. The virtual water 
content of a product stands for the volume of fresh 
water consumed or polluted at producing a product,   
measured over its   full   production chain (Table 4). 
Thus, virtual water plays an important role in every-
day water consumption. 

A broader, comparatively new concept is the 
‘water footprint’ for different kind of products, 

consumer groups, and geographical units etc. The 
water footprint is a multi-dimensional indicator of 
freshwater use that calculates both direct and indirect 
water use of a consumer or producer. 

Table 4.  
Virtual water in some goods 

 
Like the virtual water content, the water footprint 

refers to the embodied water in a product. In addition, 
the water footprint also accounts for which sort of 
water is being used and when and where that water is 
being used. The water footprint is a geographically 
explicit indicator, not only showing volumes of water 
use and pollution, but also considering the locations. 
Water use is measured in terms of water volumes 
consumed (evaporated) and/or polluted per unit of 
time. The water footprint of an individual, community 
or business is defined as the total volume of 
freshwater that is used to produce the goods and 

Commodity Consumed water, liters 

1 liter of beer 7 

1 liter of gasoline 10 

1 cola 200 

1 kg. of paper 320 

1kg. of bread 1 000 

1kg. of potatoes 1 000 

Television set 1 000 

1 kg. of meat 4 000-10 000 

 One pair of jeans 8 000 
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services consumed by the individual, community or 
business. A water footprint can be calculated for a 
particular product, for any well-defined group of 
consumers (e.g. an individual, family, village, city, 
province, state or nation) or producers (e.g. a public 
organization, private enterprise or economic sector). 

As example the average water footprint for 
Bulgaria, estimated in [6] is 2 297 m3/year per capita.  
Part of footprint falling outside of the country: 18.7 %. 
For comparison: the global average water footprint is 
1 385 m3/year per capita. 

Conclusion 
Clean water — this vital part of our daily lives, our 

environment and our economy — is becoming 
increasingly scarce due to increasing demand from 
different human and economic activities, and the 
effects of climate change. Resource-efficiency 
measures are therefore at the top of the water 
management agenda. The water plays an essential role 
in the functioning of both ecosystems and the 
economy and this is reason of the specific place of the 
water efficiency in the nexus “energy-water” 
management. For construction of 16 new reservoirs 
(dam lakes) and about 350 cleaning stations are need 
capital investments more than 1 billion EUR in the 

time to 2020, partially funded by EU. 
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ENERGY EFFICIENCY IN INDUSTRY 
 

Increasing Energy Efficiency for Welding 

E. Koleva, G. Mladenov, V. Belenkiy, D. Trushnikov 

 

The welding technology is a big consumer of electricity in industry and building. By the choice of 
the right welding technology and by optimization process parameters the energy, material and 
manpower can be saved. This article explores few practical strategies relating to welding equipment 
and process efficiency, setup and optimization of the welding technique and technology to reduce the 
ecological impact of some widely employed welding processes. Some conclusions for the organization 
of effective and stable production welding process are made. 

Ръст на енергийната ефективност на заваряването (Е. Г. Колева, Г. М. 
Младенов, В. Я. Беленкий, Д. Н. Трушников). Заваръчната технология е голям консуматор на 
електрическа енергия в индустрията и строителството. Чрез избор на подходяща технология 
на заваряване и оптимизация на параметрите на процеса, енергията, материалите и 
човешкия труд, използвани при съединение на метални конструкции могат да се икономисват. 
Работата дискутира някои практични стратегии относно ефективността на заваръчното 
оборудване и процес, подготовката и оптимизацията на заваръчната техника и технологии 
за намаляване на използваната енергия. Изведени са някои заключения как да се организира  по 
ефективен и устойчив производствен заваръчен процес. 

 

 
Introduction 
Excellent economic efficiency has for many years 

been an outstanding criterion of the welding processes 
and equipment choice.  Long time this was understood 
as low price of the equipment. The development of 
welding technology has been concerned with the 
quality of the welds. Now the designers and users of 
welding equipment and technology are pressed from 
concurrent and community requirements. EU plans in 
2020 a 20% reduction of greenhouse emissions, 20% 
reduction in primary energy use, compared with 
projected levels to be achieved by energy efficiency. 
Four to ten-fold reduction in global nowadays levels 
of energy and materials consumption is needed in 
order to achieve the ecological sustainability, meaning 
use of ecological goods and services within nature’s 
carrying capacity. Time- and resource-saving welding 
processes offer its customers a competitive advantage. 
The ecological conformity is one of top priorities now. 
The intelligent and practical solutions of these 
requirements could improve the welding process 

efficiency and to offer a quick return on investment. 
The main users of welding technologies are: the 

automotive and vehicle construction industries, 
installation, tubing and pipeline construction, 
shipbuilding and railway vehicle manufacturing, food 
and chemical industries, electronics, medical and 
aerospace. Each year, these industries spend in USA 
over 34 billion USD for welding-related activities and 
goods; there more than 70% of those expenditures are 
relate to labor; 16.5% are spent for materials and 
consumables and 3.35% - for energy (1,134 billion 
USD) [1]. Additionally, these same industries invest 
over $3 billion annually in welding capital equipment. 

Selecting the right welding technology and by 
optimization process parameters the energy, material 
and manpower can be saved. Engineers and industrial 
managers agree that energy efficiency is critical for 
industrial progress. Among welding operators, energy 
efficiency goes well beyond the electrical 
characteristics of the process: it has come to include 
the manufacturing process as a whole. 

This article explores few practical strategies 
relating to welding equipment and process efficiency, 
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setup and optimization of the welding technique and 
technology to reduce the ecological impact of some 
widely employed welding processes. 

Ecology and efficiency in harmony 
Efficiency of welding could be distinguished as: 

• energy efficiency; 
• melting efficiency; 
• ecology safe welding (or eco-efficient 

welding). 
Energy (power) efficiency depends on the welding 

process. Total power efficiency of welding operation 
must be evaluated taking in consideration the whole 
welding production activity. It is affected by energy 
and material consumption and accounts for additional 
works. 

Two main factors affect the energy efficiency: a) 
the welding procedure efficiency, depending on the 
process, welding parameters, joint configuration, etc., 
and b) the welding power source efficiency, to be 
evaluated as the ratio between the power transmission 
media (arc, beam) and the power consumption from 
the line. 

The eco-efficient welding requires: 
• To reduce the amount you spend on 

electricity and consumables for welding; 
• to reduce welding emissions and to 

improve the welders work conditions. The 
evaluation of environmental impacts 
generated by welding operations must be 
considered through gases and water 
pollutions, noise and ionizing radiation. 

The cost-effective welding does not have to 
conflict with sustainability and eco-friendliness. 

Energy efficient arc welding process 
Arc welding processes consume a great deal of 

energy and are widely used in manufacturing. 

Improved power source efficiency 
Power source technology for arc welding processes 

has matured significantly in recent decades. Modern 
power supplies use significantly less energy when 
welding as well as when sitting idle with the power 
on. Older transformer/ rectifier power supplies have 
poor energy conversion rates during welding and have 
high idle power. Inverter power supplies require less 
energy when welding and have significantly lower 
idle power. Inverter power supplies with transistor 
technology are the most efficient when welding and 
when idling, and provide faster response times and 
higher pulse frequencies. Fig. 1 shows the power 

consumption while idling for three different power 
supply types [2]. In addition to using power supplies 
that consume less power while idling, turning power 
supplies off when not in use is a simple method of 
reducing energy consumption. The idle efficiency of 
all higher amperage welding machines is improved by 
incorporating a cooling system that only runs when 
needed, not continuously. In dirty or dusty 
environments, this feature also reduces the amount of 
airborne contaminants pulled through the machine, 
keeping internal components cleaner and reducing the 
need for maintenance. 

 

 
Fig. 1 Consumption of power supply while idle 

 
Fig.2 Power source efficiency vs. percent of rated load: 

 1) 81%; 2) 63% 

It is commonly believed that operating a power 
supply at or near its maximum rated load will cause 
damage or cause it to operate less efficiently; 
however, the opposite is true. Operating a power 
supply at a load below its rating can significantly 
reduce its efficiency. As indicated in Fig. 2, operating 
an 81% efficient power supply (curve1) at only 25% 
of its rated load decreases the operating efficiency to 
approximately 65% [3]. By using the power supplies 
with a maximum rated load closer to the expected 
operating parameters, manufacturers can take better 
advantage of increased-efficiency power sources and 
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reduce energy consumption. 

Optimization of arc-on time 
Even with a given welding method, it may still be 

possible to improve melting efficiency and arc-on 
time by optimum choice of welding parameters and 
electrodes, and / or by avoiding depositing more weld 
metal than necessary. The bevel angles of plate edges 
in butt joints have an important effect on the amount 
of parent metal to be removed and additional weld 
metal required. For example, an increase in bevel 
angle from 30° to 35° requires an additional 20% of 
weld metal to fill the joint with attendant energy 
consumption. Control of output power can react 
quickly to changes in the weld puddle. Enhanced weld 
bead wetting control (e.g., a "soft" arc for better wet 
out and minimal spatter, or a "stiff" arc for better 
penetration) are needed. This lets to obtain the best 
weld bead characteristics, minimal spatter and good 
arc initiations as well as a better reduction of ripples 
and spikes in the welding output, creating an ultra-
smooth, stable arc - even at low amperages.  

Process parameters must be optimized to improve 
the electrode melting efficiency, allowing more 
material to be deposited for a given amount of power 
consumed. This can be accomplished by increasing 
the welding current. While increasing the current 
alone may not be an option due to heat-input 
limitations at given material thickness, the optimized 
joint preparation and the decreasing quantity of 
electrode material at increasing the travel speed in 
way to maintain a consistent current/travel-speed ratio 
may resolve these issues. At 2,5 mm - diameter 
electrode, an increase of  the welding current from 
250 to 425 A results in a 20-25 % increase in the 
amount of filler metal consumed per kWh of welding 
power. This means that for the same amount of power, 
a greater amount of filler metal will be deposited. 
Another change is to increase the electrode diameter 
and appropriately to increase the current. As example 
an increase of electrode from from 4 to 5 mm, a 33% 
increase in deposition rate can be achieved. This in a 
typical case can produce an energy saving of 
approximately 25%. 

A straightforward method of decreasing energy 
consumption is to change to a process that has 
inherently higher deposition efficiency. There are, of 
course, trade-offs for any such change that must be 
considered. For instance, gas metal arc welding 
(GMAW) has a higher deposition efficiency than flux 
cored arc welding (FCAW); however, it is generally 
less tolerant to contaminants, is more challenging to 
use out of position, and requires a higher level of 

welder skill. Another way of decreasing energy 
consumption is to increase the deposition efficiency of 
the arc welding process currently being used. The best 
deposition rate is achieved when welding in a flat 
position, because a larger pool of molten weld metal 
can be maintained. It can therefore be worthwhile to 
manipulate a work-piece, so that it can be worked on 
more effectively. Depending on the shape and size of 
the component involved, the overall rate of welding 
can be doubled or even trebled by this means. Since 
the deposition efficiency of a process determines the 
percentage of filler material that is actually deposited 
into the weld pool, increasing it will increase 
productivity for the same level of power consumption. 
This can be accomplished by optimizing parameters 
for improved arc stability and droplet transfer to 
reduce spatter generation. 

Pulsed vs. Constant Voltage welding modes 
Pulsed GMAW waveforms are used to achieve 

spray transfer at a lower average current than welding 
in constant voltage (CV) mode by employing a peak 
current and a background current. The peak current 
promotes spray transfer while the background current 
maintains the arc between pulses. 

 
Fig.3  Output current vs. wire feed speed for CV GMAW 

(curve 1) and Pulsed GMAW (curve 2) 

Fig.3 illustrates the difference in the current/wire-
feed-speed ratios for wire of diameter 0.045 in. (1,125 
mm) - for the GMAW process in pulsed and constant 
voltage  welding modes [3]. 

Welding processes that are using the current state-
of-the-art technology are limited to flat position 
welding using CV power supplies. Constant 
current/constant voltage power sources provide 
uncompromising arc quality in all modes: MIG, flux 
cored, Stick and TIG welding. Operators in the 
construction, manufacturing, fabricating, pipe 
welding, and shipbuilding industries - those who need 
one machine for a variety of applications - appreciate 
the capabilities of this true multiprocess power source. 
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For complex weldments (odd shapes other than linear 
welds), large positioning equipment is required. The 
synchronous wave shaping and robotic weave to 
achieve state-of-the-art without expensive equipment 
is achievable, but requires proper communication 
between the robot and power supply. By 
synchronizing the robotic weave cycle and pulsed gas 
metal arc waveform, these processes can be used 
synergistically to obtain ideal weld bead shapes with 
minimum energy input. In order to obtain the ideal 
weld bead shape, an understanding of the process 
parameters that affect the weld bead geometry can be 
obtained using statistical methods (design of 
experiments). Using statistical methods, robust 
process parameters can be achieved using a fraction of 
the experimental trials. 

The primary objectives of pulsed welding mode is 
by utilizing pulsed waveform shaping of the arc 
current to affect the heat input and the resultant weld 
bead geometry and in this way to achieve high 
performance weldments with an attendant reduction in 
energy consumption and emission generation.  Pulsed 
GMAW uses substantially less energy than 
conventional GMAW because the power source 
operates at a low background current for a portion of 
the arc-on time. 

To take advantage of all the capabilities that 
inverter power supplies a digital communication 
between the power supply and the robot controller 
promises. This program not only addresses new 
innovative capabilities of robots and power supplies, 
but also the creation of robust welding procedures to 
ensure the quality of the welds through process 
modeling and simulation. The latest in arc welding 
power supply technology merged with robotic 
weaving capabilities are able to achieve synergistic 
effects and optimize the weld bead shape in any 
position. 

For a given wire-feed speed, the current output of 
the power supply is affected by the contact tip-to-
work distance (CTWD). Due to the effect of resistive 
(I2R) heating, increasing the CTWD will decrease the 
current needed to melt the electrode or increase the 
deposition rate for a given current. The effect is 
greater for smaller-diameter wires since they have a 
higher electrical resistance. 

Robots equipped with conventional GMAW must 
stop frequently in order to clean welding spatter from 
the nozzles. The optimized process there will result 
not only in far less welding spatter, but in a 
considerably more stable metal transfer and a 
significant reduction in the tilt angle of the electrode. 
This alone reduces the stoppage time of the robot 

welding cells by more than 60%, and increases the 
efficiency of the electrical energy used. 

Electron-beam and laser welding 
As widely known concentrated energy beam 

materials processing has some advantages regarding 
local heat input and controllability. Because of the 
locally concentrated heat input process emissions are 
lower which reduces energy consumption. Some 
applications of the concentrated beams were 
developed which are not accessible for conventional 
thermal processing. In other fields electron beam and 
laser-supported manufacturing techniques are valuable 
alternatives. These welding techniques enable 
increased processing speed and need no additional 
welding material, as well as lless post-processing, 
leading to an increased productivity and energy 
efficiency in the auxiliary chain. This is main 
advantage of the concentrate energy beams. 

Measured melting efficiencies for laser and 
electron beam welding is no higher than the 
theoretical maximum value of 0.48 which can be 
obtained with other kind of welding processes, where 
linear movable heat source is applicable for thermal 
calculations. However, improved melting efficiency 
over conventional processes of tick plate arc welding 
can be obtained due to the shapes of laser and electron 
beam welds that create two-dimensional heat flows  in 
nominally three-dimensional heat flow applications. 

Electron beam welding 
Electron beam welding with deep penetration have 

advantage in comparison with multi-weld joining of 
thick plates by conventional welding technologies.  
The two main users of electrical energy in electron 
beam welding are the high voltage supply - where a 
major loss of efficiency occurs when a motor 
generator is used - and the pumping system. At 
present, many applications require a full vacuum for 
satisfactory results, though clearly less energy is 
required for partial-vacuum or non-vacuum working 
where this produces acceptable results. To extract air 
from the welding chamber, most engineers prefer the 
tried and tested diffusion pump, in spite of its relative 
electrical inefficiency. 

Wherever possible, it would pay to use non-
vacuum methods. This, however, does not give the 
same deep, narrow welds as vacuum or partial-
vacuum methods and is at present used only in the US 
automobile industry, for high speed, low penetration 
applications. The situation will, it is hoped, change as 
a result of research, which aims to increase the depth 
of penetration of the process so that it can be used in a 
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much wider range of industries. The energy saving 
compared with existing arc welding methods will also 
be considerable if, as is anticipated, a penetration of 
100 mm at about 400 mm a minute proves to be 
possible. 

Laser welding 
The efficiency with which a laser beam may be 

generated is low, and there is a lengthy warm-up 
period of 10-15 minutes. It is also necessary to keep 
such systems on 'stand-by' mode when not in use since 
the electrical disturbance of switching on and off is 
liable to cause damage. While carbon monoxide lasers 
offer theoretical benefits over currently evolved 
carbon dioxide systems, it seems likely that the overall 
efficiency of lasers will remain low in the next 
decade. Nevertheless the technical benefits of laser 
welding make the process very desirable, and there is 
scope for recovering energy in the form of warm 
water which could be used for heating buildings, for 
example. Attention is also being given to maximising 
beam usage by more efficient work practices and 
computer control. 

Efforts are also being concentrated on improving 
the efficiency of beam transmission by: 

• reducing the number of mirrors involved in 
focusing the beam; 

• optimising the lens type to produce a smaller, 
more intense focal spot; 

• protecting the beam from scatter-producing 
airborne contaminants by enclosing it and 
pressurising it with filtered air. 

In the frame of conventional processing schemes 
laser beam welding requires a high utilization in order 
to run economically.  

The low efficiencies in the energy conversion in 
the laser welding equipment seem to be a major 
drawback and apparently limit the range of 

applications.  
The absorption of laser energy by the workpiece 

during laser beam welding had been studied through 
direct measurements of heat input obtained with a 
calorimeter. The experiment compared workpiece 
materials with contrasting thermal properties (304 
stainless steel, 1018 steel, tin), and varied the laser 
power, travel speed, and focus spot size in order to 
determine their effects on the energy transfer 
efficiency and the melting efficiency. The energy 
transfer efficiency during laser beam welding was 
found to increase with beam intensity from 0.20 to 
0.90 and to stabilize at a high value at intensities 
greater than 30 kW/cm. No correlation with energy 
transfer efficiency was found for either the fusion 
zone depth-to-width ratio or the travel speed.  

There are advantages in using Laser-Hybrid 
welding in batch production. Compared with 
conventional MIG or laser processes that use a cold 
wire feed, Laser-Hybrid process achieves three times 
the welding speed and, thanks to the lower energy 
input, consumes far less electrical energy while 
simultaneously reducing thermal distortion. 

In the case of comparison of consumed heat energy 
for melting of weld material (there form factor of the 
weld-the ratio of the width to the depth of seam, 
together with joining material thickness are important) 
a comparison of the energy input, presenting welding 
procedure efficiency for various welding technologies 
is shown on fig. 4 [4]. The sign plasma means 
GMAW (MIG). 

On base of procedure efficiency comparison, the 
best welding process is EBW. 

Jim Foster from TWI [5] give typical total energy 
consumption in making welds 250 mm long (or 
equivalent mean circumference) in mild steel 
(<0.2%C) over a range of thicknesses as follows. 

 

 

Fig. 4.  Simulated heat input at constant welding speed and varied weld width 
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Table1.   
Comparison of overall welding performance 

Process Material thickness,  
mm 

Primary,  
kJ 

Secondary (see Table 2),  
kJ 

Total,  
kJ 

MMA 1 57 105 163 
 12 1420 1278 2698 
 50 17640 13035 30675 

MIG/MAG 1 32 50 84 
 12 1280 277 1557 

TIG 1 94 40 130 
SAW 12 1450 864 2314 

 50 16200 9870 26070 
Laser 1 112 454 466 

 12 120 4268 4388 
EB 1 15 3230 3245 

(in vacuum) 12 120 5283 5403 
 50 1000 7958 8958 

 
Table 2   

Build-up of overall energy consumption 

 
Manipulation 

Process Plate 
thickness 

mm 

Primary 
consum-ption 

kJ 

Weld 
time,  
min 

Electrode/ 
Flux 

drying,  
kJ 

Fume 
extract,  

kJ 

Weld 
prep,  

kJ 

PSU 
losses,  

kJ 

Wire 
feed,  

kJ 
Simple, 

kJ 
Complex, 

kJ 
Total 

kJ 

MMA 1 57 1.1 - 80 - 25 - - - 105 

 12 1420 6.0 540 430 63 245 - - - 1278 

 50(F) 17640 60.0 5400 4320 315 3000 - - - 13035 

MIG/ 1 32 0.5 - 22 - 25 3 - - 50 

/MAG 12 1280 1.75 - 79 51 137 10 - - 227 

TIG 1 94 2.0 - - - 40 - - - 40 

SAW 12 1450 0.75 180 - 28 621 51 30 - 864 

 50(F) 16200 7.25 1740 - 150 7000 690 290 - 9870 

Laser 1 12 0.14 - - - 416* - - 38 454 

 12 120 0.2 - - 48 4166* - - 54 4268 

EB 1 15 0.13 - - - 3295* - - 35 3230 

(in 12 120 0.5 - - 48 5100† - - 135 5283 

vacuum) 50 1000 1.7 - - 300 7200† - - 458 7958 

 

 
* Includes transmission loss    † Includes pumpdown    (F) Factored from data for 25 mm material 
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There MMA is manual metal arc welding; 
MIG/MAG is GMAW with inert gas or active gas, 
where the metal electrode is a small diameter wire fed 
from a spool, and SAW is Submerged arc welding 
(SAW involves formation of an arc between a 
continuously-fed bare wire electrode and the 
workpiece. The process uses a flux to generate 
protective gases and slag, and to add alloying 
elements to the weld pool.); PSU means pump source 
units; Weld prep. is Weld preparation. 

Conclusion 
Here some of welding technique and technology 

are discussed (including arc welding, high power 
electron beam welding and laser welding), with a view 
to establishing and comparing their potential to 
decrease its energy consumptions and to improve the 
process ecology conformity. It can be driven the 
following conclusions: 
• In the foreseeable future, traditional arc methods are 
likely to continue to dominate, with any energy 
savings likely to be achieved by the reduction of 
idling losses and energy efficient sources during arc-
on time. 
• The laser and electron beam methods promise 
energy savings through improved productivity and are 
therefore likely to increase their currently small 
proportion of the market, there is an urgent need for 
measures to improve power source efficiency, to make 
effective use of energy extracted and to minimise 
idling losses. 
• Using an arc welding machine  that is too large, 
wastes electricity and consumables. Use correctly 
sized equipment.gr 
• Use welding equipment with a high power factor 
(PF). The nowadays welding equipment have power 
factor more, than 0.6 - 0.85. Constant potential gas 
metal arc welding (GMAW) power supplies typically 
have a PF of about 0.96, compared to constant current 
gas tungsten arc welding (GTAW) with a PF of about 
0.6.  

• Inverter type power sources typically have 
efficiencies of around 85%, compared to rectifier 
types at about 75% and converters at around 55%. The 
best energy efficiency of welding sources has 
transistor based sources for arc welding processes. 
• Considering upgrading old equipment: newer 
equipment may have much better power efficiency 
and lead to significant energy savings. 
•  Microprocessor control and digital communication 
between the power supply and the robot controller 
promise the creation of robust welding procedures to 

ensure the quality of the welds through process 
modelling and simulation. 
• In electron beam welding use of partial vacuum in 
technology chamber is recommended, there is scope 
for development of non-vacuum systems and intensive 
applications of more productive equipment.  

As a result of discussed improvements could be 
provided more efficient and stable production welding 
processes. 
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Electron-beam welding as a highly efficient energy-saving method 
of jointing the metalwork materials 

V. Y. Belenky, D. N. Trushnikov, G. M. Mladenov, E. G. Koleva,  

T. V. Olshanskaya 

 

Aspects of the use of welding powerful concentrated beam of electrons are considered. Electron 
beam welding is a high efficient energy-saving process of joining of large thick metal parts. Aspects of 
the use of welding powerful concentrated beam of electrons are considered. Electron beam welding is 
a high efficient energy-saving process of joining of large thick metal parts. Comparison of electron 
beam welding with arc welding is done. The efficiency of heating the metal by arc depends on the 
welding process and does not exceed 50 ... 65%. The arc welding method of thick metal has to use 
multi-pass welding. Costs electrical energy during the formation of the weld joint increases 
significantly. In electron beam welding of the metal formed a deep and narrow channel penetration. 
This allows welding of thick metal with minimal energy input to welded products. The efficiency of 
heating the metal may reach 95-98%. 

Method of control of the focus regime at the electron beam welding is described. Method is based 
on the parameters of secondary-emission current in the plasma above the welding zone. Above the 
welding zone collector of electron is established, who is at a positive potential. The conductor is 
plasma, which is formed by ionization of the metal vapor electron beam. The current in the plasma has 
a significant value due to thermionic emission from the intensive interaction zone an electron beam 
with metal.  A high frequency component (10-30 kHz) is selected from the spectrum of the secondary-
emission current to the focus control. Empirical density distribution of the extracted signal in the 
amplitude range reflects well the shape of the melting zone. This allows to control the focusing of the 
electron beam welding and to achieve maximum concentration of heat power in welding zone. The 
method allows to obtain a maximum ratio of a weld seam depth to its width and to ensure high energy 
efficiency of the process. 

Електроннолъчевото заваряване като високо-ефективен енергоспестяващ  метод на 
съединяване на метални материали (В. Я. Беленкий, Д. Н. Трушников, Г. М. Младенов, Е. 
Г. Колева, Т. В. Олшанская). Разгледани са аспектите на използването на заваръчни мощни 
концентрирани електронни  снопове. Електроннолъчевото заваряванр е високо-ефективен 
икономисващ енергия процес на съединяване на голями дебелостенни метални части.  
Направено е сравнение на електроннолъчевото заваряване с електродъговото заваряване. 
Ефективността на нагряване на метала от дъга зависи от процеса на заваряване и не 
превъзхожда 50 – 65 %.  При дъгово заваряване на дебелостенни детайли се прилага 
многопроходно заваряване. При тази технология стойността на употребената електрическа 
енергия за формиране на заваръчния шев расте значително. При електроннолъчево заваряване 
се формира дълбок и тесен шев. Това позволява заваряване на дебели метали с минимум 
вложена енергия в заваръчното съединение. Ефективността  на нагряване на метала достига 
95-98 %. 

Описан е и метод на контрол на режима на фокусировка на електронния сноп. Този 
метод се основава на параметрите на вторично-емисионния ток в плазмата, генерирана над 
зоната на заваряване. За целта над зоната на заваряване се разполага колектор, който има 
положителен потенциал. Плазмата, формирана от йонизирането на металните пари от 
електронния лъч служи като проводяща среда. Токът от термоелектронна емисия от зоната 
на взаимодействие на снопа със стените на кратера в течния метал има значителни 
стойности. Високочестотна компонента(10-30 kHz)е селектирана от спектъра на 
колектирания от плазмата ток и се използва за контрол на позицията на фокуса. 
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Емпиричното распределение на плътността на тока  на извлечения сигнал в областта на 
амплитудите отразява добре формата на канала в стопения метал. Това позволява 
управление на фокусировката на снопа при електроннолъчево заваряване и постигане на 
максимална концентрация на мощността на нагрев в зоната на заваряване. Методът 
позволява да се получи максимално отношение между дълбочина и ширина на шева и 
обезпечаване на висока енергийна ефективност на процеса. 

 

 
Introduction 
This year we are celebrating the 125th anniversary 

of the welding technology invented by a Russian 
engineer N. G. Slavyanov. Basically, Slavyanov 
suggested using an electric arc as a heat source since 
its operation temperature was sufficient for melting 
most metalwork materials existed at the moment.  

In 1890–1892, N. G. Slavyanov patented his 
invention in France, England, Belgium, Germany, 
USA, Sweden, and Italy. Since the beginning of the 
20th century, the electric arc welding has been 
spreading widely for various applications, thereby 
becoming one of the most popular welding 

technologies today. 

Electron beam welding efficiency 
Despite the high efficiency of the electric arc 

welding, this technology is very energy-consuming 
with performance factor of 50…65% which also 
strongly depends on operation conditions and 
implementation. When a metal material is relatively 
thick, the multiple-pass arc welding is required (Fig. 
1) which consumes much more energy compared to 
the normal arc welding.  
 

 
Fig. 1. Making a welded joint by means of the multiple-pass arc welding 

  
Fig. 2. Making a penetration channel for the electron-beam 

welding: 1 - plasma, 2 - melting metal, 3 - keyhole, 4 - 
welding depth 

Fig. 3. Cross-section of a welded joint for the electron-beam 
welding 
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In the recent decades, the electron-beam 
welding with a concentrated electron beam as a heat 
source has become very popular in mechanical 
engineering, shipbuilding, and astronautical 
engineering. 

The electron-beam welding is always 
performed in vacuum to reliably protect the welded 
metal of the welding pool from external impacts as 
well as to refine the welded joint. The mechanical 
characteristics of the resulting welded joint often 
outperform those of the original material which could 
hardly be achieved with any other welding methods.  

When an intensive electron beam hits the metal 
surface, it cuts a narrow, yet deep penetration channel 
(Fig. 2).  

Presently, the gas and hydrodynamics processes 
taking place in this channel are not fully researched 
and described. The higher efficiency of the electron-
beam welding compared to the arc welding is ensured 
by the electron beam which outputs a lot of energy in 
the penetration channel. The performance factor of the 
energy output into the metal can be as much as 
95…98%. 

The narrow, yet deep penetration channel of the 
electron-beam welding allows making the joints with 
their depth 50 or more times bigger than width (Figure 
3) as well as joint 150…200 mm wide metalworks for 
a single pass. 

 
Fig. 4. Dependency of the penetration depth from the the 

focusing current when both the total intensity of the 
electron beam and configuration of the penetration areas 

are invariable 

In some cases, it may be difficult to efficiently 
save energy using the electron-beam welding since 
geometric dimensions of the penetration area cannot 
be exactly reproduced. The electron beam which 
significantly impacts the profile of the future joint 

(Fig. 4) is often hard to focus properly by adjusting 
the current in the electromagnetic focusing subsystem 
of the electron gun.  

Despite the stable electric parameters of the 
modern energy equipment for the electron-beam 
welding, proper reproducing of the focus is still a 
challenge [1–3]. The reason is that the focus of the 
electron beam strongly depends on the electric and 
optical characteristics of the cathode installed in the 
electron beam. These characteristics may change from 
time to time due to cathode wearing or running a 
scheduled maintenance. 

Further development of the control methods for 
electron beam focusing will allow reaching the 
maximum intensity of the heat output in the welding 
area, thereby making the welded joints with the 
maximum depth-to-width ratio. Such a configuration 
of the penetration area ensures high electrical 
efficiency of the process as well as electron-beam 
welding of thick metal materials with minimum input 
power.  

As of today, one of the most efficient focus control 
methods for the electron-beam welding are the 
methods based on the parameters of the secondary 
processes which take place in the welding area when 
the intensive electron beam hits the metal surface [4–
8]. 

 
Fig. 5. Registration of the secondary current in plasma 

above the area of the electron-bean welding: 1 – electron 
gun; 2 – focusing lens; 3 – plasma above the are of the 

electron-beam welding; 4 – electron collector; 5 – 
registration system; 6 – load resistor; 7 – shift source; 8 – 

item being welded 

One of the typical processes in the welding area is 
generation of the low-temperature plasma caused by 
the electron  beam  interaction  with  the metal  vapors  
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Table 1.  
The cross-sections of the welding of steel and corresponding unnormalized experimental probability densities of the signal 

component within the specified amplitudes for the 9 kW electron beam in different focusing modes 

 
above the welding pool. By registering the parameters 
of the secondary current directed towards the electron 
beam in plasma (Fig. 5) of penetration channel, one 
can efficiently control the thermal action of the 
electron beam as well as the configuration of the 
penetration area [9–12]. 

Our recent researches has proved the possibility of 
defining and solving an inverse problem: how to 
restore the penetration profile of the electron-beam 
welding based on the known signal parameters of the 
secondary current in plasma registered in the ring 
electrode circuit above the welding area. When 
processing the signal of the secondary current in 
plasma, we have extracted the high-frequency 
component in 10…30 kHz range. Then, we have 
analyzed the parameters of this component. Table 1 
lists the cross-sections of the welding of steel with the 
9 kW static electron beam in eight different focusing 
modes as well as parameters of the resulting 
penetration areas and corresponding unnormalized 
experimental probability densities of the signal 
component within the specified amplitudes. As shown 
in the table, the outlines of the unnormalized 
experimental probability densities align with the 

profile of the penetration area. 
The highest modal probability density takes place 

where the maximum depth to upper width ratio of the 
penetration area (h to d respectively) is obtained, i.e. 
in the sharp focusing mode. The dispersion and thus 
the root mean square are minimal. Therefore, the 
specified parameters can be used for setting the sharp 
focusing mode or (which is the same) the maximum 
intensity of the electron beam per welding area. 

The obtained parameters of the signal of assisted 
discharge current in plasma can then be used for the 
fast control of the welded joint profile during the 
electron-beam welding. 

Conclusion 
1. Efficient usage of the electron-beam welding 

as an energy-saving technological process for 
welding thick materials is a challenge due to 
difficulty of reproducing the geometric 
dimensions of the penetration area caused by 
inaccurate control of the electron beam focus. 

2. Our researches proved that the most efficient 
control method for the electron beam focus is 
registration of the high-frequency component 

Focusing 
current, mA 

715 720 725 730 735 740 745 750 

Cross-sections  
 

 
 

Joint depth, mm 10 14 16 17 21 19 17 13 
Joint width in the 
upper part, mm 

10 9 8 9 9 9 10 12 

Experimental 
unnormalized 

probability densities 

       

Modal values in 
percentages 

1.089 1.835 9.777 10.425 10.672 10.386 7.115 2.535 

Root mean square, 
percentage 

0.11 0.093 0.056 0.053 0.047 0.049 0.058 0.073 
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of the secondary current signal spectrum in 
plasma within the electron-beam welding area. 

3. The researches showed that the parameters of 
the experimental probability density of the 
above mentioned component of the secondary 
current spectrum contain the information about 
the focus-based electron beam intensity per 
area, and thus can be used for controlling the 
optimal geometric dimensions of the welded 
joint profile during the electron-beam welding.  
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Energy saving by use of technologies of machine parts renewal 

Georgiy Rozorynov, Vladislav Khaskin, Oleg Berezhnoy 

 

Modern tendencies of scientific and technological development, as well as the crisis of previous 
years have shown that the most actual problems of industrial manufacture are the problems of energy 
saving and natural resources saving. One of the ways of solving such problems is extension of 
operation life of machine parts and mechanisms. To achieve this is used various technologies of 
machine parts and mechanisms renewal. This work is devoted to the prospectivity research of its 
commercial application. 

Съхранение на енергията чрез технологиии за възстановяване на износени машинни 
части (Георгий Розоринов, Владислав Хаскин, Олег Бережной). Модерна тенденция на 
научното и техническо развитие, както и кризите от предидущите години показаха, че  най-
важния проблем на индустриалното производство е икономията на енергия и материални 
ресурси. Один из пътищата на разрешаване на този проблем  е удължаването на живота на 
машинните части и механизми. За достигане на това се използват различни технологии на 
възстановяване. Работата е насочена към  изследване на переспективите им за комерческо 
приложение. 

 

 
Introduction 
Modern tendencies of scientific and technological 

development, and also crisis events of the past years, 
have shown that the most common problems of 
industrial manufacture include problems of energy 
and environmental resources saving. One of the ways 
for solving such problems is prolongation of service 
life of machines and mechanisms. 

At that, one of three main methods is used: 
development and usage of new materials, surface 
treatment of existing materials, that is directed to 
upgrade their functional characteristics to the 
maximum (e.g. strength, wear and corrosion 
resistance), or life-expired products. The last method 
includes different renewal technologies of machines 
and mechanisms.  

Objective – perspective research of modern 
industrial use of renewal technologies of machines 
and mechanisms. At that, as criteria we shall consider 
economic motivation for the use of different renewal 
technologies, which lies in energy and resources 
saving needed for new details production.  

Research technique. To achieve the objective we 
examined existing renewal technologies of machinery 
details and mechanisms according to common 
classifications. Some basic technical characteristics 
were specified for these technologies: geometric 
characteristics of cladding (or sputtering) roller at one 

pass, speed of process, its performance, thickness of 
recovering side of detail, rate of energy input, quantity 
of basic metal in recovery-applied. As the main 
economic characteristic of analyzed technologies it 
was recommended to use the complex characteristic 
including the cost of equipment and its service (or just 
handling of technological process) referring to one 
gramme of recovery-applied material.  Application 
perceptiveness of one or another renewal technology 
would be determined by combination of specified 
technical characteristics with complex economic 
parameter, which has €/G dimension.   

Results. Firstly, despite massive opportunities of 
renewal technologies, the tendency of decrease of its 
industrial usage volume is observed in advanced 
industrial countries for the last twenty years. In our 
opinion the decrease of implementation rate of 
specified technologies is caused by the range of 
disadvantages of existing ways of solving industrial 
problems and, first of all, striving to replace life-
expired details with new analogs. However, generally 
it is more economically effective to recover such 
details.   

Renewal technologies include cladding and 
sputtering processes. The traditional classification of 
cladding processes is presented in the work [1] (Fig. 
1). It clearly reflects existing electric-arc processes 
however does not take into account more modern 
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electron-beam and laser technologies. This 
disadvantage is removed from classification, 
presented in the work [2] (Fig. 2). It is claimed in this 
work, that the most widely used modern technologies 
are those, which use removal of unnecessary material 
for details production. This caused negative 
tendencies in industrial usage of recovery 
technologies. 
 Plasmic methods refer to the group of beam 
processing methods as shown in classification on Fig. 
2. There is no other classification using such method. 
Usually plasmic methods are related to the group of 
gasometric processing methods [3]. The classification 
of the last mentioned (Fig. 3) is also important, 
because gasometric recovery technologies have much 
less effect on the detail than they may remove 
undesirable residual heat treat changes.  
As already mentioned above, the most modern 
renewal technologies include laser ones. The number 
of existing nowadays methods of laser processing of 
surface is rather big. The classification scheme 

presented in the work [4] may provide insight into 
them (Fig.4). 

Appliance. Technical analysis of all renewal 
technologies considered in the works [1-5] shows that 
main disadvantages are:  

- critical heat input, causing residual heat treat 
changes of renewal details and appearance of internal 
voltages in them (arc methods); 

-  low strength of layers adhesion with basis 
(gas-thermal methods); 

- appearance of microcracks and stressed 
condition of layers (electron-beam  and laser 
methods). 

Nowadays there are rather guaranteed methods 
for removing these disadvantages. However, the 
majority of engineers are still aware of them. It is 
mostly caused by psychological factor. One more 
factor, keeping from using renewal technologies, is 
economic factor. Management of companies 
unwillingly agrees to implement such up-to-date 
technologies because of the high cost of modern 
equipment for its realization.  

 
Fig.1. Classification of cladding methods [1] 
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Electrophysics and electrochemical  
machining methods

Combined Beam Ultrasonic Electrochemical Electric 
discharge

 
Fig. 2. Laser and electron-beam methods of material machining,  
as subspecies of electrophysics and electrochemical methods [2] 
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Fig. 3. Classification of the gas-thermal coating methods [3] 

 

 
We carried out a techno-ecomonic analysis, which 
showed, that it is important to take the cost of 
equipment into account, as well as the cost of its 
exploitation, which depends on consumed material 
and energetic resources. Taking the performance of 
any renewal technology into account, it is possible to 

take out the cost parameter   of its use, that is ratio of 
the currency value to the gramme of applied material. 
Such approach let us generate the techno-economic 
table of modern renewal cladding technologies 
comparison (Table 1). 
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Fig. 4. Classification of the surface hardening and renewal processes, in which a laser radiation is utilized [4] 

Table 1.  
Technical and economical comparison of modern industrial methods of renewal cladding of  machines  

and mechanisms details (in accordance with the operating prices in Ukraine) 

 
Cladding 
methods 

Transversal 
size of 

cladding 
roller, mm 

Thickness 
of cladding 
layer  (one 
pass-way), 

mm 

Cladding 
productivi

ty, 
kG/h 

Minimum 
thickness of  

cladding 
product 

wall, mm 

Rate of 
energy 
input, 
J/mm 

Part of 
base metal 
in cladded 
metal, % 

Process  
rate, 
m/h 

Cost 
nonregistering   

cladding material 
cost, 
€/G 

Laser 0,2…5,0 0,1…3,0 up to 1,5 0,2 50…300 0…1 30…150 0,008…0,025 
СМТ 4,0…8,0 0,5…5,0 2,5…6,0 0,6…0,8 150…350 5…15 50…120 0,004…0,015 

Microplasmous  
indirect arc 3,0…7,0 0,1…2,0 up to 1,0 0,8…1,0 500…900 1 3,0…5,0 0,007…0,020 

Microplasmous 
direct arc 4,0…11,0 0,5…5,0 0,1…0,5 1,0…1,5 250…3000 5…15 0,5…10,0 0,010…0,012 

Plasmous-powder 10,0…25,0 0,3…6,0 up to 12,0 1,0…2,0 400…1200 5…15 1,0…20,0 0,001…0,006 
Plasmous with 

conducting filler 
wire 

5,0…10,0 3,0…6,0 2,0…12,0 1,0…2,0 500…1500 5…15 3,0…12,0 0,001…0,006 

Arc TIG 4,0…14,0 2,5…5,0 1,0…7,0 1,0…2,0 300…1000 10…30 20…60 0,001…0,009 
Arc MIG (MAG) 4,0…16,0 3,0…5,0 1,5…9,0 2,0…3,0 250…800 30…60 20…60 0,001…0,007 

Gas powder 10,0…20,0 0,3…3,0 0,5…3,0 1,5 - 1 1,0…5,0 0,003…0,008 
Inductive ≥10 0,4…3,0 2,0…15,0 ≥3,0 2000…3500 5…15 60…120 0,001…0,005 

Hand-held, stick 
electrodes 

5,0…10,0 2,0…5,0 0,8…3,0 2,0 1000…3000 20…50 up to 20 0,002…0,006 
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Conclusion 
Based on the Table 1, the next conclusions on 

perceptiveness of industrial implementation of 
recovery technologies can be made:  

1. When choosing renewal technology despite 
taking material and geometry of recovering detail into 
account it is, firstly, necessary to take into account the 
thickness of cladding and sputtering side as well as the 
scope of operations.  The important factor is 
minimization of heat input of the chosen method.  

2. When choosing renewal technology minimal 
cost criterion, firstly, it is necessary to determine 
needed and sufficient level of automation process.   

3. For high-volume automation operations it is 
rational to use inductive and plasma powder cladding, 
for low-volume automation operations – arc cladding 
and Cold Metal Transfer (CMT) process, for low-
volume operations with low level of automation (e.g. 
manual) – microplasmic renewal.  

4. Laser and electron-beam methods of details 
recovery are the most science-absorbing. They can be 
implemented into big enough companies with high 
manufacturing culture. The most effective usage of 
such methods is when others don't provide needed 
qualities and/or performance. 
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Micro-arc oxidation as efficient technology of increasing of wear 
resistance of aluminum alloy 

E. Krivonosova, A. Gorchakov 

 

Micro-arc oxidation (MAO) technology allows getting ceramic coatings with composition, 
structure and properties controlled over a wide range and using them as wear-resistant, corrosion- 
resistant, heat- resistant and decorative coatings. This paper studies the influence of time processes 
and electrolyte systems on the MAO process of aluminum alloy, micro-structure and properties of the 
formed coating. The ceramic coatings in different electrolyte systems are mainly composed of alpha-
Al2O3. The micro-structure and volume fraction of porosities of ceramic coatings were analyzed using 
metallography technique. The results show that microhardness of the coating is more than 3500 HV 
and the wear resistance is increasing by 30 times compared to steel 12CrMo. 

Микродъгово оксидиране като ефективна технология за увеличаване на 
износоустойчивостта  при триене на алуминиеви сплави (Е.Кривоносова, А.Горчаков). 
Технологията на микро-дъгово оксидиране (MДO) позволява да се получи керамично покритие с 
композиция, структура и свойства управлявани в широка област и да се приложи като 
износоустойчиво, корозионно-устойчиво, топло-устойчиво и декоративно покритие. 
Работата изучава влиянието на времето на обработка и електролитните системи върху 
МДО процеса върху алуминиеви сплави, микро-структурата и свойствата на формираното 
покритие. Керамичното покритие в различни електролитни системи са предимно съставени 
от алфа-Al2O3. Микроструктурата и обемната съставляваща на пористостта на 
керамичното покритие е анализирано с помоща на металографска техника. Резултатите 
показват че микротвърдостта на покритието е повече от 3500 HV и износоустойчивостта 
при триене превъзхожда 30 пъти стомана12CrMo. 

 

 
Introduction 
Micro-arc oxidation (MAO) is a one of efficient 

technology of surface strengthening of materials, 
working in high wear conditions. It allows to form 
polyfunctional protective coatings with predetermined 
working properties and having several advantages 
over traditional surface hardening technologies.  
MAO refers to the electro-chemical processes and is 
using micro-discharges of electrical energy in the 
electrolyte on the surface of the workpiece to produce 
coatings with special properties. MAO technology 
allows getting ceramic coatings with composition, 
structure and properties controlled over a wide range 
and using them as wear-resistant, corrosion- resistant, 
heat- resistant and decorative coatings. Micro-arc 
oxidation is more efficient in getting coatings on 
aluminum and titan alloy [1-4]. 

Method and results  

Coating formation during the MAO occurs at much 
lower voltages than during the arc discharge. When a 
voltage of 300-400 V is applied, the stage of a 
microarc discharges takes place and it raises the 
temperature in the arc flash channel. Herewith the 
formation of high α-modification oxide Al2O3 on the 
surface of aluminum alloy occurs, which leads to a 
substantial increase of its micro-hardness and wear 
resistance. 

 
 

Fig.1. Micro-arc oxidation unit: 
PS - power supply, KOH and Na2SiO3  -based electrolyte 
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Fig. 1 shows a diagram of the Micro-arc oxidation 
unit. 

The coating on the alloy AlMg6 obtained in an 
alkaline silicate electrolyte consists of three layers: a 
thin transition layer, working layer with maximum 
hardness and minimum porosity, consisting essentially 
of corundum (α-Al 2O3), and external technological 
layer enriched by aluminosilicate. Using of silicate-
alkaline electrolytes allowed to increase the micro-
hardness of the working layer to 2500-3000 HV. 

 

 

 

Fig.2. Microhardness measurements of MAOCoating: 
(a)   -  base metal - the transition Al2O3  layer coating 

boundary; (b) -  in depth of the working layer coating with 
the statistics of processing results 

When using a silicate-alkaline electrolytes there is 
a high porosity, pore volume fraction can reach 1.9%. 
However, it is found that pores with the size of 10 
microns have no significant impact on microhardness 
and wear resistance. 

Fig. 2 shows fragments of microhardness 
measurements on the base metal and the transition 
layer (Fig. 2a) and over the thickness of the working 
layer coating (Fig. 2b). 

Analysis of the dependence of the microhardness 
and the thickness of the oxidized layer on the time of 
the process shows that the maximum average 
microhardness of the working layer (3000-3500 
N/mm2) is reached in 20 minutes from the start of the 
oxidation process. During further increase in time 
microhardness either remains at the same level or 
slightly decreases due to the porosity in the outer layer 
of the coating.  Thus, the optimal thickness, providing 
an average microhardness of not less than 2500 
N/mm2, is 150-250 microns. 
 

 
 

 
 

Fig.3. Fragment of the microstructure of the oxidized 
coating with color differentiation and then the histogram of 

pore size
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Table 1.  
Conditions and results of friction tests 

Friction pair 

disc block 
test 

environment 
coefficient of 

friction 
wear rate, mg/s 

wear resistance of the 
surface relatively to 

hard X12M steel 
oil 0,213 11,3⋅10-2 1 

X12M steel Steel Х12М,  
dry adhesion - - 
oil 0,021 6,18⋅10-3 18,2 

X12M steel 
AlMg6 alloy 
with MAO 

coating dry 0,28-0,35 48,6⋅10-3 2,33 

oil 0,01-0,015 36,8⋅10-3 30,7 AlMg6 alloy with 
MAO coating 

AlMg6 alloy 
with MAO 

coating dry 0,04-0,06 67,3⋅10-3 16,79 

 
The porosity of the coatings obtained at microarc 

oxidation is a major problem, resulting in the loss of 
protective properties of such coatings and reduced 
performance characteristics. 

There are several reasons for porosity formation in 
the coating obtained by oxidation of microarc: boiling 
base metal at the bottom of the breakdown channel; 
boiling electrolyte in the pores at a relatively high 
current density (more than 1 A/dm2); accelerated heat 
dissipation and rapid crystallization which inhibit 
vapor bubble to exit anode surface. 
  Fig. 3 shows the morphology of the porous 
structure of the coating with the image processing in 
the quantitative metallographic analysis program. 

An assessment of the wear resistance of the 
coatings produced by friction in the industrial oil, dry 
and in a corrosive environment with pH 7 by the 
scheme disc-block for different pairs of friction: 

X12M steel (HRC52)-steel X12M, 
X12M steel - AlMg6 alloy with MAO coating, 
AlMg6 alloy with MAO coating - AlMg6 alloy 

with MAO coating . 
The test results given in the Table 1 show that the 

wear rate for the pair AMg6 alloy with MAO coating- 
AlMg6 alloy with MAO coating is 16 times reduced 
against the wear by dry friction of steel parts, and 30 
times reduced against friction in the industrial oil. 

Thus, the micro-arc oxidation technology allows to 
create a range of products both of simple and 
complex-shape with new functional properties. These 
products can be used for a variety of machines and 
equipment in the industry and home appliances, 
working in conditions of friction and high contact 
stresses, for the elements of sensor equipment and 
other products undergoing aggressive environment, 
thermal effects, as well as for decorative purposes. 

 

Conclusion 
1. Analysis of the dependence of the 

microhardness and the thickness of the oxidized layer 
on the time of the process shows that the optimum 
thickness of the layer, which provides the average 
microhardness of not less than 2500 N/mm2, is 150-
250 microns. 

2. When using the alkali-silicate electrolyte there is 
a high porosity, pore volume fraction may reach 1.9%, 
it is found that pores with the size of 10 microns have 
no significant impact on microhardness and wear 
resistance. 

3. The test results on wear resistance demonstrate 
the undoubted benefits of MAO – coatings:  wear 
resistance is up to 30 times higher for the pair of 
coating-coating, and up to 18 times higher for the pair 
of coating –Steel. 
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Justification of energy efficiency potential of the equipment used 
in the oil fields in the example of deposits of the Perm region 

P. Y. Ilyushin, S. V. Galkin, G. P. Khizhnyak 

 

In the paper are discussed factors, influencing the portion of the energy cost in the production 
cost of oil pumping and treatment. There are analyses of specific production process units based on 
the results of energy efficiency monitoring of processes. The study showed that the overall potential 
for energy savings in the production of oil and gas amounts to 12.95% per month of the total energy 
consumption of CDNG-8. 

Уточняване на потенциала на енергийната ефективност на оборудването, 
използвано при производство на нефт в пермска област (П.Илюшин, С.Галкин. 
Г.Хижняк). В работата се дискутират факторите, влияещи на частта на стойността на 
енергията в производствената цена на  изпомването и обработката на нефт.Има анализ на 
блокове от специфични производствени процеси базиран на резултатите от оценка на 
енергийната ефективност на процесите. Изследванвто показва че тоталния потенциал за 
икономия на енергия в производството на нефт и газ се равнява на 12,95 % м есечно от 
общото потребление на енергия на СДНГ-8. 

 

 
Introduction 
High proportion energy expenditure in production 

costs has a significant negative impact on the 
development of business entities in our country. In 
industrial enterprises the proportion of energy costs 
amount to of 8-12% in average and has steadily 
increased due to the great moral and physical 
deterioration of basic equipment and significant loss 
within the transportation of energy resources. 

Rational use of energy resources is one of the key 
conditions of cost reduction at industrial enterprises 
and economic efficiency of production in general. At 
the same time, energy-saving way of development of 
the national economy is possible only in the 
formulation and subsequent implementation of energy 
efficiency programs in enterprises, which requires the 
creation of appropriate methodological basis. 
Postponement of the implementation of energy saving 
measures affects significant economic losses to 
enterprises and has a negative impact on the overall 
environmental, social and economic situation. In 
addition, further costs increase in industry and other 
economic sectors is accompanied by growing deficit 
of financial resources, which delays the production 
base renewal of enterprises according to the 
achievements of scientific and technical progress. 

It should be noted that various criteria can be used 

as a references of energy saving. The potential for 
energy savings (the reserves which can be developed 
in time) is considered to be the most common 
reference for the control actions. It is necessary to 
consider both quantitative and qualitative 
characteristics as well as the possibility of rational 
energy resources use within carrying out analysis and 
evaluation of the economic potential of energy 
resources potential. 

Justification of energy efficiency potential of the 
equipment used in the oil fields 

In order to prevent financial losses in the formation 
of the aggregate energy saving measures it is required 
to develop and to improve assessment methods for the 
effectiveness of energy saving programs which take 
into account the use of multi-variant sources of 
investments held for their implementation. Reducing 
of the energy component in the cost of production will 
provide additional resources to ensure an acceptable 
level of moral and physical deterioration of 
technological equipment. 

In 2012, actual consumption of electricity in the 
process of production, collection and preparation of 
well production of company "LUKOIL-PERM" 
amounted to 2.9 billion rubles. 

A complete outlay of electric power consumption 
from the centers of power to a specific process unit 
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was developed as a result of energy efficiency 
monitoring of production processes. Customer 
provided data of electricity metering systems used in 
the enterprise as a source of initial information.  

Compilation of energy consumption balance was 
needed in order to verify the accuracy of the data 
downloaded from the different levels of the 

accounting system and to determine the volume of 
instrumental investigation. 

Monitoring is carried out from the substation to the 
specific installation, and then for each process unit 
node that allows to get a full outlay of power 
consumption and to identify no-effective nodes. 
 

 

Table 1.  
Comparison  of technical and commercial account of electric power of the first level at the enterprise 

Commercial account, kWh Disbalance 
Technical account of the 1st level (FEEDERS), 

kWh 

Accounting point 
Electricity 

consumption 
% Accounting point 

Electricity 
consumption 

Baklanovka -1 7 391 660 1,24% Baklanovka -1 7 300 340 

Input 35 kW 5 222 000 2,72% 
Sum of accounting points on 

the inputs PC 35/6 kW 
5 080 040 

Input 6 kW 2 169 660 -2,33% Output feeders 6 kW 2 220 300 

Kuleshovka 1 931 880 19,88% Kuleshovka 1 547 860 

Input 35 kW 924 000 5,66% 
Sum of accounting points on 

the inputs PC 35/6 kW 
871 660 

Input 6 kW 1 007 880 32,91% Output feeders 6 kW 676 200 

Total 9 323 540 5,10% Total 8 848 200 
 

Table 2.  
Comparison of technical and commercial account of electric power of the second level at the enterprise 

Technical account of the 1st level (FEEDERS), 
kWh 

Disbalance Technical account of the 2nd level (ITS), kWh 

Accounting point Electricity consumption % Accounting point 
Electricity 

consumption 

   Baklanovka -1 7 300 340 0,16%    Baklanovka -1 7 288 340 
Sum of accounting 
points on the inputs 
PC 35/6 kW 

5 080 040 0,24% 
Sum of accounting points 
on the inputs PC 35/6 kW 

5 068 040 

Input  vil. Garjushki, 
Majak, Rassvet, Pal' 

4 663 680 0,00% 
Input  vil. Garjushki, 
Majak, Rassvet, Pal' 

4 663 680 

Input TP-4 416 360 2,88% 
Sum of output feeders  
TP-4 

404 360 

Sum of output feeders 
6 kW 

2 220 300  ACCOUNTING  OF THE 2ND LEVEL IS 
ABSENT  

  Kuleshovka 1 547 860 23,14%    Kuleshovka 1 189 680 
Sum of accounting 
points on the inputs 
PC 35/6 kW 

871 660 43,56% 
Sum of accounting points 
on the inputs PC 35/6 kW 

492 000 

Input TP-1 871 660 43,56% 
Sum of output feeders  
TP-1 

492 000 

Sum of output feeders 
6 kW 

676 200  ACCOUNTING  OF THE 2ND LEVEL IS 
ABSENT 

Total 8 848 200 4,18% Total 8 478 020 
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According to the table 1, the misbalance between 
the Commercial account and Technical account of the 
1st level in general CDNG makes 5.10%. The main 
disbalance accounts for a extending line 6 kW 
substation Kuleshovka - 32.91%. The disbalance 
between the first and second levels of technical 
account (Table 2) for CDNG amounts to 4.18%. The 
main disbalance accounts for substation TP-1 - 
43.56%. 

In order to improve data on all substation feeders 
Kuleshevka, a survey tool was conducted. The survey 
results were accepted for further analysis to determine 
feeders with specific power consumption as well as 
the identification of inefficient plants energized from 
the data lines. 

Considered the main power supply, proceed to the 
analysis of processes. Distributing technical 
accounting data and the data obtained during the 
survey on the feeders for industrial processes, it turned 
out that the most energy-intensive processes for the 
studied CDNG are pumping oil and water injection 

pressure maintenance, 54% and 38% of total energy 
consumption accordingly.  

In order to obtain complete picture of electric 
power consumption and to identify inefficient wells, 
process of "pumping oil" was assigned to the group on 
operating procedure. 

The processes of "water injection formational 
pressure" and "field transport of oil" has been 
considered from the point of view of pumping units.  

Carried out the analysis of the operation methods 
on efficiency in electricity consumption by pumps 
groups proceed, let`s move to to consider the 
installation of each node according to the following 
principle: 

If you imagine the installation of mechanized oil 
development in the form of nodal schemes (Figure 1), 
then having the results of measurements on the 
electrical and technological mode of operation of the 
well, we will get a proportion of total energy 
consumption accounts for each installation and 
mechanical energy hub. 

 
Fig. 1. Nodal scheme of mechanized oil development 

 
Daily energy consumption                               Daily debt 

  
Fig. 2. Distribution of specific energy consumption  by the water on the different pump size  of ESPs 
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This approach allows to make the most detailed 
power consumption balance of the installation and to 
consider each node individually. 

The average power distribution of the nodes of 
mechanized oil installation for CDNG-8 is as follows: 
66% of the capacity is the share of the pump, 16% - of 
the engine power, 12.5% - the power cable, and 2.8% 
- the transformer; 2 % - the control station. 

Initial data: Operating practices of production 
wells, Mouth, Tubing, Pump, Gas buster, Hydro-
saving Engine Cable Transformer (TMPN), Control 
system, Electric network of enterprise, Initial data: 
Investigation point 

Thus, the main consumers of power are the pump, 
engine and power cable 

120 wells were considered in the analysis of the 
energy efficiency of installations electric submersible 
pumps (ESPs). Distribution diagram for the specific 
energy consumption on the pump size (Fig. 2) have 
been prepared according to the wells. 

Within the analyses the causes of inefficient work 
it is revealed that 28% of the total stock of ESP on 
CDNG-8 work in the area of low efficiency, notably 
left and right zone of pressure-flow characteristics of 
the pump. ESP operating in the left zone, the specific 
energy consumption amounts to 10.7 kWh/m3, 26% 
higher than the group rate. ESP in the right zone has 
energy consumption of  9.7 kWh/m3, 19% higher than 

the group rate (Fig. 3). 
Thus, when replacing the to the appropriate wells 

yield potential for energy efficiency can be 27% of the 
electricity consumption of a single unit. The 
replacement of the ESP is carried out only after the 
failure, but the economic analysis showed that this 
activity will be paid back in 1.2 years, which in mean 
time to failure of ESP (2 years) in the investigated 
company is acceptable. Therefore, it is more rational 
to replace the ESP on the identified wells without 
waiting for the current failure.  

The analysis revealed the potential of the 
application measures for replacement the pumps at the 
lower performance in accordance with the rate of 
wells in the following groups of wells (according to 
ESP efficience): 20, 25, 35, 45, 80,125 m3/day., 
notably range of pumps for these groups worked in the 
area of low efficiency. Potential thereon is 28% to 
53%. 

In addition, the valve engine was installed in the 
well with ESP-20, 25, 35, 45 m3/day which allows to 
compare the per capita consumption of ESP-SEM and 
ESP-VE. It was revealed that in the case of engine 
valve application on these groups according to 
capacity, the potential can be from 10% to 32%. It is 
proposed to broadcast experience with high pressure 
on the rest of the group, which will also result in 
substantial savings (Fig. 4). 

 

 

Fig. 3. Distribution of ESP pumps according to the efficiency zones in pressure well characteristic   
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Fig. 4. Potential of energy saving with the application of valve engines:  
1- Potential from efficiency; 2- Application of valve engines (VE) 

 

Fig. 5. Diagram of dependence between power coefficient and engine load factor 

 
As a result of instrumental examination it is shown 

that 69% of engine installed on the sucker rod pump, 
working with a low load factor (Ks) less than - 0.4, 
which leads to a decrease of engine efficiency, and 
hence to unsustainable losses. Furthermore, when the 
engine with low load factor Ks, the power factor (cos 
φ) is substantially reduced (Fig. 5). 

Conclusion 
Replacement of transformers in accordance with 

the load: 
- share of total monthly consumption on 

CDNG-8 amounts to 0.1% 

equipment replacement of pumps production in 
accordance with the rate of the well 

- share of total monthly consumption on 
CDNG-8 amounts to 6.45%  
exchanging installation of downhole well pump in 
accordance with the load  

- share of total monthly consumption on 
CDNG-8 amounts to 2.6%  
bringing the pumps RPM systems and PNiV in 
accordance with the existing technological mode  
         - share of total monthly consumption on CDNG-
8 amounts to 3.8%  

The study showed that the overall potential for 
energy savings in the shop of oil and gas amounts to 

1 

2 
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12.95% per month of the total energy consumption of 
CDNG-8. 
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Electromagnetic field in a three-phase induction device 

Marin Slavov Marinov, Maik Jurgen Streblau  

 

Induction heating and melting is a widely used thermal treatment method. It is associated with 
small losses of electric power and its also enables local heating at specific points of the item. In using 
three-phase inductors at industrial frequency, a problem occurs associated with the occurrence of a 
rotating magnetic field. The construction suggested in this publication eliminates this problem. 

The aim of this study is theoretical and experimental exploration of the magnetic field of a four-
legged three-phase induction device, operating without a load in an established mode. 

Електромагнитно поле в трифазно индукционно устройство (Марин Славов Маринов, 
Майк Юрген Щреблау). Индукционно нагряване и топене е широко използван метод за 
топлинна обработка. То е свързано с малки загуби на електрическа енергия и също така 
позволява локално загряване на специфични точки на обекта. При използването на трифазни 
индуктори с промишлена честота възниква проблем, свързан с появата на въртящото се 
магнитно поле. Конструкцията препоръчана в тази публикация елиминира този проблем. 

Целта на това изследване е теоретично и експериментално изследване на магнитното 
поле на четирикрако трифазно индукционно устройство, което работи без натоварване в 
установена режим. 

 

Introduction 
Induction heating is a highly efficient method of 

thermal treatment. The fast heating, the small thermal 
losses and the possibility to generate heat directly in 
the treated item all contribute to achieving a relatively 
low specific consumption of electric power and high 
efficiency factor. 

Induction heating at industrial frequency is used 
for extra-large bodies or for melting. The application 
of single-phase inductors, however, at high powers 
requires load symmetrization, which brings a number 
of difficulties in its realization. This necessitates the 
use of three-phase induction devices, which can 
eliminate the problem to a great extent. There occurs, 
however, another problem, associated with 
elimination of the rotating or running magnetic field.  

A construction where the problem of rotating 
magnetic field is eliminated is suggested in [1]. Here 
one of the phases is split constructively and 
electrically in two thus achieving a four-legged 
magnetic core with four coils on it (Fig.1). A way of 
sizing such a device is suggested in [2], and an 
approach to its symmetric loading is discussed in [3]. 
Analytically, the electromagnetic processes are solved 
in [4].  

This study aims at achieving the picture of the 
electromagnetic field of the suggested device by using 

high-efficiency numerical methods for analysis based 
on the finite elements method. The study is focused on 
the idle move mode in order to identify the initial 
distribution of the magnetic field. 

Method  
The analysis was carried out with COMSOL 

MULTIPHYSICS software, whereby the results from 
[4] were used as initial data, namely: 

  AI A 7,3=&
,              w1=450 windings; 

 AeI j
B

0146.4,3=&
, w2=2x300 windings (split 

phase); 

AeI j
C

0277.4,3=&
 ,    w3=450 windings 

Fig.1 shows a geometric model of the three-phase 
induction system. There are three distinct areas – 1- 
air, 2 – coils, 3 – magnetic core. 

The mathematical model of the electromagnetic 
field [5, 6] is presented by equation (1)  

(1) 
•••

=⋅⋅⋅+∇− JAA γω
µ

j21
 

where:  
•
J , А/m2 – current density vector; µ, H/m – 

absolute magnetic permeability;  µ0, H/m – absolute 
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Fig.1. Geometric model of a three-phase system 

magnetic permeability of air; 
•
A , Wb/m – 

magnetic potential vector; γ, S/m – specific electric 
conductivity; ω, rad/s – circular frequency. 

 
When creating the model, the following 

assumptions were made: 
- the field does not spread beyond 5 times the 

inner size of the system; 
- the current is assigned through the coils  
- the electromagnetic field spreads 

uninterruptedly in the model.  
 
According to these assumptions, the following 

boundary conditions were assigned to the model: 
- along the inner boundaries (condition of 

uninterrupted field): 

(2) 0
11

1

0

2 =







×∇−×∇×

••
AAn

µµ   

- along the outer boundaries: 

(3)  0=×
•
An                            

 
By means of quasi-stationary harmonic analysis, at 

a frequency of 50Hz, the distribution of the field is 
determined in the magnetic core and in the 
surrounding space. 

 
 
 
 
 

Results  
The results for the values of the magnetic induction 

from the theoretical studies are shown in Fig.2 and 
Fig.3. 

For comparison, experimental studies were 
conducted on a real model. For this purposes, two 
probes were placed upon the magnetic cores as shown 
in Fig.4. The values of the magnetic induction, 
measured by help of probes 1, 2 and 3 are given in 
Table 1. 

Table 2 presents a comparison between the 
experiment and the model and the relative error is 
calculated. 

Originality  
The suggested construction is protected by 

copyright certificate [1], and its electromagnetic and 
thermal field have not been studied in sufficient detail 
yet. The 3D mathematical model is a step in this 
direction.  
 

 
Fig.2. Distribution of the magnetic induction along the 

magnetic core surface 

 
Fig.3. Distribution of the magnetic induction by the cross-

sections of the legs 
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Fig.4. Diagram illustrating the location of the probes 

Application 
The suggested device could be used for heating 

cylinder-shaped items and disc-shaped items as well 
as for melting. Further studies of the magnetic field 
would result in a more detailed understanding of such 
a non-traditional construction and thus to its 
optimization. 

 
Conclusion 

Based on the obtained results, the following 
conclusions can be drawn: 

• the suggested algorithm describes the magnetic 
field in the device under consideration with 
sufficient precision (less than 10%) ; 

• the obtained theoretical and experimental results 
show that the magnetic induction in the magnetic 
cores of the split phase is smaller, which means 
that these magnetic cores could be manufactured 
with a smaller cross-section (of about 20%);  

• the suggested mathematical model could be used 
for further exploration of the magnetic field of a 
device with a load. 
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Intensification of gas-dynamic temperature stratification 

A. A. Tsynaeva, M. N. Nikitin, E. A. Tsynaeva  

 

Mathematical modeling and numerical investigation of the temperature stratification of the 
supersonic pipe temperature stratification are given. This report represents the analysis of the 
possibility of increasing the efficiency up to 3 times of a supersonic pipe of temperature stratification 
with heat pipes , made in the form of longitudinal gills on the heat transfer surface. This research is 
sponsored by Russian Foundation for Basic Research (RFBR No12-08-31091) "Intensification of gas-
dynamic temperature stratification using heat pipes". 

Интензификация на газо-динамическата температурна стратификация (А. Цинаева, 
М. Никитин, Е. Цинаева). В тази статия са развити методи за математическо моделиране 
и числени експерименти на температурната стратификация за ултразвукова температурна 
стратификация в тръба. Тази работа представя анализ на възможността за повишаване на 
ефективността до 3 пъти за ултразвукова тръба с температурна стратификация с 
топлинна тръба, направена във формата на надлъжни ребра на топлопредаващата 
повърхност. Тази работа е спонсорирана от Руската фондация за фундаментали изследвания 
(RFBR No12-08-31091) 

 

Introduction 
Devices with temperature stratification can be 

quite different: as a thermal stabilization systems 
[Tsynaeva, 2009 21] pieces of equipment, systems 
control the pressure of natural gas [Jukhovickii, 
Tsynaeva, 2004, Koval'nogov, Tsynaeva, 2009, 
Jukhovickii, Koval'nogov, Tsynaeva, 2006], in plants 
heating natural gas [Burcev, 2004], in air conditioning 
and refrigeration system [Merkulov, 1997] etc. 
Thermal separation of gases and two-phase media is 
possible with subsonic and supersonic flow 
parameters. Thermal separation at subsonic speeds 
and sound implemented in the device temperature 
stratification Rank-Hilsch [Hilsh, 1946], the 
stratification of gas in the presence of supersonic flow 
in the device is the gas-dynamic temperature 
stratification (Leont'ev's pipe) [Leont'ev, 1997].The 
principle of gas-dynamic temperature stratification 
[Leont'ev, 1997] and the principle of the Leont’ev 
pipe (Fig. 1 a) is based on the implementation of the 
transfer of heat through the wall separating the 
subsonic and supersonic flow of the working fluid 
(gas or two-phase flow). 

It is known that the adiabatic temperature is doing 
significantly below the stagnation temperature in flow 
with supersonic speeds (Mach number M> 1) and the 
Prandtl number Pr <0,2 [Leont'ev, 1997, Burcev, 
Leont'ev, 2000, Vinogradov and other, 2005]. There is 

a temperature difference 
2

*
rTTT −=∆  (where, *T – 

temperature decelerated flow; 2rT  – wall temperature 
of the supersonic flow). Consequently, the intensity of 
heat transfer from the subsonic flow path to flow in a 
supersonic tract will be higher for a smaller value Pr 
of the working media [Vinogradov and other, 2005]. 

The methods to improve the efficiency of gas-
dynamic temperature stratification 

Existing methods to improve the efficiency of gas-
dynamic temperature stratification can be divided into 
technical methods and technological methods. The 
technical methods are being rationalized design of the 
pipe (Fig. 1 a) temperature stratification (presence of 
perforations, ribs / see Fig. 1, b / etc.). Technological 
methods are doing to influence on the properties of the 
working fluid (the use of hydrogen-xenon, argon and 
hydrogen-helium-xenon mixtures of dispersed flows). 

The perforation of the wall separating the subsonic 
and supersonic flow in Leont’ev pipe (Fig. 1, a), 
allows to implement the blowing-suction gas between 
subsonic and supersonic flow of the working fluid. 
From the literature it is known that the efficiency of 
thermal stratification in the suction gas from the 
supersonic tract is higher than with injection, which is 
most clearly manifested for gases with small Prandtl 
numbers. The use of permeable wall in the pipe of 
temperature stratification is rather efficient solution 
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[Leont’ev and other, 2008, Leont’ev and other, 2011, 
Leont’ev, Vigdorovich, 2010]. However, in devices 
for the isothermal gas pressure regulation 
[Jukhovickii, Koval'nogov, Tsynaeva, 2006, 
Koval'nogov, Tsynaeva, 2009, Tsynaeva and other, 
2011, Tsynaeva and other, 2013], based on the 
presence of a perforated wall in Leont'ev's pipe 
between subsonic and supersonic flows may lead to 
fluctuations in the gas pressure downstream of the 
regulator. In our opinion, the perforation of wall 
between subsonic and supersonic flows in Leont'ev's 
pipe is possible. But in new technical applications (for 
example, control system of gas pressure, heating 
system, etc.) based on Leont'ev's pipe will require 
additional research [Tsynaeva and other, 2011, 
Tsynaeva and other, 2013]. 

In order to increase the efficiency of thermal 
stratification in the Leont'ev's pipe is required to 
increase the amount of heat removal from the 
subsonic tract. This solution is implemented using 
longitudinal ribs on the wall in the subsonic tract. 
However, the effectiveness of the longitudinal ribs 
will be decreased with increasing length of the ribs. In 
addition, the use of the ribs in some industrial devices 
is limited by size of the devices (gas pressure 
regulators on gas control points) [Tsynaeva and other, 
2011, Tsynaeva and other, 2013]. 

Process control is possible when the value of the 
coefficient of restitution will changed. This solution is 
implemented in the presence of a shock wave in a 
supersonic tract when installing barriers [Vinogradov 
and other, 2013]. However, according to [Vinogradov 
and other, 2013] value of the coefficient of restitution 
will be changed non-monotonically. Consequently, in 
some parts efficiency of thermal stratification will 
decreased (see Fig. 1, a). In this regard, the decision 
[Vinogradov and other, 2013] requires further study. 

Technological methods to improve the efficiency 
of gas-dynamic temperature stratification are divided 
into two types. The first - is the use of gas mixtures 
with a low Prandtl number (Pr <0.2).In the case of 
such mixtures, the value of the coefficient of 
restitution will be reduced by thirty percent (about 0.5 
... 0.6) than for gases (air, natural gas, methane etc.). 
However, the reduction of the Prandtl number there is 
a reason to reduce heat transfer. The film heat-transfer 
coefficient is decreasing. Temperature difference 
increases. In this connection, the possibility of 
increasing the efficiency of thermal stratification 
using hydrogen-xenon, argon and hydrogen-helium-
xenon mixtures is limited. It should be noted that the 
hydrogen-xenon, argon, hydrogen and helium-xenon 
mixtures have a high cost. This is to limit the use of 
method in industrial applications. 

The second technological method of increasing the 
efficiency of thermal stratification in the Leont'ev's 
pipe is used two-phase fluid flow. In comparison with 
the work of gas Leont'ev's pipe, two-phase flow is 
used in pipe the efficiency of temperature 
stratification will increase to 7 times [Koval'nogov, 
2009, Tsynaeva, Magazinnik, 2008].The way to use of 
particulate flow in the technical applications of 
Leont'ev's pipe (hydrogen cooling system generators 
[Tsynaeva, 2009], the system of training of natural 
gas, etc.) is problematic [Tsynaeva and other, 2011, 
Tsynaeva and other, 2013]. 

Thus, the way to use of heat pipes for temperature 
stratification efficiency is promising [Tsynaeva, 2011, 
Tsynaeva, 2012]. In this regard, the proposed work to 
improve the efficiency of gas-dynamic temperature 
stratification through the use of heat pipes is the 
topical work. On the Fig. 1, b is the construction 
diagram of temperature stratification pipe with heat 
pipes [Tsynaeva, 2011, Tsynaeva, 2012]. Heat pipes 

(a)  (b)  

Fig.3. Fig. 1.The scheme supersonic pipe temperature stratification: a) - without heat pipes; b) - with heat pipes,      
1 - the separation chamber, 2 - subsonic flow path;3 - path of the supersonic flow, 4 - outlet tract of supersonic flow; 
5 - supersonic diffuser, 6 - outlet tract subsonic flow;7 - the supersonic nozzle (Laval nozzle) 8 - heat pipe made in 

the form of a longitudinal rib 9 - evaporation zone of the heat pipe, 10 - wick heat pipe;11 - the condensation zone of 
the heat pipe 
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in the proposed device (Fig. 1, b) are formed as flat 
longitudinal ribs 8. The circulation of the coolant 
inside the heat pipes is carried out by wick 10 (Fig. 1, 
b). The main advantage of the heat pipes is the most 
effective thermal conductivity (well above the thermal 
conductivity of the metallic conductor of heat). The 
way to use heat pipe allows to increase transfer heat is 
applied boiling and condensing process fluid within 
the heat pipe (Fig. 1, b). As a result, we have the 
intensification of heat transfer from one to another 
flow [Tsynaeva, 2011, Tsynaeva, 2012]. 

 

Mathematical model and numerical solution 
The mathematical model consists is the differential 

equations of motion and heat transfer in the boundary 
layer, equations for the calculation of heat transfer 
processes in heat pipes; equations to calculate the heat 
flow between subsonic and supersonic flow in the 
temperature stratification pipe [Tsynaeva, 2011, 
Tsynaeva, 2012]. In this case the temperature 

difference 2
*

rTTT −=∆  is determined by the value 
of the coefficient of restitution. The closure of the 
system of differential equations of the boundary layer 
was carried out using a modified model of the mixing 
turbulence Prandtl [Koval'nogov, 1992, Koval'nogov 
and other, 2009]. 

The numerical solution was carried out in the 
presence of heat pipes used as a fin on the surface that 
separates the path of subsonic and supersonic flows, 
and for the surface without fins. As an assumption 
was made that the coefficients of heat transfer to the 
surface of the heat pipe and to the surface are 

neorebrennoy [Koval'nogov and other, 2009, 
Koval'nogov, Tsynaeva, 2011, Tsynaeva, 2011, 
Tsynaeva, 2012]. 

Efficiency ratio of the heat pipe-rib was calculated 
by the method presented in the works [Koval'nogov, 
Tsynaeva, 2011, Tsynaeva, 2011, Tsynaeva, 2012]. 

Fig. 2 shows the results of numerical studies of the 
effectiveness of temperature stratification of the air in 
the Leont'ev's pipe. The analysis was conducted on the 
relative magnitude of the heat flux maxqqq= (the 

maxq  is calculated by ∞=2α , 02 =T ). 

In this work  
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 The calculation was made for the heat pipe-rib 

with long 0/ =δl  , 2/ =δl , 5/ =δl , 10/ =δl  (l – 
the long of the heat-pipe rib, δ – the width of the heat-
pipe rib). The calculations (Fig. 2) are made for the 

values of 7,0Pr= , 2,0М0 = , 6
2 10Re =wx , 0=G  

( ( ) 2
0

2
0

0

uuu

s
G

sm ρ
µν

−
=  – parameter characterizing the 

presence of condensed particles in the working 
environment) 

Fig. 3 shows the results of numerical studies of the 
effectiveness of temperature stratification of the two-
phase flow in the Leont'ev's pipe. The calculations 

 
Fig. 2.The dependence of the relative heat flow in the device 
for temperature stratification from the length of the heat pipe-
rib (for air): 1 – M2=1.5; 2 – M2=3.5; 3 – M2=4.5 

 

Fig. 3.The dependence of the relative heat flow in the device 
for temperature stratification from the length of the heat pipe-

rib (for two-phase flow): 1 – M2=1.5; 2 – M2=3.5; 3 – 
M2=4.5 
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(Fig. 2) are made for the values of 7,0Pr= , 2,0М0 = , 
6

2 10Re =wx , 7105,0 −⋅=G . 

Studies have shown (Fig. 2, Fig. 3) that increasing 

the length of the heat pipe-rib more than 6/ =δl  
temperature stratification efficiency remains 
practically unchanged. 

And the presence of heat pipes are increased the 
efficiency of thermal stratification to 2 ... 3 times 
compared to the apparatus without heat pipes 

( 0/ =δl ). 

Designations 
M – Mach number; 
α  – film heat-transfer coefficient; 
q  – heat transfer rate; 
r  – coefficient of restitution; 
T – flow temperature; 
η  – the efficiency ratio of the heat pipe-rib; 

γ  – the adiabatic coefficient; 

Re – Reynolds; 
Bi  – Biot number; 

Indices 
Superscript 
* – the parameters of the stagnation (temperature 

decelerated flow); 
1 –the parameters for subsonic tract; 
2 –the parameters for supersonic tract; 
0 –the inlet parameters; 
x –the parameters that have to qualify the size of 

the selected longitudinal coordinate; 
Subscript 
w – wall; 
ev  – evaporation zone of the heat pipe; 
phtr  – area of the phase transition of the heat pipe; 
ch  – area per steam heat pipe; 
con  – the condensation zone of the heat pipe; 
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Methods of heat transfer enhancement in cooling casing of mixing 
heat generators 

M. N. Nikitin  

 

The aim of this study was determination of the optimal design of cooling casing of gas-vapor 
mixture generator. Different concepts of cooling casings were proposed. Distinctive features were 
discussed to assess production viability. Fluid flow and heat transfer with natural gas combustion as a 
heat source were modeled with ANSYS CFD. Obtained results were confirmed by experimental data 
and showed efficiency of proposed methods implementation. 

Метод на ускоряване на топлопредаването в охлаждащия блок на смесващ 
топлогенератор (М. Н. Никитин). Цел на това изследване е определение на оптимална 
конструкция на охлаждащата камера на газово-парен смесващ генератор. Различни аспекти  
на охлаждащия блок са предложени. Характерни негови особености се обсъждат за оценка 
на производствената жизнеспособност. Потокът на флуида и топлоперевода, с изгаряне на 
естествен газ като топлинен източник, се моделира с ANSYS CFD. Получените резултати се 
потвърждават от експерименталните данни и показват ефективността на предложения 
метод на изпълнение. 

 

 

Introduction 
Multicomponent heat carriers, particularly gas-

vapor mixture (GVM), are the basis of long-term 
development trends of thermal technological 
processes. Replacement of traditional heat carriers’ 
multicomponent analogues can reduce the cost of 
some thermal technological processes by reducing 
production cost [1]. 

Gas-vapor heat carriers are produced in the mixing 
heat generators, with theoretical efficiency up to 
100% [2]. Despite the simplicity of designs of these 
heat generators [3, 4], their high efficiency is achieved 
only at strict accordance with heat calculations. 
Design of mixing heat generators can vary 
significantly depending on their purpose and operating 
conditions, while the universal algorithms of typical 
design does not exist. 

Method 

Aim and objectives of the study 
Three processes occur simultaneously in GVM 

generators: combustion of gaseous fuel, heating the 
coolant and its evaporation during the injection into 
the flow of combustion products. 

The aim of conducted research was to determine 

the optimal design of the cooling case of the generator 
GVM. In accordance with chosen aim the following 
research objectives were set: 

• study of the dynamics of fluid flow in the 
cooling case of mixing heat generator; 

• study of the process of heat transfer while 
cooling of the combustion chamber of the heat 
generator. 

 
Heat generator design 
The study of fluid flow in a slot channel was part 

of the analysis of design solutions for cooling case of 
gas-vapor generator. The object of the study was the 
mixing heat generator for thermal sterilization of 
agricultural soils (Fig. 1). [5] 

The combustion chamber is made of steel in the 
form of a hollow cylinder ø57 mm with wall thickness 
3 mm. Burner device of injection type represented by 
a 3 kW gas burner aligned to the axis of the 
combustion chamber. Cooling case is used to reduce 
the thermal stress of the walls of the combustion 
chamber and to heat injected coolant. It’s made in the 
form of a hollow cylinder ø87 mm. The cooling case 
aligned to the axis of the combustion chamber as well 
and forms a sealed annular channel. Heated water 
passes through this channel and being injected to the 
evaporation chamber through the nozzles ø10 mm. 
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The evaporation chamber made in the form of a 

hollow sphere ø100 mm and connected with the 
combustion chamber. At the top of the evaporation 
chamber a nozzle creates a fine spray of heated fluid 
(water). Injected water evaporates, reducing the 
temperature of the flue gas. Water is fed to cooling 
case via inlet nipple with sufficient pressure for the 
spray to serve as working medium to inject 
combustion products to gas duct. In the gas duct gas-
vapor mixture is forming. 

Modeled entity 
The modeled entity was a cooling case of heat 

generator. According to the aim of the research, 
various constructions of this element considered. 
Based on the experience of design of heat-power 
engineering equipment [6-7], number and allocation 
of inlet nipples considered as distinctive feature (Fig. 
2). 

Considered variants include all the possible 
connection schemes in respect to device ergonomics. 
When using two input nipples uniform distribution of 
liquid feed is implied. 

The simulation performed with ANSYS 
Multiphysics (license holder: FSBEI HPO "Samara 
State Technical University"). 

 

Simplification 
Modeling the dynamics of low-compressible fluid 

flow required minimum assumptions, in particular, the 
flow assumed incompressible. The influence of 
condition of the inner surface of the cooling case 
reduced to the relative roughness [8]. 

Conjugated heat problem for a fluid flow solved 
for a fixed temperature of heat transfer surface. This 
assumption has been made for two reasons. Firstly, 
incorporating the combustion process to a 
mathematical model significantly complicates the 
solution. Secondly, the use of surface temperature, the 
same for all the considered variants of cooling case, 
does not entail a significant error in first 
approximation. Since the purpose of the study was to 
determine the optimal location of the inlet nipples, the 
determining factor was the relative temperature of the 
liquid at the outlet nipple. Thus, the error in absolute 
values of obtained temperatures did not reduce the 
accuracy of the modeling results. 

Computational mesh 
Computational mesh created with standard tools of 

ANSYS Multiphysics. Program controlled inflation 
and smoothing ensured sufficient precision of the 
computational mesh [9]. The mesh size is set in range 
3.18е-5÷6.36е-3 m. 

 
Fig. 1. General view of the mixing heat generator:          

1 - outlet nipple, 2 - inlet nipple, 3 - cooling case, 4 - 
combustion chamber, 5 - gas injector 6 - gas duct 7 - 

evaporation chamber. 

 
     Fig. 2. Design variations of cooling case: a-c, g-i – with 

a single nipple; d-f, j-m – with paired nipples. 
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Numerical formulation 
For the problem of low-velocity flow of an 

incompressible fluid a specific solver used, which 
defined the pressure field from the equations of 
continuity and momentum conservation. In the 
absence of clearly defined vortex in the flow, the 
method for determination of absolute velocities used 
[10]. 

K-ε model of flow was used to describe the flow 
dynamics since the flow regime in nipples is similar to 
turbulent and pressure drop is not significant [9]. Flow 
model used in Shih formulation [11] in order to 
achieve greater realism. The effect of temperature on 
the rate of natural convection and the properties of 
laminar boundary layer, in particular the Prandtl 
number, is considered. 

The basic thermodynamic parameters of the liquid 
(density, specific heat, thermal conductivity and 
viscosity) were given in the polynomial function of 
the temperature (K) [12]: 
 
(1)  
(2)  

(3)  
(4)  

Boundary conditions 
The simulated heat generator produces mixture of 

steam and combustion products of gaseous fuel at   
373K. For a given power of the burner Qb, the balance 
[6] can determine injected water flow rate: 
 
(5)            
 

For generating GVM at 373 K with a 3 kW heat 
generator the flow rate of injected water Gw, fed with 
a temperature of 288 K, should be 0.00118 kg/s. 

Thus the boundary conditions at the inlet nipple 
determined by mass flow rate Gw=0.00118 kg/s and 
temperature . Turbulence set at 10% for 
the hydraulic diameter 10 mm [9]. 

Conditions of free discharge with radial 
equilibrium pressure distribution considered at the 
outlet nipple. An expected outlet temperature 

  set for backflow. Turbulence set by 
analogy to inlet nipple. 

Hydraulic characteristics of the laminar boundary 
layer are determined by adhesion condition with 
roughness factor of 0.5. The thermodynamic 
parameters of the steel surface of heat transfer 
determined by fixed temperature 430K. 

Solution method 
The problem solved by simple scheme coupling 

pressure and velocity. Spatial discretization for the 
equations of momentum conservation, turbulent 
kinetic energy and turbulent dissipation calculated 
using power law. Discretization for the energy 
equation is determined by a second-order upwind 
scheme. [9] 

Under-relaxation for pressure equation has been set 
at 0.3, for the momentum α = 0.7, and for the 
turbulent kinetic energy and turbulent dissipation α = 
0.8. Iterative steps of density, turbulent viscosity and 
heat flux were not limited (α = 1). [9] 

Results 

Flow dynamics 
During the first stage of the study dynamics of the 

flow of an incompressible fluid in the cooling case 
modeled. Modeling results are shown in Fig. 3, from 
which the advantage of allocation of the inlet nipples 
by schemes a-f, j and l is obvious. Due to the small 
flow rate of fed fluid, flow velocity in the outlet nipple 
is virtually independent of its allocation. 

 

 
Fig. 3. Flow dynamics in cooling case 
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It should be mentioned that the distribution of the 
input stream do not always give the desired result – 
the reduction of dead zones. For example, the options 
j-m with end allocation of paired inlets characterized 
by the formation of more dead zones in comparison 
with the options a-c, where the single inlets are 
located radially. 

Heat transfer 
The results of modeling the dynamics of the flow 

revealed variants of design solutions with a minimum 
number of zones with reduced circulation. However, 
taking to account the ambiguity of the effects of flow 
on the heat transfer in this case, heat transfer was 
modeled as well. The main criteria for the 
effectiveness of the cooling case constructive 
solutions have been adopted: the temperature of the 
combustion chamber wall and the average temperature 
of the fluid in the outlet nipple. The first criterion is an 
indication of the expected thermal stress and therefore 
the life span of the heat generator. The second 
criterion characterizes the irretrievable heat loss, and 
therefore energy efficiency of the unit. 

Simulation results for some embodiments shown in 
Fig. 4, which shows the distribution of temperature of 
the coolant in enclosure. 

The most illustrative variants are illustrated: b, j– 
the maximum temperature at the fluid outlet for 
versions with axial and radial allocation of single 
inlets: f, g – absolute maximum and minimum 
temperatures. 

It is clear that the unilateral allocation of the inlet 
and outlet nipples (especially at end allocation cases) 
results in extensive zone of reduced circulation (g). 
While diametrical allocation (i) of nipples 

significantly flattens out the temperature field of the 
heat transfer surface. Modeling results for all variants 
are shown in Table 1. 

Table 1 
Average coolant temperature at the outlet of the cooling 

case 

Variant 
Average 

Temperature 

, K 
Variant 

Average 
Temperature 

, K 
a 362.0 h 360.7 
b 368.4 i 368.2 
c 368.1 j 360.0 
d 368.9 k 355.8 
e 368.5 l 353.3 
f 371.1 m 363.1 
g 342.5   

Conclusion 
The study covers only one element of the mixing 

gas-vapor generator – a cooling case. However, the 
obtained results allow to identify the optimal design 
solution of this element Analytical data is sufficient to 
select a b as the best option and f as effective one. 

Nomenclature 
GVM—gas-vapor mixture; 

— under-relaxation coefficient; 

— fluid density, kg/m3; 

 — heat capacity of fluid at constant pressure, 
kJ/kg·K; 

—thermal conductivity offluid, W/m·K; 

—dynamic viscosity of fluid, Pa·s; 

 
Fig. 4. Temperature field in cooling case. 
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 —burner heat capacity, kJ; 

 —enthalpy of water, kJ/kg; 

 —evaporation heat of water, kJ/kg; 

—water mass flow rate, kg/c; 

 —average water temperature, K; 
 
Indexes: 
‘— at inlet nipple; 
‘’ — at outlet nipple. 
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Investigation on impact technological parameters on the sawdust 
br iquetting process 

Petko Mashkov, Tamara Pencheva, Hristo Beloev and Berkant Gyoch  

 

The main goal of this paper is to present analyses’ results of parameters which have an impact 
on sawdust briquette quality and to determine the area of the technological parameters for successful 
producing of durable briquettes. In this research, densification characteristics of sawdust were studied 
using a piston-cylinder densification apparatus to determine the optimum densification conditions. 
The effect of various parameters, such as compression pressure (pressure ranges of 30–150 MPa), 
preheating temperature (50°C to 200°C), pressure application rate, holding time (5 ÷ 500 s), and 
moisture content on the density of the briquettes was studied. 

Изследване на важни технологични параметри върху качеството на процеса на 
брикетиране на опилки (П. Машков, Т. Пенчева, Х. Белоев и Б. Гуоч). Главна цел на 
настоящата работа е да представи анализ на резултатите от параметри, които влияят на 
качеството на брикети от опилки и да определи областта от технологични параметри за 
успешно производство на трайни брикети. В това изследване характеристиките на 
уплътняване на опилките бяха изучени използвайки преса от бутало и цилиндър за определяне 
на оптимални условия на уплътняване. Ефектът от различни параметри, като налягане на 
пресоването (област от налягания 30–150 MPa), температура на предварително нагряване 
(50°C до 200°C),скорост на повишаване на налягането, време на поддържането му (5 ÷ 500 s), 
и съдържание на влага върху плутността на брикетата бе изучено. 

 

After coal and oil, biomass stands as the third 
largest energy resource in the world [1÷11]. The types 
of biomass range from wood processing waste (wood 
chips, wood waste, sawdust,), farming waste (straw, 
hay, turf, haulm, nut shells, empty pods, seeds) to 
municipal and industrial waste. Carefully and 
efficiently planned biomass combustion does not 
increase the amount of carbon dioxide and may be an 
environmentally safe and efficient method of heat and 
power generation. Depending on the type, biomass 
materials may be used as an alternative to coal, crude 
oil, diesel oil or industrial gasses. One of the major 
limitations of using biomass as a feedstock for 
bioenergy products is its low bulk density, which 
typically ranges from 80–100 kg/m3 for agricultural 
straws and grasses and 150–200 kg/m3 for woody 
resources like wood chips and sawdust. The purpose 
of densification is to increase the material density to 
facilitate transport, storage and feeding [7]. On the 
basis of compaction the briquetting technologies can 
be divided into: High pressure compaction; Medium 
pressure compaction with a heating device; Low 
pressure compaction with a binder. The aim of this 
work is connected with determination of the 
technological parameters’ area which allows 

producing of durable briquettes from pine sawdust.  

Problem statement 
 It is well known that final briquettes quality 

depends on a lot of parameters which can be grouped 
in three main categories [1, 3, 9]: 

1 - Pressing material, this includes: material’s type, 
fraction size, material’s moisture and temperature. 

2 - Pressing technology and parameters of 
pressing: pressing way, temperature in pressing 
chamber, compacting pressure in pressing chamber, 
pressing speed, holding time. 

3 - Constructional parameters: dimension, length 
and shape of pressing chamber; type, dimension and 
shape of pressing tool; material; treatment (surface 
roughness) and surface modification of pressing 
chamber and tool; counter pressure effecting on 
compacted briquette; length of cooling channel. 

- Fraction size:  
It affects compacting process of wood sawdust. 

Larger fractions’ size wood sawdust needs more 
energy for compacting, but briquettes have lower 
homogeneity and compression strength [9]. Size 
reduction of wood scrap enables to produce briquettes 
with better quality. Decreasing the fraction size of 
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wood sawdust increases the adhesion strength 
between the particles [8-9]. Increasing the fraction 
size leads to decreasing the binding forces inside the 
material which results in faster decay by burning - 
briquettes burn faster which is a disadvantage [9].  

The area of our investigations is limited by 
demands of firms from woodworking industry. The 
briquetting material is pine sawdust – Fig.1 and 
material’s type and fraction largeness are determined 
and practically can not be changed. Constructional 
parameters are out of our area of interest in this case. 
Investigations are focused on influences of material’s 
moisture content, preheating temperature, 
compression pressure, holding time and the way for 
achieving good briquette quality. 

 

 
Fig.1. Pinewood sawdust. 

Material moisture content has influence on lignin 
plastification process [1, 3, 9]. All recently known 
compressing technologies enable to compact material 
having relative moisture lower than 18%. When the 
moisture content of the material is very high, the 
vaporization of surplus water tears the briquette into 
pieces. When the moisture content of the material is 
very low (less than 10%) then the higher pressures 
should be used to obtain briquettes with higher 
quality. This is expensive and uneconomic in the point 
of view of production technology. The humidity 
around 12 % appears to be the value optimal for 
compacting [3, 9].  

Compacting pressure is the most important factor 
having influence particularly upon the strength of 
briquettes. The strength of briquettes increases with 
increasing pressure and tendency to absorb 
atmospheric humidity during the long term storage is 
decreasing. The pressure’s range between 100 MPa 

and 150 MPa seems to be optimal for producing high 
quality briquettes from wood sawdust [1 ÷ 11].  

Pressing temperature with compacting pressure 
belong to the most important parameters. It has 
significant effect on the quality and strength of 
briquettes. It determines the lignin excretion by 
cellular structures within the wood [3, 9]. Preheating 
material to 75°C ÷ 150°C can activate the natural 
binding components such as hemicelluloses, lignin, 
etc. Lignin acts in briquette as nature glue and helps 
them to be stronger and to have higher density. Plastic 
deformation of particles contributes to permanent 
particle - particle bonding. In addition, due to the 
application of high pressures during compression at 
these elevated temperatures, the natural binding 
components may come out of the particles and make 
solid bridges between particles. After cooling, these 
solid bridges are hardened, which makes the 
briquettes strong and durable [4]. Temperature of 
lignin phase switching form solid to plastic state is 
direct proportion to its molecular weight and indirect 
proportion to its moisture content [9]. Lignin is 
released only at specific pressing temperatures that 
have to be provided during the briquetting process. 
The optimal value for pressing temperature for lignin 
plastification is approximately 120ºC [3], but optimal 
temperature depends on the type of pressing material. 
When warmed material is pressed, the briquettes have 
a better density and better quality at lower pressure. 
Material warming during the briquetting process 
reduces the needed pressure for briquetting of 
briquettes for the required quality. The briquettes then 
have consistent shape and volume without cracks and 
scratches.  

Pressing temperature significance is important also 
from the machines engineering point of view. Using 
higher pressing temperature we can use not so high 
compacting pressure. This is influencing the final 
price of briquetting machine and of course final price 
of production because higher pressing temperature is 
cheaper to provide as higher compacting pressure. 

Typical relaxation times during pressing 
experiments are between 0s to 20s; in opinion of 
authors the factor of relaxation time was not 
significant [3, 4, 8].  

The main goal in this work is connected with 
pretreatment (mostly preheating) of material which 
has to be compacted. Complexity of the problem 
derives from the nonuniformity of the treated pine 
sawdust. The moisture content of material varies 
between 11% to over 30% and the task of 
pretreatment of the sawdust is to ensure humidity 
content between 10% to 18% and temperature of the 



“E+E”, 5-6/2013 82 

material before pressing about 120º ÷ 130ºC.  

Experimental 
The experimental equipment includes: 
- A press (Figure. 2) INSTRON Series 3384: Load 

capacity 150 kN; Maximum speed 500 mm/min; 
Minimum speed 0.005 mm/min; Maximum force at 
Full speed 75 kN; Maximum speed at Full load 250 
mm/min; Load measurement accuracy ±0.5% of 
reading down to 1/100 of load cell capacity.  

- А densification die for samples’ testing is 
designed (Fig. 2 and Fig. 3) and made.  

 
For samples’ moisture content determining a 

drying oven and analytical balance are used. A 
method and an equation (1) described in [12] are 
applied.  

 
(1)         mf*(1 – wf/100%) = mi*(1 – wi/100%)     

 
Where: mi – initial mass of the sample; mf – final 

mass of the sample; wi – initial moisture, %; wf – final 
moisture, %. 

For fast moisture content determining Moisture 

analyzer HR 73 (Mettler Toledo) is used.  
The temperature of the die is kept at desirable 

value using controller and thermocouple type K.  
Preheating of the material before densification is 

realized in a special oven; the temperatures of the 
bottom and the top plate of the oven can be controlled 
precisely and independently. The fixed amount of the 
tested material (pine sawdust) is heated in the oven; 
when its temperature reaches the desirable value the 
sawdust is put in the die and the densification process 
starts. Die’s temperature is kept to the same value as 
the material’s temperature. In some experiments the 
samples’ moisture content is determined before 
preheating. For keeping it constant the sawdust is put 
in heat resistant plastic bag and then is heated in the 
oven.  

Briquette density was determined from the ratio of 
the mass to the volume of the briquette.  

Results and discussion  
The range of main densification parameters for 

producing high quality sawdust briquettes are 
determined by a lot of authors [1 ÷ 11]. Fraction’s size 
influences significantly on operating parameters for 

 
 

Fig. 2. Picture of the press INSTRON 3384 and the 
densification die. 

 
Fig.3. Scheme of the densification die. The inner diameter 

of the die is 25 mm; the outer diameter is 38 mm; the 
length is 350 mm. The height of the heated part is 

110 mm. 
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successful briquetting [1, 4, 9]. As it is mentioned 
above in our case fraction largeness practically can 
not be changed. That is why first part of experimental 
investigations are made for determining the area of 
parameters (compacting pressure and pressing 
temperature) enable to produce briquettes with good 
quality from the tested material. The material’s 
moisture content is in the range 11% ÷ 13%. 
Compacting pressure and pressing temperature are 
changed. Briquettes’ density is quick and easy to 
determine criteria for their quality. The main results 
are shown in Table 1 and Fig. 4. 

In Fig. 5 is shown a recording of a pressing cycle 
on the press INSTRON 3384. 

 
Briquettes with density over 0.8 ÷ 0.85 g/cm3 are 

of satisfactory quality; when the density is over 0.9 ÷ 
0.95 g/cm3 briquettes’ quality is good.  

 

 
 
Fig. 5. A recording of a pressing cycle on the press 

INSTRON 3384. 

The second part of experimental investigations 
refers to methods of pretreatment of tested material. 
Its temperature must be increased from room 
temperature to 120ºC ÷ 130ºC. At the same time 
material’s moisture content have to be adjusted in the 
range 10% ÷ 18%. 

Two ways of heating are used – one sided and two 
sided heating. One sided heating on the hot plate 
(conductive heating) is unsuitable due to very little 
thermal conductivity and air gaps’ presence in the 
material. 

 Two sided heating – Fig. 6 is more proper. The 
temperatures of the top and bottom heaters are kept at 
desirable values by controllers. It has been found that 
the contact between pine sawdust particles and heated 
over 250ºC metal parts is dangerous – it is possible 
ignition of the sawdust. In order to avoid that the 
temperature of the bottom hot plate is kept in the 
interval 160ºC ÷ 170ºC. The temperature of the 
infrared heater is changed in the interval 220ºC ÷ 
420ºC. When its temperature is about 350ºC ÷ 370ºC 
the temperature of the sawdust’s surface is nearly 
equal to the temperature of its bottom – about 160ºC ÷ 
170ºC – Fig. 7. The sawdust’s surface temperature is 
determined by application of infrared camera 
ThermaCam E300 – FLIR-Systems. Regarding safety 
during real operation conditions it is recommended 
temperature of the infrared heater to be kept under 
250ºC. Then the time necessary the temperature in the 
center of material (Fig. 6) to reach 115ºC ÷ 120ºC is 
over 90s ÷ 100s. Reducing this time significantly is 

Pressing temperature 
Pressing force 
and 
corresponding 
pressure 83ºC 92ºC 102ºC 118ºC 127ºC 

30kN; 
61 Mpa 0.57 0.67 0.76 0.83 0.91 
40kN; 
81Mpa 0.66 0.77 0.85 0.9 0.96 
50kN; 
102Mpa 0.76 0.85 0.94 1.01 1.09 
60kN; 
122Mpa 0.83 0.91 0.97 1.05 1.1 
70kN; 
143Mpa 0.9 0.96 1.02 1.08 1.11 

Table 1 
Briquettes’ density dependence on compacting pressure 

and pressing temperature. Green –good quality;       
Yellow – satisfactory quality; Orange – quality is not 

good. 

 

83 
92 

102 
118 

127 

61 
81 

102 
122 

143 
0,4 
0,5 
0,6 
0,7 
0,8 
0,9 
1,0 
1,1 
1,2 

Density, g/cm 
3 

Pressing 
temperature, ºC 

Presure, MPa 

1,1-1,2 
1-1,1 
0,9-1 
0,8-0,9 
0,7-0,8 
0,6-0,7 

 
Fig. 4. Briquettes’ density dependence on compacting pressure 
and pressing temperature. Green – very good quality;     Yellow 

– satisfactory quality; Orange – quality is not good. 
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possible by using intensive stirring of the sawdust – 
mechanically or by hot air. The second method is 
more effective: to conductive and infrared, convective 
heat transfer is added. Unfortunately, forced stirring 
sawdust causes problems with working conditions.  

 
Fig. 6. A scheme of oven for sawdust’s preheating. 
 

 
 
Fig. 7. Infrared picture of heated pine sawdust made by 

infrared camera ThermaCam E300 – FLIR-Systems. 
 
Conclusions  
The main aim of these experimental investigations 

was to analyze and determine parameters needed for 
producing of good quality pine sawdust briquettes. 
Briquettes’ quality is evaluated by briquettes’ density. 
The ranges of main parameters for successful 
densification have been established: pressure over 80 
MPa (better over 100 MPa); material’s moisture 
content 10% ÷ 18%; preheating temperature over 
120ºC. Two sided heating combined with sawdust 
stirring (aided by hot air) combines conductive, 
convective and infrared heat transfer and ensures 
quick and productive preheating process. 
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Investigation of the influence of the electric current’s magnitude 
on the operating regime of an oxyhydrogen generator 

Maik Streblau, Bohos Aprahamian, Atanas Dechev, Dimo Dimov  

 

The electrolysis of water is an electrochemical process in which hydrogen and oxygen are 
obtained. This is done under the influence of an electric current flowing through the electrolyte. The 
resulting mixture of oxygen and hydrogen is called oxyhydrogen or Brown's gas. In this paper is 
presented an experimental investigation of the behavior of an oxyhydrogen generator utilizing 
electrolyzers with cylindrical and disc shape electrodes. The input electrical parameters of the 
electrolyzers are observed, and the amount and flow of the gas on the output of the generator. 

Изследване на влиянието на силата на електрическия ток върху работния режим на 
окси-хидрогенен генератор (Майк Щреблау, Бохос Aпрахамиян, Атанас Дечев, Димо 
Димов). Електролиза на вода е електрохимичен процес, в който се получават водород и 
кислород. Това се извършва под въздействието на електрически ток, преминаващ през 
електролита. Получената смес от кислород и водород се нарича газ окси-хидроген или Браунов 
газ. В тази работа са представени експериментални изследвания на поведението на един 
оксихидрохенен генератор използващ електролизер с цилиндрична или дисковидна форма на 
електродите. Входните електрически параметри на електролизера са наблюдавани, както и 
количеството и потока от газ на изхода на генератора. 

 

 

Introduction 

 
The generator of oxyhydrogen or Brown's gas in 

principle is an electrolyzer in which is placed an 
aqueous solution of an electrolyte (e.g., sodium or 
potassium hydroxide) and in it are immersed metal 
electrodes [1, 4, 6]. Under the action of the electrolyte 
the water dissociates into H+ and OH- ions [7]. 

When voltage is applied to the electrodes, 
electrical current passes through the electrolyte, which 
leads to a directed motion of positive H+, and negative 
OH- ions, to the cathode and the anode, respectively. 
Electrodes facilitate the oxidation-reduction reactions 
(1) and (2), leading to the generation of hydrogen and 
oxygen, respectively at the cathode and the anode 
[3,6,7]. 

 
(1)      4OH- ↔ 2H2O + O2 + 4e-                                     
(2)      2H+ + 2e- ↔ H2                 
                                    
The resultant mixture of hydrogen and oxygen at 

the output of the electrolyzer is called oxyhydrogen. 

 
 
 

 
Fig. 1. Schematic explanation of the process of electrolysis 

According to Faraday, the amount of the produced 
gas depends on the number of electrons that passed 
through the electrolyte [7], respectively, the 
magnitude of the electric current. 

To assess the effectiveness of the process of 
electrolysis it is necessary the determination of the 
ratio MMW - Medium-Molecular Weight (3) - the 
amount of the produced gas to the amount of 
consumed electricity [1]: 

 

(3)    
E

V
MMW =    

  
where: 
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 V, ml  – volume of the gas produced; 
 E, W.min – amount of the consumed energy. 
The Brown’s gas generator may have a different 

type of embodiments, but all are based on the same 
principle. The application of the Brown’s gas is 
related to the reduction of the harmful emissions in the 
atmosphere. So far it is widely used as an additive to 
the fuel mixture to the internal combustion engines. It 
is also used in metallurgy, welding and metals 
melting. Recently it is also used as an additive to the 
fuel of the thermal power plants [2]. 

 
The aim of the paper is to investigate the impact of 

the magnitude of the electric current flowing through 
the electrolyte on the behavior of the oxyhydrogen 
generator. Therefore the input and output parameters 
of the Brown’s gas system are monitored. 

Methods applied 
The investigation was conducted using an 

oxyhydrogen generator with two different 
electrolyzers – with cylindrical and disk shape 
electrodes. The used electrolyte is 5% and 20% 
solution of NaOH. The generator is schematically 
represented in Fig. 2. 

 
Both electrolyzers are supplied with a source of 

DC voltage - Figure 3. The determination of the 
amount of the produced gas is implemented by a 
special flowmeter. The time to obtain one liter of 
oxyhydrogen is also measured. 

 

 
 

Fig. 2. Schematic of an oxyhydrogen generator, where:      
1 - body, 2 - expansion vessel, 3 - aqueous solution of 

electrolyte, 4 – electrodes, 5 - power terminals. 

Results 
The main results are shown in Figures 4 and 5. The 

relations of the voltage U, the gas flow rate Q, the 
time t, the electric power P, the energy E and the 
MMW as a function of the magnitude of of the 
flowing electric current, respectively, at the indicated 
values of the concentration of the electrolyte and with 
different form of the electrodes in the electrolyzers are 
experimentally investigated. The dependencies are 
represented in relative units. 

 
Fig. 3. Power scheme of an electrolyzer 
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It is clearly seen that with an increase in magnitude 
of the flowing current, the input electrical power 
increases, which is determined both by the increased 
quantity of the produced gas and the heat losses. 

While in the electrolyzers with cylindrical 
electrodes the growth is non-linear, proportionate to 
the Joule’s heat, in the case of disc shape electrodes 
the increase is linear due to the relatively small 

distance between the electrodes and the smaller losses 
emanating in the form of heat. 
 

 
 
 
 
 

 
 

Fig.4. Experimental data for an oxyhydrogen generator with cylindrical electrodes at 5% and 20% solution. 
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In both cases the time altered in a non-linear law, 

which in a further increase of the current, would 
saturate the system and due the inability to further 
increase of the gas flow. 

The energy required to produce one liter 
oxyhydrogen in electrolyzers with cylindrical 
electrodes increases along with the increase in 
magnitude of the flowing current, while in the case of 
disc shape electrodes relatively uniform values are 

achieved in the investigated range of the current 
levels. The latter is due to the relatively low applied 
voltage and the low resistance due to the small 
distance between the electrodes. 

The effectiveness of the electrolyzer with 
cylindrical electrodes decreases with the increase of 
the flowing current (in the indicated range), while in 
the case of disk shape electrodes its value remains 
relatively constant. 

When changing the concentration of the electrolyte 

 
 

Fig. 5. Experimental data for an oxyhydrogen generator with disk shape electrodes at 5% and 20% solution. 
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no relatively high changes in the parameters of the 
system are observed. Of course, with application of 
higher percentages of the electrolyte solution 
concentration, some increase of the effectiveness of 
the electrolyzers has been registered. 

Originality 
The conducted studies were motivated by the 

insufficient published data on the performance and 
efficiency of the electrolyzers as part of the 
oxyhydrogen generators. The experiments were 
conducted on real objects as part of the oxyhydrogen 
production systems. 

Application 
The tested electrolyzers are part of real 

oxyhydrogen generators, implicated in internal 
combustion engine systems. 

Conclusions 
For achieving optimal efficiency the oxyhydrogen 

generator needs correct setting of his parameters such 
as current, voltage and concentration of the 
electrolyte. For each specific embodiment these 
parameters have specific values. 
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CONTROL UNITS, ELECTROMAGNETIC AND 
INFORMATION PROBLEMS 

 

Mutual influence of power lines with sagging conductors 

Mirjana T. Peri ć, Slavoljub R. Aleksić, Saša S. Ilić, Miloš V. Banđur  

 

In general, very few papers dealing with an influence of conductor sag on the fields distribution 
around power lines. Calculation usually assumed that theirs conductors are straight, horizontal wires 
of infinite length. In this paper the influence of sagging conductors is examined. Also, mutual influence 
of power lines is considered. The conductor sag is approximated with a catenary equation. The results 
obtained by Biot-Savart law application are compared with the exact solution, as well as results 
obtained in the case of a straight conductor of infinite and finite length. All results are presented 
graphically. 

Взаимно влияние на електропредаваща линия с провиснал проводник (Миряна Т. 
Перич, Славолюб Р. Алексич, Саша С. Илич, Милош В. Бандур). По принцип, много малко 
работи разглеждат с влиянието на провисването на проводник върху разпределението на 
полето около електропреносните линии. При пресмятане обикновено се приема, че 
проводниците са прави, хоризонтални жици с безкрайна дължина. В тази работа се изучава 
влианието на провисналите проводници. Също така се разглежда взаимното влияние на 
проводниците. Огъването на проводника се апроксимира с формата на верижно уравнение. 
Резултататите, получени чрез приложение на закона на Био и Савар се сравняват с точното 
решение, както и с резултати, получени в случая на праволинеен проводник с безкрайна и 
крайна дължина. Всички резултати са представени графически. 

 

Introduction 

Magnetic field determination in the vicinity of 
power lines is important for several reasons. 
Electromagnetic fields created around these systems 
can have an adverse impact on people, as well as 
equipments located in their vicinity. There are many 
studies where scientists and medical experts attempt to 
prove that long exposure in the vicinity of power lines 
can cause cancer. In [1] is noticed that external 
magnetic and electric fields induce currents and 
electric fields inside the human body. This leads to 
cell mutations and the occurrence of various diseases. 
Concerns that electromagnetic (EM) fields may cause 
cancer, endocrine and nervous system disorders are 
discussed in [2]. The focus is given on 60 Hz fields. 
The authors emphasize the importance of setting 

standards for exposure to power-frequency 
electromagnetic fields. 

Electric and magnetic fields are decoupled at 
frequencies of 50 Hz. Namely, they do not generate 
each other and can be analyzed independently. Studies 
show that the magnetic field has a pronounced effect 
on the possible health effects that the electric fields. 
Magnetic fields are more difficult to shield and they 
can penetrate through the human body and objects 
almost without attenuation. For all these reasons, it is 
important to know the distribution of electromagnetic 
fields around power lines. Medical professionals’ task 
is to set levels of protection, to protect people from 
this radiation. This is done by adoption of appropriate 
standards. 

The authors of this paper have dealt earlier, in [3-
5], with the problem of power lines electromagnetic 
field determination applying analytical and numerical 
methods.  
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Influences of currents and charges, induced on 
power line tower, on electromagnetic field in vicinity 
of 2x110 kV power line is examined in [6]. During 
this research influence of line charges, induced on the 
power line tower, on electric field distribution in close 
vicinity of the power line is noticed. That distance is 
about 1/10 of tower height. In other areas that 
influence can be neglected. 

In all those previous researches, power lines were 
considered as straight conductors of infinite length. A 
solution for modeling magnetic fields produced by 
power lines sagging conductors is investigated in [7]. 
The conductor sag is described by the equation of the 
catenary and influence of currents induced in the earth 
on the distribution of power line magnetic field is 
neglected. It is shown that the catenary effect on the 
magnetic field can be significant in some cases.  

In [8] the effect of conductor sag is examined, also. 
The magnetic field is determined taking into account 
the catenary equation and applying the Biot-Savart 
law. In appendix of [8] is mentioned that expressions 
containing hyperbolic functions, as is the case with 
their obtained expressions, often cannot be integrated 
analytically. On the other hand, the numerical 
integration is time consuming, which is not 
recommended for software implementation. Several 
others, alternative formulas, which also approximates 
the true catenary, are recommended, in order to reduce 
the computation time. One of those formulas is used 
as the catenary equation in [9]. The results obtained 
by its application are compared with the exact 
solution, given in [8], as well as results obtained in the 
case of a straight conductor of infinite and finite 
length. Also, an influence of power sections number is 
analysed. The results shown give good convergence 
that is obtained for three power line sections. That 
number will be used for all following calculations. 
The effect of currents induced in earth will not be 
taken into account i.e. the earth will be considered as a 
perfect area. Also, the tower influence will be 
neglected.  

Mutual influence of two power lines with sagging 
conductors will be considered. 

Problem definition 
A catenary of overhead power line, Fig. 1, is 

described with equation: 

 (1) h
L

z
sy +







=
2

2
, 

where s=H-h is the conductor sag, L – distance 
between the points of suspension, H – the height of 
the highest and h – the lowest points above the 
ground.  

Conductors have a sag because of their weight i.e. 
their height varies from the highest value in the point 
of suspension, H, to a lowest value, h. The position 
where the wires reach the lowest height depends on 
the shape of terrain, and the value h depends on the 
ambient temperature, the mechanical properties of 
materials used for phase conductors and grounding 
wires, and the distance between the power line towers, 
also. 

  
Fig. 1. Power line section 

Applying the procedure described in [8], the 
catenary is divided into elements of length dl  and 
current I  flows through them, Fig. 2. 

 

 
 

Fig. 2. Biot-Savart law application 

Applying Biot-Savart law, the magnetic flux 
density in an arbitrary point ),,M( 000 zyx  is  

(2) ∫
×=

l r

I
3

0

0
00 4π

µ rdl
B , 

where  

0µ  is the permeability of free space 

dl  is a differential element at the direction of 
current 

0r  is a vector from the source to the field point M 
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(3) zzzyyyxxx ˆ)(ˆ)(ˆ)( 0000 −+−+−=r , 

“Bold” face indicates a vector quantity. 
Influence of multiple sections and conductors will 

be taken into account using superposition principle. 

Analytical Solution 

As it is mentioned, the catenary will be described with 
equation (1). This modelled curve is located in yz 

plane, and the differential element dl  can be written 
as 

zzyy ˆdˆd +=dl  i.e. 

(4) 






 +=






 += zy
L
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dl . 

The vector from the source to the field point is. 

(5) zzzyh
L

z
syxxx ˆ)(ˆ)

2
(ˆ)( 0

2

000 −+−






−+−=r  

so their vector product in (2) can be presented in 
the form 

(6) 
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Substituting (6) into (2), the magnetic flux vector 
can be determined as 

 
(7) zByBxB zyx ˆˆˆ 0000 ++=B  

 
with components: 
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The intensity of magnetic flux density is 

(11) 
*
00

*
00

*
000 zzyyxx BBBBBBB ++= .  

 
Expressions (8) - (10) can be applied only to one 

section of overhead line. Effects of 12 +N  
( ...,2,1,0=N ) sections and M  conductors can be 
obtained with modification of those expressions. 
Thus, 
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Numerical results 
 
A. Example 1. As in [8], one section of power 

line, which consists of only one conductor, is consi-
dered, as in Fig. 1, with parameters: m100=L , 

m13=H , m11=h , m2=s  and A100=I . 
Distributions of magnetic flux density in vicinity 

of the conductor and along the catenary are shown in 
Figs. 3 and 4. The obtained results are compared with 
ones calculated in the cases when a straight conductor 
of infinite and finite length is placed at height h , and 
when the catenary effect is taken into account (the 
exact solution from [8]). The figures show an 
excellent agreement of exact and approximate 
solution. A significant deviation from those solutions 
is in close vicinity of the conductor when it is 
considered as a line of infinite length, which is mainly 
a case in the literature. 
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Fig. 3. Magnetic flux density distribution 

 
Also, in Fig. 4 a large deviation is observed around 

the points of suspension, when the line is considered 
as a straight conductor of infinite and finite length. 
The influences of multiple sections is considered in 
[9]. With three sections a good results convergence is 
obtained. 

 

 
Fig. 4. Magnetic flux density distribution along catenary 

 
B. Example 2.  
Two power lines of type DV 450 are considered in 

[10], Fig. 5. The distance between the towers is 
m360=L , and distance between power lines is 
m60=D . Conductors sag, i.e. a difference between 

maximum and minimum height of the conductors 

hHs −= , when the temperature is C40o  (the worst 
case), is m35.8=s . Three power line sections will 

be taken into account ( 1=N ). Parameters of this 
power lines are given in Table 1. 

 

Table 1 
Power line parameters  

I1=1000 [A], L=360m, D=60m and m=2π /3. 
 

 n [m]nx
 

[m]nh
 

[A]nI
 

1 -12 Phase I 
2 -11.6 

17 0j
1 eI  

3 -0.2 Phase II 
4 0.2 

17 mI j
1 e  

5 11.6 Phase III 
6 12 

17 mI j
1 e−

 
7 -7.8 Grounding 

wires 8 7.8 
23.5 0 

 
The magnetic flux distribution in xz plane of this 

system is shown in Fig. 6. The magnetic field along 
the catenary has the lowest value under the point of 
suspension. In Fig. 7 the obtained result is compared 
with the finite element method result [11] in the plane 
z = 0, where conductors have a minimal height.  

An excellent results agreement is obtained. Here 
should be mentioned that in FEMM simulation con-
ductors are straight and placed at a height which 
corresponds to the minimal height h  of conductors 
from Fig. 5. 

 
Fig. 5. Power line of type DV 450 (400 kV power line) 
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Fig. 6. Magnetic flux density distribution at height y=1.7m 

 

 
 

Fig. 7. Magnetic flux density distribution – results 
comparison 

 

 
Fig. 8. Magnetic flux density distribution for different 

distances between power lines 

An influence of different distances between power 
lines, at height 1m, is shown in Fig. 8. Decreasing the 
distance leads to the magnetic field decreasing, too. 
Mutual influence of those power lines exists. For 

∞→D  the system corresponds to the single power 
line with three sections.  

Conclusion 
The common practice is to assume that power line 

conductors are straight horizontal wires of infinite 
length. But in this paper, an influence of conductor 
sag on magnetic field distribution in vicinity of power 
line is examined. The catenary is described with an 
approximate expression, suggested in appendix of [8].  

The obtained results give a very good agreement 
with the exact solution. The catenary effect is 
especially noticed around the points of the suspension 
and in the close vicinity of wires. Mutual influence of 
two power lines with three sections are considered. 

The results are compared with the finite element 
method results. In the future research, an influence of 
power lines towers in combination with conductors 
sag will be examined as well as influences of currents 
induced in the earth. 
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Some practical aspects of operating off-grid sites in а cellular 
network 

Stanislav Genov  

 

The fast mobile network expansion, the growing number of subscribers and mobile traffic, 
together with the perfect radio point pursuit, result in construction of cell sites that have difficult 
access and/or have no access to the electrical grid, especially, in the mountain areas and rural areas 
with less population density.  Traditionally, these sites were operated on 24/7 diesel generators, which 
incurs high operational costs and decreases the network reliability. The latter and the ever growing 
energy prices call for a sustainable solution. Rather than investing in expensive and long HV lines, 
sometimes up to 5 km long, there is a more efficient and cheap way to reduce the operating cost and it 
is to introduce hybrid power supply systems that can handle multiple energy sources, both traditional 
and renewable. 

The objective of this paper is to compare the traditional DG sites with the hybrid powered sites 
and to demonstrate the achieved cost savings. 

Някои практически аспекти на работа в неелектрифицирани места в мобилна 
мрежа (Станислав Генов). Бързото разширяване на мобилната мрежа, увеличаването на 
броя на абонатите и мобилния трафик, заедно с търсенето на най-доброто положение на 
радио точка, имат за резултат изграждането на мобилни сайтове, които имат затруднен 
достъп и/или нямат такъв до електрическата мрежа, особено в планинските и селските 
райони с по-малка гъстота на населението. Традиционно, тези места оперират чрез 
използване на денонощни дизелови генератори, които водят до високи оперативни разходи и 
намалена надеждност на мрежата. Именно това, а и непрекъснато нарастващите цени на 
енергията изискват устойчиво решение. Вместо да се инвестира в скъпи и дълги 
високоволтови далекопроводи, понякога до 5 км дълги, намаляването на експлоатационните 
разходи е по-ефикасно и евтино чрез въвеждане на хибридни системи за захранване, които 
могат за работят от множество източници на енергия, както традиционни, така и  
възобновяеми. 

Целта на тази статия е да се сравнят традиционните места, захранвани с дизелови 
генератори, с такива с хибридни източници на енергия и да се докаже ефективността на 
постигнатите икономии на разходи. 

 

Introduction 

High operating cost of running Base Transceiver 
Stations on prime power Diesel Generator called 
for an optimization of expenses. In 2010 a number 
of energy saving initiatives was started aiming at 
reduction of fuel dependency, decreasing the cost 
and increasing the network reliability. Three sites 
were chosen for the pilot DG-Battery Hybrid 
System. The batteries that were initially installed 
for the trial were 10 years old 2CP1000 Oerlikon 
2V/1000Ah decommissioned from one of the 

company’s switching centers. After the first 
promising statistics a full scale project was started. 
So far 13 sites were equipped with such systems 11 
Solar Hybrid and 2 Hybrid. 

 

The concept – decrease the DG operational 
hours hence the fuel consumption  

A typical cell site contains GSM and UMTS radio 
equipment, transmission equipment and infrastructure 
equipment – rectifiers and HVAC. The typical 
telecom load demand profile is evenly distributed 
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throughout the year and is in the range 1-2kW DC. 
Additionally, the temperature is controlled by an air 
conditioner that accounts for about 50% of the total 
power consumption and is approximately 3kW AC. 
The prime power 24/7 DG is selected considering the 
following aspects: 

• Mean time before failure (MTBF) – the DG 
should be of such capacity and operate under 
such loadas to allow constant operation as a 
prime power source for a long period without 
replacement – in our mobile network the MTBF 
is 40,000 hrs. the equivalent of app. 1,000,000 
km at 1,500rpm for a diesel engine. 

• Generator capacity – the generator should be of 
such capacity that can cover telecom load, 
cooling load and battery charging load – on some 
occasions it reaches 6-7 kW depending on site 
configuration and cooling needs. 

• Generator service and refueling interval – the 
service interval should be at least 500hrs or 20 
days. 

• Fuel consumption: – Since on-site fuel storage is 
limited, the fuel consumption should be limited 
to ~ 2 L/h or approximately 1,500 L per month. 

Based on these considerations the most common 
type of DG for cell sites is 30kVA/ 24kW.  

The average fuel consumption of prime power 
DGin Cosmo Bulgaria Mobile’s network is between 
17,000 and 21,000L [5] of diesel fuel per annum. The 
number of preventative maintenance service visits is 
approximately18. Correspondingly, the higher the 
number of operating hours the higher the number of 
corrective maintenance visits. 

In an attempt to decrease costs the hybrid power 
system was implemented on 13 sites. 

Basically, hybrids alternate power supply sources: 
first the load is supplied by a primary AC source – DG 
until the batteries are fully charged; then it is supplied 

by DC sources – batteries, solar and wind power until 
45% depth of discharge (DoD) and certain 
environmental conditions are reached. One cycle lasts 
between 24 and 40 hours depending on the specific 
site load demand. The work load is subdivided 4-8 
hours on DG and 20-32 hours on batteries and PV 
panels and/or wind generators. This reduces the DG 
operational time by ~60% and the fuel consumption 
by ~50% accordingly. Additional benefit is the 
decrease of DG maintenance costs and increase of site 
reliability. 

 
Fig. 2. Typical Diesel Engine Efficiency vs. Rated Power 

[4] 

The implemented hybrid system consists of large 
capacity lead acid OPZV batteries, 2 strings by 705Ah 
each – total 1,410Ah, 8 pcs. of 245Wp solar panels, 
30kVA diesel generator, -48VDC Power Supply Unit, 
and system controller to monitor the battery state of 
charge, environmental parameters and control the DG 
start/stop. Installation of solar panels depends on the 
site particular location and exposure to sun radiation. 
The hybrid system can be extended also by wind 
power if appropriate. 

 
System design considerations  

 
When planning installation of hybrid power supply 

system the following issues should be considered  

 
Fig.1. Typical Working Cycle – Charge/Discharge and Solar Generation 



“Е+Е”, 5-6/2013 99 

 
Fig.3 System architecture 

- Batteries: the batteries should be of such capacity 
that can handle the load for a period of time that will 
allow for enough autonomy of the system to ensure 
optimal DG/battery+solar ratio and in cases of DG 
failure will let the maintenance team to comfortably 
reach the site without losing the cell service. Batteries 
should be designed for cyclic duty – charge/discharge 
as to allow for reasonable number of cycles. The 
traditional VRLA batteries canonly withstand about 
400 cycles while the cyclic duty batteries can go up to 
3-4000 depending on DoD. Depth of discharge (DoD) 
is proportional to the cycle length and battery life. The 
deeper the discharge, the shorter the battery life. At 
50% DoD the battery life expectancy is app 2000 
cycles [3]. Life expectancy for the presented system is 
approximately 65000 hours or 7 years. Reference 
records of the battery internal resistance should be 
kept in order to control battery deterioration. 

- Recharge – Batteries should be boost charged 
with higher cell voltage in order to decrease the 
charging time. The cell voltage should be in the range 
2.35-2.40V/cell and should be temperature corrected 
in order to preserve the battery. The charging current 
is limited by the rated power of the generator. In the 
presented systems the charging current is set to 
0.15C10,A, where C10 is nominal capacity at 10hour 
rate discharge or 210A DC @ 57V [3].  

- Temperature control& free cooling: temperature 
control is essential for battery life. When the battery is 
operated within 20-25°C range, there is only but a 
minor impact on the design life; whereas battery 
operation at 30°C decreases battery life expectancy by 
17%; and at 35°C battery life drops down to 70% of 
the designed [2]. Since the only AC load in a cell site 
is the air conditioner, during DC supply, alternative 
cooling should be considered. For the most part of the 
year at moderate climates, the equipment can be 
cooled through utilising external air. However in the 
hot summer months the DG should be started daily to 

 
Fig. 4. Number of Cycles vs. Depth of Discharge [3] 

keep the temperature within reasonable limits.  
- Photovoltaic panels – Since the panels generate 

DC voltage the only consideration here is to avoid 
double conversion in order to decrease conversion 
losses. Therefore the generated energy should be fed 
to the batteries through a DC-DC converter. 
Ultimately the bigger the number of PV panels the 
better; however a good justification ofreturn on 
investment is needed. 
 

Statistics and results 
 
The data presented below is part of Cosmo 

Bulgaria Mobile’s Environmental Data Base and are 
collected over a period of 3 years. 

Table 2 
Comparison of ratio of operation in percentage of 
traditional DG powered sites and Hybrid sites [5] 

    Hybrids 
DG/batteries 
ratio 
% of operation 

Traditional 
DG, % 

DG+ 
batteries, 
% 

DG+ 
batteries+ 
renewables, % 

DG 100 39 24 
battery+ 
renewables 

0 61 76 

Table 3 
Comparison of fuel consumption before and after the solar 
hybrid installation [5]. Fuel consumption H12009/2013 - 

24/7 DG compared to solar hybrid 

 Q1, L Q2, L 

Off-grid dieselsite 5524 AEC 
Kozlodui - 2009 

5290 4280 

Solar Hybrid site 5524 AEC 
Kozlodui - 2013 

1600 1450 

 
Solar generation is 1500kWh on average per site in 
the period January – August 2013 [5]. 
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Conclusions 

The results after the first 3 years of operation show 
that installation of hybrid systems considerably 
decrease the fuel consumption and maintenance cost 
of the Diesel Generators in the mobile network. 
Network and service reliability is increased due to 
shorter DG operation and long reaction times ensured 
by the large battery backup and the renewable sources.  
Return on investment is less than 2 years and in some 
cases this is the only way to put a site in operation in 
areas where the coverage is poor and implementation 
has long been held on financial grounds. Life 
expectancy of the batteries is approximately 7 years. 
Further optimization and cost cuts could be made 
through solar arrays expansion and installation of 
wind power. 
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Table 1 
Comparison of fuel consumption of traditional and hybrid sites [5] 

Fuel consumption 2012 - 24/7 DG compared to solar hybrid 

Off-grid diesel Q1, L Q2, L Q3, L Q4, L TOTAL, L 

Off-grid BTS 1153 Zeleznitsa 4082 3943 4860 4880 17765 

Off-grid BTS 2149 Umata 3891 3716 4910 3980 16497 

Off-grid BTS 2167 Potop 4911 4521 4453 3840 17725 

Off-grid BTS 2248 Elacite 4341 4944 3880 5000 18165 

Off-grid BTS 4137 Dobroplodno 5030 4493 4960 5880 20363 

Off-grid BTS 4149 Obrochishte 4932 4453 5410 4980 19775 

Off-grid BTS 4241 Koniovets 4925 3960 6000 2000 16885 
Off-grid BTS4248 Goritsa road 5012 4018 4870 3982 17882 
Off-grid BTS 5231 Granichar 4756 5016 5932 4872 20576 
  

Off-grid hybrid + SOLAR Q1, L Q2, L Q3, L Q4, L TOTAL, L 

Hybrid site 2114 Sakardja hill 2200 3000 2890 2000 10090 

Solar Hybrid site 2434 Kremen 2045 2000 2001 2000 8046 

Solar Hybrid site 3618 Yasen 1990 2000 1290 3600 8880 

Hybrid site 3712 Golyam Izvor 3000 2728 1526 3080 10334 

Hybrid site 4141 Stefan Karadja 2795 3776 4000 2000 12571 
Hybrid site 5172 Maglen 4925 1949 3000 2000 11874 
Solar Hybrid site 5173 Byala Palanka 2087 2944 1000 3500 9531 
Solar Hybrid site 5524 AEC Kozlodui 2330 1438 908 1560 6236 

Solar Hybrid site 5544 Gorni Tsibar 2692 2000 1392 2000 8084 
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Analysis and design of high-speed transimpedance amplifier 
circuits 

Ivailo M. Pandiev  

 
The paper presents the structure and the principle of operation of the transimpedance amplifier 

(TIA) circuits (or current-controlled voltage sources – CCVSs), employing voltage-feedback opera-
tional amplifier (VFOA). In particular, under review are the basic circuit of TIA and the modified 
circuit with additional voltage divider (TIA employing T network). Based on analysis of the 
operational principle, the equations for the complex transfer functions of both circuits and formulas 
for the related dynamic electrical parameters are obtained. Moreover, using these formulas a design 
procedure is developed and recommendations for simulation modeling are given. The efficiency of the 
proposed procedure is verified by simulation modeling of sample circuits of TIAs. 

Анализ и проектиране на високочестотни преобразуватели на ток в напрежение 
(Ивайло Пандиев). В доклада е представена структурата и принципа на работа на базовите 
електронни схеми на преобразуватели на ток в напрежение (current-controlled voltage sources – 
CCVSs или transimpedance amplifiers – TIAs) с операционен усилвател на напрежение (VFOA), 
като активен елемент. По-конкретно обект на изследване е основната и модифицираната 
схема на преобразувател на ток в напрежение с допълнителен резисторен делител (транс-
импедансен преобразувател с Т – звено във веригата на отрицателната обратна връзка). Въз 
основа на теоретичен анализ на двете електронни схеми са изведени формулите за 
комплексните предавателни функции и свързаните с тях електрически параметри. При това 
използвайки получените резултати е създадена методика за схемотехнично проектиране и са 
дефинирани препоръки за симулационно изследване. Правилността на предложената мето-
дика е потвърдена чрез проектиране и изследване на примерни схеми.  

   
 

Introduction 
The high-speed (with bandwidth kHz100> ) trans-

impedance amplifiers (TIAs) employing voltage-feed-
back operational amplifier (VFOA) have been found 
useful in many applications, such as communications, 
control systems and measurement systems. The analy-
sis of existing literature showed a wide variety of 
publications and technical documents [1-7], which 
discuss various aspects of the analysis, design and 
simulation modeling of the TIAs. In [1], [2] and [3] 
the attention of the authors is focused primarily on the 
principles of operation of the basic circuits of TIAs. 
Unlike of them in [4], [5], [6] and [7] in addition of 
analyzing the principle of operation of the basic TIAs 
the authors proposes some design recommendations 
for selection of the passive components. To the 
author’s knowledge, a design procedure for the 
VFOA-based high-speed TIAs has not yet been repor-
ted in the literature. In this paper on the basis of 
theoretical analysis of the VFOA-based high-speed 

TIAs a systematic design procedure, valid up to 
100MHz, is proposed. 

VFOA-based transimpedance amplifier circuits 

A basic TIA circuit 

The structure of the basic TIA employing VFOA is 
shown on Fig. 1a. Since VFOA has very high input 
impedance and thus a small input bias currents 
inverting input is a virtual ground of the circuit, a 
current flows through the feedback resistor FR  is 
equal to the input current I . Then the output voltage 
is 

(1) IRU Fo −= , 

where GRG IIII
G

≈+=  for 
GRG II >> . 

The input resistance of the circuit according to the 
Miller theorem [1] is 

(2) 
0

1

0

0

1 d

F
A

d

F
iA A

R

A

R
R

d >>
≈

+
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The value of the resistance iAR  is very small and 
can be neglected compared to the internal differential 
resistance GR  of the input current source. 

The output resistance is also very small and can be 
determined from the formula for a circuit with parallel 
negative feedback [1]: 

(3) 







+=

β
≈

G

F

d

o

d

o
oA R

R

A

r

A

r
R 1

00
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where  or  is the output resistance of the VFOA and 

( )FGG RRR +=β / . 

When 0=GI  for the real VFOA the output voltage 
is different from zero. This voltage is determined by 
the input offset voltage ioU  and the input bias current 

−
BI  of the VFOA. The value of the total output offset 

voltage erroU ,  for room temperature (usually in data-

sheets the input offset voltage and input bias current 
of the VFOA is defined at C°25 ) is 

(4) ( ) ( )[ ]−++= BGFioGFerro IRRURRU ||./1, . 

To reduce the high frequency noises, that may 
occur in the output of the circuit in parallel of the 
resistor FR  is connected a capacitor FC . The tran-
impedance transfer function for the circuit employing 
ideal VFOA is defined as 

(5) 
)/(11

)(
p

F

FF

F
TA ffj

R

CRj

R
jZ

+
=

ω+
=ω , 

where FFp CRf π= 2/1  is the pole frequency. 

For the real VFOA with an input capacitance 
−− += iCMidid CCC  (where idC  is differential input 

capacitance and −
iCMC  is common-mode input capa-

citance for the inverting terminal of the VFOA) and 
for the given equivalent capacitance GC  of the input 

source and mounting parasitic capacitance MC  (with 
typical values from 1 to 3pF) the inverse value of the 
feedback coefficient (or Noise Gain – NG function) is 

(6) 
)/(1

)/(1

1

)(11

p

z

FF

FTF

ffj

ffj

CRj

CCRj
NG

+
+=

ω+
+ω+=

β
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where FFp CRf π= 2/1  is the pole frequency, 

)(2/1 TFFz CCRf +π=  is the zero frequency and 
−++= idMGT CCCC  is the total input capacitance. 

The module and phase versus frequency of the 
NG  coefficient are defined by 

(7) 
2

2

)/(1

)/(1

||

1
|)(|

p

z

ff

ff
fNG

+
+=

β
=

&
 and 

(8) )/arctan()/arctan()( pzNG fffff −=ϕ . 

Since pz ff <  after the zero frequency zf  the 

noise gain function ||/1 β&  starts to increase at a rate 
decdB/20+ . If the ||/1 β  intersect the frequency 

response |)(| fAd
&  of the VFOA in an area with a 

slope decdB/20−  the rate of change will be approxi-
mately equal to decdB/40 . The total phase shift at 

the intersection point of ||/1β&  and |)(| fAd
&  is equal 

to °180 . The circuit could become inherently unstable 
as there will be excess phase shift around the loop. 

In order to maintain the stability is necessary the 

slope of the function ||/1β&  to be reduced to a value 

decdB/0 , before the ||/1β&  – function intersect the 

frequency response |)(| fAd
&  of the VFOA. For this 

purpose in the circuit on Fig. 1a the capacitance FC  
have to be increases so, that for the frequency equal to 

or less than pf  to get intersection between ||dA&  and 

FR

GI

FC

TCGR
oU

I

 
Fig. 1a. A transimpedance amplifier circuit using VFOA. 

oU

FR

GRGI
1R

2R

'
oU

GI

 
Fig. 1b. A TIA with additional voltage divider. 
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||/1 β& , i.e. ||/1|| β= &&
dA  or 

(9) 1|||| =β&&
dA . 

For the one-pole approximation the amplitude-
frequency response of the VFOA is 

(10a) 2
10 )/(1/|| pdd ffAA +=& , 

where 1pf  is the linear frequency of the dominant 

pole. 
If 1pff >>  Eq. (10a) yields the type 

(10b) fBffAA pdd //|| 110 =≈& , 

where 101 pd fAB =  is the unity-gain bandwidth of the 

VFOA. 
After substituting Eq. (10b) and Eq. (7) in Eq. (9) 

is obtained 

(11) 1
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If the value of the frequency f is equal to 

FFp CRf π= 2/1  and FT CC >> , according to Eq. 

(11), for the optimum value of the FC  is found 
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If the value calculated for FC  gives too much 
ringing in the circuit, then some overcomepensation 
can be used to reduce the ringing. Overcompensation 
will, of course, reduce the bandwidth of the circuit. 
The formula for the cutoff frequency of the circuit at 
an optimal value of FC  is 

(13) 
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A TIA with an additional voltage divider 

When its needed to obtain higher value of the 
amplitude of the output voltage oU  without changing 

the resistance FR , at the output of the VFOA its 
includes an additional voltage divider formed by 

21 / RR , as shown on Fig. 1b. 
For an ideal VFOA the output voltage of the circuit 

shown on Fig. 1b is  

(14a) G
F

Fo I
R

R

R

R
RU 








++−=

2

11 1 . 

If  FRR <<1  Eq. (14a) is simplifies and for the 
output voltage is obtained 

(14b) GFo I
R

R
RU 
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2

11 . 

If   FRR <<1  and GRR <<1  the output offset volta-
ge of the circuit is 

(15) ).(1
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,
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Design procedure 

“A good decision is based on 
knowledge and not on numbers.”  

Plato. 

The analytical formulas for the transfer functions 
and the related dynamic parameters are the base of the 
design procedure for the high-speed transimpedance 
amplifier circuits employing VFOAs. The schematic 
design of the circuits on Fig. 1a and Fig. 1b begins by 
definition of the following requirements: amplitude of 
the input current GI  with internal resistance GR  and 

internal capacitance GC ; input resistance iAR ; moun-

ting parasitic capacitance MC ; amplitude of the output 

voltage 
LRU  at load resistance LR ; output resistance 

oAR ; cutoff frequency hf  at maximum acceptable 

attenuation coefficient hM ; relative error ioε  [%] 
defined by the input offset current and voltage; mini-
mum value of a signal-to-noise ratio SN. Then an 
electronic circuit is chosen. The basic circuit, shown 
on Fig. 1a, provides small input and output impe-
dance, typically Ω<1 . For Ω> MRF 10  the output 
offset voltage caused by the input bias currents increa-
ses. For the circuit shown on Fig. 1b the output offset 
voltage caused by the input bias currents is less, but 
the offset defined by the input offset voltage is higher.  

For the chosen circuit the calculations proceed 
according to the following formulas: 

1) The VFOA is selected. The VFOA is usually 
precision with small input bias current (such as 
LF356, AD549 and ICL7611 − JFET or TLC271 and 
TLC272 − CMOS), high-speed VFOA (such as 
OPA111, LF442 or AD8605) or high-speed CFOA 
(for example OPA648, OPA658 or AD8001) with 
bandwidth higher than MHz100 . The VFOA is selec-
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ted according to the following conditions: 
− Maximum output voltage 

LRom UU ≥  ( omU  is 

the maximum output voltage of the VFOA); 
− The power supply voltage EECC VV −=  is 

selected higher than the maximum output voltage 

omU , as keeping the condition maxmin CCCCCC VVV << ; 

− Maximum output current Lo II >max, , where 

LRL RUI
L

/= ; 

− Small-signal bandwidth TFh CRfB 2'
1 )(2π≥ , 

where 1/ 2' −= hhh Mff , GomF IUR /=  and 
−++= idMGT CCCC ; 

− Slew rate 
LRhVFOA UfSR '2π> . 

2) The value of the feedback resistor FR  is 

calculated: GRF IUR
L

/= .  

If the resistance FR  is more than several mega-
ohms instead the circuit on Fig. 1a commonly used is 
the circuit on Fig. 1b. For the TIA on Fig. 1b the resis-
tors 1R  and 2R  are calculated as follows: FRR 1,01 ≤ , 

where Ω= MRF 1...01,0  and 

1
1
1

2

−
=

FG

R

RI

U

R
R

L

. 

3) The optimal value of the feedback capacitor FC  
is calculated according to Eq. (12). If the value of 

optFC ,  gives too much ringing in the circuit, then 

some overcompensation (CF > CF,opt) can be used to 
reduce the ringing. Overcompensation will, of course, 
reduce the bandwidth of the circuit. The formula for 
the cutoff frequency is calculated in step 5. 

4) The input and output resistance is calculated: 
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where 0dA  is the open-loop voltage gain, or  is the 

output resistance of the VFOA and ( )FGG RRR +=β / . 

5) The cutoff frequency at FoptC  is calculated:  

optFFph CRff ,
' 2/1 π== . 

The resulting value is compared with the value '
hf  

(from step 1). To meet the technical specification, the 

calculated value should be equal to or greater than '
hf . 

6) The phase margin (PM) is calculated: 
]}arctan[)]({arctan[180 FFFTFm CRCCR ω−+ω−°=ϕ  

For a stable operation of the designed circuit is 

needed °>ϕ 45m . 
7) The output offset voltage of the circuit is calcu-

lated: First the output offset voltage for room tempe-
rature (usually C°25 ) is calculated: 

− ( ) ( )[ ]−++= BGFioGFerro IRRURRU ||./1,  for Fig. 

1a; 

− ).(1
2

1
,

−+







+= BFioerro IRU

R

R
U  for Fig. 1b. 

The relative error %100)/( , LRerroio UU=ε  is com-

pared with the value, given in the beginning of the 
procedure. 

8) The signal-to-noise ratio (SN) is calculated. 
First the resulting noise voltage density at the TIA’s 

output is calculated: ∑=
i

UoutU i
SS 2

, for ...,2,1=i , 

where 
iUS  are the individual noise components. 

Then the signal-to-noise ratio is 

eqoutU

effo

oN

effo

BS

U

U

U
SN

,

,, == , where '57,1 heq fB =  is the 

noise bandwidth and effoU ,  is the effective value of 

the output voltage. 

The design procedure of the TIAs is finishing with 
verification check by simulations. The computer simu-
lations by using Cadence OrCAD® covers the follo-
wing steps: 1) Selection of a macro-model for an 
VFOA and identification of the modeled parameters; 
2) Creation of a schematic for simulations by using 
OrCAD Capture; 3) Setting up parameters for 
standard and statistical analyses; 4) Performance of 
simulation testing; 5) Displaying and analyzing simu-
lation results; 6) Comparison of the simulation results 
with the technical specification given in the beginning 
of the procedure; 7) Preparing of a final technical 
characteristic of the designed electronic circuit. 

Simulation testing and analyses 
To verify the theoretical analysis and the proposed 

procedure a high-speed TIA (Fig. 1a) was imple-
mented with the following pre-defined parameters:  

– Input source is a flux eΦ , which is converted 
into a current by PIN photodiode BPV10 (from 
Vishay Semiconductors) with the following parame-
ters: reverse dark current nAIr 10 =  with Ω≈ MRG 26 ; 

reverse light current range AI ra µ= 50...1 ; absolute 
spectral sensitivity WAS /5,0)( ≈λ  at voltage drop 

VUR 5−=  and nm950=λ ; bandwidth MHz250 ; 

barrier capacitance pFCG 11=  at voltage drop 
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VUR 1,0−= , as e
T

D
rG S

U
II Φλ−








−

ϕ
= ).(1exp0 , 

where the thermal voltage is mVT 26≈ϕ  for K300 ; 

– Electrical parameters of the TIA circuit are: 
Ω≤1iAR ; pFCМ 3...1= ; transmission coefficient – 

WmV µ/5 ; Ω≤1oAR ; MHzfh 1=  at dBMh 1≤ ; 

%5,0≤εio  and dBSN 40≥ ; 

– Electrical parameters of the load: Ω≥ kRL 5 . 

 
Fig. 2. Open-loop gain and phase versus frequency for the 

AD8605 SPICE macro-model.  

The circuit is designed using VFOA AD8605 
(from Analog Dev.), biased with V5,2±  supplies. The 
verification check of the circuit was performed within 
Cadence OrCAD, using AD8605 SPICE macro-
model, version 1.0 (05/2002). The modeled parame-
ters of the AD8605 SPICE macro-model are: 

VUio µ≈ 79 , pAI io 1,0= , dBAd 1260 = , Hzfp 3,41 ≈ , 

MHzB 52,81 = , VUU omom 45,2=−= −+ , mAI os 36±= , 

dBCMRR 100≈ , kHzf CMp 5,4, = , 

HznVSU /8,70 = , HzfUb 10' = , kHzfUS 8'
1 = , 

HzpASI /01,00 = , HzfIb 10' = , kHzfIS 1'
1 = , 

sVSR µ≈ /4,4 , sts µ< 5,0  (at 0,01% peaking of the 

input signal) and Ω= kro 426  (an output impedance 

Ω= 300oZ  within the range from Hz100  to MHz10 ). 
The open-loop gain and phase versus frequency of the 
AD8605 SPICE macro-model are shown on Fig. 2. 
The test circuit for simulation is created following the 
test conditions given in the semiconductor data books. 
In the frequency range up to MHz52,8  the slope of 
the frequency response is approximately equal to 

decdB/20−  and the phase margin is larger than °45 . 
At MHzB 52,81 =  the phase margin is °≈ϕ 52m . For 

frequencies higher than MHz52,8  the slope of the 
frequency response increases and the phase shift 
between the input and the output signal becomes equal 
to °180  at frequency approximately equal to MHz25 . 
For the working frequency range up to MHz1  the 
slope is decdB/20−  and the phase margin is 

°≈ϕ 86m , which defines a stable operation of the 
designed electronic circuit. 

The AD8605 SPICE macro-model is not capable 
of simulating the temperature effects and some of the 
other second-order parasitic effects.  

The equivalent circuit of the chosen photodiode 
type BPV10, used for simulations includes: ideal 
current source GI  with internal differential resistance 

GR  ( TrUDGG IdUdIR
D

ϕ≈= = 00
1 ) and internal 

capacitance GC . Moreover, in parallel of the capaci-

tance GC  is added parasitic mounting capacitance МC  
and parasitic input capacitance −− += iCMidid CCC  to the 
inverting input of the VFOA. 

 
Fig. 3. Simulation results for the designed TIA at FoptC .  

The values of the calculated passive circuit compo-
nents for the circuit shown on Fig. 1a are: 

Ω=µ=Φλ= kAWWmVSUR eomF 105,0.1/.5).(/

%1±  and pFC optF 36,5, = %1±  ( pFCT 21= , where 

pFCid 6,2=  and pFCiCM 4,4=−  according to the 
data-sheet of the chosen VFOA). 

For the verification check of the designed TIA DC 
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bias point, AC analysis and Monte Carlo analysis are 
preformed. The AC analysis sweeps 100 points per 
decade from 1Hz to 10MHz and the Monte Carlo 
analysis is set to make a series of 100 AC analyses, 
while randomly varying resistor and capacitor values 
for each run. The simulation results within frequency 
range from 1Hz to 10MHz for the open-loop gain vs. 
frequency for the AD8605, the feedback coefficient, 
the phase vs. frequency and the normalized trans-
impedance transfer function Ω1/TAZ  at optFC ,  are 

given on Fig. 3. The analysis of the frequency charac-
teristics shows, that for the working frequency range 

up to MHzfh 96,1' =  the maximum acceptable attenua-
tion is not greater than dB1,0 . Accordingly, the phase 
shift is significantly larger than °45 . At MHz32,1  is 
obtained a spike (ripple) with value equal to dB36,0  
(in comparison with the normalized transimpedance 
equal to dB80 ), but this value is less than the speci-
fied frequency attenuation ( dBMh 1≤ ). At frequency 

MHzfp 3≈ , where the ||/1 β&  – function intersect the 

frequency response |)(| fAd
&  of the VFOA the phase 

margin of the circuit is equal to °145 , which guaran-
tee the stable operation of the designed TIA. 

Based on analysis of the obtained results in Table 1 
the calculated parameters and the simulation results 
for the designed circuit are presented. The maximum 
error between calculated values of the electrical para-
meters and simulation results is not higher than 
5…6%. Moreover, an error of 5…6% is quite accep-
table considering the tolerances of the technological 
parameters. 

Conclusion 
A design procedure of high-speed TIA circuits 

using VFOAs have been presented. The efficiency of 
the procedure is demonstrated by design and verify-
cation of concrete electronic circuits using VFOA 
AD8605. The created approach can be useful for 
analysis and design of various electronic circuits and 
systems, such as photodiode amplifiers, luxmeters and 
I/V converters for digital-to-analog converters.  
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Table 1  
Comparison between calculated parameters and simulation results. 

Parameter Calculated results Simulation results 
ZTIA 10kΩ 10kΩ 
fh 2,54MHz 2,47MHz(min) … 2,52MHz(max) 

Uom 10mV(min) … 500mV(max) 10mV(min) … 500mV(max) 
f’ h ≈ 2MHz at Mh=1dB 2,06MHz(min) … 2,09MHz(max) at Mh=0,1dB 

Ripple - 0,36dB at 1,32MHz   
RiA / RoA ≈ 5mΩ / 200mΩ ≈ 5mΩ / 210mΩ 

ϕm ≈ 147º ≈ 145º 

Uo,err / εio 78,94µV / 0,15% 78,94µV / 0,15% 
UoN 24,9µV 25,1µV 

Uo,eff / SN ≈ 7mV / 49,07dB ≈ 7mV / 49,02dB 
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Multilevel converters for microwelding based on M-ary system 

V. Zhuikov, V. Spivak, T. Tereshchenko, J. Yamnenko, V. Bezhenar  

 

Multilevel converter constructing and functioning principles are given. Two different approaches 
to increase efficiency are described. Both decisions are compared with typical applications, so 
advantages and drawbacks are specified. 

Mногоуровнев преобразовател за микрозаваряване основан на M-ари система (В. 
Жуйков, В. Спивак, Т. Терешенко, Ю. Ямненко, В. Безхенар). Дадени са конструктивния и 
функционален принцип на многоуровнев преобразовател. Два различни подхода за увеличаване 
на ефективността  са описани. Двете решения са сравнени с типични приложения и така са 
посочени преимуществата и недостатъците на устройството. 

 

 

Introduction 

Contact microwelding of the parts with the 
thickness from a few micrometers up to 0.5 
millimeters is widely used in radioelectronic and 
instrument-making industry while producing circuit 
boards, integrated circuit and electronic components.  

Special feature of the microwelding is high level of 
the heat emitted within the contact between the 
electrode and the part. This level is comparable with 
the heat level in welding contact due to relatively low 
own resistance of the parts and low welding effort. 
High quality of microwelding can be provided by 
forming of welding current pulses with assigned 
complicated waveform. 

Method of welding current forming by assigned 
law on the base of m-ary counting system using 
multilevel converters and adding of output currents of 
each cell in common node is proposed in the paper. 
Such method allows remaining invariable structure of 
electrical circuit. Assigned waveform of welding 
current is defined by pulse-width modulator that 
allows simplifying the control system.  

Proposed method of current forming for contact 
microwelding equipment allows significant decreasing 
of cells and switches quantity, increasing of energy 
efficiency with assigned high quality of welded joint.  

 

Basic of m-ary system for n-stage converters 

The circuit of Fig.1 shows the basic topology of 
one m-stage converter used for the implementation of 
multi-stage converters. It is based on the n-switches 
converter (in practice it could be less or more switches 
depending of principle scheme and total power), used 
for single phase converters or for dual converters. In 
general these converters are able to produce m levels 
of current in the load from 0 to Is with [Is(i+1) - Is(i)] 
current step and zero. Each current source produces 
Is(i) = mI0 that is the key feature of m-ary system 
conversion [1], so in this case current step is I0. 

 
Fig.1. n-stage current m-ary converter 

Developing of m-ary system converters for 
microwelding 

Fig. 2 depicts base principle of organization m-ary 
converter with adding of output currents of each cell 
in common node. Output current of such converter has 
stepped waveform with equal level of each step. 
Durations of the steps are assigned by control system 
(CS) and define waveform of output current. When all 
steps durations are the same then graded 
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approximation of linearly increased function will be 
formed at the output. For microwelding output current 
waveform depends of materials and usually non-linear 
function. 

As each converter has different power supplies 
(PS) scaled in the power of m (for example m=3) it 
allow to obtain maximum output current levels with 
minimum switching cells (SC). All the switches 
operate in only switching mode in contrast to schemes 
with linear and combined regulation [2]. Using a high 
frequency modulation module (HFM) allows 
generating PWM control signal equal to linear 
regulation method. The main advantage of this 

technique is that switches don’t operate at active mode 
so their power dissipation is much lower. Also the 
proposed approach overcome drawback of maximum 
amount of heat that can be emitted by switch during 
one cycle of welding. 

Use of transistors in switching mode only reduces 
their total power, cost and dimensions of device at all. 
Furthermore control system doesn’t include DAC or 
any analog particles and could be performed as single 
microcontroler.  

 If output current waveform is not smooth enough 
an additional PWM of control signals could be used. 

 
Fig. 3. Typical fuul-bridge (a), left, and dual current supply (b), right, switching cell in case of m=3 

a)      b)  
Fig. 2. Multilevel m-ary converters with single (a) and dual (b) power supply 
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In this case the structure of the power of the circuit 
remains unchanged, and given waveform of the output 
current is determined by the pulse-width modulator, 
which simplifies the control system versus linear 
regulator. 

There are output currents (Fig. 4) for both schemes 
(Fig. 2) with different types of control system and 
switching cells (Fig. 3). Fig. 4a depicts simple 
approach with standard current sources and bridge 
converter. Four transistors calculated at full power are 
required that is twice than the next one.  Method (Fig. 
4b) is better efficient and required less switching 
elements. Also there is no current subtraction that 
increase power loses. The only disadvantage is the 
complicated power supplies. 

Conclusions 
Two structure schemes for multilevel transistor 

converter using m-ary system have been designed. 

Unified structure of the cells represented for both 
circuit solutions. Control system has also been 
improved and is completely digital now. As there are 
no transistors operated in active mode the dimensions 
and mass of the device could be significantly reduced.  
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a)  

       b)  
Fig.4. Forming of the output waveforms for schemes with bridge switching cell without PWM (a) and dual current 

supply with PWM (b) 
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Application of infrared thermography to detect potential failures 
in devices for energy conversion 

Anna Andonova, Nikolay Vakrilov  

 

Modern energy conversion devices such as LEDs and solar cells are characterized by high 
reliability. This is related to search and use of new approaches to assessing the technical resources 
and tools for the diagnosis and detection of potential defects, reducing their effectiveness and 
resource. The capabilities of infrared thermography - active and passive methods are analyzed, as a 
non-destructive approach for diagnosis in real conditions of operation of these devices. Some 
experimental results during conducted thermographic tests for detection of potential failures are 
shown. 

Прилагане на инфрачервена термография за откриване на възможни повреди в 
устройства за превръщане на енергия (Анна Андонова, Николай Вакрилов). Съвременните 
устройства за преобразуване на енергия, като светодиоди и слънчеви клетки се 
характеризират с висока надеждност. Това е свързано с търсене и използване на нови подходи 
за оценяване на техническите ресурси и инструменти за диагностика и откриване на 
потенциални дефекти, намаляване на тяхната ефективност и ресурс. Възможностите на 
инфрачервената термография - активни и пасивни методи са анализирани, като не-
разрушителен подход за диагностика в реални условия на експлоатация на тези устройства. 
Някои експериментални резултати по време на термографски проведени тестове за 
откриване на потенциални повреди са показани. 

 

Introduction 
The solar cells (known as photovoltaics –PV) and 

light emitting diodes (LED) as related to the energy 
applications are closely related to the heat transfer. 
The common elements between these two devices are: 
solving the problems with the energy efficiency and 
the ecology, their high reliability and their long time 
of working (for PV from 20 to 30 years for LED from 
30000 to 100000 hours) [1, 2]. Defects and especially 
cracks in structural materials of the electronic systems' 
components can be harmful for the final functional 
characteristics and their diagnosis is essential for 
optimal and safe operation of the equipment based on 
PV and LED [5, 6, and 7]]. Degradation of solar 
cells/panels and LED device/module is not as 
important as the higher degradation resulting in a 
reduction of the output power and light [3, 7]. 
Furthermore, inaccuracies in degradation 
measurement degradation lead directly to increased 
financial risk. Most of the processes of degradation 
and failure mechanisms as rule to LED- and PV-based 
products associated with the influence to heat. Thus, 
in order to estimate the length of life/technical 

resource some reliable information on the temperature 
profile over time is needed. 

Among the various methods of monitoring and 
NDT techniques, infrared (IR) thermography is 
considered as a promising method for the rapid and 
reliable inspection and defect detection [1, 8]. 

For thermographic measurements some research 
on the choice of equipment and software development 
have been carried out to build a technology for 
thermographic measurements of energy conversion 
devices and systems. There have been various 
experiments to search for correlations between 
different informative parameters. The article presents 
some important results of these studies. 

Power Conversion Devices  
LEDs and photovoltaic cells are optoelectronic 

devices in which a process of converting one form of 
energy into another takes place. LEDs are 
semiconductor elements in which electrical energy 
converts into electromagnetic radiation. Their action is 
based on the injection electroluminescence. 
Recombination processes in the semiconductor crystal 
with p–n junction are carried out, where the junction 
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should be connected in a forward bias, to emit 
radiation. The process takes place spontaneously and 
the emitted radiation has incoherent character. Fig. 1 
shows how the process works. 

 

 
Fig. 1. Physical principles of LEDs 

Depending on their purpose LEDs are being for: 
optical communications, indicators and high power 
LEDs (they are used mainly for various types of 
lighting).  

The solar photovoltaic cell is a photoelement that 
converts direct ingressed light energy into electrical 
energy, i.e. it is designed to work as a generator of 
electricity.  

 
Fig.2 Physical principles of solar cells 

When the semiconductor, which has a p–n 
junction, is irradiated with light energy, which 
photons have energy, satisfying the condition ħv ≥ 
∆W (ħ - Planck's constant; v - frequency of the 
electromagnetic oscillation of the electron;  ∆W - the 
difference in energy of the electron before 
recombination and after recombination) charge 
carriers are being generated, which are separated by 
the internal field of the junction, where electrons are 
accumulated in the N region, and the holes – in the P 
region (Fig. 2). Thus, at the leads of the P and N 
regions of the semiconductor photo electromotive 
force will be obtained and through the external circuit 
with load RT current I will run (Fig. 3). The 
movement of charge carriers is due to the influence of 
the electric field E0, which forms the negative charge 

in N region and positive charge in the P region. 
Charges in both fields create voltage U between them, 
which polarize p - n junction in forward direction and 
reduce the potential barrier of the junction.  
 

 
Fig. 3. Schematic illustrating the production of electricity 

in solar panel 

It is assumed that the efficiency of photovoltaic 
cells is being reduced by 1% per year exploitation. 
Production of PV decreases with time due to the 
effects of weathering. Usually the manufacturers 
specify that the reduction of the generated energy does 
not fall by more than 10% over 10 to 12 years of 
operation [3]. 

To ensure the parameters and reliability of their 
products the manufacturers do accelerated testing. 
Accelerated testing is regarded as a form of physical 
modeling. At this testing the test conditions - 
temperature, current, voltage and others are heavier 
than normal as the rejection of unreliable devices is 
received for a short time. Thus, the reliability of an 
electronic device can be evaluated for a short time. In 
accelerated testing the distribution of failures over 
time and the reasons for refusal are necessary to 
comply with the distribution of failures under normal 
testing. 

The possible types of failures can be very different, 
so by accelerating factors the intensity of failures is 
increased. For electronic components and devices the 
greatest effect is provided by accelerated testing in 
electric mode at elevated temperatures [7].  

At the photovoltaic cells, as at the LEDs, the 
lifetime of the device is connected to the transition 
temperature. The increased transition temperature 
leads to a reduction of reliability and negative changes 
of the electrical and optical properties of the devices. 
It is therefore important to ensure the transition 
temperature, which directly affects the reliability of 
the product. 

The higher temperature of the junction shortens the 
lifetime of the device, while at lower temperatures the 
lifetime is increased. Therefore, during the operation 
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of electronic devices the junction temperature must be 
maintained within acceptable limits by the 
manufacturer. 

For example, photovoltaic panels (PVs), which 
comply with IEC 61215 standard are guaranteed to 
work under extremely difficult conditions - 
temperature difference of -400 C to +850 C, hail 
falling on them, high temperature and humidity, local 
blackout, static load up to 2400 Pa and resistance to 
wind speed of 200 km/h [3]. 

Information and surveillance systems 
In real conditions the performance, operation and 

monitoring of the parameters of the solar panels is 
performed by specially developed monitoring systems 
called information monitoring systems. They are used 
to monitor all systems and in case of failure of a single 
unit or a device they are used to take preventive 
measures for the normal operation of the solar system. 
Through specialized junction monitoring systems as 
infrared thermography can be assessed the aging of 
panels and their performance at some point in time. 

At LEDs the processes associated with junction 
degradation are associated with a decrease in the 
intensity of the emitted light, but because of the 
specificity of the human eye these processes are less 
noticeable. Here, as with photovoltaic panels, infrared 
thermography can be used to assess junction 
degradation and performance. Damage of the product 
can be found only with completely defective element. 

Essence of infrared thermography  
Infrared thermography is a method which uses the 

physical properties of all the bodies to emit 
electromagnetic waves with a very specific 
wavelength depending on their temperature. Whether 
the bodies are cold or hot, they emit electromagnetic 
radiation in the infrared spectrum and thus the 
radiation is invisible to the human eye. Radiation is 
intermittent, and the emission intensity is directly 
dependent on the temperature of the bodies. In the IR 
thermography cameras are used to detect infrared 
radiation in the electromagnetic spectrum. The higher 
is the temperature of the scanned object, the greater 
the radiation that it emits. 

By infrared thermography observations of both 
stationary and moving objects in the process of 
operation can be made. Cameras that can capture the 
object as a whole or just one of its elements are 
commonly used. 

Thermography is widely used in various industries 
for the detection of faults in the operation of 
production equipment and end products. It produces a 

picture of isothermal contours on the surface of the 
scanned object and shows the effects of temperature 
variations in the material resulting from alterations in 
the structure. Thermography can be of two types - 
passive and active. 

In passive thermography the temperature profiles 
of a device under normal environmental and working 
conditions is observed. Passive method actually uses 
the natural heat of the bodies obtained as a result of 
their work and does not require external excitation. 
Using the IR thermal camera the temperature 
distribution of the object in time and space is 
displayed. 

In contrast of the passive, the active thermography 
requires the use of external sources of heat, to cause 
excitation of the investigated object, thereby to detect 
faults in a reliable manner. The sensitivity of the 
method depends on the energy, the duration and 
nature of the excitation. The excitation of the 
investigated object is carried out by heat incentive 
systems. As a heat incentive systems there are used 
powerful heat sources such as guns for hot air, high 
power lamps, photographic flash, laser, etc [7].  

Thermography is non-contact diagnostic method 
offering exceptional opportunities for observation and 
diagnosis of semiconductor structures. By it, for 
example, reliable information for the degradation 
occurring during the operation of photovoltaic panels 
over time can be obtained, as thermal processes with 
different speeds can be observed. Usually the obtained 
infrared images are analyzed using specialized 
software that reports possible interpretations of the 
problem areas. The refinement of the thermal analysis 
is carried out with additional equipment and controls. 

Experimental equipment for thermography 
measurements includes infrared camera ThermaCAM 
SC640 equipped with a 450 objective lens and close-
up lens, Mikron Blackbody Radiation Calibration 
Sources M340, laptop for control of the heating 
chamber (software SDK) and for recording and real-
time processing of thermograms. The equipment 
includes active thermography IrNDT Lockin System, 
including IRX-Box (multifunctional interface 
electronics for infrared imaging, Lockin-, Pulse-and 
Transient-Thermography), thermal exciting source 
(Heat Source, Halogen Lamp modulated 2.5 kW) and 
software synchronization management of the camera, 
and the excitation source and processing of 
thermographic images - IrNDT Software Package AT 
GmBH. 
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Use of infrared thermography for the 
assessment of defects in LEDs and photovoltaic 
cells (PV) 

Obviously, to determine the reliability and / or 
technical resources of LEDs and photovoltaic panels 
the operating temperatures should be monitored. 
Nowadays the techniques to monitor these power 
conversion components are based on the conventional 
"data acquiring" measuring principles. The latter are 
time consuming and unreliable, if carried out with 
inadequate and uncertified measuring equipment. 

Infrared thermography has a specific application in 
the following cases: 

• Quality control of components and materials of 
LED and PV and additional tool for evaluation of 
their work 

During the development and production process, 
solar cells and light emitted diodes are triggered either 
electrically or by the use of flash or halogen lamps. 

Defects can most easily be identified in active 
thermography (lockin thermography – LT or pulsed 
thermography – PT) in the case of optical excitation. 
This method cannot beapplied when testing solar 
panels in the field. Fig. 4 shows the amplitude image 
obtained by LT at 1 Hz. After recording the LT 
measurements, we performed an IV-curve 
measurement at the same illumination (30 W/m2) with 
an SMU B2901.  

 
Fig.4 Amplitude image of an LT measurement showing 
some hot spots of tested solar panel (the three defects in 

circle with the highest amplitude signal are indicated by the 
arrows). 

Defects can most easily be identified in LT under 
open circuit conditions. Furthermore, LT-Voc 
measurements do not need any electrical contacting 
which allows very early measurements within the 
production steps. Finally, LT measurements are closer 
to normal operating conditions. The circular shunt 
currents can spread over the neighbor electrode and 
the effective shunt resistance will vary depending on 

its geometrical position in the cell. The influence of 
the defect position on Pmpp is probably complex. 
Defects on one side of a patterning line may be more 
detrimental than defects on the other side. Also the 
influence of the defect distance to the patterning line 
remains unknown. This study only aims to lead a 
proof of concept. Accordingly, we estimated the 
patterning region as simple as possible (half of the cell 
areas). A binary mask for the studied ROI of the PV 
module is marked so weighted defects Ad with the 
weighting factor g (g equals 1 represents the original, 
unweighted LT-image) are shown in equation. 
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Next, an IR-parameter is calculated for each LT 

image. Equation (2) contains the ratio of the mean IR-
signal of the defects to the mean IR-signal of the 
whole sample, the ratio of the defect versus the whole 
area Sd/Sand the power of the whole sample (P). 
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The required IRsignalis at a phase position close to 

-45° (
045−A ) for the studied thin films on substrates. 

However, the phase shift depends on the thermal 
properties and the geometry of the sample. When 
applying LT-Voc measurements, P or the power of the 
modules equals the illumination power (energy 
conversation). The illumination power did not change, 
so we used the ratio of defect to sample dissipation 
power, K (eq. 3), as IRparameter for a correlation with 
Pmpp. 
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Ssum,d denotes the total area of the defects and 
Smodule the area of the module. An example calculation 
is given for the sample displayed in Figure 4. Three 
defects (highIR-radiation) indicated by arrows result 
in a total signal of 94.1. The mean signal of the 
module is 0.546. The area of defect pixels in this basic 
example is only 18 pixels (pixels of module close to 
200,000), which yields a K of about 1.9 10-2. The IR-
Parameter K was correlated with the measured peak 
power Pmpp determined by IV-curves. The dependency 
of Pmpp on the IR-signal should ideally bilinear in 
terms of a simple application of the presented 
thermography method as a quality control system. 

• Evaluation of the efficacy and study of defects 
after the accelerated aging test0 and monitoring 
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in real operating conditions 
The study of degradation and failure mechanisms 

in energy conversion devices are often based on 
accelerated ageing tests (AAT) where failure effects 
are reproduced and quantified. 

The strong need for prognosis and long-term 
reliability gives the impetus of further research in 
defect detection and diagnosis by using IRT as a 
complimentary tool together with other conventional 
tools (for example IV-measurements). 

The parameters that may be experimentally 
evaluated during the accelerated ageing process of 
LEDs and PVs by means of IRT measurements are the 
thermal signature evolution and/or propagation of any 
diagnosed defects. 

During each thermographic measurement the 
values of device’s surface temperature Tc (only before 
I-V measurements), ambient temperature Ta, relative 
humidity RH, wind velocity Vw ware taken into 
account for three different reasons: for the initial set-
up of the thermal imagers, for the estimation of the 
expected (theoretical) device temperature (during IR 
thermographic measurements) and for the estimation 
of the maximum power output of each device (during 
the I-V measurements). 

It should be mentioned that, before each IR 
measurement, the IR camera is initially calibrated 
using ambient and reflected temperature compensation 
and is set to emissivity equal to the emissivity factor 
of the device front cover material. In some cases (in 
passive thermographic measurements) it is used 
coating (black paint or glycerin) with a known value 
of the coefficient of emission, while in others  used  a 
camera calibration with black body or formed an 
emissivity map of the device surface by used software. 

The thermal images from the inspected PV or LED 
are acquired and analyzed in order to generate a 
simple and fast correlation between the expected 
device temperatures (TDUT, exp) of each device and the 
measured device temperatures (TDUT,m), obtained from 
these field thermographic inspections. In practice, a 
∆Τ> 50C between TDUT, exp and TDUT,m witnesses a 
potential defect (hot spot). The expected operating PV 
cell temperature, for example can be fairly estimated 
by the following semi-empirical equation [9]: 
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If  it is assumed TPVcell ≈ TPVmodule then the 

knowledge of the latter will help estimating the 
module efficiency. This correlation remained in 
strength both in laboratory tests and in the 

measurements of the outdoor. 
On the Fig. 5 is shown the effect of the change the 

color of brown and degradation of the connecting 
wires. The measurements were taken for Ta=33,10C, 
Vw=2,1 m/s and GT = 510,2 W/m2. 

a)  

b)  

Fig.5 a) relative increase of more than 350C of the 
neighboring cells temperature; b) the temperature value of 
these hotspots reaches on the back side of the element to 
960C, which is negatively affecting the life of the cell. 

• Nondestructive preventive diagnosis in real 
conditions of operation (outdoor monitoring) 

 
In order to avoid reflection of the thermal imaging 

camera and the operator in the glass, it should not be 
positioned perpendicularly to the module being 
inspected. However, emissivity is at its highest when 
the camera is perpendicular, and decreases with an 
increasing angle. A viewing angle of 5–60° is a good 
compromise (where 0° is perpendicular). 

An example of thermographic measurement in real 
condition (Tа=30,10С, Vw= 1,5m/s и GТ= 517,2 
W/m2.) of working for a PV panel is shown on Fig. 6.  

 

 
Fig. 6. The outdoor IR image of (a) front (b) back side of a 

PV. It shows a largehot zone of thefront side and 
thetemperature riseinconductors 

а) 

a) 
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To achieve sufficient thermal contrast when 
inspecting solar cells in the field, a solar irradiance GT 
of 500 W/m2 or higher is needed. 

 
• Nondestructive preventive diagnosis in real 

conditions of operation (outdoor monitoring) 
 
Shadowing and cracks in cells show up as hot 

spots or polygonal patches in the thermal image. The 
temperature rise (of a cell or of part of a cell in the 
case of PV monitoring or of a chip or light lamps in 
the case of LED monitoring) indicates a defective cell 
or shadowing. If parts of the solar panel or LED lamp 
are hotter than others, the warm areas will show up 
clearly in the thermal image. Depending on the shape 
and location, these hot spots and areas can indicate 
several different faults. Of course, for correct 
identification of the failure, modules showing 
anomalies must also be tested electrically and 
inspected visually. 

Infrared image processing 
For analysis and evacuation of thermographic 

pictures we used professional software (Researcher 
2.9, and special developed software for thermal 
histograms for a single or a sequence of frames). On 
the Fig. 7a is shown the software menus and 
processing the sequence of frames after AAT of LED 
module. On Fig.7b is shown the software menus with 
a LED module and the thermal histogram for an active 
temperature range filter. On the Fig 7c is shown the 
menus of the software Researcher 2.9 and results from 
LED lamp analysis in real working conditions. On the 
Fig. 8а and b are shown an optical photo and a 
thermogram of another type LED lamp, made by HIC 
Ltd. On Fig. 8c, d, е and f are shown the original 
thermograms and the results after morphological 
processing – the goal is to define the size and right 
place of the hot spots on the surface of the monitoring 
LED. On the Fig.8 g and h are shown the original 
thermogram and the result after morphological 
processing for a PV panel. 

 
Fig.7Menus from the processing of thermograms 

 
 

Fig. 8 Results after different infrared image processing, left to right: (a), (b), (c), (d), (e), (f), (g), (h) 
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Conclusions 
The thermographic inspection ofenergy conversion 

devices allows the fastlocalization of potential defects 
at the device and system level as well as the detection 
of possible electrical interconnection problems. It can 
be applied to large and small scale systems. The 
inspections are carried out under normal operating 
conditions and do not require a system shut down. 

Infrared thermography appears to be a potential 
non-destructive method for the evaluation of a PV 
module and LED performance. The method gives fast, 
quite reliable and of easy interpretation results 
regarding to the condition of each solar cell in a PV 
module and each LED device in LED matrix module. 
Unfortunately, specific limitations referring to 
emissivity problems, and the undesirable dependency 
from the environmental (ambient and background) 
conditions have to be taken into account. In situ 
thermographic inspections, as well as the use of 
passive/active thermography for indoor and/or outdoor 
measurements, are of further interest and investigation 
to developing a complete PV module and LED 
systems condition monitoring technique, with certain 
image processing and fault classification tools. This 
will help to maintain the solar panels' and LED 
systems' functionality and to extend their lifetime. 
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ENERGY EFFICIENCY AND HEALTHY BUILDINGS 
 

Shifting peak cooling load using thermal storage technology 

Branislav Todorovic  

 

There are growing trends of energy use in buildings and these trends are now moved to the hot 
part of a year, which becomes more critical when space air conditioning is concerned. HVAC industry 
and sciences are investigating how summer energy needs could be minimized to lower cooling load 
amount and to achieve nearly zero cooling load buildings, when outside heat sources are concerned. 
Going in this direction one possibility which is very much occupying researchers, is practical use of 
thermal energy storage in building, which could be stored as the sensible, latent or thermo chemical 
heat storage process. Latent storage is most promising one, storing energy in phase change material. 
The storage could be as a passive or active storing system. In the paper are presented some of the 
examples of the latent heat storage applications based on the new published articles in the scientific 
publications.  

Изместване на пика на охлаждащото натоварване прилагайки термично –
съхраняваща технология (Бранислав Тодорович) Нарастваща тенденция е използването на 
енергия в зданията в топлата част на годината, което става по-критично при 
кондициониране на въздушмото пространство. Индустрията и науката за Отопление, 
Вентилация и Кондиционна Техника (ОВКТ) изследват как необходимата лятна енергия може 
да се минимизира за намаляване количеството охлаждащ товар и да достигне здания с 
приблизително нулев товар, когато външния топлинен източник действа. В това отношение 
една възможност, която привлича изследователите е практическото използване на 
съхранението на термичната енергия в зданието, която може да се запази в разумен, 
латентен или термо-химически топлинен процес на складиране на енергията. Латентното 
съхранение е най-обещаващия процес, складирайки енергията в фазово-променящ се материал. 
Складирането може да се осъществи като система с пасивно или активно съхранение. В 
работата са представени някой примери на приложения на латентно топлинно складиране, 
базирано на последни публикъвани работи в научната литература. 

 

Phase change materials for thermal storage  

Reduction of cooling loads is not only by thermal 
insulation but also by implementation of phase change 
materials (PCM) for thermal storage. For such 
purposes PCM began to be used since more then 3 
decades, since the year 1980. These materials could be 
organic (fatty acids, paraffin, non paraffin), inorganic 
(salt hydrate, metallic), or eutectic materials which are 
minimum melting compositions of two or more 
organic or inorganic materials in all combinations 
(organic-organic, organic-inorganic, inorganic-
inorganic). Materials to be used as PCM must have 

large latent heat per 1kg, high thermal conductivity 
and range of the melting-freezing temperature 15-30C 
or even higher, which correspond to the outside 
summer daily temperature range. Beside these 
conditions, PCM shall have small volume’s change 
during phase change process, high nucleation rate to 
avoid supper cooling of the liquid phase, high rate of 
crystal growth, and complete reversible freeze-melting 
cycle. 

The application of PCM options for cooling effects 
is integration in buildings envelopes to increase 
thermal mass or to be installed in HVAC systems with 
natural-free ventilation, systems with encapsulated 
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PCM what is a group of passive systems since no 
additional energy is needed. If mechanical ventilation 
is involved, then a system is no more passive, but 
active.  

The classical refrigeration can be eliminated or 
replaced in some periods of day time by the systems 
with phase change materials which can be integrated 
into building elements as in walls and ceilings, 
increasing building’s thermal mass. But PCM can also 
be a part of AC equipment presentive active systems 
as needing additional energy use.  

For free cooling it is important that temperature 
between day and night is about 15K and if it is 
existing a good air circulation. Free cooling system is 
storiging “outdoor cold” during night period of lowest 
temperature. Use of air conditioning system, or 
ventilation one, in the buildings or rooms in which are 
cooling load varying during a day, electrical needs 
significantly varies having its peak load during a day. 
In such a case load can be shifted to a night time with 
low electricity tariff.  

 Air conditioning systems usually combine cooled 
ceiling, microencapsulated PCM slurry storage and 
evaporative cooling technologies. Such systems can 
effectively achieve the target- shifting the part of 
cooling load from the daytime to night time as an 
energy saving and economy- air-conditioning system. 

PCM in passive and active cooling systems 

The paper [2] is studying composite materials 
containing phase change materials as mixing PCM 
macro encapsulation or microcapsules with shape 
stabilized traditional construction materials as gypsum 
or concrete.  

 
 Fig.1. Holes in ceiling or roof filled by PCM. 

When micro encapsulation is used to integrate a 
PCM in building structure the capsule shell prevent 
any physical or chemical interaction between the PCM 

and the structure. Simplest passive cooling system 
with encapsulated PCM is presented on the Fig.1. The 
holes in the concrete ceiling or roof are filled with 
PCM. With a maximum PCM mass fraction of about 
25-30% or in material as high density as polyethylene, 
a mass fraction of PCM can be up to 70% or more.  

H.M.Chou, C.R.Chen and V.L.Nguyen [3] were 
investigating solar influence through metal sheet roofs 
as a passive type of energy storing system. High level 
of absorption could be reduced with light roof colors 
till 30% but with implementation of metal-sheet roof 
using PCM , much more. It was found that when PCM 
which has melting temperature 46,3C and latent heat 
capacity of 90kJ/kg was used to cover 48% of the 
roofing surface with ambient temperature 25C., the 
energy saving rate was to 52,7% in relation of 43% 
with normal insulated roof. Phase change material is 
inserted in between insulation layers and metal sheet 
roofing and is improving also thermal insulation 
effect. This system is designed for hot areas with and 
also there where are high sunny regions. (Fig.2) 

 

 
Fig.2. Novel design structure of the corrugated roofing a) 

3D view b) top view. 

Average diameter of micro capsules is 5 microns, 
shell width d=0,1-0,2 microns, PCM is mixture of 
heptadecane, octadecane and nonadecane; material of 
the shell is of Poly-methil-metacrilate with melting 
temperature which varies according to composition of 
the mixture: 21-26C. 

 In Hong Kong at City University, for very long 
time is going research program for implementation of 
PCM. They proposed air conditioning system with 
cold ceiling and with microencapsulated PCM slurry 
storage tank. It was selected hexadecane C16H34 with 
melting temperature 18C and latent heat of 224kJ/kg. 
(Fig.3.). The experiment and simulation showed that 
in Hong Kong climate, such a system can decrease 
daily electricity demand for 1/3. 

Another system for cutting peak electrical energy 
needs for cooling is described and investigated by 
Japans T. Condo and T. Ibamoto [4]. Rock wool PCM 
ceiling board was enhanced by adding microcapsulate 
PCM having melting temperature at about 25C. Their 
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system is working in three different modes: during the 
night cold air from air handing unit circulates into the 
ceiling and chills PCM ceiling board and cold is 
stored for next day peak time when air from the room 
flows through space above ceiling chamber to the 
AHU. Air is precooled and maximum thermal load 
was about 85% of that using the rock wool ceiling 
board only. 

 
Fig.3. Cooled ceiling with PCM slurry 

 
 

 
Fig.4. Cutting peak energy for cooling 

 
 

It is interesting investigation done at Hong Kong 
polytechnic, which could be named as one of 
scientific centre having good postgraduate program 
for MPCM slurry use for air conditioning. The last 
investigation was to use nocturnal sky radiation for 
next day cooling of the ceiling panel (Fig. 5.) 

PCM reducing cooling load through windows  
Regarding building’s cooling load the weakest” 

part of the envelopes are windows and glassed parts of 
fasades. The authors from Brunel University in UK 
(B.L. Gowreesunker, S.B. Stankovic, S.A.Tassou and 
P.A.Kyriacou) have investigated thermal and optical 
performances of PCM in glassed units and compared 
with standard double glazed window. 

They have found that during rapid phase change of 
PCM or changes in temperature the transmittance 
spectrum of PCM is unstable. When there are stable 
conditions, visible transmission was 90% during the 
period of liquid phase but 40% in a solid phase. The 
scattering effects are dominant in the solid phase, in 
the liquid phase radiation absorption dominates. 
During mushy phase the optical properties that are not 
scattering in liquid phase depends of the liquid 
fraction. The use of PCM within double glazed 
window improves the thermal mass during phase 
change regarding standard double glazing. PCM 
visual aspects changes as the material changes phase 
and it is translucent in the solid phase and transparent 
in the liquid phase (Fig. 6.). 

 

Table 1 
Energy saving ratio only with insulation and combining with PCM 
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Fig.6. Visual characteristics of dfifferent  PHC phases 

Conclusion 
Cooling load of building should be more reduced 

in the future and also shifted out of the time when 
there is the peak of cooling needs, at the time of day 
when it is economically more convenient. Concerning 
this task,  use of phase change materials are offering 
very promising possibility, but there is a need of 
additional efforts for investigation of PCM having 
appropriate thermal characteristics. That means to 
produce PCM concerning daily temperature   range in 
various locations, stabile volume, constant thermal 
parameters. As the windows are the greatest energy 
losers in winter but also in summer regarding high 
heat gains from outside temperature and especially 
from solar radiation, there is a need to find such PCM 
materials combination to get PCM which will have 
also favourable optical characteristics. 
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Fig.5. Storaging nocturnal sky radiation for next day cutting peak cooling load 
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Via BPS and smart grid optimized RES integrated large scale 
residential/municipal refurbishment to approach climate friendly 

cities 

Marija S. Todorovic  

 

This paper reviews BPS for energy efficiency optimization, renewable energy sources use, and 
distributed energy generation for building’s greening and sustainable “high performance” Zero CO2 
emission cities planning. Reviewed are a few case studies and co-simulation approach to the “total 
building performance optimization”, outlining large-scale municipal energy refurbishment and 
related HVAC’s systems and engineering R&D needs, and consequently - need to develop commercial 
“Industrial”- large scale energy refurbishment as integrated whole engineering technology. Further, 
modeling predictive control and smart grid seen as a means to facilitate climate friendly RES and to 
enable efficient use of electricity are addressed. Paper ends with a short review of the most recent 
development of space solar power technology and wireless transmission of the extraterrestrial 
“produced energy” to Earth, to complete its hierarchical sustainable energy supply. 

Чрез симулиране на техническите характеристики на зданията и интелектуални 
мрежи при едро-мащабен ремонт към климатично-съобразени градове (Мария 
С.Тодорович). Тази работа разглежда симулацията на техническите характеристики на 
зданията за оптимизация на енергийната ефективност, използването на възстановяеми 
източници на енергия и разпределена генерация на енергия за ‘‘ зеленеенето’’ на зданието и 
устойчви ‘‘ високи харктеристики’’ с нулева СО2 емисия при градоустройствено планиране. 
Направен е обзор на няколко изучаеми случая и подход на ко-симулирането при оптимизация 
на общите характеристики на зданието, очертаването на широко-мащабно енергийно 
преоборудване и ремонт на свързаната система за отопление, вентилация и климатизация и 
необходимите изследвания и внедряване, съответно-нуждата да се разработи 
комерсиален“ Индустриален” - едромащабен енергиен проект за преоборудване като 
интегрална инженерна технология. По нататък, посочени са контролът чрез предварително 
моделиране и интелектуалната мрежа разглеждана като средство да съдейства на 
климатично-съобразни ВЕИ и да позволи ефективно използване на електроенергията. 
Работата завършва с кратък обзор на най-последните космични слънчево-енергийни 
разработки и безжично предаване на извънземно-произведена енергия на Земята, за допълване 
на йерархичните устойчиви енергийни източници. 

 

 
Building Performance Simulation for Energy 

Efficiency Optimization 

Zero energy buildings and cities are to be healthy and 
sustainable. Building Performance Simulation (BPS) 
enables building’s environmental technologies and 
sustainability harmonization [2,4,6,12]. BPS in design 
or redesign, reconstruction and energy renovation is to 
encompass all relevant building’s performances which 
characterize the environmental impacts and buildings 
energy use (including the energy use for construction, 
maintenance and life-cycle reconstructions). BPS is a 

powerful method and technique for predicting 
building’s dynamic behavior, building’s energy 
efficiency and optimization of the renewable energy 
sources (RES) cost-effective integration.  

The most influential factors within the design 
process are facades concepts of building envelope, 
glazing and fenestration, types of building structure 
thermal mass and insulation, daylight control, natural 
ventilation and energy-recovery opportunities, HVAC 
systems regimes and operational modes: temperature, 
air volume, motors and pump types of control, indoor 
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and outdoor air quality/environmental protection. All 
of these considerations have an impact on the 
HVAC&R requirements and resulting CO2 emission. 

The designers’ preoccupation to reduce energy 
consumption and to achieve better thermal ambience 
levels has favored setting up of numerous BPS 
programs. The progress in BPS modeling and its 
transfer into the professional field has resulted in 
various numerical approaches. In each of these cases, 
the objective results, the precision advocated and the 
time delay of the results are different parameters 
which call for a multiple-model approach of the 
building system [2,5,12]. Since the initial significant 
diffusion of simulation and design models, one of the 
major problems is their appropriateness to a particular 
user during the design process. 

The most recent contribution in the BPS area is co-
simulation approach and development of more and 
more complex, comprehensive, whole and total 
building performance algorithms and tools. Thus, BPS 
simulations and buildings thermal behavior 
predictions are becoming more and more reliable 
foundation for building’s energy efficiency 
intelligence and e-automation, and are to be elucidated 
as crucial technologies/techniques for design, 
construction and operation of sustainable buildings, or 
so called smart Green buildings integrally with its 
distributed energy supply system, HVAC, lighting and 
other technical systems. Specific attention has to be 
drawn to the energy supply system dynamics, 
particularly of the integrated clean energy - renewable 
energy sources including storage, distribution and use. 
Smart buildings take advantage of information 
exchange to provide energy efficient, flexible, 
productive, and cost-effective environment for 
building occupants. BPS is sound basis for enabling 
buildings energy intelligence - energy management 
systems to achieve the expected benefits. E-operated – 
building’s e-automation has to implement advanced 
control strategies that make good use of the BPS 
results and computer processing power, specifying 
these systems in a clear and accurate manner, 
providing complete information about optimal 
performance, relevant criteria and indicators, control 
strategies and quality control - LC commissioning 
[2,6,12]. 

BPS For Zero CO2 Emission Buildings And 
Settlements 

For a location at the Montenegrinean coast (near 
village Zagora) dynamic behavior and energy 
efficiency of a few buildings types have been studied 

and optimized. Via BPS have been obtained 
significant reductions of cooling and heating loads 
comparing to the initial architectural design (Fig.1). 
Proceeded integrated building design (IBD) - 
multidisciplinary engineering study did result in 
preliminary design of sustainable settlement of energy 
efficient Net Zero Energy Buildings confirming 
technical feasibility of village’s sustainable energy 
and water supply by the reliable implementation of 
solar PV and wind technologies, including PV 
powered sea water desalination. It has been shown 
that HVAC (heat pumps using sea water as a heat 
source/sink) and other building’s technical systems 
can be effectively and efficiently powered exclusively 
by RES (solar, wind and biomass) and that the water 
recycling by the bio-aquatic water treatment is closing 
feasibility of the village sustainability [1].  

Settlement’s Sanitary Water Supply, consumption 
and water heating. In accordance with the planned 
number, size, type, and buildings structures in the 
ECO settlement as well as their usage prediction, a 
necessary daily capacity of sanitary hot water has 
been estimated to be 10.000 liters, and corresponding 
thermal energy for its heating (10 to 40 deg. C) is 302 
kWh per day. Zagora has no underground fresh water 
springs, but based on the abundant sea water, and full 
commercialization of the PV powered desalination 
technology, water supply of the ECO settlement in 
Zagora is technically completely feasible in a 
sustainable way using reverse osmosis (with a 
desalinization effect of ca. 98 – 99 %, depending on 
the process temperature). For the sea water 
desalinization has been preliminary selected "Blue 
Spring Model SW-7MS" desalinization units of 
reverse osmosis type, driven by solar PV (two units 
can provide daily 13.600 liters of water in conditions 
of good solar radiation). For 10.000 liters of water a 
day in Zagora, 159 m2 panels are required. The 
specific required electric supply power per a cubic 
meter for desalinized water is 0,25 kW (for 13.600 
liters 3,4 kW). Collection and purification of 
atmospheric water and full waste waters collection 
and purification of waste waters collection in has been 
foreseen. Recycled waters may be used for toilet 
washing and garden watering, as well as for the round 
"decorative-ecological" water flow between the 
settlement houses, according to the architectural 
solution. 

Relevant solar radiation data. According to the 
architectural design, as a potential available area 
planned for the installation of PV panels is the eave 
over the central building, roofs of other, individual 



“Е+Е”, 5-6/2013 123 

houses, including the surfaces of veranda envelopes 
dominantly oriented toward the South. Dependence of 
the monthly sums of incident solar radiation and PV 
produced electrical energy per m2 on the surface 
inclination angle for South orientation is given in 
Table 1. Necessary installed power is in summer 
188,1 kW and in winter 137,2 kW covering needs of 

HVAC, desalination, sanitary water preparation, 
appliances for 23 household units, and central 
building with restaurant. Determined is technically 
reliable power production of PV produced electricity 
of 170 kW, and back-up Wind produced electricity of 
100 kW – so fully completing supply of ECO 
settlement with the electric energy produced 
exclusively by solar and wind energy. 

Seawater Heat Pump Assisted Multipurpose 
Solar System’s 25 Years of Operation 

Seawater heat pump (HP) assisted multipurpose 
solar system Slovenian Beach constructed in the town 
of Budva at the Adriatic sea coast, 26 years ago, its 
technological schemes, construction, scenarios and 
regimes of control based on the solar radiation 

intensity measurements, as well as its more than ¼ of 
century successful operation, deserve attention [9]. 
The 3.5MW multipurpose solar system is providing 
complex of hotel buildings with sanitary and 
swimming pool water heating, hotel rooms space 
heating and air-conditioning. 

The system has total power of 3,5 MW and 
includes a 2.500 m2 flat plate solar collectors field 

 
Fig.1. Slovenian Beach—Seawater heat pump assisted solar system’s flat plate collector field (left) and heat pumps 
in machinery room (right). 

Table 1 
Installed power and annually produced PV electricity on the South oriented buildings roofs (*For the PV panels 

specific power of 140 W/m2) 

PV area per house  Installed power*  Electricity Producti on 
m2 kW kWh/year 

52,2 7,3 5.173 
105,3 14,7 10.435 
137,1 19,2 13.586 
162,3 22,7 16.084 
262,2 36,7 25.984 
259,2 36,3 25.686 
250 35,00 24.775 

Σ 1228,3 171,9 121.723 
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(Fig.1 left) and three HP (Fig.1. right) of total 930 kW 
heating and 720 kW cooling capacities. HP are used 
for heating in winter and for cooling during the 
summer (sea water is used as a heat source or as a heat 
sink for HP operation). 

Mixed Ventilation Optimization for IAQand 
Health of the Refurbished Buildings 

Next case study is concerned with optimization of 
natural and mixed ventilation of the Block 32 in New 
Belgrade - designed with an atrium concept (Fig.2). 
The main focus of the integrated architectural and 
ventilation design was the optimization of mixed – 
natural and mechanical ventilation with the reference 
to the energy efficiency and indoor air quality. 
Performed study, aimed to the buildings complex 
energy efficiency optimization, demonstrated that 
numerical simulations and CFD be usefully integrated 
with architectural modeling, providing designers with 
a powerful single CFD based architectural modeling 
and design framework [5]. The CFD investigation 
goal was to determine the wind influence and relevant 
pressure conditions in order to determine natural 
ventilation effects in the building envelope structure 
[5]. 

Ventilation of residential area of both buildings 
leaning on the atrium has been planned to occur by the 
extraction of the polluted air from apartments into the 
atrium, and using the mechanism of natural 

ventilation, by further displacement into the 
atmosphere. To get insight in the airflow within the 
whole building block, surrounding structures in the 
building block were also analyzed. Diagram in the 
Fig.2. [5] shows dependences of the inlet air velocities 
(m/s), and air changes (h-1) for the openings at 
different height (m) on the wind vector normal 
component intensity Vw (m/s). Using these values as 
input data, simulation study of the apartment indoor 
air flow and natural ventilation has been further 
performed and proceeded by the optimal controlled 
mixed ventilation (natural and mechanical) and further 
energy efficiency optimization. 

BPS For the Residential Blocks RES Integrated 
Refurbishment  

A four-floor building with 7 entrances and three 
substations of the district heating system was chosen 
as a typical residential building of New Belgrade. For 
several scenarios of the building construction, 
computer models were created and calculations were 
made, for the typical meteorological year (TMY) of 
Belgrade, such as: МО1 – model of the building 
according to the design of 1969; МО0 – model of the 
building approximately as it is today; МО1 - МО5 are 
building of the improved construction’s energy 
efficiency; and М – model in accordance with the data 
obtained from Belgrade DHS plant regarding energy 
consumption of the building concerned.  
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Fig. 2. Building’s cross section and Dependence: of the air changes at different openings height on the wind vector 

normal component intensity (right). 
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The results of the performed calculations are 
presented on Fig. 3. [2,4]. Results (left) show that with 
the reference to the basic model МО0 specific heating 
losses are reduced ~ 4 times (from MO0 to MO5), and 
specific heat gains are reduced more than 4 times. 
Hence, installed heating power of the DHS heat 
exchanger in DHS substation in buildings after 
refurbishment is to be 4 times smaller, and similar 
order of magnitude will be reduction of necessary 
installed power of air-conditioning split units. 
Diagram on the same Fig. 3 (right) shows that the 
annual energy demand for heating is reduced also by 4 
times by improving the building’s envelope. Further, 
there is a good accordance of the results of energy 
consumption determined by the dynamic simulations 
(MO0) with the measured consumption (M) at the 
DHS substation’s heat exchanger [2,4].  

Presented results confirm magnitude of possible 
effects of the project implementation, on the analyzed 
building energy saving and on the potential of entire 
energy saving in New Belgrade (more impressive 
impact could be expected on other 57 cities with 
district heating systems and similar building’s wastage 
of thermal and electrical energy [2,4]. 

Residential/municipal RES Integrated 
Refurbishment. By the preformed BPS predicted 
building’s refurbishment results [2, 4] are excellent 
approval that approach to refurbishment can 
successfully lead to the effective integration of solar 
energy utilization. Namely, not only reduced loads by 
the refurbished envelope’s thermal features, but the 
fact that building’s envelope construction attacked by 
the moisture penetration needs intervention/ 
reconstruction to the ventilated façade offer challenge 
to perform “Synergetic refurbishment approach” 
increasing energy efficiency and integrated solar 
energy utilization. Concerning the construction works 
and existing building structure statics, low weight PV 

cells and PV system’s simplicity would make it the 
most appropriate of the solar technologies candidate to 
be integrated in renewed façade [2, 4]. As the most 
cost-effective variant of interventions for architectural 
and energy reconstruction of the analyzed “case 
building” has been selected complete construction of a 
new residential floor (as financial potential source of 
funding by selling new-built apartments), ending with 
the green roof or the roof plate that contains 
photovoltaic panels for electricity generation.  

For the Belgrade TMY, have been determined 
incident solar global radiation and potentially 
produced electricity. For the selected PV cells/panels 
obtained installed PV power was 179,7 kW. One third 
of that power would be enough to power all existing 
AC split units in the same building. Thus, obtained 
result is more than significant justification to proceed 
with development of proposed project on the “Cost 
Effective Solar Integrated Refurbishment of 
Residential Buildings in New Belgrade” and to 
accomplish fully integrated residential/municipal 
energy refurbishment encompassing: 

• Reduction of heating and cooling loads in 
buildings ~ 4 times with the reference to the 
existing, and consequently replacement of heat 
exchanger in the DH substation; 

• Production of electricity by the BIPV for the HP 
operation, lighting and appliances when there is 
surplus with the reference to the HP demand;  

• As New Belgrade has been built on “ground-
water” existing air-source/sink split units are to 
be replaced by the ground-water HP, resulting in 
reduction of necessary electrical power higher 
COP related to the (air/ground-water) 
temperature difference. Ground water PV 
powered HP can be used for heating in certain 
periods of year, contributing to the DHS demand 
reduction and increasing RES share.  

 
 

Fig. 3. Specific heating and cooling loads (left) and specific annual heating and cooling energy demand (right). 
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Cogeneration and Solar Assisted Absorption 
Cooling 

Case study - Chapel and mortuary, Bezanijska 
Kosa in Belgrade [6]. Physical Planning and 
construction of the Chapel and Mortuary was an 
urgent need for the City of Belgrade. Total useful area 
of the facility is 4200 m2. The building is founded on 
the foundations of the belt. Facade walls in the 
building are treated differently in relation to the 
location of the facility. There were defined three 
construction models of building (Model A, B and C) 
and analyzed using BPS (TRNSYS and Adeline). 
Additional design improvements include increased 
thickness of thermal insulation of external walls, roofs 
and floors, optimized glazing features concerning the 
ratio of Visible light transmittance and Solar heat gain 
coefficient and optimized windows positioning and 
sizing based on the dynamic day-lighting analysis. 
Determined nominal cooling loads excluding internal 
heat dissipation for three building's construction 
models are given in the Table 2. 

Day-lighting analysis was made for every room 
facility which is exposed to daylight, for every 
characteristic period of the year (winter, spring, 
summer and autumn), and each characteristic period 
of day, and for sunny and overcast day. 

HVAC systems energy efficiency analysis and 
improvements. Nominal sizing of HVAC systems has 
been done for the relevant Belgrade design conditions: 
winter external design temperature = - 18° C; summer 
design temperature = 33° C and relative humidity φ = 
33%.  

Types and modes of HVAC systems energy 
efficiency improvements. In addition to the air 
conditioning system is implemented floor heating 
system. In this way has been avoided the negative 
impact of introducing the hot air through the cooling 
equipment, refrigerators and freezers. Heat exchangers 
of 45% efficiency are replaced with plate type heat 
exchangers of 70% thermal efficiency. For the 

production of cold water temperature 7/12° C for the 
air conditioning and cooling facility of total capacity 
of 570 kW is planned installation of absorption 
cooling system, which consists of 6 modular, hermetic 
units with lithium bromide as absorbent and water as 
refrigerant. Larger number of units of smaller power is 
contributing to the system’s operational elasticity 
(smaller number of working hours with partial loads - 
increase the number of hours of work with a larger s) 
load and thus with greater energy efficiency. 

Modes of Cogeneration I.E.CHP Electricity and 
Heat Production [6]. The number of generators in 
operation in the nominal mode is related to the 
building's cooling loads and not to the electricity 
demand. As the CHP operates synchronously within 
the electrical grid if the electrical power demand is 
bigger than installed CHP's electrical power electricity 
is to be supplied from the electrical grid. CHP system 
is fueled by the natural gas. CHP – Combined Heat 
and Power, Cogeneration or Tri-generation (when 
cooling is needed in addition to heating) systems 
normally make effective use of both electric power 
and heat energy from a generator, by a method that 
obtains two available forms of energy from a single 
fuel source. CHP is also effective in dealing with the 
problem of peak power loads as it can be used as a 
distributed source of electric power. In general, the 
ratio of electric power demand to heat demand in 
general buildings varies daily over the course of the 
year. 

It is important to stress that because of cooling and 
air-conditioning during summer is necessary more 
heat than during winter, and it makes very 
advantageous combination of solar energy use with 
absorption cooling and cogeneration. Solar system 
with solar field of 75 m2 flat plate collectors and water 
thermal storage of 8 000 liters for heating daily 29100 
liters has been designed. Such combination enables 
more nonrenewable fossil energy savings as well as 
lower CO2 emission. 

Table 2 
Nominal cooling loads of the building’s construction models (A, B and C) 
 

 Cooling loads (W) 

Construction model A - 146942 B - 135692 C – 83415 

Loads reduction (%) Ref. 7.66 43.0 

Annual energy demand (MWh) 463.67 431.9 266.00 

Annual energy demand saving (%) Ref. 6.85 42.6 

 



“Е+Е”, 5-6/2013 127 

RES Powered Co- And Tri-Generation To 
Approach Net Zero Energy Cities 

In Serbia more than 60 hydro-geothermal low-
temperature systems (below and about 100° C), 
present a large potential (highest temperature levels in 
broader region - ranked among the hottest in Europe). 
Estimated energy reserves of these geo-resources are 
about 800 MWt. Currently, in Vranjska SPA with the 
highest temperature levels (about 100° C), a DH - 
district heating (including sanitary water and 
swimming pools) and AC is planned implementing 
absorption refrigerating systems in some of the DH 
substations and vapor compression refrigerating units 
powered by the grid electrical energy in other (during 
heating season these units can be also used for heating 
in their heat-pump operational regime). Similar 
examples as these in Central and Southeastern Europe, 
can be found in many other regions in the world rich 
in low temperature geothermal waters (<100° C). At 
the same time, there is a growing interest of 
governmental, public and private investors worldwide 
in funding the construction of energy plants which 
could utilize these waters in a more efficient and cost 
effective way than it is practice today [3,7,12]. 

It is well known that the Kalina thermodynamic 
cycle can convert relatively low temperature energy, 
at relatively low temperature compared to the heat 
sink or ambient temperature, to mechanical power and 
further to electricity. The Kalina cycle has a potential 
for significantly higher energy efficiency compared to 
conventional Rankine cycle because, unlike pure 

fluids, the ammonia-water mixture has variable 
boiling temperature [3]. There are also some other 
thermodynamic cycles which could be potentially 
used for utilization of geothermal fluids at even lower 
temperatures than those required for the pure Kalina 
cycle. In addition, there is possibility of hybridization 
– integration of the use of low temperature geo-waters 
and solar or other RES to increase the geothermal 
fluid temperature upstream of CHP systems [3].  

The co- and tri-generation modes of the type of 
Kalina based power generation unit assumes 
utilization of the residual thermal potential of geo-
fluid after releasing heat in the first part of the 
evaporator section for the lowest level heating 
purposes, and also utilization of the residual thermal 
potential of solar heated working fluid after the 
evaporator’s second section (for heating and when 
necessary or absorption cooling – tri-generation), as 
well as further utilization of the condensation heat 
transferred to the cooling fluid - environment 
depending on its temperatures. 

Extended parametric analysis has been conducted 
with the reference to the case study [3]. Searching 
thermodynamic limits, the parametric analysis of the 
Kalina based cycle for the geothermal CHP systems 
has been extended at the lower side of the high 
temperature range to only 50° C. Determined thermal 
efficiency of Kalina cycle at so low TH will enable 
analysis of potential increase of efficiency if 
additional higher temperature level heating (solar or 
biomass) is added within the evaporator sections.  

 
Fig. 4. Solar boosted Kalina cogeneration cycle with a counter-current absorber 
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Study [3] extended cooling temperature range by 
adding two low temperature values 14° C, and 30° C 
(representing groundwater or outside air and cooling 
tower use for cooling respectively). Carnot 
Efficiencies for the same values of corresponding 
cycle’s high TH and low temperatures TL. An increase 
in TH from 70° C to 100° C, and 140° C results in the 
cycle’s efficiency growth of 7.29%; and 15.44% 
respectively for the low temperature TL equal 14° C 
[3]. 

The absorption refrigerator’s coefficient of cooling 
(tri-generation case) also significantly increases with 
raising inlet temperature of heating fluid (solar 
collector fluid exit temperature from the evaporator). 
Coefficient values are significantly higher for higher 
temperatures what contributes to the increased 
efficiency of cooling and hence of the tri-generation 
as a whole, justifying further engineering R&D work 
[3]. 

Conclusions 

Drawn has been attention to the importance and 
power of the BPS for analysis of dynamics of both: 
building’s energy supply demand and of solar and 
other RES availability and intensities dynamics. 
Reviewed case studies focusing BPS and CS 
implementation in optimization of building’s envelope 
and structure energy efficiency justify and outline 
needs for future research and modeling development. 
More and more powerful advances in BPS and Co-
Simulation knowledge and tools are to be obtained to 
accompany further development and fruitfulness of 
the BPS method/engineering procedures for RES 
interwoven “energy mix” scenarios optimization. 

It has been shown that the residential-municipal 
RES integrated refurbishment can be successful 
approach to the nZEB and cities. In addition, 
confirmed has been feasibility of “Successful 
Composition of the Geo Co- and Tri- generation 
Projects” and possibilities to increase theoretical cycle 
thermal efficiency and expand the low-temperature 
geo-water utilization for co- and tri-generation based 
on the co-utilization or hybridization of geothermal 
with solar or other RES has been confirmed and 
determined. 

Furthermore, parametric analysis and the 
determination of relevant thermodynamic limits of 
corresponding systems encompassing relevant 
parameters including the cooling source and its 
characteristics (river or lake water, wet cooling tower, 
or else), as well as local – site climate conditions, 

beside the HVAC and other energy loads demands has 
been confirmed that geo-heat source of lower 
temperatures than 100° C can be "boosted" by solar or 
other high temperature renewable heat sources, 
reaching significant increase of co- and tri-generation 
efficiencies, offering RES integrated 
residential/municipal refurbishment in synergy with 
the RES integrated co- and tri-generation at the 
municipal level, as a reliable way towards energy 
sustainable buildings and nZE Cities. 

Smart grid is increasingly seen as a means to 
facilitate climate friendly renewable energy sources 
(renewable) and to enable efficient use of electricity. 
A consequence of smart grid is a drastic increase in 
use of electronics in the power system, what makes 
the satisfactory function of electrical and electronic 
equipment vital for realization of a reliable and robust 
smart grid [7,8,12]. BPS &ISBD enable to get RES 
integrated tri-generation and efficient distributed 
production & use of electricity reducing smart grid’s 
drastic increase in use of electronics in the power 
system, & related problems – increasing the reliability 
of function of equipment for smart grid with respect to 
electromagnetic disturbances and interoperability. 
There are, also other concerns about the smart grid’s 
corresponding sensing and metering systems 
implementation because of possible unhealthy impact 
on human health. 

Prospective technologies to reduce both concerns 
related to smart grids expansions is MPC - Modeling 
Predictive Control based on the BPS and Co-
simulation based development of models for reliable 
prediction of dynamic behavior of complex systems. 
BPS and integrated design are powerful tools to get 
RES integrated tri-generation and efficient distributed 
production and use of electricity reducing smart grid’s 
drastic increase in use of electronics in the power 
system, and related problems – increasing the 
reliability of function of equipment for smart grid with 
respect to electromagnetic disturbances and 
interoperability. 

Beyond The Conclusions Space Solar Power 
Wireless Transmission to the Earth  

Expectation is that full commercialization and 
spreading of use of these renewable “green” energy 
technologies can make substantial contributions to 
meeting long-term energy challenges faced by the 
global economy. However, these technologies can not 
provide the amounts of energy that will be needed in 
the coming decades of 21st century. Similar 
technologies in extraterrestrial space could provide 
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quantitatively and qualitatively higher sustainable 
energy to Earth - vision known for decades [8,10,13]. 
Early architectures to realize this vision were too 
complex and economically unviable. Some of the 
issues with those solar power satellite (SPS) concepts 
were addressed by NASA’s space solar power (SSP) 
in 1990s. A new SPS concept has been proposed: 
“SPS-ALPHA” (Arbitrarily Large Phased Array) [11] 
providing a framework for further study and a 
preliminary SPS-ALPHA roadmap development. 

Beside of generic SPS system architectures and the 
Space-Earth Nikola Tesla’s wireless energy 
transmission (WET) the most crucial are the Ground 
Energy and Interface Systems: RF conversion via a 
rectenna, including both panel and mesh type 
rectennas; high-efficiency grid integration 
transformers, rolling energy storage systems, etc. [13]. 
Let end the conclusion by the “News, Views and 
Contacts from the global power industry” which was 
stating “Giant leap for space-based solar - Solar power 
is entering into a space age thanks to the rocketing 
speed of technology development” and further “It' has 
been a mere 30 years since the first commercial solar 
plants were built on Earth - a short stint compared to 
the length of time fossil fuels have been meeting our 
global electricity needs - yet, the speed of 
technological development has allowed us to think 
realistically about orbiting these renewable energy 
structures in space, in the not too distant future [13]”. 
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Thermal performance on envelope ratio exposed to weather in 
air-conditioned space 

Hong Soo Lim, Jeong Tai Kim, Gon Kim  

 

In South-Korea, residential buildings have been categorized according to how many spaces of 
the floor plan that face the outdoor. This approach affects both the design stages of the floor plan and 
the main designing factors that decide which spaces would become air-conditioned spaces such as 
those mostly occupied by residents or non-air-conditioned space such as staircases and elevators. 
Although many researchers used methodologies of predicting energy consumption that base on the 
orientation, window performance and window ratio, there is no methodology of air-conditioned ratio 
related to the envelope exposed to the outdoor. Thus, the heating load and cooling load were 
calculated by the equation based on the location of non-air-conditioned spaces and envelope ratio 
facing the outdoor. Consequently, as the non-air-conditioned spaces increase, the heating load 
decreases. The cooling load was changed within 2 percent. 

Tермически характеристики на отношението на опаковката на жилището, 
изложена на атмосфера, към частта към кондиционирано пространство (Хонг Соо Лим, 
Жеонг Тай Ким, Гон Ким). В Южна Корея, жилищните здания са категоризирани в 
зависимост каква част от пода е с лицето си към външното пространство извън зданието. 
Този подход влияе на конструирането на плана на пода и на главните фактори решаващи 
какви пространства ще бъдат въздушно-кондиционирани пространства като главно 
обитавани от живущите или не-кондиционирани пространства, като стълбищни клетки и 
асансьори. Въпреки, че много изследователи използват методологии за прогнозиране на 
енергийното потребление като база за ориентиране, характеристики на прозорците и 
отношението им, няма методология за въздушно-кондициониране относно покритието на 
жилището, изложено към атмосферата. Така, натоварването от отопление и охлаждане се 
пресмятат с уравнение основано на разположението на не-кондиционираните пространства 
и отношението на опаковката с лице към външното пространство. Следователно, когато не-
кондиционираното пространство нарасне, отоплителното натоварване намалява. 
Натоварването за охлаждане бе променен в пределите на 2 процента. 

 

Introduction 
The sample building used as a representative form 

of residential buildings in this study is an apartment in 
South-Korea. The type and form of the apartment has 
been developed in conjunction with the IT 
(Information technology) and high-rise building 
technology. Recently, there have been many issues 
with the energy consumption in buildings related to 
the government’s new law on balcony expansion [1]. 
Noise complaints from neighboring homes, the 
decrease in property value as well as a diverse number 
of needs that are brought upon by a wide range of ages 
occupying same places caused architectural 
companies and designers to come up with several 
apartment plans in an effort to meet up with the 

consumers’ demands. The “BAY-conception” is 
recognized as the most popular method of identifying 
apartment types among others. Generally, researchers 
considered the main factors of the architectural 
environment such as U-value of windows, orientation, 
ventilation and daylighting performance. In the case 
of windows and walls, their U-value is determined by 
the composition of the materials used for construction. 
Also, many researchers have studied the window-floor 
ratio and window-wall ratio [2]. 

However, they only analyzed the relation between 
floor plans and energy consumption based on 
individual cases and not generally. Thus, the purpose 
of this paper is to figure out the energy performance 
based on the relationship between air-conditioned 
space and non-air-conditioned space and come up 
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with a general equation that relates all these aspects. 

Research Methodology 
A number of energy simulation programs such as 

ESP-r, eQUEST, and Energy Plus are available, each 
of which requires different input characteristics and 
provide various outputs. Any program can be 
successfully utilized to predict the potential energy 
performance of a building in the initial design stages, 
and a shading device is one of the key design factors 
in the determination of energy assessment [3,4]. 

 Fig. 2. Methodology of creating variables 
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To create variables for this research, the relationship 
between air-conditioned and non-air-conditioned 
space needs to be clearly defined. The variables are 
explained in Fig. 2 and equation 1. Symbol ‘a’ means 
space’s width whereas ‘b’ indicates the space’s depth. 
The relation between ‘a’ and ‘b’ is the ratio of lateral 
to longitudinal length. Symbol ‘ρ’ indicates the 
dimension of air conditioned space that is in 
connection with non-air-conditioned space. Symbol 
‘х’ calculated by equation (1) is estimated by the 
value from non-air-conditioned and air-conditioned 
ratio. When the value ‘х’ increased, non-air 
conditioned space ratio decreased. 

a : b = Width and Depth ratio Air-Conditioned 
ratio 

а+b+c+d = Circumference without window 
: length of area adjacent to the perimeter space 
x: non air-conditioned and air-conditioned ratio 
 
To analyze the energy performance, the reference 

space measuring 8-by-8 meters was made by IES_V.E 
(Virtual Environment) program. Table 1 shows the 
thermal property of the computer model. Three layers 
have been equipped to mediate the negative impact of 
sol-air temperature with direct solar radiation, and the 
final choice of the second floor was implemented to 
eliminate the impact of geothermal heat. With 

 
                                (a) 3-BAY       (b) 2-BAY 

Fig.1. Floor plan of air conditioned space. 
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reference to the thermal comfort criteria, 26◦C at 
highest temperature, the design temperature in the 
cooling season has been set to 26◦C and the design 
temperature in the heating season has been set to 
20◦C. The ventilation and infiltration has been set to 
0.7ACH and 0.25ACH respectively [5]. 

Analysis of the heating and cooling load on the 
location of non air conditioned space 

Heating and cooling load on the location of non-
air-conditioned space 

The heating load and cooling load can be analyzed 
through the data obtained on wind direction as well as 
the location of the non-air-conditioned space. This is 
because of the effect of natural ventilation on the 
energy performance of buildings in general. For 
example, when case 1, surrounded by non-air-
conditioned space is compared with case 5 without 
non air conditioned space, the values of energy 
consumption are expected to be different. Also, the 
envelope ratio exposed to the outdoor in case 2 and 
case 3 was identical but the energy performance 
between the two cases was somewhat different. The 
energy performance analysis between case 2 and case 
3 indicates that the difference in heating load between 
the two cases was 0.01 MWh. However, the location 
of non-air-conditioned space is not able to be no effect 
to the cooling load in the same ‘х’ value. Thus, the ‘х’ 
value can be used to show the trend in energy 
performance in regards to the envelope ratio that is 
exposed to the outdoor. In Fig. 3, the percentages on 
the graph represent the ‘х’ values. As a result, the 

heating load of case 5 is the lowest and the cooling 
load is the highest. 

 

 

 
Fig. 3.Heating and cooling load of changing locations of 

non-air-conditioning space 

Heating and cooling load on the ratio of lateral 
to longitudinal length 

When fixing the ratio of lateral to longitudinal 
length, heating load and cooling load were evaluated 
in relation to the envelope ratio facing the outdoor. 
The analyzed values were presented using the 
predicted load per unit.  

Table 2 shows the heating load and cooling load 
per unit when the ratio of lateral to longitudinal length 
is kept the same. Although the cooling load kept 
decreasing from 10 to 30 of the ‘х’value, there was a  

Table 1 
Material properties of the computer model [6] 

Construction Description U-value 
(W/m2K) 

Ground/ 
exposed floor 

Concrete(180mm)+Insulating material(65mm)+Cultivated sandy soil(40mm) 
+Polystyrene(65mm) 

0.4121 

Internal 
partition 

Concrete 200mm 2.4823 

Internal 
ceiling/ 
floor 

Concrete(180mm)+Insulating material(20mm)+Cultivated sandy 
soil(40mm)+Polystyrene(40mm) 

0.9565 

Internal/ 
external 
glazing 

Double glazing : clear float(6mm)+cavity(12mm)+clear float(6mm) 2.7387 

Roof plaster95mm+concrete200mm 1.1400 
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Table 2 
Annual heating and cooling load when the ratio of lateral 

to longitudinal length is the same(unit:kWh/m2) 

Building 
load 

x 
Cooling load Heating load 

10 8.82  83.15  
20 8.80  82.98  
30 8.80  82.67  
40 8.91  79.34  
50 8.87  79.17  
60 8.84  78.94  
70 8.90  75.67  
80 8.91  75.53  
90 8.95  75.08  

 
gradual increase when the‘х’value reached 60. In case 
of the heating load, generally, the heating energy 
consumption is about 9~10 times bigger than that of 
the cooling energy consumption since the winter 
period is longer than the summer period. The tendency 
of the heating load was observed to be linear and the 
maximum discrepancy was 10 percentages. 

Conclusion 
The most important element of the procedure is the 

Direct Solar Load, defined as the proportion of the 
solar heat gain that is directly converted to cooling 
load by the action of the cooling system [7]. However, 
it considered the cooling load obtained by the direct 
sunlight through the window from without the 
envelope directly facing the outdoor atmosphere. 
Thus, this paper conducted the energy simulation by 
changing the ratio between non-air conditioning and 
air conditioning spaces for the purposes of confirming 
the optimal floor plan. To evaluate the energy 
performance, the reference space measuring 8-by-8 
meters with a south-facing window was made using 
the IES_V.E (Virtual Environment) program. The 
variables were created by the equation made by 
Symbol ‘х’ which is estimated to be the value relating 
the Non-Air-Conditioned and Air-Conditioned ratio. 
When the value ‘х’ increased, non-air conditioning 
space ratio decreased. 

First, the results of the location of non- air- 
conditioning spaces showed that the heating and 
cooling load of several ratio cases that were 
surrounded by non-air-conditioning space were 
different case by case. Although the envelope ratio 
exposed to the outdoor was identical, the heating load 
between the two cases was somewhat different. 

Secondly, when the ratio of lateral to longitudinal 
length is the same, the simulation results showed that 
the cooling load kept decreasing from 10 to 30 of the 
‘х‘ value and maximum discrepancy was 2 
percentage. The trend of the cooling load was hard to 
extract from the results. On the other hand however, 
increasing the ‘х’ value led to a gradual increase of 
about 10% in regards to the heating loads. 
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Development of the adaptive PMV model for improving 
prediction performances 

Ji Hyun Lim, Geun Young Yun, Jeong Tai Kim  

 

In order to assess existing indoor thermal environments, the predicted mean vote (PMV) is 
widely used. However, recent studies show that PMV model has an error that is different between 
PMV and the occupant’s actual thermal sensations. This study has an aim to develop a new Adaptive 
PMV Model considering physical stimulus on the human’s thermal sensation, psychological and 
behavioral adjustment and occupant’s actual response to thermal comfort. 

Внедряване на приспособяващ се PMV модел на база на  прогнозен среден брой гласове 
за подобряване на прогнозираните характеристики (Жи Хуан Лим, Геан Юнг Юн, Жеонг 
Тай Ким). За оценки на съществуващата навън термична среда и прогнозиране широко се 
ползва метода PMV, на “ среден брой гласове”. Въпреки това, последните изследвания 
показват, че моделът на среден брой гласове дава грешка, която е разликата между този 
модел и действителното термично усещане. Това изследване има за цел да развие нов 
приспособяващ се модел, базиран на “ среден брой гласове” PMV модел, разглеждащ 
физиологията на човешките термични усещания, психологичните и поведенчески особености 
и действителното усещане за термичен комфорт на обитателя на сградата. 

 

Introduction 
While buildings provide countless benefits to 

society, they also have significant environmental and 
health impacts [1].Most Americans spend up to 90% 
of their time indoors and many spend most of their 
working hours in an office environment. As many 
people spent a lot of time indoors, indoor air quality is 
a major concern to businesses, building managers, 
tenants, and employees because it can impact the 
health, comfort, well-being and productivity of 
building occupants [2-3]. In addition, people’s interest 
in the thermal environment has increased steadily so 
that the importance of studies on indoor thermal 
environments for comfortable indoor environment is 
getting bigger. Also, there is a growing need for 
research on the thermal comfort to maintain 
comfortable indoor environment and conserve energy 
consumption of buildings.  

In order to assess existing indoor thermal 
environments, the predicted mean vote (PMV), which 
has been accepted as standard by American Society of 
Heating, Refrigerating, Air-Conditioning Engineers 
(ASHRAE) [4] and the International Standard, ISO 
7730:2005[5] is probably the index of thermal comfort 
most widely used[6]. In 1967, Fanger established a 
steady state heat balance model theoretically from 

heat balance equation between the human body and 
the surrounding environment and developed PMV 
from the strictly controlled climate chamber 
experiments [7-8]. 

However, recent studies show that PMV model has 
an error that is different between PMV and the 
occupant’s actual thermal sensations [8]. The 
researchers have been proposed the “Adaptive model” 
as the new model against the limits of conventional 
“PMV model”. Adaptive Model proposed by 
Humphreys (1998), de Dear (1998), Brager (1998) [7, 
9-10]. And this is mainly based on field study on the 
occupant’s actual living conditions while Fanger’s 
PMV model is based on climate chamber experiment.  

There is intense competition to develop new 
thermal comfort model for improving energy 
efficiency of HVAC systems by reflecting preferred 
temperature of occupants using an adaptive theory. 

This study has an aim to develop a new Adaptive 
PMV Model considering physical stimulus on the 
human’s thermal sensation, psychological and 
behavioral adjustment and occupant’s actual response 
to thermal comfort. 
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2. Adaptive comfort model  

2.1 Concept of Adaptive model 
Adaptive comfort theory was first proposed in the 

1970s due to oil crisis [9]. Behavioural, physiological 
and psychological elements are important factor in 
“Adaptive model”, in addition to physical 
environments. The PMV equation for the Adaptive 
comfort model has been proposed by various studies 
[11-13].For naturally ventilated buildings, adaptive 
thermal comfort standards like EN 15251 [14] and 
ASHRAE Standard 55 [3] provide a method to 
evaluate the acceptability of room temperatures. They 
are based on field studies in real buildings [12, 15] 
and relate comfort limits to feedback from the outside 
climate [16]. 

2.2 APMV model (Runming Yao et al., 2009) 
A theoretical adaptive model of thermal comfort 

based on the cybernetic engineering ‘Black Box’ 
theory, taking into account factors such as culture, 
climate and social, psychological and behavioral 
adaptations which have an impact on the senses used 
to detect the indoor thermal comfort, was proposed 
[17]. This aimed to investigate the relationship 
between actual predicted mean vote and predicted 
mean vote [18]. This is called the Adaptive Predicted 
Mean Vote (aPMV) model.  

2.3 New PMV model (Humphreys and Nicol, 
2002) 

New PMV model is proposed by Humphreys and 
Nicol to make up for the differences between PMV 
model and Adaptive model and make the best of both 
models. The variables entered were relative humidity, 
operative temperature, clothing insulation, metabolic 
rate and outdoor mean air temperature [6]. By 

applying coefficient α = 0.8, the New PMV model 
most similar to occupants’ actual thermal sensation is 
derived.  

3. Methodology 
The J office building (Figure 1), located in Seoul 

of South Korea, is selected in this study and it is 
aligned along an east-west axis and contains six 
stories of cellular and open plan offices. This building 
is within a busy commercial district area and it is 
surrounded by commercial buildings and low-rise 
apartment buildings of single-family homes.  

A field measurement was conducted from 20 July 
to 29 September 2009 to figure out occupant 
perception and responses to indoor thermal 
environments and to assess the applicability of the 
original PMV model. The measuring parameters, 
monitoring instrument and the specification of 
measurement equipment for data acquisition are 
summarized in the table below (Table 1). 

The longitudinal survey was carried out to reveal 
thermal perception of occupants. Sixty occupants 
responded to the survey and were asked to fill in the 
questionnaire form five times a day. The questionnaire 
included the subjective evaluation on indoor 
temperature and humidity levels and the preference on 
given thermal conditions. As a result, 9,588 data were 
collected. 

4. Adaptive PMV model for improving 
prediction performances 

4.1 Variable selection based on regression 
results 

Indoor dry bulb, indoor absolute humidity, 
metabolic rate, level of clothing and exponentially 
weighted outdoor temperature were selected as 
statistically significant variables by using stepwise 

(a) (b) 

  
 

Fig.1. Photograph of the monitored J office building: (a) Front of the building (b) Back of the building 
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method. Through multiple regression analysis, the 
predictive regression model for PMV-Vote has been 
proposed and the multiple regression results and 
individual coefficient tests for DPMV-Vote are 
summarized in Table 2. 

The proposed model is statistically significant 
(F(4,9583) = 11.58.87, P < 0.001, R2 = 0.326). With 
T-test, the statistical significance of each variable was 
obtained. All of five variables in this model are 
statistically significant because P-values are less than 
0.001. There is nothing wrong with multicollinearity 
problem because all of the tolerance limit values are 
more than 0.1. 

4.2 Calculating optimal value for α 
The form of the adaptive PMV model, which has 

been proposed by Nicol and Humphreys [6] are 
represented according to Equation 1. The value of α is 
used to derive the reliable prediction performances of 
thermal sensation as a function of the original PMV 
index and DPMV-Vote, which could be calculated 

using the values in Table 2. 
The form of the adaptive PMV model, which has 

been proposed by Nicol and Humphreys [6] are 
represented according to Equation 1. The value of α is 
used to derive the reliable prediction performances of 
thermal sensation as a function of the original PMV 
index and DPMV-Vote, which could be calculated 
using the values in Table 2. 

  

(1)   

 
To validate new Adaptive PMV model, we 

performed the statistical tests with two commonly 
used statistical indicators: the mean bias error (MBE) 
and the root mean square error (RMSE). The MBE 
and RMSE can be calculated by the following 
equations.  

Where N is the number of data pairs and di is the 
difference between i-th estimated and i-th measured 
values. The smaller the values of MBE and RMSE, 
prediction performance of the new Adaptive PMV 

Table 1. 
Monitoring parameters and specification of monitoring equipment 

Measuring 
parameters 

Monitoring 
instrument Specification Installation image 

Internal 
temperature, 
Internal 
humidity 

HOBO U12-012 
Range:  

Temperature: -20℃ to 70℃ 
Humidity: 5% to 95% RH 

Accuracy:  
Temperature: ±0.35℃ from 0℃ to 50℃ 
Humidity: ±2.5% from 10% to 90% RH,  

to a maximum of ±3.5% 
 

External 
temperature, 
External 
humidity 

HOBO U23-002 Range:  
Temperature: -40℃ to 70℃ 
Humidity: 0% to 100% RH 

Accuracy:  
Temperature: ±0.2℃ over 0℃ to 50℃ 
Humidity: ±2.5% from 10% to 90% RH  

 

Table 2.  
Multiple regression results and individual coefficient tests for DPMV-Vote 

I bi Standard error T-test P-value Tolerance 

Indoor air temperature2 0.005 0.000 41.260 0.000 0.567 
Indoor AH2 4044.633 351.417 11.509 0.000 0.201 
MClo 1.518 0.080 19.028 0.000 0.432 
Trm2 0.000271 0.000 3.308 0.000 0.147 
Constant (bo) -4.396 0.092 -47.539 0.000  
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model can be considered high. Prediction 
performances of this model in accordance with the 
values of  MBE  and  RMSE  are summarized in 
Table 3.The α value of 0.8 is selected in this study as 
it indicates the lowest MBE and RMSE.  

 

 
 

4.3 Verification of Adaptive model 
The figure on the bottom left-corner (Fig. 2a) 

shows the mean discrepancies in PMV model against 
the indoor temperature and there is a positive linear 
bias. Actual thermal sensation of occupants was 
satisfied within a relatively narrow range of 23°C to 
25°C. In contrast, Fig. 2b shows the bias against 
indoor temperature in Adaptive PMV model and it 
was much less than for PMV model, extending the 
range of application about four-fold. 
 

5. Conclusion 
This study has developed an Adaptive Comfort 

PMV model to improve the prediction performance of 
the PMV model by conducting longitudinal field 
investigation and statistical analysis. By using 
stepwise method, indoor dry bulb, indoor absolute 
humidity, metabolic rate, level of clothing and 
exponentially weighted outdoor temperature were 
selected as statistically significant variables. And, the 
proposed model in this study is statistically significant 
(F(4,9583) = 11.58.87, P < 0.001, R2 = 0.326). 
Further studies would require a large number of 
subjects and investigate the behaviour of occupants to 
adapt their thermal environment to improve and 
validate the Adaptive PMV model developed in this 
study. 
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Table 3 
Prediction performances of Adaptive PMV Model in accordance with the values of MBE and RMSE 

Prediction performances MBE RMSE 
α=0 0.12 1.159 
α=0.1 0.17 0.974 
α=0.2 0.15 0.967 
α=0.3 0.12 0.962 
α=0.4 0.10 0.957 
α=0.5 0.07 0.953 
α=0.6 0.05 0.950 
α=0.7 0.02 0.948 
α=0.8 0.00 0.947 
α=0.9 -0.03 0.947 
α=1.0 -0.05 0.947 

 

(a)          (b) 

  
Fig. 2. Bias between thermal sensation vote and predictions from (a) the PMV model and (b) adaptive PMV model as a 

function of indoor temperatures 
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Self-validated monitoring the reliability of real-time IAQ sensors 
based on ICA-driven soft sensor 

Min Jeong Kim, Hong Bin Liu, Jeong Tai Kim, Chang Kyoo Yoo 

 

Self-validating soft sensor combining ‘soft sensor’ and ‘sensor fault validation’ is an effective 
choice for monitoring the reliability of sensor faults in environment processes. In this paper, a self-
validating monitoring method based on independent component analysis (ICA) is proposed to monitor 
sensor fault, validate its reliability and develop soft sensor for indoor air quality (IAQ) in 
underground building spaces. Because ICA method is able to deal with non-Gaussianity of 
environment data, the proposed self-validating soft sensor can achieve sustainable monitoring of IAQ 
and reconstruct faulty measurements of IAQ sensors in a holistic environment.  

Самопроверяващ се мониторинг на надеждността на сензор за  външната въздушна 
среда в реално време, базиран на програмен сензор, изполозващ независим анализ на 
компонентите (Мин Жеонг Ким, Хонг БинЛию, Жеонг Тай Ким, Чанг Кио Йоо). 
Самопроверяващ се сензор комбиниращ ‘‘ програмен сензор’’ и ‘‘ сензор проверяващ 
неизправност’’ е ефективен избор за мониторинг на надеждността на сензорната 
работоспособност при контрол на околната среда. В тази работа един метод на само-
проверка на мониторинга, базиран на независимия анализ на компонентите (НАК) е 
предложен за мониторинг на отказите на изправна работа на сензорите, проверява 
надеждността им, предлага програмен сензор за качеството на външната въздушна среда в 
подземните пространства на зданието. Тъй като НАК метода може да работи с не-Гаусови 
данни за околната среда, предложеният самопроверяващ се програмен сензор може да 
постигне  устойчив мониторинг на външната въздушна среда и да реконструира отказите на 
измерванията на сензорите за външната въздушна среда. 

 
 

1. Introduction 
Maintenance and reliability of sensors in under-

ground building spaces are of importance for monitor-
ing indoor air quality (IAQ). Sometimes, IAQ sensors 
have large faults due to extended usage or hostile envi-
ronment where the sensors are installed. The sensor 
fault provides incorrect information while monitoring 
IAQ, which results in a difficulty for the real-time IAQ 
monitoring. It also gives deteriorated information to 
IAQ ventilation system, which causes miss-operation 
of the ventilation system and occupants’ health risk. In 
the sensor fault case, a self-validating soft sensor would 
be an effective choice [1], [2]. 

The self-validating soft sensor is a combination of 
‘soft sensor’ and ‘sensor fault validation’, where the 
soft sensor estimates process variables using an 
inferential model derived from historical data [3]. Re-
cently, several studies on self-validating soft sensor 
using multivariate statistical analysis (MSA) tech-
niques have been reported [2], [4], [5]. Qin et al. [4] 
identified and reconstructed the faults occurred on in-

put sensors using principal component analysis (PCA) 
method. They also used the reconstructed principal 
components to estimate hard-to-measure variables. 
Yiqiet al. [5] used PCA to validate faulty input data, 
and then predicted output variables using just-in-time 
(JIT) algorithm which adapts the soft sensor to new 
operational condition of process. Liu et al. [2] vali-
dated the faults from input sensors using PCA-based 
reconstruction method and proposed an adaptive soft 
sensor based on recursive partial least square (RPLS). 
These researchers have assumed that the variables 
from sensors follow a multivariate Gaussian distri-
bution. In fact, the IAQ variables measured from 
underground building spaces are correlated, which 
means they follow a non-Gaussian distribution [1]. 
Therefore, the conventional MSA-based self-
validating soft sensor is inefficient to characterize the 
variables measured from underground building spaces. 
Hence, a new approach which considers the non-
Gaussinaity of variables is necessary. 

In this study, a self-validating soft sensor based on 
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independent component analysis (ICA) is proposed to 
take the non-Gaussian behavior of IAQ variables into 
account. ICA is an optimal technique which extracts 
essential independent factors from the non-Gaussian 
distributed data [6]. First, ICA is used to detect, iden-
tify and reconstruct the faults occurred on IAQ sen-
sors in the underground building space. Later, 
independent component regression (ICR) is applied on 
the reconstructed sensing data to estimate the current 
IAQ level. The proposed method is applied to real-
time data obtained from tele-monitoring system 
(TMS) at the underground subway station in Korea. 
To confirm the superiority of ICA-based self-validat-
ing soft sensor over conventional ones, performances 
of the fault validation and IAQ level estimation ob-
tained using the PCA- and ICA-based methods are 
compared. 

2. Material and methods 

2.1. The proposed method 
A proposed framework for the validation of sensor 

faults and development of soft sensor using the ICA 
method is shown in Fig.1. This framework is divided 
into three parts: 1) development of the ICA model us-
ing IAQ data under normal condition, 2) sensor faults 
validation using the developed ICA model, and 3) 
build of IAQ soft sensor applying ICR on the vali-
dated sensing data.  

First, the IAQ data measured from the under-

ground subway station is preprocessed by removing 
the outliers and replacing the missing data. Then, the 
IAQ model is developed with the preprocessed data. 

In the second part, the ICA model is applied to 
check the new IAQ data. The occurrence of sensor 
faults is detected by comparing squared prediction er-
rors (SPEs) with their threshold. The source of sensor 
faults is identified from several sensors using ICA-
based sensor validate index (namely, I-SVI). Then, an 
iterative reconstruction algorithm is used to recon-
struct the faulty sensor to normal. 

Finally, ICR is used to develop the soft sensor for 
IAQ at the underground subway station. It is in gen-
eral agreed that the very small particles emitted into 
the surrounding air have a large effect on healthy risk, 
which is known as particulate matters less than 2.5µm 
in a diameter (PM2.5) [7]. However, the accurate 
measurement of PM2.5 concentration is still not easy in 
the holistic conditions, such as the tunnels or 
underground spaces. In the development of soft sensor, 
input variables (X) are the reconstructed sensor 
measurements obtained via the second step and output 
variable (Y) is the one-sampling time ahead 
concentration of PM2.5.The ICA self-validating soft 
sensor can estimate the future PM2.5concentration and 
also can check the accuracy of IAQ levels, which can 
be used for IAQ monitoring. 

 
Fig. 1.The framework ofsensor faultvalidation and PM2.5 estimation using the ICA self-validating soft sensor. 
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2.2. System description of the underground 
building space 

The objective system for this study is the under-
ground subway station on line number 4 of Seoul 
Metro, Korea. Indoor air pollutants data is collected 
from a real-time tele-monitoring system (TMS) in-
stalled in the station. The TMS system measures the 
concentrations of six air pollutants (NO, NO2, PM10, 
PM2.5, CO and CO2). In the present study, the five-
minute values of each TMS variables reported from 
April 11th, 2009 to April 12th, 2009 are used. Diurnal 
variations of IAQ variables obtained using the above 
data are shown in Fig. 2. 

3. Results and discussion 
A bias-type fault is introduced to the PM10 sensor 

between the sampling times of 100 and 160. The 
magnitude of sensor bias is equal to 0.5 times the 
PM10 average concentration. Fig. 3 shows the SPE 
plot of the ICA and PCA methods which detect the 
sensor fault. After the sensor bias was introduced, the 
SPE values in both methods increase significantly. 
However, the PCA-based SPE sometimes fails to de-
tect the sensor fault, while the ICA-based SPE can 
consistently detect the faults from samples 100 to 160. 
It indicates that the ICA-based SPE has the better fault 
detection accuracy when detecting the sensor fault in 
the underground subway station than PCA method. 

 
Fig. 2.Variations in the measured TMS variable from April 11th to 12th, 2009. 

        
a) ICA-based SPE                b) PCA-based SPE 

Fig. 3.Comparison of a bias-type fault detection performance using: a) ICA-based SPE and b) PCA-based SPE. 
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Fig. 4 shows the ICA-based SVI (namely, I-SVI) 

plots to identify the faulty sensor among IAQ sensors. 
After the introduction of the bias fault, the I-SVI value 
of PM10sensor starts to decrease and then become zero, 
while the I-SVI values of the other sensors are still 
close to one. It clearly indicates that this sensor fault 
occurs on the PM10 sensor and the others are working 
properly (i.e., fault-free). 

To verify the accuracy of ICA-based soft sensor, 
root mean square error (RMSE) of the ICA soft sensor 
is compared with the PCA-based soft sensor. 

(1)   

$( )2n

i,observed i,modeli=1
y -y

RMSE=
n-1

∑

  

where observey  is the actual observed values, modelŷ  is 

the predicted values, and n is the number of samples. 
The reconstructed values of PM10 sensor using the 
ICA- and PCA-based iterative algorithms are 
compared in Fig.5. The reconstructed values of ICA-
based method are consistent with the normal 
measurements (fault-free), while those of PCA-based 
method shows irrelevant tendency to the normal. In 

 
Fig. 4. ICA-based SVI plots to identify the fault sensor corrupted by the bias fault. 

              
a) ICA-based method     b) PCA-based method 

Fig. 5. Comparison of bias-type fault reconstruction performance using: a) ICA-based and b) PCA-based method. 
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addition, RMSE value of the ICA method is lower 
than one of the PCA method, which indicates that the 
ICA-based method extracts more useful information 
from IAQ data for reconstructing faulty sensor.  

Fig. 6 shows the measured PM2.5 concentration of 
and predicted value using the ICR- and principal 
component regression (PCR) based soft sensors. Note 
that the reconstructed values of PM10 sensor using the 
ICA and PCA methods are used as the input variable 
of the ICR- and PCR-based soft sensor, respectively. 
The value of RMSE with the ICR-based soft sensor is 
lower than that of the PCR-based soft sensor, where 
the RMSE of ICR and PCR methods are 9.82 and 
10.91, respectively. It highlights the fact that a 
misleading prediction by the PCR soft sensor could 
occur once the variables are affected by non-Gaussian 
property. On the other hands, the ICR soft sensor has 
an efficient ability which is able to separate the 
independent components from the non-Gaussian 
distributed data [1], [6]. Because the ICR-based soft 
sensor captures more useful information for 
estimating output variable than the PCR-based soft 
sensor, it results in more accurate prediction of PM2.5 
concentration in the underground subway station. 

 
Fig. 6. PM2.5 prediction results obtained using ICR- and 

PCR-based soft sensors. 

4. Conclusion 
To validate sensor faults and reconstruct IAQ 

sensor values in an underground subway station, an 
ICA-based self-validating soft sensing method was 
developed. Since the IAQ data measured from 
underground subway station does not follow Gaussian 
distribution, a self-validating monitoring concept 
which extracts essential factors from the non-Gaussian 

distributed data was motivated in this study. The 
results of this study showed that the validation 
performance of the faulty sensors and the prediction 
accuracy of IAQ values using the ICA-based method 
outperformed those of the PCA-based method. 
Therefore, we can conclude that the ICA-based 
method is more robust in a holistic condition, where 
the sensors are affected by non-Gaussian features. The 
proposed method is expected to enhance the 
sustainable monitoring of IAQ by restoring the faulty 
sensors and can be useful to the energy system or 
building systems. However, this study has a limitation 
that the quantitative research of the self-validating soft 
sensor on IAQ monitoring and control performances 
has not been analyzed. An on-going research will be 
carried out on the effect of the IAQ monitoring 
performance due to a self-validating soft sensor and 
the link with the control performances. 

 

Acknowledgements 
This work was supported by the National Research 

Foundation of Korea (NRF) grant funded by the 
Korea government (MSIP) (No. 2008-0061908). 

REFERENCES 
[1] M. Kim, H. Liu, J.T. Kim, C. Yoo, Sensor fault 

identification and reconstruction of indoor air quality (IAQ) 
data using a multivariate non-Gaussian model in 
underground building space, Energy and Buildings, 66 
(2013) 384-394. 

[2] H. Liu, O. Kang, M. Kim, T. Oh, S. Lee, J.T. Kim, 
C. Yoo, Sustainable monitoring of indoor air pollutants in 
an underground subway environment using self-validating 
soft sensors, Indoor and Built Environment, 22 (2013) 94-
109. 

[3] P. Kadlec, R. Grbic, B. Gabrys, Review of 
adaptation mechanisms for data-driven soft sensors, 
Computers and Chemical Eng., 35  (2011) 1-24. 

[4] S.J. Qin, H. Yie, R. Dunia, Self-validating 
inferential sensors with application to air emission 
monitoring, Ind. Eng. Chem. Res., 36 (1997) 1675-1685. 

[5] L. Yiqi, H. Daoping, L. Zhifu, A SEVA soft sensor 
method based on self-calibration model and uncertainty 
description algorithm, Chemometrics and Intelligent Lab. 
Systems, 126 (2013) 38-49. 

[6] J.M. Lee, C.Y. Yoo, I.B. Lee, Statistical process 
monitoring with independent component analysis, J. 
Process Control, 14 (2004) 467-485. 

[7] T. Oh, M. Kim, J. Lim, O. Kang, K.V. Shetty, B. 
Sankararao, C. Yoo, J.H. Park, J.T. Kim, A real-time 
monitoring and assessment method for calculation of total 



“Е+Е”, 5-6/2013 144 

amounts of indoor air pollutants emitted in subway stations, 
J. Air and Waste Management Association, 62 (2012) 517-
526. 

 

Min Jeong Kim, Department of Environmental Science 
and Engineering, Kyung Hee University, Yongin 446-701, 
Republic of Korea. 

Hong Bin Liu, ,Department of Environmental Science 
and Engineering, Kyung Hee University, Yongin 446-701, 
Republic of Korea.  

Jeong Tai Kim, Department of Architectural 
Engineering, Kyung Hee University, Yongin 446-701, 
Republic of Korea. 

Chang Kyoo Yoo, Department of Environmental 
Science and Engineering, Kyung Hee University, Yongin 
446-701, Republic of Korea. 

e-mail: ChangKyooYoo (ckyoo@khu.ac.kr) 

 



“Е+Е”, 5-6/2013 145 

Synthesis methods of phenol-urea-formaldehyde resin for 
environment-friendly furniture material 

Jeong-Hun Lee, Junhyun Kim, Sumin Kim, Jeong Tai Kim 

 

In this paper, the quantity of pollutant emissions from particle boards by using PUF resin was 
confirmed. Each PF and PUF resin was made by the molar ratio and synthesis method for resins 
according to the method of the basic product. Also, after verifying the properties of the resin, the 
quantity of pollutant emissions from the boards made with the PUF resins were evaluated. Of the 
cases of the boards made with each resin, the emission of formaldehyde was the lowest in the #7 PB, 
and the eMDI resin used in this board showed good quality as an eco-friendly resin because its 
quantity of formaldehyde emission was less than a half of the other formaldehyde-based resins’. In 
addition, the mechanical properties of particle board meet the KS criteria; therefore, there is no 
restriction on its use in manufactured goods.  

Метод за синтез на фенол-уреа-формалдехидна смола за екологичен материал за 
мебели (Жеонг Хан Лии, Жанхуан Ким, Самин Ким, Жеонг Тай Ким). В тази работа 
количеството емитиран замърсител от частици от  дъски използващи ПУФ смоли бе 
потвърдено. Всяка ПФ и ПУФ смола бе направена от молекулно отношение и метод на 
синтезиране на смоли в съответствие с методологията на основния продукт. Също след 
проверка свойствата на смолата, количеството на емитиран замърсител от дъската 
направена с ПУФ смола се оценява. В случаите на дъски, направени с някоя смола, емисията 
от формалдехида бе най ниска при #7ПВ и ЕМДИ смоли  използвани в тази дъска показват 
добро качество като еко-съответстваща смола, защото нейната формалдехидна емисия бе 
по-малка от половината на другите формалдехидно-базирани смоли. Вдопълнение, 
механичните свойства на частичната дъска отговаря на КС критерийте; следователно няма 
рестрикции да се изполозва в произвежданото изделие. 

 
 

Introduction 
In the building environment, of all the pollutant 

sources, wood-based panel has a large surface area, is 
always exposed to indoor air, affects indoor air quality 
and emits various pollutants. Nowadays about 95% of 
a newly constructed building consists of wood-based 
panel, which is used in raw materials of cabinetry and 
flooring such as particle board, MDF, and veneer. In 
the case of wood-based building materials, the 
pollutants emission rate is high due to the effect of 
applied resins in the production process and in the 
timber itself. Especially, formaldehyde negatively 
affects human health, causing conditions such as 
asthma and eye irritation. Additionally, indoor air 
quality can be worse than that of outdoor due to the 
pollutant emission from building materials. In the case 
of source control, many studies have been conducted 
to reduce the pollutants emission rate of wood-based 
panel such as the control of the molar ratio of applied 
resin at the production process, the replacement of 

formaldehyde resins or the application of additives 
such as bio-scavenger [1-3].With respect to the source 
control, no added formaldehyde (NAF) resin has been 
used for reducing formaldehyde emission. Especially, 
emulsifiable methylene diphenyldiisocyanate (eMDI) 
is a non-formaldehyde resin of the isocyanate type, 
and it is used to manufacture zero-board, which emits 
formaldehyde at under 1/10 of that of SE0 (super 
emission zero: under 0.3 mg/L) board. This resin has 
many advantages, such as not requiring additional 
water in its manufacture because the moisture in the 
wood is used for curing and because adhesion is 
possible at the strand of high moisture content, and 
production in the drying process can be increased. 
While eMDI is easy to manufacture as shown above, 
it also has a weakness. The surface of particle board 
adheres to the surface of the press machine when 
eMDI is sprayed on the surface layer of particle board 
as manufacturing [4, 5]. In this study, resin is the 
major factor considered in reducing the pollutants 
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emission rate of particle board in the production 
process. eMDI has been used as an NAF resin for a 
formaldehyde emission-free resin. Phenol has been 
added to reduce formaldehyde emission from the 
scrap, which consists of crushed construction waste 
containing formaldehyde from the manufacturing 
phase [6-9]. The optimal resin synthetic method was 
confirmed through examining the resin when 
changing the injection timing of phenol, urea and 
sodium hydroxide. 

Materials and methods 
In the synthesis of resins, 7 resins were prepared 

from Phenol-Formaldehyde (PF) and Phenol-Urea-
Formaldehyde (PUF) resins. The synthesizing resin of 
each resin is shown in Table 1.#1 and #2 resins are 
synthesized by the molar ratio of 
formaldehyde/phenol. #3 and #4 resins were prepared 
with different injection timings than those of #1 and 
#2. In the sample preparation of #5 to #7, the 
condensation molar ratio and final molar ratio are the 
same as #4 and the synthesis method and phase of the 
resin are also the same as #4. In addition, urea is 
added. Before the reaction, the urea was added with 
phenol in the phase of preparing resin #5 and the 
injected timing of urea in #4 is after the reaction. In 
the synthesis of #7 resin, all elements are added in the 
two steps and formaldehyde, phenol, urea and sodium 

hydroxide were divided according to the calculated 
amounts. Priority formaldehyde, phenol and urea were 
added and then sodium hydroxide was added with 
heating. After the reaction of these elements, the 
second phase of formaldehyde, phenol and urea was 
added, and these elements were reacted again. After 
cooling, sodium hydroxide was added again. Finally, 
#7 resin became the PUF resin with a molar ratio of 
1.8. 

For the prepared wood-based panel particle board, 
the production conditions and pressing conditions are 
shown in Table 2. To compare the particle boards 
according to the prepared resins used, a reference 
board was prepared by using eMDI resin. The 
pressing conditions of the reference board are the 
same as those for the particle boards by using 
prepared resins. For comparison, each prepared resin 
was used on the surface layer and all core layers of 
boards were prepared by using eMDI resin. 

 
The formaldehyde emission rates of the resins 
according to each method of resin synthesis were 
estimated by using the desiccator method. The 
measurement was performed by using the desiccator 
method in accordance with KS M 1998.In addition, 
the field and laboratory emission cell (FLEC) method 
was used to compare with the results of formaldehyde 
emission of desiccator.  

 

Table 1  
Synthetic methods of resin applied to the surface layer 

Category Classification Sample Remarks 
#1 Phenol/ sodium hydroxide =4.2, FMR=1.6 changed to molar 

ratio #2 Phenol/ sodium hydroxide =4.2, FMR=1.8 

#3 
Put into twice of Phenol and sodium hydroxide, CMR=2.0, 
FMR=1.6 

Molar 
ratio changed to injection 

timing 
#4 

Put into twice of Phenol and sodium hydroxide, CMR=2.0, 
FMR=1.8 

pre-added of urea #5 Same condition with #4,pre-added of urea 

post-added of urea #6 Same condition with #4,post-added of urea 
Added 
urea 

Split injection #7 Put into twice of HCHO, phenol, urea and sodium hydroxide 
 

Table 2 
Pressing conditions of particle boards 

Variable Unit Prepared boards 

Time Sec 120 
Temperature °C 220 

Target thickness mm 15.0 
Target dimension cm2 1350 (30×45) 

Target density g/cm3 0.680 
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To confirm the mechanical strength of the 
specimens, the three-point bending strength (MOR) 
and internal bond strength (IB) of the particle boards 
by using seven different prepared resins and by using 
only eMDI were estimated by using a universal testing 
machine (Hounds Co.).Each value represents the 
average of eight samples. 

Results and discussion 

The formaldehyde emission rate of particle board 
due to resin at the surface layer is shown in Fig. 1.In 
the case of molar ratio, the formaldehyde emission 
rate of particle boards from each resin are within the 
range of 0.7 - 1.0 mg/L. The #3 board shows lower 
molar ratio values than those of the 0.7 mg/L, and has 
the same emission rate as the reference board. The 
emission rate of #1 is 0.8 mg/L, and it is a lower value 
than the value of #2 with 0.9mg/L. The #4 board 
shows the highest value of 1.0mg/L in the molar ratio 
category. Boards with resins of low molar ratio emit 
less formaldehyde than the resins with a high molar 
ratio used for both #1 and #2 boards. The reason for 
this is that the increase of formaldehyde added to the 
resin leads to an increase of formalin contained in the 
particle board. In the cases of #3 and #4, however, 
because phenol and sodium hydroxide were added 
twice, the board with resins of a high molar ratio 
emits less formaldehyde than that with resins of a low 
molar ratio.In the case of PUF, the formaldehyde 
emission rate of particle boards made by each resin 
are within the range of 0.4 – 0.6 mg/L. Especially, #6 
and #7 boards meet the value to the level of E0 (under 
0.5 mg/L). The #5 board shows higher values than 
those of the PUF category at 0.6 mg/L; however, this 
is a lower emission rate than that of the reference 
board. The emission rate of #6 is 0.5 mg/L, and #7 is a 
lower value at 0.4 mg/L compared to the other 
prepared boards. In the cases of #5 to #7, the 
formaldehyde emission rate was reduced by about 
20% because urea played the role of scavenger. In 
addition, the particle boards made with #5, #6 and #7 
resins show a difference of emission rates of about 
20%; nevertheless, the boards were made of resins of 
the same materials. Therefore, changing the order of 
resin synthesis is applicable for the reduction of 
formaldehyde emissions.Especially, formaldehyde 
emission of #7 board was reduced by about 40% 
compared with the reference board. 

The FLEC method was also used to the desiccator 
method, as shown in Fig. 2. Most of the values by 
FLEC have a similar tendency to those of the values 
by the desiccator method. However, the #3 to #5 
values by FLEC have a slightly different tendency 

compared to the values by the desiccator method. 
 

 
Fig. 1. Formaldehyde emission rates of particle boards 
with various resins for surface layer using desiccator 

method 

 
Fig. 2. Comparison of formaldehyde emission rates of 
particle boards between desiccator method and FLEC 

The reason for the different tendencies is that the 
desiccator method measures the dissolved 
formaldehyde concentration in water, while the FLEC 
method measures the formaldehyde emission rate 
from the surface of the specimen. In addition, the 
measured values of the emission rates vary by using a 
FLEC due to the difference of exposed surface area 
when each specimen has a different surface flatness. 
In the case of formaldehyde emission on particle 
boards, #5 board has a higher value and #7 board has 
a lower value than the other boards. The 
formaldehyde emission rate of the reference board 
meets a grade for healthy building material (HB) mark 
of 0.0898 mg/m2h according to the air cleaning 
association in Korea. The HB mark has various grades 
whereby the formaldehyde emission rate best grade is 
under 0.015 mg/m2h, excellent grade is under 0.05 
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mg/m2h and good grade is 0.12mg/m2h. The #1 to #4 
boards made with PF resins have higher emission 
rates than the good grade of HB mark, where each 
value is 0.0898, 0.1590, 0.1736 and 0.1890 mg/m2h, 
respectively. The boards made with PUF resins satisfy 
the good grade, except the #5 board, in which urea 
was added before the reaction. The formaldehyde 
emission rate of #6 board is 0.0965 mg/m2h, and the 
#7 board at 0.0826 mg/m2h has a lower value than the 
reference board. In other words, through the 
desiccator method and FLEC method it was 
confirmed that the #7 board has the lowest 
formaldehyde emission rate value. 

The mechanical properties of particle boards made 
with eMDI and prepared resins are shown in Fig. 3. 
Of all the boards, those using prepared resins show 
higher values than that of the reference board. In the 
case of bending strength, the reference board made by 
eMDI has a value of 9.10 N/mm2. When the PF resin 
was used on the surface layer, each value of the 
prepared board is higher than the PUF resin. 

In the case of internal bond strength, the reference 
board made with eMDI has a value of 0.34 N/mm2. 
When the PF and PUF resins were used on the surface 
layer, each value of the prepared boards is higher than 
that of the reference board. Unlike the case of bending 
strength, the values of internal bond strength increase 
according to the sample number. 

 
Fig. 3. Mechanical properties of particle boards with 

various resins for surface layer  using a universal testing 
machine 

Conclusion 
The aim of this experiment is to assist the 

reduction of the environmental load through the 
manufacture of particle boards, and by manufacturing 
non-emission formaldehyde particle board through 
inherent formaldehyde removal by using NAF resin. 
To reduce formaldehyde emission, the order of the 

synthesis of resin used in particle boards has been 
changed. Particle boards prepared with various 
methods of synthesis for resins have various 
formaldehyde emission rates and values of mechanical 
properties. Especially, #7 shows the lowest emission 
rate of formaldehyde, and it has the second highest 
value of internal bond strength and lowest value of 
bonding strength; however, these values are 1.4 times 
and 2.0 times those of the reference board, 
respectively. In terms of formaldehyde emission rates, 
the goal is not achieved, but the E0 rating (under 
0.5mg/L) is satisfied. In addition, the mechanical 
properties of particle boards meet the criteria for the 
13.0 type particle board specified in KS F 3104: 
particle boards. The 13.0 type particle board 
requirements are as follows: 1) bonding strength 
should be over 13.0 N/mm2 in both the length and 
width directions; and 2) internal bond strength should 
be over 0.20 N/mm2. The board made with #7 PUF 
resin has a formaldehyde emission rate of 0.4 mg/L 
and has mechanical properties of a bonding strength 
of 13.04 N/mm2 and internal bond strength of 0.67 
N/mm2. Therefore, particle boards made with #7 PUF 
resin were identified as having sufficient efficacy 
performance as a trial product. 
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A simulation model for LCC-based LCCO2 analysis of apartment 

Sungho Lee, Chaeyeon Lim, Jeong Tai Kim, Sunkuk Kim  

 

The construction industry is an energy and resource intensive consumption sector globally 
accounting for 30% of the energy and 40% of the raw material. Especially, the CO2 emission per 
capita is rapidly increasing in Asia where high-rise apartment buildings are constructed in large 
scale. If the carbon tax is imposed on resources, total construction costs would sharply increase. 
However, project participants make efforts to reduce initial construction cost or life cycle cost so far 
without reacting to the carbon tax crisis. To solve these issues, new construction methods and 
management to reduce both LCC and LCCO2 should be developed, and the techniques to verify the 
effectiveness of them should be followed. The conceptual model for LCC-based LCCO2 analysis 
proposed in the former research needs to be developed for the practical use. The purpose of this paper 
is to develop a simulation model for LCC-based LCCO2 analysis of apartment buildings by using 
system dynamics techniques. The cost-carbon effects of newly developed methods and management on 
a project can be analyzed easily and quickly by using the simulation model. 

Симулационен модел за основан на цената на жизнения цикъл анализ на жизнения 
цикъл по СО2 за апартамент (Сангхо Лии, Чаейон Лим, Жеонг Тай Ким, Санкук Ким). 
Строителната индустрия консумира интензивно енергия и ресурси глобално отговаря за 30% 
от енергията и 40% от необработените материали. Специално, CO2 емисиите на човек  бързо 
нараства в Азия, където високи жилищни сгради се строят в голям мащаб. Ако таксата за 
въглерод се наложи върху ресурсите, общата цена на строителството ще нарасне. Обаче, 
участниците в проекта полагат усилия да намалят началната цена на строителството или 
цената на жизнения цикъл преди достигане на кризата от въглеродните такси. За решение на 
този проблем, нови методи на строителство и управление за намаляване на цената на 
жизнения цикъл и жизнения цикъл на CO2 следва да се разработят, както и техники за 
проверка на ефективността им. Концептуалния модел на базиран на стойността на 
жизнения цикъл анализ на жизнения цикъл по CO2 е бил предлаган в предишни изследвания, но 
трябва да се подготви за практическо използване. Целта на тази работа е да разработи 
симулационен модел за базиран на стойността на жизнения цикъл и анализ на жизнения цикъл 
по CO2 на здание от апартаменти използвайки системна динамична техника. Ефекта на 
стойността на въглерода на новоразработените методи и управлението на един проект 
може да се анализира лесно и бързо при използване на симулационни модели. 

 

 
Introduction 

The construction industry is an energy and 
resource intensive consumption sector globally 
accounting for 30% of the energy and 40% of the raw 
material [1]. Especially, the CO2 emission per capita 
is rapidly increasing in Asia where high-rise 
apartment buildings are constructed in large scale [2]. 
However, project participants make efforts to reduce 
initial construction cost or life cycle cost (LCC) so far 
without reacting to the carbon tax crisis [3]. If the 
carbon tax is imposed on resources, total construction 
costs would sharply increase [4]. Therefore, as shown 

in Fig. 1, it is necessary to develop a method and 
management technology for reduction of CO2 in the 
construction industry. 

The previous studies regarding estimation of the 
life cycle CO2 emission (LCCO2) of buildings did not 
take into consideration of LCC analyses, or such 
studies are limited to a specific lifecycle phase. In 
other words, the existing literatures overlooked the 
excessive LCC even if the CO2 emission may be 
small. 

To solve these issues, new construction methods 
and management to reduce both LCC and LCCO2 
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should be developed, and the techniques to verify the 
effectiveness of them should be followed. The 
conceptual model for LCC-based LCCO2 analysis 
proposed in the former research [5] needs to be 
developed for the practical use. The purpose of this 
paper is to develop a simulation model for LCC-based 
LCCO2 analysis of apartment buildings by using 
system dynamics techniques. The cost-carbon effects 
of newly developed methods and management on a 
project can be analyzed easily and quickly by using 
the simulation model. 

Literature Review 
Table 1 demonstrates the current status of LCA DB 

program. In case of Japan, since a wide range of 
products and services are input for each phase of the 
life cycle, it is believed to be difficult to build a LCA 
program that is capable of including all the products 
and services. So, various studies are under steadily 
under progress. In case of the USA, NIST developed a 
BEES (Buildings for Environmental and Economic 
Sustainability) program in 2004 [6]. 

 

 
Fig.1. CO2 reduction construction management necessity [5] 

Table 1 
The current status of LCA programs 

 AIJ LCA BEES LCA-MCDM GB Tool 
Country of 

Development 
Japan USA 

International Energy 
Agency 

Canada 

Target Offices Public Institutes Offices Offices/Schools 

Evaluation 
Factors 

·CO2 emission 
·Energy emission 

·SOx emission 
·NOx emission 

·Input cost 

·Environmental 
performance 
·Economic 

performance 
·Comprehensive 

performance 

·Environmental 
stress 

·Architectural 
aesthetic 

·Architectural 
environment 
·Architectural 

function 

·Environmental 
stress 

·Indoor environment 
quality 

·Service quality 
·Economic 
efficiency 

·Transport facilities 

Evaluation 
Stage 

Planning/Design Planning/Design Planning/Design Planning/Design 

Evaluation 
Method 

Inter-industry 
relations table used 

Accumulator 
method applied 

Weight of the 
evaluation factors 

applied 

Result drawn out 
from the LCA 

Relevant 
Organization 

Architectural 
Institute of Japan 

NIST IEA NRC 

    * Refer to the Study on unit & program development for building LCA [6]. 
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The International Energy Agency developed a 

LCA program called LCA-MCDM (Multi Criteria 
Decision Making), and the NRC (National Resource 
Canada) developed a GB Tool [6]. As specified 
above, many overseas countries are continuously 
conducting the studies related to LCA, but there has 
been no study related to algorithms in selecting the 
most optimum alternative among the multiple ones as 
well as in analyzing the LCC when planning 
construction projects. 

Currently, Park and Hong [7], An et al. [2], 
Nagano et al. [8], Dosho [9], Hong et al. [10] and so 
on carried out the studies on estimation of LCC 
considering LCCO2, yet such studies are limited to a 
certain part of buildings or a specific phase instead of 
the life cycle of buildings. A simulation model for 
LCC-based LCCO2 analysis proposed in the study can 
be applied to estimate the LCC per project alternative 
and total LCCO2 emission at all life cycle phases of 
apartment housing projects. 

LCC-based LCCO2 Analysis 
The LCC-based LCCO2 analysis model is largely 

composed of a LCC analysis system, a LCCO2 

analysis system, a cost-carbon analysis system, an 
energy analysis system and a decision-making support 
system as illustrated in Fig. 2, and for operation of 
respective system, it is connected to the 
resource/energy database(DB), CO2 unit DB, bill of 
quantity and so forth. 

The LCC analysis system adds all the costs arising 
from each lifecycle phase of a building. The initial 
cost required from planning to construction of the 
building, the operation and management cost in 
accordance with a long-range maintenance plan that 
involves equipment and interior and the demolition 
cost generated after the building life terminates are 
summed up using the Net Present Value (NPV) in 
reference to the bill of quantity per phase. 

The LCCO2 analysis system adds all CO2 
emissions from planning to demolition of a building. 
LCCO2 is summed up by estimating the CO2 emitted 
during production and transportation of input 
resources, the CO2 generated by equipments and labor 
input in the construction phase, the operation and 
management CO2caused by a long-range maintenance 
plan and the demolition CO2 after the building life 
terminates. 

 

 

Fig.1. Systems composing the LCC-based LCCO2 conceptual model [5] 
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The energy analysis system exists to calculate the 
cost and CO2 based on the use of electricity and fuel 
that is likely to be omitted from the bill of quantity. 
As shown in Fig. 3, the cost-carbon analysis system is 
used for a simulation to draw the most optimal plan by 
going through a feedback that changes the resources, 
construction methods and management techniques for 
each aspect of LCC and LCCO2 when the cost 
exceeds the budget or the total CO2 emission exceeds 
the set standard. Based on the simulation result, a 
decision-making process is performed. Simulation is 
used during the cost-carbon effect and decision-
making processes of this simulation as well, and a 
suitable alternative can be chosen through such 
processes [5]. 

Simulation Model 
As demonstrated in Fig. 4, the simulation model 

for LCC-based LCCO2 analysis is composed of 5 
systems described in Fig. 2. The information of the 
selected project alternative is used for LCC and 
LCCO2 estimation after the input resources 
calculation and energy analysis. The cost-carbon 
analysis system runs a simulation based on the 
calculated LCC and LCCO2.  

The simulation running in the systems searches all 
the candidate solutions that satisfies the constraint 
conditions of formula 1 ~ 4 [5].  

(1) LCC ≤ Budget   (1) 

(2) LCCO2 ≤ CO2 Emission Standard    

(3) LCCO2 = Construction CO2 (CO2_Const) +  

+ O&M CO2 (CO2_O&M) + Demolition CO2 (CO2_D) 

(4) LCC= Initial Cost (Cinit) + O&M Cost(CO&M) + 
Demolition Cost (CD)  = Design Cost (CDesign) + 
Construction Cost (Cconst) + Replacement/Repair Cost 
(CR&R)+Energy Cost(Cenergy) + Demolition Cost (CD) 

where,   

CO2 Emission Standard: LCCO2 Amount/Unit Index 

 

 
 

 Fig. 4. Simulation model for LCC-based LCCO2 
analysis 

 

 

Fig. 3. Overview of the LCC-based LCCO2 analysis conceptual model [5] 
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When the simulation model for LCC-based LCCO2 
analysis is built into a system dynamics model, it is as 
shown in Fig. 5. The internal variables of each system 
(Econst, EO&M, ED, Cinit, etc.) are calculated using a 
separate model. In particular, the model developed by 
Kim et al. [5] is used for calculation of LCC and 
LCCO2. When such calculation is completed, the cost-
carbon analysis commences. According to Formula 1 
and 2, it is determined whether the LCC is within the 
budget and the LCCO2 does not exceed the set 
standard. Then, only the candidates are saved and the 
project alternatives with different 
resources/construction methods are evaluated. As 

described in Fig. 4, all alternatives are assessed and 
the next phase, decision making is done. 

In case of the candidates saved in the DB through 
the cost-carbon analysis, their LCCs do not exceed the 
budget and the LCCO2 is below the set standard. 
Using such information, project participants can 
choose the suitable candidate according to the project 
properties (ex. financial condition, project objective, 
etc.).For instance, if the building value is to be 
improved by revealing its environmental-friendliness, 
the candidate with the least LCCO2 emission may be 
selected. 

 

 

Fig. 5. System dynamics model for simulation of LCC-based LCCO2 analysis 
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Conclusion 
The purpose of this paper is to develop a 

simulation model for LCC-based LCCO2 analysis of 
apartment buildings by using system dynamics 
techniques. The simulation model developed in the 
study consists of the LCC and LCCO2 analysis 
systems, cost-carbon analysis system, energy analysis 
system and decision making support system. The 
study results are as described hereunder. 

Firstly, the relationship of subsystems not reflected 
in the algorithm yet suggested in the study of Kim et 
al. [5] was established using the simulation model. To 
do so, the LCC and LCCO2 analysis systems and 
condition equations were adopted from the study 
result of Kim et al. [5]. 

Secondly, the system dynamics was used to 
express the superordinate concept of simulation 
model. When the subsystems included in the system 
dynamics model proposed in the paper are 
investigated in the near future, they can be 
programmed. 

When the resources/energy DB and CO2 unit DB 
are built based on the historical data, it is expected 
that the cost-carbon effect analysis can be easily and 
quickly performed for a wide range of project 
alternatives and the candidate with the suitable project 
properties can be drawn.  
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Development of large scale modular construction technology  
for new constructions and vertical extensions  

with hybrid composite frame system 

Yeo-Jin Yun, Won-Kee Hong, Jeong Tai Kim 

 

This research will develop module units and connection details of hybrid composite frame 
systems for large scale modular construction technology. Creative and innovative technology 
developed in this study will be implemented for vertical extensions of existing buildings to minimize 
the complicated vertical construction by fabricating frames in plants and by proposing standardized 
and efficient alternatives. The male part of steel columns with funnel is sliding down and being fitted 
into the female columns with guide tube. This research will enable vertical construction without 
complete evacuation of occupants. 

Разработка на широкомащабна модулна строителна технология  за нови 
конструкции и вертикално разширение с хибридни композитни рамкови системи (Йео-
Жин-Йан, Вон-Кее Хонг, Жеонг Тай Ким). Тази работа ще разработи модулна единица и 
свързващи детайли на хибридна композитна рамкова система за голямо-мащабна модулна 
строителна технология. Креативната и иновативна технология, разработена тук, ще бъде 
приложена за вертикално удължаване на съществуващи здания за минимизиране на сложни 
вертикални конструкции чрез произвеждане на рамки  в заводи и чрез предлагане на 
стандартизирани и ефективни алтернативи. Мъжката част от стоманените стълбове с 
комин се смъква долу и се съединява с женския стълб с водеща тръба. Това изследване 
позволява вертикални конструкции без общо изселване на жителите. 

 

1. Introduction 
The Korean Government announced the ‘Plan on 

Improving the Remodeling System of Apartment 
Housing’ (June 5th, 2013). The structural remodeling 
related to horizontal/vertical extension involves the 
complicated preparation prior to the start of 
construction. The evacuation of occupants is 
requiredfor the horizontal/vertical extension of 
buildings (building unit) which increase 
residenceunits. Extensive time and cost are necessary 
in the process of the evacuation during construction 
as well as relocations. The purpose of remodeling is 
to also use buildings longer and to improve the 
residential performance in terms of structures and 
facilities. This paper proposed and developed of 
large scale modular construction technology for new 
constructions and vertical extensions with hybrid 
composite frame system.It is expected to reduce the 

time required for remodeling constructions, 
eliminating the necessities of the evacuation of 
occupants and related costs.  

2. Methodology  

2.1 Concept of column assembly 
Fig. 1 demonstrates that the male part of columns 

with funnels are sliding down and being fitted into 
the female columns with guide tubes. CFT (square or 
circular tube) and wide flange columns can be used 
with funnels. Fig. 2 also depicts the female columns 
with guide plates to receive wide flange steel 
columns with much simpler gadgets than funnels, but 
requiring better construction accuracies. 

2.2 Modular frames 
Modules with single or multi-cell frames pre-

fabricated in plants are lifted and assembled at sites.  
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The male part of columns with funnels in the 
module frame are sliding down and being fitted into 
the female columns with guide tubes as shown in 
Fig. 3.  The large scale frames can be assembled with 
2~3 story high at one lift. 

2.3 Hybrid composite frames 
The Hybrid composite frames consist of pre-cast 

composite beams and columns. The pre-cast 
composite column consists of a combination of PC 
columns and steel sections inserted between the two 
PC columns above and below in order to provide a 
connection to the composite beams. The inserted 

steel section is mechanically attached to the PC 
columns above and below by headed stud 
connectors [1]-[5]. 

2.4 Modularization 

As many as more than 240 types of modules 
shown in Fig. 4 are available to meet the specific 
needs of engineers and contractors based on 
construction budgets and schedule, external loadings. 
From the modular diagram, the optimum module will 
be determined in consideration of design requirements 
including   building   height,   length  of  beam    span,  

 

Fig. 1. Sliding/fitting method with guide tube 

 
Fig. 2. Sliding/fitting method with guide plate 



“Е+Е”, 5-6/2013 158 

 

 
Fig. 3.Modular frame assemble 
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seismic, wind magnitude, and building type whether it 
is building frame or dual frame, to offer efficient 
construction method of innovation. The steel 
connection avoids the special attentions required by a 
specific modules as shown in this modular diagram, 
which allows the standardized steel connection to be 
used regardless of the types of module that will be 
used [6]. 

2.5 Weight of module frame 

Hong et al. proved in their previous studies that the 
pre-cast composite structural systems can demonstrate 
the same floor height as the bearing wall-type 
structure [1]. It shows that it not only satisfies the 
structural and construction performances, but also 
reduces the quantity of materials required, leading to 
lighter members when compared to those of the 
bearing wall-type structure. Table 1 represents the 
reduction in the quantity of materials required for the 
pre-cast composite structural systemsvs. that of the 
bearing wall-type structure [7]. When compared to the 

bearing-wall type housings, the loadsof the pre-cast 
composite members lifted by cranes are relatively 
smaller.The weight of the frames that arevertically 
extended becomes light, transmittinglesser loadings 
than that of wall extensions to underneath part of the 
existing structure. 

2.6 Large scale modular assembly for new 
constructions and vertical extensions  

Large scale modular frames are lifted and 
assembled vertically for new constructions or 
extensions with hybrid composite frame system as 
shown in Fig. 3 which demonstrates the construction 
sequence. Each module frames are lifted and installed 
in the guide tube or guide plate side by side between 
which hybrid composite girders are inserted with 
guide steel as shown in Fig. 3.  The module frame can 
be assembled both horizontally and vertically without 
being delayed upon pre-fabricating all the frames and 
girders in plants. 

 
Fig. 4. Modularization [6]. 

Table 1 
Comparison of the construction material quantities applied to apartment buildings with different structural systems  

(Gross Area: 8530.47 m2) [7] 

Concrete Reinforcing Steel Steel Section 
  Bearing 

Wall Pre-cast Composite Bearing 
Wall Pre-cast Composite Pre-cast Composite 

Total 5821.79 m3 3208.83 m3 536.61 tonf 286.50 tonf 120.82 tonf 

 (0.682 m3/m2) (0.376 m3/m2) (0.063 tonf/m2) (0.034 tonf/m2) (0.014 tonf/m2) 

Comparison 100% 55.1% (44.9%↓) 100% 75.9% (24.1%↓) 
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It is significant that multiple columns of large-
scale modular framesfit the lower columns with the 
aid of funnels and guide tubes which are part of the 
sliding/fitting method. The self-weight of module 
frame enablesthe funnel of upper columns (square or 
circular tube) slides down and fits into the female 
guide tube. Creative and innovative technology 
developed in this study will be implemented for 
vertical extensions of existing buildings to minimize 
the complicated vertical construction by fabricating 
frames in plants and by proposing standardized and 
efficient alternatives. The site work will be also 
minimized as much as possible. The construction 
method described above can dramatically reduce the 
time required for vertical construction.It maintains the 
existing residential function, ensuring the safety of 
occupantswith apartment buildings which last 
long.This method willeventually contribute to the 
sustainable solution to the efficient use national 
resources. 

3. Conclusion  
1. For the fast and easy vertical assemble of 

columns(square, circular CFT or wide flange 
columns), the male part of columns with funnels are 
proposed to be sliding down and being fitted into the 
female columns with guide tubes. The female wide 
flange columns with guide plates receive columns 
with much simpler gadgets than funnels but requiring 
better construction accuracies. 

2. The method proposed in this paper shows that it 
not only satisfies the structural and construction 
performances, but also reduces the quantity of 
materials required with lighter members when 
compared to those of the bearing wall-type structure. 

3. Modules with single or multi-cell frames are 
pre-fabricated in plants in which the male part of 
columns with funnels in the module frame are sliding 
down and being fitted into the female columns with 
guide tubes.  The large scale frames can be assembled 
with 2~3story high at one lift 

4. Metals and chemicals required for the 
conventional vertical extensions with wall extensions 
can be reduced significantly leading to 
environmentally-friendly approach, minimizing the 
influence of construction on the environments.  
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The smart lighting control of the single households for theft 
prevention using the life-log data 

Doyoen Kim, Hyeonjeong Yang, Hyunsoo Lee and Jeong Tai Kim 

 

Theft Prevention must be one of the most important issues for house safety. This paper deals with 
the methods and procedures to avoid potential crime for a house. One of the many ways to secure 
safety from theft for a house is a smart service using big data such as ‘life-log data’. The life-log data 
can provide a resourceful and potential solution for theft safety in making decision for smart 
management. Since it enables self interpretation of life style with flexibility, this technology can 
support an adequate service using the life-log data under given circumstances. This paper will 
describe the notion of life-log and methods to control the smart theft prevention services in connection 
with the user’s life style in a house. This paper will also explain the types and information constitution 
of the life-log data. The purpose of this study is, first, to investigate the smart control system for theft 
prevention in a house in association with energy saving and second, to present the smart lighting 
control system, which is manipulated by the interpretation of life-log data. From the life-log data, the 
demand or life style of the resident is inferred and it presents the way to interpret the life-log data, 
which is a key for decision making in situated environment. Finally an example will show the 
procedure of smart theft control with various ways of lighting control. 

Интелигентен контрол на осветлението на едно жилище за предотвратяване на 
кражби с исползване на данни “лайф -лог” (Доуен Ким, Хуеонжеонг Йанг, Хуансоо Лии, 
Жеонг Тай Ким). Предеотвратяването на кражби трябва да бъде едно от най-важните 
неща за сигурността на жилището.  Тази работа се занимава с методите и процедурите за 
ицбягване на потенциалните криминални събития за един дом. Един от многото пътища за 
сигурна защита на жилището  от крадци е интелигентния сервиз  използващ данни като 
‘‘ лайф-лог данните’’. Тези данни могат да обезпечат ресурсно и потенциално решение на 
сигурността от кражби чрез решение с интелигентен менажемент. Тъй като той позволява 
само-интерпретация  на жизнения стил  с гъвкавост, тази технология може да подпомогне  
адекватен сервиз използвайки лайф-лог данните при някои обстоятелства. Тази работа ще 
опише представата за лайф-лог и методите за управление на интелигентното предпазване 
от крадци във връзка с жизнения стил на потребителя в кущата. Тази работа също обяснява 
видовете и информационното коституиране на лайф-лог данните. Целта на това изследване 
е , първо, да изучи интелигентната управляваща система за предотвратяване на кражби в 
къщата във взаимодействие със съхранението на енергия и второ, да представим 
интелигентна управляваща осветлението контролна система, която се манипулира чрез 
използване на лайф-лог данни. От лайф-лог данните, необходимостта от жизнен стил на 
живеещия означава и представя път за интерпретиране на лайф-лог данните , който е ключ 
към решение в съответната обстановка. Накрая един пример ще покаже процедура на 
интелигентно предотвратяване на кражби с различни пътища на управление на 
осветлението. 

 

Introduction 
Safety issues (i.e. fire safety, crime safety, etc.) are 

crucial and essential in the single households. 

Therefore especially residential safety for the theft 
prevention has been studied by previous research [1, 
2]. Diverse crime prevention solutions and techniques 
can be considered in a house, however, among those 
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solutions and techniques, theft prevention shall be the 
first priority issue to be satisfied in a single household. 
Safety effect will be significant if theft crime in a 
house area can be remarkably reduced. With respect 
to the growth of such theft prevention effects, those 
one-person households have huge potential. 

The smart lighting control system based on a 
certain life-log data can be very effective for theft 
prevention in one-person households. Such being the 
case, this research is attempting to take advantage of 
the life-log data of a single residents, to control the 
electric lighting efficiently and to develop a resident-
friendly smart lighting control services that takes the 
lifestyle of the user into consideration and that can 
provide a resident with not only the theft prevention 
effects but also a certain energy-saving effects. 

Smart control technology can be very effective in 
managing a one-person household, which has more 
necessity compared to the multi person household types. 
For example, if a single person goes out of a house with 
turning the lights on for crime prevention, energy will 
be continuously consumed during his or her absence 
and therefore, there is a possibility of wasting energy. 

One way to solve this problem is to apply a smart-
control-based IT technology. However, most smart 
technologies suggested by researches do not reflect the 
lifestyle of the residents. A main reason for this 
unsuccessful practical application of most smart 
technologies comes from the fact that they simply 
apply such control system only based on related 
technologies without fully reflecting a certain user’s 

needs effectively [3]. The success of a smart lighting 
control system relies on how to analyze the 
interpretation of the life-log. In this regard, this 
research has its fundamental basis on the analysis & 
utilization of life-log data of residents in order to 
identify the user’s demands accurately.  

Theft prevention 
The scariest incidents in single households shall be 

the theft accident and criminal assault. With a single 
accident involved in a theft or robbery case, it will 
cause an irrevocable damage [4]. So, it is decisive to 
adopt tools to prevent theft. Also it would also be 
important to ensure provision of a resident’s safety 
through smart services that consider a resident’s 
lifestyle. 

For example, a resident’s safety can be guaranteed 
when theft is prevented by operating lighting devices 
that is smartly controlling the lighting. Life-log data, 
as treated in this research, is designed to be used to 
check whether the device is controlled and provide 
appropriate services based on life-log data 
interpretation.  

From this perspective, the purpose of this study is 
to develop a notion of life-log data and propose a 
smart control service with use of effectively 
controlled lighting equipment and thereby ensure a 
residential safety. Fig 1 shows the process concept for 
a smart lighting control [5].  

 

 
Fig. 1. The concept of the smart lighting control 
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As shown in Fig1, life-log data is crucial for a smart 
control. From the perspective of theft prevention 
control, it is an important to decide what information 
of life-log to be included. This study is going to 
explain the types of information to be included in life-
log and control methods of lighting considering the 
lifestyles of the resident by using life-log data. As the 
image shows, life-log data and environmental 
information can be obtained through the installed 
sensors and digital devices. It is the principal purpose 
of this study to interpret the data and manage a 
housing environment based on such data. 

Life-log data 
Fig. 2 shows that there are multiple channels for 

producing life-log [6]. We usually collect life-log data 
consisted of sensors, which are used as channels for 
life-log data creation. 

 
Fig. 2. Various ways of collection for life-log 

For example, life-log data records what behaviors 
a person in a room is involved in and how he or she 
uses energy devices. Life-log is one or more data 
accumulated as a person’s daily record [7]. With the 
modern-days development of IT, it can record our 
daily life using various tools like black box, CCTV, 
Social Networking Services, pass, credit card, sensors, 
and mobile devices [8]. One of the important issues 
involved in this study is concerned with how to 
extract meaningful information from the various 
complicated life-log data created by the multiple tools. 

Table 1 shows a set of life-log example including 
types of life-log data [9]. This paper suggests three 
types of life-log data: behavior, equipment, sensor. 

 

Life-log interpretation based lighting control 
Life-log interpretation is an operation of 

comparing life-log data with environmental data 
censored to ensure smart control. It is also an 
important process as it provides grounds for a smart 
control system. So, life-log interpretation has a lot to 
do with data mining technology. 
Life-log based interpretation needs to adapt equipment 
operation in a house. Life-log Interpretationis an 
operation required to make a suitable and immediate 
decision by interpreting information contained in life-
log data. If life-log data is misinterpreted, a proper 
control will be impossible. Thus, life-log 
interpretation is a complicated process that requires a 
careful analysis considering the various circumstances. 
Yet, the current study tends to work on control by 
simplifying the process of interpretation for 
convenience’s sake. It is even believed that the 
simplification of interpretation pose no big problems. 
There are two kinds of method in the environment of 
crime prevention. One is the treat that offered after 
crime occurrence. The other is the management before 
crime happens. Each of two methods has different 
ways to prevent crime. The services provided by the 
existing smart home are mostly the treats that offered 
after crime occurrence. In this study, we can stop 
crime by planning to provide services before the crime 
happens. 

The main factor of decision-making for intrusion 
for theft would be the presence of residents at home 
[10]. Even in the absence, appropriate environments 
are manipulated to appear to be occupied. Also, if 
many people seem to stay in the resident, criminals 
will tend to give up the invasion. To adjust the 
presence of residents at home, we can control the 
lighting systems that will provide the same condition 
of usual people-occupied environments. Through 
sound effect of TV and radio, we can control the 
environment as like it is occupied. In addition, the 
shadow image with several people can be manipulated 
as like the room is full. When you go out, we can even 
provide door lock services. 

However, the service that examined the existing 
data on the basis of generalized approach in the 
previous studies was not favorable to crime prevention. 
In this study, we argue that environment can be 
manipulated through life-log data interpretation. Even 
though there is no one, they can create an environment 
that someone actually exists. Fig. 3 is a concept that 
shows the process of smart control. As shown at Fig. 3, 
the life-log data is very important in the smart control.  
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Table 1. 
Examples of life-log data 
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Fig. 3. Conceptual Framework of the Lighting Control Process 

The provision of services with decision of whether 
to provide and what service to provide is made through 
the analysis of life-log data. 

Lighting control and door lock control are the 
services that using life-log data. To make the 
environment same like the usually occupied condition 
through lighting control, we have to know when the 
residents turn on the lighting. Residents will not 
control the lights only because of time. Usually he or 
she uses the lightings in the evening, but on a rainy 
day, lighting can be used early in the day. Also, the 
lighting time in summer and winter will be different. 
It means the usage of lighting may be determined by 
illumination. In addition, the extent to which 
individuals respond to the illumination will be 
different. So, we collect life-log data of one resident’s 
life and can flexible control the lighting intensity 
based on the data, even in the absence of specific 
lighting environment. This even makes the resident 
appear occupied. 

Door lock control system also requires an analysis 
of the Life-log data. If we analyze resident’s life-log 
data, we can identify the time of door locked, when 
the resident is occupied or unoccupied. And if the 
door is opened on a certain time, based on the analysis 
of historical data, automatic door lock service scan be 
activated. 

As illustrated in the Fig. 3, it is the process which 
retrieves the life-log data saved in a life-log database 
and accordingly activates or deactivates those 
household apparatuses through the interpretation of 
the current environmental data. How such life-log data 
are interpreted is one of the key challenges in this 
research. 

The primary idea of life-log data interpretation is 
to compare past life-log data with current life-log to 
adopt equipment operations. Past life-log data provide 
such essential information for responding to the 
current environment by comparing with the current 
data. Fig. 4 shows various factors to be compared for 
the interpretation that leads to the operating of lighting 
control. 

Previous life-log data information would be very 
helpful for lighting control under given circumstances. 
Previous Life-log data can be used for control. 
Following is a simple example (Fig. 5) based on life-
log based control process in Table 1. 

On 16th of August 2013, resident ‘A’ went out with 
lights off while he has to turn it on to prevent theft. At 
this moment, external luminous intensity is 30 lux and 
internal is 5 lux. Search results confirmed that 
“time=19:00”, “resident=out”, “external luminous 
intensity=30 lux” and “internal luminous 
intensity=300 lux” on the date of 4th June 2012. It also 
confirmed that the difference between previous 
internal luminous intensity and present internal 
luminous intensity is 295. In order to get rid of the 
difference, it decided to turn the lighting ‘a’ on. This 
process solves the problem of “resident A’s went out 
with light off” by automatic turning the light on. 

Resident A returned home at 23:00 while the light 
is on and went to sleep at 24:00 when still the light is 
on. At 7 o’clock on next day morning, resident A is 
still sleeping with light on. The process find problem 
as internal luminous intensity is 300 lux and external 
is 5000 lux, because it is not necessary to turn on the 
light when internal luminous intensity is lower than 
external while the light is on.  
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Fig. 4. Life-log properties 

So in order to save electricity cost, it must turn the 
light off but before doing it, the process searches the 
previous life-log data. According to the search result, 
the previous day’s information shows that “internal 
luminous intensity=300 lux”, “external luminous 
intensity=1000 lux”, “light=on” at 6 o’clock and 
internal luminous intensity=300 lux”, “external 
luminous intensity=5000 lux”, “light=off” at 7 o’clock. 
As resident A has turned the light off at 7 o’clock on 
the previous day, the process turn the light off on 17th 
August 2013 as well and save the energy cost and 
solve the problem. 

As explained by above example, previous life-log 
data is very helpful for decision making to the lighting 
control. The above explanation focused on the concept 
for better understanding. Actual control process shall 
be different and quite complicated. However, the 
basic principle of controlling method of the lighting 
would be same or similar. So, it should not be a 
problem. 

Conclusion  
Contributions of this study can be found from the 

uniqueness of this research comes from a smart 
control method for household equipment that utilizes 
the life-log data of the resident. In this research, a 
smart lighting control method in crime prevention was 

developed. In order to manage theft invention in 
single households, the study has adopted life-log 
based smart lighting control system. 

As the life-log data is developed by human’s 
experience, this system makes it possible for one to 
one personalized service. We should take human life 
into a big consideration, and also analyzing human’s 
behaviors and life patterns. Using a resident’s life-log 
data has the advantage of operating various indoor 
devices to fit into the individual lifestyles. 

The originality of this study lies in the use of a 
resident’s life-log for a smart control of lighting 
devices installed in a residential house. The advantage 
of using a life-log data can be found in the provision 
of customized services reflecting a resident’s behavior 
and lifestyles. One of the key merits in relation to the 
utilization of the life-log data is that it can provide a 
customized one-on-one service reflecting the 
behavioral patterns and the lifestyles of a resident. 

From the perspectives of a single person’s fear of 
crime and a need for effective energy saving, the 
adoption of a smart control technology can be very 
effective for a one-person household, rather than multi 
people households. If the smart control process 
suggested in this research is applied, necessary life-
log data can be accumulated when the sensors and a 
server computer for recording the data logs are 
activated. 
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Fig. 5. An Example of Lighting Control Process 
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Future research will have to come up with 
utilitarian follow-up studies for actual exploitation of 
such technology, which will be applied to the real 
houses. With structural transformation of society 
happening, acceptance of various lifestyles is in high 
demand. 
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Energy performance variables and types of floor plans in 
apartment complex 

Myoung Won Oh, Mi Jeong Kim, Jeong Tai Kim 

 

Providing the residents with the information on the relationships between plan types and the 
energy performance might be necessary in order for them to be aware of the efficient usage of energy. 
This study is to classify different plan types of apartments in terms of the energy performances and to 
find the differences accordingly. Various plan types having the same floor area are selected to be 
reclassified and compared according to the energy performances. It is expected that the optimal 
energy saving plan types would be determined through the study. 

Променливи характеристики на енергията и типове планове на етажи в комплекс 
от апартаменти (Муонг Вон Ох, Ми Жеонг Ким, Жеонг Тай Ким). Обезпечаване на 
живущите с информация върху отношението между видовете планове и енергийните 
характеристики може да е необходимо  за да ги осведоми за ефективното използване на 
енергия. Тази работа класифицира различните планове на апартаменти в зависимост от 
енергийните характеристики и намира съответните разлики. Различни типове планове с 
еднаква площ на пода са селектирани за да бъдат класифицирани и сравнени в съответствие с 
енергийните им характеристики. Очакването е, че оптимален план за икономия на енергия 
може да се определи по този път. 

 

1. Introduction 
Various types of apartments are recentlyin demand 

to accommodate different lifestyles of individuals. In 
addition, apartments of late are being designed to 
improve the energy performance with the advanced 
and eco-friendly technologies [1-3]. There are 
numerous studies how layout, building types, or unit 
arrangements affect the energy performances [4-7]. 
However, there have not been standards 
distinguishing between flat-type apartments or tower-
type apartments. There has been no study on the 
energy performances of the combination-type 
apartments which may complement the strengths and 
weaknesses of the both types of apartments.Providing 
the residents with the information on the relationships 
between plan types and the energy performance might 
be necessary in order for them to be aware of the 
efficient usage of energy. This study is to classify 
different plan types of apartments in terms of the 
energy performances and to find the differences 
accordingly. The energy performance variables are 
identified and a standard for reclassifying plan types 
tothe identified variables is established. Various plan 
types having the same floor area are selected to be 
reclassified and compared according to the energy 
performances. Furthermore, by identifying the 
relationship with the energy performance variables, 

the characteristics of the plan types are defined. It is 
expected that the optimal energy saving plan types 
would be determined through the study.   

2. Housing Types and the Energy Performance 
Variables 

The apartments are typically classified into the 
flat-type, the tower-type and the combination-type. 
The energy performance variables are established as 
the aspect ratio, the cross ventilation, number of 
directions exposed to the outside, the orientation of 
rooms, the length of the sides exposed to outside and 
the bay structures. These variables are new 
classification standards for the types of floor plans.   

(1) Aspect ratio: The aspect ratio is defined as the 
ratio between the longer side and the shorter side of 
the unit housings. The energy performance increases 
as the aspect ratio decreases, in other words, the lower 
the aspect ratio, the higher the energy performance [8]. 

(2) Cross ventilation: Possible cross ventilations 
are identified within a unit. The energy performance is 
higher if there are more cross ventilations. 

(3) Number of directions exposed to outside: 
Determination of the exposure to the outside can be 
made by the number of directions exposed to outside 
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[9]. If the exposed area is larger, the length of the 
exposed side can possibly be longer which in turn 
may affect the energy performance in the negative 
way. On the other hand, the environment performance 
would be better in terms of lighting, ventilation, and 
views. The number of directions exposed to the 
outside is classified as one-direction exposure, two-
directions exposure and three-directions exposure. 
The energy performance is defined to be higher as the 
number of directions exposed is larger. 

(4) Orientation of room: Eight-directions system is 
used to identify which direction a room is facing. 
South is 'best', south-east and south-west are 'good', 
east and west are 'normal', north-west is 'bad' and 
north is 'worst'. The directions of living room and the 
master bedroom should be identified[10]. 

(5) Length of the side exposed to outside: The 
length of the side exposed to outside is an important 
factor of energy performance in terms of heating and 
air conditioning. The length is the sum of all walls 
exposed to outside including windows. The energy 
performance is higher if the length is shorter.  

(6) Bay structure: The bay is defined as the number 
of rooms (including living room) located on the face 
of the apartment. It is an important factor in terms of 
view and natural lighting[11]. It is further classified 
into 2- , 2.5- , 3- , 3.5- , or 4-bays structure. The 
energy performance is higher if the bay structure 
number is larger.  

3. Case Study 
A tower-type apartment where individual units are 

either flay-type or tower-type having the same floor 
area, was chosen for a case study. It has 1,700 
housings, each unit having approximately 110 m2 
floor area and 14 different types of floor plans. 

3.1. Energy Performance Variables  

The energy performance variables were 
determined and the differences of the flat- and tower-
type were compared.  

(1) Aspect ratio: The aspect ratios of example 
housings per type are as shown in Figure 1. There is 
not a distinguishable difference in terms of the aspect 
ratio in generally classified flat- or tower-type 
structures. 

(2) Cross ventilation: In generalall flat-type units 
have the cross ventilation, however, there are only two 
units in tower-type that have the cross ventilation as 
shown in Table 1. However, it seems that tower-types 
also can have the cross ventilation by adjusting the 
floor planning carefully. 

(3) Number of directions exposed to outside: Two 
types have three directions open to outside and the 
rest of the types have two directions open to outside. 
Number of directions exposed to outside in the living 
room is two directions for the flat-type and one 
directions for the tower-type units as shown in Table 2. 

 

 
Fig 1. Aspect Ratios per Types 

Table 1. 
Cross Ventilation of the Sample Apartment Housing 

No. of Cross 
Ventilation 

Type Floor Plan 
Type 

Location 

3 D 
Living Room↔Kitchen, Bedroom1↔Evacuation area, 
Bedroom3↔Alpha Room 

I Living Room ↔Kitchen, Bedroom 1↔ Evacuation area 
2 

K Living Room ↔Kitchen, Bedroom 3↔ Alpha Room 
H 

Flat 

Living Room ↔Kitchen 
A Living Room ↔Kitchen 1 
E 

Tower 
Living Room ↔Kitchen 
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Table 2.  
Number of Directions Exposed to Outside 

Number of Directions 
Exposed to Outside 

Type Plan Type Number of Directions Exposed to 
Outside in a Living Room 

3 A,E 
B,C,F,G,J,L 

Flat 2 
2 

D,H,I,K Tower 1 
 

Table 3. 
Orientation of Rooms 

Orientation of rooms 
outstanding Excellence average poor 

Plan 
type 

Open to 
outside 

Ty
pe 

south South-east South-west East West North-east North-west 
A  LR, MBR    LR K, BR2 2, BR3, E Open to 3 

sides E  LR, MBR    LR K, BR2 2, BR3, E 

B 
LR,K,BR22, 

BR3 
  

LR, 
MBR 

   

C LR,MBR    
LR, K, BR2 

2, BR3 
  

F  LR, MBR    
LR, K, BR2 

2, BR3 
 

G  LR, MBR 
LR, K, BR2 2, 

BR3 
    

J  LR, MBR 
LR, K, BR2 2, 

BR3 
    

L1   LR, MBR    LR,K, BR2 2, BR3 

tower 
Open to 2 

sides 

L2  LR, MBR    
LR, K, BR2 

2, BR3 
 

D   
LR, MBR, BR2, 

BR3 
  

K, Alpha 
room 

 

H   
LR, MBR, BR2, 

BR3 
  K  

I   
LR, MBR, BR2, 

BR3 
  K  

flat 
Open to 2 

sides 

K  
LR, MBR, 
BR2, BR3 

    K, Alpha room 

 
Fig.  2. Length of the Side Exposed to Outside 

(4) Orientation of Room: Orientations of rooms are 
in seven directions: south, south-east, south-west, east, 
west, north-east, and north-west as shown in Table 3. 
North which is classified as 'worst' is not found in 
apartments. Some units in the tower-type have good 
orientation of room but the rest have normal 
orientations. Orientations of room for the flat-type are 
all good. Especially, orientation of the living room and 

the master bedroom are ‘excellent’, which allows 
efficient energy performance. 

(5) Length of the side exposed to outside: The 
length of the side exposed to outside does not have 
any difference between tower-type and flat-type as 
shown in Fig. 2. 
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Table 4 
Bay Structure 

Bay Composition Type Plan Type 
4 Bays Living room, master bedroom, bedroom 2, bedroom 3 D, H, I, K Flat  
4 Bays Living room, Kitchen, bedroom 2, bedroom 3 B, C, G, J 
2 Bays Living room, master bedroom A, E, F, L 

Tower 

 

Table 5 
Re-Classification of Plan Types 

Energy Performance Variables Excellence  Average Poor 
range Under 0.64  0.64~0.68 Above 0.68 

Aspect ratio 
type B,E,H,I J,L,C,D,F A,G,K 
range 2~3 1 0 

Cross ventilation 
type D,I,K H,A,E B,C,F,G,J,L 
range 3  2 

Length of the Side Exposed to Outside 
type A,E  B,C,F,G,K.J,L,D,H,I,K 
range excellence  average 

Orientation of Room 
type B,C,G,J,D,H,I,K  A,E,F,L 
range Under 35m 35~40m Above 40m 

Length of the Side Exposed to Outside 
type B,G,J,K C,H,I,L A,D,E,F 
range 4 bays 4 bays 2 bays 

Bay structure 
type D,H,I,K B,C,G,J A,E,F,L 

 

Table 6 
Characteristics of the Energy Performance Variables for Plan Types 

Type Advantages(EP Variable=good) Disadvantages(EP Variable=bad) 
A No. of directions open to outside Aspect Ratio, Direction, Length of exposed side 
B Aspect Ratio, Direction, Length of exposed side Bay, Cross Ventilation, No. of directions open to outside 
C Direction Cross Ventilation, No. of directions open to outside 
D Cross Ventilation, Direction, Bay No. of directions open to outside, Length of exposed side 
E Aspect Ratio, No. of directions open to outside Direction, Length of exposed side, Bay 
F  Cross Ventilation, No. of directions open to outside, Direction, 

Length of exposed side, Bay 
G Direction, Length of exposed side Aspect Ratio, Cross Ventilation, No. of directions open to 

outside 
H Aspect Ratio, Direction, Bay No. of directions open to outside 
I Aspect Ratio, Cross Ventilation, Direction, Bay No. of directions open to outside 
J Direction, Length of exposed side Cross Ventilation, No. of directions open to outside 
K Cross Ventilation, Direction, Length of exposed side, Bay Aspect Ratio, No. of directions open to outside 
L  Cross Ventilation, No. of directions open to outside, Bay 

 

 

(6) Bay Structure 
Two-bay structure has a living room and a master 
bedroom placed on the front. Four-bay including a 
master bedroom has a living room, a master bedroom 
and two bedrooms placed on the front. Four-bay not 
including a master bedroom has a living room, a 
kitchen, and two bedrooms placed on the front. There 
are distinct differences between tower-type and flat-
type as shown in Fig. 3. 

3.2. Re-Classification of Plan Types 
As shown in table 6,Plan types were re-classified 

as 'good', 'normal', and 'bad'according to the energy 
performance variables defined in this research. 

By defining the 'good' energy performance 
variables as advantages and the 'bad' as disadvantages, 
we characterized the energy performance variables for 
plan types to investigate the relations with the energy 
performance variables as shown in Table 6. 
In the tower-type units, the followings are found: if 
the number of directions exposed to outside is 'good', 
then the length of exposed side is 'long' and the 
orientation is 'normal'; if the direction is 'good' and the 
length of exposed side is 'short', then the cross 
ventilation is 'bad' and the number of directions 
exposed to outside is 'normal'; and if the aspect ratio is 
'good', then the bay structure is bad'. 
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Conclusion  
The characteristics of the unitswere predicted in 

the study with the relations among the energy 
performance variables. The flat-types are 
generallyexcellent in terms of the orientation and bay 
structure and the others are relatively 'good'. However, 
the tower-type shows large differences among units. 
More accurate relations between the energy 
performance variables and plan types could be found 
when the difference in energy usage is analyzed in 
terms of the energy performance variables. However, 
annual energy usage is not currently available since 
the apartment has only been occupied for five months. 
The energy usage data will be collected from the 
apartments for a follow-up study on the relations of 
the energy performance variables and the energy 
usage. If the relations between the energy 
performance variables and the energy usage are 
determined, it would aid in the design of new types of 
floor plans. Further, if the energy usage data 
according to floor plans are provided to the residents, 
they could make better choices for the efficient energy 
consumption. 
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Environmental right on sunshine and view out in urban 
residential areas 

Ki Hoon Moon, Jin Seok Do, Chan Su Kim 

 

One of the methods to assess infringement upon the right to sunshine and unobstructed views is 
by comparing the situations before and after the construction of new buildings. However, in actual 
surveys, limitations are bound to follow particularly after infringement has already occurred. When it 
comes to the right to sunshine, winter solstice serves as the key reference point which makes it difficult 
to make actual surveys on infringement of the right to sunshine beyond that date. For this reason, 3D 
computer simulation is used to measure the degree of damage and the simulation data serves as 
reference for the court to reach its verdict. 

Екологични права върху греенето на слънце и външния вид в застроена жилищна 
площ (Ки Хуун Муун, Жин Сеок До, Чан Су Ким). Един от методите за оценка на 
нарушението на слънцегреене и безпрепятствен вид е сравнението на ситуацията преди и 
след построяване на ново здание. Обаче, в действителното оглеждане, ограниченията са 
свързани да следват особеностите след като нарушенията са вече станали. Когато става 
дума за правото на слънцегреене, зимното слънцестояние служи като ключева отсчетна 
точка която прави трудно да се прави действително оглеждане на нарушението на правото 
на слънцегреене след тази дата. По тази причина, 3Д компютърната симулация се използва да 
измерва степента на вреда и симулационните данни служат като справка за съдилището да 
произнесе своето решение. 

 

1. Introduction 

1.1 Background and Purpose of Study 

Sunlight and views are important environmental 
factors in construction. They have significant impact 
on human life. With the standard of living improving, 
space-related environmental issues such as the right to 
sunlight and unobstructed views or privacy protection 
are arising. The price of an apartment differs greatly 
according to the kind of view it commands and the 
amount of sunlight it has. 

With the number of high-rise buildings increasing 
in metropolitan areas, a growing number of 
infringement cases of the right to enjoy sunshine and 
unobstructed views are arising. If a building is newly 
constructed or an existing building is heightened, it 
can affect the sunlight environment of neighboring 
buildings. Infringement upon the right to unobstructed 
views can make residents of the affected area feel 
cramped and uncomfortable and the situation can 
worsen as the construction makes progress. It can also 
affect the value of the properties, particularly when 
tenants formerly enjoyed good views before the 
construction of the new building and the price of the 
affected building is heavily dependent on these views. 

When a legal dispute over the right to enjoy sunlight 
is dealt with in Korea, winter solstice serves as a 
reference point to decide whether the right is being 
impinged upon or not. However, it is not at all easy to 
measure the duration of sunlight for all buildings on 
winter solstice which comes just once a year. 
Meanwhile, there is no clear standard for quantitative 
measurement of whether the right to enjoy unobstructed 
views is being impinged upon or not. Moreover, measuring 
the right to unobstructed views at the site involving legal 
disputes before the completion of the new building 
construction is very difficult. 

In this study, I analyzed infringement of the right 
to enjoy sunlight and unobstructed views by using 
computer simulations. Computer simulations enable 
assessment of sunlight and the viewing environment 
regardless of the relevant construction schedule. 
Computer simulations are particularly useful in that 
they can be performed based on the assumed 
construction schedule. For this reason, computer 
simulations have been actively used by courts in 
making judgments on infringement of the right to 
sunlight and unobstructed views. Unfortunately, 
however, there is no clear standard for these 
simulations. Therefore, more study and research is 



“Е+Е”, 5-6/2013 175 

needed to develop methods and standards of 
simulation and to ensure validity of these programs. 
In this study, I’d like to present a method of assessing 
sunlight and the view environment using computer 
simulation programs. The assessment was made based 
on the case of Hanshin Apartment Complex located in 
Sungnam, Gyeonggi Province, and the validity was 
verified by comparing the actual situation of sunlight 
and views of the apartments against the simulation 
images. 

1.2 Method of Study 

1) I looked into the present state of buildings 
around Hanshin Apart Complex and SD Apartments 
which were the target of assessment and prepared 
assessment data based on construction documents. 

2) I provided explanations on the 3ds MAX and 
VIEW programs selected to carry out simulations in 
this study. 

3) 58 households from Hanshin Apartment 
Complex which filed a lawsuit for expected 
deterioration of sunlight and views with SD 
Apartments were selected for this study. I made 
assessment on the sunshine duration and views of 
Hanshin Apartment before and after the construction 
of SD Apartments. 
4) In order to verify the validity of the simulation 
program, I compared the sunshine duration and views 
of the apartments with those of the computer 
simulation for the same hours.  

2. Apartments Subject to Assessment 

2.1 Hanshin Apartment Complex (The affected 
buildings) 

Hanshin Apartment (the affected buildings) 
consists of a total of 120 households. Out of these, the 
58 households selected for this study all joined to file 
a lawsuit against the under-construction SD 
Apartments for their expected infringement upon their 
right to sunlight and unobstructed views. Hanshin 
Apartments are 15-story buildings and the 20-story 
SD Apartments were newly built in the southwestern 
area from the Hanshin Apartment Complex. Before 

the new buildings were constructed, there was also a 
two story building nearby (standing at 10.1m tall). 

 
 

 
Fig. 1. Process of Analyzing the Right to Sunshine 

 
Fig. 2. Location Map of Apartment 

2.2 SD Apartments (The new buildings) 

SD Apartments consist of three multipurpose 

buildings. The total land area is 8.353.40㎡ and each 
building has twenty floors above ground and three 
underground. A lawsuit was filed against SD 
Apartments (101 dong, 102 dong, 103 dong) for 
expected infringement upon the right to sunshine and 
unobstructed views of Hanshin Apartment Complex. 
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Fig 3. Photo of the Construction Site (before SD Apartments were built) 

 
Fig 4. Bird’s Eye View of Apartments 

3. Standard to Make Judgment on the Right to 
Enjoy Sunshine and Unobstructed Views 

3.1 Right to Enjoy Sunshine 

According to the Supreme Court’s rulings (Case 
No. 94 Na 11806 dated on March 29, 1996), if a 
person cannot be exposed to sunshine for two 
consecutive hours between 9 a. m. and 3 p. m. or more 
than four hours between 8 a. m. and 4 p. m. on the 
winter solstice (or shortest day of the year), that 
person’s right to sunshine is considered to be 
infringed upon.  

3.1.1 Conditions Required for Compensation for 
Infringement of the Right to Sunshine 

1) The affected building shall be a residential 
building located within a residential area. 

2) Before the framework of the affecting building 

was completed, the residents had resided in the 
affected building for a considerable period creating 
“benefit of living.” 

3) The affecting building shall be unusual in terms 
of shape and usage compared to those in the 
neighboring areas and the affected building. 

4) The affecting building shall be adjacent enough 
to give direct pressure or stress on the affected 
building. 

3.1.2 Calculation of Compensation for 
Infringement upon the Right to Sunshine 

1) The loss of property value caused by the 
infringement of the right to sunshine: 8% of appraised 
value 

2) Appraised value of the affected building ×value 
decrease rate×1/2×(240-remaining sunlight)/240 
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Table 1.  
3ds Max input data 

Setting Input Data 

Object Type Daylight 
Daylight Sunlight : IES Sun, Skylight : IES Sky 
Location Latitude : 37.26°, Longitude : -127.09° 

Time GMT +9 Japan, Korea, 12. 22. 08:00~16:00 
Initial Quality 85% 

Render Scene Common Process 
Refine Iterations 3 

Brightness 75.0 

Contrast 50.0 

Mid Tones 2.0 
Environment 
and Effects 

Environment 
Logarithmic Exposure Control      

Parameters 

Exterior daylight Active 

 

3.2 Standard for the Right to Enjoy Views 

According to the Supreme Court’s ruling (No. 
2003da 62602 dated on 13 Sept, 2004), “If the 
landscape or view which an owner of a certain land or 
building has enjoyed is objectively recognized as a 
‘benefit of living,’ it may be protected by law.” 
However, there is no clear standard for the right to 
enjoy (unobstructed) views. Although there have been 
some cases where the Supreme Court recognized the 
right to enjoy unobstructed views should be protected, 
objective standards to measure infringement of the 
right have yet to be clearly set. 

4. Evaluation Method of Assessment 

4.1 Selection of Simulation Program 

3ds Max was selected as a tool to create sunlight 
images and view images. In order to compute sunlight 
and view areas out of the view image, VIEW program 
developed by Kyung Hee University Research Lab 
was selected.  
VIEW is aimed to calculate the number of pixels of a 
certain color of an image and display the rate. 

4.2 Land and Building Data Input 

After checking whether the drawings matched the 
real sites, I created a 3D Solid Model by using 
AutoCAD. I referred to maps produced by National 
Geographic Information Institute of Ministry of Land, 
Transport and Maritime Affairs for analyzing the 
direction and location of the building sites.  

4.2.1 Settings for Sunlight Analysis 

By using Daylight function of 3ds Max, I set up 
IES Sun to the sunshine duration assessment model. 
For accurate location set-up, I entered latitude and 

longitude while setting up the simulation time as Dec 
21st (winter solstice) as shown in Table 1. 

4.2.2 Settings for View Analysis 

 
Fig 5. Section 

 

Fig 6. Plan 
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                         (a) Reference View                      (b) View Ratio by the Building      (c) View Ratio After New Construction 

Fig 7. Calculation of View Ratios 

Table 2.  
3ds Max – Camera setting 

Items Input Parameters 

Lens 19mm 

FOV ↔ 86.904 deg ↕ 70.79 deg 

Type Free Camera 

Installation location Center of living room 

Installation height 900 mm 

 
 

The analysis on infringement of the right to an 
unobstructed view was carried out based on the 
percentage of the area viewed through the living room 
window of each household. The percentage of the 
view area was computed based on computer 
simulation of an average person (height: 170cm) 
looking out the window from the living room (0.9 
meter from the floor, Seoul District Court 2003. 4. 29. 
Sentence No. 2001Gahap43521). The area which was 
not hindered by the newly constructed buildings was 
calculated as the percentage of the total view area. 

5. Assessment of Sunlight and Views 

5.1 Summary of Assessment 

5.1.1 Sunlight 

For sunlight assessment, the amount of sunlight 
was recorded in a chart every ten minutes between 8 
a. m. and 4 p. m. from winter solstice. 

In the sunlight chart, the proportion of sunlight 
area out of the whole area of the window opening area 
was displayed, and the sunlight duration was analyzed 
based on the proportion calculated as above. If the 
sunlight area was no less than 50% at a given time, it 
was considered as 10 minute sunlight availability, and 
if it was less than 50%, sunlight was considered 
unavailable. 

When it comes to changes in sunlight, it was assumed 
that if the sunlight percentage is 70% at 10 a. m. and 
50% at 10:10 a.m. sunlight between the two points in 
time was changing uniformly.  

5.1.2 View Assessment 

The area viewed from the center of the living room 
through the balcony window was set as “100%.” The 
percentage of the view area excluding that blocked by 
land or newly constructed buildings was calculated 
and recorded. 

The percentage of white pixels viewed through the 
opening area of the balcony window from the living 
room was calculated and considered as “100%.” 

The white share was calculated by computing 
white pixels of the apartments including SD 
Apartments. The white share served as the view 
percentage of the apartments including SD 
Apartments. 

In order to create view images, Free Camera of 3ds 
Max was used. Free Camera was set at the center of 
the living room and variables in Table 2 were entered. 

5.2 Analysis of Assessment 

5.2.1 Analysis of Sunlight Assessment 

The 58 households enjoyed their right to sunshine 
at a satisfactory level before SD Apartments was built. 
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(a) Sunshine Duration - Existing Buildings (b) Sunshine Duration – Newly Constructed Buildings 

Fig 8. Sunshin Access rights Analysis 

 
                    (a) Newly Constructed Buildings                                                  (b) To Remove floors 12 of 102 dong 

Fig 9. Planning of New Buildings to Fulfill Sunlight Standard 

 

Following the construction of SD Apartment, only 
26 out of the total 58 households were able to enjoy 
their right to sunshine.  

This study also focused on what should be done to 
fulfill the previous sunlight level the 26 households 

had enjoyed before the construction. To analyze this, 
Hanshin Apartment #101 which suffered the worst 
damage in terms of sunshine environment was 
selected. 

The result of the analysis shows that 101 dong and 
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103 dong out of the newly constructed buildings did 
not infringe on Hanshin Apartment Complex’s right to 
enjoy sunshine. The result also suggests that every 
household’s right to enjoy sunshine would be 
preserved if floors 8 to 20 of SD Apartment’s 102 
dong were removed. 

5.2.2 Analysis of View Area 

Fig 10 shows the results of analyzing the view 
percentage by calculating the area of the opening area, 
the view percentage before and after construction and 
the overall infringement of the right to enjoy 
unobstructed views due to the construction (decline in 
the view percentage). 

The result of the analysis shows that the newly 
constructed buildings impinged on 45 of the 58 
households of Hanshin Apartment Complex which 
filed the lawsuit, and that the decreasing rate of 
unobstructed view for each household ranged from 
5.0% to 49.5%.  

The result of the analysis suggests that one of the 
new buildings (101 dong) did not block the views of 
Hanshin Apartment Complex. Fig 10 shows how 
much the views are blocked by the other two new 
buildings (102 dong and 103 dong). 

6. Validity Verification of Computer Simulation 
In order to verify the validity of the simulation 

results, I compared real photos showing the sun 
shadow of the apartment and simulation images of the 
sun shadow.  

I compared real photos taken at the center of the 
living room against the simulation images. The results 
of comparing shadows in the real photos and those of 
the simulation images show that the shape and 
location of the shadows in the real photos match those 
of the simulation image. 
 

 

 
(a) The rate of unobstructed views (b) The rate of unobstructed views and The rate of 

unobstructed view reduced due to the new apartment 
 

Fig 10. The decreasing rate of unobstructed view (Hanshin) following construction 
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S Apartment – Shadow (7 Nov. 13:20) Shadow Image – 3ds Max(7 Nov. 13:20) 

        

Fig 11. Sun Shadow (Real Photo, Simulation Image) 

 

     

(a) Photos taken from the living room (b) Simulation Image 
 

Fig 12. View Image (Real Photo, Simulation Image) 
 

 

Conclusion  
This study suggests a computer-simulation based 

sunshine duration and view assessment method. I 
hope this study will be used as base data for future 
sunshine and view assessment. The conclusions of this 
study are as follows: 

1) The Daylight function of Autodesk 3ds Max 
2011 shows high accuracy. It enables setting up the 
location by entering the latitude and longitude of the 
relevant region and it also calculates altitude and 
azimuth on an hourly basis. Sunshine duration 
assessments using 3D models created on AutoCAD 
can visualize sun shadow levels before or after the 
construction of buildings providing a better 
understanding of infringement on solar access by 
hour. 

2) While simulation images created by Autodesk 
3ds Max accurately display the shape of sun shadow 
on buildings, it is not easy to convert the results into 
numerical data. For this reason, a separate program 

calculating the area of sun shadow is required for 
accurate calculation of sun shadow. In order to 
calculate the area of sun shadow and view area 
displayed in the simulation image, the “VIEW” 
program was developed. Calculation of the area of sun 
shadow using the newly developed program reduced 
errors that could arise from manual calculation and 
shorten the time required for such calculation. The 
decrease in the view percentage of the affected 
apartments was calculated by comparing the view 
percentage before and after the construction of the 
apartments blocking the views. 

3) 32 households out of the 58 households of 
Hanshin Apartment Complex failed to fulfill the 
sunlight standard while 45 households suffered 
infringement of the right to unobstructed views. 

4) To check whether the shape and location of sun-
shadows matched, I compared photos of the buildings 
and simulation images. I also carried out the 
simulation based on the hours when the photos of the 
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buildings were taken. As a result, the shape and 
location of the shadows in the photos match those of 
the simulation images.  

5) The accuracy of the sunshine duration 
assessment using 3ds Max and VIEW program was 
verified in the case of assessing sunshine duration for 
this study. The results of the assessment show that the 
method enables accurate assessment of sunshine 
duration regardless of the shape of buildings. 
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Effect of seasonal leaf area index changes of green roof vegetation 
on building energy performance 

Hyeun Jun Moon, Seung-Won Han, Seung Ho Ryu, 
Min Seok Choi, Kyeong A An, Jeong Tai Kim 

 

This study conducts an evaluation of the energy performance of a building with a green roof 
according to the variances in monthly LAIs using building energy simulation program. The results 
obtained from simulations are compared to a case with a fixed value of LAI during the simulation 
period. As a result, relatively higher LAI values in cooling season could lead to lower surface 
temperatures on the roof and reduce cooling loads as well in the building. Also, relatively lower LAIs 
in heating season could lead to the increase of surface temperature on the roof and reduction of 
heating load in buildings. The consideration of seasonal changes in LAI showed lower heating and 
cooling load than the fixed LAI did. Thus, vegetation with proper LAI values which suit for climate, 
region, and growing season where the building located should be selected to achieve designed energy 
performance of buildings with green roofs. 

Ефект от сезонните промени на  индекса на площта с листя  на зелената покривна 
растителност  върху енергийните характеристики на зданието (Хуеан Жун Муун, Сеанг 
Вон Хан, Сеанг Хо Руа, Мин Сеок Чои, Куеонг А Ан, Жеонг Тай Ким). Това изследване 
продължава оценката на енергийните характеристики на здание с зелен покрив в 
съответствие с измененията на месечните индекси на заетата с листя площ. Резултатите, 
получени от симулацията са сравнени със случая на фиксирана стойност на този индекс в 
продължение на периода на симулиране. В резултат, относително голями стойности на 
индекса в сезона на охлаждане могат да доведат до по-ниска повърхностна температура на 
покрива и да намалят натоварването на охлаждане  в зданието. Също, относително по-
ниския индекс в отоплителния сезон може да доведе до увеличение на повърхностната 
температура на покрива и намаляване на отоплителния товар на зданието. Разглеждането 
на сезонните промени  на индекса показва по-ниски отоплителен и охлаждащ товар в 
сравнение с фиксирания индекс. Така растителността с подходящи индекси на заетата с 
листя площ които съответстват на климата, областта и сезона на растеж където 
зданието се намира следва да се подберат за достигане на желаемите енергийни 
характеристики на здание с зелен покрив. 

 

1. Introduction 

Building energy reduction with green roof  

Recently, the advantages of green roofs have been 
evaluated by both simulation programs and 
experiments. Mentens [1] has suggested that green 
roofs can be a useful tool to reduce urban rainfall 
runoff. The retention of rainwater on green roofs is 
lower in winter than in summer. The application of the 
derived annual relationship for the region of Brussels 
showed that extensive roof greening on just 10% of 
the buildings would already results in a runoff 
reduction of 2.7% for the region and of 54% for the 
individual buildings. Liu [2] has found that two green 

roofs with minimal vegetation reduced peak 
summertime roof membrane temperature of a 
gymnasium by more than 1.6°C and summertime heat 
flow through the roof by 70% to 90 % compared with 
a conventional roof on the same building in Toronto. 
Wong [3] has evaluated the effects of green roof on 
the energy consumption, cooling load and thermal 
transfer value of five buildings in Singapore 
depending on soil thickness and plant types using 
DOE-2 energy simulation program. The results 
showed that the installation of green roof on the 
buildings can result in a saving of 0.6-14.5% in the 
annual energy consumption, and shrubs and the 
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increase of soil thickness was found to be the most 
effective in reducing building energy consumption. 

Leaf Area Index (LAI) in green roof 

Sailor [4] has developed a green roof module in 
building energy simulation tool, EnergyPlus, for 
quantitative performance evaluations of buildings 
with green roof. Among the properties of green roof 
module, Leaf Area Index (LAI) is a key parameter that 
influences microclimate, radiation, and so on. 
Frankenstein [5] defined the LAI as the projected area 
on one side of leaf surfaces that occupy the 
horizontally projected area of the vegetation. LAI is 
also an indicator of plant growth. It affects the 
interception and absorption of light by the canopy and 
influences the heat balance and evaporation of 
moisture from the landscape. Hence, these LAI values 
affect the energy balance of the vegetation layer. Jaffal 
[6] calculated the energy demand indifferent LAI 
values in La Rochelle. Increasing the LAI reduced the 
cooling demand in summer because of the effects of 
shading and transpiration; however, the heating 
demand increased. 

Sailor [4] conducted a parametric study of the loss 
and gain of consumption of natural gas and electricity 
according to variations in LAI in Chicago and 
Houston. The highest LAI simulation resulted in 
increased gas consumptions in the winter and reduced 
electricity consumptions in the summer in both two 
cities. Increasing LAI led to the reduction of annual 
energy consumption in both cities. 

In most cases, a fixed LAI value has been used for 
the 12-month period to analyze energy performance in 
buildings with a green roof system. The LAI 
measurement has been typically carried out at the 
peak or middle of the growing season. However, LAI 
may vary on plant types and seasonal changes. These 
seasonal changed of LAI may affect to the energy 
performance of buildings with green roof. Thus, the 
aim of this study is to evaluate the impact of seasonal 
changes of LAI on energy performance in buildings 
with green roof. 

2. Case study  

Building modeling information 

In order to evaluate the effect of the seasonal 
changes of LAI on energy performance in buildings, a 
set of case studies was conducted using building 
energy simulation. A simple building model was 

created, which consisted of a two-story rectangular 
area with eight single windows, eight walls, and a 
green roof (Fig. 1). According to Korean standards of 
saving energy in buildings the thermal transmittance 
through walls, floors, windows, and the roof were 

0.247W/m2 K, 0.407W/m2 K, 2.001W/m2 K and 

0.180W/m2 K, respectively [7]. The building internal 
loads were referred to ASHRAE standard [8,9]. The 
total floor area of the selected building was 1250 m2. 
The activity type of the building was defined as office 
work, which resulted in a default occupancy density 
of 7.5 m2/person, a default light load of 12 W/m2 and 
a default electric equipment load of 16.1 W/m2. 

The standard TM2 meteorological file for Seoul, 
Korea was used for the exterior boundary condition. 
The set points for heating and cooling were 23°C. 

 

 

Fig 1. A Case study building model 

Green roof information 

The focus of this case study was on differences in 
the energy performance of buildings with green roofs 
according to changes in LAI. Thus, the design 
parameter values of green roofs, except LAI input, 
areas follows; leaf reflectivity of 0.2; leaf emissivity 
of 0.95; soil depth of 0.2 m; thermal conductivity of 

0.4W/m K; density of 500kg/m3, and specific heat 

capacity of 1000 J/kgK. 
Previous studies have used a fixed LAI value for a 

12-month period to analyze the energy performance in 
buildings with a green roof system. A review of the 
literature revealed that measurement of the LAI values 
of vegetation in these ranged from 1.8 to 5.22 [10-13]. 
LAI has been typically measured during the growing 
season at random, peak, and mean values. 

Although the plants are of the same type, LAI 
values can vary according to the measurement period, 
site, and instruments. In previous investigations, the 
obtained LAI values were temporary because they 
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were derived during a short measurement period. 
Previous studies did consider the annual growth 
patterns of vegetation on rooftop gardens. 

Llewellyn [14] has reported that regional climatic 
conditions determined the types of vegetation grown 
in that region, and regional environmental factors, 
such as temperature, water, and light affected plant 
growth and development. Therefore LAI values suited 
climate, region and growing season should be selected 
for more accurate evaluation of energy performance 
of buildings with green roofs with green roof. 

Korea is located at the eastern end of Asia and is in 
a temperate region with four distinct seasons. 
Temperate regions demonstrate drastic changes in the 
number of plants flowering in accordance with strong 
seasonal changes in temperate and precipitation [15, 
16]. An approximate temperature measurement of the 
heat energy available from solar radiation is an 
important factor in the biological activity of most 
plants and their growth between temperatures of 0 °C 
and 50 °C [17]. Plants in temperate regions are more 
likely to flower in the summer or between the spring 
and the summer [16]. The growing season of annually 
seeded plants corresponds approximately to the frost-
free period, which is the number of days between the 
last day with minimum temperatures below 0 °C in 
the spring and the first day with minimum 
temperatures below 0 °C in the fall [14]. 

 
 
 

Fig. 2 shows time-series changes on the green roof 
of the Constitutional Court in Korea from March to 
October [18]. Plants used on green roofs, 
Prunellavulgaris, Potentilladickinsii var. breviseta, 
Ajugareptans, and Phlox subulata have higher a 
covering ratio in summer in Korea [19]. Recently, 
measurements of annual LAI patternsof plants on 
green roofshave been taken because no study has 
considered the annual growth of vegetation. 

In this study, variations in green roof simulation 
included two runs, in which the LAI was set to fixed 
and monthly variations during one year. The literature 
review revealed that the growth pattern of most plants 
in regional climatic conditions could be determined 
approximately. Plants flowers in the spring and have 
peak LAI values in the summer. Plants with peak LAI 
slowly fall off, and not much vegetation grows in the 
winter. 

A fixed LAI of 2 was selected under the 
assumption that virtual plants live over a 12-months 
period. The monthly varying LAI takes into account 
the growing pattern of virtual plants that have peak 
LAI of 5 in summer. The LAI in January and 
February was 0.001, which is the minimum value in a 

range (0.001<LAI 5) of LAI values in the green 
module of EnergyPlus[20]. Fig. 3 shows the patterns 
of the fixed and monthly varying LAI applied to the 
case study. The fixed LAI value is larger during 
heating season than the monthly varying LAI is. In 
cooling season, the varying LAI value is larger than 
the fixed value is. 

 

March April May June 

    

July August September October 

 2    
Fig 2. Time-series changes on green roofs in Korea 
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Fig 3. LAI pattern applied to simulation 

3. Results 

Soil and roof surface temperatures 

The comparison of soil temperatures between the 
fixed and varying LAIs in January and August is 

shown in Fig. 4 and Fig. 5, respectively.The 
distribution with a smaller LAI was higher than the 
varying LAI in January (Fig. 4). The relatively smaller 
LAI in the heating season showed increased soil 
temperature caused by direct solar radiation. 

On the other hand, the distribution of soil 
temperatures with larger LAI was lower than with the 
fixed LAI in August (Fig. 5). The relatively larger LAI 
in the cooling season led to lower soil temperatures 
because of the shading effect of low solar radiation 
and transmittance, which was higher in the than fixed 
LAI.  

 

 

Fig 4. Soil temperatures in January 

 

Fig 5. Soil temperatures in August 
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Fig 6. Monthly mean temperatures of roof surfaces 

 

Fig 7. Monthly heating loads according to green roof design 

Fig. 6 shows the means of monthly roof surface 
temperatures without the green roof and with the 
green roof. Data during the heating season indicated 
significantly lower roof surface temperatures and 
higher surface temperatures with the green roof in the 
cooling season. As expected, the roof surface 
temperatures with monthly varying LAI were lower in 
the cooling season but higher than the fixed LAI in the 
heating season. 

Heating and cooling loads 

The heating and cooling loads of the top floor with 
fixed and monthly varying LAI are shown in Fig. 7 
and Figure 8. The results showed that the green roof 
caused the reduction of heating and cooling loads. 

The results of the suite of simulations for 
variations in green roof design are presented in Figure 
8, which shows annual changes in heating and cooling 

loads in the case without a green roof and each 
variation in the green roof design of the test cases. 

In contrast to with non-green roof, the monthly 
heating load with fixed LAI was reduced by 
approximately 1.0-6.4% and 1.6-8.2% with varying 
LAI in the building’s top floor. The monthly effect on 
the cooling load with fixed LAI in the same top floor 
ranged from a decrease of 0.7% to a decrease of 4.8%. 
With varying LAI, the decrease ranged from 2.1% to 
7.4%.  

The reduction in annual heating load in the fixed 
LAI case was approximately 3.4% in all buildings and 
5.4% in their top floors, in comparison with the non-
green roof. The reduction in cooling load was 
decreased by 1.7% for the whole building and 3.0% in 
its top floor. In the case of varying LAI, the annual 
heating    load   was   reduced  by  4.3%   in  the  same  
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Fig 8. Monthly heating loads according to green roof design 

building and by 6.8% in its top floor compared to the 
non-green roof. The reductions in cooling load were 
approximately 3.0% and 5.2% in the whole building 
and top floor, respectively. 

The results showed differences between fixed and 
varying LAIs in the loss and gain in the monthly and 
annual energy loads in the whole building and its top 
floor. In heating season, relatively lower LAI reduced 
the heating load but increased the cooling load. On the 
other hand, relatively higher LAI increased the 
heating load and decreased the cooling load. 

Conclusion  
Environmental factors, such as temperature, water, 

and light, affect the growth and development of plants. 
In this paper, a study of the effect of a green roof on 
the energy performance of buildings according to the 
changes in LAI is described. The effect of a green roof 
with variations in LAI on the energy performance of 
two-story models was analyzed. The temperatures of 
the soil and the roof surface were evaluated. The 
heating and cooling loads were also investigated. 
Passive heating and cooling effects of the green roof 
were observed during the heating and cooling seasons. 
Differences in energy loads and soil temperatures on 
the surface of the green roof were measured according 
to variations of the LAIs. Relatively higher LAIs in 
the cooling season reducethe temperatures of the soil 
and the roof surface, which is caused by the shading 
effect of low solar radiation and transmittance. Higher 
LAIs lead to decreases in cooling loads. However, 
lower LAIs in the heating season increase the 

temperature of soil and roof surfaces, which is cause 
by increases in direct solar radiation, reducing heating 
load. 

When seasonal changes in LAI are considered, 
heating and cooling loadsshowed grater reductions 
than the fixed LAI did. Therefore, more accurate 
evaluations of the energy performance of buildings 
with green roofscould be achieved when changes in 
LAI according to climate, region, and growing season 
were taken into account. 
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FUNCTIONAL MATERIALS AND APPLICATIONS 

 

Quality analysis for efficient electron beam welding process 

E. G. Koleva, G. M. Mladenov, D. N. Trushnikov, V. Ya. Belen’kiy 

 

Geometry characteristics of weld cross-sections at electron beam welding of high strength steel 
were studied applying model based statistical approach. Experiments were executed utilizing 
stationary (non-oscillating) beam as well as applying local deflection oscillations in longitudinal and 
transverse directions to the joint and work-piece movement velocity. The estimated models are 
illustrated with calculated dependencies of the studied geometry parameters on position of the beam 
focus and amplitudes of the used beam oscillation. The methodology and created models could be 
utilized for building expert system for operator support to choose and to optimize electron beam 
welding parameters at fulfilling concrete weld parameter requirements. The production of quality 
welding joints will result in saving energy, materials, personnel work as well as will improve the use 
of the expensive equipment. 

Качествен анализ за ефективен процес на електроннолъчево заваряване (Е. Г. Колева, 
Г. М. Младенов, Д. Н. Трушников, В. Я. Беленкий). Изследвани са геометричните 
характеристики на напречните сечения на заваръчните шевове при електроннолъчево 
заваряване на високоякостна стомана чрез прилагане на моделно базиран статистически 
подход. Проведени са експерименти при използване на стационарен (неосцилиращ) лъч както и 
с приложение на локални осцилации в надлъжно и напречно направление на заваръчното 
съединение и скоростта на движение на образеца. Оценените модели са илюстрирани с 
изчислени зависимости на изследваните геометрични параметри от положението на фокуса 
на лъча и амплитудите на използваните осцилации на електронния лъч. Методологията и 
оценените модели могат да се използват за създаване на експертни системи за помощ на 
оператора за избор и оптимизация на електроннолъчевите заваръчни параметри при 
изпълнение на конкретни изисквания за параметрите на заваръчния шев. Производството на 
качествени заваръчни съединения ще доведе до намаляване на разхода на енергия, материали, 
работа на персонала, както и ще подобри използването на скъпото оборудване. 

 

1. Introduction 
The complexity of the processes occurring at 

intensive electron beam interaction with the material 
in the welding pool and the vaporized treated material 
hinders the development of physical or heat models 
for enough accurate prediction of the geometry of the 
weld cross-section (particularly the weld width and 
depth), the dimensions of the heat affected zone 
(HAZ) and adequate electron beam welding process 
parameter selection. Concrete reason for the lack of 
adequate prognostication is the casual choice of the 
heat source intensity distribution, not taking into 
account the focus position toward the sample surface 

and the space and angle distribution of the electron 
beam power density (or at least the distance to the 
sample surface at constant beam formation 
conditions). Additional complexity comes from the 
various trajectories and oscillation parameters 
possible to apply. Our previous investigations [1] have 
shown that this approach directed toward given 
material, despite extending the application of solution 
of the heat transfer balance equations with the data of 
considerable number of experiments, results in 
prognostication of the weld depth and width only in 
order of magnitude. Such models are not suitable for 
the contemporary computer expert system, directed 
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toward the aid for welding installation operator at the 
process parameter choice. Even less acceptable this 
approach is for automation electron beam welding 
process control. 

In this study samples of high strength steel of 
38Cr2Ni2Mo type are welded. For exclusion of gap 
influence on the obtained results it was used blind 
welds (the weld depth were less than sample 
thickness). The beam deflection applied during the 
welding (in respect to the non-deflected beam 
position) are in longitudinal or in transverse directions 
to the direction of welding sample movement. The 
beam accelerating voltage is 60 kV, the beam current 
is 45 mA and 50 mA and the distance from the end of 
the electron gun to the welded sample is 100 mm. The 
welding is performed by equipment ELA 6/60 (with 
electron gun produced by Electrical welding institute 
“E. O. Paton” in Kiev). The images and some 
geometry parameters of the weld cross-sections were 
reported in [2]. 

The obtained experimental results are used in this 
paper for the estimation of models, describing the 
dependencies of the geometry characteristics of the 
high-strength steel welds and their defectiveness on 
the process parameters. Process optimization on the 
base of estimated models and the formulated quality 
characteristics is also considered. 

2. Experimental conditions 
During the fulfilled welding tests energy of 

electrons, beam current and welding velocity were 
constants and only beam focus position and 
parameters of the beam deflection oscillations were 
variable parameters. In Table 1 are shown the ranges 
of changes of these welding parameters. 

There the If is focusing lens current, Foscil is beam 
deflection oscillation frequency; Aoscil is the beam 
deflection oscillation amplitude. 

3. Experimental results, model estimation and 
discussions 

3.1. EB welding with a stationary non-deflected 
beam 

Electron beam welding of high strength steel with 
stationary beam were produced to be used as bench-
mark at studying the effects of the deflection 
oscillations of the beam on geometry characteristics of 
the welds. The experimental data are summarized on 
fig.1. 

The signs on fig. 1 are: H and B0,5H are respectively 
the weld depth and weld width, the former is 
measured on 1/2 of the wed depth; B SW and BSHAZ are 
surface widths of the weld only and of the weld 
together with the heat affected zone; B0,5H* is the weld 
width, calculated  as the ratio of the  weld area Sw and 
penetration depth H; Bt is the weld width, calculated 
as ratio of the sum from the areas of the weld and  of 
the HAZ  (Sw+SHAZ ) to the weld depth  H. From fig.1 
is shown, that so called “sharp focus” (namely the 
focusing position at which the weld depth is maximal) 
take place at focusing lens currents in the range 833-
836 mA. The changes of the beam focusing position 
of stationary beam to lower focused plane beam 
position or to over focused beam affect more strongly 
the cross-sections areas of the weld and HAZ. It is 
shown that weld cross section surface area is maximal 
at sharp focus position and the area SHAZ becomes 
there to a minimal value. 

Table 1.  
Experimental regions for the electron beam welding process parameters   

Parameter Dimension Coded Min. Max. 
Stationary non-deflected beam (6 experiments) 

If mA - 825 854 
Longitudinal linear oscillations (40 experiments) 

I f mA x1 820 850 
Foscil Hz x2 90 1400 
Aoscil mm x3 0.27 3.4 

Linear transverse oscillations (5 experiments) 
If mA x1 825 854 
Foscil Hz x2 10 000 
Aoscil mm x3 0.5 1.1 

Sinusoidal transverse oscillations (30 experiments) 
I f mA x1 820 848 
Foscil Hz x2 200 22500 
Aoscil mm x3 0.07 0.8 
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  a) b) 

Fig. 1. Experimental welding seam geometry parameters using beam in a steady position (not deflected 
beam) 

Table 2.    
Regression models for the geometry characteristics for stationary non-deflected beam 

Case Param. Regression equation R2 % R2
(adj)% 

 
H - 268462 + 954.2 If - 1.1304 If

2 + 0.0004463 If
 3 90.9% 77.1% 

B0.5H - 79377 + 281.1 If - 0.3317 If 
2 + 0.0001305 If

 3 74.7% 36.7% 
B0.5H * - 128736 + 457.9 If - 0.5428 If

 2 + 0.0002144 If
 3 90.9% 77.3% 

ВSW - 345379 + 1231.2 If - 1.4628 If
 2 + 0.0005793 If

 3 87.4% 68.5% 
ВS HAZ - 83315 + 293.8 If - 0.3452 If

 2 + 0.00013523 If
 3 98.6% 96.5% 

Stationary 
non-

deflected 
beam 

Bt 115401 – 414.78 If + 0.49693 If
 2 - 0.00019844 If

 3 99.8% 99.6% 
 

The estimated regression models are shown in 
Table 2.  At calculations stepwise method is applied. 
Methodology of applied statistical analysis of studied 
weld cross-sections is given in [3, 4]. The regression 
coefficients satisfied chosen level of significance 0,15. 
In the table are presented also the determination 
coefficients R2 and adjusted R2 – the square of the 
multiple correlation coefficients, which is measure of 
the model accuracy (the closer 100% the better the 
model is).  

Fig. 2 shows the dependencies of listed in Table 2 
geometry parameters of weld cross-section from 
focusing current for the case of steady position of 
welding electron beam and mentioned beam 
parameters (60 keV, 50 mA, 0,5 cm/s)and high 
strength chromium steel. 

The fig.2a, b, c and e (representing H, B0,5H , B0.5H *  
and ВS HAZ) have maximums at beam sharp focus 
position, coinciding better than  the experimental data. 
The fig. 2d and fig. 2f are with a wide maximum at 
over-focused beams, due to more wider and not very 
deep weld cross-section shape. 

 Let us determine characteristics for welding seam 
geometry quality: 

∆1 – the difference between BSW and B0.5H; it 
characterizes the changes of the weld shape connected 
with the increase of the weld head. If this difference 
grows bigger, the head of the weld also is bigger;  

∆2 – the difference between B0.5H and B0.5H*; it 
characterizes the difference of the weld shape 
compares with a triangular one. In the cases of big 
head the difference is negative and in the case of 
vertical weld walls this difference will be positive;  

∆3 – the ratio between the weld depth and the weld 
width. The bigger value of this characteristic 
corresponds to obtaining of deeper and narrower 
welds. Two cases are considered for the weld width:  
∆3a – for BSW and ∆3b – for B0.5H*; 

∆4 – the ratio between SW and SHAZ. This 
characteristic can be used for minimization of the heat 
affected zone cross-section area compared to the 
molten zone. 

In the Table 3 are estimated these characteristics 
for various weld cross-sections at changing the 
focusing lens current. 
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a) b) 

  
c) d) 

  
e) f) 

Fig. 2. Geometry characteristics as a function of the focusing beam current If  for stationary non-deflected beam: 
line – estimated, (•) – experimental: a) H; b) B0.5H; c) B0.5H *; d) ВSW; e) ВS HAZ; f) Bt 

Table 3.  
Welding seam geometry quality characteristics in the case of a steady not deflected beam 

Focus [mA] ∆1 [mm] ∆2 [mm] ∆3a (with BSW) ∆3b (with B0.5H*) ∆4 
825 2.26 0.13 3.59882 12.2000 0.53947 
833 3.29 -0.21 2.94872 8.6250 1.22161 
835 3.11 0.19 2.76342 8.0347 1.45378 
840 3.23 0.08 2.54438 7.3295 1.35480 
847 2.82 -0.05 3.23980 11.0435 0.67499 
854 3.66 -0.22 2.56522 10.1724 0.77557 
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Fig. 3. Welding seam geometry quality characteristics in 
the case of a steady not deflected beam – experimental 

Fig. 3 shows the dependences of the electron beam 
seam geometry quality characteristics in the case of a 
not deflecting (without deflection oscillations) beam.  

 

The variations of ∆3b are results of changes of the 
weld shape at the variation of the focus position 
during welding. 

At statistical analysis of these seam geometry 
characteristics of weld cross-sections, obtained by 
welding with non-deflecting beam were estimated the 
regression models and determination coefficients, 
estimating the model accuracy. 

 
 

Table 4.    
Regression models for the quality characteristics for stationary non-deflected beam 

Case Param. Regression equation R2 % R2
(adj)% 

∆1 - 266002 + 950.1 If - 1.1310 If
 2 + 0.0004488 If

 3 95.4% 88.5% 
∆2 49359 – 176.8 If + 0.2111 If

 2 - 0.0000840 If
 3 44.8% 0.0% 

∆3a 194143 – 692.7 If + 0.8238 If
 2 - 0.0003265 If

 3 79.1% 47.7% 
∆3b 796886 - 2836 If + 3.365 If

 2 - 0.0013306 If
 3 85.5% 63.7% 

Stationary 
non-

deflected 
beam 

∆4 - 176238 + 627.5 If - 0.7447 If
 2 + 0.0002945 If

 3 91.1% 77.7% 
 

  
a) ∆1  b) ∆3a  

  
c) ∆3b  d) ∆4  

Fig. 4. Quality parameters of the weld geometry as a function of the focusing beam current If for stationary 
non-deflected beam: line – estimated, (•) – experimental 
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Table 5.    
Regression models for the geometry characteristics for longitudinal linear deflection oscillations of the beam 

Case Param. Regression equation R2 % R2
(adj)% 

H 10.3 + 1.67 x1 + 1.16 x3 + 1.63 x1x2 - 1.05 x1
2 + 3.79 x1x2

2 - 
3.47 x2

2x3 - 1.07 x2
3 - 2.95 x3

3 
88.2% 84.8% 

B0.5H 1.89 - 0.916 x1 + 0.312 x2 + 0.458 x2x3 + 0.264 x1
2x2 + 0.359 

x1x2
2 + 0.551 x1

3 - 0.283 x2
3 + 0.160 x3

3 
71.8% 64.0% 

B0.5H * 1.74 - 0.595 x1 + 0.508 x2 - 0.226 x1x3 + 0.519 x3
2 - 0.522 

x1
2x3 - 0.425 x2x3

2 + 0.645 x1
3 - 0.430 x2

3 + 0.833 x3
3 

73.1% 64.5% 

ВSW 3.83 - 0.879 x1 + 0.501 x2 - 2.00 x1x3 + 1.91 x1
2 + 0.978 x3

2 + 
1.36 x1

2x3 + 0.591 x1x2
2 - 1.40 x1x3

2 - 0.909 x2x3
2 + 0.632 x1

3 
83.5% 77.6% 

ВS HAZ 5.70 - 0.924 x2 - 1.14 x1x3 + 2.41 x1
2 + 0.859 x2

2 + 0.954 x3
2 + 

0.627 x1
2x2 - 1.07 x1x2

2 + 1.02 x1x3
2 + 1.16 x2

2x3 + 1.48 x2
3 

78.8% 70.6% 

Linear 
longitudinal 
oscillations 

Bt 3.46 - 0.569 x1 - 0.400 x2x3 - 1.80 x1
2x3 + 1.17 x1

3 + 1.02 x3
3 51.0% 43.4% 

 
On fig. 4 are presented statistical dependencies of 

the welding seam geometry quality characteristics in 
the case of a steady not deflected beam. It can be seen 
on fig. 4a and fig. 4d maximums and   minimums of 
∆1 and ∆4, at low focused beam and at over focused 
beam respectively. This demonstrates change of weld 
head and ratio between SW and SHAZ. The changes of 
the behavior of ∆3a and  ∆3b (see fig. 4c and fig. 4d)  

from low-focused to  over-focused beam are result of 
considerable variations of the weld cross-section 
shape aspect ratio, becoming more wide and shallow 
at low-focused beam to a more deep and narrow 
shape. 

3.2. EBW utilizing longitudinal linear deflection 
oscillations 

To understand changes in thermal processes in 
key-hole in the welding pool in our experiments were 
used most simple trajectories of local deflection 
oscillations of the electron beam-across and along the 
joint. In the table 5 are shown the models, obtained in 
the case of application of longitudinal linear 
deflection oscillation of the electron beam. There are 
included also the determination correlation 
coefficients, estimated the model’s accuracy. Fig.6 
shows some contour plots of the listed in Table 5 
parameters on focusing lens current (namely position 
of the beam focus) and on amplitude of deflection 
oscillation used. 

From Fig. 5a one can see a optimal region of 
deflection oscillation amplitudes from about 1,8 mm 
to 2,8 mm for the case of over-focused beam. This 
could be explained with the effect on key-hole walls 
of over-focused beams. Probably at these conditions 
the keyhole become longer and beam penetration 
depth increases. In the case of low-focused beam the 
amplitudes of deflection oscillations have not 
importance for the weld depth, which is lower, than in 

the case of sharp focus condition in the case of lack of 
deflection oscillation and less than the case of over 
focused beam. From fig. 5b is shown, that the width, 
measured at ½ from weld depth become thinner at 
increase of focus position. At low-focused beam the 
weld width in central part of the weld cross section is 
bigger, at the sharp focusing steady beam is 
intermediate and narrower weld can be obtained at 
lower amplitudes of oscillations and over-focused 
beam. Fig. 5c displays similar dependencies as fig. 5b, 
only for surface weld width the decrease of the weld 
width, measured at ½ of weld depth is not seen. Fig. 
5d shows that head of weld (namely the wide top part 
of the cross-section) is increased at the cases of low 
focused beams and higher amplitudes of the deflection 
oscillations, as well as over focused beam and small 
amplitudes of the deflection oscillations. 
Similar are the dependencies, presented on contour 
plot fig.5.e. In the case of sharp focused beam and at 
deflection oscillation amplitudes between 0,8 mm and 
2,7 mm the HAZ is lowered, due to less quantity of 
key-hole collapses, probably (Fig.5e). From fig. 5f a 
practical lack of affects of total cross section of the 
weld and HAZ from amplitude of applied deflection 
oscillation is demonstrated. There the case of small 
amplitudes of oscillations (near to non-oscillating 
beam) and focusing lens currents, near to sharp 
focused beam can be seen. 

            In Table 6 are shown the estimated 
regression models and determination correlation 
coefficients for weld quality characteristics at electron 
beam welding with longitudinal deflection 
oscillations, executed by linear law of increase and 
decrease of the current in the deflection coils. 
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a) H(If,Aoscil) b) B0.5H(I f,Aoscil) 

  
c) B0.5H *(I f,Aoscil) d) ВSW(I f,Aoscil) 

  
e) ВS HAZ(I f,Aoscil) f) Bt(I f,Aoscil) 

Fig. 5. Contour plots of weld geometry characteristics, Foscil=745 Hz and linear longitudinal oscillations of the 
beam 

 
 



“Е+Е”, 5-6/2013 197 

Table 6.    
Regression models for the weld quality characteristics for longitudinal linear deflection oscillations of the beam 

Case Param. Regression equation R2 % R2
(adj)% 

∆1 1.91 + 0.446 x2 - 1.55 x1x3 - 0.779 x2x3 + 1.75 x1
2 + 0.779 

x3
2 + 0.693 x1

2x3 - 1.76 x2x3
2 

78.2% 73.2% 

∆2 0.144 - 0.194 x1 - 0.306 x2 - 0.207 x1x2 + 0.425 x1x3 + 
0.509 x2x3 - 0.512 x3

2 + 0.358 x1
2x2 + 0.621 x1

2x3 + 0.825 
x2x3

2 - 0.742 x3
3 

72.1% 61.8% 

∆3a 2.79 + 1.54 x1 - 0.647 x2 - 0.963 x1
2 - 0.444 x3

2 - 0.854 
x1x3

2 + 0.727 x2x3
2 - 1.16 x1

3 - 0.476 x3
3 

70.7% 62.9% 

∆3b 5.70 + 3.05 x1 - 1.15 x2 + 3.59 x1
2x3 - 1.75 x2

2x3 + 1.93 
x2x3

2 - 2.20 x1
3 - 2.97 x3

3 
79.8% 75.0% 

Linear 
longitudinal 
oscillations 

∆4 1.17 - 0.0683 x1 + 0.575 x2 - 0.213 x3 - 0.193 x1x2 + 0.575 
x1

2x2 - 0.446 x2
2x3 - 0.624 x2x3

2 - 0.625 x2
3 + 0.591 x3

3 
40.4% 21.9% 

 

  

a) ∆1(I f,Aoscil) b) ∆2(I f,Aoscil) 

  

c) ∆3a(I f,Aoscil) d) ∆3b(I f,Aoscil) 

Fig. 6. Contour plots of the weld geometry quality parameters, Foscil=745 Hz and linear longitudinal 
oscillations 
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Fig. 6 shows the seam quality characteristics 

dependencies on focusing position and amplitude of 
deflection oscillation.  

From fig. 6a can be shown a lack of weld head for 
deflection oscillation amplitudes of order of 1 mm to 
2,5 mm  and sharp focus of the beam. Minimum of the 
widener weld cross-section (weld head) take place for 
low focused beams and small amplitudes of deflection 
oscillations, as well as for over-focused beam and big 
oscillations amplitudes. From fig. 6c is seen that 
maximum aspect ratio of the welds (calculated 
utilizing BSW) is observed at over-focused beams and 
amplitudes of local beam oscillations in the range 1 
mm-2,5 mm. In the same time, at using B0,5H for 
estimation the aspect ratio of the weld at amplitudes 
of beam oscillations of order of 1 mm – 1,6 mm  there 
are a small increase of the aspect ratio from 5 to 6 at 
going through all beam focus positions from low-
focused beam to over focused beam. At bigger 
amplitudes of oscillations the welds made with over-
focused beam shows a higher aspect ratio, evaluated 
with B0,5H. 

3.3.   Transverse oscillations of the beam across 
the weld sample movement  

EBW utilizing linear oscillations across the joint 

In the table 7 are presented the estimated 
regression models and determination correlation 
coefficients for welding of high strength steel samples 
with transverse deflection oscillations with linear law 
changes of deflection coils currents. In this case (see 
fig. 7a) the maximum of the weld depth is shifted to 
If=840 mA (instead for focusing coil currents If from 
833 mA-836 mA. From fig.7.b and fig.7.c one can see 
that maximum weld width (measured at the half depth 
of the penetration) is at the low-focused beam as well 
as the minimum of this value is at focusing position of 
the beam over sample surface. Similar is the behavior 
of the width of HAZ (see fig. 7e). Not clear is the 
dependence of total width of the weld and HAZ. 

The statistical models and the determination 
coefficients, estimated for this case of electron beam 
welding are given in Table 8. 

 

Table 7.    
Regression models for the geometry characteristics for longitudinal linear deflection oscillations of the beam 

Case Param. Regression equation R2 % R2
(adj)% 

H 359850 – 1301.5 If + 1.5688 If
2 - 0.0006303 If

3 99.8% 99.4% 
B0.5H - 149561 + 534.19 If - 0.63592 If

2 + 0.00025231 If
3 99.7% 98.6% 

B0.5H * - 142786 + 511.34 If - 0.61035 If
2 + 0.00024282 If

3 99.3% 97.2% 
Bt  4597 - 10.928 If + 0.006498 If

2 56.7% 13.4% 
ВSW  - 252646 + 902.1 If - 1.074 If

2 + 0.000426 If
3 98.0% 92.1% 

Linear 
transverse 
oscillations 

ВS HAZ - 308608 + 1103 If - 1.31 If
2 + 0.000522 If

3 52.7% 0.0% 

 
Table 8.  

Regression models for the quality characteristics for linear transverse deflection oscillations of the beam 

Case Param. Regression equation R2 % R2
(adj)% 

∆1 - 75.176 + 0.09363 If 96.7% 95.6% 

∆2 - 1167.8 + 2.8108 If - 0.0016909 If
2 99.0% 97.9% 

∆3a 166224 – 595.8 If + 0.7118 If
2 - 0.0002835 If

3 97.7% 90.7% 

∆3b 624402 – 2242.4 If + 2.6842 If
2 - 0.0010709 If

3 98.9% 95.6% 

Linear 
transverse 
oscillations 

∆4 - 50901 + 181.4 If - 0.2154 If
2 + 0.0000853 If

3 80.4% 21.5% 
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a) b) 

  

c) d) 

  

e) f) 

Fig. 7. Geometry characteristics as a function of the focusing beam current If  for linear transverse beam oscillations: line 
– estimated, (•) – experimental: a) H; b) B0.5H; c) B0.5H *; d) ВSW; e) ВS HAZ; f) Bt 
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a) ∆1  b) ∆2  

  

c) ∆3a  d) ∆3b  

Fig. 8. Quality parameters of the weld geometry as a function of the focusing beam current If for linear 
transverse deflection oscillations of the beam: line – estimated, (•) – experimental 

Fig.8 shows dependencies of the seam quality 
parameters of the weld geometry on focusing lens 
current for EBW with linear oscillations across the 
joint. In this case the weld head is increased with 
increase of focusing lens current. The aspect ratio, 
evaluated with weld width on the sample surface BSW 
is decreased at very over-focused beams, when the 
weld becomes shallow and wider (see fig. 8c). In the 
case of aspect ratio of the welds, evaluated with weld 
width measured at half of penetration depth (fig. 8d) a 
clearer maximum in the range of over-focused beams 
could be distinguished. The decrease of this aspect 
ratio at low-focused beams is due to decrease of weld 
depth there. 

B) EBW utilizing sinusoidal transverse beam 
oscillations 

        To check the role of law of changes of the 
deflection coils current a last series of test welding 
experiments utilizing deflection oscillations with 
sinusoidal waveform of the alternating deflection coils 

current were executed. The regression equations and 
correlation coefficients R2 are summarized in Table 8. 
Fig. 9 presents contour plots of listed in the Table 8 
regression models, calculated for deflection oscillation 
frequency of 11350 Hz. The variables in these contour 
plots are focusing coil current and oscillation 
amplitude. Fig. 9a demonstrate a more wide (in 
comparison with the stationary beam)  range of sharp 
focused bean, which is shifting with decrease of 
deflection oscillation amplitudes in direction of higher 
focusing lens currents. The weld widths, measured at 
one half of the penetration depth, have more weak 
dependence on deflection oscillations amplitude at 
higher values of these amplitudes and vice-versa – 
more strong minimum at region of beginning of over-
focusing of the beam. Fig. 9c demonstrates lack of 
dependence on oscillation amplitude of the weld 
width, evaluated on one half of the penetration depth 
by the areas of the weld cross-sections. 
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a) b) 

  
c) d) 

  
e) f) 

Fig. 9. Contour plots of the weld geometry parameters, Foscil = 11 350 Hz and sinusoidal transverse oscillations: a) H; b) 
B0.5H; c) B0.5H *; d) ВSW; e) ВS HAZ; f) Bt 
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Table 8.    
Regression models for the geometry characteristics for sinusoidal transverse deflection oscillations of the beam 

Case Param. Regression equation R2 % R2
(adj)% 

H 13.6 - 1.11 x2 - 1.19 x1x2 - 2.26 x1x3 - 2.21 x2x3 - 3.21 x1
2 - 1.22 

x2
2 - 1.98 x3

2 - 2.57 x1x2x3 - 2.42 x2
2x3 

86.4% 79.5% 

B0.5H 1.68 - 0.273 x1 - 0.456 x1x2 + 0.339 x1x3 + 0.300 x2
2 + 0.455 

x2
2x3 + 0.186 x2

3 
65.5% 55.6% 

B0.5H * 1.37 + 0.460 x2 - 0.226 x1x2 + 0.396 x2x3 + 0.442 x1
2 + 0.517 

x2
2 + 0.751 x2

2x3 - 0.482 x2x3
2 

71.0% 60.9% 

Bt  2.97 + 0.396 x1x3 + 0.637 x1
2 + 0.555 x1x2x3 + 2.18 x1

2x3 65.8% 59.8% 
ВSW  3.91 + 1.32 x2 + 0.324 x2x3 + 0.931 x1

2 + 0.692 x2
2 + 0.882 x1

2x
2 + 1.95 x1

2x3 + 0.592 x1x3
2 - 1.36 x2x3

2 + 0.446 x1
3 - 0.851 x2

3 
83.3% 72.8% 

Sinusoidal 
transverse 
oscillations 

ВS HAZ 6.26 + 0.928 x2 - 1.49 x3 + 0.951 x1
2 + 0.768 x1

2x2 + 2.99 x1
2x3 

- 0.805 x2x3
2 - 1.31 x2

3 + 1.89 x3
3 

58.5% 41.0% 

 
Table 9.    

Regression models for the quality characteristics for sinusoidal transverse deflection oscillations of the beam 

Case Param. Regression equation R2 % R2
(adj)% 

∆1 2.05 + 0.621 x1 + 2.15 x2 - 3.64 x3 + 0.928 x1
2 + 0.490 x2

2 + 1.
08 x1

2x2 + 4.61 x1
2x3 - 1.56 x2x3

2 - 2.26 x2
3 + 4.00 x3

3 
82.6% 
 

72.4% 

∆2 0.394 - 0.213 x1 - 0.709 x2 + 1.90 x3 - 0.246 x1x2 + 0.426 x1x3 - 
0.531 x1

2 - 0.311 x2
2 - 0.433 x1

2x2 - 2.33 x1
2x3 + 0.432 x2x3

2     
+ 0.876 x2

3 - 2.07 x3
3 

83.6% 70.4% 

∆3a 3.33 - 0.623 x2 - 1.04 x1
2 - 0.370 x2

2 - 0.412 x3
2 + 0.855 x2x3

2 - 
0.464 x3

3 
81.6% 76.3% 

∆3b 10.5 - 1.76 x2 - 2.29 x2x3 - 4.34 x1
2 - 2.96 x2

2 - 2.32 x3
2 - 4.12 

x2
2x3 

68.2% 59.1% 

Sinusoïdal 
transverse 
oscillations 

∆4 1.13 + 0.317 x1 + 2.01 x3 + 0.407 x2x3 + 0.656 x2
2 - 0.592 

x1x2x3 + 0.300 x1
2x2 - 2.01 x1

2x3 - 0.606 x1x3
2 + 0.444 x2

3 - 
2.04 x3

3 

76.3% 61.5% 

 
Fig.9c could be used for minimization of HAZ by 

choice of focusing lens current and the amplitudes of 
beam oscillations. The minimum of HAZ in the range 
of sharp focus and oscillation amplitudes of order of 
0,6 mm – 0,7 mm can be explained by more stable 
key-hole at these conditions (lack of collapses of the 
crater in the melting pool). The total width of the weld 
is minimal at small oscillation amplitudes and sharp 
focus (see fig. 9f). 

In the next table (Table 9) are estimated the seam 
quality parameters for EBW utilizing sinusoidal 
oscillations of the beam across the joint. There are 
estimated the values of determination coefficients, 
measuring the model accuracy. 

 
On fig. 10 are presented contour plots of seam 

quality characteristics for tests of EBW with 
sinusoidal transverse oscillations. On fig. 10a is 
shown contour plot of ∆1(If, Aoscil) and an unusual 
dependence of shape of the weld at small and higher 
amplitudes of the deflection oscillations could be seen 
in the case of sharp focus. Similar dependence is 
shown also in fig. 10b. In that case of sinusoidal 

transverse oscillations on fig. 10c a maximal weld 
aspect ratio is demonstrated at sharp focus, except for 
biggest amplitudes of the oscillations. Fig. 10d can be 
used for minimization of the HAZ. Maximum at sharp 
focus and oscillation amplitudes 0,3 mm – 0,6 mm  is 
also connected with more stable keyhole. 

Conclusion  
The management of quality of electron beam 

welding directed to optimization of process 
parameters is important way to improve use of 
expensive equipment and to do economy of materials 
and energy. The reported statistical model 
methodology is able to create relations that are 
difficult to be drawn by weld image observation. The 
models are able to be utilized in computer expert 
system that could be built for operator advice at 
choice of welding regimes to meet customer’s 
requirements and technical standards. These systems 
are also applicable at education and training of the 
personal and at prognostication and optimization of 
technology. 
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a) ∆1(I f, Aoscil) b) ∆2(I f, Aoscil) 

  

c) ∆3a(I f, Aoscil) d) ∆4(I f, Aoscil) 

Fig. 10. Contour plots of the weld geometry quality parameters, Foscil=11 350  Hz and sinusoidal longitudinal 
oscillations 

 
To improve the creating models is possible to 

perform more experiments. Another way to reach 
more accurate models is to look for extending tests 
with parameters, not taking into account at previous 
experimental series, as example welding velocity, 
distance gun-sample surface etc. 

Acknowledgements 
Authors would like to express gratitude’s for the 

financial support from the Russian Foundation for 
Basic Research No 11-08-96016 and from Perm 
district government as well as from Ministry of the  
Education of the Russian  Federation. 

REFERENCES 
[1] E. Koleva, G. Mladenov, K. Vutova, Calculation 

of weld parameters and  thermal efficiency in electron beam 
welding, Vacuum, vol.53, 1999, pp.67-70 

[2] D. N. Trushnikov, E. G. Koleэa, V. Ya. Belenkiy, 
G. M. Mladenov Experimental investigations of the weld 
cross section at electron beam welding of high-strength 
steel, Electronics and Electrical Engineering 5-6, Sofia, 
Publ. CEEC, 2012, 5-6, pp. 108-114                         

[3] E.Koleva, Statistical modeling and computer 
programs for optimization of the EBW of stainless 
steel,Vacuum, vol.62, 2001, pp.151-157 

[4] E. Koleva, G. Mladenov, Chapter 2: Process 
Parameter Optimization and Quality Improvement at 
Electron Beam Welding, Welding: Processes, Quality, and 



“Е+Е”, 5-6/2013 204 

applications, Ed. Richard J. Klein, Nova Sci. Publishers, 
Series Mechanical Engineering-Theory and Applications, 
New York, 2010, pp.101-166. 

 

Assoc Prof. Dr. Eng. Elena Koleva - Institute of 
Electronics – Bulgarian Academy of Sciences, Bulgaria,  

Technological Center on Electron Beam and Plasma 
Technologies and Techniques, Bulgaria, 

University of Chemical Technology and Metallurgy – 
Sofia, Bulgaria 

Tel. : +359 895537899 е-mail: eligeorg@abv.bg 

Corr. Memb. of BAS, Prof. Georgi Mladenov - 
Institute of Electronics – Bulgarian Academy of Sciences, 
Bulgaria 

Technological Center on Electron Beam and Plasma 
Technologies and Techniques, Bulgaria 

е-mail: gmmladenov@abv.bg 

PhD. Dmitriy N. Trushnikov - Department of Applied 
physics, State National Research Polytechnic University of 
Perm, Perm, Russian Federation;  

tel.: +79194785031, e-mail: trdimitr@yandex.ru 

Prof. Dsc. Vladimir Ya. Belenkiy - State National 
Research Polytechnic University of Perm,  Department of  
Welding production and technology of construction 
materials,  Perm, Russia;  

tel.: +7(342)2403796, e-mail: zuac@perm.ru  

 

 
 



“Е+Е”, 5-6/2013 205 

Functional Materials at Nanoscale: Electronics, Energy and 
Healthcare Applications 

Dinesh Amalnerkar  

 

Starting from the last decade of 20th century, the nanotechnology boom has resulted in discovery 
of many variants of nanoparticles/nanoaggregates. Some of them are nanopowders, nanotubes, 
nanowires, nanoclusters, nanosheets, nanorods, nanodots, nanoalloys, nanobelts, sea-urchin 
structures, nanoflowers, nanoplates, and nanoneedles, which have lots of smart applications, 
particularly in magnetic materials, nanocomposites, nanodevices, chemical sensors, degradation of 
toxic chemicals, or even as possible carriers of isotopes for medical applications. Nano-scale 
packaging would be the advanced and green process of interconnecting, powering, cooling, and 
protecting the nanocomponents made of nanomaterials to form electronic and bioelectronic systems 
for greatly improved functionality at reduced energy consumption and cost. Nanoscale functional 
materials play a vital role in the development of green technologies as they form essential building 
blocks of 3D Nanoscale Systems. C-MET has stepped forward to contribute in the development of 
plain and hierarchical nanoscale structures for fabrication of active and passive components which 
are crucial for the development of such nanoscale packages. A review of C-MET’s initiatives in this 
endeavour vis-a-vis materials development to the fabrication of final device is furnished in this 
presentation. The allied activities pertaining to functional nanomaterials based energy and healthcare 
technologies at C-MET will be briefly touched upon during the presentation.  

Нано-функционални материали-приложения в електрониката, енерго-оборудването и 
медицинската техника (Д.Амалнеркар). Започвайки от последната декада на 20 век, 
развитието на нанотехнологичните технологии доведоха дооткритието на много варианти 
на наночастици и наноагрегати. Някои от тях са нанопрахове, нано-тръбички, нано-жички, 
нано-кластери, нано-листове, нано-пръчки, нано-точки, наносплави, нано-лентички, 
структури наподобаващи морски таралеж, нано-цветя, нано-пластинки, които имат 
множество интелигентни приложения, като магнитни материали, в нанокомпозитите, нано-
устройствата, химичните сензори, деградацията на отровни химикали, или като носители на 
изотопи за медицински приложения. Нано-размерно пакетиране може да бъде нов и зелен 
процес за междусъединения, захранване, охлаждане и защита на нанокомпонентите, 
направени от наноматериали при формиране на електронни и биоелектронни системи със 
значително подобрена функционалност и намалени енергопотребление и цена. 
Наноразмерните функционални материали играят жизнена роля в развитието на зелените 
технологии като формират  важните строителни блокове на 3Д наноразмерни системи. 
Нашето предприятие C-MET се движи напред да допринесе в развитието на план и 
йерархични наноразмерни нано-структури за производство на активни и пасивни компоненти 
които са критични при внедряването на такива наноразмерни пакети. Преглед на нашите 
инициативи в старанието ни да развием производство на тези материали и устройства e 
направен в това представяне. Свързаните активности, принадлежащи към функционалните 
наноматериали за енергийни и здравни технологии в C-MET ще бъдат кратко споменати в 
презентацията. 
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Preparation of high purity Cd & Te salts for CdS/CdTe thin film 
solar cells 

N. R. Munirathnam 

 

To enhance the stability and lifetime of CdTe/CdS solar cells, intrinsic material properties as 
well as external influences need to be addressed. A deep understanding of the relationship between 
electrically active impurities and device performance is of great importance for achieving solar cell 
efficiencies higher than those demonstrated so far. The investigation of the effect of impurities 
originating from the source materials has received very little interest despite its potentially crucial 
impact on the performance of polycrystalline CdTe thin film solar cells. It was reported [1, 2] that 
identical solar cells made from 5N (99.999%) to 7N (99.99999%) pure Cd and Te source materials 
have resulted in the solar cells with different efficiencies.  We hereby investigate and report the 
preparation and characterization methodologies of high pure (5N to 7N) Cd and Te materials and 
their respective salts required for the fabrication of CdS/CdTe thin film solar cells using 
electrochemical deposition technique. The 5N and 7N pure Cd and Te were prepared by indigenous 
Automated Zone Refiner [3]. The Cadmium and Tellurium compounds were prepared by conventional 
procedures which will be presented in detail. The purity of the as prepared high pure materials and 
there salts was assessed using Inductively Coupled Plasma Mass Spectrometry (ICP-MS). The aim of 
this research work is to develop the process technology for the preparation and characterization of 
high pure starting materials to produce solar cells through the electrochemical deposition technique, 
which are used later to fabricate solar panels to produce environmental friendly non- conventional 
energy. 

Получаване на високо-чисти Cd-Te соли за CdS/CdTe тънкослойни слънчеви батерии 
(Н. Р. Маниратхнам). За  нарастване стабилността и времето на живот на CdTe/CdS слънчеви 
клетки, вътрешните материални свойства както и външните влияния трябва да са целенасочени. 
Дълбокото разбиране на съотношението между електрически активните примеси и 
характеристиките на устройството е от голяма важност за достигане ефективност на слънчевите 
клетки по висока от достижимата сега. Изследване ефекта от замърсяващите примеси, 
произхождащи от изходния материал е изследвано малко, въпреки потенциално-критичното влияние 
върху характеристиките на поликристалните CdTe тънкослойни слънчеви клетки. Беше докладвано [1, 
2], чеидентични слънчеви клетки напревени от 5N (99.999%) до 7N (99.99999%) чисти Cd и Te изходни 
продукти резултират в слънчеви клетки с различна ефективност. Затова в тази работа изследваме и 
докладваме методологията за високо-чисти (5N до 7N) Cd и Te материали и техните съответни соли 
необходими за производство на CdS/CdTe тънкослойни слънчеви елементи използвайки електрохимично 
отлагане. Чистите 5N и 7N Cd и Te бяха получавани с нашата оригинална автоматизирана уредба за 
зонно рафиниране [3]. Cd и Te съединения бяха получени чрез конвеционална процедура, която ще се 
опише в детайли. Чистотата на така получения материал с висока изходна чистота бе оценена с 
Индуктивно свързан плазмен мас-спектрометър (ICP-MS). Целта на това изследване да развие 
технологията за получаване и характеризиране на високо-чист изходен материал за получаване на 
слънчеви клетки чрез електрохимическо отлагане, за производство на слънчеви панели, генериращи 
зелена възстановима енергия.  
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Transition metal oxide coatings –functional layers in 
electrochromic and thermochromic  “Smart Windows” 

Kostadinka Gesheva, Tatyana Ivanova, Georgi Bodurov,  
Mi roslav Abrashev 

 

An electrochromic device “Smart window” is an optical system, consisting of two conductive 
glasses, over one of which the functional layer of the electrochromic (EC) thin film material, is 
deposited. The second conductive glass could be either bare, or an “ion storage” film could be 
deposited over – the counter electrode. In the present work, the counter electrod is bare conductive 
glass. The two glasses are laminated by a polymeric electrolyte, in which small alkali ions are 
inserted. Transferring of electrical charge into and out the film structure is in the base of the observed 
coloring and bleaching effect. In this work, we present preparation and investigation of mixed 
transition metal oxide films based on previously studies of the single oxides as WO3, MoO3, CrOx, 
mixed films on their basis. The encouraging results for the mixed transition metal oxides combining 
the advantages of the single oxides, were the motivation to try to use cheaper precursors instead of 
expensive hexacarbonyls. Thus we present here the recent results from the first experiments on single 
VO2 and mixed W-V-O films, utilizing besides hexacarbonyls, the cheaper precursor of Vanadyl 
acetylacetonate.   Films are all deposited on conductive glass substrates by atmospheric pressure 
chemical vapor deposition, APCVD method. Films structural properties are studied by Raman and 
FTIR spectroscopy, the surface morphology is observed by atomic force microscopy, AFM. Films and 
device transmittance and reflectance characterization is performed. 

Thermochromic materials change color at a characteristic transition temperature offering 
potential for technological applications. However, for their widespread implementation on the market, 
further improvement is required in efficiency, stability, reduction of cost and functionality. Chemical 
vapor deposition is an attractive method for their growth since no vacuum is required and the 
variation of parameters such as temperature, precursors and flow rates, permits a high degree of 
control over both morphology and crystallinity. 

In the present paper related to thermochromic coatings, vanadium oxide coatings were deposited 
on glass substrates by atmospheric pressure chemical vapor deposition. They were characterized by 
IR spectroscopy, Raman spectroscopy, utilizing microscopic observation, and AFM. The effect of 
substrate temperature and the other CVD technological parameters are discussed. 

Покрития от оксиди на преходните метали като функционални слоеве от 
електрохромни  и термохромни «умни прозорци» (Костадинка Гешева, Татяна Иванова, 
Георги Бодуров, Мирослав Абрашев). Електрохромното устройство ’’Умен прозорец’’ е 
оптична система, съдържаща две проводящи стъкла, върху едното от които е нанесено 
функционално покритие от електрохромен (EХ) тънък слой. Второто проводящо стъкло 
може да бъде или открито, или един ’’ йонно-съхраняващ’’ слой може да се нанесе над 
противоположния електрод. В тази работа противоположния електрод е непокрито 
проводящо стъкло. Двете стъкла са ламинирани с полимерен електролит, в който малки 
алкални йони са внедрени. Преносът на електрически заряд в и извън тънкослойната 
структура е базата на наблюдавания ефект на оцветяване и обезцветяване. В тази работа 
представяме получаването и изследването на слоеве от смесени оксиди на метали от 
преходната група, използващи предишни изследвания на еднометални оксиди като WO3, MoO3, 
CrOx, при смесването им в тънки слоеве. Окуражаващи резултати за смесени метални окиси 
комбиниращи преимуществата на еднометалните оксиди бе мотивацията да опитаме да 
използваме по-ефтини изходни материали вместо по-скъпите хексакарбонили. Така тук 
представяме последни резултати от първите експерименти от еднометален VO2 и смесен W-
V-O при исползване вместо хексакарбонил по ефтиния Ванадил ацетилацетонате. Слоевете 
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са отложени на проводящото стъкло  чрез химическо парно нанасяне  при атмосферно 
налягане – APCVD метод. Структурните свойства на слоевете се изследват с Раманова и 
FTIR спектроскопия, повърхностната морфология е наблюдавана с атомно-силова 
микроскопия. Прозрачността и отражението на  слоевете и на устройството са изследвани 
и се привеждат. 

         Термохромните материали променят цвета при характеристична температура на 
прехода с което предлагат потенциални технологични приложения. Обаче, за тяхното 
широко използване на пазара се изисква по-нататъшно подобрение на ефективността и 
стабилността им, намаление на цената и подобряване на функционалността им. 
Химическото парно отлагане е атрактивен метод за израстването им, тъй като не е 
необходим вакуум, но и промяната на параметри като температура, изходен материал и 
скорост на потока позволяват  висока степен на управление на морфологията и 
кристалинноста на слоевете.  

В работата като термохромно покритие, слоеве от ванадиев оксид  бяха нанесени на 
стъклени подложки чрез атмосферно химическо парно отлагане. Те бяха характеризирани 
чрез инфрачервена и Раманова спектроскопия, оптично микроскопско наблюдение и 
използвана на атомно-силов микроскоп. Дискутират се ефектът на температурата на 
подложката и други CVD технологични параметри. 
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