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Figure 5: PM2.5 emissions from brake wear in the UK split 

by vehicle type (coloured legend lines) and road type [9] 

Most studies indicate that emission factors for PM 

from brake wear are significantly larger from HDVs than 

from LDVs [12] and [7]. This would be due to the larger 
number or size of brakes on heavy-duty vehicles and the 

fact that the larger vehicle weight releases more kinetic 

energy in the process of slowing the vehicle down. Garg et 

al. [19] also found a positive relationship between the 

weight of vehicles considered and the associated brake 

wear emission factors. Table 3 shows the emission factors 

for tyre wear and brake wear of road vehicles as used in 

the UK’s National Atmospheric Emissions Inventory, 

submitted in 2017 [9]. These emission factors were 

developed based on a method Table in the EMEP/EEA 

Emissions Inventory Guidebook [7], a Guidebook for 
national emissions inventory compilation. This shows, 

amongst other things, that the brake wear emission factors 

for HDVs are around 5 times higher than those from 

passenger cars [9]. 

Figure 6 shows the average fractional size 

distribution of the LDV and HDV emission factors. The 

similar distribution for most of the considered elements 

suggests that these elements origin from the same source, 

i.e., from individual brake wear particles. Brake wear 

particles from light duty vehicles were distributed in the 

entire size range larger than 1 μm, while the contribution 

from the submicrometer mode was very low.  

 
Figure 6: Fractional size contribution for LDV and HDV 

EFs determined for brake wear related trace elements 

[12] 

In contrast, more than 75% of the brake wear 

emissions from heavy-duty vehicles were found in the 

coarse mode (2.5-10 μm). An explanation of these 

different size distributions remains difficult, but is likely 

due to the different design and operating conditions of 

LDV and HDV brake systems [12]. 

Total brake wear for light-duty vehicles appears to 

be around 10 to 20 mg/vkm, and around 50 to 80 mg/vkm 

for heavy goods vehicles. Typically 50% of brake wear 
debris from LDVs escapes the vehicle and enters the 

atmosphere, and more than 80% of airborne brake wear 

particles can be classified as PM10. A substantial amount 

of the PM10 can also be present as PM2.5. There is 

considerable uncertainty regarding the amount of material 

which is lost from the brake linings, and the amount which 

is lost from the disc or drum [14]. 

2.3. Road surface wear  
The friction between the tyre surface and the road 

surface which leads to tyre abrasion is also liable to abrade 

the road surface, especially where this is already 

fragmenting. Hence, road surface wear particles are also 

released to the atmosphere. Some studies have suggested 

that road wear particles are internally mixed with tyre 

rubber in the particles generated through this abrasion 

process [8]. 
With the increasing demands on road surfaces due 

to heavy traffic loads and extreme weather conditions, a 

range of modifiers are incorporated into the bituminous 
binder or asphalt mix. All serve to enhance the properties 

of the road surface material such that it is fit for its 

application and to consolidate the bonding between the 

binder and the mineral aggregate components. Various 

fillers and fibres may be added to reinforce binder-

aggregate bonding. Glass, coal fly ash, and rubber tyres 

have been used as fillers, the latter becoming increasingly 

popular owing to problems relating to the disposal of used 

tyres. In order to harden the binder, sulphur may be added. 

An array of polymers, epoxy resins, and metal complexes 

have also been utilised as modifiers. Concrete road 

materials are a mixture of mineral aggregate, sand, and 
cement. There is little information in the literature on the 

precise chemical composition of the bulk road surface 

materials or PM generated by the wear of the road surface 

material, presumably due to the complexity of its 

composition and the range of different surface materials in 

use. Consequently, there exists no definitive molecular 

marker for road surface wear [20]. 

Some authors reported wear factors for LDVs and 

HDVs of 7.9 and 38 mg/vkm respectively, although these 

values also included tyre and brake wear. For New 

Zealand, Kennedy et al. [21] calculated a wear factor of 
0.44 g/vkm for a road surface containing 50 % bitumen. In 

a situation where the bitumen comprises only 10 % of the 

worn surface, this figure would be reduced to 0.09 g/vkm. 

However, in areas where there is extensive use of studded 

tyres during the winter, the wear of the road surface, and 

the resulting PM concentrations due to resuspension, are 

considerably higher. Indeed, the wear when non-studded 

tyres are used is insignificant compared to when studded 

tyres are used. Winter maintenance procedures in cold 

climates, such as traction sanding (the dispersion of sand 

aggregate on the road surface) and the use of studded 
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tyres, have been associated with high airborne particle 

concentrations through a formation process known as the 

“sandpaper effect”. The wear of the road surface increases 

with moisture level, and is 2 to 6 times larger for a wet 

road than for a dry one. It also increases after salting of the 

road, since the surface remains wet for longer periods. 

Vehicle speed, tyre pressure and air temperature also 

affect road wear. As the temperature decreases the tyres 

become less elastic, with the result that the road surface 
wear rates increase [13]. 

2.4. Resuspension 

Dusts from a number of sources accumulate on 

road surfaces. These originate from dry and wet deposition 

of airborne particles, especially coarser particles such as 

those deriving from soil. Additionally, abrasion products 

from the vehicle may deposit on the road contributing to 

the road surface dusts. Some of this material is in the 
PM10 size range when depositing to the road surface and 

the action of tyres on surface dusts may also cause some 

grinding leading to the creation of smaller particles from 

the coarser dusts. Studies of road surface dusts have shown 

a substantial fraction to be within the PM2.5 and PM10 size 

ranges. Such particles are rather easily suspended from the 

road surface, both by shear forces at the tyre-road interface 

and by atmospheric turbulence in the wake of the vehicle. 

There is also evidence that elevated wind speeds 

contribute to the resuspension of surface dusts [8]. 

Heavy-duty vehicles (HDVs) are expected to 
contribute significantly more to road wear than light duty 

vehicles (LDV). In the literature the enhancement of road 

wear by HDV can be from 5 to 100 [14], though in many 

studies it is often difficult to distinguish between 

suspended and direct road wear. All LDV wear rates (v=li) 

have been enhanced by a factor of 5 to specify HDV wear 

rates (v=he). It is also worth noting that the percentage of 

studded tyres on HDV is often quite low, or none at all, 

and so the studded tyre contribution from HDV’s may not 

be significant [17]. 

Figure 7: UK emissions of PM10 from road transport in 

2016 by vehicle type [8] 

3. FUTURE TRENDS IN NON-EXHAUST EMISSIONS

OF PARTICULATE MATTER 

The magnitude of non-exhaust emissions of PM as 

currently estimated has important implications for future 

PM emissions and air quality, because although current 

policies on exhaust emissions suggest that emissions of 

PM per vehicle, both light- and heavy-duty, will decrease 

significantly, as legislation and policy currently stand this 

is not necessarily the case for non-exhaust emissions. 

Three important issues determine the level and importance 

of non-exhaust emissions in future years, namely (i) the 

effect of future vehicle technology, in particular the effect 

of electric and hybrid vehicles on non-exhaust emissions, 

(ii) future trends in vehicle activity and (iii) the effect of

any future legislation which could affect the level and

chemical composition of non-exhaust emissions [8].

Using the Guidebook emission factors and vehicle 

activity data, the NAEI reports the trends in UK tyre wear, 
brake wear and road abrasion emissions of PM10 and PM2.5 

shown in Figure 8 and Figure 9. For comparison, 

emissions from vehicle exhausts are also shown. The 

emissions shown from 2000-2016 are from the latest 

version of the reported UK inventory representing actual 

vehicle activities, while emissions from 2017-2030 are 

projections in emissions based on DfT’s traffic growth 

assumptions and in the case of exhaust emissions reflect 

the turnover in the vehicle fleet with the penetration of 

new vehicles meeting tighter Euro standards for PM 

emissions. Figures show how as vehicle exhaust emissions 

have declined, the non-exhaust emissions have been 
slowly increasing with increasing traffic levels and are 

becoming a much larger share of overall PM10 and PM2.5 

traffic emissions. The proportion of total NEE from brake 

wear, tyre wear, road surface wear has increased from 

39% of total UK road transport emissions of PM10 in 2000 

to 73% in 2016; for PM2.5 the proportion of NEE has 

increased from 26% in 2000 to 60% in 2016. 

Without any NEE abatement this trend is predicted 

to continue so that by 2030, the non-exhaust sources will 

contribute to 94% of total UK road transport emissions of 

PM10 and 90% of PM2.5 [8]. 

Figure 8: UK emissions of PM10 from road transport [8] 

Figure 9: UK emissions of PM2.5 from road transport [8] 
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4. CONSLUSIONS 

Non-exhaust emissions from mobile sources make 

significant contributions to total PM emissions in the 

world today. The importance of this source will grow in 

the future since effective control programs are in place to 

reduce exhaust emission from transport.  

In case of urban street canyon, the percentage of 
HDVs is lower than on the highway (10 compare to 15%). 

Compared to light duty vehicles, the absolute emission 

factors for heavy-duty vehicles were 15 times higher for 

total PM10 and 10 times higher for brake wear and the 

exhaust emissions. In contrast to light duty vehicles, the 

road dust resuspension capability of an individual heavy-

duty vehicle was estimated to be substantial. More than 

half of the PM10 emissions of an individual heavy-duty 

vehicle were attributed to road dust resuspension and 

minor contributions of road wear and tire wear.    

The average PM10 emission factor for highway was 

caused by exhaust emissions (40%) and very low 
contributions from brake wear emissions (3%). The 
remaining percentage of the traffic emissions were not 

directly identified, but probably represented contributions 

from road dust resuspension (and minor contributions 

from tire wear and road wear). 

Significant gaps still exist in our understanding of 

traffic emissions, particularly:  

1. Characterization and quantification of different 

non-exhaust sources.  

2. Impacts of non-exhaust emissions upon human 

health: While there are many studies reporting links 

between exposure to air pollution and adverse health 

impacts, detailed information on the components that 
contribute to toxicity is missing.  

3. Aerosol chemistry in high traffic environments, 

and the evolution of particles emitted from vehicles. 

Further, most of the reported analyses have been carried 

out in the USA or Europe, and there is a lack of reliable 

information on traffic emissions in areas with high 

population density in Africa, Asia and South America. The 

field offers much scope for future research, including the 

development of enhanced methods for quantification of 

non-exhaust contributions to airborne concentrations. 
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Constant satisfaction of human needs, which are rapidly increasing, led by science and technologies, has created a 
vast amount of different waste types. Inventions of new, artificial based materials caused the presence of the dangerous 
waste type – hazardous waste. One type of hazardous waste is lubricants and especially, used motor oil. Uncontrolled and 
inadequate disposal of used oil is equally hazardous for humans and the whole living world. This state is unfortunately 
widely spread in undeveloped countries, where negative effects are severe. Given the danger that inadequate disposal of 
used motor oil may cause on the environment, proper standards and regulations have been developed to define the proper 
system for managing and controlling the used motor oil disposal and storage. The Republic of Serbia as a developing 
country has in recent years adopted World’s and European’s standards and regulations to deal with problems as such. 
This paper introduces the standards and regulations that have been implemented. 

Keywords: Standards, regulations and legislations; used motor oil; hazardous waste.

1. INTRODUCTION 
The daily increase in human needs, the unhindered 

satisfaction of which has been made possible by science 
and technologies that are in constant and intensive 
development, has led to the production of significant 
quantities of different types of waste. Initially, the 
characteristics of all types of waste were unknown, and on 
the other hand, the discovery of a large number of new, 
artificial materials lead to the emergence of a special type 
of waste - hazardous waste. 

One of the most hazardous wastes with inadequate 
disposal represents a great danger for people, as well as for 
the entire living world, i.e. lubricants. Even if humans 
began to use lubricants before the new era, the danger 
which they oppose to humans was increased only after the 
spread of oil use, and especially in the second half of the 
20th century when synthetic lubricant uses were developed 
(such as motor oil). Lubricating oil finds several 
applications in a technologically advanced economy. 
Particularly, according to the estimates of Europalub, the 
Association in charge to harmonize and publish European 
lubricants statistics, 49% is used in the automotive sector, 
37% is used by industry, while the remaining 14% is 
represented by base oils used as raw materials [1]. 

Management of used motor oils is a growing 
concern, particularly in industrial and urban areas. The 
generation of waste oils is closely linked with an increase 
in the population of automobiles and industries. When 
additives and foreign substances, such as metal powder, 
chips, and other particles, are mixed with lubricating oil, 
aging, degrading, and failure will likely occur, leading to 
mechanical fault and degraded performance [2, 3]. In such 
cases, the oil is replaced to improve the performance. The 
used, spent, or waste oils should be collected and recycled 
not only to prevent environmental pollution but also to 
preserve natural resources [3]. 

Given the above-mentioned, it was necessary to 
observe the whole problem of used motor oils, to get to 
know its characteristics, its behaviour in nature because in 

undeveloped countries it is still uncontrollably disposed of 
with no regard to consequences. Developed industrial 
countries, which have first encountered the problem of the 
used motor oil, due to the rapid industrialization, first 
initialled detailed researches that created rules and 
principles that in form of legally defined standards 
regulate the functioning of management systems. For the 
adequate functioning of each phase and the behaviour of 
participants in this complex system, it was necessary to 
apply the approval of legislative, institutional, and 
planning frameworks, as well as mechanisms for their 
implementation, which reduces the potential risks of 
negative effects. 

However, developing countries, including the 
Republic of Serbia, have only recently become involved in 
the solution to the problem of uncontrolled waste disposal 
in nature. In order to indulge in European and world 
trends, the state is artificially imposed to implement 
drastic changes that aimed at establishing a sustainable and 
functional system of management of used motor oil. At 
that moment, it is necessary to make great efforts in order 
to raise the environmental awareness of the widest circle 
of the population. 

2. LAW REGULATIONS IN MANAGEMENT OF 
USED MOTOR OIL 

Lubricating oils are certainly necessary for 
everyday life and enable the operation of many complex 
and less complex systems.  

Modern or conventional lubricants in most cases 
consist of base oil, which usually makes up 90% of a 
certain lubricant, and the remaining 10% are additives.  

When looking at the base oil, it can be said that it is 
a component that together with additives serves for the 
production of various lubricants.  

By origin, the base oil can be [4]: 
 Mineral - consist of mineral base oil and 

additives. The largest amount (approximately 
95%) of modern lubricants is represented by 
mineral oils obtained by oil refining. 
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 Synthetic - produced as a replacement for mineral
lubricants.  The basic feature of synthetic
lubricating oils is that the required and desired
lubricating properties can be determined in
advance by the composition of raw materials as
well as the conditions under which the synthesis
is performed, i.e. the combination of all raw
materials.

 Natural - based on plants and animals’ fat.
Today, experts in the field of lubrication have come

to several practical findings on reducing wear and saving 
energy to run individual assemblies, and scientists and 
researchers are trying to answer questions about how to 
improve lubrication in the broader sense of the field. Such 
a practice is positive for everyone because the experts try 
to apply the available knowledge of researchers as soon as 
possible and in full in everyday practice. 

However, in recent years, much has been said about 
the topic of lubricants. Especially after their use, they 
become waste oils and at the same time a type of 
hazardous waste.  

According to the Regulation on the conditions, 
manner, and procedure of waste oil management, waste 
oils are defined as:  

“Waste oils are all mineral or synthetic oils or 
lubricants that are unusable for the purpose for which they 
were originally intended, such as hydraulic oils, motor 
oils, turbine oils or other lubricants, marine oils, oils or 
fluids for insulation or heat transfer, other mineral or 
synthetic oils, as well as oil residues from tanks, oil-water 
mixtures, and emulsions, under the law governing waste 
management” [4,5]. 

In order to minimize the negative impacts or 
possible consequences that waste oils can lead to, it was 
necessary to regulate by law certain rules of conduct for all 
persons who use lubricating oils, whether they are 
producers or direct users.  

Today, this segment is regulated by numerous 
regulations, which are defined for producers and users, and 
also define the rights, obligations, responsibilities at the 
international and national level. International regulations 
were created before national ones, so they also served as a 
model for the adoption of national regulations. 

2.1. Law Regulations and Practises in European Union 
The history of the European Union's environmental 

policy begins with the waste policy in general after the 
major incidents have occurred during the seventies and 
eighties of the last century. Because those incidents were 
caused by industrial plants (It is noticeable that industrial 
plants have always had a significant impact on 
environmental pollution.) it is easy to conclude why the 
laws of the European Union were first aimed at hazardous 
waste management. 

The beginnings of European Union legislation on 
hazardous waste management began in 1975, when the 
Waste Framework Directive was adopted, which aimed to 
reduce pollution, improve the natural and urban 
environment, and take the necessary measures to raise 
awareness of environmental problems. 

These activities influenced the undertaking of more 
active measures in the preparation and adoption of certain 
regulations in the field of environment. Member states 

began to take measures at the national level by controlling 
and managing hazardous waste, so in 1975 the Directive 
on Hazardous Waste was adopted, and later the Regulation 
on Waste Disposal. It can be said that the above three legal 
provisions have established the foundations of the 
regulatory structure related to hazardous waste. It is clear 
that these three documents which define waste and other 
key concepts, ensuring that waste is managed without 
harmful consequences for the environment or human 
health. 

However, the first directives adopted in the 
European Union did not specify the parameters of 
emissions of harmful effects on the environment that are 
considered acceptable. Most of these imperfections have 
been remedied by the adoption of the Landfill and 
Disposal Directive in 2001, as well as the 2000 Waste 
Incineration Directive [5]. In addition to the previous 
regulations, numerous other directives regulating waste 
streams have been introduced, and one of them is the 
regulation related to waste motor oils. 

As presented on the Figure 1 one of the first 
regulations of European Union legislation governing waste 
management, which regulated waste streams, was the 1975 
Waste Oils Directive. Thus, the mid-1970s were 
considered the beginning of the introduction of waste oil 
management into the practice of European legislation 
(Council Directive 75/439 / EEC). The mentioned 
directive regulated the uncontrolled disposal of waste oils 
until then, but at the same time, it was focused only on 
waste lubricating oils. The basic requirement set before the 
Member States was to give priority to the regeneration of 
waste oils over other disposal methods, as regeneration is 
considered the most energy-efficient option. Otherwise, 
Member States should have burned waste oils, but under 
acceptable conditions that would not harm the 
environment. The directive also prohibits the dumping of 
used oils into surface and groundwater and sewage, as well 
as on land. Due to the limitations that were noticed, the 
directive was amended three times [5]. 

It underwent the first amendments to the 1975 
directives after twelve years when a new amended 
directive (87/101 / EEC) was adopted in 1987. The first 
changes were mainly focused on the level of permitted 
concentrations of harmful products that occur during the 
incineration of waste oils. On that occasion, the permitted 
concentrations of harmful products were reduced 
compared to those defined by the 1975 Directive, Member 
States were invited to strive to remain below the permitted 
harmful concentrations, and the Commission was invited 
to consider all the facts and to entry into force of the said 
directive comes out with new proposals, in order to 
minimize the harmful impact of waste oil incineration. The 
other two changes that occurred with the adoption of the 
directives in 1991 and 2000 concerned the standardization 
and rationalization of reports on the implementation of 
certain directives relating to the environment (91/692 / 
EEC), as well as waste incineration and adverse effects 
that occur during the process (2000/76 / EC). The last 
changes regarding the management of waste oils in the 
European Union were made in 2008 when Directive 
2008/98 of the European Parliament concerning waste, in 
general, came into the act and repeals certain directives 
that regulated this area in the years before [5]. 
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Figure 1. Review of European Union regulations regarding the waste management[5]

2.2. Law Regulations and Practises in the Republic of 
Serbia 

Legislation and practice of the Republic of Serbia 
in terms of environmental protection and waste 
management has always had some delays concerning laws 
and their implementation within the European Union. The 
period of the seventies and eighties of the last century was 
marked as a period of the awakening of environmental 
awareness among the inhabitants throughout Europe. In 
the same period, there was an intensive and turbulent 
industrial development in Serbia, but also a complete 
absence of environmental awareness. The generated waste 
in that period was mostly disposed of in the factory circle 
of industrial plants because it was considered that the same 
waste could be used as secondary raw material in some 
industrial processes. Therefore, there was no tendency to 
define or enable the development of some other treatment 
option or adequate final waste disposal. 

When observing and comparing the period of the 
1990s, it can be concluded that Europe is in constant and 
increasing progress in terms of environmental protection 
and waste disposal by adopting new regulations, while the 
same cannot be said for Serbia. Due to the problems and 
wars that shook Serbia during the 1990s, the country 
began to weaken economically, industrial production was 
less and less dominant, and in such conditions, it was 
impossible to correct the existing state of relations towards 
waste disposal. The whole decade was marked by the 
absence of an adequate legislative, institutional, and 

planning framework, so the entire environment protection 
was to a greater or lesser extent based on the decisions and 
conscience of the individuals. 

After 2000, when the political and economic 
situation in Serbia stabilized to some extent, serious work 
began on regulating waste management, and thus 
regulating the flow of used oil. The creation of 
environmental protection policy and legal regulation in 
this field becomes an important topic for the Republic of 
Serbia at the moment of the beginning of harmonization of 
Serbian legislation with the legislation of the European 
Union, as part of the obligation to join the European 
Union. Starting from the Stabilization and Association 
Process, which began in 2000, to officially gaining 
European Union candidate status, Serbia has taken serious 
steps towards transforming its legal system. In order to 
meet all the requirements and thus enable the closure of 
Chapter 27, which focuses on the environmental protection 
sector, serious transformations of the state system had to 
be made in order to reach the level characteristic of 
developed countries. The biggest step was made in 2009 
when the National Assembly of the Republic of Serbia 
adopted sixteen laws, which make up the so-called "green 
package". The set of the mentioned laws primarily 
regulated the area of hazardous waste management and the 
already existing Law on Environmental Protection was 
improved. 

One of the sixteen laws from the set of so-called 
"green package" of laws adopted in 2009 is the Law on 
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Waste Management ("Official Gazette of RS" No. 36/09-
115, 88/10-170, 14/16-17 and 95/18-267) [6]. Like the 
Law on Environmental Protection and the Law on Waste 
Management, it has undergone several changes, the last of 
which was adopted in 2016. The Law on Waste 
Management is the basic document based on which several 
bylaws have been adopted that are crucial for defining and 
regulating procedures with waste oils [6]. 

According to the Law on Waste Management, the 
Waste Management Strategy for the period 2010-2019 
(Official Gazette of the RS No. 29/10-13 of 2 May 2010) 
was also issued. One of the points in the Waste 
Management Strategy for the period 2010-2019. is also an 
analysis of the existing situation, within which the used 
motor oil management was analysed [7]. 

The Decree on products that after use become 
special waste streams, the form of daily records on the 
quantity and type of manufactured and imported products 
and the annual report, the manner and deadlines for 
submitting the annual report, fee bonds, calculation 
criteria, amount and method of calculation and payment of 
fees from the regulations adopted in 2010 based on the 
Law on Waste Management ("Official Gazette of RS" No. 
54/10, 86/11, 15/12, 41/13, 03/14, 81/15, 31/15, 44/16, 
43/17, 45/18, 67/18, 95/18) [8]. The third article of the 
mentioned regulation defines six products that, after use, 
become special waste streams, and one of those products is 
all waste oils and lubricants that are not suitable for the 
original purpose. The significance of this decree is also in 
the fact that it defines the obligations of taxpayers, i.e. 
producers and importers of products that after use become 
special waste streams, reports that are obliged to submit to 
the Environmental Protection Agency, fees, and penalties 
if do not abide by the law. Thus, it is possible to form 
records and monitor statistics on the quantities of products 
that become special waste streams, so now the state has 
somewhat realistic data, which was not the case before 
2010 [8]. 

Another regulation that was adopted in 2010, and 
which also resulted from the Law on Waste Management, 
is the Rulebook on conditions, manner, and procedure of 
waste oil management ("Official Gazette of RS" No. 
71/10-40 of 4 October 2010) [9]. If we look at the 
regulations of the European Union, it cannot be 
overlooked that the management and treatment of waste 
oils were regulated in 1975, which concerning the 
regulations of the Republic of Serbia represents a 
difference of 35 years of delay. The mentioned rulebook is 
the most important normative document that defines the 
management of waste oils on the territory of the Republic 
of Serbia. A total of sixteen articles of this rulebook define 
what waste oils are, what are the obligations of producers, 
owners, and collectors of waste oils, as well as persons 
who transport them. The ordinance also regulates the 
storage of waste oils and the treatment of waste oils, i.e. 
regeneration, thermal treatment, and disposal of products 
resulting from thermal treatment. It is important to 
emphasize that the rulebook forecast keeping daily records 
on the quantities generated, handing over waste oils to the 
collector, the person performing storage, or the person 
performing waste oil treatment, but only for quantities of 
waste oils that amount to more than 500 litres per year [9]. 

3. USED MOTOR OIL MANAGEMENT AND
DISPOSAL IN SERBIA 

The Waste Management Strategy for the period 
from 2010 to 2019 presents the activities that should be 
obligated to when it comes to used motor oils. First of all, 
used motor oils must not be discharged to land, surface 
and groundwater and sewage. Also, it is forbidden to mix 
used motor oils during collection and storage with 
substances other than waste oils or mixing them with 
hazardous waste. 

The presented Strategy states that used motor oil 
treatment processes for reuse, such as regeneration and 
refraining, have priority overuse for energy purposes or 
other appropriate treatment procedures. Also, it is stated 
that the treatment of used motor oils can be performed 
only in the treatment plant in a way that does not endanger 
the environment and human health. 

Another fact whose application is projected for the 
period from 2010 to 2019, and is already applied in the 
Europe, is the introduction of the payment of a fee whose 
payers are producers and importers of fresh-unused oil, 
and which after use becomes waste. According to 
projections, the money from the fees would be used for the 
collection and treatment of all waste oils. 

Also, the person who collects stores and treats 
waste oils must have a permit, keep the records of used 
motor oils and the quantities which have been collected, 
stored or treated, as well as the final disposal of the residue 
after treatment. That information needs to be submitted to 
the Agency for environmental protection. 

By adopting the Rule book on conditions, manner 
and procedure of waste oil management (Figure 2), 
persons who collect, store and treat waste oils are obliged 
to do so in the exact manner provided by the rule book 
[10]. Given to that it is obligatory to [5]: 

 Have adequate space,
 Handle used motor oil in the prescribed manner,
 Keep proper documentation on the amount that

has been collected, stored or treated, as well as on
the final disposal of residues after treatment and
submit the data to the Ministry.

The obligation of the manufacturer/ owner of used 
motor oils must ensure the collection and temporary 
storage of used motor oils generated by his activity. The 
owner of waste oils is obliged to hand over the used motor 
oils to an authorized collector and to provide him with 
conditions for its uninterrupted collection. Also, the owner 
can directly hand over the collected waste oil to the 
transfer station or collection centre, which is located at the 
waste management plant. 

The authorized waste oil collector must have a 
warehouse, i.e. transfer station, for the temporary storage 
of the collected waste oils. Used motor oil treatment is not 
allowed in the warehouse or transfer station. The used 
motor oil must be stored at that place in the accordance 
with the regulations governing the treatment of waste 
materials and environmental impact assessments. The 
authorized waste oil collector is obliged to take over the 
waste oils from the owner of the waste oils free of charge 
and to hand over the waste oils to the authorized treatment 
operator and/or the authorized person for waste oil 
disposal. 
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Figure 2. Sustainable used motor oil management system [10] 

Table 1. Imported oils that become special waste streams after use [10] 

Years Total amount (l) Total amount (t) SUM 2011-2019 (t) Potential fee amount for special 
waste streams (RSD) 

2011 23968490.49 14617.28 36188.92 434267057.29 
2012 19527292.53 16502.64 34077.20 408926439.32 
2013 19092040.74 18320.48 35503.32 426039799.99 
2014 17029009.90 20767.05 36093.16 433117906.92 
2015 21495817.06 20768.33 40114.57 481374784.25 
2016 21926658.80 16971.30 36705.29 440463515.04 
2017 20492853.70 17699.10 36142.67 433712019.96 
2018 21093163.30 19097.90 38081.75 456980963.64 
2019 * 38706.20 38706.20 464474400.00 

Table 2. Used motor oil management on the territory of the Republic of Serbia [10] 

Years Disposed waste (t) Treated waste (t) Exported waste (t) SUM 2011-2019 (t) 

2011 / 5304.00 5.00 5309.00 
2012 / 3411.00 1304.00 4715.00 
2013 / 8245.00 79.00 8324.00 
2014 / 10136.00 0.00 10136.00 
2015 / 3042.00 245.00 3287.00 
2016 / 4343.00 116.00 4459.00 
2017 / 5967.00 41.00 6008.00 
2018 / 5042.00 186.00 5228.00 
2019 / 2348.00 44.00 2392.00 

 

The authorized recycler must have a regulated 
warehouse, i.e. a collection centre for storage of collected 
used motor oils, as well as waste (hazardous and non-
hazardous) generated by processing of used motor oils, by 
regulations governing waste management and 
environmental impact assessment. The authorized recycler 

is obliged to ensure that the amount of collected used 
motor oils corresponds to the amount of regular 
procession. The authorized recycler is obliged to take over 
the collected waste oil from the authorized collector. 

Based on the data presented in the reports of the 
Environmental Protection Agency from 2019 [10], and 
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showed in Table 1, about 55,000 tons of finished 
lubricants are placed on the Serbian market annually, 
which, according to the current legislation, are subject to 
payment of fees for products that become potential fee 
amount for special waste streams after use. Bearing in 
mind that between 50% and 60% of used motor oils can be 
collected from the quantity placed on the market means 
that the amount of used motor oil generated is between 
26,000 and 33,000 tons per year [10]. 

This amount will grow in line with the projected 
growth of industrial production (approx. 4% per year). 

According to the Environmental Protection 
Agency, in 2019, and presented in Table 2, 2348.00 tons 
of waste mineral and synthetic oils were treated in 
treatment plants (combustion and preparation for 
combustion) and 44.00 tons were exported, which 
represents a total of about 6.18% of the total quantities 
placed on the market [10]. 

It is alarming that in 2019, fewer used motor oils 
were collected in Serbia than in any other year in the 
period 2011-2019! 

4. CONCLUSIONS
Unlike other types of waste, used motor oils also 

have hazardous properties (both physical and chemical), 
and consequently, negative consequences in the case of 
inadequate disposal can have a larger impact on the entire 
environment. Because of the characteristics of used motor 
oils, in order to reduce the probability of an accident and 
the magnitude of the consequences, it is necessary to 
manage the entire cycle through which lubricating oils 
pass from production to end of use when they become 
waste oils. As in the case of other waste types, the used 
motor oil management system is an organized approach of 
guidance and control from the moment of its generation, 
collection, storage, treatment to final disposal or disposal. 
One of the key guidelines that can properly manage the 
risk of this type of waste is the responsibility of all entities 
of the system or the responsibility of society as a whole. 

However, complete protection against lubricating 
oils that become used motor oils at the end of their life 
cycle does not actually exist. This would only be possible 
if they were not produced and used. Therefore, everyone, 
from manufacturers to end-users, must have maximum 
responsibility when using lubricating oil. Only in this way, 
the application of appropriate measures and procedures 
can reduce the risk of harmful effects to a minimum, and 
thus protect the health of living beings, as well as the 
preservation of material goods and natural resources, i.e. 
the environment. 

The practice of developing countries, including the 
Republic of Serbia, when it comes to waste management 
in general in previous years, was assessed as poor. It was 
pointed out through serious problems that require a special 
approach when comes to solving them, so it became clear 
that big changes are necessary if Serbia wants to get closer 
to European trends. Building a new legislative system that 
is fully in line with European Union standards is one of the 
steps that have been taken. On the other hand, an 
institutional framework has been established that should 
enable the implementation of all prescribed provisions and 
planning bases that set short-term and long-term goals. 
However, one gets the impression that adequate education 

of responsible persons and the public has not been 
performed, but also that constant and complete control is 
not performed, which is why the implementation of the 
established principles is not fully realized. 

Although the legislation is today adjusted to the 
regulations of the European Union, another problem 
should be singled out, and that is the lack of an appropriate 
network of waste oil management plants, i.e. the absence 
of plants for self-collection and some types of used motor 
oil treatment. 

As a result, finding the best possible location of 
such a facility applied in the regional center of Southern 
and Eastern Serbia – the city of Niš regarding the multi-
criteria decision-making (MCDM) methodology would be 
the future step in our research. 
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The general tendency in district heating (DH) is the lowering of grid temperatures. To achieve this, heat pumps (HPs) 

are necessary technology that has an important role in very low (below 60 ⁰C) and ultra-low (below 45 ⁰C) DH supply 

temperatures. A significant variation in outdoor temperatures during the heating season in the climate of Serbia makes the 

implementation of HPs in the high-temperature DH systems possible. The goal of the paper is to analyze the implementation 

of HPs that extract heat from the shallow groundwater to satisfy a part of heat requirements in a boiler room of a DH system. 

This is a superheated water system with a nominal capacity of 37.728 MW and a nominal temperature regime 130/75⁰C that 

belongs to the PUC Toplana in Kraljevo. The city is placed at an alluvial plane rich with shallow groundwater with 

temperatures in the range of 12 to 18⁰C. The analysis is carried with two operating modes: (i) present, with an everyday 

stoppage between 9 PM and 5 AM, and (ii) continuous operation with limited overnight heating. Not to endanger the inflow, 

the maximal extraction of the heat from groundwater of 755 kW was assumed. The present operating mode would have 

seasonal COP 3.87 and negative economic indicators, whereas the continuous operation would lead to a sustainable project 

with a financial rate of return of 10.5%, benefit-cost ratio of 1.192, and the reduction of CO2 emissions of 201 t/year. The 

seasonal COP of the HPs would be 4.29. 

Keywords: district heating, water source heat pumps, shallow groundwater, cost-benefit analysis

1. INTRODUCTION

In the second decade of the XXI century, Lund et al. 

[1] defined the 4th generation of the DH systems. The

tendency in the development of the DH systems is the

lowering of supply and return temperatures and integration

of cogeneration and trigeneration systems, renewable

energy sources, and heat pumps (HPs). Actually, from the

beginning of the DH development, the general tendency is

the lowering of supply and return temperatures. This is in

accordance with the 2nd law of thermodynamics. In the past

few years, a new concept of the development of DH systems

emerged. It is called the 5h generation of DH systems and

represents a thermal energy supply grid that uses water or

brine as a carrier medium and hybrid substations with water

source heat pumps (WSHP) [2]. These systems use ultra-

low temperature regimes. In these emerging DH systems

HPs are the key technologies because [3]:

• they can act as a balancing technology when

electrical production fluctuates.

• HPs phase out fossil fuels from the energy system.

• HPs make it possible to use very low (below 60 °C)

and ultra-low (below 45°C) temperatures in the

district heating grid.

• HPs make it possible to minimize grid losses in the

district heating grid.

The subject of the paper is an existing DH system 

with superheated water with a nominal temperature regime 

130/75⁰C and a nominal capacity of 37.728 MW in the 

“Nova kolonija” boiler room. For this class of the systems, 

the analyzed DH system is very efficient and belongs to the 

PUC Toplana in Kraljevo, Serbia. Although the temperature 

regime does not favor WSHPs, their usage is possible 

because of a significant variation in outdoor temperatures 

during the heating season. The climate is characterized by 

several cold waves during the winter, whereas during the 

rest of the heating season mild weather suitable for the 

implementation of WSHPs prevails.  

The goal of the paper is to analyze the 

implementation of WSHPs that extract heat from the 

shallow groundwater to satisfy a part of heat requirements 

in a boiler room of a DH system. The paper should answer: 

(i) what should be the capacity of the WSHPs, (ii) should

the DH company change its operational schedule, and (iii)

is the implementation of the WSHPs economically

beneficial for the DH company? The city is placed at an

alluvial plane rich with shallow groundwater [4] with

temperatures in the range of 12 to 18⁰C. The boiler room

“Nova kolonija” has an excellent position suitable for

shallow groundwater usage.

To investigate the impact of the temperature regimes 

and the electricity tariff system, the analysis is carried with 

two operating modes: (i) present, with an everyday 

stoppage between 9 PM and 5 AM, and (ii) continuous 

operation with limited overnight heating. In the second 

operational mode, only 15% of the nominal load is supplied 

in the period between 9 PM and 5 AM and the supply 

temperatures do not exceed 50 ⁰C. Low electricity tariffs in 

this period as well as low temperatures should support the 

usage of HPs. As a basis for decision-making, a cost-benefit 

analysis (CBA) of the analyzed system is performed.  
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Figure 1: Integration of the groundwater HPs (13) into the “Nova kolonija” plant. Shallow groundwater (14÷16) is the 

heat source for HPs (13), which work in parallel with the boilers (1÷3) whenever their work is financially profitable. In the 

figure: 1 ÷ 3- hot water (superheated water) boilers, 4÷6 economizers, 7÷9 – each boiler has its chimney, 10 - supply 

manifold, 11- return manifold (2nd stage), 12 – return manifold (1st stage), 13 – heat pump(s), 14 – supply well, 15 – plate 

heat exchanger, 16 – return well. 

Figure 1 shows a simplified scheme of the analyzed 

system. The system utilizes shallow groundwater (14÷16 in 

Fig. 1) as the heat source for the HPs (13) to supply a part 

of the required heat in the DH plant “Nova kolonija”. The 

figure is simplified and shows the parallel connection of the 

boilers and the HPs. In practice, by a proper design, both 

series and parallel connections would be used. Additionally, 

safety and expansion equipment as well as many other 

details regarding valves, air separators, etc., are omitted 

from the figure. The analyzed system is dimensioned to 

limit the maximal flow of groundwater to 30 l/s. The system 

has the following features: 

 Kraljevo is situated at an alluvial plane rich with

shallow groundwaters [4]. The position of the plant

suits the exploitation of the shallow groundwater.

Based on the study and several conversations with

geological engineers a modest flow rate of 30 l/s for

the location is taken in the analysis. Figure 2. shows

the location of the DH plant as well as the potential

area for the wells.

 The system should work only when the plant

operates, i.e., 180 days per year.

 Depending on the water quality, which has not been

analyzed, the direct heat exchange in HPs (13) or

with an indirect circuit (as in Figure 1.) would be

used.

 Two variants (case studies) are analyzed. They

depend on the operational mode of the DH company

and are: 1. operation as usual, i.e., from 5 AM to 9

PM, and 2. continuous operation with limited

overnight heating.

 The HPs have been implemented in many DH

companies, especially in Scandinavian countries

because of the low-temperature regimes [5].

Figure 2: The locations of the “Nova kolonija” DH plant 

together with the potential locations for the wells. 

2. METHODOLOGY

The main points of the methodology sequentially 

applied are: 

 Meteorological data. The energy calculations in the

study were performed for the average
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meteorological days during the heating season. The 

data were taken from the Republic 

Hydrometeorological Service of Serbia for the 

period 1990-2010 [6]. 

 Heat requirement and production. The heat produced

in the “Nova kolonija” plant was simulated on the

average meteorological days for each month during

the heating season [6]. The daily variation of

temperature was obtained by the average

temperatures at 7 AM, 2 PM, and 9 PM. The data

regarding the performance of the DH system were

provided by the company PUC Toplana. It was

assumed that the temperature of the shallow

groundwater changes in the range from 13°C during

the winter to 15°C during the summer months.

 Sizing and performance of the HP(s). The HP

efficiency is averaged from the available data

provided by the manufacturers and was determined

based on the previously explained temperature

profiles. Constant heat extraction from the

groundwater of 755 kW and the maximum heat

delivery to the DH system at 85⁰C of 1120 kW were

assumed [7].

 Cost-benefit analysis is carried by the Guide to Cost-

Benefit Analysis of Investment Projects [8].

 The same methodology is applied to two variants.

The continuous work was taken because it favors the

electricity usage by HPs during the low electricity

tariffs.

3. METEOROLOGICAL DATA AND

PERFORMANCE OF THE DH SYSTEM

3.1 Meteorological data and heating requirements 

The energy calculations in the study were 

performed for the average meteorological days during the 

heating season [6]. The average monthly days with their 

temperature profiles that are shown in Figure 3 were used 

in the study.  

The temperature profiles were then used to calculate supply 

and return temperatures in the DH system. Figure 4. shows 

the temperature profiles for the DH system for the present 

mode of operation whereas Figure 5 shows the daily 

temperature profiles for the continuous mode of operation 

with limited overnight heating obtained by the usage of data 

provided by Todorović [9]. The continuous mode of 

operation estimates around a 5% reduction in the energy 

usage for DH heating. The average overnight supply and 

return temperatures are shown in Table . Based on 

measurements provided by the PUC Toplana, and by 

assuming linear dependence between the heating 

requirements and outdoor temperature the required thermal 

energy necessary to fulfill the requirements of all 

consumers of the “Nova kolonija” plant is: 

 𝑄[𝑘𝑊] = −555.5 ∙ 𝑡 + 11110,  (1) 

where t is the outdoor temperature [°C]. 

For the average meteorological data, the previous 

equations give the thermal energy needs that are shown in 

Table 1. 

Table 1: Heating requirements for the hospital and the DH 

company. 

Figure 3: Temperature profiles for the average days 

during the heating season in Kraljevo.  

Figures 4 and 5 show the temperature profiles that fulfill 

heating requirements on the average days in the DH 

company from the “Nova kolonija” plant.  

Figure 4: Temperature profiles (supply and return lines) 

in the DH system for the average month days. The present 

mode of operation (overnight stoppage). 
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Figure 5: The daily temperature profiles (supply and 

return lines) in the DH system for the average month days 

for the continuous mode of operation with limited 

overnight heating.  

3.2 HP efficiency 

The efficiency of the HP was calculated based on 

the data provided by HP manufacturers [10] and the fact that 

the HP efficiency is between 0.5 and 0.6 of the Carnot cycle 

[11]. The HP efficiency was determined by: 

𝐶𝑂𝑃 = 0.618 ∙
(𝑇𝐻−𝑆𝐼𝑁𝐾 + 5)

(𝑇𝐻−𝑆𝐼𝑁𝐾 − 𝑇𝐸𝑉𝐴𝑃𝑂𝑅𝐴𝑇𝐼𝑂𝑁 + 10)
,     (2) 

where: COP [-] is the heat pump efficiency, 𝑇𝐻−𝑆𝐼𝑁𝐾 in [K]

the highest temperature of the heat sink at an instant, in this 

case, DH water, 𝑇𝐸𝑉𝐴𝑃𝑂𝑅𝐴𝑇𝐼𝑂𝑁  in [K] is the temperature of

evaporation. In our case, the temperature is in the range of 

306 to 310 K. 

4. ENERGY BALANCES

Table 2. shows the basic data for the energy and CBA 

analyses, whereas in the rest of the heading energy balances 

are presented for both variants of the project. All 

calculations in this section were done based on the average 

monthly temperatures. 

Table 2: The basic data for the study. 

In Table 2, the values for average emissions of CO2 are 

taken from the literature [13], fuel unit cost was provided 

by PUC Toplana, Kraljevo. The electricity price for the 

higher daily tariff was calculated from the electricity bill for 

January 2021. All prices exclude VAT and the taxes for 

overconsumption and renewable energy. Similarly, the 

electricity price for the lower night tariff was calculated. 

The thermal power of natural-gas-fired hot water boilers in 

the “Nova kolonija” plant and their efficiencies were based 

on the data provided by the manufacturer Buderus. 

4.1 Variant 1 – the present mode of operation 

(overnight stoppage). 

Tables 3 and 4 show the energy balance and the main 

outcomes of the proposed project. 

Table 3: Energy balance of the analyzed system in the 

present mode of operation (overnight stoppage). 

The temperature regime shown in Table 3 is the 

average value from Figure 4. COP is determined by Eq. (4), 

and the heat delivered by the HP 𝑄𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑  [kWh] is

calculated by 

𝑄𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 = 𝑄𝑆𝐺𝑊 +
𝑄𝑆𝐺𝑊

𝐶𝑂𝑃
, (3) 

where 𝑄𝑆𝐺𝑊 in [kWh] is the heat extracted from shallow

groundwater, and COP is calculated based on the 

temperature regimes and Eq. (2).  

Electricity consumption is used for HPs and water 

circulation. Electricity consumption by HPs is 𝑄𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑/
𝐶𝑂𝑃. The electricity consumption by water circulation 

pumps was calculated based on the following data: 

 volume flow rate 30 l/s,

 total head 30 m,

 pump efficiency 48% (motor + impeller),

 16 hours per day.

The electricity consumption for water pumping is not 

negligible as it accounts for 7.2% of the total electricity 

consumption. The energy required for water circulation 

reduces the seasonal COP by 0.3. 

Table 4 shows that the majority of electricity is 

consumed during the high tariffs (between 7 AM and 10 

PM).   
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Table 4: Electricity consumption and cost. 

The following table shows the financial and 

ecological benefits of the project, which improves energy 

efficiency, reduces natural gas (NG) consumption, and 

increases electricity consumption. The increase in 

electricity consumption and the cost of electricity reduce the 

benefits of the project.  

Table 5: The outcomes of the project. 

4.2 Variant 2 – the continuous operation with limited 

overnight heating. 

Tables 5-8 show the main outcomes for this variant. 

Compared with variant 1, the DH system operates in a lower 

temperature regime. In addition, overnight temperature 

regimes are lower and suitable for HP usage. Compared 

with variant 1: (i) the seasonal COP is larger because of the 

lower temperature regimes, (ii) water pumping is more 

influential to the seasonal COP, and (iii) there is substantial 

electricity usage during the low tariffs.  

Table 6: Energy balance of variant 2 of the project. 

Table 7: Electricity consumption and cost for variant 2. 

The following table shows the financial and 

ecological benefits of variant 2 of the project. Compared 

with variant 1, the NG reduction is almost 50% larger, 

whereas the electricity cost is only 19.2% larger.  

Table 8: The outcomes of variant 2 of the project. 

5. CBA ANALYSIS

The economic advantages and disadvantages of the 

proposed project were assessed by the CBA carried out 

following the Guide to Cost-Benefit Analysis of Investment 

Projects [8].  
The main points in the CBA analysis are: 

 For this scenario, projections were made of all cash

flows related to the operations in the project area for

each year during the project lifetime, which was

supposed to be 15 years.

 A counterfactual baseline scenario for the project

would be the so-called “business as usual”, i.e., the

usage of hot water (superheated water) boilers with

economizers in the DH systems.

 A long-term loan, under the following conditions, is

assumed: (i) tenor of up to 12 years including the

grace period of 2 years, and (ii) an upfront fee of 1%.

 Analysis was prepared and expressed in EUR, and

all figures exclude VAT.

 A 4 % discount rate in real terms is used in the

financial calculations, whereas a 2.5 % interest rate

is used in the economic analysis.

Two variants of the project were analyzed: 

1. present operation mode, i.e., from 5 AM to 9 PM.
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2. continuous operation mode with limited overnight

heating. Period with limited heating from 9 PM to 5

AM.

 The cost of NG was taken to be as in the heating

season 2019/2020. Additionally, the benefit due to

the reduced NG cost should rise at a rate of 1.2% per

year.

 Unite price for the electricity was assumed to be as

in January 2021 and that the price would rise with a

2% rate yearly.

 The depreciation rate of 8% per annum was

supposed to calculate the residual value for the

equipment.

 The maintenance cost was assumed to be 1.5% of the

total investment.

 Environment and climate change considerations

were included in the economic analysis.

 The HP costs were obtained by an offer from

Viessmann doo Belgrade [7].

Table 9 shows the investment cost of the project. The 

HPs are the most expensive item that makes 70% of the 

budget. In this phase of the project, a contingency of 10% 

was assumed. 

Table 9. The investment cost for both variants of the 

project. 

The financial net present value of investment 

(FNPV(C)) and the financial rate of return of the investment 

(FRR(C)) compare investment costs to net revenues and 

measure the extent to which the project net revenues can 

repay the investment, regardless of the sources or methods 

of financing [8]. Table 10 shows their values for both 

variants of the project. Compared with variant 1, variant 2 

has positive financial indicators.  

Table 10: The outcome of the CBA analysis for both 

variants 

Variant 2 of the project is financially sustainable. 

According to the assumptions made for the analysis, this 

variant of the project does not have the risk of running out 

of cash in the future, both during the investment and the 

operational stages. The cumulated net cash flow is negative 

only during the construction phase for all other considered 

years it is greater than zero.  

The economic analysis is carried out to appraise the 

project’s contribution to the welfare [8]. This is the project 

that improves the energy efficiency of the DH system. The 

direct benefit of the project is the increase in energy 

efficiency. This induces two economic benefits and two 

costs. The two benefits are: (i) lower greenhouse gas 

emissions due to the reduced usage of natural gas, and (ii) 

substitution of the natural gas import. Consequently, the 

two costs are: (i) the usage of HP requires a larger domestic 

electricity production, which subsequently increases the 

greenhouse gas emissions.  

The benefit from reduced CO2 emissions is 

calculated as the net reduction of CO2 emissions (see 

Error! Reference source not found.Error! Reference 

source not found.. and  7) multiplied by the unit cost of 

GHG emissions. The net reduction of CO2 emissions is 

calculated as the difference between the decrease in natural 

gas consumption and the increase in electricity 

consumption. The equivalent CO2 emissions for NG are 1.9 

kg/mN
3 whereas the equivalent emissions for the electricity 

production in the Republic of Serbia are 690 g/kWh. The 

unit cost of GHG emissions is taken from the Guide to Cost-

Benefit Analysis of Investment Projects [8]. The central 

cost of 25 €/t-CO2e was adopted with an annual adder of 1.  

The benefit from the substitution of natural gas 

import is calculated by the use of the border price for the 

fuel of 155 $/1000m3. The economic cost of additional 

electricity usage  

is calculated by assuming that the production and 

distribution cost of electricity is 4.8 c€/kWh. The electricity 

consumptions are shown in is shown in Tables 4 and 6.  

Table 10 shows that compared to the financial 

indicators, the economic indicators are not substantially 

better because of the additional electricity usage that 

increases carbon dioxide СО2 emission and electricity 

production cost.  

6. SENSITIVITY ANALYSIS

To identify the crucial variables of the project, 

sensitivity analysis was carried out for the implementation 

of the HPs in the DH plant “Nova kolonija”. Both variants 

are covered with the analysis. Figure 6 and Figure 7 show 

the sensitivity analysis for variant 1 of the project. This 

project is the least sensitive to the variation of the 

investment cost, whereas it is the most sensitive to the total 

inflows. Consequently, it is the most sensitive to the number 

of working hours and the COP of the HPs.  
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Figure 6: The sensitivity analysis of the net present value 

for variant 1 of the project. 

Figure 7: The sensitivity analysis of the BC ratio for 

variant 1 of the project. 

Compared to variant 1, variant 2 of the project has 

equal sensitivity to the basic project parameters. However, 

financial and economic indicators for this variant are 

positive. The project is the most sensitive to total inflows, 

and consequently to the working hours and COP of the HPs. 

The second most important parameter of the project is the 

total outflows and consequently electricity and maintenance 

cost. The project can tolerate an increase in total outflows 

of 20%, an increase in the investment cost of over 30%, and 

a decrease in total outflows of less than 17%. 

Figure 8: The sensitivity analysis of the net present value 

for variant 2 of the project. 

Figure 9: The sensitivity analysis of the BC ratio for 

variant 2 of the project. 

7. CONCLUSIONS

The main conclusions of the study are: 

 The analyzed HP system is financially and

economically beneficial if the DH system works

continuously with limited overnight heating. If the

DH system works as in the present mode of

operation with the overnight stoppage, it is not

financially nor economically beneficial to

implement the analyzed HPs.

 The stable operation of the analyzed system requires

groundwater flow rates larger than 18 l/s.

 Assuming that the pumping power decreases the

COP of the system by 0.3, and with the unit costs of

electricity and NG as in Table 2, the HPs should

work in the system if the COP is larger than 2.8 and

1.74 during higher and lower electricity tariffs,

respectively.

 The project is the most sensitive to the total inflows

and outflows during its realization. Compared with

them, the project is less dependent on the variations

of the total investment cost. Consequently, the

operating hours, COP, and electricity cost are the

most important variables in the project.

 To be implemented the project requires the

transformation from the present to the continuous

work with limited overnight heating. Additionally, it

requires hydrological examinations and adequate

placement of the wells.
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Fig.2 Construction of the compact heat exchanger 

In this paper, a compact heat exchanger is 
considered, in which combustion products are used to heat 
the air as a colder fluid, with special attention paid to the 
flow of fluid through the exchanger. 

3. MODELING
The design of this type of exchanger is based on the 

calculation of heat exchange between two fluids taking into 
account the construction of the exchanger, mass flows and 
inlet temperature of both fluids, as well as the outlet 
temperature of one of the fluids. 

The energy balance of a heat exchanger is 
determined from the equation: 

𝑄 ൌ 𝑚ሶ ଵ ∙ 𝑐௣ଵ ∙ ሺ𝑡ଵ ௜௡ െ 𝑡ଵ ௢௨௧ሻ ൌ 𝑚ሶ ଶ ∙ 𝑐௣ଶ ∙ ሺ𝑡ଶ ௢௨௧ െ 𝑡ଶ ௜௡ሻ ൌ 𝑘 ∙ 𝐴௘௫௖௛ ∙ ∆𝑡௠ (1)

where are: 𝑚̇ଵ-mass flow rate of the combustion 
products, 𝑐௣,ଵ-specific heat capacity of the combustion 
products, 𝑡ଵ∈-temperature of the combustion products at the 
inlet of the heat exchanger, 𝑡ଵ௢௨௧- temperature of the 
combustion products at the outlet of the heat exchanger, 
𝑚̇ଶ-mass flow rate of air, 𝑐௣ଶ-specific heat capacity of air, 
𝑡ଶ∈-temperature of air at the second inlet of heat exchanger. 

The mean logarithmic temperature difference is 
determined from equation (2) for a heat exchanger with 
countercurrent flow, taking into account correction factor ε 
taken from [6], [7] and [8]: 

∆𝑡௠ ൌ 𝜀 ∙
ሺ௧భ ೔೙ି௧మ ೚ೠ೟ሻିሺ௧భ ೚ೠ೟ି௧మ ೔೙ሻ

௟௡൬
೟భ ೔೙ష೟మ ೚ೠ೟
೟భ ೚ೠ೟ష೟మ ೔೙

൰
(2) 

Based on known geometry of the compact heat 
exchanger and on the basis of the known inlet and outlet 
temperature of the both fluids obtained from (1), the heat 
transfer coefficient is calculated:  
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ఎమ
 , (3) 

The heat resistance coefficients due to 
contamination were adopted from [8]: 

𝑅ଵ ൌ 0,2 ⋅ 10ିଷ ௠మ௄

ௐ
и 𝑅ଶ ൌ 0,1 ⋅ 10ିଷ ௠మ௄

ௐ
. (4) 

Convective heat transfer coefficient is obtained by 
the formula: 

𝛼௜ ൌ
ே௨೔⋅ఒ೔

ௗ೐,೔
  (5) 

where are: λi – the coefficient of the conduction, 
 de,i – the equivalent diameter, 𝑁𝑢௜ – Nusselt 
number. 

Dimensionless numbers, required for determination 
of the heat transfer coefficient, were calculate from (5) and 
(6). 

𝑁𝑢௜ ൌ 0,21 ⋅ 𝑅𝑒௜
଴,଺⋅ 𝑃𝑟௜

భ
య (5) 

𝑅𝑒௜ ൌ
௪೔⋅ௗ೐,೔⋅ఘ೔

ఓ೔
(6) 

where are: 𝑤௜ – the fluid velocity, 𝜌௜ – the fluid 
density, 𝜇௜ – the coefficient of dynamic viscosity of the 
fluids, 𝑃𝑟௜ െ Prandtl number, where is 𝑖 ൌ1 - for 
combustion product, 𝑖 ൌ2 – for air. 

Efficiency of the ribbed surface is calculated based 
on expressions (8), (9), (10) and (11), taking into account 
that λr=λp=20𝑊 𝑚𝐾⁄  is the coefficient of the conduction for 
stainless steel plate: 

𝜂௜ ൌ 1 െ
ௌೝ

ௌ
ሺ1 െ 𝜃௜ሻ  (7) 

𝜃௜ ൌ
௧௔௡  ୦ ൫ඥ஻௜೔൯

ඥ஻௜೔
(8) 

𝐵𝑖௜ ൌ
ఈ೔⋅௟ೝ

∗

ఒೝ
  (9) 

𝑙௥
∗ ൌ 𝑙௥ ⋅

 ୦ೝ
మ

஺ೝ
(10) 

where are:  ℎ௥ ൌ
௦

ଶ
– -the rib height, s=25mm – the

distance between main plates, 𝑙௥ ൌ 2ℎ௥ ൅ 𝛿௥ – the rib 
circumference, δr =1mm – the rib thickness, 𝐴௥ ൌ ℎ௥ ⋅ 𝛿௥ – 
the rib area. 

Based on previous, the outlet air temperature and 
heat transfer coefficient were determined for the given input 
parameters. 

Table 1. Parameters of the basic compact heat exchanger 
𝑚ሶ ଵ[kg/s] 𝑡ଵ ௜௡ [℃] 𝑡ଵ ௢௨௧ [℃] 𝑐௣ଵ [J/kg℃] ∆𝑡௠[℃] 

0,712 159 120 1079,5 107.4 
𝑚ሶ ଶ[kg/s] 𝑡ଶ ௜௡ [℃] 𝑡ଶ ௢௨௧ [℃] 𝑐௣ଶ [J/kg℃] k [W/m2K] 

0.634 10 57 1007 64 

The parameters that define the operation of the 
existing heat exchanger, the mass flow rates of the fluid, the 
inlet temperature of both fluids and the outlet temperature 
of the fluid 2 were measured in the operating conditions in 

which the exchanger was installed. The specific heat 
capacities of the fleece were adopted on the basis of certain 
mean temperatures from [6], [7] and [8].
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4. FLOW ANALYSIS USING SOLIDWORKS FLOW 
SIMULATION 

Based on obtained date, a „digital twin” was formed 
using SolidWorks software package in which, after defining 
of the geometry, a Flow analysis of fluid flow through a 
compact heat exchanger was performed [4], [5].   

The data obtained from analytical model were taken 
as input parameters for the designed digital twin, where the 
following parameters were taken into account: 

‐ Heat exchange by conduction between 
fluids, 

‐ Heat exchange by convection between 
plates and heated fluid (air), 

‐ Model is adiabatic isolated, 
‐ Heat exchanger is made of stainless steel, 
‐ It is adopted that the fluids before entering 

the exchanger have a fully developed flow, 
‐ The flow of the fluids in the heat exchanger 

is countercurrent,  
‐ The number of passes of both fluids is equal 

(seven passes). 

 
Fig.3. 3D model of the compact heat exchanger  

The flow of the fluids inside of heat exchanger is 
analyzed by Flow Simulation where the results of the 
simulations are shown on the Fig. 3. Despite the fact that it 
is assumed that at the entrance in heat exchanger was the 
fully development flow, fluids tend to go to the first 

obstacle, which in this case is the back wall of the inlet 
channel and then are directed through passes of heat 
exchanger (see Fig. 3.). This flow of the fluids leads to low 
efficiency of the exchanger, because the fluids do not pass 
through the entire surfaces, as shown in Fig. 3. 

 
Fig.4. The flow of both fluids thought the heat exchanger, a) air, b) combustion products 

In order to better routing the fluid through the 
exchanger and improve the efficiency, in the inlet channels 
of the exchanger baffles are placed (See Fig.4.). The height 

of the first baffle is 1/3 of the height of the inlet channel 
while the height of the second baffle is 2/3 of the height of 
the channel, as shown at the right side of Fig. 4. 
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Fig.5. The position of the baffles at the inlet channel of heat exchanger 

After obtained analysis of this solution, it can be 
concluded that in this case there has been improvement in 
fluid flow but there are still parts of exchanger in which we 

have very little or no fluid flow at all, as shown in Fig. 5. In 
this case the efficiency is improved in comparison with the 
basic construction of the heat exchanger given in Fig.3. 

Fig. 6. Simulation of the fluid flow through heat exchanger with baffles, a) air, b) combustion products 

Despite the added baffles, the flow analysis shows 
that the flow of both fluids in heat exchanger can be 
improved and that we still have a large part of the exchanger 
through which there is almost no fluid flow, and therefore 
no heat exchange between fluids, as shown in Fig.6.  

In order to further improve the flow of fluids in the 
exchanger, a constructive change was made on the fluid 
inlets and outlets of the exchanger were the entrance and 
exit of the fluid is given along the entire sidewalls, as shown 
in Fig. 7. The assumption during flow simulation is that the 
flow at the inlet is fully developed. This assumption 
requires that the fluids be fed to the exchanger at a constant 
flow rate through a corresponding cross-section of a 
channel of similar geometry as inlet ports [4], [5]. 

Fig.7. Compact heat exchanger with redesign inlet and 
outlet ports 

After the flow analysis of fluid flow through 
redesigned heat exchanger, efficiency is improved due to 
better fluid flow along the entire surfaces of the exchanger, 
as shown in Fig 8. 
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Fig.8. Simulation of the fluid flow through heat exchanger 

with redesign inlet and outlet ports 

 
5. RESULTS 

Based on the performed analyzes of all models and 
shown fluid output temperatures, it can be seen that in the 
case of exchanger with redesigned inlet and outlet ports, the 
highest degree of heat transfer from one fluid to another is 
achieved. In all cases the input parameters were the same. 
The obtained results for all models are given in the Tab.2 

Table 2. Inlet and outlet temperatures depending of type construction 
Fluid  Fluid 1 ‐combustion product  Fluid 2 ‐air 

Type of construction  𝑡ଵ∈ [℃]  𝑡ଵ௢௨௧[℃]  𝑡ଶ∈[℃]  𝑡ଶ௢௨௧[℃] 
basic  159  120  10  57 

basic with baffles  159  118  10  60 
basic with redesigned ports  159  114  10  64 

 
The modification of the inlet and outlet ports on the 

heat exchanger leads to the higher amount of the exchanged 
heat, which can be seen from lower temperature of the 
combustion products and higher temperature of the air at the 
outlet ports. With reconstruction of the inlet ports, both 
fluids have better flow over plates, which directly means 
better efficiency of heat exchanger.  

In all three analyses, the mass flow of the 
combustion products and the air on the inlet ports has the 
same value. Due to different surface area for exchange, it is 
clear that in first two analysis the velocity of the air and 
combustion products has higher values compared to the 
velocities in the third analysis. This change of the velocity 
of the fluids on inlet ports may have significant influence 
on the fluids flow inside the heat exchanger. Regarding that, 
the future analyses should take into account and fluid 
velocity in the heat exchanger, in order to increase the 
amount of the exchanged heat and increase the efficiency of 
the heat exchanger. 

6. CONCLUSION 
In this paper optimization of the compact heat 

exchanger is performed, for defined geometry, mass and 
energy parameters in order to achieve uniformity of fluid 
flow in the heat exchanger. The modeling and fluid flow 
simulation of the existing (basic) heat exchanger is 
performed. Based on obtained results, optimization of the 
heat exchanger construction in order to achieved uniformity 
of the fluids over the entire surfaces was performed. The 
obtained solution does not require a change in the 
arrangement of the plates in the exchanger, but a correction 
is needed in the part where the fluids are introduced into the 
apparatus. 

The analytical design process of the exchanger does 
not take into account the fluid flow inside the exchanger and 
does not consider the actual efficiency. Most often, when 
design, degree of security is taken into account, which leads 
to oversizing of the required power of the heat exchanger. 

Using Flow simulation, as shown in this paper, it is possible 
to analyze the fluid flow inside the exchanger and perform 
optimizations of operation, or increase the efficiency of the 
exchanger. When designing new types of exchangers, the 
dimensions of the exchanger can be significantly reduced 
and the efficiency can be increased using this type of 
analysis. 
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Gradual combustion of wood logs by the use of preheated air 
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The tendency to automate operation and minimize human involvement in small-scale biomass boilers has led to an 

increase in pellet usage. Standardized biomass-derived solid fuels are getting a bigger share in the market. In this battle, 

traditional firewood is not yet ready to give in. Compared with the standardized fuels, the processing of firewood is 

cheaper, emits smaller amounts of parasite emissions whereas complete combustion and automation require further 

development. To achieve these requirements, wood log gasification is a promising intermediate step. The paper aims to 

design gasification and combustion chambers for a 25-kW wood-log-fired water boiler. For both processes, preheated air 
is used. Its appropriate distribution and preheating are the main tasks that are realized by the use of a CFD model. In the 

gasification chamber, the oxidation should take place at least 20 cm before the introduction of the secondary (combustion) 

air, which is introduced by the use of many openings. Their numbers and positions are envisaged to achieve as complete as 

possible combustion in a larger area and to divert the flame. A gradual introduction of air in a larger area should reduce 

carbon monoxide (CO), nitrogen oxides (NOx), and the emissions of volatile organic compounds (VOC), whereas the 

diversion of the flame should reduce the emissions of particulate matter. 

Keywords: Combustion, Small-scale biomass boiler, CFD, Gasification, Air distribution

1. INTRODUCTION

To achieve sustainable development, mankind 

envisaged the need for energy systems to be renewable 

and sustainable, efficient and cost-effective, convenient 

and safe [1]. To meet these requirements, biomass is seen 

as one of the most promising energy sources. Moreover, 

the use of biomass as fuel leads to the mitigation of 

greenhouse gas emissions [2]. 

Biomass is the first fuel, which has been used for 

millenniums. More than half of all biomass is nowadays 
used as a fuel for household heating and cooking. In 

developing countries, that usage leads to a major cause of 

serious indoor pollution, particularly to women, small 

children, and the elderly [3]. Biomass is renewable organic 

material that comes from plants (including algae, trees, 

and crops) and animals in which the energy of sunlight is 

stored in chemical bonds [4,5]. The use of biomass 

reduces the need for fossil fuels, such as coal, oil, and 

natural gas, which have taken millions of years to evolve. 

In small-scale biomass boilers, except for pellets 

and briquettes and in rare situations wood chips, firewood 

is still the dominant biomass fuel for traditional use. 
Although firewood is an ecological fuel and a renewable 

energy source, its combustion emits large amounts of 

pollutants into the atmosphere. The importance and the 

impact of these emissions are best illustrated by the 

increased concentrations of pollutants in urban and 

suburban areas with a large number of individual boilers, 

stoves, and furnaces in many cities in the Republic of 

Serbia. This problem is particularly accentuated during 

winter weather inversion. Solid biomass boilers emit 

numerous pollutants, of which the most attention is paid to 

carbon monoxide (CO), nitrogen oxides (NOX), and 
volatile organic compounds (VOC). In the Republic of 

Serbia, wood biomass is currently used annually with 

1.021 Mtoe, while its annual untapped potential is 0.509 

Mtoe [6]. 

2. AN OVERVIEW OF THE FIREBOX DESIGN IN
SMALL-SCALE BIOMASS BOILERS 

Manufacturers of wood biomass stoves and boilers 

are making significant efforts to increase efficiency and 

reduce pollutant emissions. Compared with derived fuels 

such as wood pellets, briquettes, and chips, firewood is the 

most economically acceptable fuel. Except for the price, 

the advantage of firewood is lower emissions of indirect 
pollutants due to shorter transport and less need for 

processing during production. Oppositely, the main 

disadvantages of firewood are: difficult control of the 

combustion process and higher pollutant emissions into 

the atmosphere. To reduce emissions, wood is burned in 

multi-stages or boilers and stoves are paired with heat 

accumulators to establish a stationary combustion regime 

[7,8]. 

When it comes to multi-stage combustion, in the 

first stage the wood is incompletely burned (gasified), 

while in the second stage the combustible gas is burned. 

Gasification and combustion zones are physically 
separated in gasification boilers. The basic schemes of the 

most commonly used constructions are shown in Figure 1. 

Only DC (direct current) gasification of wood (air and 

combustible gas flow in the same direction) was applied to 

them, and in all shown designs the gasification chamber 

(which is also a fuel bunker) is usually above the 

combustion chamber of the combustible gas (boiler 

firebox). In addition to the shown designs, there are 

designs with transverse and opposite gasification [9], as 

well as in the case of a fixed bed gasification reactor. The 

presented constructions dominate the market due to 
reliability, elaborated principle (manufacturers most easily 

accept successfully elaborated principles), the possibility 

of burning wood with larger moisture content, and stable 

air and gas flow through the gasification zone. The 

construction shown in Figure 1.A is technically the 

simplest, but also the most environmentally unacceptable. 

Its deficiency is caused by the flue gas loaded with a large 
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concentration of particulates. These particles fall to the 

bottom of the firebox, cool very quickly, and cause higher 

emissions of carbon monoxide (CO), a higher amount of 

unburned carbon in the ash, and a higher amount of 

particles in the flue gas. This problem is more pronounced 

when reducing the amount of fuel in the gasification 

chamber (position 1 in Figure 1) because then the 

resistance of air and gas flow decreases. Therefore, most 

of the firebox space is covered with refractory ceramics as 
in the design shown in Figure 1.B, which is found in 

references [10,11,12]. 

Figure 1: Analyzed designs of gasification boilers with 

direct current gasification of firewood. 1 – primary air 

(for gasification) and gasification chamber, 2 – secondary 

air (for combustion of combustible gas), 3 – combustion 

chamber, 4 – convective part of the boiler, 5 – refractory 

ceramic elements, 6 – water flow channels, 7 – 

intermediate chamber [13] 

The design shown in Figure 1.C is often applied as 
can be seen in the reference [14]. This is a reliable design 

with some shortcomings. In the gasification chamber 

(position 1 in Figure 1), the airflow in one direction and 

burns incompletely the firewood. After leaving the 

gasification zone, the gas burns in the intermediate 

chamber (position 7 in Figure 1). The gasification zone 

and the intermediate chamber are divided by a plate of 

refractory ceramics (position 5 in Figure 1), whose role is 

to: limit the gasification zone and the firebox, keep the 

fuel being burned, enable the introduction and preheating 

of secondary air, and provide adequate mixing of producer 
gas from the gasification zone and combustion air. Figure 

1.D shows the principle of design with a refractory insert.

This type of design is found in references [15,16].

To achieve complete burnout and high efficiencies 

in small-scale combustion, downdraft boilers with the 

inverse flow have been introduced, which apply the two-

stage combustion principle which is found in reference 

[17] and shown in Figure 2.

Figure 2: Downdraft boilers with inverse combustion of 

logwood and with enforced airflow and air supply with 

primary and secondary air. Above: 1 – primary air, 2 – 

fuel hopper, 3 – glow bed, 4 – secondary air, 5 – post-

combustion chamber, 6 – heat exchanger, 7 – chimney. 

Below: 1 – fuel inlet, 2 – fuel hopper, 3 – glow bed, 4 – 

primary air, 5 – secondary air, 6 – ash bin, 7 – mixing 

zone, 8 – post-combustion chamber, 9 – heat exchanger, 

10 – chimney [17] 

3. INITIAL DESIGN OF SMALL-SCALE
GASIFICATION BOILER 

Figure 3 shows the initial design of a small-scale 

gasification boiler. In the design, wood logs are adequately 

gasified. However, the problem arises during the 

combustion of the product gas. High levels, i.e., high 

emissions of carbon monoxide (CO) were measured. In 

two weeks of testing, the carbon monoxide CO emissions 

were in the range of 2500 to 3000 ppm. Two reasons 

caused the problem. These are unstable control of primary 
and secondary air and relatively large distance between the 

gasification and combustion zones. When a small amount 

of fuel remains in the gasification zone, the primary air 

flows with ease through the gasification chamber. Due to a 

lower flow resistance, the amount of primary (gasification) 

air increases. That causes a more intense uncomplete 

oxidation in the gasification zone. At that point, the 

control of the secondary (combustion) air becomes a 

problem. The flow through the fuel bed and the design of 

air canals cause a large difference between flow 

resistances of the primary and secondary air. The primary 
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air is used for oxidation in the gasification zone, whereas, 

the secondary air is introduced for the complete 

combustion of the gas phase. The huge difference in the 

resistances causes the unstable control of two electro 

motors, which control two valves that regulate the 

amounts of the primary and secondary air. The other 

problem is caused by the rapid cooling of the incompletely 

oxidized gas phase. The cooling prevents the total burnout 

of the gas phase. The low residence time and the low 
temperature make unfavoured conditions for the complete 

oxidation of the gas phase. The subcooling happens 

because the gas path is too long from the gasification zone 

to the zone where the secondary air is introduced. Because 

of the decrease in temperature and inadequate gas flow, 

incomplete combustion and increased CO emissions occur.  

 
Figure 3: A cross-section view of the initial design of a 

small-scale gasification boiler 

4. CFD MODELLING 

This paper aims to present a CFD (Computational 

Fluid Dynamics) simulation of a 25 kW wood-log-fired 

water boiler with the use of preheated air. The new design 

should solve the problem presented in the previous 

heading. The appropriate distribution of the primary and 

secondary air and adequate air preheating are the main 

tasks that are tested by the use of the CFD model. The tool 

used for the CFD simulation was based on the 

commercially available software, ANSYS CFX 18.1. 

Based on the reference [18], the entire domain of 

the wood-log-fired water boiler can be divided into 

gasification and combustion zone.  
This heading also describes the boiler geometry, the 

used mesh, fuel properties, boundary conditions, and air 

staging configurations. 

4.1. Description of the boiler geometry and mesh 

For the CFD simulation, the design of the wood-

log-fired water boiler shown in Figure 4 was simulated. 

The ANSYS Design Modeler software and ANSYS 
Meshing software were used for the wood-log-fired water 

boiler geometry simulation and numerical grid generation 

[19]. 

To improve the shortcomings of the initial design, a 

new air introduction system has been designed. The new 

concept of the boiler uses preheated primary and 

secondary air. Primary air flows through the hottest zone, 

cools the hearth (position 3 in Figure 4), and is introduced 

from the opposite sides (9) of the combustion chamber (2). 

The secondary air (8) is introduced through a large number 

of orifices (10). The concept is used in the present 25 kW 

wood-log-fired water boiler. The dimensions of the 
gasification chamber (1) are: 400x520x145 mm (length, 

width, and height). The influence of the position and size 

of the deflector plate (position 4 in Figure 4) affects the 

emissions of pollutants and leads to higher/lower 

velocities of the flue gas, which is found in reference [20]. 

After the initial oxidation reactions, the obtained gas 

should be immediately in the contact with preheated 

airflow (secondary air). As the gas is at this stage laden 

with particulates, their and combustibles in the gas phase 

burning together should happen from position 10 to 

position 3 in Figure 4. The intention is to elongate the 

flame, reduce its temperature and consequently decrease 
the NOx emissions.  

 
Figure 4: Individual parts of the wood-log-fired water 

boiler. 1 – fuel import area, 2 – gasification chamber, 3 – 

combustion chamber, 4 – deflector plate, 5 – flue gas exit, 

6 – water channel, 7 – primary air inlet, 8 – secondary air 
inlets, 9 – primary air inlets to the gasification zone, 10 – 

secondary air inlets to the combustion zone 

Figure 5 shows a detailed 3D fine mesh grid that 

was used for the numerical simulation. The number of 

elements is approximately slightly larger than 15 million. 
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Figure 5: Representation of the 3D fine mesh grid 

Table 1 shows the details of the mesh. 

Table 1: Details of the mesh 

Statistics 
Nodes 2799678 

Elements 15137173 

Mesh Metric Average 
Element Quality 0.84241 
Aspect Ratio 1.8268 

Orthogonal Quality 0.86365 

4.2. Fuel properties 

The most important fuel properties which give the 

first impression of a certain fuel are given by proximate 

and ultimate analysis, heating value, and ash fusion point 

[2]. Beechwood of different lengths was used as the test 

fuel. Their proximate and ultimate analyses were not done, 

but the composition of dry beech wood was taken from the 

database Phyllis2 [21] and is shown in Table 2. The 
average moisture content of 19.3 wt.% in fuel was 

measured using Testo 606-1 device and was determined as 

the arithmetic mean of at least 50 measured values. 

Table 2: Properties of the fuel used [21] 

Proximate analysis 
Moisture content [wt.%] 19.3 

Ash content [wt.%] 0.49 

Ultimate analysis 
Carbon [wt.%] 48.35 

Hydrogen [wt.%] 5.86 

Oxygen [wt.%] 44.98 

Nitrogen [wt.%] 0.31 

Sulphur [wt.%] 0.02 

Heating value 
Net calorific value (LHV) [MJ/kg] 19.07 

Gross calorific value (HHV) [MJ/kg] 20.25 

4.3. Boundary conditions 
The excess air λ is determined using the following 

equation [22]: 

2

20.9

20.9 O
 


.  (1) 

The excess air of 1.5 was used. With this excess air, 

the oxygen content in the flue gas of 7% is obtained. This 

is a typical value for this kind of boilers. Based on the 

reference [17], the primary air ratio ( prim ) of 0.8, and the

secondary air ratio (
sec ) of 0.7 were chosen.

The burning rate of the fuel of 0.001457 kg/s was 

calculated based on the nominal power of the boiler 25 

kW, the LHV of the fuel, and assumed efficiency of 90 % 

[23]: 

Q
B

LHV 






.  (2) 

Based on the air ratios and the fuel-burning rate, the 

airflows at 293 K are: 0.002304 kg/s and 0.001249 kg/s for 
the primary and secondary air, respectively. These were 

calculated by [24]:  
2

2

d
m A v v  
  
       

 
. (3) 

In Eq. (3), the air density is taken to be 1.2041 

kg/m3. The geometry of the openings for the primary and 

secondary air was calculated based on the assumed 

velocities: 1.5 m/s for the primary and 2 m/s for the 

secondary air.  

4.4. Air staging configurations 

The required primary air for the gasification 

process is introduced into the gasification chamber 
through 34 holes (2 larger ones with a diameter of 30 mm, 

and 32 smaller holes that are 10 mm in diameter) located 

laterally on both sides of the chamber (Figure 6). The 

trajectory of the primary air around and below the 

combustion chamber is shown in Figure 6. The goal was to 

preheat the primary air before it enters the gasification 

chamber. The amount of primary air is controlled by a 

control valve driven by an electric motor. 

Figure 6: The primary air distribution to the gasification 

chamber 
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The shortest distance between the primary and 

secondary openings is 20 cm. The secondary air is 

introduced by an array of openings that are shown in 

Figure 7. 

 

Figure 7: The secondary air distribution to the combustion 

chamber through the many openings 

5. RESULTS AND DISCUSSION 

Numerical simulations have been performed on the 

design shown in Figures 4 and 7. to investigate the 
influence of air staging on the distribution of the primary 

and secondary air. Figure 8. shows the simulation results. 

 
Figure 8: Air velocity field. A – primary air velocity (R), B – secondary air velocity (M), and C – primary air velocity (L) 

In the presentation of the results in Figure 8., the 

priority is given to the velocity fields of the primary and 

secondary air. The numerical simulation was modeled with 

the help of 2,799,678 nodes and 15,137,173 elements. The 

k-epsilon model was used in the Ansys CFX software 
assuming a pressure of 1 bar in the firebox. 

The primary air path (Figure 6.) favors the side 

(position 9 in Figure 4.) opposite to the primary air inlet 

(position 7 in Figure 4.). Based on the simulation, it was 

noticed that there is an uneven velocity field in the 

chamber that is located in the gasification zone. Figure 8. 

C shows the primary air (L) velocities (framed by a red 

dashed line) in the range from 0.67-1.2 m/s, whereas 

Figure 8. A shows the primary air (R) velocities (framed 

by a red dashed line) in the range from 0.6-0.8 m/s. The 

numerical simulation shows that the obtained results differ 
from the expected for the primary air. Compared with the 

desired air velocity of 1.5 m/s, the simulated values are 

lower. In both cases, the highest velocities were achieved 

through the 2 larger holes that are 30 mm in diameter. 

These holes are placed at the end opposite the air entrance 

(see Figure 8. A) 

Figure 8.B shows the velocity field for the 

secondary air (M). In this case, also, the obtained results 

are contrary to the expected ones of 2 m/s. As can be seen, 
the secondary air favors the air curtain (position s1 in 

Figure 8.B) located in the combustion zone with velocities 

in the range from 0.6-1.1 m/s. The aim of the air curtain 

(position s2 in Figure 8.B) was to divert the flame and the 

velocities were in the range of 0.6-0.67 m/s. The 

secondary air velocities (positions s3, s4, s5, and s6 in 

Figure 8.B) were in the range from 0.08-0.25 m/s. It can 

also be seen that the velocity field is less favorable 

because there is a “short circuit” to the convective part of 

the boiler on the underside of the deflector plate. Also, in 

the combustion zone, the secondary air velocity field 
shows that the highest flow velocities were at the air 

curtain (position s1 in Figure 8.B), which is good because 

it favors the uplift of ash and unburned particles towards 

the convective part of the boiler. 
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6. CONCLUSION

The initial design of the small-scale gasification 

boiler had large carbon monoxide (CO) emissions, which 

were in the range of 2500 to 3000 ppm with a flue gas 

oxygen content of 7 %. Incomplete combustion of gas due 

to its rapid cooling has been identified as a cause of 

excessive emissions of pollutants. The paper aimed to 
answer the question of how to improve the second stage of 

the combustion process in the boiler. Multi-stage 

combustion of wood logs by the use of preheated air was 

envisaged. The preheating of the primary air by passing 

around and under the combustion chamber, before entering 

into the gasification chamber through a total of 34 holes. 

The primary air ratio is 0.8 and it should be maintained 

close to 0.7-0.8, which is found in reference [17]. It has 

also been proposed to preheat the secondary air and 

introduce it into the combustion chamber through the 

many openings. The goal was to improve the mixing of the 

secondary air and the gas that is coming from the 
gasification chamber. It is important to note that the flow 

resistances of the primary and secondary air should be on 

the same order of magnitude because the low resistance of 

the secondary compared with the primary air can lead to a 

negative impact on the control of the combustion process 

in such types of boilers. The numerical simulation showed 

that the primary and secondary air streams enter the 

chambers at slower than desired velocities. This problem 

should be solved by an additional redesign of the hearth. A 

gradual introduction of air in a larger area should reduce 

carbon monoxide (CO), nitrogen oxides (NOx), and the 
emissions of volatile organic compounds (VOC), whereas 

the diversion of the flame should reduce the emissions of 

particulate matter. 
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This research evaluates the influence of the different types of concrete mixture, using a shallow type of indentation 
of wire, having the different edge distance and compressive strength of concrete on splitting resistance in pr-etensioned 
concrete railroad sleepers. The investigated compressive strength of concrete was 4500psi. The research was experimental, 
and the part of this research was formally adapted in Arema Standards for Railway Engineering Chapter 30 section 4.2.4. 

 

1. INTRODUCTION 
This research is focused on longitudinal splitting 

which occurs in prestressed concrete members due to 
different variables such as concrete mixture, wire type, 
and release strength of concrete. The goal is to find the 
best possible design parameters to diminish longitudinal 
splitting in prestressed concrete members. Different 
prestressed concrete prisms were examined having 
different cross-sections using different concrete mixture 
and compressive strength. The examined wire type 
which will be described in this paper is denoted as “WB” 
wire type, which belongs to the chevron type of wire. 
The research which was conducted at Kansas State 
University used this wire type having 1in edge distance 
and experiments with this wire were successful without 
longitudinal splitting in prestressed concrete members.  
The influence of variables was presented in the research 
of Bodapati [1], Savic et al [2-6]. They investigated the 
influence of edge distance and wire type indentation on 
longitudinal splitting. According to their research, the 
minimum edge distance depends on the wire type and for 
shallow wire type, it will be 0.75in. 

 

2. METHODOLOGY 

2.1. Splitting Crack Evaluation 
Three prisms having different cross-sections were 

cast at a time. The values of edge distances were 3/4in, 
5/8in, and 1/2in. Different concrete mixes were designed 
so that the most effective factors were included. These 
factors are angularity, coarseness, the volume of coarse 
aggregate, class F fly ash, and w/cm ratio. In addition, 5 
mixes were designed to assess the effect of transverse 
reinforcement on splitting cracks.  The compressive 
strength of concrete was 4500psi for each prism and the 
water/cement ratio was 0.32. Adva Cast 530 was used as 
a water reducer.  

 
2.2 WB Wire Type 

WB wire Type belongs to chevron type of wires, 
but during this research and after all experimental 
investigation this wire had performance remarkably 
similar to wires which belong to deep chevron wire type. 
The physics behind this splitting is still unknown and the 
VOLPE center is working on a numerical approach to 
find the reason for such behavior. The geometry of the 
prestressing wire indents is a significant variable in the 
formation of longitudinal splitting cracks in pre-
tensioned concrete members. Longitudinal splitting 
along prestressing tendons can result in severe splitting 
and complete tie failure in the field under normal train 
loading over time. Features of interest for each wire type 
are indent depth, indent volume, indent sidewall area, 
indent sidewall angle, indent length, indent pitch period, 
indent width, indent distance, and indent orientation 
angle. Figure 1 shows graphically the indent features of 
wires [2]. 

 

 
Figure 1: The indent Features of wires 
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Table 1: Indented wire Measurements 
Average 
depth 
(mm) 

Edge 
Wall 
angle 
(degree) 

Side 
Wall 
Area 
(mm2) 

Volume 
(mm3) 

WB 0.119 16.45 2.92 1.696 

Figure 2 presents WB Wire Type Microscope Image and 
3D Model [8].  

Figure 2: WB Wire Type- Microscope Image and 3D 
Model (8) 

2.3 Sample preparation 
Three prisms having different edge distances 

were cast at a time. The edge distance is defined as a 
distance from the tendon center to the edge of the prism. 
Four prisms were embedded into each cross-section 
having a common distance of 2in. Three different values 
of edge distances were examined 3/4in, 5/8in, and 1/2in.  

Figure 3: Cross-section of three prisms for each set of 
prisms 

Before the casting procedure, each wire was pulled to 
7000lbs. The average initial compressive stress for edge 
distance ¾ in was equal to 28000 lb./(3.5 in)2 =2285 psi. 
For prisms with a ⅝ in edge distance, the value of stress 
was: 28000 lb./(3.25 in)2=2650psi which was 59% of the 
4500-psi concrete release strength. For prisms with ½ in 
edge distance, the average initial compressive stress was 
it was 3110psi, which was approximately 89% of the 
4500psi concrete release strength. This value is 
significantly into the nonlinear range of the concrete. In 
the pre-tensioning frame, wires within each prism were 
tensioned between two abutments before the casting of 
concrete. A jacking assembly was created at Kansas 
State University and used for this study. The mechanical 
gear jack was attached to the metal frame which allowed 
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gradual tensioning and release operations. Jacking of the 
steel prestressing wires occurred at the end of the steel 
frame referred to as the “Live End” as shown in Figure 
4. Figure 5 shows a prestressed concrete bed with three 
sets of prisms having different edge distances. 

 
Figure 4: Prestressed Jacking Arrangement at the Live 

End 

 
Figure 5: Prestressed Concrete Bed 

 
Figure 6: Casting the Prestressed Concrete Prisms 

2.4. Test Procedure 
After casting specimens, temperature-match 

cured cylinders were tested at periodic intervals to 
determine the compressive strength. As soon as the 
cylinders reached 4500psi (approximately after eight 
hours, depending on the lab temperature), the prisms 
were gradually de-tensioned. For prestressed concrete 
railroad ties to function sufficiently in the field, and to 
guarantee safety, the prestressing force must be fully 
introduced into the railroad tie at a location well before 
the rail load is applied. The length needed to transfer the 
prestress force into the concrete member is well known 
as the “Transfer length”. The laser-speckle device was 
used to scan the top surface of a concrete prism before 
and after de-tensioning, and automatically plot the strain 
profile and determine the transfer length using a least-
squares algorithm [9]. 

 
Figure 7. Measuring the Transfer Lengths 
Two scans are required for transfer length 

measurement one before de-tensioning and one after the 
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cutting operation after the de-tensioning procedure. The 
surface strain was calculated and plotted automatically 
after the raw images are captured. 
Each prism provided two measurements of transfer 
lengths (live and dead-end) and provided approximately 
eight independent splitting tests of edge distance (four-
wire cover tests on each end) for a given release strength 
[2]. 

 The length and width of cracks were measured 
using a ruler and concrete crack comparator respectively, 
after 90 days. This time delay was used to evaluate long 
term creep behavior of splitting cracks. In some cases, 
the longitudinal splitting occurred immediately after the 
de-tensioning procedure but due to lateral sustained 
stresses, some cracks appeared after several weeks. All 
cracks were marked using a permanent red marker. For 
further investigations crack length for each prism was 
determined along with the values of Crack Areas. The 
crack area was defined as crack width multiplied with 
crack length. In the case where spalling occurred the 
arbitrary value of crack width was used as 2in. 

3. RESULTS

3.1. WB wire type 4500psi using Crushed Gravel as 
aggregate. 

WB wire type which belongs to the chevron type of wire 
was examined using different concrete mixtures to 
understand which variable is most important in 
transferring the stresses between steel and concrete. 
Mix#1 used Crushed Gravel as aggregate, Adva Cast 
530 as High Range Water Reducer, and water/cement 
ratio was 0.32 for all set of prisms. Table 2 shows the 
concrete mix ingredients. 

Table 2: Concrete Mix Design Using Crushed Gravel as 
Aggregate 

Material Weight (lbs./yd3) 
Cement 813.8 
Water 260.4 
Large Crushed Gravel 897.8 
Small Crushed Gravel 538.7 
Sand 1436.5 
Adva Cast 530 81 fl.oz./yd3 

Figure 8 shows a set of prisms after the de-tensioning 
procedure on the dead-end of the prestressed bed (Dead 
end stress operations did not occur). Spalling was 
noticed on the prism having 1/2in edge distance. 

Figure 8: Observed Cracking 

Figures 9 and 10 present Crack Area and Crack 
Length respectively as a function of the edge distance of 
the prisms. With reducing the values of edge distance 
more cracks appeared, and crack lengths are higher. 

Figure 8: Crack Area (in2) 

Figure 9: Crack Length 

3.2. WB wire Type using Mix#2 

Mix design number 2 used Granite as aggregate and 
Table 3 shows the mix properties. 

Table 3: Concrete Mix Design Used Granite as 
Aggregate 

Material Weight 
Lbs/yd3

Cement 813.8 
Water 260.4 

Crushed Granite 1447 
Sand 1447 

Adva Cast 530 81 fl.oz/yd3

Figure 11 shows the longitudinal strain profile for 
the prism having ¾ in edge distance. The values for 
transfer lengths are enormous. This results from the large 
magnitudes of longitudinal surface strain that go along 
with longitudinal splitting of the prism. The values of 
transfer lengths imply that wire type WB exhibits poor 
performance.  
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Figure 11: Longitudinal Strain Profile 

The average crack width was 0.02in and the 
average crack length was approximately 15in. 

 
Figure 12: Crack Area 

 
Figure 13: Crack length 

According to Figures 12 and 13 WB wire type 
performed better using Granite in comparison to crushed 
gravel.  

3.3. WB wire Type using Mix #3 
Mix Design #3 had uncrushed local Pea Gravel and had 
poor performance resulting in high values of crack areas 
and crack lengths as shown in Figures 14 and 15.  
 
Table 4: Concrete Mix Design #3 

Material Weight 
(lbs./yd3) 

Cement 780 
Water 249.6 
Uncrushed 
Gravel 

1526 

Sand 1526 
Adva Cast 530 81 fl.oz/yd3 

The maximum crack width on the live end of the 
prism with a ¾in edge distance was 0.05in and the 
maximum crack length was 32in. On the other side, the 
maximum crack width was 0.04in and the maximum 
crack length was 27in. 

 
Figure 14: Crack Area 

 
Figure 15: Crack Length 

3.4. WB wire Type using Mix #4 
 

To diminish the crack lengths and crack areas in 
prisms using WB wire type in Mix#1 25% fly ash 
replacement was added. According to the results shown 
in Figure 16, adding fly ash into the mixture has a slight 
effect on 3/4in.-edge distance prisms. Overall, the 
substitution of fly ash negatively affects prisms in terms 
of splitting cracks.   

 
Figure 16: Crack length measurements for prisms with 0 

and 25% Fly ash 
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3.5. Effect of Fiber Reinforcement 

During the years of research, it was well-
established that reinforcing concrete can lead to a greater 
crack resistance [10-11]. To improve the mechanical 
properties of concrete material, polymer fibers have been 
widely used with different percentages.   

To increase the mechanical properties of the 
concrete a monofilament polypropylene micro-fiber was 
also added to the concrete of a select number of 
prestressed prisms. This Fiber complied with ASTM C 
1116, Standard Specification for Fiber Reinforced 
Concrete and Shotcrete. 

Figure 17: Polymer Fiber [10] 
Polymer Fiber of 5% was added to Mix#3 and 

according to experimental investigation, it was 
concluded that better results were achieved. The number 
of detectable cracks declined by more than 30% when 
polymer fiber was used. However, the number of 
splitting cracks was reduced at 1/2-in. edge distance.  
 There is a significant improvement in crack propagation 
resistance when polymer fiber is used. 

Figure 18: Crack length measurements for prisms with 
0% and 5% polymer fiber 

Figure 18 shows the crack length measurements 
using WB wire type and concrete mixture #3 with fiber 
polymer.  

4. CONCLUSIONS AND RECOMMENDATIONS

Based on the results of this study, the following
four primary conclusions are drawn. 

• The edge distance is the most significant
parameter to prevent longitudinal splitting in
prestressed concrete members. According to
previous research conducted at Kansas State
University by Naga Bodapati, WB wire type did
not split having 1in tendon edge distance.

• The second significant parameter is the wire
indent characteristics. According to research
conducted by A. Savic [3-5] the shallow
chevron type of wires did not split on the prisms
having 3/4in edge distance. The indent wire
type affects the edge distance, according to all
results the minimum edge distance for WB wire
type and deep chevron wire types is 1.25in.

• The third important parameter which affects
longitudinal splitting is a concrete mixture.
Concrete mix using fiber polymer showed the
best performance and increase splitting
resistance. Fly ash in concrete mixture had a
negative impact on splitting resistance.

• The fourth important parameter is concrete
maturity at the time of the de-tensioning
procedure. In this research 4500psi compressive
strength was examined since that all prestressed
concrete tie manufacturers de-tensioning
procedure commenced at that time.  Higher
compressive strengths at the transfer of
prestressing also correspond to a higher
Modulus of Elasticity (MOE). The higher MOE
causes increased lateral stresses and serve to
diminish much of the benefit aspect of the
increased tensile strength.
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Load-bearing Capacity and Thermal Conductivity of Axially Loaded 
Walls in Accordance with EC6 
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Since 2019 the application of European technical norms of Eurocodes has been mandatory. The issue of energy 
efficiency of buildings, with the aim of saving energy, is more topical than ever. As for masonry structures, there is a 
large choice of different masonry materials on the market. By choosing the proper material, we influence both the load-
bearing capacity and energy efficiency of the wall. 

The aim of the paper is to show the method of calculating load-bearing capacity of the wall, which is connected 
to the slab floor of reinforced concrete at the top and bottom and is not laterally supported, depending on the chosen 
masonry material and binder, all according to Eurocode 6., as well as the calculation of the heat transfer coefficient, 
according to the policy on energy efficiency of buildings. 

Keywords: masonry structures, load-bearing capacity, heat transfer coefficient 
 

1. INTRODUCTION 
In December 2019, the implementation of 

European technical standards, Eurocodes 0-9, became 
mandatory in the territory of the Republic of Serbia, while 
a large number of regulations in force until then were 
withdrawn. 

The issue of energy efficiency of buildings was 
brought up in order to save energy and to reduce CO2 
emissions into the atmosphere, which is one of the main 
causes of global warming. In September 2012 the 
Ordinance of the energy efficiency of buildings entered 
into force, and it prescribed in more detail  energy 
properties and the method of calculating thermal 
properties of buildings, as well as energy requirements for 
new and old buildings. 
Within this paper, load-bearing capacity of the wall, that is 
connected at the top and bottom with the reinforced 
concrete slab floor structures and is not laterally 
supported, was considered. Frequently used materials were 
used for the masonry: solid bricks, gutter blocks, as well as 
Porotherm blocks 25 N+F, Porotherm 25 profi and 
Porotherm 25-38 IZO profi blocks by professional 
manufacturer Wienerberger. The thickness of all walls was 
25 cm, in the first three cases mortar was used as a binder 
and professional glue was used for blocks Porotherm 25 
ptofi and Porotherm 25-38 IZO profi.  In addition to the 
load-bearing capacity, for each type of wall, it was 
checked whether the value of the heat transfer coefficient, 
U, met the requirements of the Ordinance on energy 
efficiency of buildings. 

2. THERMAL CONDUCTIVITY CALCULATION 
There are three basic ways of heat transfer: 

1) During heat transfer by conducting, heat is 
transferred from one body to another without noticeable 
movement of body particles, in the direction of heat flux, i. 

e. from a place of higher temperature to a place of lower 
temperature. The condition for heat to be transferred 
exclusively in this way is that bodies, or part of the body, 
are in direct contact. 

2) Heat transfer by convection occurs through the 
movement of individual parts of the body and under the 
effect of temperature differences. 

3) Heat transfer by radiation is a form of heat 
transfer from one body to another through the movement 
of electromagnetic waves in the space between these two 
bodies (bodies are not in direct contact). 
All three mentioned ways of heat transfer can take place 
simultaneously, but one of them is always dominant. 
Heat transfer by flow (convection) is characteristic of 
fluids (gases and liquids). For buildings, the process in 
which thermal energy is transferred from the liquid to the 
solid and vice versa, is important. The size that 
characterizes the heat transfer from solid to fluid medium 
and vice versa, is called the heat transfer coefficient. 
Through solids heat is transferred by conduction. This 
process essentially represents the exchange of kinetic 
energy. The amount of heat transferred by conducting 
through a flat homogeneous wall depends on the transfer 
surface, the coefficient of thermal conductivity, the 
temperature difference, the time and the thickness of the 
wall. The value of the thermal conductivity coefficient has 
been experimentally determined for all types of building 
materials and depends on the type and structure of the 
material, bulk density of the material (porosity) and 
moisture. The ratio of wall thickness (d) and thermal 
conductivity coefficient (λ), d/ λ represents the resistance 
to heat conduction (R). Total resistance to heat conduction 
(Ru) includes both resistances at the air and wall 
boundaries, expressed by transition coefficients for the 
outer and inner side of the wall. Reciprocal value of total 
resistance Ru represents the heat transfer coefficient U 
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whose maximum values are defined by the Ordinance on 
energy efficiency of buildings [1]. 

3. LOAD-BEARING CAPACITY OF WALLS
EXPOSED TO VERTICAL LOADING

According to production control, masonry elements 
are divided into two categories. Category I wall elements 
are those for which the manufacturer has provided 
constant quality control and which, within delivery, have a 
defined compressive strength that does not deviate from 
the mean value of more than 5% (5% fractil). Category II 
elements are those whose average value of compressive 
strength is equal to the declared value, so the elements of 
natural stone are classified in category II. To determine the 
load-bearing capacity of walls, it is necessary to know the 
mechanical properties of masonry elements and binder 
material [2]. 

The most reliable data on the characteristic 
compressive strength of the wall are certainly obtained 
directly, experimentally, when it is necessary to use 
materials that are applied to a specific wall in practice, In 
the absence of concrete experimental results of wall 
compressive strength, the current legislation in the field of 
wall constructions, Eurocode 6, allows the characteristic 
wall compressive strength to be defined on the basis of the 
expression [3,4]: 

k b mK [MPa]f f fα β= ⋅ ⋅      (1) 
where: 
fk –  characteristic value of compressive strength of the 
masonry structure [N/mm2], 
K - constant that depends on the characteristic of the 
elements used for masonry, 
α, β – constants, 
fb – normalized mean value of compressive strength of 
masonry elements in the direction of the applied load 
[N/mm2], 
fm – mortar compressive strength [N/mm2]. 

Relationship between characteristic value of the 
compressive strength of the masonry structure fk, the 
normalized mean value of the compressive strength of 
masonry elements fb and mortar strength, can be 
determined depending on the type of mortar used. 

- for masonry construction made with the use of
general purpose mortar and light aggregate mortar 

0,7 0,3
k b mKf f f= ⋅ ⋅        (2) 

- for masonry construction made with the use of thin-layer
mortar, when the horizontal joints are 0.5 mm to 3.0 mm
thick, and with the use of clay elements from group 1 and
group 4, calcium silicate elements, concrete elements and
autoclaved aerated concrete elements

0,85
k bKf f= ⋅       (3) 

- for masonry construction made with the use of thin-layer
mortar, when the horizontal joints are 0.5 mm to 3.0 mm,
and with the use of clay elements of group 2 and group 3

0,7
k bKf f= ⋅   (4) 

In order to adequately calculate the load-bearing 
capacity of elements of the masonry structure exposed to 
vertical load, in accordance with Eurocode 6, it is 
necessary to first define the effective height of the wall 

and to determine the effective wall thickness. Effective 
(calculated) wall height should be taken as: 

ef nh hρ=  (5) 
where: 

hef – effective wall height, 
h – effective wall height, 
ρn – reduction factor, where n = 2, 3 or 4, 

depending on the number of stiffened edges of the wall. 
For the reduction factor, (ρn) the following can be 
assumed: 
- For walls at the top and at the bottom connected with
reinforced concrete mezzanine structures or with roof
structures that are load-bearing in both directions or with
reinforced concrete mezzanine structures that are load-
bearing in one direction and rely on at least 2/3 of the wall
thickness, the size of the reduction factor is:

ρ2=0,75         (6) 
- For walls connected at the top and at the bottom,

stiffened only along one vertical edge (the other vertical 
edge is free): 
when h≤3,5l the reduction factor is: 

3 22
2

1

1
3

h
l

ρ ρ
ρ

=
 +        (7) 

when h>3,5l the reduction factor is:   

3
1,5 0,3l

h
ρ = ≥

  (8) 
where l is the length of the wall. 

- For walls connected at the top and bottom and
stiffened along the vertical edge: 

when h≤1,15l 

4 22
2

1

1 h
l

ρ ρ
ρ

=
 +   

                                     (9) 

when h>1,15l the reduction factor is: 

4
0,5l

h
ρ =

    (10) 

Effective wall thickness (tef) of a single wall, double wall, 
face wall, facade wall, wall with horizontal joints, filled 
two-layer wall, should be taken as the actual wall 
thickness t:  

ef tt tρ=
 (11) 

where: 
tef – effective thickness, 
t – wall thickness, 
ρt – stiffness coefficient. 

For the calculation of masonry walls exposed to vertical 
load, as well as for the stability of the wall, it is important 
to determine the wall slenderness coefficient. The value of 
the slenderness coefficient of the wall exposed to 
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predominantly vertical load, must meet the following 
condition: 

27ef

ef

h
t

≤
                                                                      (12) 

Calculated load-bearing capacity of the non-reinforced 
wall (NRd), per unit length of single-layer wall, on the 
effect of vertical load, is defined on the basis of the 
expression: 

,
Rd ,

M

t
N t

γ
i m k

i m d

f
f

Φ ⋅ ⋅
= = Φ ⋅ ⋅                               (13) 

where: 
Φi,m – load reduction coefficient (Φi and/or Φm) 

which takes into account the effect of slenderness and load 
eccentricity, 

γM – partial safety factor for the material. 
 

Based on Eurocode 6, for the ultimate limit state, partial 
safety coefficients are defined, depending on the material 
properties. The value of the partial safety factor depends 
on the masonry category, A, B and C. Thus, category A  
includes facilities that are under constant supervision and 
quality control during construction, carried out by the 
supervisory authority, category B includes periodic 
supervision and control, while category C includes 
facilities that are built without a supervisory body and the 
only control is carried out by the construction contractor. 

 

Table 1: Partial safety coefficients for material properties 
(EC 1) 

γM 

category of control 
during constructions 
A B C 

wall 

category of wall 
elements 

production 
control 

I 1,7 2,2 2,7 

II 2,0 2,5 3,0 

 
Value of the buckling coefficient which takes into account 
slenderness and eccentricity is based on a stress diagram 
of rectangular shape and at the top and bottom of the wall 
(Φi), is obtained on the basis of the expression: 

1 2 i
i

e
t

Φ = −                                                                 (14) 

where: 
ei – eccentricity at the top or bottom of the wall, 

depending on the case under consideration, calculated on 
the basis of the expression: 

0,05id
i he init

id

Me e e t
N

= + + ≥
                                   (15) 

Mid – calculated value of the bending moment at 
the top or bottom of the wall, which is the result of the 
vertical load eccentricity from the mezzanine structure on 
its support, 

Nid – calculated value of the vertical load at the top 
or bottom of the wall, 

ehe – eccentricity at the top or bottom of the wall 
due to the action of a horizontal load (wind), if any, 

einit – initial eccentricity with a sign that increases 
the absolute value e; (the initial eccentricity must be 
adopted along the entire height of the wall, in order to take 
into account the imperfections when performing, adopted 
as hef/450).  
Value of the buckling coefficient which takes into account 
slenderness and eccentricity in the middle height of the 
wall (Φm), can be determined using emk, where: 

0,05mk m ke e e t= + ≥                                                 (16) 
where: 

md
m hm init

md

Me e e
N

= + +
                                               (17) 

em – eccentricity due to load-bearing, 
Mmd – calculated value of the maximum bending 

moment in the middle of the wall height, which is the 
result of the moment at the top and bottom of the wall, 
including any load eccentrically placed in relation to the 
face of the wall (e. g. holders), 

Nmd – calculated value of the vertical load in the 
middle of the wall height, including any load eccentrically 
placed in relation to the face of the wall, 

ehm – eccentricity in the middle of the wall height 
due to the action of a horizontal load (e. g. wind) if any, 
(the inclusion of member ehm depends on the combination 
of loads used for verification, where it is necessary to take 
it with the appropriate sign in relation to Mmd/Nmd), 

einit – initial eccentricity which means the increase 
of the absolute value em, 

ek – eccentricity due to flow is determined on the 
basis of the expression: 

0,002 ef
k m

ef

h
e t e

t
φ∞= ⋅                                           (18) 

φ∞ - final value of the flow coefficient. 
Eccentricity due to creeping has a value of zero for all 
walls made of baked clay or natural stone and for all walls 
of other masonry elements with a slenderness of up to 15. 
 

4. EXAMPLES OF WALLS 

4.1. Material Properties 
 
For the purposes of this paper, from masonry 

elements offered on the market, the elements of the 
following groups were used [5]: 

            - elements of baked clay: bricks, blocks (EN 
771-1) whose durability is achieved by firing shaped 
element of raw clay at high temperatures, 

            - elements are of the second group, except 
the brick which is of the first group, 

            - all elements are of the first category, 
            -depending on the masonry element, 

suitable binders were used: general purpose mortar brand 
10 and appropriate adhesives (Table 2). 
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4.2. Wall Thermal Conductivity Calculation 

Table 3 shows values of total resistance Ru and heat 
transfer coefficient U for walls of different materials and 
cases when the wall is in a heated or unheated space. Umax 

is the maximum allowable value of the heat transfer 
coefficient, defined by the Ordinance on energy efficiency 
of buildings for old and newly constructed facilities. 

Table 2: Characteristics of masonry elements 

Masonry element Dimensions 
Medium 

compressive 
strength 

Applied binder λ 

Brick 250/120/65 10 M 10 0,76 
Gutter 250/190/190 10 M 10 0,52 
Porotherm 25N+F 375/250/238 10 M 10 0,26 
Porotherm 25 Profi 375/250/249 10 glue 0,143 
Porotherm 25-38 IZO Profi 375/250/249 12,5 glue 0,072 

Table 3: Thermal conductivity parameters 
Wall towards an unheated space Wall in a heated space 

Ru U Umax Ru U Umax 
Brick M10 0,610 1,64 0,55/0,40 0,56 1,786 0,90/0,90 
Gutter M10 0,762 1,312 0,55/0,40 0,712 1,404 0,90/0,90 
Porotherm 25 N+F 1,242 0,80 0,55/0,40 1,192 0,839 0,90/0,90 
Porotherm 25 Profi 2,030 0,49 0,55/0,40 1,980 0,505 0,90/0,90 
Porotherm 25-38 IZO Profi 3,754 0,266 0,55/0,40 3,704 0,270 0,90/0,90 

4.3. Calculation of the Load-bearing Capacity of the  
Wall Exposed to Vertical Load 

Depending on the dimensions of the applied 
masonry elements, based on EC 6, the shape coefficient of 
the wall element is defined, while depending on the group 
of applied elements and the binder, the characteristic 
compressive strength of the wall is defined (Figure 1, 
Table 4), [6]: 

Table 4:   Shape coefficient and characteristic wall 
compressive strength 

Masonry 
element 

Shape coefficient Characteristic 
compressive strength 

Brick 0,81 3,88 
Gutter 1,14 4,93 
Porotherm 
25N+F 1,138 4,93 

Porotherm 25 
Profi 1,149 3,86 

Porotherm 25-
38 IZO Profi 1,149 4,52 

Figure 1:Mechanical properties of the masonry element, 
applied binder and wall 

Within this paper, the load-bearing capacity of a 
wall that is connected at the top and bottom with slab floor 
structures of reinforced concrete and is not laterally 
supported, was considered. For a wall height of 2.75 m the 
initial eccentricity is less than the minimum eccentricity 
value of 1.25 cm so that for the calculation of load-bearing 
capacity in the bottom and middle of the wall, the 
minimum value of initial eccentricity is adopted.   

Calculated load-bearing capacity of a non-
reinforced wall per unit length of a single-layer wall, under 
the effect of vertical load, is defined in the bottom and 
middle of the wall, for elements of the first group and the 
partial safety factor for material properties depends on 
masonry category, A, B or C (Figure 2,3)
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Figure 2: Calculated load-bearing capacity at the bottom 

of the wall as a function of the safety coefficient for 
material properties 

 

 
Figure 3: Calculated load-bearing capacity in the middle 
of the wall height as a function of the safety coefficient for 

material purposes 

 
          

Table 5: Calculated load-bearing capacity of the   wall in the bottom and middle of the wall  
  

 
Brick 
M10 

Gutter 
M10 

Porotherm 
25 N+F 

Porotherm 25 
Profi 

Porotherm 25-38 IZO 
Profi 

Pa
rti

al
 sa

fe
ty

 c
oe

ffi
ci

en
t 

1,7 
Bottom of the wall 
 513,52 652,5 652,5 510,88 598,28 

Middle of the wall 
 491,58 624,62 624,62 489,05 572,67 

2,2 
Bottom of the wall 
 396,81 504,2 504,2 394,77 462,27 

Middle of the wall 
 379,86 482,66 482,66 377,90 442,52 

2,7 
Bottom of the wall 
 323,33 410,83 410,83 321,67 376,67 

Middle of the wall 
 309,51 393,28 393,28 307,92 360,57 

 

5. RESULT ANALYSIS 
 
Heat transfer coefficient calculation shows that in 

the case of a wall in an unheated space, the requirements 
of the Ordinance on the energy efficiency of buildings are 
met by walls built with Porotherm 25 Profi and Porotherm 
25-38 IZO Profi blocks. In the case of a wall in a heated 
space, the requirement of the Ordinance (Umax = 0.90/0.90) 
is met by walls built with Porotherm 25 N+F, Porotherm 
25 Profi and Porotherm 25-38 IZO Profi blocks. In both 
cases, walls built of bricks and Gutter blocks without 
insulation, do not meet the requirements of the Ordinance. 

 
 
 

 
 
 
 
Based on the conducted analysis, it was concluded 

that the highest calculated load bearing capacity had the 
wall made of masonry elements Gutter block and 
Porotherm 25 N+F, where masonry was done with mortar 
grade 10, while the wall of Porotherm 25-38 IZO Profi 
elements where masonry was done with glue, had a 
slightly lower load-bearing capacity. Although Porotherm 
25-38 IZO Profi had a higher initial mean value of 
compressive strength of the masonry element, due to the 
use of glue, its characteristic compressive strength 
changed and therefore the calculated load-bearing capacity 
of the wall was lower (Figure 4).
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Figure 4: Ratio of the calculated wall load-bearing capacity to the applied masonry element 

Compared to a wall made of Gutter blocks and of 
Porotherm 25 N+F blocks, a wall made of Porotherm 25-
38 IZO Profi elements has a lower load bearing capacity 
by 9%, while a wall made of bricks and Porotherm 25 
Profi elements has a 22% lower load bearing capacity. 
When the wall is one-sided or two-sided, the reduction 
factor changes depending on the number of stiffened edges 
of the wall, as follows: 

- when the wall is one-sided, its length must be
within 1,0 3,8l≤ ≤  

- when the wall is double-sided, its length must be
within  2,30 11,25l≤ ≤ . 

6. CONCLUSION
Choice of masonry material significantly affects the 

wall physical and mechanical properties. Considering that 
the issue of energy efficiency of buildings is very topical, 
it is necessary to check the parameters of thermal 
conductivity, all according to the Ordinance on energy 
efficiency of buildings, in order to apply appropriate 
insulation and reduce heat loss. Load-bearing analysis, 
conducted in all respects according to Eurocode 6, shows a 
variation of up to 20%, depending on the applied masonry 
element and binder.
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Analysis of cost and time required for the construction of RC 
diaphragms depending on the method of execution 
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Load in deep massive foundations is transferred to the substrate through surface elements called the diaphragms. 
For the last ten years, reinforced concrete diaphragms has been used as a deep foundation cover in a pit for underground 
levels of buildings in urban areas. On an example of a multi-storey building with a basement level in urban environment, 
construction of monolithic reinforced concrete diaphragms is planned in several phases. Analysis was conducted of cost 
and time required to construct two different variants of diaphragms for the purpose of obtaining an optimal construction 
method. The first variant is with construction of every second lamella (even and odd) and the second variant is with 
construction of every third lamella. Due to the proximity of surrounding buildings and impossibility of making a wide 
excavation, analysed reinforced concrete diaphragms are used as protection of the pit for the foundation slab, and at the 
same time as the walls of the basement level. 

Keywords: reinforced concrete diaphragm, construction cost analysis, construction machinery
1. INTRODUCTION 

In the last ten years, there has been a need for 
construction of residential and commercial buildings in 
urban areas. Due to deficiency location for building, the 
future building is most often constructed in a small area that 
is bordered by the adjacent buildings. For the area planned 
for the construction of the facility to be used to the 
maximum, it is planned to build basements. Deep massive 
foundations which are used to protect the vertical 
excavations of the basement level and to transfer the load to 
the deeper layers of the soil of higher bearing capacity are 
reinforced surface elements called the diaphragms.  

In addition to diaphragms, deep founding is also 
made up of foundations that are built in deep supported 
excavations or foundations that are built with walls and 
caissons. The characteristic of a deep foundation is that the 
foundations transfer loads over the overlying horizontal 
surface to deeper soil layers that have less compressibility 
and higher bearing capacity. 

The beginning of the use of reinforced concrete 
diaphragms (RC diaphragms) is related to the sixties of the 
last century, and for the needs of building construction in 
urban environment, can see the rapid development [1] and 
improvement both in the design phase and in technologies 
and methods of execution. RC diaphragms are used if it is 
not possible to perform a wide excavation due to the 
nearness of the adjacent building. Wide excavation is 
excavation with sides at an angle that provides slope 
stability [2], which is a characteristic in cases when the 
building is built in urban areas. Excavations for deep 
foundation pits, which are most often used for basement 
level, are mostly performed in complex geotechnical 
conditions with a high groundwater level. Complex 
geotechnical conditions include the foundation on gravelly, 
sandy, and dusty-clay soils with a high level of groundwater 
[3]. In these conditions, before the appearance of the RC 
diaphragm, the foundation was performed using caisson, 

wells and piles, which are methods with a more complex 
procedure of execution and design. These problems at the 
deep foundation are effectively solved by using a RC 
diaphragm. The use of RC diaphragms avoids wide 
excavations and expansion, whereby these surface elements 
protect the foundation pit from collapsing the surrounding 
soil. In addition to this form of application, which is the 
most common, diaphragms can also be used to solve a 
variety of problems, as load-bearing elements of 
engineering structures, as supporting structures on roads, as 
antifiltration curtains under hydraulic structures, as 
elements in specific drainages, for waterproof cores 
embankment bodies, etc. The appearance of the RC 
diaphragm build from the segments is given in Figure 1. 

RC diaphragms are made in several phases. It is first 
necessary to protect the parts around the diaphragm (on 
both sides of the diaphragm) during excavation from soil 
collapse, which is most often performed using a special 
solution of high-value clay - bentonite in water, the so-
called clay suspensions as shown in Figure 2 and Figure 3. 
This special solution of high-value clay is used during 
excavation as a protection deep slit in which the 
reinforcement is put down after excavation (if the projected 
diaphragm is from reinforced concrete), which is shown in 
Figure 4. After putting down the reinforcement, this deep 
slit is filled with concrete while extruding the solution of 
high-value clay, forming a surface element - the RC 
diaphragm. 
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