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Preface 
 

The 10th International Conference on Sustainable Energy and environmental Protection – 

SEEP 2017 was organised on June 27th – 30th 2017 in Bled, Slovenia, by: 

 

• Faculty of Chemistry and Chemical Engineering, University of Maribor, 

Slovenia,  

• University of the West of Scotland, School of Engineering and  

 

The aim of SEEP2017 is to bring together the researches within the field of sustainable 

energy and environmental protection from all over the world. 

 

The contributed papers are grouped in 18 sessions in order to provide access to readers 

out of 300 contributions prepared by authors from 52 countries. 

 

We thank the distinguished plenary and keynote speakers and chairs who have kindly 

consented to participate at this conference. We are also grateful to all the authors for their 

papers and to all committee members. 

 

We believe that scientific results and professional debates shall not only be an incentive 

for development, but also for making new friendships and possible future scientific 

development projects.  

 

 

 

General chair 

Emeritus Prof. dr. Jurij Krope 
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JIŘÍ JAROMÍR KLEMEŠ2& PETAR SABEV VARBANOV 

 
Increasing efforts and resources have been devoted to research during environmental studies, 

including the assessment of various harmful impacts from industrial, civic, business, 

transportation and other economy activities. Environmental impacts are usually quantified 

through Life Cycle Assessment (LCA). In recent years, footprints have emerged as efficient 

and useful indicators to use within LCA. The footprint assessment techniques has provided a 

set of tools enabling the evaluation of Greenhouse Gas (GHG) – including CO2, emissions 

and the corresponding effective flows on the world scale. From all such indicators, the energy 

footprint represents the area of forest that would be required to absorb the GHG emissions 

resulting from the energy consumption required for a certain activity, excluding the proportion 

absorbed by the oceans, and the area occupied by hydroelectric dams and reservoirs for 

hydropower. 

 

An overview of the virtual GHG flow trends in the international trade, associating the GHG 

and water footprints with the consumption of goods and services is performed. Several 

important indications have been obtained: (a) There are significant GHG gaps between 

producer’s and consumer’s emissions – US and EU have high absolute net imports GHG 

budget. (b) China is an exporting country and increasingly carries a load of GHG emission 

and virtual water export associated with consumption in the relevant importing countries. (c) 

International trade can reduce global environmental pressure by redirecting import to products 

produced with lower intensity of GHG emissions and lower water footprints, or producing 

them domestically.  

 

To develop self-sufficient regions based on more efficient processes by combining 

neighbouring countries can be a promising development. A future direction should be focused 

on two main areas: (1) To provide the self-sufficient regions based on more efficient processes 

by combining production of surrounding countries. (2) To develop the shared mechanism and 

market share of virtual carbon between trading partners regionally and internationally.
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Plenary Talk on 

Renewable energy sources for environmental protection 
 

HAKAN SERHAD SOYHAN4 

 

Development in energy sector, technological advancements, production and consumption 

amounts in the countries and environmental awareness give shape to industry of energy. 

When the dependency is taken into account in terms of natural resources and energy, 

there are many risks for countries having no fossil energy sources. Renewable and clean 

sources of energy and optimal use of these resources minimize environmental impacts, 

produce minimum secondary wastes and are sustainable based on current and future 

economic and social societal needs. Sun is one of the main energy sources in recent years. 

Light and heat of sun are used in many ways to renewable energy. Other commonly used 

are biomass and wind energy. To be able to use these sources efficiently national energy 

and natural resources policies should be evaluated together with the global developments 

and they should be compatible with technological improvements. Strategic plans with 

regard to energy are needed more intensively and they must be in the qualification of a 

road map, taking into account the developments related to natural resources and energy, 

its specific needs and defining the sources owned by countries. In this presentation, the 

role of supply security was evaluated in term of energy policies. In this talk, new 

technologies in renewable energy production will be shown and the importance of supply 

security in strategic energy plan will be explained.
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Abstract Energy use on heating, ventilation and air conditioning 

(HVAC) accounts for about 50% of total energy use in buildings.  Energy 

efficient HVAC systems that do not compromise the indoor 

environmental quality and at the same time meet the energy reduction 

directives/policies are necessary and needed. The study herein, evaluates 

the energy saving potential of a newly proposed ventilation system in 

spaces with high occupancy density, called Intermittent Air Jet Strategy 

(IAJS). The aim of the study was to evaluate through simulations the 

potential energy savings due to IAJS as compared to a mixing ventilation 

(MV) system in a classroom located in a ‘hot and humid’ climate 

(Singapore), and in a ‘hot and dry’ climate (Kuwait). The analysis is 

based on IDA Indoor Climate Energy simulation software. The results 

herein demonstrate significant reduction of cooling energy use of up 

54.5% for Singapore and up to 32.2% for Kuwait with IAJS as compared 

to MV. Additionally, supply fan energy savings can also be realized if 

well implemented. 
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1 Introduction 

 

Energy concerns are a daily ubiquitous topic due to challenges of our current energy 

economy and its impact on climate change. The rising energy demand necessitates 

aggressive reforms on energy use, conservation and efficiency, especially so because of 

validated assertions of a causal relationship between energy demand and greenhouse gas 

(GHG) emissions [1, 2]. One sector with a rising energy demand is the built environment, 

which currently uses more than 40% of primary energy and accounts for 30 –  40% of 

GHG emissions [3], of which heating, ventilation and air conditioning (HVAC) takes 

about 50 % of the total building energy use. Common consensus in literature shows that 

changes on HVAC modus operandi can yield substantial energy savings more so on 

cooling requirements. Studies [4, 5] have shown that strategies that offer possibilities to 

extend air temperature setpoints have a high  energy saving potential on building energy 

use.  

 

Intermittent air jet strategy (IAJS), which is a high-momentum air distribution system, 

was recently proposed for use in high occupant spaces. The strategy optimises 

intermittent air speeds to increase convective cooling and penetration of the supply 

airflow into the sitting zone [6, 7]. Figure 1 illustrates the implementation possibilities 

either as a primary system (Fi. 1A) or as a secondary system (Fi. 1B; for spaces with 

existing HVAC systems or in climates where cooling is occasionally needed).  

 

Kabanshi et al., [6] introduced and evaluated the concept of IAJS with objective 

measurements. Using the air jet diffuser made out of a 160 mm diameter ventilation duct 

fitted having a single row of specially designed circular nozzles (d0 = 10 mm, equidistant 

spacing of 1.4d0) and placed overhead at 1.2 m and 2.3 m from the breathing height and 

the floor, respectively. The diffuser installation covered the sitting column of the 

occupied zone. He explained the operational construct and proposed 0.4 m/s and 0.8 m/s 

as minimum and maximum operational velocities.  

  



10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30TH, 2017, BLED, SLOVENIA), ENERGY EFFICIENCY  

A. Kabanshi, A. Ameen, B Yang, H. Wigö & M. Sandberg: Energy Simulation and 

Analysis of an Intermittent Ventilation System Under Two Climates 

3 

 

 
 

Figure 1: (A) IAJS as a primary system. (B) IAJS as a secondary system  

 

A human response study to IAJS [7], showed that the system can offset the upper 

operative setpoints by 2.3 – 4.5 oC by introducing intermittent air speeds between 0.4 and 

0.8 m/s in the occupied zone. This translates to indoor operative temperature limits of 

23.7 oC to 29.1 oC. This is critical for comfort and system energy use as the HVACs 

deadband or the indoor operational setpoints can be increased [4]. 

 

The predicted temperature range, gives insight on applicable climatic conditions suitable 

for implementation of IAJS as a primary ventilation system or as a secondary system. We 

can deduce that IAJS as a primary system would be most effective in indoor climate were 

temperatures are around/above 23.7 oC throughout the year.  As a secondary system or as 

a room induction unit, the strategy can work in almost all climates and it is easy to 

implement in buildings with existing HVAC or other air distribution systems and will 

only recirculate and increase room air speeds to offset increased room air temperatures.  

  

The current study explores, by means of simulation with IDA Indoor Climate and Energy 

(ICE) software, the energy saving potential associated with IAJS if implemented as a 

primary air distribution system in “hot and humid” and in “hot and dry” climates. 
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2 Methods 

 

2.1 Room and HVAC description 

 

A single zone classroom with a lighting load of 13 W/m2 and occupancy capacity of 30 

students was simulated. The room has a floor area of 10 m x 6.4 m, and a ceiling height 

of 3 m. External wall is made of 280 mm medium-weight concrete (0.66 W/m·K) and the 

wall has 20 mm cement plaster (1.4 W/m·K) on both sides, resulting in an overall U-

value of 1.8 W/(m2·K). The room has four double pane windows (width = 1.2 m, height 

= 1.3 m), made of a 12 mm air gap with 4 mm glasses on both sides,  and each has an 

overall U-value of 2.54 W/(m2·K). The windows are on the wall facing south and have a 

solar heat gain coefficient of 0.37 and a light transmittance of 0.44. They are integrated 

with shading blinds between the panes, which activates when the incident light hitting 

the windows is higher than 100 W/m2. All walls except the outer wall were considered 

adiabatic. 

 

The ventilation system was set to run during weekdays between 6:00 AM and 7:00 PM. 

For simplicity, all cases were assumed fully occupied during this time. There was no 

ventilation at night and during weekends, but the model was integrated with an infiltration 

leakage equivalent to 0.012 m2, amounting to a wind driven air change rate of about 0.52 

ACH when the pressure difference across the between envelop was 4 Pa.  

 

Supply air conditions were met with the air-handling unit (AHU) and the room had an 

internal cooling unit to keep the room temperature within the specified air temperature 

limits. In the simulation, we used an ideal cooling unit with a coefficient of performance 

(COP) of 3 and unlimited cooling capacity. No heating was done on either the supply air 

or room air. Thus, supply temperature was the same as outdoor temperature in conditions 

when the outdoor air temperature dropped below the supply temperature setpoint. 

Additionally, only sensible cooling was done on the supply air temperature.  

 

2.2 Simulated climates and cases 

 

Two climates characterised by hot and humid (Singapore), and hot and dry (Kuwait) were 

simulated. ASHRAE weather files were used as input data and simulations were done for 

2016. Comfort conditions used for Singapore were based on values used by Schiavon et 

al., [8], room temperature setpoints of 22.5 oC to 24 oC under MV. For Kuwait, the 

maximum indoor temperature used was 25.6 oC based on neutral temperature estimated 

with ASHRAE Standard 55 [9] at clothing level of 0.51, 1.2 met and relative humidity 

of 30%.  

  

Table 1 shows the simulated cases, MVref is mixing ventilation with 10 l/(s.pr) airflow-

rate (Q), 16 oC supply temperature (Ts), 24 oC and 25.6 oC maximum allowed room air 

temperature (Tmax) for Singapore and Kuwait, respectively. The airflow rate was based 

on ISO 7730 [10] for a Category I building.  
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Cases with IAJS are represented as shown in Table 1. For example, IAJS-0.4-16 means 

IAJS with room air speeds of 0.4 m/s and supply temperature at 16 oC. Intermittency was 

generated by scheduling the supply fan to run with a cycle of 6 min (3 min on and 3 min 

off) for the occupancy period. Two airflow rates are simulated based on proposed 

operational velocity limits: 0.4 – 0.8 m/s. Kabanshi et al.,[6] found that the generated 

velocity at breathing height within the jet was proportional to the air flowrate. Fan settings 

of 10 l/(s.pr) resulted in air speed of 0.4 m/s, thus to generate 0.8 m/s the airflow rate 

extrapolates to 20 l/s. The maximum allowable indoor air temperatures under IAJS were 

expanded based on estimates from the overall thermal sensation (OTS) model proposed 

for IAJS shown below:  

 

    (1) 

 

Where, V is the air speed measured at 1.1 m from the floor and ta is the room air 

temperature. Details of the model are discussed here [7]. At 0.4 m/s, 23.7 oC was the 

minimal temperature and at 0.8 m/s, 29.1oC was the maximum temperature in compliance 

with acceptable thermal sensation range (-0.5 to +0.5) as stipulated in ASHRAE Standard 

55 [9]. Thus, 23.7 – 29.1 oC is taken as the operable indoor temperature range for IAJS. 

24 oC is used as the Tmax in all cases with 0.4 m/s and with 0.8 m/s the temperature range 

is 23.7 – 29.1 oC, simulated with different supply air temperatures.  
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Table 1. Simulated cases  

Singapore 

Case Ts [oC] Tmax [oC] Q [l/s.pr] 

MVref 16 24 10 

IAJS-0.4-16 16 24 10 

IAJS-0.8-16 16 29.1 20 

IAJS-0.8-18 18 29.1 20 

IAJS-0.8-20 20 29.1 20 

IAJS-0.8-22 22 29.1 20 

IAJS-0.8-24 24 29.1 20 

    

    

Kuwait 

Case Ts [oC] Tuo [oC] Q [l/s.pr] 

MVref 16 25.6 10 

IAJS-0.4-16 16 24 10 

IAJS-0.8-16 16 29.1 20 

IAJS-0.8-18 18 29.1 20 

IAJS-0.8-20 20 29.1 20 

IAJS-0.8-22 22 29.1 20 

IAJS-0.8-24 24 29.1 20 

* Velocity in m/s at breathing height. 

 

3 Results and Discussion 

 

The energy needed to meet the specified ventilation conditions is defined, as cited by 

Schiavon et al., [8] from CEN/TR 15615-2007 as, the sum of energy needed to cool the 

supply air (AHU Cooling) and to cool the room air (Room Cooling)  in order to obtain 

and maintain the specified conditions for a given occupancy period. This section presents 

the energy simulation results and analysis of the considered cases.  

 

3.1 Hot and humid climate (Singapore) 

 

Figure 2 shows the annual energy use per square meter for the simulated cases based on 

2016 climatic conditions for Singapore. As shown, the simulated annual energy use for 

the reference case was 731.7 kWh/m2. Comparing cases with IAJS shows a reduction in 

the total energy use by 13.5 – 54.5%. While in most cases the AHU cooling energy use 

reduced, the room cooling energy use increased. Case IAJS-0.8-16, IAJS-0.8-18 and 

IAJS-0.8-20 show minimal requirements on room cooling as there was a reduction of 
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100%, 16.8% and 33.8% on room cooling compared to the supply case, respectively. This 

offers an option to reduce installation costs or sizing on room cooling units.  

 

Case IAJS-0.8-24 gave the highest total energy savings of about 52.4%, resulting in an 

increase of 16.2% in room cooling and 65.7% reduction on AHU cooling energy need. 

However, PMV (Predicted Mean Vote) and PPD (Predicted Percentage of Dissatisfied) 

were slightly above +0.5 and 10% respectively (See Table 2). All other cases had met the 

requirements of -0.5 < PMV < +0.5 and PPD < 10%. Case IAJS-0.8-22 had a reduction 

on both room cooling (88.4%) and AHU cooling (33.8%) resulting in a total energy 

saving of 41.4%.  

 

Interestingly, IAJS with 0.4 m/s (IAJS-0.4-16) and same settings as MVref, had a total 

energy reduction of 29%, although room cooling requirements increased twice as much 

but AHU cooling reduced almost by half (49.8%). However, CO2 concentration were 

higher (1485.6 ppm) compared to MVref (1070.7 ppm). Kabanshi et al.,[6] found that 

IAJS running at 10 l/s was equivalent to a system running continuously with airflow of 8 

l/(s.pr).  Simulation of a continuous system with 8 l/s (not reported here) showed a drop 

in CO2 concentration to 1102.8 ppm. All other cases with IAJS (0.8 m/s) had CO2 

concentration similar to the reference case.    

 

 
Figure 2: Annual cooling energy need  

 

3.2 Hot and dry climate (Kuwait) 

 

Figure 3 shows the annual energy use per square meter for Kuwait based on 2016 climatic 

conditions. The total annual energy need for a MVref was 319.3 kWh/m2. Introducing 

IAJS with a lower room setpoint (IAJS-0.4-16) increased room cooling needs (200%) but 

reduced AHU cooling needs (49.8%) resulting in an overall reduction on total energy 

need of 21.6%. IAJS with air speed of 0.8 m/s gave a reduction in energy need from 8.4 

to 32.3%. As shown, above supply temperature of 20 oC, any increase in the supply 

temperature had little influence on the total energy saving but an influence on the room 

cooling requirements.  
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Figure 3: Annual cooling energy need  

 

Comfort analysis showed that PMV ranged between -0.33 and +0.35, and PPD ranged 

between 4.22 and 8.74. In January, the average indoor operative temperature was 22.8 
oC, lower than the limit of 23.1 oC proposed for IAJS. Relative humidity was between 

24.6 and 43.7%. CO2 concentration were similar to the results for Singapore.   

 

3.3 Fan energy use 

 

Figure 4 shows the fan annual energy need for each supply airflow rate. MVref had an 

annual energy need of about 27.2 kWh/m2. IAJS with 10 l/s (corresponding to 0.4 m/s) 

gave a 68.1% reduction in fan energy use while IAJS with 20 l/s (corresponding to 0.8 

m/s) had a 35.2%. These results marry with the hypothesis by Kabanshi et al.,[6] that 

IAJS as a primary system would offer energy saving on the supply fan close to 50%. 

However, realistically the instantaneous power demand on the supply fan is expected to 

increase due to an increase in system pressure and delivery of elevated air speeds in the 

room, thus energy savings due to intermittency operation would not be as high as the ones 

obtained in this study.  The fan energy savings obtained in this simulation should be 

interpreted with caution, as it is unclear whether the simulation software accounts for the 

increase in room air speeds on the supply fan energy use.  

 

 
Figure 2: Fan energy use  
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3.4 General discussion  

 

Under Hot and humid climate, increasing the supply temperature with IAJS has a larger 

effect on the energy need for AHU cooling as it reduces both sensible and latent heat in 

the humid air. Thus if we compare Fig. 2 and 3, we see that the reduction on the total 

energy need increases with increase in supply temperature for Singapore than for Kuwait 

(dry air) were the supply temperature has a little influence on the total energy use but has 

an effect on the room cooling requirements. 

 

Schiavon et al., [8] and Yang et al., [11] reported that under personalized ventilation 

supply temperature has minimal influence on total energy use in hot and humid climates, 

this is opposite to the results obtained under IAJS herein. One explanation could be 

because IAJS has a wider operational room temperature range as compared to that used 

by Schiavon and Yang.  

 

The wider room temperature range can also be an advantage to encourage personal 

adjustment. Whereas, the system air speeds can be varied automatically based on the 

relationship between air speed and room temperature defined by Equation 1 for a neutral 

thermal sensation. Occupants would have freedom to adjust their comfort outside the 

neutral condition settings. This will reduce on complaints of over cooled indoor spaces, 

which is usually the case in places like Hong Kong and Singapore [12]. 

 

4 Conclusion 

 

The results here in give an insight on the energy saving potential of IAJS if implemented 

as a primary system in high occupant spaces. Based on the simulated cases and setup, the 

results shows that widening of the room temperature setpoints under IAJS increases the 

energy savings possibilities in hot and humid climate of Singapore by 13% to 54.5%, and 

in hot and dry climate of Kuwait by 8.4% to 32.2%. The system also offers energy saving 

on the supply fan amounting to 68.1% (based on the simulation results) as compared to a 

MV system. Overall, the study shows the potential energy benefits of implementing IAJS.  
 

 

Notes 

Table 2. Annual average conditions in the room  

 

   *mean monthly standard deviation 

 

 
To [

oC] RH [%] PMV PPD [%] CO2 [ppm] 

MVref 24.76 (0.02)* 61.2 (0.4) 0.11 (0.003) 2.9 (0.1) 1066.5 (3.44) 

IAJS-0.4-16 24.76 (0.02) 59.8 (0.2) -0.06 (0.002) 2.5 (0.1) 1485.6 (8.98) 

IAJS-0.8-16 27.90 (0.02) 57.2 (0.3) 0.13 (0.002) 3.3 (0.1) 1063.6 (7.57) 

IAJS-0.8-18 28.74 (0.02) 57.9 (0.4) 0.26 (0.002) 5.6 (0.1) 1058.3 (5.04) 

IAJS-0.8-20 29.29 (0.02) 55.3 (0.7) 0.39 (0.010) 9.2 (0.3) 1079.2 (4.64) 

IAJS-0.8-22 29.45 (0.02) 56.1 (0.8) 0.45 (0.010) 11.6 (0.4) 1073.9 (4.13) 

IAJS-0.8-24 29.63 (0.02) 53.9 (0.9) 0.53 (0.010) 16.8 (0.4) 1086.24 (4.88) 
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Abstract Refurbishment of old existing buildings means an enormous 

potential for improving their energy efficiency. Besides the established 

renovation methods encompassing mostly measures applied to the 

thermal envelope the extension of existing buildings with lightweight 

structural upgrades has become popular especially in densely populated 

urban areas. While being beneficial to the reduction of transmission losses 

through the roof of the existing building, the above solution also results 

in acquisition of new floor surface.  

 

The paper discusses the impact the timber-glass upgrade module has on 

energy-efficient refurbishment of existing multi-family buildings. The 

main variable parameter of the numerical study is the volume ratio 

modified through the variation in the number of storeys in the existing 

building and the module. The key of the study is to explore to which 

extent the application of the upgrade module influences the energy need 
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1 Introduction 

 

Buildings in Europe date from different periods with specific building strategies and 

regulations typical of the time. A substantial proportion of the existing European housing 

stock is more than 50 years old. Almost 40% of residential housing stock was built prior 

to 1960 with a share of 50% dating from the period before 1970 [1- 3], when building 

regulations mandating thermal properties of building envelopes were rather loose and 

inadequate. The listed data referring to the age of buildings is in accordance with the 

situation in the field of energy use within which buildings in Europe account for 

approximately 40% of the final energy consumption, with the largest share being spent 

on heating, and are responsible for greenhouse gas emissions in an almost equal 

proportion [3]. Several studies [4, 5], address energy saving potential to be made with 

energy-efficient refurbishment. A strong argument supporting the need for complex 

building refurbishment is also seen in a relatively low percentage of the new build 

representing only 1% of the total housing stock in the period from 2005 to 2010 [6]. In 

practice, refurbishment is often based on partial renovations, targeting improvement of 

the building thermal envelope including doors and windows along with modernization of 

the buildings technical systems. Moreover, many research studies [7-9] examine the 

influence of various renovation measures to reduce the building energy demand. Studies 

looking for systematic procedures to be applied to energy-efficient refurbishments of 

buildings [10-14] are less frequent. However, they exhibit the importance of complexity 

in the process of energy efficient renovation. In addition to the reduction of energy 

demand, there is also a high requirement for new usable surfaces in urban centres, 

especially in large central, northern and western European cities [6]. Therefore, a further 

level of energy performance renovation can be seen in building extensions, as one of the 

possible manners to increase urban density. In this context attic extensions offer a great 

potential by creating additional housing space while taking advantage of the existing 

infrastructure [15]. In addition, to ever more emerging attic extensions in common 

practice the attempts to explore such solutions are also recorded within design 

competitions [16] and research studies [12-15, 17].  According to the research in [16], ¼ 

of existing buildings in urban centres are strong enough to carry additional floors made 

of timber structure, which represents a large potential for building refurbishment with 

timber upgrade modules. However, there is a lack of design guidelines for energy 

efficient upgrades [16], which is mostly due to the fact that they have to be adjusted to 

individual buildings and tend to require high planning efforts [15, 17]. Attempts to 

integrate timber energy efficient upgrades in the existing building refurbishment have 

already been made in a few studies [12-15, 17]. The research [14] conducted on two case 

studies in Velenje indicates positive impact of different upgrade modules on the total 

energy consumption of the refurbished building. The optimal lightweight timber-glass 

modules from the viewpoint of energy efficiency have been previously developed [18] in 

regard to possible geometries of existing buildings. With regard to the limited load-

bearing capacity of existing buildings the selection of timber as a construction material 

for upgrades is especially suitable in comparison with other building materials due to its 

low weight, cost and energy efficiency. 
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The above mentioned research works present an appropriate basis for further 

investigation. Within the aim to develop general guidelines for energy retrofitting of 

buildings with the use of lightweight structural upgrades this paper discusses the 

effectiveness of such renovation measure according to the relation between the volume 

sizes of the existing building and the upgrade module. The novelty of this study goes to 

the analysis of the extent to which the application of the upgrade module influences the 

need for heating and cooling of the entire building regarding their volumetric relation. 

 

The content of the current paper is divided into 5 sections with the research background 

and the objectives in Section 1. A brief interpretation of energy efficient renovation 

measures is presented in Section 2. Section 3 considers the numerical study analysis with 

the interpretation of the results in Section 4. Section 5 reveals the conclusions applicable 

to buildings located in the Cfb climate zone [19] having a similar ground floor geometry 

and orientation.  

 

2 Energy Efficiency of Buildings and Renovation Measures  

 

Energy-efficient building design requires a careful balance of the energy consumption, 

energy gain and energy storage [20]. The purpose of energy efficient renovation is to 

reduce energy losses, the transmission heat losses (Qt) and ventilation heat losses (Qv), 

and to increase useful energy gains, the solar heat gains (Qs) and in some cases also the 

internal heat gains (Qi), with the aim to reducing the energy consumption for heating and 

cooling and reach a high quality of indoor climate. The latter can be achieved through the 

implementation of various renovation measures (Figure 1), such as: 

 

a) improvement of the building envelope thermal performance (non-transparent),  

b) replacement of old windows/doors with new energy-efficient ones, 

c) improvement of airtightness, 

d) enlargement of the south-oriented glazing, 

e) installation of the heat recovery ventilation system, 

f) attic extension with the energy-efficient structural upgrade module. 

 

 
Figure 1. Renovation measures integrated in the process of complex renovation 
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Our study focuses on the efficiency analysis of the last measure (f). However, the highest 

energy savings can be achieved through a complex renovation, where the combination of 

above stated measures (a-f) is selected carefully, in accordance with the existing building 

specifics. 

 

3 Parametric Numerical Study 

 

3.1 The aim of the study and its basic limitations  

 

The study is divided in two parts with the first part based on the case study of a residential 

building which underwent the process of renovation including different renovation 

measures (a-c, e). The second and also the main part of the study discusses the 

effectiveness of the renovation measure of attic extension (f). Since existing buildings 

have limited load-bearing capacity they can be mostly upgraded with lightweight 

structures of one or two storeys. However, the number of existing building storeys varies 

from case to case, therefore the aim of the study is to explore to which extent the 

application of the upgrade module influences the energy demand of the entire upgraded 

building with regard to the existing building height and to their volumetric relation. The 

results are based on the selected case study, whereas a comparison with the study [14] 

indicates a possibility of wider use. 

 

Besides the limitation in the number of storeys of the upgrade module, some additional 

limitations are the following: 

 

• within the renovation process only the energy efficiency is analysed, 

• the load-bearing capacity of the existing building is assumed to be appropriate 

for attic extension, 

• the upgrade module is constructed in the timber-frame panel system,  

• the longer façade of the existing building and the upgrade module has the 

north-south orientation, 

• the climate under consideration is the Cfb climate zone according to the 

Köppen-Geiger climate map [19], 

• the efficiency of the heating system is not considered. 

 

3.2 Software 

 

The numerical study is computed with the Passive House Planning Package (PHPP) [21] 

which is a certified software designed for planning low-energy and passive houses. It is 

based on the EN ISO 13790 standard [22] as well as on other European standards.  
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3.3 Description of the case study building 

 

The selected existing multi-family building (hereinafter EB) was built in 1954. Two main 

entrances lead to the ground floor and the next three floors enclosed with the thermal 

envelope. In addition, there is an unheated basement underneath. With four apartments 

per story there are 16 apartments in total. 

 

 
Figure 2. The existing case-study building prior to renovation 

 

The south and the north-oriented façades are a = 35.42 m long, the width of the building 

being b = 11.10 m and the maximum height of the building h = 18.10 m. The total net 

floor area of the building is 1164.30 m2. The building is constructed in the massive 

structural system with masonry walls and precast concrete ribbed slabs. The selected case 

study building no longer corresponds to the current energy-efficiency requirements. 

Apart from its insufficiently insulated thermal envelope, inefficient old windows without 

shading devices, the airtightness of the building is weak and accounts for n50 = 7.0 h-1. 

The building is naturally ventilated. As the first step towards the complex energy 

renovation the individual measures (a-c, e) are carried out on EB. Apart from improving 

the envelope thermal transmittance, the ventilation mode of the renovated existing 

building (hereinafter REB) is switched to a heat recovery system with the efficiency of η 

= 85%. The airtightness is improved as well, to n50 = 2.0 h-1. The main thermal properties 

of the envelope elements of EB and REB are given in Table 1. 
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Table 1. Thermal transmittance of EB and REB envelope elements 

Envelope element 
U (W/m2K) 

EB REB 

Windows: frame 

Windows: glass 

2.50 

2.20 

0.78 

0.50 

External wall 1.45 0.164 

Roof 1.83 0.154 

Basement ceiling  1.59 0.163 

 

3.4 Description of the timber-glass upgrade module 

 

Different types of timber-glass upgrade modules were designed with the aim to verifying 

their influence on the energy efficiency of the refurbished existing building. They are all 

constructed in the timber-frame panel system, but vary in the number of stories (M1, M2), 

U-value of the thermal envelope (U1, U2) and glazing-to-wall area ratio (AGAWopt, 

AGAWave). Floor plan dimensions of modules were adjusted to EB dimensions in order 

to cover the entire roof area of the existing building. The height of the single-storey 

module (M1) is hM1 = 3.0 m with that of the two-storey module (M2) being hM2 = 5.91 

m. The net floor areas of M1 and M2 are AM1 = 318.22 m2 and AM2 = 636.44 m2 

respectively. As the upgrade module is applied onto the roof of the renovated existing 

building, it is designed without a floor slab. It is assumed that there is no heat transfer 

between the REB and the module. The optimal glazing-to-wall area ratio AGAWopt,south = 

50,41% was selected according to [18] whereby the meaning of “optimal” refers to the 

indication of the lowest energy demand for heating and cooling. In such modules the 

triple insulating glazing is designed only in the south façade, which does not always 

contribute to the living comfort. Taking into account also other design factors, such as 

the need for a good visible connection with the environment, day lighting quality, etc., 

the modules with an average glazing distribution in all main cardinal façades are 

additionally treated in this study. The average glazing-to-wall area ratios AGAWave, south 

= 40%, AGAWave,north = 25% and AGAWave, east, west = 10% were selected. External shading 

devices (blinds) with the shading factor of z = 50% for summer shading are provided for 

solar control. With the air change rate n50 = 0.6 h-1 the airtightness of the upgrade modules 

is very good. The heat recovery ventilation system with the efficiency of η = 85% is used. 

Thermal characteristics of the treated upgrade modules are given in Table 2. 
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Table 2. Thermal transmittance of the upgrade module envelope elements U1 and U2 

Envelope element 
U1 

(W/m2K) 

U2 

(W/m2K) 

Windows: frame 

Windows: glass, g = 50% 

0.78 

0.50 

0.78 

0.50 

External wall 0.10 0.165 

Roof 0.10 0.159 

Variations of modules are shown in Table 3. 

 

Table 3. Eight different module types with regard to their main variable parameters 

 

 

M1 

single-storey 

M2 

two-storey 

 AGAW 

opt 

AGAW 

ave 

AGAW 

opt 

AGAW 

ave 

U1 M1 opt U1 M1 ave U1 M2 opt U1 M2 ave U1 

U2 M1 opt U2 M1 ave U2 M2 opt U2 M2 ave U2 

 

3.5 Methodology 

 

As the result of the refurbishment process (a-c, e) conducted on the case study building 

prior to application of the extension measure (f) a prominent reduction in energy need is 

evident for REB in Table 4. 

 

Table 4. Energy need for heating (Qh) and cooling (Qc) of EB and REB 

 EB REB 

Qh (kWh/m2a) 213.5 23.1 

Qc (kWh/m2a) 1.0 0.4 

Qh + Qc  (kWh/m2a) 214.5 23.5 

 

It can be seen that the energy need for cooling is almost negligible in EB and REB, while 

the reduction of energy need for heating is evidently stronger, since it accounts for 190 

kWh/m2a or 89%. 

 

As the next step, the parametric numerical analysis was performed in order to explore to 

which extent the application of the upgrade module influences the energy need of the 

entire building regarding their volumetric relation. For the purposes of the research the 

following parameters are varied: 

 

• the volume of REB expressed with the number of storeys (from 2 to 20), 

• every variation of REB is upgraded with each of the 8 module types composing 

the new hybrid building (REB+M). 
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• The results under observation are the following: 

• energy need for heating and cooling (Qh + Qc) for different heights of REB,  

• energy need for heating and cooling (Qh + Qc) for different volumes of REB 

extended with different module types (variations of REB + M), 

• energy savings (%) for different volumes of REB extended with different 

module types (variations of REB + M), 

• comparison in energy savings with [14]. 

 

3.6 Climate data 

 

The climate data for Maribor are taken into consideration. The city belongs to the Cfb 

climate zone according to the Köppen–Geiger climate map [19]. The average annual 

temperature in Maribor is 10.7 ˚C with the lowest average temperature of -0.8 ˚C in 

January and highest of 20.8 ˚C in July. The average length of the heating period is 187 

days. The average annual horizontal solar radiation in Maribor is 1225 kWh/m2 with the 

average heating period radiation of 350 kWh/m2 [23]. 

 

4 Results 

 

The first interest is to explore the influence of the increasing number of storeys of REB 

itself on the energy need. As the next step, the additional influence of attic extension with 

different modules is presented in Figure 3. 
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Figure 3. Energy need for heating and cooling (Qh+Qc) for different volumes of REB 

and HB upgraded with different types of modules, (M1–above) and (M2–below) 

 

As seen in Figure 3, the sum of the energy need for heating and cooling (Qh + Qc) of 

REB, if considered per m2 of the floor area, increases exponentially with the cutting of  

the number of floors. Furthermore, the analysis of the impact the upgrade module (M1) 

has on the energy need of the hybrid building (REB+M1), shows an evident reduction in 

the energy need for all types of upgrades if compared to the renovated building without 

attic extension. However, the impact of the attic extension is increasing with the 

decreasing number of REB storeys. Also the differences in impact of individual module 

types are higher if they are installed on lower REB. With ten-storey buildings and higher 

ones  the differences in energy need between REB and REB+M become lower than 1.08 

kWh/m2a, which is almost negligible. The same applies to the impact of different M1 

module types, therefore the selection of optimal renovation variations is sensible only for 

the heights of the REB up to 10 storeys in the case of upgrading with single-storey 

modules. 

 

The highest reduction of Qh + Qc is seen with the module type (M1 opt U1) and accounts 

for 11.78 kWh/m2a in the case of the extension of a two-storey REB. If the same building 

is extended with an average module having the same thermal properties, with windows 

installed in all main cardinal façades (M1 ave U1) the energy reduction is somewhat 

smaller and accounts for 10.19 kWh/m2a. This weaker impact arises mainly as a 

consequence of north-oriented windows which are not exposed to direct solar radiation 

in the heating period but only to transmission losses. Also M1 modules with U2 = 0.165 

W/m2K have a weaker impact on account of slightly higher transmission losses through 

the thermal envelope. 

 

A similar situation is evident in the case of refurbishment with two-storey modules. 

However, the impact is stronger owing to a larger upgrade unit in comparison to 

renovation with M1. The highest reduction in energy need compared to REB only is seen 

in the case of extending the two-storey renovated building with (M2 opt U1) having a 
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better thermal envelope and the optimal glazing size, which accounts for 15.88 kWh/m2a. 

Similarly to refurbishment with single-storey modules, the difference in the energy need 

between REB and REB+M decreases with the increasing REB volume. With the 10-

storey REB, the impact of modular extension with M2 is at least two times stronger in 

comparison to REB+M1, exhibiting the difference of 2.06 up to 3.52 kWh/m2a. However, 

modular extension of such buildings shows relatively small differences between 

individual types of modules which are smaller than 1.46 kWh/m2a. In this manner the 

selection of module variations proves to be influential only for buildings under 10 storeys. 

 

Figure 4 shows the energy savings in the case of extension with different module types 

for certain analysed volume ratios. The volume ratio is expressed through the relation 

between the number of module’s stories (NSM) and the number of renovated building 

storeys (NSREB). 
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Figure 4. Energy savings (%) for REB extension with different variations of upgrade 

modules (U1-above) and (U2-below) for different volume ratios 

 

The results show greater energy savings in the case of renovation with modules of better 

thermal properties (U1). The savings increase with the increasing volume ratio, which is 

in fact expected. The highest energy savings are shown in the case of renovation of a  

two-storey REB with (M2 opt U1) and account up to 56% in regard to a two-storey REB 

without extension. It is interesting to see that the highest energy savings for volume ratios 

(NSM/NSREB) = ≤ 0.50 are shown in the case of renovation with the optimal single-storey 

module (M1 opt U1), followed by the optimal two-storey module (M2 opt U1), the average 

single-storey module (M1 ave U1) and as the least effective, the average two-storey 

module (M2 ave U1). However, it is necessary to make a deeper interpretation of these 

results. If observing energy savings at a specific ratio, for example the ratio (NSM/NSREB) 

= 0.33, we can see that in the case of renovating with M1 this means the extension of a 

three-storey REB and for the renovation with M2 the extension was performed on a six-

storey building. Figure 3 evidently shows that the energy need (Qh + Qc) in a six-storey 

REB is already markedly lower than that in a three-storey REB, with the difference being 

4.55 kWh/m2a. Additional renovation with modular extension brings additional savings, 

nevertheless at the same volume ratio the impact of the modular extension does not 

exceed the basic difference in energy efficiency, resulting from a larger number of REB 

storeys. It is obvious that the results presented in Figure 4 take into account both 

influences, the influence of the REB energy efficiency in dependence on the number of 

its storeys and the impact of modular extension. However, if comparing the extension of 

REB of the same base height with single and two-storey modules (Figure 3), the energy 

need is always lower in the case of extension with two-storey modules. 

 

Figure 5 demonstrates energy savings separately for the extension with single and two-

storey modules. The results for M1 (Figure 5-above) show the highest energy savings in 

the case of extension with module (M1 opt U1), followed by (M1 ave U1), (M1 opt U2) and 

(M1 ave U2). 
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Figure 5. Energy savings (%) for REB extension with different variations of upgrade 

modules (M1-above) and (M2-below) at different volume ratios 

 

In the case of extension with two-storey modules (Figure 5 - below) the highest savings 

can also be observed with the optimal module having better thermal properties (M2 opt 

U1). However, the second highest savings are shown in the case of extension with the 

optimal module having weaker thermal properties (M2 opt U2), which shows the 

strengthening influence of the optimal glazing size within two-storey modules. The 

savings are slightly lower for (M2 ave U1) and the lowest for (M2 ave U2). Additionally, 

an interesting comparison to the study [14] is shown in Figure 5 (above). The marked 

dots represent the energy savings for REB extension with single-storey modules (M1 opt 

U1) and (M1 opt U2) with identical volume ratio. The building under consideration in [14] 

has the same orientation with a slightly different aspect ratio and glazing distribution. 
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Even though there are minor differences in the design of both case study buildings, the 

current one and that from [14], the energy savings are very similar in both studies. 

 

5 Conclusion 

 

Aiming at reducing the final energy consumption, the refurbishment of energy inefficient 

buildings is treated as one of the urgent tasks of building sector. Exploring different 

manners of energy efficiency renovation leads towards determination of general 

guidelines for energy retrofitting of buildings. The current paper considers the 

refurbishment of an existing building integrating different measures among which the 

efficiency of the building extension with different types of lightweight timber-glass 

modules is specifically analysed. The impact of the modular extension on energy savings 

of the hybrid building is generally increasing with the increase of the volume ratio. The 

similarity of the results to [14] indicates the universality of the presented findings. 

However, some additional analyses have to be implemented before declaration of the 

widespread applicability. The results can serve to designers and decision makers as a tool 

for the approximate prediction of energy savings in the case of using the upgrade modules 

for the renovation of the existing buildings. Further analyses of such renovation for 

different floor plans, orientations and energy standards of buildings are planned in order 

to obtain sufficient information for the preparation of general guidelines. 
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Abstract The features of timber as a natural raw material and glass lead 

to the development of a new type of highly attractive structures, the so-

called timber-glass buildings. In such cases an optimal proportion and 

appropriate orientation of the glazing surfaces usually play an important 

role due to exploitation of solar radiation as a source of renewable energy 

for heating applicable mostly only for buildings located in cold and 

moderate climatic regions. However, the situation for timber-glass 

buildings located in warm climatic regions is completely different, 

because energy demand for cooling presents the main contribution to 

annual energy demand.The optimal solutions for such cases should 

therefore avoid overheating, which hasn’t been widely analysed in the 

previous scientific literature. The paper presents the results of the 

numerical study performed on one and two-storey box-house models of 

timber-glass buildings with different shapes and variable size of glazing 

placed separately on the south or north facade of the building. The models 

are analysed for locations in Madrid and Athens. The influence of the 

described parameters on annual energy demand is deeply analysed and 

can serve the architects as systematic guidelines in designing highly 

attractive timber-glass buildings with different shapes also in warm 

climate conditions. 
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1 Introduction 

 

Climate changes of the last few decades do not only encourage researches into the origins 

of their onset but they also mean a warning and an urgent call for a need to remove their 

causes and alleviate the consequences affecting the environment. Eco-friendly solutions 

in residential and public building construction remains our most vital task, whose holistic 

problem solving requires knowledge integration. Using different building materials with 

quite different material properties in a way to optimally consider all possible advantages 

of them in a hybrid structural composition of buildings could be a relative new approach 

in designing of high energy-efficient buildings. 

 

Only in recent decades has timber been rediscovered, partly due to the contemporary 

manufacture of prefabricated timber elements and partly owing to high environmental 

potential of this renewable natural building material. On the other hand, in contrast, glass 

definitely cannot be treated as a sustainable material and used to be treated for many years 

as the weakest point of the building envelope from the thermal point of view. However, 

dynamic evolution of the glazing in the last decades resulted in insulating glass products 

with highly improved physical and strength properties, suitable for application in 

contemporary energy-efficient buildings, not only as material responsible for solar gains 

and daylighting, but also as a component of structural resisting, Premrov et al. [1]. 

 

With suitable technological development and appropriate use, timber and glass are 

nowadays becoming essential construction materials as far as the energy efficiency is 

concerned. Because of a great difference in many material properties their combined use 

is extremely complicated, from the field of energy efficiency and structural points of view 

as well. The features of both building materials presented above in last years lead to the 

development of new type of structures, so-called timber-glass buildings, Žegarac 

Leskovar and Premrov [2]. In such buildings an optimal proportion and an appropriate 

orientation of the glazing surfaces play an important part due to exploitation of solar 

radiation as a source of renewable energy in a passive use of energy for heating.  

 

There are many numerical studies analysing the influence of glazing size on energy 

demand for heating or/and cooling in different climate areas.  

 

There are many studies about influence of glazing size and building geometry on energy 

demand for buildings located in cold climate conditions, [2]-[6]. It was pointed by all 

studies to a strong correlation between the final energy use for heating and the shape of 

the building witnessed in colder climates. It was generally suggested that a cold climate 

may increase the impact of the building shape on the energy need. In such cases an 

optimal proportion and appropriate orientation of the glazing surfaces usually play an 

important role due to exploitation of solar radiation as a source of renewable energy for 

heating applicable mostly only for buildings located in cold and moderate climatic 

regions. 
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However, the situation for timber-glass buildings located in warm climatic regions is 

completely different, because energy demand for cooling presents the main contribution 

to annual energy demand. Additionally, because of the relative low thermal capacity, 

there is a risk of a strong overheating in a summer period. The optimal solutions for such 

cases should therefore avoid overheating, which hasn’t been widely analysed in the 

previous scientific literature. There are several studies relating the energy need for 

cooling in hot non-European climate conditions. Bouden [7] investigated the 

appropriateness of glass curtain walls for the Tunisian local climate. The influence of 

windows on the energy balance of apartment buildings in Amman, Jordan, was analysed 

in the study performed by Hassouneh et al. [8]. The impact of relative compactness (RC) 

on the building’s annual cooling energy demand and the total annual energy demand was 

for example investigated by Al Anzi et al. [9], whose research involved a prototypical 

building with over 20 floors based in Kuwait. The results of the study indicate that the 

energy use decreases as the relative compactness increases.  For our study there is a 

special interest for studies related to warm climate conditions in Europe, where 

additionally beside cooling also a slide energy need for heating can occur. In this way 

Depecker et al. [10] studied the relationship between shape and energy requirements 

during the winter season in two French localities with different climate conditions. They 

found no correlation between the energy consumption of a building and its shape in mild 

climate. Albatici and Passerini [11] were encouraged to research new indicators of energy 

performance in mild and warm climate conditions in relation to the building shape. 

Heating requirements of buildings with different shapes placed in the Italian territory 

were presented and confirms that compactness is more important in cold localities than 

in warm ones.  

 

To assess to what extent building geometry may influence on the building energy 

efficiency in warm European regions, the current study analyses twelve differing single 

and two-storey models of timber-glass single-family houses with a varying building 

aspect ratio located in two selected European capital cities with relative warm climate 

conditions (Madrid and Athens). It is important to stress that the main benefit of the study 

comparing with all previous similar studies is in a fact that two opposite situations are 

separately analysed: with the optimal size of glazing placed in the south façade only and 

with the same size of glazing placed in the north façade only. 

 

2 Influence of the Building Shape on Energy Demand 

 

As it was previously briefly presented building shape can significantly influence on the 

energy demand of buildings, but this influence generally depends also on the given 

climate conditions. In this way, and to present adequate conclusions based on the obtained 

numerical results and theoretical correlations, it is a need first to present some basic 

theoretical facts about energy flows in buildings. 

 

Building energy need can be generally considered as the sum of the energy need for 

heating (Qh) and cooling (Qc). A building is therefore analysed as a thermal system 

consisting of the transmission heat losses (Qt), ventilation heat losses (Qv), internal heat 
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gains (Qi) and solar heat gains (Qs). The energy need is generally calculated in the form 

normed per 1 m2 of usable floor area (ATFA): 

 

ΔQ = (Qt+Qv) – G· (Qs+Qi) / ATFA    (1) 

 

The utilization factor G approximately represents a part of energy gains which cannot 

be accumulate in a building. Based on different temperatures of the building and its 

surroundings we can distinguish between two opposite heat flow scenarios; the heating 

and the cooling period. In heating periods of the year when the average outdoor 

temperature is generally lower than the prescribed or chosen indoor temperature, the sum 

of all heat flows in the building is usually negative. Energy flows in the summer period 

are in the opposite directions, therefore there is a need for cooling to avoid an overheating 

in a building. The transmissions heat losses Qt are calculated for every building element 

of the heat-exchanging envelope in the form of: 

 

Qt = A·U·fT ·Gt / ATFA    (2) 

 

where A is the building envelope area, U is the building envelope thermal transmittance, 

fT is the reduction factor for reduced temperature difference and Gt is temperature 

difference time integral (heating degree hours). Respecting Eq. (2) it can be concluded 

that an enlarged building envelope area (A) generally increases the transmission losses 

and consequently has a negative impact on energy demand for heating.   

 

The solar heat gains Qs are calculated using: 

 

Qs = r·g·Aw·G / ATFA    (3) 

 

where r is the total shading reduction factor, g is the degree of solar energy transmitted 

through the glazing normal to the irradiated surface, Aw is the window area (rough 

opening) and G is the total radiation during the heating period. Respecting Eq. (3) it can 

be concluded that an enlarged glazing area (Aw) increases the solar gains but, on the other 

hand, also has a negative impact on the transmission losses which are increased because 

of a higher thermal transmittance of the windows comparing with the thermal 

transmittance of the wall elements. This is an interesting situation which mostly depends 

also on the given climate conditions (temperature difference and solar potential in the 

heating and summer period). The parameter which can significantly influence the amount 

of solar gains and consequently the total energy demand for heating and cooling is the 

glazing-to-wall area ratio (AGAW) described as the ratio between the total area of glazing 

(Ags) to the total area of the wall (Awall): 

  

AGAW = Ags / Awall    (4) 

 

As it was already mentioned in Chapter 1 there are many, mostly numerical studies about 

the optimal size of glazing placed on different facades of the building in various climate 

conditions. In the studies Žegarac Leskovar and Premrov [2], [12] an attempt at a more 
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systematic analysis was made, with the model of a building being performed in many 

variations of timber construction systems. Based on an extensive parametric analysis, a 

generalisation of the problem was performed concerning the optimal glazing area size 

(AGAWopt) dependence on one single variable, the Uwall -value which becomes the only 

variable parameter for all contemporary prefabricated timber construction systems, 

independently of their type. However, the analysis was performed only for the heating 

period for cities with a relative strong winter conditions (Helsinki, Munich and 

Ljubljana). 

 

Another important parameter often used to determine solar access of a building, assuming 

that the latter is of a given height and optimally oriented, is the aspect ratio (AR), a ratio 

between the building’s length and width (AR = L/W), Figure 1. There are many studies 

about the aspect ratio variation, but mostly only for the cold climate conditions and for 

the glazing placed on the south façade only. For example, it was presented in Chiras [13], 

that the ideal aspect ratio for a rectangular-shaped solar house design ranges from 1.3 to 

1.5.  

 

3 Numerical Study 

 

3.1 Simulation model 

 

Parametric Variation of the Model Geometry 

 

The presented numerical research is based on a case study considering box models of 

single and two-storey houses built in the prefabricated timber-frame structural system 

with different thermal transmittance of the external wall elements (U1=0.102 W/m2K and 

U2=0.200 W/m2K).  To obtain relevant theoretical results of the three-layered glazing size 

influence on energy demand the glazing with Ug=0.51 W/m2K and Uf =0.73 W/m2K is 

used. The size of glazing with a value of AGAW = 35% according to Eq. (4) is separately 

used for the south and then also for the north façade. Three groups of rectangular models 

are parametrically analysed using a systematic variation of the building aspect ratio (AR 

= L/W) from 0.83 to 1.69, schematically presented in Figure 1:  

 

- Model group A: single-storey models with a constant occupied floor area ATFA 

= 81 m2 and a heated volume V = 243 m3.  

- Model group B: single-storey models with a doubled constant occupied floor 

area ATFA = 162 m2 and a heated volume V = 486 m3. 

- Model group C: two-storey models with a doubled basic occupied floor area of 

each storey ATFA = 81 m2 and a heated volume of each storey V = 243 m3. 
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Figure 1. Schematic presentation of the analysed house models 

 

Climate Data 

 

The study analyses the energy performance for two different European cities with relative 

warm climate conditions (Athens and Madrid). Climate information from Meteonorm 

[14] was used for calculations, Table 1. 

 

Table 1. Climate data for Athens and Madrid 

 Athens Madrid 

Average annual temperature 

(°C) 
18.6 16.3 

Average annual temperature in 

the heating period (°C) 
9.0 8.0 

Length of the heating period 

(days/an.) 
65.6 133.7 

Total annual solar radiation G 

on the south vertical surface 

(kWh/m2) 

1100 1280 

Total solar radiation G on the 

south vertical surface in the 

heating period (kWh/m2) 

151 436 

Total annual solar radiation G 

on the north vertical surface 

(kWh/m2) 

444 370 

Total solar radiation G on the 

north vertical surface in the 

heating period (kWh/m2) 

41 75 
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3.2 Results and discussion 

 

The calculated results for energy demand for heating (Qh), cooling (Qc) and total annual 

energy demand (Qtotal) for Athens and Madrid are graphically presented for all analysed 

models in Figure 2 for the both selected U-values of the envelope elements. 
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Figure 2. Results for the south orientation of glazing 

 

It is evident from the presented results that the energy need for heating (Qh) is estimated 

to be extremely low for the case of U=0.102 W/m2K, thus the findings relative to the total 

energy need (Qtotal) depend basically on findings on cooling (Qc). Because of the 

increasing size of glazing with the increasing length of the south façade (L) is deduced 

that the energy need for cooling increases in an almost exponent dependence with the 

increasing aspect ratio (AR). The functions behaviour for the analysed energy demand 

(Qh, Qc and Qtotal) for Athens and Madrid according to the increasing aspect ratio is very 

similar, only the absolute values are slightly different owing to a small temperature 

difference between both cities. It is also of a special interest by comparing the models 

from the all three selected groups (A, B and C) that the results for the total annual energy 

demand (Qtotal) for the models of group B are only slightly lower than by the models of 

group C. 

 

The findings for the case of U=0.20 W/m2K are slightly different. Because of the higher 

U-value the transmission losses according to Eq. (2) are higher which results in an 

increasing energy demand for heating (Qh). This is especially evident for Madrid with 

lower average temperature in a heating period, see Table 1. Because the glazing size is 
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the same the results for cooling (Qc) for the both locations do not especially differ from 

the case with U=0.102 W/m2K. Comparing the results between all analysed groups it is 

evident that the results for Qtotal are very similar for group B and C, but are generally 

lower than by group A. 

 

In a sense to especially analyse the problem with the overheating the case with the same 

glazing size to be placed only on the north façade instead on the south facade is 

additionally treated. The calculated parametrical results are graphically presented in 

Figure 3. It is of a practical interest to present only the results for the case with higher 

transmission losses (U=0.20 W/m2K). 

 

 
 

 
 

 
Figure 3. Results for the north orientation of glazing 

 

Particularly comparing the results from Figures 2 and 3 for Athens it can be found out 

that the results for the heating demand (Qh) are higher for the north orientation of glazing, 

but according to Eq. (3) and lower value of G from Table 2 the cooling demand (Qc) is in 
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interesting fact appears for Athens that the obtained results for the total annual energy 

demand for the north position of glazing practically do not differ from the results with 

the south orientation of glazing (Figure 2). However, such conclusion cannot be adopted 

for Madrid at all. The heating demand (Qh) evidently increased according to the results 

from Figure 2 and even became higher than the demand for cooling (Qc). Consequently, 

the total energy demand (Qtotal) for Madrid is in the case of the north orientation of glazing 

evidently higher than for the south orientation (Figure 2). 

 

4 Conclusions 

 

The presented parametrical numerical results of the study can serve to designers many 

interesting findings which can be efficiently used by prediction of energy demand for 

buildings located in warm climate area. It can be generally concluded from the presented 

results that the total annual energy need (Qtotal) in warm climates consist mostly of those 

for cooling (Qc), which brings about a conclusion that the energy need increases with the 

increasing aspect ratio (AR). The latter does not correspond well with the findings in [13], 

where the rectangular shapes with aspect ratios from 1.3 to 1.5 were favourable, but for 

the cold climates.  

 

It was presented in our study that the influence of the varying aspect ratio strongly 

depends on the climate conditions and additionally also on the thermal transmittance (U-

value) of the building envelope and orientation of the glazing areas. To prevent 

overheating it is generally more convenient to place the glazing on the north side of the 

building, but in this case then transmission losses increase. Comparing the results for 

Athens from Figures 2 and 3 we come to interesting findings that the total energy need 

by the U-value of the thermal envelope of 0.20 W/m2K is practically identical if the same 

size of the glazing is placed on the south (Figure 2) or on the north facade of the building 

(Figure 3). Therefore, in the case with similar U-values of the thermal envelope designers 

are free to choose similar size of glazing to be placed on south or north side of a building.  

 

This is not a case with a decreasing average temperature in a heating period (increasing 

of geographical location to the north, Madrid in our case) where the negative impact of 

the north placed glazing increases. In this case because of lower temperature and higher 

U-values higher transmission losses occur and the heating demand becomes even higher 

than cooling. Comparing the results between all analysed groups (one and two-storey) it 

is evident that the results for Qtotal are very similar between groups B (single-storey) and 

C (two-storey model), but are generally lower than by group A. The last fact is especially 

evident for the both selected cities when the glazing is placed on the north façade of the 

building. 
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Abstract In a temperature driven thermodynamic first order 

(discontinuous) phase transition the latent heat is released (absorbed) on 

entering (exiting) the low temperature phase. This mechanism could be 

exploited for thermal stabilization of buildings. In the simplest case one 

would need a layer coating a building, containing a phase-changing 

material with the phase transition temperature Tc in the regime of ambient 

temperatures. In the paper we present theoretical analysis, suggests how 

one can tune Tc to a desired value. For this purpose a material exhibiting 

a continuous symmetry breaking phase transition is needed. The 

symmetry breaking phase is then characterized by an amplitude and 

gauge component of the relevant order parameter characterizing the 

transition. We demonstrate, that by imposing a distortion to the gauge 

component on a characteristic length scale R, one could control Tc by 

varying the strength of distortions. We demonstrate what geometrical and 

material properties are needed for an efficient phase-changing material 

for thermal stabilization at ambient temperatures 
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1 Introduction 

 

Continuous symmetry breaking phase and structural transitions are ubiquitous in nature 

[1] [2]. In fact, the rich diversity of patterns observed nature is almost entirely based on 

them. The physics describing basic facts, i.e. qualitative behavior, is strongly universal, 

independent of material details. At the other hand, quantitative behavior is material 

dependent. Landau [3] derived a universal theory of phase transition based on symmetry 

properties of systems. He introduced an order parameter field to distinguish the 

competing phases in a phase transition event. In the paper we present key properties 

emerging from the universal Landau theory of phase transitions which might be 

implemented in future phase-changing materials used for thermal stabilization at ambient 

temperatures.  

 

In a temperature driven thermodynamic [4] discontinuous phase transition the latent heat 

is released on entering a low temperature phase. Thus, if a system is heated below the 

phase transition it releases heat. In case of large enough heat release one could at least 

temporary stabilize temperature of the system. On the other hand by adsorbing energy 

symmetry broken phase can be reentered. Consequently, the first (second) described 

phenomenon could be exploited to prevent or reduce a temperature decrease (increase) in 

a system. Appropriate phase-change materials have a strong potential to be exploited in 

designing future phase-changing materials for thermal stabilization of buildings. 

 

For this purpose it is of interest to be able to control phase transition temperature of such 

phase-changing materials. To identify key mechanism enabling this control we refer to 

basics of Landau-type theories of phase transitions. Any continuous symmetry breaking 

phase transition can be represented by an order parameter field Q [5]. It can be either a 

vector or tensor and it consists of two qualitatively different components. The first 

component is commonly referred to as the amplitude (also called hydrodynamic) field. It 

measures the strength of ordering in the symmetry broken phase. For given conditions it 

possesses a single equilibrium value. If one locally perturbs its value it relaxes to 

equilibrium value on order parameter correlation length, which is material and also 

temperature dependent. The second component is referred to as the gauge (also called 

symmetry breaking or non-hydrodynamic) field. The gauge component determines a 

symmetry breaking “choice”, that was selected in the continuous symmetry phase 

transition. The corresponding order parameter space is strongly degenerated (i.e., there 

are infinite number of equivalent “choices”). Consequently, if a gauge field is locally 

perturbed it responds in absence of an external field on a geometrically imposed scale, 

which is in general not material or temperature dependent. This property could be 

exploited to control the phase transition temperature. 

 

In the paper we illustrate such mechanisms to control Tc in a phase change material. In 

Sec. II we present our model. In Sec. III we derive key results and in the last section we 

summarize our findings. 
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2 Mesoscopic Modeling 

 

Of our interest is to demonstrate relatively simple ways how one could control phase 

transition temperature in a first order phase transition. We use a Landau-type approach in 

terms of a relevant order parameter Q to model a temperature driven phase transition. In 

bulk in a symmetry broken phase (quasi) long-range order in the gauge field component 

is established, and the order parameter amplitude is spatially homogeneous.  

 

For demonstration purposes we treat three qualitatively different systems from symmetry 

perspective to emphasize universality of the phenomenon. We consider three 

qualitatively different order parameters Q = Q(r⃗). Here r⃗ stands for the position vector, Q 

equals zero in the higher symmetry phase and Q ≠ 0 fingerprints key local ordering 

properties of a symmetry broken phase. In our illustrative cases, local properties of the 

low temperature phase are described either by (i) a vector order parameter, (ii) tensorial 

uniaxial order parameter or (iii) complex order parameter. We express them as [6] 

 

   (1) 

 

The classical examples where these order parameter are used are (i) paramagnetic-

magnetic phase transition in ferromagnets, (ii) isotropic-nematic liquid crystal (LC) phase 

transition, (iii) normal fluid-superfluid, magnetic-supermagnetic, or nematic-smectic A 

LC phase transition. In the expression for Q the quantity I is the identity tensor and ⨂ 

marks the tensorial product. Note that the first two examples describe phase transitions 

in orientational ordering, where in bulk symmetry broken phase orientational ordering is 

homogeneously aligned along a single symmetry breaking direction e⃗, |e⃗|=1. In Q(ii) the 

orientations ±e⃗ are physically equivalent (i.e. Q(ii)(e⃗) = Q(ii)(–e⃗) ). The 3rd order parameter 

determines onset of translational order. For example (to which we restrict in the 

following), in a smectic A phase the symmetry broken structure consists in bulk of 

periodic layers determined by the phase factor ϕ = r⃗. q⃗⃗. Here q⃗⃗ = (2π/d)e⃗ stands for the 

wave vector describing position of smectic layers. The layer distance is given by d and e⃗ 

stand for the unit normal of the layers. In all three cases s is the amplitude component of 

the order parameter, and e⃗ is the gauge field component.  

 

In bulk equilibrium s(r⃗) and e⃗(r⃗) are spatially homogeneous. The equilibrium value of 

s ≡ seq minimizes the condensation free energy potential fc, which is independent of the 

gauge field component. The lowest order symmetry allowed order parameter expansion 

in fc yielding discontinuous phase transition is given by  
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      (2a) 

 

     (2b) 

 

      (2c) 

 

Here a=a0(T – T*), a0, b, c are positive material constants, T stands for the temperature, 

and T* is the supercooling temperature of the higher symmetry phase. 

 

To enforce homogeneous ordering we need to introduce elastic free energy terms. The 

most essential terms in the lowest order expansions in Q they can be expressed as 

 

      (3a) 

 

      (3b) 

 

     (3c) 

 

where L is a positive representative elastic constant and in Eq.(3c) the wave vector 

q0 = 2π/d0 introduces the equilibrium layer constant d0. Note that the above equations 

impose homogeneous ordering in s and e⃗. In addition the Eq.(3c) imposes the equilibrium 

layer spacing d0. 

 

3 Phase Transition Temperature Shift 

 

We next estimate phase transition temperature shifts if one imposes elastic distortions to 

the gauge field component of a relevant order parameter. In cases of orientational 

ordering we assume that the phase-change material is confined within a cell of 

characteristic thickness R, where we impose at different plates different orientational 

ordering. In case of translational order we set that the cell imposed thickness is not 

commensurate will the equilibrium “layer” distance d0 = 2π/q0 of the material. In the 

other two dimensions of area A we assume homogeneous orientational or translational 

ordering. Therefore, in these directions we do not impose conflicting boundary conditions 

to the gauge field. 
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To estimate the resulting phase behavior on varying R it is convenient to introducing 

appropriate scaling. We scale distances with respect to R by introducing the 

dimensionless position vector x⃗ = r⃗/R, dimensionless gradient ∇̃=R∇, and define scaled 

order parameters s/s0→s where s0 = seq(Tc) Here Tc stands for the bulk equilibrium phase 

transition in absence of elastic distortions, and s0 determines the corresponding order 

parameter jump at Tc. Furthermore, we introduce the dimensionless temperature t = (T–

T*)/(Tc–T*). Note that in bulk t(T = Tc) = 1 and t(T = T*) = 0. We also introduce material 

dependent order parameter correlation length which we express at T = Tc where it attains 

its maximal value: ξc=√L/a0(Tc– T*). We set that that the elastic distortions on e⃗ (for 

orientational ordering) or   (for translational ordering) are imposed over the 

geometrically imposed cell thickness R. In cases of orientational ordering typical elastic 

distortions are of order |∇e⃗ | ≈ 1/R. In cases of translational ordering we have ∇ϕ – 

q
0
e ⃗⃗⃗ = (q – q

0
)e⃗. Furthermore, the elastic distortions are relatively homogeneously 

spatially distributed and do not cause substantial melting of ordering. Thus it is sensible 

to assume that |∇s | ≈ 0 and s is consequently spatially homogeneous.  

 

In terms of these quantities and with assumption listed above we express the dimensional 

free energy expressions as 

 

F̃
(α)

= (R
(α)

/ξc)
2
 F̃c

(α)
+ F̃e

(α)
, where α = {i, ii, iii}, R(i) = R(ii) = R, R(iii) = d0. Furthermore, by 

performing integration along the cell thickness we obtain  

 

F̃c

(i)
= F̃c

(iii)
= ∫ (ts̃2 – 2s̃4+ s̃6)dx

1

0
≈ ts

2
– 2s

4
+ s

6
, 

 

F̃c

(ii)
= ∫ (ts̃2– 2s̃3+ s̃4)dx

1

0
≈ ts

2
– 2s

3
+ s

4
, 

 

F̃e

(i)
 = F̃e

(ii)
 ≈ s

2
,  

 

F̃e

(iii)
 ≈ s

2(d0/d – 1)2, 

 

where s stands for the spatially averaged amplitude of a relevant order parameter. From 

these relations we express effective dimensionless spatially average condensation terms 

f
c

(α)
 as 

 

       (4a) 
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       (4b) 

 

      (4c) 

 

We have introduced effective temperatures as teff

(i)
 = teff

(ii)
 = t + (ξc/R)

2
 and teff

(iii)
 = t + 

(ξc/d0)
2
 (d0/d – 1)2. Via minimization of f

c

(α)
we obtain equilibrium values of average 

amplitudes: 

 

       (5a) 

 

       (5b) 

 

       (5c) 

 

where the phase transition are realized for teff

(α)
≡1, for which seq

(α)
≡1. From the critical 

conditions teff

(α)
≡1 we obtain the corresponding critical temperature shifts phase changing 

materials 

 

      (6) 

 

Here Tc
(α)(R(α)) mark phase transition temperatures in elastically distorted phase change 

materials the ordering of which is described by order parameters Q(α). 

 

4 Conclusions 

 

Of our interest are phase-change materials for thermal stabilisation materials. For this 

purpose we consider systems exhibiting continuous symmetry breaking phase transitions. 

First of all, such systems should possess a large phase transition latent heat L. In terms of 
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our modelling parameters it can be expressed as L ≈ a0Tcs
2
. Therefore, a material 

characterised by a relatively large value of the product 
0 ca T  is needed. Secondly, for 

buildings it is advantageous to have materials with the critical temperature in the ambient 

temperature regime. For this purpose, one could use appropriate binary mixtures of 

materials and make use of the “slave-master” mechanism [7]. In this system the “slave” 

and “master” correspond to the component possessing higher and lower phase transition 

temperature. The order parameters of the component should be coupled where the 

coupling strength D could be controlled. By changing the strength D one controls the 

value of Tc of the “slave”. An example represents the coupling between nematic and 

smectic amplitude order parameter in nCB LCs. In this case the strength of D is controlled 

by the length of nCB flexible chains [8]. Thus, “slave-master” mechanism could be 

implemented to tune Tc within a desired temperature window. However, it is difficult to 

readily control the strength of the coupling constant for “interactive” changes in Tc. For 

this purpose one could use a relatively sensitive dependence of Tc on a relevant gauge 

field. The latter could be relatively easily varied either by controlling boundary conditions 

of the cell confining the phase change material or by changing the confining cell thickness 

R. Furthermore, to obtain moderate changes in temperature shift it is desirable to have 

large ration R/ξc, where ξc is the material dependent length.  
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Abstract The electrocaloric effect (ECE) describes the heating or cooling 

of an electrocaloric material triggered by switching on or off adiabatically 

an external electric field. It relies on the exchange between entropic 

reservoirs related to field-dependent material ordering and other degrees 

of freedom. In the paper, we demonstrate that liquid crystals (LCs) could 

be exploited as efficient electrocaloric material. Namely, they could 

display a relatively large electrocaloric effect close to the isotropic-

nematic phase transition. In theoretical modelling, we model orientational 

LC ordering using Landau - De Gennes mesoscopic approach in terms of 

the nematic tensor orientational parameter. Numerical investigation 

reveals in which regime the strongest ECE responses are expected. Our 

simulation results are in the qualitative agreement with recent high 

precision calorimetry experimental results. 
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1 Introduction 

 

Electrocaloric effect (ECE) [1,2] is related to a change in entropy due to an adiabatically 

applied external electric field E  yielding the temperature change. ECE has a strong 

potential for variety of applications, in particular in the future heating and cooling 

devices.  

 

ECE manifests in dielectric materials as adiabatically applied electric field changes the 

dielectric subsystem entropy [1,2]. Recently, several studies [3-5] investigated ECE 

responses in soft materials such as liquid crystals (LCs). LC phases are of constant 

interest for years from both applicational and fundamental perspectives due to their 

softness, optical anisotropy and diversity of different phases [6]. Uniaxial bulk nematic 

(N) phase exhibits a long range orientational order and is typically reached on lowering 

temperature from isotropic (I) phase via 1st order phase transition [6,7]. In nematic phase, 

the local orientational ordering of anisotropic LC molecules is commonly described by 

the nematic director field n , where n  states are equivalent and 1n  In bulk N tends 

to be homogeneously aligned along a symmetry breaking direction.  

 

Recent experimental study [5] reveals that in vicinity of the I-N phase transition 

temperature TIN, a relatively large ECE response could be achieved. The aim of this paper 

is to theoretically analyse ECE driven temperature changes in nematic LC close to TIN. 

The structure of the paper is as follows. In the first section we introduce our mesoscopic 

modelling. In the second section we derive equations yielding ECE driven temperature 

changes. Next, numerical simulations are carried out and results are discussed. In the last 

section, we summarize our results. 

 

2 Modelling 

 

We consider minimal model to describe qualitatively EC effect in nematic LC based on 

a Landau-de Gennes mesoscopic approach. We describe liquid crystalline orientational 

uniaxial ordering using the nematic tensor order parameter [8]: 

 

1

3
S n n

 
   

 
Q I  ,        (1) 

 

where S is uniaxial order parameter that describes fluctuations around local uniaxial 

ordering direction represented by unit vector n . Note that the states n  are physically 

equivalent. The symbol   marks a tensorial product and I is the identity tensor.  
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The nematic free energy density f  can be expressed as a sum of the nematic 

condensation ( cf ), elastic ( ef ) and external field ( ff ) contributions. These are written 

as:  
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Here a0, b and c are positive material constants; T stands for temperature and *T  is the 

isotropic phase supercooling temperature. The bulk I-N first order phase transition 

temperature is given by 
2

* 0/ (4 ).INT T b a c   The elastic contribution penalizes 

departures from a spatially homogeneous orientational ordering by the positive elastic 

constant L0. The field term describes the impact of an external electric field E , where 0  

and   stand for the dielectric permittivity constant and dielectric anisotropy 

respectively. We limit to EC effects in bulk and set that n  is homogeneously aligned along 

a single symmetry direction. Furthermore, we assume that E  is imposed along the same 

direction.  

 

For analytical convenience we introduce scaled quantities. With this aim we introduce the 

nematic uniaxial correlation length n  and the nematic external field extrapolation length 

e  at T ~ TIN : 

 

0 0 0
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     (3) 

 

Here S0 is equilibrium value of the uniaxial order parameter at the phase transition in 

absence of an external field. We introduce the following scaled and dimensionless 

quantities:  
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where 0 *INT T T   . In this scaling, the dimensionless free nematic energy density 

 2

0 0 0/f f a S T   is expressed as 

 

2 3 42f tS S S S    .       (5) 

 

In the absence of an external electric field for 0  the I-N phase transition occurs at 

1ct   where 1cS  , and the supercooling (overheating) temperature takes place at *t = 0 

( **t = 9/8).  

 

For 0  isotropic ordering is replaced by the paramagnetic P ordering that is a relatively 

weakly orientationally ordered isotropic phase. P-N phase transition temperature increases 

with  until the critical value 0.5c   is reached. For c   it holds 

  1ct     corresponding to: 

 

    00IN INT T T    .       (6) 

 

Above the critical value, the P-N transition becomes supercritical.  

 

3 Ece Response 

 

We analyse typical ECE responses at the I-N transitions. The entropy of the system can 

be expressed as a sum of orientational LC ordering contribution  ,LC T  and lattice 

contribution  l T : 

 

     , ,LC lT T T      .     (7) 

 

Orientational LC ordering contribution can be directly manipulated by an external field. 

Our focus is a temperature change due to adiabatic switching on or off of the external 

field. In the adiabatic process the total change of entropy equals zero, therefore:  

 

LC l   ,        (8) 
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where    2 2 1 1, ,LC LC LCT T      and    2 1l l lT T     . Here 

subscripts “1” and “2” refer respectively to the initial state  1 1,T  and the final state 

 2 2,T  of the adiabatic process. The change in lattice entropy is given by: 

 

 
   2 1ln /

l

l l

C T
dT C T T T

T
   ,     (9) 

 

where  lC T is the lattice heat capacity per unit volume. Constant value of  lC T is 

assumed within the temperature interval [T1, T2]. The orientational LC ordering 

contribution can be expressed as the partial derivative at a constant value of  : 

 

  2

0,LC

E

f
T a S

T


 
      

.     (10) 

 

Combining Eq.(8) and Eq.(9) we obtain a self-consistent equation for T2: 

 

    2 20
2 1 2 2 1 1exp , ,
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    (11) 

 

In the following examples, we consider cases where 1 0  , 1 INT T T   and 

2 0   , 2 INT T T T    . We switch on the field in the isotropic phase where 

 2

10, 0S T   .  

 

Assuming / 1T T   it holds:  

 

/T T ~  2

0 / lS T T a C  .      (12) 

 

Using dimensionless quantities, we express Eq.(12) for the ECE response and the 

equilibrium equation / 0f S    determining degree of nematic order at T= 2T  as: 
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Here  1 1t t T ,  2 2t t T ,  2S S t  and 

 
2

0 * 0

0

.
l

a T S

C T
 


        (14) 

 

For common LCs close to TIN it holds a0 ~105 J/Km3, *T  ~300 K, 0T ~ 1 K, S0 ~0,3, 

and Cl ~ 4·106 J/m3. Therefore, γ ~ 1, * 0/ 100T T   and * 0/t T T  ~ * 0/T T . 

 

4 Results 

 

Of our interest is an external field driven thermal change just above the I-N phase 

transition where one expects largest ECE response. By applying a strong enough external 

field, the field-induced phase transition into nematic ordering could be realized. 

Consequently, the change in orientational entropy would be relatively large, leading to 

relatively large T , see Eq.(11). If the initial temperature T1 is close above [ 0]INT    

on applying the field, the condition 1[ ]INT T  could be realized, see Eq.(6). In 

dependence of T value different scenario could be experimentally realized because T2 

might fall within a bistable temperature regime.  

 

For this purpose we first determine the bistability regime, where both N and P phase can 

exist for fields ranging from 0   to 0.5 c   . In Figure 1 we demonstrate 

typical temperature variation of nematic ordering in presence of an external field for cases 

c  . The phase transition takes place at 1ct   . On gradually increasing 

temperature above [ ]ct   nematic ordering could persist in metastable state till **[ ]t  . 

Alternatively, on gradually decreasing temperature isotropic (paranematic) ordering 

could persist below [ ]ct   till *[ ]t  . The bistability regime is depicted in Figure 2.  
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Figure 1. The order parameter variation on increasing (solid line) and decreasing 

(dashed line) temperature for an external field  = 0,1 (red) and   = 0,4 (blue). The 

corresponding phase transition temperatures are equal to tc = 1.1 and tc = 1.4, 

respectively. 

 

 

Figure 2. Supercooling ( *t : black dashed line), overheating ( **t : red solid line) and 

phase transition ( ct : blue dotted line) temperatures as a function of an external field 

strength  . 

 

We next numerically calculate the ECE response where initial temperature is just above 

TIN. In Figures 3 we plot typical EC responses following the adiabatic switching on of an 

external dimensionless field   for different initial temperatures 1 [ 0]INT T   . In 

Figure 3a we plot 1[ , ]S S T , and in Figure 3b the accompanying 1[ , ]T T T    
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dependencies.  One sees that on decreasing 1T  towards INT , the dependencies 

monotonously exhibit increasingly steeper and larger s-shape type responses.  Note that 

for γ = 1 these responses are subcritical. 

 

 
 

 
 

Figure 3. a) The nematic response S(T2 = T1 + ΔT). b) Temperature increase ΔT =T2 - 

T1. Black full line:  1 0/ 1.01  INT T T , red dashed line  1 0/ 1.1  INT T T

, blue dash-dotted line:  1 0/ 1.2  INT T T , 0 *1,    INT T T ~1 K. 

 

Next, we analyze behavior on varying γ, which measures relative importance of nematic 

and remaining degrees of freedom entering the entropy expression. We limit to a 
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temperature 1T  close to INT  where the EC responses are relatively large. Figure 4a reveals 

that on decreasing γ the [ ]S S  dependency becomes steeper and below some critical 

value of γ exhibits a 1st order-type phase transition. The related temperature ΔT responses 

are shown in Figure 4b. One sees that despite a relatively weaker contribution of the 

nematic contribution in Ω the responses could be larger due to the observed 

discontinuous response.  

 

 
 

 
 

Figure 4. a) Nematic response S(T2). b) Temperature increase ΔT. Black full line: 

1  , red dashed line 2  , blue dash-dotted line: 0.5  . 

 1 0/ 1.01  INT T T . 
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5 Conclusions 

 

We studied the ECE response close to the isotropic-nematic phase transition. We first 

derived the equation yielding the temperature change on applying adiabatically an 

external field. In deriving it, we assumed that the total change in entropy equals zero. By 

equating the entropy change in orientational degree of freedom with the entropy change 

in lattice contribution, we arrived at the equation relating the change in temperature with 

the change in orientational ordering. We calculated nematic ordering from the 

equilibrium Euler Lagrange equation in presence of an external field. Thus, we assumed 

that the nematic order parameter relaxation time is much shorter with respect to the 

characteristic thermal relaxation time. We first determined the bistability regime where 

both isotropic (paranematic) and nematic phase could be (meta) stable. This calculation 

reveals the regime where results might be in addition to the external field value also 

“history” dependent. Then we numerically analysed the ECE response as a function of 

temperature and LC material properties. The results indicate that the largest responses are 

expected just above the I-N phase transition that is in line with recent experimental 

measurements [5]. In the near future we intend to calculate the ECE response close to the 

direct Isotropic-Smectic A phase transition, which is for example realized in 12CB LC. 

We expect even stronger ECE responses because smectic ordering plays an effectively 

similar role as an external field. Therefore, on applying an external field, its effect is 

expected to be enhanced by smectic layer formation 
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Abstract This paper presents a comparative computational study on the 

thermal performance and environmental impact of traditional and 

contemporary walling systems. Three types of building elements were 

examined: vernacular adobe load-bearing walls, and contemporary 

thermally insulated infill walls composed of either fired clay bricks or 

drywall panels. Their behaviour under thermal loads was investigated by 

means of heat flux analysis using 3D Finite Element (FE) models. The 

environmental footprint was assessed in terms of the walls’ total 

embodied energy. According to the outcomes obtained, contemporary 

masonry systems have lower thermal transmittance compared to 

traditional constructions. However, adobe walls are capable of providing 

thermal comfort by efficiently controlling temperature fluctuations, 

mainly due to their higher thermal mass. The results also highlight the 

limited footprint of traditional earthen structures; this is attributed to the 

simple construction processes adopted and the use of local raw materials. 
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1 Introduction 

 

Masonry walls are responsible for 29-59% of the thermal losses in buildings [1]. 

Furthermore, masonry manufacturing and construction accounts for 13% of the total 

energy consumed during the building process [2-3]. This highlights the importance of 

assessing the thermal performance and environmental footprint of masonry systems. 

 

Several studies have been undertaken to determine the U-value of masonry (e.g. [4]). 

More recently, particular emphasis has been given on examining the thermal mass of 

walls [5-11], as this is considered a good indicator of thermal behaviour for moderate 

climates (e.g. Mediterranean climate). The main parameters used to describe the 

influence of thermal mass are the time lag and the decrement factor [5]. Time lag refers 

to the time it takes for the temperature wave to propagate from the outer to the inner 

surface, while decrement factor refers to the decreasing ratio of its temperature amplitude 

[5]. According to [12], an effective environmental design strategy should include a 

detailed consideration of the building elements’ thermal mass. In general, if a wall 

exhibits high time lag and low decrement factor it will limit indoor air temperature 

fluctuations, thus enhancing the feeling of thermal comfort. 

 

Following a numerical study on the time lag and decrement factor of different materials, 

Asan [5] concluded that the thickness of the building element critically affects its thermal 

mass. According to Zhang et al [10] and Kontoleon et al [11], who examined the thermal 

inertia parameters of walls, an increase in the heat capacity of a masonry layer would 

increase time lag and decrease decrement factor, while an increase in the thermal 

conductivity of a masonry layer would have the opposite effect. The influence that the 

thickness and distribution of insulation layers pose on the walls’ time lag and decrement 

factor were examined in [7], [9]. Experimental measurements [8], [12] have shown that 

indoor temperatures in vernacular buildings have limited fluctuation due to the high 

thermal mass offered by traditional load-bearing adobe walls. Fgaier et al. [8], who 

experimentally studied the thermophysical properties of unfired earth bricks, noted that 

a thermal lag of 10-12 hours can be achieved with a 30-40 cm thick wall. Asan [5] 

mentions time lags > 8 hours for 30 cm thick adobe walls. 

 

Another important aspect of the overall environmental performance of masonry systems 

is embodied energy. This is the energy consumed by all processes associated with the 

production and construction of a building element (i.e. from the quarrying and processing 

of raw materials to the manufacture, transport, delivery, handling and assemblage of the 

end-products). Thormark [13] states that, in a life span of 50 years, embodied energy can 

account for up to 45% of the total energy need in buildings. Masonry walls, in particular, 

constitute one of the major energy consuming building components [14]. Significant 

energy savings can be achieved when using alternative construction materials and 

techniques. Research has shown that unfired earth blocks are environmentally friendly 

[15] and their use entails much lower embodied energy compared to ceramic bricks [16] 

and concrete blocks [17]. However, conventional masonry laying construction techniques 
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are considered to be more energy demanding than methods involving the use of pre-

fabricated panellised frame systems [18]. 

 

In light of the above, the present study aims to compare both the thermal and 

environmental performance of traditional and contemporary masonry systems used in 

Southern Europe. Heat flux analyses were carried out using finite element models of 

adobe and fired clay brick walls and drywall panels to assess their U-value, time lag and 

decrement factor. The embodied energy of the wall systems under study was also 

computed using relevant data from the literature 

 

2 Methodology 

 

2.1 Masonry systems under study 

 

Focus was given on examining three distinctly different walling systems that are 

encountered in many countries of Southern Europe. These include the thermally insulated 

fired clay brick walls and exterior drywall panels commonly used as infills in 

contemporary concrete and steel structures, and the load-bearing adobe walls 

incorporated in many vernacular buildings. 

 

More specifically, the following typical configurations of wall elements were studied: 

 

(a) MS1: A 30 cm thick wall constructed of perforated fired clay bricks arranged 

in a running bond pattern with 1 cm thick cement mortar joints between them. A 

5 cm thick extruded polystyrene board is fixed on the exterior surface of the 

masonry, while both sides of the wall are coated with 2.5 cm thick cement plaster. 

 

(b) MS2: A 12 cm thick drywall panel. This consists of a metal framework (i.e. 

‘C’ channels 0.1 cm thick placed vertically every 60 cm) with a 2.5 cm thick 

gypsum board on the interior side and a 1.25 cm thick cement board on the exterior 

side. The cement board is coated with a 0.75 cm layer of cement plaster. At the 

core of the system, 7.5 cm thick rock wool is installed. 

 

(c) MS3: A 50 cm thick load-bearing masonry wall. The wall features a foundation 

made of natural stone building blocks. Above this, adobe bricks are set with the 

application of thin layers (0.5 cm) of earth mortar. Adobe masonry is coated with 

2.5 cm layers of lime plaster both internally and externally. 

 

The characteristics of the aforementioned systems’ constituent materials are shown in 

Table 1. The values of the physical and thermal properties were adopted from EN 1745 

[19], while embodied energy data were derived from the literature [2], [15] 
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Table 1. Constituent material properties for contemporary and traditional masonry 

systems  

 
 

2.2 Thermal Performance 

 

To evaluate the thermal performance of the various walling systems, 3D numerical 

models were developed in Comsol Multiphysics 5.2. Each model represents a square 

meter of the system considered. The models were discretized into 4-noded tetrahedral 

elements with an average side length of 0.02 m. Adiabatic boundary conditions were 

assumed at the four side edges of the simulated walls. FE analysis was performed to 

simulate the 3D heat transfer through the walls and the corresponding temperature 

distribution. To calculate each system’s U-value, steady-state analyses were performed. 

Time-dependent transient heat analyses were conducted to estimate the time lag and 

decrement factor. 

 

The thermal transmittance of each system was calculated by the following equation: 

 

A

Q
U


 ,        (1) 

 

where Q is the total heat flux at the external surface, ΔT is the temperature difference 

between the internal and external wall surfaces, A is the external surface of the wall. The 

internal and external air temperatures during the steady-state analyses were set as Tsi= 

25°C and Tse= 15°C. 
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The thermal inertia parameters, time lag (φ) and decrement factor (f), of each system were 

defined as [6], [13]: 

 

max,max, TeTi tt  ,       (2) 

 

min,max,

min,max,

ee

ii

TT

TT
f




         (3) 

 

In (2) and (3), tTi,max and tTe,max indicate the instances of time when the temperatures at the 

interior and exterior surfaces of the walls reach their peak values. Ti,max, Ti,min, Te,max and 

Te,min correspond to the maximum and minimum temperatures generated at the walls’ 

interior and exterior surfaces. 

 

Numerical calculations were based on the assumption that heat transfer is governed by 

conduction without heat generation: 

 

t

T
Cp




  )( ,      (4) 

 

where λ is the thermal conductivity, ρ is the density and Cp is the specific heat of the 

material. 

 

The boundary conditions at the exterior and interior surfaces of the walls were provided 

by eqs. (5) and (6), respectively: 

 

)( esae TTh   ,      (5) 

 

)( inii TTh   ,       (6) 

 

where he, hi are the exterior and interior surface heat transfer coefficients due to combined 

convection and radiation, Tsa is the sol-air temperature, Te is the temperature at the 

exterior surface of wall, Ti is the interior surface temperature and Tin is the indoor air 

temperature. 

 

For the dynamic heat analyses, sinusoidal variations of the sol-air temperature were 

considered over a 24-hour period [5]: 
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     (7) 

 

In equation (7), P is the period (86400s), while Tmax and Tmin are the maximum and 

minimum outdoor temperatures, respectively. The following assumptions are made in 

this study based on data of [20]: Tmax= 35oC, Tmin= 15oC, Tin= 25oC, he= 25 W/m2K, hi= 

7.7 W/m2K . In all cases, the walls’ interior surface at the beginning of the dynamic 

analysis was considered to have a uniform temperature of T= 25oC. 

 

2.3 Environmental Footprint 

 

Embodied energy was hereby adopted as the primary environmental footprint indicator. 

The total embodied energies of the fired clay masonry and of the drywall systems were 

estimated using the ‘cradle-to-gate’ data given in the Inventory of Carbon and Energy 

(ICE) database of the University of Bath [2]. In the case of adobe masonry, the ‘cradle-

to-site’ data reported in [15] were used, instead, since adobe bricks were traditionally 

manufactured on-site. 

 

Initially, the mass of each constituent material was calculated based on the volume (V) it 

occupies per m3 of wall system and its specific density (ρ): 

 

VM   .        (8) 

 

The total embodied energy (eE) of the wall system was then computed as the sum of the 

products between each constituent material’s mass M (kg) and embodied energy E 

(MJ/kg): 

 

nnmm

n

mi

mmE MEMEMEe ,,...1,1,,, 



    (9) 

 

3 Results and Dissussion 

 

3.1 U-Value 

 

The results obtained from the steady-state thermal numerical analyses are presented in 

Figure 1. Contour diagrams of heat flux for all cases hereby considered are given in 

Figure 2. 
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Figure 1. Computed U-values for the masonry systems under study. 

 

The U-value of MS1 is 0.42 W/m2K and is the lowest determined. The numerical analysis 

predicts that higher heat fluxes will develop at the vicinity of the mortar joints (Figure 

2a). However, the continuous insulation layer installed at the external surface of the wall 

prevents the development of thermal bridges. 

 

The U-value obtained in the case of MS2 is in the region of 0.7 W/m2K, while the 

corresponding result for MS3 exceeds 1 W/m2K. The inferior thermal transmittance of 

MS3 is primarily attributed to the absence of any insulation. The rather high thermal 

conductivity of the adobe wall’s stone base also affects the overall performance of the 

system, since increased heat flux tends to develop at this section (Figure 2c). A similar 

phenomenon is observed in MS2, where the metal frame of the drywall panel tends to act 

as a thermal bridge promoting heat concentration (Figure 2b). These results are in 

agreement with the observations of other researchers regarding the effect of thermal 

bridges on the behaviour of wall elements [21]. 

 

 
Figure 2. Heat flux through the masonry systems under study: (a) MS1; (b) MS2 and (c) 

MS3 

3.2 Time lag and decrement factor 

 

The time lag and decrement factor values that were computed from the time-dependent 

numerical analyses are presented in Figures 3 and 4. Figure 5 shows the temperature 

fluctuations on the exterior and interior surfaces of all simulated systems. 

 

According to the outcomes obtained, MS2 has the lowest time lag (3 hours). This result 

is in line with the data reported in [5]. The estimated time lag of MS3 exceeds 10 hours 

and is the highest among the three systems under study. This value is within the range of 

analogous results found in [5]. The transient analysis gave a prediction of 5.6 hours for 
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the time lag of the MS1 masonry wall. This is slightly lower than the 6-7 hours reported 

in [5] and [9] for analogous construction configurations. 

 

The importance of the thermal mass in indoor comfort conditions is further highlighted 

by the decrement factor results. The MS1 and MS3 walls have decrement factors in the 

region of 0.005-0.006, whereas the corresponding value for MS2 is an order of magnitude 

higher: 0.07. These outcomes are in total agreement with the decrement factors obtained 

in similar studies [5] [8], [9]. 

 

The numerically predicted temperature fluctuation at the interior surface of the various 

systems verifies the superior thermal performance of masonry walls compared to drywall 

panels. As shown in Figure 5, MS1 and MS3 can retain almost constant indoor surface 

temperatures. Some degree of temperature fluctuation is expected to occur at the interior 

surface of the much thinner MS2 drywall panel. 

 

 
Figure 3. Estimated time lag for the masonry systems under study 

 

 
Figure 4. Estimated decrement factor for the masonry systems under study 
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Figure 5. Simulated temperature fluctuations on the external and internal surface of the 

masonry systems under study 

 

3.5 Embodied energy 

 

The embodied energy values computed for the different masonry systems are presented 

in Figure 6. As expected, MS3 has the lowest environmental footprint: 229 MJ/m2. This 

is due to the simple manufacturing processes involved in the fabrication of adobe bricks 

and the relatively low energy required for the production of stone blocks. MS2 and MS3 

have significantly higher environmental footprints: 489 MJ/m2 and 723 MJ/m2, 

respectively. This is mainly due to the use of insulation materials with rather high 

embodied energies. The energy intensive industrial procedures involved in the 

manufacturing of polystyrene and rock wool increases the total energy requirements for 

these systems. The firing process used for the production of the masonry units composing 

MS1 also negatively influences this system’s environmental performance. In line with 

the data hereby reported, many studies emphasize the energy savings achieved when 

using unfired earth instead of fired clay ceramics [15], [16]. 

 

 
Figure 6. Estimated embodied energy for the masonry systems under study 

  



66 10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30TH, 2017, BLED, SLOVENIA), ENERGY EFFICIENCY 

A. Kyriakidis, A. Michael, R. Illampas, D. C. Charmpis & I. Ioannou: Comparative 

Study on the Thermal Performance and Environmental Footprint of Traditional and 

Contemporary Masonry Systems Used in Southern Europe 

 

4 Conclusions 

 

A comparative study of the thermal performance and environmental footprint of 

traditional and contemporary masonry systems used in Southern Europe has been 

conducted. 

 

The thermal performance of the investigated systems was evaluated in terms of U-value, 

time lag and decrement factor. Steady-state and transient thermal analyses were 

conducted to compute the aforementioned indicators. The results have shown that 

thermally insulated fired clay brick masonry has the lowest U-value. Despite its rather 

high U-value, adobe masonry can provide sufficient thermal comfort due to its 

considerable thermal mass. Drywall systems, on the other hand, exhibit lower time lag 

and higher decrement factor. The overall thermal performance of walling systems is 

clearly affected by the presence of thermal bridges and by the thickness of the building 

elements. 

 

The total embodied energy values hereby computed verify the environmentally friendly 

character of earthen architecture. Contemporary fired clay brick masonry and drywall 

panel systems have higher embodied energies, since the industrial procedures involved 

in the manufacturing of their constituent materials increases energy consumption 
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Abstract Today’s large gas engines have reached an advanced state of 

development and are being used to efficiently generate low emission 

energy. Besides natural gas, non-natural gases (NNG) such as waste gases 

from industrial processes, landfill gas and flare gas can be used to operate 

these engines. Using NNG reduces CO2 emissions and replaces natural 

gas from fossil fuel sources. The special characteristics of the individual 

NNG require tailor made engine solutions. Additionally, the cost of 

development of combustion concept design and optimization must be 

kept down. LDM COMPACT represents a methodology that permits 

highly efficient development of combustion concepts for NNG without 

the need for extensive testing on a multicylinder engine. 

 

This paper introduces the general approach of LDM. The fundamentals 

and main innovative features of the methodology are outlined. A recent 

development project along with its results is provided as an example of 

an application. 
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1 Introduction 

 

The use of gas engines for power generation and heat that are fueled by non-natural gases 

(NNG) is key to exploiting resources in a more environmentally friendly manner and 

achieving a general reduction in CO2 emissions, cf. Figure 1. Gas engines that burn NNG 

are normally more difficult to operate than those that run on natural gas (NG). NNG 

encompasses landfill gas, flare gas, coal mine gas, sewage gas, biogas and a range of 

other special gases. This group of special gases includes above all waste gases from 

industrial processes (e.g., gases from steel production). Frequently these gases are not 

used at all or are used inefficiently to produce (thermal) energy. Due to their very specific 

characteristics, each of these gases requires a specially designed engine concept. In most 

cases, development of a multicylinder engine on the site where the gas is produced is not 

economically viable due to the frequently fluctuating boundary conditions as well as high 

cost of support and components. Consequently, these challenges prevent expedient use 

of the gas. Likewise, the development of a multicylinder engine on the test bed of the 

engine manufacturer is equally unfeasible from an economic perspective. In this case, the 

factor that drives costs is the fuel since it must be mixed together from the main 

components and consumption by the multicylinder engine is very high. The lower the 

number of engines initially expected for commercialization, the more economic concerns 

become aggravated. With many gases, implementation is only possible if the cost of 

development is limited. 

 

Driven by these boundary conditions, a method for the economically viable design and 

optimization of a combustion concept for gas engines that can be applied to a wide variety 

of non-natural gases is key. To achieve sufficient economic viability, it is important that 

the method does not require testing on the multicylinder engine and that the result 

obtained from simulation and single cylinder engine measurements can be transferred 

directly to the on-site facility without any additional multicylinder engine tests. 

  

 
Figure 1. Low-emission energy production that maximizes the use of non-natural gases 
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The methodology should be feasible for use with niche applications where only a small 

number of engines are produced. The main goal in this area is to significantly reduce CO2 

emissions and reduce the use of natural gas from fossil fuels. 

 

2 Approach 

 

The classic LEC Development Methodology (LDM) was elaborated in order to support 

efficient engine development [1][2]. It is a general methodology for developing and 

optimizing combustion concepts for large engines and is based on an intensive interaction 

between simulation and experimental investigation on single-cylinder research engines 

(SCE). The methodology makes use of 0D and 1D engine cycle simulation as well as 3D 

CFD simulation. While 3D CFD simulation is employed above all to optimize the details 

of relevant processes (e.g., piston geometry, charge motion), 0D/1D engine cycle 

simulation is applied to preoptimize significant engine parameters (e.g., compression 

ratio, valve timing). In addition to the basic development of combustion concepts for 

steady-state engine operation, the methodology comprises an integrated treatment of all 

combustion related processes such as durability, wear, ignition and fuel supply as well as 

the development of transient combustion concepts and controls. 

 

In order to meet the requirements for NNG combustion concepts, LDM has been further 

enhanced: LDM COMPACT methodology can be applied to development processes that 

are performed without extensive testing on a multicylinder engine. These processes 

primarily rely on simulation tools as well as measurements on a SCE. 

 

LDM COMPACT consists of two basic steps, cf. also Figure 2: 

 

• Preselection and basic design of essential engine parameters based on simulation  

• Experimental optimization of the concept on a single cylinder research engine.  

 

To preselect the combustion concept, each gas is first characterized using the knock index 

(GPN) [3] developed at the LEC or similar criteria for knock assessment as well as 

reaction kinetic calculations that provide information about the expected laminar flame 

speed. Based on these results, the combustion concept can be preselected; the possible 

concepts and the basic engine parameters are stored systematically in a catalog according 

to gas category. 0D and 1D engine cycle calculations are then conducted to describe the 

operating parameters in detail. For gases with very challenging characteristics such as 

gases with a very high share of inert gas components – which implies extremely small 

lower calorific values – stable and efficient combustion requires a high degree of 

turbulence in the combustion chamber. Part of the development methodology, 3D CFD 

simulation provides responses to these and other important questions. 
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Figure 2. LDM Compact 

 

A very efficient and flexible test bed infrastructure was set up for experimental 

investigations on a single cylinder research engine. Continual developments in the areas 

of gas mixing (up to 6 different gas components), gas supply, gas storage and safety 

technology enable testing of almost any gas composition on the single cylinder research 

engine. After the required engine components have been procured, the relevant engine 

operating areas are typically determined in a screening phase. To reduce test time when 

determining the optimal parameters, intensive use is also made of statistical design of 

experiments (DoE) methods. The focus of experimental investigations is on determining 

the efficiency and load potential of each gas while at the same time achieving the lowest 

possible emissions. Sensitivity observations that consider fluctuations in gas quality are 

also carried out. These fluctuations are critical to the design of an engine control concept 

and to the determination of whether higher quality gases need to be added. The results of 

this iterative process of just simulation and SCE measurements can finally be used to 

directly implement the concept into the on-site multicylinder engine, cf. Figure 2. 

 

The main innovation of the presented methodology is the improvement of the 

characterization of different gases and simulation possibilities to the point that a very 

advanced combustion concept for each gas can be achieved in combination with 

experimental development on the single cylinder research engine. As a result, 

implementation in many NNG applications that in many cases could otherwise not be 

exploited finally becomes economically viable. Critical to development of the 

methodology are both the systematic evaluation of basic gas components with regard to 

their influence on knock behavior and the derivation of a catalog from which the basic 

combustion concept can be selected based on prior NNG developments. 
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3 Application Example 

 

3.1 CO2 reduction through the efficient use of blast furnace gas 

 

The development methodology presented in this paper was established and applied at 

LEC to numerous different research projects over the course of many years in order to 

develop NNG combustion concepts that are almost exclusively concerned with 

sustainable solutions for energy production and transportation. The available database 

consists of several thousand measurements of different single cylinder research engines. 

 

The following section presents an example of a sophisticated concept for sustainable 

power generation in large gas engines that efficiently and flexibly exploits blast furnace 

gas (BFG). BFG is an important but difficult to exploit byproduct of the steelmaking 

process. The objective was to develop a highly efficient, high power output combustion 

concept for a large gas engine in the 4 MW power range using BFG [4]. This concept 

must comply with the TA Luft emission limits, ensure sufficient combustion stability 

despite fluctuations in gas quality and exhibit good starting behavior. As on-site 

development on the multicylinder engine was not feasible due to the reasons stated in the 

previous section, the innovative development methodology was applied. 

 

3.2 Selection and preoptimization of the combustion concept using simulation 

 

In the first step, a suitable concept for the combustion of BFG was selected and 

preoptimized mainly by using simulation tools. The extremely unfavorable properties of 

BFG, which contains a great amount of inert gases and possesses a calorific value lower 

than 1 kWh/mn
3, require a very specific combustion concept. Gas scavenged, mixture 

scavenged and unscavenged prechamber concepts as well as open chamber concepts are 

all possible with large gas engines. Engines of the size selected for the development of 

this combustion system are normally equipped with prechambers. However, 0D/1D 

simulation revealed that ignition could not be successfully induced due to the unfavorable 

mixture composition in the prechamber at ignition timing. This finding was obtained 

before any experiments were conducted by determining the mixture composition in the 

prechamber at ignition timing with a 1D simulation model. Based on the conditions in 

the prechamber, the simulation provides a detailed description of the mass overflow 

between the prechamber and main combustion chamber. Thus the main focus of 

combustion system development was on the open chamber concept. With this concept, a 

sufficient level of turbulence induced by charge motion must be achieved to obtain an 

appropriate flame speed. To obtain this level of turbulence in the combustion chamber 

during combustion, a very high swirl level was combined with an appropriate piston 

shape. 3D CFD simulation was extensively used during the optimization process. 

 

Figure 3 presents selected results from this process. The locally averaged turbulent kinetic 

energy (TKE) was chosen to evaluate the different variants. 
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The chart shows the optimized variant as well as two intermediate development steps 

(variants A and B) in relation to the baseline variant. Based on these investigations, the 

most promising piston shapes in combination with the swirl level were determined and 

preselected for the experimental tests on the SCE. 

 

3.3 Experimental development on the single cylinder research engine 

 

Measurements were taken on a single cylinder research engine to verify the simulation 

results and to determine certain engine performance values (e.g., efficiency, emission 

level, combustion stability). Combustion chamber variants with increased TKE had a 

shortened combustion duration, which resulted in significantly faster fuel conversion with 

the optimized variant. After the best piston variant had been chosen and the optimal 

compression ratio determined, the engine operating parameters (e.g., ignition timing, 

mixture temperature, charge pressure) were optimized. The goal was to obtain the largest 

operating range possible, i.e. the range between knock limit and misfire limit, which is 

crucial for robust gas engine operation. 

 

 
Figure 3. Predesign of the combustion concept using 3D CFD simulation 

 

The fluctuations in the composition of BFG cause dramatic changes in the combustion 

behavior of the gas. If the share of hydrogen (H2) in particular noticeably varies, it greatly 

influences the combustion. Thus investigations were carried out on the single cylinder 

research engine to evaluate the sensitivity of the engine concept to fluctuations in H2 

content. Figure 4 and Figure 5 present selected results of these investigations with the 

optimal variant; the misfire limit and the knock limit restrict the operation range. While 

Figure 4 depicts the achievable engine efficiency versus load and H2 content, Figure 5 

shows combustion stability versus the same parameters. 
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A special control concept adapted to BFG application was developed for the 

multicylinder engine in order to ensure stable engine operation with variable load and 

fluctuating gas quality. Through continuous optimization of both combustion and gas 

mixing, a maximum energy yield can be guaranteed at any time and at any operating 

point. The simulation based control concept relies upon on-board cylinder pressure 

measurement and admixing of an additional gas (e.g., coke gas). 

 

 
Figure 4. Operating range: Efficiency versus load and H2 content 

 

 
Figure 5. Operating range: Combustion stability versus load and H2 content 
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4 Outlook and Potential 

 

Economically and ecologically viable implementation of NNG applications into large gas 

engines have enormous potential on a global level. The losses from drilling for natural 

gas alone are estimated to be about 5% of global natural gas production; these losses arise 

to a great extent from the flaring of components unable to be directly exploited. In terms 

of CO2 emissions, this translates into almost 900 million tons of CO2 (assuming a CO2 

equivalent of 500 g/kWh) that could be saved by exploiting these gases for energy. Even 

if only a small fraction is saved, the potential is extremely high. As a result, it is 

imperative that gas engine development focuses on this area. 

 

LDM COMPACT is the result of many years of research and several successful projects 

at the LEC that have developed NNG combustion concepts for large gas engines. The 

methodology allows direct implementation of an engine concept into the on-site 

multicylinder engine without prior cost-intensive tests on a multicylinder engine. The 

reduced development cost and time for the engine manufacturer can be passed on to the 

user as an investment advantage and is thus an important enabler of this technology, 

which aims to produce energy with a low environmental impact and few CO2 emissions. 

 

The application of this methodology can reduce the cost of development of implementing 

a specific gas into an engine by more than 90% compared to multicylinder engine 

development. Consequently, it is possible for gas engines characterized by flexibility and 

a potentially modular structure to enter into the very extensive arena of NNG applications 
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Abstract The application of the Concentrated Solar Power (CSP) system 

has attracted an ever-increasing attention with the deepening worldwide 

energy crisis. Operating temperature is one of the most important factors 

for CSP system that affects the solar photoelectric conversion efficiency. 

Reasonable cooling method cannot only decrease the operative 

temperature, balance flare inhomogeneity, also should display the 

characteristics of convenient installation, low power consumption and 

high reliability. Based on a comprehensive literature review, this work 

conducted a thorough compilation on different cooling techniques of CSP 

system. It includes the commonly used air cooling and water cooling, also 

illustrates the promising ground coupled cooling, impinging jet cooling, 

liquid immersion cooling, microchannel cooling, heat pipe cooling and 

Phase Change Material systems etc. Besides, the advantages and 

disadvantages of different cooling technologies are briefly analysed. It is 

expected that this paper could provide guidance for development and 

optimization of cooling technologies in CSP system. 
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1 Introduction 

 

Concentrated solar power (CSP) system uses the low cost reflective mirrors or lenses to 

concentrate the sunlight onto photovoltaic (PV) cells. It realises higher efficiency, more 

output and lower cost with the use of the same PV cells. But only around 15% of the 

absorbed luminous energy can be converted to electricity with the rest will be converted 

into thermal energy [1], which rises PV cell temperature and reduces system’s output 

performance. Research indicated that 0.2 % to 0.5 % output power increase can be 

achieved with 1 K temperature decrease of PV cells [2]. Moreover, the long-term working 

under high temperature would make PV cells rapidly age and further shorten its service 

life. CSP can effectively avoid PV technology’s limitation of low efficiency and high 

cost, on the other hand it suffers performance losses with the rise of operative 

temperature. Advanced researches of effective cooling technologies are therefore eagerly 

awaited. 

 

2 Cooling Technologies of Concentrated Solar Power System 

 

Cooling technologies of CSP system can be divided into two types: passive cooling and 

active cooling, the working mediums usually are water or air. Passive cooling system has 

the advantages of none energy consumption, low cost and easy installation. It is mainly 

been applied in low concentrated PV power generation system due to its limited cooling 

effect. Back metal plate of high conductivity material with or without fins and heat pipe 

cooling system are the representative models.  

 

Active cooling system also uses fins or channels to strengthen the convection heat 

transfer. The difference is the use of forced circulation system. Thus the additional 

consumption of electricity is unavoidable. Its characteristics of high heat dissipating 

capacity making it to be commonly adopted in high concentrated PV power generation 

system.  

 

Table 1 compares air and water’s convective heat transfer coefficient (CHTC) under 

natural and forced cooling situations. It is obvious that water is a better cooling medium 

compared to air, and the CHTC of active cooling system is much higher than that of 

passive cooling system.  

 

Table 1. Convective Heat Transfer Coefficient of Air and Water 

Condition 
Convective Heat Transfer 

Coefficient (W/m2· K) 

Natural 

Convection 

Air 1 ~ 10 

Water 200 ~ 1000 

Forced 

Convection 

Air 20 ~ 100 

Water 1000 ~ 15000 

 

 



10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30TH, 2017, BLED, SLOVENIA), ENERGY EFFICIENCY 

M. Xiao, L.n Tang, X. Zhang, I. Yu Fat Lun & G. Li: A Review on Analysis on 

Cooling Technologies of Concentrated Solar Power System 

81 

 

2.1 Air cooling 

 

Air cooling either by forced or natural flow provides a low-cost and simple heat-

dissipating way, but the poor thermo-physical characteristic of air offers a relatively low 

cooling efficiency [3]. The heat exchange performance of air cooling is related to air flow 

rate, flow length and height etc., higher heat transfer effect could be achieves by 

optimising these parameters. Brinkworth and Sandberg indicated that for a certain length 

of PV array, the best cooling performance would be achieved when the ratio of PV array 

length (L) to air flow’s hydraulic diameter (D) is 20 (L/D=20) without consideration of 

the influence of other factors [4]. This helps to choose the power rating of blower to avoid 

unnecessary energy waste. Araki, Uozumi and Yamaguchi [5] investigated the natural 

convection cooling performance of single PV cell with 500 Suns, the results demonstrated 

a good thermal contact between batteries and aluminum plate is critical for cell 

temperature decrease.  

 

A heat transfer model was developed by Amri and Mallick [6] to cool a multi-junction 

CSP system under 100, 150 and 200 Suns. A forced air cooling system with 1.5mm thick 

aluminium plate was adopted in this experiment. The results showed this cooling system 

can adequately cool the PV cell under medium concentration ratios with maximum 50% 

temperature decrease, while it is less effective for high concentration ratios and the 

channel width needs to narrow to micro-meter value in order to achieve the required 

cooling efficiency. The conjugation effect, air inlet velocity and channel width were 

found to have noticeable effects on PV temperature. A novel air-cooled condenser for 

CSP system was proposed by Moore et al. [7], which has two significant advantages over 

the existing state-of-the-art. Firstly, its pre-assembled modular format could reduce 

installation costs. Secondly, smaller speed controlled fans are integrated with the 

individual modules to instead the large fixed speed fans, which allows the changing of 

the operational point of condenser and further maximises the plant efficiency. 

 

2.1.1 Ground coupled cooling system 

 

The ground has been used as a heat sink for cooling for a long time, it is indeed a brand-

new perspective in the realm of the cooling of PV panels. Sahaya et al. [8] designed and 

optimised an innovative Ground-Coupled Central Panel Cooling System (GC-CPCS) for 

cooling of Solar PV panels, of which air is the cooling medium. The new system was 

proved that it can maximise the increase in output to the energy spent in the cooling 

system and provide low capital cost per watt output. The schematic design is shown in 

Figure 1. 
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Figure 1. Schematic Design of GC-CPCS[8] 

 

Sahaya et al. [9] then installed and actual tested the GC-CPCS system by using Smoke 

Flow Visualization technique. More effective cooling performance and hence better 

conversion efficiency were proved to be achieved by the system. It was unique to 

introduce the concept of Central cooling of PV panels. Also it was the first time for 

Ground Coupled Heat Exchanger to be used in Solar PV Panel Cooling System. 

 

2.2 Water cooling 

 

Water cooling technology can be divided into two types, natural and forced circulation 

cooling. The crucial factor of this technology is to ensure the good heat conduction and 

electric insulation between PV cell and surface of heat exchanger, the leakage problem 

of working medium should also be taken into consideration. A typical water cooling 

system is composed by heat exchanger, water tank and valves etc., the schematic is shown 

as Figure 2. 

 
Figure 2. Schematic of Water Cooling Technique   

 

Chaabane, Mhiri and Bournot [10] presented a 3D computational fluid dynamics model 

to predict the thermal and electrical performance of a water-cooled concentrated 

photovoltaic (CPV)  system. To avoid the hot spots in the cell module, a rectangular 

channel was finally employed after increasing the number of water cooling pipes. The 

final optimum design presented a solar cell temperature of 315.15K and respectively a 

thermal and combined (thermal plus electrical) efficiency of 74.2% and 83.5%. The 

results showed the number of pipes and water flow rate significantly affect the thermal 

electrical efficiency. 
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A CPV with active water-cooling system was developed by Du, Hu and Kolhe [11]. 

Operating temperature, power output and efficiency were tested to investigate the PV 

module’s performance. It is found that cooling  water flow rate significantly affects the 

heat extraction rate which helps manage cell temperature. A Computational Fluid 

Dynamics simulation of high concentrated active water-cooled solar cells has been 

performed by Sabry [12] to investigate the effect of CHTC, water flow rate and tube 

internal diameter on PV temperature. Results showed that increasing CHTC  significantly 

reduces PV temperatures operating at low flow rates and high concentration ratios with 

further increase in water flow rate would be of no effect. 

 

2.2.1 Jet impingement cooling  

 

Jet impingement cooling can realize a very low thermal resistances, generally is 105 ~106 

Km2/W [13].  Its potential of achieving high heat transfer rates makes it become an 

attractive cooling method. A jet impingement cooling device was designed by Royne and 

Dey [14] for cooling densely packed PV cells under high concentration. They developed 

a model to predict the pumping power of different shape devices. The studies showed that 

the performance improved by increasing the nozzle number per unit area. Besides, Huber 

and Martin models were adopted for different concentration level. PV cell temperature 

reduced from 60°C to 30°C at 200 Suns and from 110°C to 40°C at 500 Suns in both 

models. 

 

An outdoor test of a hybrid jet impingement /micro-channel cooling device for densely 

packed CPV cells was conducted by Barrau et al. [15]. A dummy cell was used instead 

of using a real solar cell for testing. According to the results, the thermal resistance 

coefficient and the temperature uniformity offered by this cooling system can meet the 

requirements of CPV receivers. And they correlated the flow rate and concentration ratio 

as a function of temperature. 

 

Hasan et al. [16] investigated the effect of nanoparticles (SiC, TiO2 and SiO2) with water 

as base fluid on the electrical and thermal performance of a photovoltaic thermal (PVT) 

collector equipped with jet impingement. Solar irradiances and mass flow rates were set 

to conduct the test. The highest electrical and thermal efficiency were achieved by the 

use of SiC/water nanofluid system, and 62.5% increase of the Pmax of PVT was realized 

compared to the conventional PV module. 

 

2.2.2 Liquid immersion cooling 

 

Han et al. [17] developed and tested a CPV integrated with direct liquid-immersion 

cooling system. The long-term stability and performance of silicon PV cells were 

researched through four separate liquid immersion experiments respectively: ethyl 

acetate, dimethyl silicon oil, isopropyl alcohol (IPA) and De-ionized (DI) water. The cell 

efficiency increased 8.5-15.2% with a 1.5 mm liquid film. More power output could 

achieve under higher concentration ratios. But it was difficult for PV cell to maintain 

stable electrical performance when immersed in 9 mm liquid layer of deionized water. 
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Electrical characteristic investigation of a triple-junction PV cell immersed in dimethyl 

silicon oil of 1.0–30.0 mm thickness at 500 Suns was proposed by Xin et al. [18]. Results 

showed cell electrical performances reduced with the increase of silicon oil thickness. 

The maximum increase of output power and conversion efficiency were achieved with 

the solar cell immersed in silicon oil of 1.0 mm thickness, from 39.567% and 19.556 W 

to 40.572% and 20.083 W respectively. The cell efficiency and output power would less 

than those without liquid-immersion when the silicon oil thickness exceeds 6.3 mm. 

However, the thickness should not less than 2.5 mm according to CFD simulation for low 

and uniform cell temperature. 

 

Kang et al. [19] conducted a new direct-contact phase-change liquid immersion cooling 

method for high concentrating photovoltaic (HCPV) system. This cooling system can 

modulate automatically and run self-propelled steadily without consuming extra energy. 

Studies showed the surface heat transfer coefficient of PV cell was up to 46.98 kW/m2K 

when the temperature was well controlled in the range between 87.3°C and 88.5°C under 

the concentration ratio of 398.4. The light loss at the interface between bubble and ethanol 

is dominant for the decline of electrical performance that Isc and Pmax decreased 10.2% 

and 7.3% respectively of triple-junction PV cells.  

 

2.3 Microchannel cooling  

 

Research indicated that microchannel cooling technique can provide the utmost possible 

reduction of PV cell temperature compared to other cooling technologies [20]. A novel 

CPV cooling system using multi-layer manifold microchannel system was developed by 

Yang and Zuo [21] for improving the uniformity of surface temperature distribution. The 

experiments showed the CPV cell temperature reduced from 44.1°C to 20.4 °C with the 

flow rate of 0.00535kg/s to 0.0232kg/s and would not change beyond the flow rate of 

0.0232kg/s under 28 Suns. This cooling system presented a heat transfer coefficient of 

8235.84W/m2K with a pressure drop less than 3 kPa. Besides, it proposed a small surface 

temperature difference (less than 6.3 °C) of the CPV cells.  

 

Radwan et al. [22] developed a new microchannel heat sink with nanofluids to cool the 

low concentrated photovoltaic-thermal (LCPV/T) systems, in which Al2O3-water and 

SiC-water were cooling mediums. A major temperature reduction of PV cell was 

observed with the increase of nanoparticles’ volume fraction, while SiC-water nanofluid 

achieved a relatively higher decline in cell temperature than Al2O3-water nanofluid. The 

studies proved that LCPV/T system can realise better performance by using nanofluids 

than water with the cell temperature reduced to 38°C and the electrical efficiency 

increased to 19%, especially at high solar concentration ratios. 

 

Similarly, the performance of the LCPV/T system incorporated with a microchannel heat 

sink was investigated by a comprehensive thermal model at different operating conditions 

according to Radwan et al. [20]. It also has been proved that microchannel heat sink has 

strong abilities in solar cell temperature reduction and uniform temperature distribution. 
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For all values of concentration ratios, the performance of the LCPV/T system was 

significantly enhanced by the increase of cooling fluid Reynolds number, which was 

presented as higher electrical and thermal efficiency, and lower cell temperature.  

 

2.4 Heat pipe cooling 

 

Heat pipe has the characteristics of high heat transfer and high thermal conductivity 

ability make it can be a good alternative to large heat sink, especially space is limited 

[23]. Anderson et al. [24] proposed a copper/water heat pipe integraed with aluminum 

fins for cooling a CPV system by natural convection at 30 Suns, of which toulene, 

ammonia, pentane, methanol and water are the different working fluids. CFD software 

was used to decide the optimum spacings and fin sizes. Water was found as the best 

working medium compared to others. The heat pipe rejected the heat by natural 

convection with a total cell-to-ambient temperature rise of only 40°C under a cell level 

waste heat flux of 40 W/cm2. 

 

A fabrication method of a novel hybrid-structure flat plate (NHSP) heat pipe was 

designed and investigated by Hsin-Jung et al. [25] for a CPV system. NHSP heat pipe 

contained a flattened copper pipe and a sintered wick structure which was supported by 

a coronary-stent-like rhombic copper mesh. Experiments demonstrated that the NHSP 

heat pipe reduced the thermal resistance hence increased the conversion efficiency of 

CPV system by approximately 3.1% in a single PV cell. Khairnasov et al. [26] indicated 

that several methods for improving the robustness of high-temperature heat pipe wick for 

their application in CSP system with Stirling engine were conducted. They proposed, 

developed, and demonstrated a compromise wick structure which could restore 

performance without giving up strength. The wick testified excellent performance of the 

durability bench test with over nearly 13,600h at 775 °C vapour temperature. 

 

2.5 Phase change material  

 

Phase change material (PCM) can keep a relative stable temperature during the heat 

absorption process, hence attracted an ever-increasing attention in thermal management 

[27]. Sharma et al. [28] experimental evaluated PCM via thermal regulation to enhance 

performance of low-concentration Building-Integrated Concentrated Photovoltaic 

(BICPV) system, which has not been reported so far. This work proposed and 

implemented a new analytical model for the in-house controlled experiments. Results 

showed that PCM effectiveness varies with irradiance, an raise in relative electrical 

efficiency by 7.7% and an average decline in module centre temperature by 3.8 °C were 

observed of BICPV-PCM integrated system in comparison with naturally ventilated 

system at 1000Wm-2. 

 

Cui et al. [29] designed a novel concentrated photovoltaic–thermoelectric (PV–TE) 

system integrated with PCM to keep the system operating under an ideal working 

temperature. The feasibility of four types of PV–PCM–TE system was investigated: 

GaInP/InGaAs/Ge (III–V), single-junction GaAs, CIGS, C-Si, and PV cells. A theoretical 
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model was presented to evaluate the efficiency. The results indicated the PV–PCM–TE 

system is superior to single PV cells and/or PV–TE systems in performance. But 

controlling thermal contact resistances is extremely necessary when the system is 

operating under higher optical concentrations.  

 

 
Figure 3. Schematic of PV–PCM–TE [29] 

 

Cui et al. [30] then experimentally analysed the performance of PV–PCM–TE system. 

The research indicated this system can maintain the working temperature at a desired 

level during a day and has higher energy conversion efficiencies compared to pure PV 

system. It hence possesses a promising potential on the full-spectrum utilization of solar 

energy. The schematic is shown in Figure 3. 

 

3 Conclusion 

 

This part analysed the advantages and disadvantages of different cooling technologies 

adapted from the above literatures and Jakhar et al. [31]. 

 

Air cooling: it is low-cost and simple and the hot air is a useful resource for space heating. 

But this approach has low mass flow rate and low cooling efficiency. 

 

Ground coupled cooling: it is a brand-new perspective in Solar PV panels cooling that 

research studies are inadequate. 

 

Water cooling: the water possesses higher thermal conductivity, higher heat capacity and 

higher mass flow rate. But water cooling system requires higher maintenance cost and 

operation cost with the pumping power. The corrosion problem and low life cycle are 

also the dominate problems for water pipeline.  

 

Jet impingement cooling: can achieve very low thermal resistance that make it can be 

used for HCSP system and replace heat sink. But disturbances would occur when water 

from one jet meets the water from neighbouring jet. 

 



10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30TH, 2017, BLED, SLOVENIA), ENERGY EFFICIENCY 

M. Xiao, L.n Tang, X. Zhang, I. Yu Fat Lun & G. Li: A Review on Analysis on 

Cooling Technologies of Concentrated Solar Power System 

87 

 

Liquid immersion cooling: it eliminates the contact thermal resistance without 

electricity consumption. But more complicated system design and high cost are required. 

It is proved that is most suitable for densely packed CPV. 

 

Microchannel cooling: can remove a mass of heat with low power requirements in a 

smaller area. The low thermal resistance make it can be applied for high concentration 

level. But it has limited pressure drop and uneven temperature distributions. 

 

Heat pipe: an easy integrated passive heat exchange device, which can accept heat at 

very high heat fluxes and transfer heat across long distance. But is has corrosion problem 

and high cost, usually be used for low and medium concentration level. 

 

Phase change material: a passive heat exchange device can store a large amount of 

thermal energy. Its characteristics of maintenance-free, compatibility, reliability and high 

cooling capacity without electricity consumption, make it can be used for high heat fluxes 

and thermal storage applications. But it has high initial cost and some PCMs have fire 

safety issue and are toxic. 

 

Reasonable cooling method should maintain low and uniform cell temperature, also 

needs to display high efficiency, convenient installation, low power consumption and 

high reliability. It is expected that this paper could provide guidance for development and 

optimization of cooling technologies in CSP system. 
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Abstract The increasing commitment towards resource efficiency in 

buildings is progressively changing the way we design buildings. 

However, the adoption of these strategies in the Mediterranean area 

should be carefully evaluated to prevent overheating in intermediate 

seasons and increase of cooling loads in summer. Additionally, the impact 

on performance of occupants’ comfort preferences and behaviour is 

generally neglected. The research presents an analysis of the potential gap 

between simulated and actual performance in a real case study building 

constructed following Passive House standard in Italy. The research 

compares the initial design hypothesis, obtained with a semi-stationary 

calculation tool, with a larger spectrum of data generated by means of 

parametric simulations, following a design of experiment approach. The 

approach aims to detect potentially critical assumptions already in 

preliminary design phase, ensuring the robustness of energy performance 

evaluation, given the implications in terms of techno-economic 

optimization and effective deployment of energy efficiency practices. 
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1 Introduction 

 

The increasing commitment towards resource efficiency in the building sector [1] is 

progressively changing the way we design and operate buildings. The decarbonisation of 

built environment is one of the most important objectives, considering the impact of 

buildings at the EU [2] and global scale. New efficiency paradigms (i.e. NZEBs) are 

emerging both for new and existing buildings [3]. Passive design strategies, exploiting 

solar and internal gains to balance heat losses due to transmission and ventilation (in 

heating mode), are becoming increasingly common. These strategies are mostly used in 

Northern countries where heating constitutes, in most of the cases, the predominant part 

of energy consumption. However, the adoption of these strategies in the Mediterranean 

area has to be carefully evaluated to prevent overheating in intermediate seasons and 

increase of cooling loads in summer. 

 

Further, optimistic assumptions are often assumed in design phase and semi-stationary 

calculation methodologies are still commonly used. Additionally, the impact of 

occupants’ comfort preferences and behaviour on performance is generally neglected. 

The paper aims to presents an analysis of the potential gap between simulated and actual 

performance in a real case study building constructed following Passive House standard 

in Italy. 

 

2 Research Methodology 

 

The research compares the initial design hypothesis, obtained with a semi-stationary 

calculation tool, PHPP [4], with a larger spectrum of data generated by means of a 

parametric simulation, following a Design Of Experiment approach (DOE). The 

approach aims to detect potentially critical assumptions already at the preliminary design 

level, ensuring the robustness of energy performance evaluation, given the implications 

in terms of techno-economic optimization and effective deployment of energy efficiency 

practices and policies. At the EU level a coherent strategy for both new and existing 

buildings is necessary [3], and the latter are, in absolute terms, much more relevant [5, 6] 

if we want to determine a considerable impact for the sector [1] as a whole. The 

importance of parametric and probabilistic analysis of building performance is becoming 

evident, both in new construction and retrofit interventions. Cost-optimality [7] of 

efficiency measures is among the most important elements to be considered for the 

effective deployment of energy efficiency practices and, consequently, the success of 

policies. However, the potential gap between simulated and measured performance can 

be very relevant [8], considering in particular the impact on performance of occupants’ 

comfort preferences and behaviour [9, 10]. In order to overcome this issue, a 

methodological continuity between performance analysis practices across life cycle 

phases should be established, using parametric simulation (design phase) and 

progressively calibrating building model to real data, up to the control level (operation 

phase). Meta-models [11] (i.e. surrogate models, reduced-order models) can be 

successfully used for this purpose, e.g. in design optimization, [12] calibration [11] and 

control [13]. The model used in the research is a reduced-order grey-box dynamic model. 
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However, in order to render these application more transparent and automated, further 

research should be oriented towards the definition of multi-level performance metrics 

[14, 15] and visualization techniques. 

 

3 Case Study Description 

 

The case study chosen is a Passive House standard residential building constructed in the 

Province of Forlì-Cesena in the Emilia Romagna Region in Italy. The data from the 

original building design are used as baseline and compared to parametric simulation runs 

obtained using Design Of Experiment (DOE) methodology. Parameters in DOE 

simulations are varied with respect to the baseline design (employing PHPP semi-

stationary calculation methodology) and simulation are performed by means of a grey-

box dynamic model suitable to perform multiple runs in a reduced time frame. The grey-

box model parameters have been initially calibrated to the baseline configuration in PHPP 

and then varied following a two-level factorial design [16]. Variations and multiple runs 

are meant to account for the variability of the performance of envelope components and 

of occupant’s comfort preferences and behaviour. In real building operation these 

variations can determine a very relevant gap between simulated and measured 

performance, compromising the cost-effectiveness of the investment in energy efficiency 

and the credibility of energy efficiency practices. 

 

 
Figure 1. External view of the case study building 

 

The case study building is characterized by highly insulated envelope components, 

radiant heating and cooling system, mechanical ventilation with heat recovery, ground-

source heat pump system (GSHP) and photovoltaic system, for on-site electricity 

production. In the parametric simulation performed heat recovery (mechanical 

ventilation) has not been considered because the system is designed for heat recovery in 

winter mode operation and, given the climate conditions of the site, the advantage would 

have been modest on a yearly base, if we consider the trade-off between energy recovered 

from the exhaust air stream and energy consumption of auxiliaries [17]; further, the aim 

of the work is comparing the original baseline with slightly less efficient and cheaper 

configurations to highlight the potential performance gap, already in the design phase. 
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4 Discussion of Results 

 

As anticipated, the baseline configuration chosen for simulation is the one used in the 

building design phase. The envelope parameters used in the grey-box model (lumped 

parameters) have been calibrated to reproduce the same heating demand of the original 

model in PHPP. The internal gains assumed are averaged on a daily base and are very 

modest, considering the fact that the building, despite being very large, is actually used 

by only by 4 people. The data are summarized in Table 1. 

 

Table 1. Baseline simulation data 

Group Type Unit Value 

Geometry Gross volume m³ 1557 

 Net volume m³ 1231 

 Heat loss surface area m² 847 

 Net floor area m² 444 

 Surface/volume ratio 1/m 0.54 

Envelope U value external walls W/(m2K) 0.18 

 U value roof W/(m2K) 0.17 

 U value transparent 

components 
W/(m2K) 0.83 

Activities Internal gains (lighting, 

appliances and 

occupancy) 

W/m2 1 

Control and 

operation 

Heating set-point 

temperature 
°C 20 

 Cooling set-point 

temperature 
°C 26 

 Air-change rate vol/h 0.3 

 
Operation schedules - 

0.00-

23.00 

 

After that, the grey-box model has been used for yearly simulations, including all the 

energy demands from the building, namely heating, cooling, domestic hot water (DHW), 

lighting and appliances. The only energy carrier present is electricity, considering GSHP 

system, providing heating, cooling and domestic hot water, lighting system and 

appliances. Monthly electricity demand composition is represented in Figure 2 for the 

baseline configuration. 
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Figure 2. Electricity demand composition 

 

The electricity meter balance with respect to demand and on-site production in reported 

in Figure 3, while the one presenting delivered and exported energy is reported in Figure 

4. 

 
Figure 3. Electricity meter balance - on-site production and demand 

 

The values obtained in Figure 3 highlight the fact that the photovoltaic system is able to 

supply a large part of the global electricity demand of the building, while the ones in 

Figure 4 show the interaction of the building with the grid. 
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Figure 4. Electricity meter balance - delivered and exported energy 

 

It has to be stressed the fact that this baseline configuration uses constant operating 

schedules, as reported in Table 1, to maintain a comparability with the original PHPP 

model, but more realistic schedules are considered in the parametric simulation runs. The 

two-level DOE strategy determines a number of simulations which depends on the 

amount of parameters chosen, which vary between a minimum (-1) and a maximum (+1) 

level. The parameters considered for DOE are described in the following table. 

 

Table 2. Two-level Design Of Experiment simulation data 

Group Type Unit Value levels 

   -1 +1 

Envelope U value external 

walls 
W/(m2K) 0.23 0.27 

 U value roof W/(m2K) 0.21 0.26 

 U value transparent 

components 
W/(m2K) 1.04 1.25 

Activities Internal gains 

(lighting, appliances 

and occupancy) 

W/m2 1 1.5 

Control 

and 

operation 

Heating set-point 

temperature 
°C 20 22 

 Air-change rate vol/h 0.4 0.6 

 

In order to simulate more realistic operation conditions, coherent operating schedules 

have been created for heating, cooling, air-change rate (natural ventilation/infiltration) 

and internal gains (lighting, appliances, people).  
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The DOE simulation runs conducted are 3, simulating different behavioural patterns of 

people living in the building: 

 

1. operation is continuous as in baseline modelling (constant operation profile); 

2. operation is concentrated between 7.00 and 22.00 (variable operation profile); 

3. operation is concentrated between 7.00 and 9.00 and between 17.00 and 22.00 

(variable operation profile). 

 

The results of parametric simulations are then plotted in Figures 5,6 and 7, using the same 

graphs as in Figures 2, 3 and 4 but reporting the configurations that determined, 

respectively, the minimum and maximum non-renewable primary energy demand. This 

performance indicator has been calculated according to the methodology proposed in the 

standard ISO 52000-1 [18]. As introduced before, the whole building energy demand has 

been taken into account, weighting delivered and imported electricity asymmetrically. 

The primary energy and emission factors assumed for calculation are the ones contained 

in Italian legislation regarding energy efficiency in buildings. However, while the 

delivered energy weight assumed is 1, the exported energy weight assumed here is 0.4, 

differently from the current building performance rating scheme adopted at the national 

level, which gives a 0 weight for exported energy. 
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Figure 5. Electricity demand composition - DOE runs 
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Figure 6. Electricity meter balance - on-site production and demand - DOE runs 

 

On the one hand, the results from parametric simulations show that the electricity demand 

composition (Figure 5) and the relation between demand and on-site production (Figure 

6) change in terms of values but not in terms of monthly patterns, having provided 

coherent assumptions for the selected configurations. On the other hand, results in Figure 

7 show how the schedules considered affect largely the interaction between the building 

and the grid. This fact has profound techno-economic and environmental implications, 

related in particular to load-matching, prosumer (producer-consumer) business model, 

primary energy and CO2 emission. Finally, the results obtained have been used to 

calculate key performance indicators (KPI), reported in Table 3. The sensitivity on KPI 

have been calculated too and expressed in terms of percentage of variation with respect 

to baseline configuration. 
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Figure 7. Electricity meter balance - delivered and exported energy - DOE runs 

 

The values are reported in Figure 8 and indicate that the results are highly sensitive to 

assumptions because a relatively small variation in input data can determine a large 

variation in output data. Self-consumption, in particular, can largely vary depending on 

behavioral patterns, both in positive and negative terms, for the reason previously 

described with respect to Figure 7. 
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Table 3. Two-level Design of Experiment simulation results – KPI 

Indicator Base Run 1 Run 2 Run 3 

  Min Max Min Max Min Max 

Heating 

demand 

(kWh/m2) 

20.4 24.8 29.6 23.0 38.1 22.3 37.8 

Cooling 

demand 

(kWh/m2) 

52.3 50.1 52.9 50.2 48.5 44.4 42.0 

Self- 

consumption 

(%) 

63.6 62.9 69.3 74.5 79.4 25.2 27.4 

Renewable 

Energy 

Ratio (%) 

61.7 62.5 59.0 64.5 61.9 59.1 57.9 

Primary 

Energy 

(kWh/m2) 

39.3 40.7 52.1 35.9 50.9 46.3 62.0 

CO2 

Emission 

(kg/m2) 

8.7 9.0 11.5 7.9 11.2 10.2 13.7 

 

 
Figure 8. Sensitivity of KPI 
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5 Conclusion 

 

Design optimization in buildings has often been oriented towards specific paradigms 

without considering properly uncertainty in design assumptions. Today we have the 

possibility to use parametric simulation to test robustness of design from the very 

beginning, assuming a more critical perspective on building performance, necessary to 

ensure the credibility of energy efficiency practices, especially with respect to incoming 

business models (e.g. prosumer) where cost-optimality is an essential requisite. 

Occupants’ preferences and behaviour have been often neglected in design but they are 

essential for the success of innovative practices and policies in buildings. The patterns of 

delivered and exported energy, as shown for the case study, can change radically when 

using realistic operation profiles instead of standardized assumptions. This can determine 

a huge impact in economic and environmental terms. Therefore, instead of simply 

considering the formal correctness of modelling approaches, it is necessary to 

progressively introduce parametric design in practice, considering, on the one hand, more 

realistic operation profiles for buildings and, on the other hand, more detailed and realistic 

data for grid interaction (energy conversion factors, tariffs, CO2 emission etc.). In this 

way, design practices in the built environment could evolve coherently with energy 

infrastructures, in particular electric grid. 
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Abstract Indoor air quality (IAQ) of buildings is a problem that affects 

both well-being of occupants and energy consumption relative to the 

structure. Controlled mechanical ventilation system (CMV) allow to 

control the air exchange rate. When using CMV systems is interesting to 

investigate the relationship between the useful thermal energy 

requirements for ventilation and the energy consumption of these 

systems. Is there a correlation between these two parameters? 

 

This paper will address this question. The methodology used in this work 

involves the application of equations of technical regulations UNI/TS 

11300 in a case study. The case study is represented by a test-room where 

it is assumed to be present three CMV systems (extraction, insertion, 

insertion and extraction) for 20 different devices available on the market. 

 

Simulations of useful thermal energy requirements QH,ve and primary 

energy EP,V were performed according to the electrical power of fan W 

and the ventilation flow. The results show that the two values are not 

linearly correlated: it’s not possible to associate the operating cost for 

CMV systems according to building requirement.The study also shows 

that CMV systems are especially efficient for high performance 

buildings, where there is not leakage that can be ascribed to windows 

infiltrations. 
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1 Introduction 

 

The Indoor Air Quality (IAQ) defines the air quality inside and around buildings, 

measuring the health and comfort of the occupants. In residential buildings, daily 

activities contaminate the indoor air: i.e., odors, carbon dioxide, water vapor. To ensure 

the healthiness of the environment and to avoid the formation of pollutants, toxic or 

allergens, it is necessary to dilute the concentration of the pollutants dispersed into indoor 

air volume through the air exchange by means of ventilation. Air exchanges could 

guarantee the conditions of comfort, hygiene and healthiness. Moreover, the ventilation 

of rooms constitutes a legislative and regulatory requirement, which concerns two 

aspects: (a) the healthiness of the environment or rather the removal of pollutants through 

ventilation, (b) the energy consumption due to the natural and mechanical ventilation, 

because of the entry of air masses at different temperatures and, for the Controlled 

Mechanical Ventilation (CMV), the energy costs required to operate the fan. 

 

The National and International institutions, which deal with health and hygiene in indoor 

environments, consider CMV riskier compared to natural ventilation for the 

concentration of pollutants, as reported in guidelines of World Health Organization 

(WHO). [1] 

 

On the other side, all people involved with national and international standards, as well 

as professionals working in the field of energy design in buildings, consider mandatory 

the CMV to reduce useful thermal energy exchanges due to air renewal, for natural 

ventilation and air leakage This opinion is stronger in those involved with Low Energy 

Buildings - LEB or Nearly Zero Energy Buildings - NZEB or Passive House. 

 

The study of Wei [2]  reported in a useful review the parameters adopted by the different 

green buildings certification systems (31 certifications worldwide were reviewed), and 

several regulations or standards (ASHRAE 62.1 [3], EN 15251 [4], EN 13779 [5], AS 

1668-2 [6], etc.) regarding energy certification and IAQ that should be obtained, by 

means of: (a) the control of sources, or rather the removal of pollutants through the choice 

of building materials, finishings and furnitures; (b) the use of CMV and airtightness; (c) 

or experimental measurement of IAQ and the pollutants concentration. 

 

Therefore, two approaches are possible: (1) to prefer Indoor Air Quality and 

environmental healthiness, and use air-leakage for ventilation, and (2) to prefer air 

tightness buildings provided with CMV, which ensure a high value of energy efficiency. 

The second approach is considered better. 

 

Nevertheless, an appropriate level of Indoor Air Quality can also be achieved by means 

of a proper CMV system. Obviously, the presence of a CMV system involves energy 

costs, which could be avoided if natural ventilation is used. The CMV systems allows a 

continuous and controlled ventilation, which could not be obtained with natural 

ventilation. For example, during summer season, in case of natural ventilation opening 
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the windows let the heat to come inside the building. Moreover, considering the nearly 

static nature of air in summer season, it is hardly feasible to obtain a fair air circulation. 

 

2 Literature Review 

 

2.1 Scientific literature 

 

The scientific literature about IAQ and/or ventilation is very wide and there are different 

case studies concerning the use of CMV. For example, the paper of Y. Chen et al. [7] 

reports a study on ventilation systems with individual control of airflow rate in a hot and 

humid climate. The results show that when the ventilation air temperature is kept at 20 

°C, the energy consumption at an ambient temperature of 23 °C is 10.8% higher than that 

at 26 °C. The study concludes that increasing the ambient temperature might be a solution 

to reduce the energy consumptions. 

 

The research of Fehr M. et al. [8] reports the development of markets in Sweden and 

Germany (which are considered similar each other) of CMV systems with heat recovery. 

The types and the benefits for environment are described in detail. This study evidences 

that the new building code for the year 2000 contains requirements for the realisation of 

insulated buildings, where the energy requested for heating the ventilation air, reaches 

the 60% of the annual building energy requirement. The approach airtightness and the 

use of CMV is highly used and appreciated in Central and Northern Europe, as well as in 

Passive-house standards. 

 

Tronchin L. et al. [9] have presented a study about the comparison among three different 

models for calculation of the Energy Performance of Buildings (EPB), in order to 

quantify their gap with real consumptions. The study has been conducting considering a 

single-family house in Italy and focused on the differences between numerical codes and 

the consumption in connection to flexible architectural solutions, which are widely used 

especially in rural areas in the Mediterranean countries. 

 

Simonson C. [10] proposes in his paper the analysis of an eco-friendly single-family 

building situated in Helsinki, Finland, built in wood and well insulated and thoroughly 

measured and analyzed, relative to its energy consumption and rate ventilation. The 

results of the measurements and simulations show that the energy consumption is low 

and the outdoor ventilation rate based on the CO2 concentration is satisfying. The study 

proves that the primary energy and thermal energy consumptions are lower than other 

buildings built with traditional methods. 

 

IAQ research particularly focus in case studies related to school buildings, since these 

users (children, kids) are more sensitive to respiratory problems due to the IAQ. Some 

relevant researches were carried out by Gao J. et al. [11], Stabile L. et al. [12] and Fabbri 

K. [13]. 
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Among the research applied to residential buildings and IAQ, Fabbri K. et al. [14] reports 

the results obtained from the monitoring of IEQ (Indoor Environmental Quality) of a low 

energy building (Energy Class A+ and 25 kWh/m2y). The results show that the buildings 

with low energy performances not always guarantee a better level of IEQ, especially 

during summer season. 

 

Fabbri K. et al. [15] have presented a study by performing a simulation energy retrofit of 

an Italian case study: a building made in various times, having different thermo-physical 

parameters. For each temporary period, four actions of energy retrofit have been applied, 

together with an evaluation software of the energy performances. 

 

2.2 Standard literature 

 

This research focuses on the study of relation between ventilation, useful to guarantee the 

proper value of IAQ, and the related energy costs. However, different studies on IAQ 

have indicated different value of ventilation, depending of the characteristics of the 

building under analysis (Sick Building Syndrome, etc.). 

 

The presence of pollutants derived from the combustion products falls within the scope 

of the study of the IAQ. For example, the concentration of CO (carbon monoxide), 

produced by the incomplete combustion in the case of boilers with natural gas or LPN, 

biomass generators, or with open fireplaces in environment such as chimneys and stoves 

that produce dust. About that, the WHO has prepared a specific guideline [16]. In Europe, 

particularly in Italy, the annual maintenance operations of the heat generations allow 

considering these risks excluded. Moreover, if CMV systems are installed in high 

performance buildings, it is preferable to choose heat pumps. 

 

The standard EN 12792 [17] defines the requirements of mechanical ventilation. It 

provides the terms and the explanations concerning ventilation in rooms; with regard to 

the requirements of useful thermal energy. The standard EN ISO 13790 [18] contains the 

calculation method to evaluate the dispersions for ventilation. Finally, EN 15251 [19] 

defines the parameters necessary to evaluate the Indoor Environmental Quality (IEQ) and 

proposes the values of air exchange for residence and tertiary sector. 

 

In Italy, the European standards for the calculation of energy needs of buildings, which 

are defined by the CEN (European Committee for Standardization), have been 

implementing in the standards UNI/TS 11300 (series), in actualization of the 

transposition of Directive 2010/91/CE (EPBD) [20] and by Directive 2010/31/UE (EPBD 

II Recast) [21]. 

 

The calculation of thermal energy needs for ventilation is described in the UNI/TS 11300-

1 standard [22]. This document contains a calculation method to evaluate the ventilation 

dispersions, whereas the UNI/TS 11300-2 standard [23] provides methods for the 

calculation of primary energy needs for ventilation and for winter heating in the presence 

of aeraulic systems. 
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3 Goals 

 

The aim of this work consists of analyzing the relationship between useful thermal energy 

for ventilation and primary energy needs required for operating CMV systems. 

 

This analysis is necessary because in the case of natural ventilation all the costs are equal 

zero, whereas in the case of CMV the primary energy needed to operate the plant and the 

related operating costs, should be added. 

 

The research is carried out by the comparison between the energy needs for heating and 

cooling for ventilation Qve, and primary energy needs for ventilation EP,V, applied to a 

specific case study and to a series of commercial products available on the market.   

 

To compare different products, the calculations focus on a hypothetical case study, 

defined as a room having representative dimensions of a common bedroom and/or living 

room for residential buildings. 

 

As far as the choice of the individual devices it is concerned, it was decided to adopt the 

values of ventilation rates provided by the following manufacturers: ALDES, IRSAP, 

FRANCE AIR, ELICENT, VORTICE. 

 

The UNI/TS 11300 standards contain the formulas that link the useful thermal energy 

with the primary energy needs. As far as the thermal exchanges for transmission is 

concerned, both the solar contributions and the use of renewable energy have been 

considered identical in all simulations. Therefore, the results refer only to energy 

exchanges regarding ventilation, and have been plotted into graphs and histograms. 

 

This preliminary study involves a first set of analyses, which includes: 

 

- the definition of useful thermal energy and primary energy needs; 

- the choice of CMV devices; 

- the definition of management costs; 

 

Once the algorithm and the case studies are defined, this work continues with the 

definition of a test room, for which the requirements for each device have been calculated. 

The comparison and discussion of the results are the last part of this work. 

 

3.1 Calculation of Thermal Requirements  

 

The technical standard UNI/TS 11300-1 provides data and methods for the evaluation of 

energy needs for heating and cooling.  The exchanges of thermal energy are calculated, 

for each building’s thermal area and for each month or part of a month, through the 

following equations: 

 

 



110 10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30TH, 2017, BLED, SLOVENIA), ENERGY EFFICIENCY 

K. Fabbri, C. Bertolli & L. Tronchin: Controlled Mechanical Ventilation: Comparison 

of Energy Use and Primary Applied to 20 Different Devices in a Testing Room 

 

- in the case of heating:  

 

𝑄𝐻,𝑣𝑒= 𝐻𝑣𝑒,𝑎𝑑𝑗 ∙(𝜃𝑖𝑛𝑡,𝑠𝑒𝑡,𝐻 − 𝜃𝑒)∙𝑡      (1) 

 

- in the case of cooling:  

 

𝑄𝐶,𝑣𝑒= 𝐻𝑣𝑒,𝑎𝑑𝑗 ∙(𝜃𝑖𝑛𝑡,𝑠𝑒𝑡,𝐶 − 𝜃𝑒)∙𝑡      (2) 

 

where Hve,adj is the global heat transfer coefficient for ventilation of the area considered, 

expressed in W/K; θint,set,H is the indoor temperature of regulation for heating of the area 

considered, expressed in °C and assumed equal to 26 °C; θint,set,C is the indoor temperature 

of regulation for cooling of the area considered; expressed in °C and assumed equal to 

20°C; θe is the mean external temperature of month considered or of part of month, 

expressed in °C and t is the duration of month considered or of part of a month, expressed 

in Ms. 

 

The global heat transfer coefficient for ventilation Hve,adj is obtained from the equation: 

 

𝐻𝑣𝑒,𝑎𝑑𝑗 = 𝜌𝑎 ∙ 𝑐𝑎 ∙{𝛴𝑘 𝑏𝑣𝑒,𝑘 ∙ 𝑞𝑣𝑒,𝑘,𝑚𝑛} (kWh)     (3) 

 

where ρa × ca is the air volumetric heat capacity, equal to 1200 J/(m3 × K), bve,k is the 

correction factor of temperature for the air flow and qve,k,mn is the flow mediated on time 

of air flow, expressed in m3/s. 

 

In buildings where only mechanical ventilation is available, qve,k,mn  is calculated from the 

equation: 

 

𝑞𝑣𝑒,𝑘,𝑚𝑛 = (�̅�′𝑣𝑒,𝑥)∙(1−𝛽𝑘) + (𝑞𝑣𝑒,𝑓 ∙ 𝑏𝑣𝑒 ∙ 𝐹𝐶𝑣𝑒 + �̅�𝑣𝑒,𝑥)∙ 𝛽𝑘 (m3/s)  (4) 

 

where q̅ 've,x is the additional main air flow due to the effects of wind, in the period of non-

operation of mechanical ventilation, βk is the temporal interval fraction calculation with 

functioning mechanical ventilation for the air flow, qve,f  is the nominal flow rate of 

mechanical ventilation, bve,k is the correction factor for the effectively available 

temperature in the air flux, FCve is the efficiency factor of the system adjustment  of 

mechanical ventilation and q̅ve,x  is the additional daily average air flow with functioning 

mechanical ventilation due to thermic and transverse natural ventilation. 

 

The technical standard UNI/TS 11300-2 provides the method of calculation for the 

determination of primary energy needs for ventilation. The primary energy needs for 

mechanical ventilation is calculated considering the electricity requirements for the air 

movement. 

 

The primary energy needs for mechanical ventilation EP,V, expressed in kWh, it is 

determined through the equation: 
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𝐸𝑃,𝑉 = 𝑓𝑝,𝑒𝑙 ∙ 𝛴 𝐸𝑣𝑒,𝑒𝑙        (5) 

 

where fp,el is the electrical energy conversion factor in primary energy and Eve,el is the 

electrical energy need of the fans, expressed in kWh. The electrical energy needs of the 

fans Eve,el it is determined through the equation: 

 

𝐸𝑣𝑒,𝑒𝑙= 𝑊𝑣𝑒,𝑒𝑙 ∙ 𝐹𝐶𝑣𝑒 ∙𝑡       (6) 

 

where Wve,el is the electric power of the incoming fan, expressed in W, FCve is the loaded 

factor of mechanical ventilation and t is the time interval of calculation, expressed in h. 

 

4 The Case Study 

 

Since the CMV systems here analyzed are applied in environments having less than 150 

m3 net volume and composed of one, two or three rooms of the same sizes, the test room 

(case study) consists of a room having dimensions of  l1 = 4.0 m, l2 = 5.0 m, hint = 2.7 m 

(net internal height), and therefore having volume equal to 54 m3; the dimensions 

correspond to those of ordinary living rooms, bedrooms and similar. The calculation and 

comparison between useful thermal energy needs (Qve) for ventilation and primary energy 

needs for ventilation is related to the test room. 

 

In the following, 20 CMV systems have been chosen and considered during the 

evaluations. They differed for mechanical characteristics (diameter, electrical power, 

volumetric flowrate). The Figure 1 shows, for each CMV device, according to the 

typology (emission; insertion; emission / insertion) the value of useful thermal energy 

needs for ventilation (QH,ve), expressed in kWh/y. The values are similar for the first two 

types of CMV. On the other hand, the third typology, which corresponds to a device with 

a balanced insertion and extraction systems with double conduit, presents slightly higher 

values. 
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Figure 1. QH,ve values for the 3 types of CMV 

 

After that, the grey-box model has been used for yearly simulations, including all the 

energy demands from the building, namely heating, cooling, domestic hot water (DHW), 

lighting and appliances. All the demands are satisfied by means of electricity, considering 

the GSHP system, providing heating, cooling and domestic hot water, the lighting system 

and the appliances. 

 

The simulation carried out compares the relationship between useful thermal energy 

needs (QH,ve), which depends on the geometrical characteristics of the environment 

(volume) and the nominal flow rate of controlled mechanical ventilation, with primary 

energy needs (EP,V) which depends on the electric power of the insertion or extraction 

fan, that normally is provided by the manufacturer in an included table of technical data. 

The interest of the research is to check whether there is a linear relationship, i.e. if 

effectively the more the thermal energy needs increases, the more the primary energy 

needs increases. 
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Figure 2. QH,ve and EP,V (emission) for CMV 

 

The Figure 2 shows the relationship between the useful thermal energy needs (QH,ve) on 

axis x, and primary energy needs (EP,V) on axis y. The diagram shows that between the 

two parameters there is a linear correlation: however, in some circumstances the values 

deviate from the trend line represented. For all three types of CMV systems, it is evident 

that only the France Air model Icon 60 shows an abnormal situation. The graph shows 

that the useful thermal energy needs (QH,ve) and primary energy (EP,V) are not strongly 

related each other, according to the formulas reported in UNI/TS and to the characteristics 

of the products CMV. 

 

5 Conclusion 

 

This preliminary work shows that it is interesting and useful for the design of ventilation 

systems in buildings, to investigate the relationship between the useful thermal energy 

needs for ventilation (QH,ve) and the primary energy needs for ventilation (EP, V). 

 

It was found that there is not a strong linear correlation between the useful thermal energy 

needs and management costs. Therefore, it is not possible to adopt simplified design 

criterion: it is necessary to provide standardized solutions or examples of CMV systems 

applied to individual houses. 

 

It would be useful to have the numerical values of flow and power of CMV standardized, 

without relying to the manufacturers. In this way it would be possible to obtain a real 

evaluation of the situation, referring the data to the market products. Finally, it would be 

useful to have a proper database available to all the professionals who are dealing with 

CMV. 
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Abstract In this study, an experimental study on the performance and 

exhaust emissions of a spark-ignition engine fuelled with gasoline – 

acetylene mixtures (150 g/h and 1200 g/h) were performed at 1500 engine 

speed and different loads. Experiments have been carried out a four-

stroke cycle, four-cylinder, spark-ignition engine with a bore of 80.6 mm, 

a stroke of 88 mm and a compression ratio of 10:1 and at stoichiometric 

conditions. While load have been increased, CO and HC emission values 

have been decreased but NOx increased. Exhaust gas temperature 

remained almost the same, when compared with baseline gasoline 

operation. 
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1 Introduction 

 

As a power source in the transportation system that works with gasoline and diesel 

internal combustion engines are widely used and this is especially causes air pollution in 

major cities [1]. Gasoline and diesel with crude oil derivatives have superior properties 

as a fuel. But reserves are limited and emit a high rate of emission of pollutants into the 

environment when used in internal combustion engines. This situation has led researchers 

to search alternative fuel with renewable, higher reserves and lower emissions. Gaseous 

fuels have great potential in this area due to lower exhaust emissions and plenty of 

presence. Acetylene gas (C2H2)  is one of the gas fuels used in internal combustion 

engines which has excellent combustion properties. In the early the year 1900s, engines 

operating with acetylene gas was made. But all over the world the expansion of gasoline 

and diesel, studies have been stored in this area and studies have been left on the use of 

acetylene gas in internal combustion engines. Environmental concerns, increasing global 

warming and  laws to force the reduced emission limits caused by vehicles has increased 

the search for alternative fuels and studies on the  use of acetylene gas  in  otto  and 

dieselengines were started again in recent years. 

 

Lakshaman and Nagarajan [2-4] conducted experiments on a single cylinder, four-stroke, 

air cooled, rated output of 4.4 kW at 1500 engine speed, direct injection diesel engine  

using acetylene and diesel in dual fuel mode. Tests were carried out under variable load 

conditions with diesel as the pilot fuel and acetylene inducted as secondary fuel at 

different flow rates. They stated that NOx, HC, CO and CO2 emissions were decreased 

with slight increase smoke emission. GA. Karim [5]  conducted experiments using 

hydrogen, methane, acetylene, propane, ethylene and butane in diesel engine. He stated 

that the maximum gas flow rate is limited due to the start of knock and also reported that 

primary fuel quality, injection timing, and intake temperature are important variables 

affecting the performance of engine which run in dual fuel mode. 

 

S. Brusca et al. [6] studied on the possibility to run a spark ignition engine on acetylene 

and alcohol. This engine was single cylinder, four stroke and modified with electronic 

injection control system and two standard injectors. They observed that engine 

performance decreased about 25% with acetylene and alcohol in comparison gasoline. 

Acetylene and alcohol brake specific fuel consumption is lower than gasoline in almost 

all engine speed. They stated that exhaust emissions CO, HC and NOx decreased using 

acetylene and alcohol fuel in comparison gasoline. E. Vural and S. Ozer [7] used 

acetylene gas in a spark ignition engine with gasoline. The experiments were conducted 

between 1600 and 3200 rpm increasing by 400 rpm. They observed that exhaust 

emissions CO, CO2, HC and NOx decreased in dual fuel mode at all engine speed.  

 

Acetylene is a colourless gas with garlic smell  produced from hydrolysis of calcium 

carbide  produced from heating lime at 2760-3870 ⁰C in the presence of coke [8]. It was 

discovered in the year 1836 in England by E. Davy. Acetylene has a very wide 

flammability limits, higher flame speed, faster energy release, lower ignition energy, 

lower quenching distance and high calorific value in comparison other gases. Acetylene 
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is not a suitable fuel for SI engines as the octane number of it is reported as 50 [9]. 

However, the self-ignition temperature of acetylene is higher than that of gasoline and 

therefore it can be used with gasoline in small quantities to improve combustion. The 

properties of acetylene and gasoline are given in Table 1 

. 

Table 1.The Properties of Fuels 

Properties Acetylene Gasoline 

Formula C2H2 C8 - C18 

Density, kg/m3(At 1 atm,  20 C) 1.092 720-775 

Auto ignition ( C ) 305 257 

Stoichiometeric air fuel ratio 13.2 14.7 

Flammability Limits (Volume %) 2.5 -  81 1.4-7.6 

Flammability Limits (equivalence 

ratio) 
0.3–9.6 ---- 

Lower Calorific Value (kJ/kg) 48225 44000 

Ignition energy (MJ) 0.019 0.24 

Adiabatic flame temperature(K) 2500 2270 

Flame speed(m/s) 1.5 0.4 

 

2 Experimental Setup 

 

The experimental setup is shown in Figure 1.  The SI engine designed to develop  75 kW 

at 5500 rpm with 10:1 compression ratio. Features of the engine are given in Table 2. 

Speed and torque values were measured by eddy-current dynamometer. Gasoline and 

acetylene gas have been measured by Krohne liquid mass flowmeter and  Alicat M100 

gas flowmeter respectively. PCB 111A22 piezoelectric pressure transducer and Bosch 

BEA 060 gas analyzer equipment have been used to measure cylinder pressure values 

and exhaust gas constituents (CO, CO2, HC and NOx ). 
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1-Spark plug  2-Pressure transducer 3-Engine  4-Air flow meter and Throttle valve 

position center 5- Gas injector   6-Fuel injector   7-Ignition module   8-Engine control 

unit   9-Exhaust gas analyzer  10-Charge amplifier   11-Data logger 12-Dynamometer 13-

Computer 14-Liquid flow meter  15-Pressure gauge  16-Throttle valve  17-Fuel pump  

18- Acetylene cylinder  19-Valve  20-Gas regulator  21-Flash back arrestor   22-Mass 

flow meter   23- Check valve   24- Wet type Flash back arrestor   25-Fuel tank   

Fig. 1- Experimental setup 

 

Gasoline was pumped to fuel injectors at 3 bar using fuel pump. Acetylene was 

introduced into the intake ports through four electronic gas injectors after from the 

cylinder stored at 22 bar  pressure  through  gas  regulator where  the  pressure  was  

reduced  to  10  psi. The safety devices such as check valve, flash back arrestor  were 

used to quench the backfire from the engine. The gasoline and gas injectors were 

controlled by electronic card and computer, so gasoline and acetylene flows were 

arranged. 

 

Table 2. Engine specifications 

Engine Ford MVH418 

Silindir sayısı 4 in line 

Stroke volume  1796 cm³ 

Bore / Stroke 80,6 x 88 mm 

Compression ration 10:1 

Max. BMEP 10,7 bar 

Max. Power 75 kW / 5500 rpm 

Max. Tork 150 Nm / 4000 rpm 

Idle / Max. Speed 800 / 6000 rpm 

 

All experiments were conducted at 1500 rpm  and  stoichiometric ratio under different 

loads. Firstly, the experiment engine was run with gasoline and the tests were carried out 
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for the gasoline. Then acetylene gas supplied into intake manifold. Acetylene flow rate 

was calculated on a mass basis using the following formula 

 

𝑚𝐴𝑐𝑒𝑡𝑦𝑙𝑒𝑛𝑒 =  
𝑚𝑎𝑖𝑟

100
    (for %1 Acetylene)     (1) 

 

The beginning time of gasoline and gas injection  were controlled by ECU of the test 

engine. İnjectors opening duration were varied by using electronic card and a computer.  

 

3 Experimental Results 

 

In this experiment, the performance parameters such as peak pressure, brake thermal 

efficiency and emission parameters such as carbon monoxide, hydrocarbon, nitrogen of 

oxides were compared with gasoline operation for various acetylene flow rates at 1500 

rpm and different loads in a SI engine. 

 

3.1 Peak pressure 

 

The variation of cylinder pressure with crank angle  for various acetylene gas flow rates  

have been illustrated Figure 2. The peak pressure was 19 bar in baseline gasoline 

operation at %50 load and 1500 rpm. Peak pressure is 21 bar at %1, 24 bar at %1.5 and 

28 bar at %2 acetylene injection.  The occurrence of peak pressure was 27° crank angle 

after top dead center in baseline gasoline operation. The occurrence of peak pressure was 

earlier than gasoline operation by 7°, 8° and 11° crank angle at %1, %1.5 and %2 

acetylene induction respectively. 

 

3.2 Brake thermal efficiency 

 

The variation of brake thermal efficiency with brake power  for various acetylene gas 

flow rates  have been illustrated Figure 3. As seen this figure, the brake thermal efficiency 

is increasing at all load while acetylene is induced as supplementary fuel at 1% and 1.5% 

flow rates. However, the BTE is increasing at low load while acetylene is induced at 2% 

flow rate,  marginally decreasing at full load. In generally, the increasing of acetylene 

amount, the brake thermal efficiency values have been decreasing. The brake thermal 

efficiency for gasoline is found to be 31.1% at full load. The efficiency at full load is 

found to be 32.3% at 1%, 31.6% at 1.5% and 29.8% at 2% gas flow rate respectively. 

Brake thermal efficiency for acetylene inducted 1% is higher than other flow rates at all 

load. 
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Fig. 2. Variation of cylinder pressure with crank angle 

 

 
Fig. 3. Variation of brake thermal efficiency with brake power 

 

3.3 Exhaust gas temperature 

 

The exhaust gas temperature at all loads with brake power  for various acetylene gas flow 

rates  is shown in Figure 4. Exhaust gas temperature for gasoline is found to be 230 ⁰C at 

0% load while minimum exhaust gas temperature is found to be 195 ⁰C at 1%  acetylene 

gas flow rate at the same load. 
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Figure 4. Variety of exhaust gas temperature with brake power 

 

4 Emission Parameters 

 

4.1 Carbon monoxide emissions (CO) 

 

As seen in Figure 5 the variation of carbon monoxide emissions versus engine load were 

lower at all load when compared to the base line gasoline operation. The value of CO for 

gasoline is found to be 0.6% at full load. The value of CO at full load is found to be 0.3% 

at 1%, 0.33% at 1.5% and 0.66% at 2% acetylene gas flow rate respectively. Due to the 

complete burning of fuel and also acetylene gas has lower C/H ratio than gasoline, the 

CO emissions are lower when compared to the baseline gasoline operation. 
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Fig. 5. Variety of carbon monoxide with brake power 

 

4.2 Hydrocarbon emissions (HC) 

 

The variation of HC emissions with brake power  for various acetylene gas flow rate  have 

been illustrated Figure 6. As seen figure 6, for all acetylene  gas flow rate the HC emission 

values are always lower when compared to the baseline gasoline at all loads. The value 

of HC for gasoline is found to be 129 ppm  at full load. The HC emission is found to be 

83 ppm at 1%, 77 ppm at 1.5% and 68 ppm at 2% of gas flow rate respectively at full 

load. Maybe the reduction in HC emission in the case of acetylene fuel  is due to the 

higher burning velocity of acetylene. 
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Figure 6. Variety of hydrocarbon with brake power 

 

4.3 Oxides Of Nitrojen (NOx) 

 

The variation of  NOx emissions with brake power  for various acetylene gas flow rate  

have been illustrated Figure 7. As seen figure 7, for all acetylene  gas flow rate the NOx 

emission values are always higher when compared to the baseline gasoline at all loads. 

Maximum value of NOx for gasoline is found to be 2580 ppm at full load. The NOx 

emission is found to be 3735 ppm at 1%, 3932 ppm at 1.5% and 4010 ppm at 2% of gas 

flow rate respectively at full load. According to zeldovich mechanism model, the 

formation of NOx is attributed to the reaction temperature, reaction duration, and the 

availability of oxygen [10]. Increase in NOx was attributed to the high temperature level 

because of faster energy release. 
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Figure 7. Variety of oxides of nitrogen with brake power 

 

5 Conclusions 

 

This study investigated emissions and performance of an SI engine using acetylene gas 

at 1500 rpm engine speed and different engine loads. It is possible to operate a SI engine 

using  acetylene  as a supplementary fuel without any undesirable combustion 

phenomenon.  
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Experimental results of this study can be summarized as follows: 

 

• The peak pressure values were higher when compared to the baseline gasoline 

at all loads. The occurrence of peak pressure was earlier than gasoline 

operation by 7°, 8° and 11° crank angle at %1, %1.5 and %2 acetylene 

induction respectively. 

• Brake thermal efficiency generally increase at all load while acetylene is 

induced as supplementary fuel at 1% and 1.5% flow rates. 

• CO emissions were lower at all load when compared to the baseline gasoline 

operation. 

• HC emission values were always lower when compared to the baseline 

gasoline at all loads. 

 

NOx emission values were always higher when compared to the baseline gasoline at all 

loads. Increase in NOx was attributed to the high temperature level because of faster 

energy release 
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Abstract Oxygen enrichment is one of the attractive combustion 

technologies to control pollution and improve combustion efficiency in 

SI engines. An experimental test was conducted on a two cylinders SI 

engine to investigate the effect of oxygen enrichment on pollutant 

emissions and engine performance. Increasing the oxygen concentration 

of the intake air from 0 to 25% by volume was considered within an 

experimental campaign conducted on a turbo-charged direct injection SI 

engine under conditions of 2000 rpm and 100% load. The results revealed 

that there is considerable improvement in power output and thermal 

efficiency of the engine with increased oxygen concentration and 

injection pressure. However, there is a considerable increase in nitrogen 

oxide emissions due to increased combustion temperature and extra 

oxygen available which needs to be addressed. 
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1 Introduction 

 

World’s energy requirement is still supplied with fossil fuels like gasoline [1]. Petroleum 

based fuels are extinct depending on increasing amount of energy requirement so that 

increasing prices of fossil fuels, stringent emission regulations and environmental 

pollution force researchers to investigate new, clean, renewable and alternative fuels 

[2,3]. 

 

Emissions from engines are huge and contribute really in global warming. These engines, 

as it's known, have eight locations which produce air pollutants, such as: Crankcase, 

brake system, oil system and the main source is the exhaust system. Exhaust can produce 

many kinds of pollutants like: CO, CO2, NOx, SOx, HC and Particulate Matters (PM). 

The relative amounts depend on engine design and operating conditions but they are of 

order: NOx, 500-1000 ppm, CO: 200 g Kg-1 of fuel, HC: 3000 ppm. Pollutant emissions 

can be substantially reduced by carefully controlling the characteristics of engine 

operation, particularly combustion. [4], [5]. A number of parameters affecting engine 

performance can influence the amount of emissions: 

 

- The air-fuel ratio 

- Rate of air-fuel mixing (oxygen content) 

- Flame temperature 

- Combustion lag 

- Residence time 

 

These, in turn, can be strongly influenced by the following: 

 

- The fuel delivery system (including carbureted versus injected and 

sophistication of injection/carburetion technology) 

- The size and shape of the cylinders and pistons 

- The nature of the exhaust gas path (direct versus re-circulated).[6],[7]. 

 

In addition, high compression ratios in the cylinders can increase fuel efficiency, 

decreasing directly the amount of CO2 emissions and, indirectly, HC and CO emissions. 

 

Historically, air-fuel combustion has been the conventional technology used in nearly all 

industrial heating processes. In this technology when a fuel is burned, oxygen in the 

combustion air chemically combines with the hydrogen and carbon in the fuel to form 

water and carbon dioxide, releasing heat in the process. Air is made up of 21% oxygen, 

78% nitrogen and 1% other gases by volume. During this combustion, the chemically 

inert nitrogen in the air dilutes the reactive oxygen and carries away some of the energy 

in the hot combustion exhaust gas. 

 

Recent developments in oxy-fuel combustion systems have made it more amendable for 

a variety of applications. In the past, the benefits of using oxygen could not always offset 

added costs. New oxygen generation technologies, such as pressure and vacuum swing 
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adsorption, have substantially reduced the cost of separating O2 from air. This has 

increased the number of applications in which using oxygen to enhance performance is 

cost-justified. Another important development is the increased emphasis on the 

environment. In many cases, OCS can substantially reduce pollutant emissions. This has 

also increased the number of cost-effective applications. 

 

Oxy-fuel combustion has witnessed a tremendous innovation in the last decade. The 

growing demand of energy-efficient systems used in various industries has catalyzed the 

research going on in this sector [8].  

 

Oxygen enhanced combustion has become one of the most attractive combustion 

technologies in the last decade. Significance of oxygen enhanced combustion is 

increasing due to strict environmental regulations and awareness on pollution. Thus the 

purpose of this study is to investigate the effects of oxygen enriched combustion on a 

single cylinder, direct injection SI engine with different levels of oxygen concentrations 

[9]. 

 

2 Experimental 

 

2.1 Materials and Methods 

 

2.1.1 Engine specifications 

 

Studies are carried out on a 0.25 litter, 1 cylinder and 4 stroke SI engine. Test engine 

properties are given in details in Table 1. The original engine ECU is protected and no 

significant modification is made on the engine. 

 

2.2 Experimental system 

 

Experimental studies were carried out at Istituto Motori (Italy). In the experimental 

studies, motor power, torque and speed value measurements were performed by 

connecting the test motor AVL DynoPerform electric dynamometer. In addition, cylinder 

internal pressure values AVL GH14DK pressure sensor was used for combustion 

analysis. The obtained pressure signals were transferred to a computerized AVL brand 

combustion analyzer and the results were obtained. For the measurement of exhaust 

emissions, AVL brand 'M.O.V.E. GAS PEMS Portable Exhaust Gas Analyzer Gas 

emission device is used. 

 

In experimental studies, the internal combustion engine was operated at full speed in 

stoichiometric and poor mixture ratios at different rates and oxygen enrichment ratios. 

Oxygen enrichment is provided to the intake manifold of the oxygen line from an oxygen 

tube. The amount of oxygen was measured by a flow meter located on this line. The 

oxygen enrichment rate was determined by the oxygen concentration calculations in 

equation 2.1 in the combustion equation.  
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C8H18 + 12.5 O2 → 8 CO2 + 9 H2O     (2.1)                                                            

 

Experiments were carried out with different air excess coefficient ratios at 2000 rpm with 

5% and 10% oxygen enrichment in the air. Figure.1 a and b show the schematic and 

experimental test system, respectively. 

 

Table 1. Engine Specifications 

Definition Unit Value 

Number of cylinders - 1 

Cubic capacity L 0.250 

Bore mm 72 

Stroke mm 60 

Open/Close Valf Timing degree IVO=6 ATDC, 

IVC=50 ABDC, 

EVO=41 

BBDC, 

EVC=1 ATDC 

Maximum intake pressure bar 1 

Compression Ratio - 10.5 

Maximum Power kW 16 at 8000 rpm 

Maximum Brake Torque Nm 20 at 5500 rpm 
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a. Schematic Setup 

 

 
b. Experimental Test System 

Fig 1. Experimental System 
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3 Results and Discussions   

 

3.1 Cylinder pressure and heat release  

 

 
Fig 2. Pressure-CAD/Heat Release Rate-CAD diagram for different oxygen 

concentrations at 2000 rpm (Stoichiometric condition) 

 

The comparison of the cylinder pressure and heat propagation as a result of experiments 

with oxygen free combustion and enrichment ratio of 5% and 10% oxygen shows at 

Figure 2. Experimental results show that as the oxygen enrichment ratio increases, the 

intracellular pressure value increases, and as we have seen in the experimental results, an 

increase of approximately 10 bar is observed with every 5% oxygen enrichment rate. Heat 

release rate gives us information on how and when the burn occurred. When we look at 

the heat release rate, as the oxygen enrichment ratio increases, the heat dissipation occurs 

earlier and therefore the heat dissipation rate increases. It is observed that the maximum 

heat dissipation increases with increasing oxygen enrichment ratio. In addition, as the 

oxygen enrichment ratio increases as a result of experimental studies, a heat release rate 

curve with two peaks has been obtained. As a result, enrichment with oxygen achieves 

both higher and earlier maximum heat dissipation. As the percentage of oxygen increases, 

the rate of reaction combustion increases. This increased the maximum pressure values 

by ensuring that the pressure build-up inside the cylinder was achieved at an early stage. 
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Fig 3. Pressure-CAD/Heat Release Rate-CAD diagram for different oxygen 

concentrations at 2000 rpm (Lean condition) 

 

 
Fig 4. Pressure,Heat Release Rate-CAD diagram for stoichiometric, 5% O2 at =1  and 

5% O2 at =1.06 at 2000 rpm 

 

 
Fig 5. Pressure-CAD/Heat Release Rate-CAD diagram for stoichiometric and same 

oxygen concentrations (%10), different  values at 2000 rpm 

 

 



136 10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30TH, 2017, BLED, SLOVENIA), ENERGY EFFICIENCY 

H.E. Fil, P. Sementa, S.O. Akansu, M. Costa & N. Kahraman: Investigation of 

Performance and Emissions of an SI Engine Powered with Oxygenated Fuel Blends 

 

 
Figure 6. Temperature values versus the crank angle for different oxygen concentrations 

at stoichometric conditions. 

 

3.2 Emissions  

 

Experiments carried out with 100% load, the engine speed was taken as 2000 rpm and 

the CO, CO2, HC and NO emissions were investigated for 1 and 1.1 values of the 

lambda(). Emissions of CO, CO2, HC, and NOx are given in terms of the oxygen 

enrichment ratio for the lambda() 1 and 1.1 values. 

 

 
Figure 7. Oxygen Enrichment Rate-CO Emission 

 

Figure 7 shows the change in CO emissions depending on the % oxygen enrichment ratio. 

When lambda() is equal 1, CO emission values appear to decrease directly with 
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increasing oxygen enrichment rate. In addition the % CO values for the 1.1 value of the 

lambda() are reduced from 0.78 to 0.18 at %5 enrichment ratio. In the case of %10 

enrichment ratio, it seems to decrease from 0.6 to 0.08. It has been observed that CO 

emissions are reduced when lambda and % oxygen enrichment ratio increase. 

 

 
Figure 8. Oxygen Enrichment Rate-CO2 Emission 

 

Figure 8 shows the change in CO2 emissions depending on the % oxygen enrichment 

ratio. Increasing the amount of % oxygen enrichment ratio leads to improvement of the 

combustion, which increases the CO2 values. It has been observed that the amount of CO2 

decreases with the increase of the lambda because of more oxygen and nitrogen 

concentration. 

 

 
Figure 9. Oxygen Enrichment Rate-HC Emission 

 

Figure 9 represents that when oxygen enrichment rate increases, there is not significant 

effect on HC emission under the lean mixture and stoichiometric conditions. However, 

HC emissions decrease once  value reached from 1 to 1.1. 
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Figure 10. Oxygen Enrichment Rate-NOX Emission 

 

Figure 10 shows that the maximum temperature is raised with increasing content of 

oxygen. Therefore, NOx emission is growth up because the maximum in-cylinder 

temperature is higher.  The maximum NOx emission was measured under the condition 

of  value 1,1 and 10% oxygen enrichment rate. 

 

3.3 Brake thermal efficiency 

 

 
Figure 11. Brake thermal efficiency values versus the oxygen Enrichment Rate 
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4 Conclusions 

 

The effects of oxygen enrichment with 0%, 5% and 10% (in volume) on an SI engine 

have been investigated. The main results are summarized as follows: 

  

• In-Cylinder temperature differences were raised while oxygen enrichment rate 

was being increased. On the other hand, it was decreased with rising  value 

at the same oxygen enrichment rate. 

• In this study, the highest temperature was 2385,7 K  once oxygen enrichment 

rate was 10% and  value was 1. However, the lowest in-cylinder temperature 

was 2071,1 K without oxygen enrichment under stoichiometric condition.   

• In-Cylinder pressure values were raised while oxygen enrichment rate was being 

increased. But it was decreased with rising  value at the same oxygen 

enrichment rate. The highest in-cylinder pressure was 67.49 bar with %10 

oxygen enrichment rate under stoichiometric condition. 

• The highest NOx emission was 7687 ppm by the time oxygen enrichment rate 

was %10 and  value was 1.17. NOx emission increased under the low oxygen 

enrichment rates. 

• The lowest CO emission was 0.05 by the time oxygen enrichment rate was %10 

and  value was 1.17. 

• The highest CO2 emission was 16.6 once oxygen enrichment rate was %10 under 

stoichiometric condition, the lowest CO2 emission was 14 without oxygen 

enrichment under stoichiometric condition. 

• The highest HC emission was 0.236 without oxygen enrichment under 

stoichiometric condition., the lowest CO2 emission was 0.140 when oxygen 

enrichment rate was %10 and  was 1.1. 

 

Consequently, the characteristics of the application of oxygen addition to the intake air 

have been investigated with different oxygen enrichment rate. 
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Abstract This paper reviews the recent numerical and experimental 

investigations on improving the efficiency of Clean-In-Place procedures 

thus saving operation energy. The paper covers the fouling of equipment 

surfaces, the concept of CIP and its operation practices, the physical 

factors controlling the efficiency of CIP procedures with a special 

attention being paid to the hydrodynamic force of the cleaning fluids. The 

studies show that CIP efficiency dependents on many factors, such as the 

type of soil to be removed, the cleaning time, the temperature of cleaning 

agent, and the favourable hydrodynamic force of the moving liquid. 

Among the hydrodynamic factors, the wall shear stress and its fluctuation 

rate reported to be the dominating factor for cleaning straight circular 

pipes. Whilst for cleaning of more complex geometries and areas difficult 

to clean, the controlling factor may also include the flow pattern, flow 

exchange, flow turbulence, and the property of the recirculation zone. 
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1 Introduction 

 

In many industries, e.g. food and beverage industries, production lines are often cleaned 

daily to maintain both high heat transfer rates and low pressure drops in heat treatment 

units and more importantly, to ensure the appropriate level of microbial quality and thus 

the safety of the products [1, 2]. In many cases, the only practical way to clean closed 

processing systems is by using Clean-In-Place (CIP) procedures [3]. Researchers have 

shown that in some areas some bacteria may remain on equipment surfaces after standard 

CIP procedures [1, 4]. Traditional methods of improving CIP efficiency include 

increasing the overall cleaning fluid velocity, the concentration and temperature of the 

cleaning chemical and longer running time. For a company these methods increase costs 

and downtime, reduce production efficiency, and for the environment it is an additional 

load due to the extra chemical consumption. Due to the fact that CIP cleaning is typically 

performed at constant flow rates throughout the system, and the cleaning time is decided 

based on the criteria that the area most difficult to clean must be cleaned at the end of the 

process. One of the concerns related to improvement of cleaning efficiency is finding a 

way to locally increase the hydrodynamic force of fluid acting at the fluid/equipment 

interfaces without increasing the overall cleaning fluid velocity. To facilitate a better 

understand of the factors controlling the cleaning process and to identify methods which 

potentially improve the CIP procedures without consuming more energy, this paper 

reviews the relevant knowledges concerning the improvement of CIP procedures in 

closed processing systems which include: the fouling problems of the equipment surface, 

the CIP process, the factors influencing the CIP efficiency and the numerical and 

experimental studies on improving CIP by enhancing hydrodynamic effects of cleaning 

fluid. 

 

2 Cleaning of Closed Processing Pipe System 

 

2.1 Fouling of pipe surface 

 

Fouling problems of the pipe surface in closed processing systems are common in many 

industries. For instance, in oil transportation industry, wax deposition on the inner walls 

of crude oil pipelines presents a costly problem in the production and transportation of 

oil. The timely removal of deposited wax is required to address the reduction in flow rate 

that it causes, as well as to avoid the eventual loss of a pipeline in the event that it is 

completely clogged [5]. 

 

Rapid and effective cleaning of closed processing pipe systems is especially important in 

food industries. Protein in milk processing systems [6], yeast, bacteria and beer stone on 

the inside of beer tubing systems [7] can decrease the heat transfer rate, increase the 

pressure in heat treatment unit, and more over affect the quality and flavour of the 

product. 
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Another common problem in closed processing pipe system is the formation of  biofilms, 

as biofilms grow wherever there is water [8]. Biofilms are a collection of microorganisms 

surrounded by the slime they secrete, attached to the pipe surface [9]. More than 99% of 

all bacteria live in biofilm communities but some can be beneficial. For instance, sewage 

treatment plants rely on biofilms to remove contaminants from water. However, biofilms 

can also cause problems by corroding pipes, clogging water filters, causing rejection of 

medical implants, and harbouring bacteria that contaminate food in processing systems. 

This in turn can create a hazard to food quality and human health [9]. Efficient cleaning 

of fouling in processing systems is vital in food industries. 

 

2.2 Clean in place 

 

CIP is a method of cleaning the interior surfaces of pipes, vessels, process equipment and 

associated fittings, without disassembling them [3]. CIP is usually performed through the 

circulation of formulated detergents. This typically involves a warm water rinse, washing 

with alkaline and/or acidic solution, and a clear rinse with warm water to flush out 

residual cleaning agents [10]. Efficient CIP processes will result not only in reduced 

downtime and costs for cleaning but also reduced environmental impact (in the disposal 

of spent chemicals) [11]. Industries that rely heavily on CIP are those requiring frequent 

internal cleaning of their processes to meet the high levels of hygiene. These include: 

dairy, beverage, brewing, processed foods, pharmaceutical, and cosmetics industries. The 

benefit to industries by using CIP is that the cleaning is faster, less labour intensive, more 

repeatable and reproducible, and poses less chemical exposure risks to people. 

 

2.3 Cleaning efficiency 

 

Cleaning is a complex operation with its efficiency depending on many factors, e.g. the 

soil to be removed, cleaning time, temperature of the cleaning agent and the 

hydrodynamic force of the moving liquid [2, 12].  

 

Lelièvre et al. [13] reported that soil removal is obviously affected by cleaning conditions 

such as the nature of cleaning agent, its concentration, its temperature, its contact time 

with surfaces, and lastly, the favourable effect of hydrodynamics. These factors 

mentioned are also reported in the studies of Changani et al. [6] and Sharma et al. [14]. 

 

According to PathogenCombat [15], a large European research project looking at safe 

food production, cleaning efficiency depends on four energy factors as presented using 

Sinners Circle (Figure 1). The factors are the mechanical energy (or hydrodynamic effect) 

to physically remove soil; the chemical action from detergents to dissolve soil in order to 

facilitate removal; the thermal energy - the cleaning temperature; and the cleaning time. 

 

An efficient combination of those factors varies depending on the type of soil and the 

severity of the fouling. The idea is that a restriction in one factor may be compensated by 

increasing the effect of one or more of others.  
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Figure 1. Sinner circles for three different cleaning situations [15] 

 

Research established that the time taken to clean is a function of temperature, flow 

dynamics, and the cleaning chemical concentration. Other factors affect cleaning include 

the finish on the closed processing equipment surface, the geometry of the equipment, 

and the overall process design [6].  

 

Cleaning Agent 

 

Detergent and its operating temperature play an important role in CIP procedure. Leliévre 

et al. [13] investigated the respective contribution of both cleaning agent (sodium 

hydroxide 0.5%) and mechanical action of the fluid flow on the cleaning efficiency. They 

concluded that the sodium hydroxide and the wall shear stress have a combined action on 

the spore removal. The cleaning agent induced a decrease in the adhesion strength of B. 

cereus spores, ensuring their removal when a wall shear stress is applied since the 

hydrodynamic forces become greater than the adhesion force [16, 17].  

 

Visser [18] stated the removal of colloid particles is controlled by the wall shear stress, 

but the presence of a cleaning detergent ensures a decrease in the adhesion force and, 

consequently, improves the removal of these particles. Sharma et al. [14] also found that 

high concentration of sodium hydroxide was found to induce a decrease in the adhesion 

force of colloids to surface. According to Hall [19], mechanical action and cleaning agent 

were fully linked to ensure a complete removal of a biofilm of Pseudomonas fragi. 

 

Graβhoff [20] considered that cleaning of protein with NaOH-based solutions involved 

three stages, namely deposit swelling, uniform erosion and a final decay phase. The 

process is complex and the interaction of NaOH with the protein matrix is concentration 

dependent [11, 20, 21]. It was found that the rate of cleaning in the breakdown stage is 

more sensitive to wall shear stress than other stages, while the uniform stage is more 

sensitive to the temperature.  
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Adhesion Strength of Soil 

 

According to Sharma et al. [14], the adhesion strength of soil to pipe surface varies 

according to the material of soil, the contact area, particle diameter etc. Sharma et al. 

studied the effect of particle material on the release of particles from a glass surface. They 

suggested that particles with a smaller Young’s modulus are more difficult to removal. 

They also found that adhesive force increases with the particle diameter for both 

polystyrene and glass particles. However the adhesive force for polystyrene is 

significantly more than that of glass for all particle diameters. In addition, the adhesion 

strength of soil to pipe surface is also affected by the flow condition under which it is 

formed. PathogenCombat [15] found that biofilm resistance to flow during cleaning 

depends on the flow conditions during the build-up process. Figure 2 shows the difference 

between biofilm grown in three different conditions: static conditions, laminar flow and 

turbulent flow. The difference between the biofilm appearances is the direct result of 

different action of flow on bacterial growth. Dreesen [9] also stated that how the biofilm 

layer reaches certain equilibrium thickness depends on the flow condition and nutrient 

level. 

 

   
Static                 Laminar           Turbulent 

Figure 2. Microscope pictures of biofilm grown under three conditions [15] 

 

Other factors influence the adhesion strength of soil to pipe surface may include surface 

roughness of the equipment, and deposition time, which is the length of time for particles 

to settle at the equipment surface. [14].  

 

3 Numerical and Experimental Studys on Hydrodynamic Effects of Cleaning 

Fluid on Cip Efficiency  

 

This section reviews numerical and experimental investigations on the hydrodynamic 

aspect of the CIP procedures. In general, it was suggested that methods which give rise 

to the increase of wall shear stress, its fluctuation rate, and flow turbulence would enhance 

the CIP efficiency whilst the existence of recirculation zones would hinder the CIP 

efficiency. 

 

3.1 Wall shear stress 

 

Published work stated that cleaning efficiency depends, besides other criteria, on the 

hydrodynamic effect. The flow of detergent is an important factor in the cleaning of 

closed processing equipment. The cleaning liquid generates local tangential force acting 
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on the soil on the surface and acts as a carrier for the chemicals and heat [22]. The shear 

force of the cleaning fluid at fluid/equipment interfaces are of importance in the cleaning 

mechanism. The removal kinetics is functions of fluid detergent velocity and of the wall 

shear stress [23-26]. In addition, the wall shear stress was proposed as a more local 

removal control parameter than the velocity [27, 28]. 

 

Experimental studies have been performed in laminar regime and most of the studies 

conclude that the wall shear stress is the controlling factor for the rate and amount of 

microbial adhesion and removal [19, 29-31].  

 

Lelièvre et al. [13] investigated the removal of Bacillus cereus spores on 304L stainless 

steel pipes. Their numerical and experimental study confirmed that the flow condition 

applied during soiling procedures has a significant effect on removal rate constant. In 

addition, the effective removal rate constant is significantly influenced by the wall shear 

stress applied during cleaning.  

 

3.2 Fluctuation rate of WSS 

 

Lélievre et al. [1] performed local wall shears stress analysis and cleanability experiments 

on different pieces of equipment made of stainless steel that represent production lines. 

In their study, the influence of the mean wall shear stress on bacterial removal was 

confirmed. The influence of loop arrangement was shown, particularly with the upstream 

effect of the gradual expansion pipe. Moreover, this work demonstrated the effect of the 

fluctuation rate on bacterial removal. It indicated that some low wall shear stress zones 

could be considered as cleanable because in these areas a high level of turbulence was 

observed, therefore, a high fluctuation rate. They therefore suggested that to predict 

cleaning, it is necessary to take into account not only the mean local wall shear stress, but 

also its fluctuation rate [1]. The presence of large wall shear stress fluctuation is because 

of flow pattern and hence, the geometry [2]. 

 

Fluctuation rate of the wall shear stress was also studied by other researchers. Paulsson 

and Bergman’s work [16, 32] showed that the mean wall shear stress has an influence on 

the removal of clay deposit but no influence of the fluctuation rate of the wall shear stress 

was demonstrated. Bénézech et al. [33] compared experimental removal results (Bacillus 

spores in complex medium) with local measurements of wall shear stress made by Focke 

et al. [34] in a corrugated plate heat exchanger. They concluded that the relevant 

parameter for cleaning efficiency was the fluctuation rate of wall shear stress.  

 

Jensen et al. [2] numerically investigated the test set-up of Leliévre et al. [1] in terms of 

wall shear stress and its fluctuation using steady-state computational fluid dynamics 

(CFD) simulation adopting STAR-CD. A good correlation has been demonstrated 

between CFD predictions and measured values of wall shear stress in discrete points by 

Leliévre et al. [1]. The author suggested that a combination of the mean wall shear stress 
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and the fluctuating part of the wall shear stress can be used for evaluating cleaning 

properties. 

 

3.3 Recirculation zones  

 

Friis and Jensen [3] investigated the design of closed process equipment with respect to 

cleanability. The study of hydrodynamic cleanability of closed processing equipment was 

discussed based on modelling the flow pass through a valve house, an up-stand and 

various expansions in tubes as shown in Figure 3. The CFD simulations were validated 

using the standardized cleaning test proposed by the European Hygienic Engineering and 

Design Group. 

 

 
 

 
Figure 3. Geometries used for showing the influence of flow patterns on the cleanability 

of equipment [3] 

 

Their study showed that the wall shear stress was one of but not the sole parameter 

involved in the cleaning process of closed process equipment. The nature of the fluid flow 

was also an important factor determining the cleaning efficiencies. It was found that the 

fluid exchange downstream of the up-stand was three times slower than in the main 

stream, which was caused by a recirculation zone in this area. Recirculation zones are 

known to be a problem. In the up-stand and tube expansion where the fluid exchanges in 

a steady recirculation is much slower than that in the main stream. The EHEDG test [35] 

showed that tubes with recirculation were more difficult to clean. Friis and Jensen 

concluded that the though wall shear stress plays a major role in cleaning of closed 

process systems, another significant factor is the nature of recirculation zone presented. 

Steady recirculation zones such as the one found in the up-stand and concentric expansion 

can reduce cleaning efficiency.  
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3.4 Flow turbulence  

 

PathogenCombat [15] stated that to improve cleaning efficiency, it is beneficial to 

promote turbulent flow or to introduce flow disturbance. These flow phenomena are 

advantageous during both production and cleaning. Turbulent flow is achieved at high 

flow rate (i.e. Reynolds number above 10,000). The alternative solution is to induce flow 

disturbances which locally may introduce flow patterns similar to turbulence and this way 

reduce residual contamination downstream.  

 

Disturbances can be induced by geometry e.g. contractions, expansions or asymmetrical 

features as seen in a curvature or bend. PathogenCombat summarized methods to improve 

Cleaning-In-Place efficiency as following: ①local enhancement of turbulence intensity 

and wall shear stress of flow; ②introduction of high mean wall shear stress; ③applying 

pulsating turbulent flow as a mean to break static flow patterns.  

 

4 Conclusions 

 

This paper attempted to review the problems of the fouling and cleaning of processing 

equipment with a special attention paid to the numerical and experimental findings on 

factors contributing to the improvement of CIP procedures toward a more sustainable and 

environment friendly way. Apparently the CIP efficiency dependents on many factors, 

such as the type of soil to be removed, the cleaning time, the temperature of the cleaning 

agent and the favourable hydrodynamic force of the moving liquid. Among the 

hydrodynamic factors, the wall shear stress, which is a measure of the mechanical action 

of fluid flow on a process surface, is considered the dominating factor for cleaning. The 

effective removal rate is significantly influenced by the wall shear stress applied during 

cleaning. In addition, the fluctuation rate of the wall shear stress was also reported to be 

important in the CIP efficiency. Therefore, to predict cleaning, it is necessary to take into 

account not only the mean local wall shear stress, but also its fluctuation rate. The 

literature also indicate that, for straight circular pipes, the mean wall shear stress and its 

fluctuation are the dominating factors controlling cleaning. Whilst for cleaning of more 

complex geometries and areas difficult to clean, the influencing factor may also include 

the flow pattern, flow exchange, flow turbulence, and the property of the recirculation 

zone.  
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cycle cost assessment for a 50-years lifetime in relation to the initial 

construction costs, demonstrating that this calculation does not only 
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1 Introduction 

 

The residential sector in Slovenia accounts for approximately 25% of total primal energy 

consumption. In Slovenia, single-family houses represent 75% of residential sector floor 

area and 55% of the entire building sector area [1]. The efforts to raise energy efficiency 

of buildings require an appropriate design approach to support sustainable housing design 

for current and future generations.  

 

One question that remains is about what kind of technologies will emerge from the 

multitude of different solutions for energy efficient buildings. 

 

However, technical solutions, which are certainly vital, represent only one of the many 

aspects that define the paradigm of sustainable architecture. Technology is therefore not 

the principle impulse in architectural design [2]. For the stakeholders (the owner, the 

architect, the contractor, the user, among others), the main aspect most commonly are the 

initial construction costs, often set at the minimum value that does not necessarily 

improve the lifetime performance of a building [3]. Moreover, it is estimated that the 

initial costs represent less than 30% of the total Life Cycle Cost (LCC) as significant for 

the total cost perspective and the value of investment [4]. Therefore, it is important in an 

early design phase to inform the stakeholders on the relationship between different design 

solutions and the resulting final value of a building. This approach is not only limited to 

specific types of projects [5], but is also usable in the building construction industry [6]. 

In correspondence to that, the presented extended evaluation model is based on the case 

study method implemented to compare the envelopes of different prefabricated 

lightweight systems for a single-family house. Stakeholders should define them in the 

early design phase for adopting the most appropriate envelope system. 

 

2 Preliminary Study 

 

2.1 Methods applied  

 

In scientific literature, the studies on the LCC assessment used for economic evaluation 

of buildings and building industry products are very scattered. When assessing different 

technological systems, the majority of research uses the case study method. Finally, we 

estimated the Value for Money (VfM) evaluation method that includes the building 

function and the LCC as the most appropriate one. However, no study combines case 

study method with the LCC in a comprehensive way. For example, the studies by Lee et 

al. [7], Hasan et al. [8], Leckner and Zmeureanu [9], and Matic [10] et al. used partly 

either the LCC or the operational costs. According to Li et.al., two highest risk allocations 

in private sector are the Construction time delay with 97,6%, and the Higher Maintenance 

costs with 97,5% [11]. Therefore, by using the VfM method, this study focuses on the 

assessment of prefabricated construction envelope systems, characterized by controlled 

construction time, while the LCC main parameter assesses the maintenance costs. 
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2.2 Value for money 

 

Recently, smart management with available resources and the optimization of the value 

of a building or a building system seem to be more important than ever. While traditional 

economic real estate evaluations are focused on the asset’s market value, the investors 

mostly evaluate the investment’s opportunity based on the relationship between the 

investment costs and the final value of a building or building system. A building offers 

better value for money, when the derived benefits significantly exceed the lifetime cost. 

However, these benefits derive from the functions a building performs rather than from 

the building itself. This means that to improve the VfM the project team should clearly 

define the needs of the client in order to eliminate unnecessary expenditure, and obtain 

optimum balance between cost, time and the quality of a building [12]. 

 

 
Figure 1. The value ratio [13] 

 

According to Dallas, the term value generally characterizes the balance between how well 

the building satisfies the owner’s expectations and the sacrifices, in terms of resources 

used he must make in order to get it. The ratio between benefits delivered and resources 

used is referred to as the Value Ratio [13]. 

 

3 Comparative Evaluation Model Development 

 

3.1 Comparative evaluation process 

 

The process of developing the comparative evaluation model and the software applied 

for the case study evaluation was determined according to the BIM use purposes. 

According to Kreider [14], a BIM Use can be defined as “…a method of applying 

Building Information Modelling during a facility’s lifecycle to achieve one or more 

specific objectives.” Further, two types of software were used; for gathering and 

generating information the BIM software Archicad and for the case study analyses the 

integrated LCC analysis software Legep. To simplify the workflow, the evaluation of 

different envelope systems was limited to a small single-family house BIM model with 

simple functionality. Based on the total cost per year calculations, the resources used for 

the building construction were analysed. In this way, the operational costs were included 

in the LCC assessment.  

 

BIM Generation [14] 

 

The first step is based on the BIM Generation for which two primary BIM Use purposes 

are used. To Gather, the geometric and attribute data are captured for representing the 

current or wanted status concerning the building and building elements. To Generate, all 
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information needed is identified in Archicad virtual building constructed with the 

attributes of building materials. Building elements are a combination of different 

materials in composites, such as walls, slabs, roof, etc. 

 

BIM Evaluation [14] 

 

The second step represents the BIM Evaluation to Analyze the BIM and to Communicate 

the results between Archicad and Legep. It includes the analyses of construction and 

operational costs, called Forecast. To be able to Forecast, a construction costs database 

or manual input of the data is needed. To Communicate means that the quantity 

information of each element with all parameters is exported out of Archicad and imported 

into Legep to carry out the LCC analysis for obtaining final results for VfM evaluation 

based on the quantity take-off list of each element from the virtual building model.  

 

VfM Evaluation 

 

The final step represents the extended VfM that first Analyzes the LCC and VfM, and 

then Realizes the results as recommended for the future stakeholders’ decision on the 

appropriate envelope system in the early design phase. The LCC assessment includes the 

calculation, evaluation and forecast of the LCC including supply and disposal, 

maintenance, service and repair, and cleaning costs.  
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Figure 2. Extended Value for Money evaluation model with BIM use purposes 
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3.2 Case-study method 

 

Reference building  

 

The reference building presents a two-story single-family house for a couple with two 

children with ground floor, upper floor and the flat roof construction. The fix internal 

horizontal dimensions are 7.2 m x 7.2 m. The total heated floor area of the building is 

98,77 m2 and the total heated volume is 249,90 m3. The shape factor (Fi=A/V) of the 

building is 0.78 m-1.  

 

Construction 

 

The external envelope types of the building are performed in different lightweight 

construction systems. The impacts of different thermal capacities were taken into the 

consideration, as follows. External envelopes of walls and of the roof construction are 

considered as changing parameters. The foundation slab (U=0,15 W/m2K), the first floor 

slab and internal walls are considered as fixed parameters for all the cases.  

 

Windows 

 

External windows are considered as fixed parameters in their size and energy 

specifications for all cases. The overall window U-value for energy calculation is 0,87 

W/m2K.  The windows are shaded with external shading devices of louvers.  

 

Location, orientation and climate data 

 

The reference building is located in the surroundings of Maribor at the geographical 

location of 46° 34' 53" N latitude and 15° 38' 22" E longitude at the altitude of 297m, and 

is oriented to the south with the open glazed facade.  

 

Building operation profiles 

 

In case of single-family house, the operation profile is estimated as residential, separated 

in workdays from Monday to Friday and the weekends. The maximum temperature is 

26°C and the minimum 20°C during the day and 18°C during the night. 
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Figure 2. Case study model floor-plans 

 

3.3 Case studies of external envelopes 

 

The case studies were determined on the basis of four different types of external 

envelopes in light-weight construction systems analysed for a reference building. The 

first case is the Slovenian prefabricated houses type Lumar Primus, the other three cases 

are prototype envelope systems presented for the Solar Decathlon Competition Europe 

2012. 

 

Lumar Primus 

 

The Lumar Primus construction system presents a timber panel system incorporating the 

external wall with the U-value of 0,119 W/m2K, and the flat roof construction with the 

U-value of 0.11 W/m2K. All the other parameters are considered as fix values. 

 

Canopea 

 

The Canopea is a high performance thermal envelope system. The primary envelope is 

made of prefabricated steel frames filled with cellulose thermal insulation combined with 

innovative vacuum insulation panels in the interior and Kerto-Q LVL panels in exterior. 

The external walls have a very good Uwall value of 0,08 W/m2K. The flat roof has the U-

value of 0.07 W/m2K. 
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Ecolar 

 

This high-tech external envelope system consists of a special opaque facade element that 

combine the impacts of passive and active solar energy gains. The primary structure of 

prefabricated elements is a timber frame system. The final weather protective layer is 

laminated glazing that creates the dynamic U-value with a measured value of less than 

0,01 W/m2K during the heating season. The walls have the dynamic Uwall value with the 

average of 0,10 W/m2K. The flat roof construction has the Uroof-value of 0.13 W/m2K 

 

Med in Italy 

 

The external envelope system is based on the innovative low-tech solution of light-weight 

alloy pipes that are transported on the site and filled with humid sand to gain the inertial 

mass. The reduction of the structure’s total weight is up to 30% less. The walls have the 

Uwall value of 0,14 and the roof has the Uroof-value of 0.14 W/m2K. 

 

 
Figure 3. Case studies external envelopes 
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4 Results 
 

In order to determine the VfM, the case studies of four different envelope systems 

referring to a single-family house are evaluated and compared. The construction costs 

data are evaluated according to the Cat. 300 and 400, DIN Standard [15].  

 

Table 1. Comparison of Construction Costs 

Case 

studies 

Construction 

cost net in 

EUR (300 

and 400)  

Diff. 

(%) 

Building cost 

gross in EUR 

Lumar P. 108.764,67 00,0 136.911,53 

Canopea 119.459,53 +08,9 148.624,67 

Ecolar  144.487,68 +24,7 176.028,59 

MED 116.728,76 +06,8 145.633,02 

 

As presented in Table 1, the differences in construction arise from the alteration among 

material- labor- and toll processing costs. The lowest construction costs are in case of 

Lumar Primus and the highest in case of Ecolar, due to the high-tech wall envelope and 

material for the façade. Other two envelope systems are of very good U-values because 

of the low-tech based insulation, with exception of expensive vacuum insulation panels 

in case of Canopea. Table 2 shows the LCC, including operational costs that vary because 

of the differences between the construction and operational costs calculated for the 50 

years’ lifetime of the building. The lowest LCC are in case of Lumar Primus, the highest 

in case of Ecolar. The supply and disposal costs are the highest in case of Lumar Primus 

and the lowest in case of Canopea. As expected, the MED value is lower than the other 

cases due to its smart aluminum pipes filled with wet sand for heat capacity purposes. 

The highest operational costs in case of Ecolar are the result of high-tech external wall 

envelope that does indeed reduce supply and disposal costs by app. 1% but requires 

20,4% higher maintenance and service costs compared with Lumar Primus. 

 

Table 2. Comparison of Supply and Disposal costs, Operational costs, LCC and VfM 
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Value for Money evaluation 

 

The function of the reference building is set as residential, and is identical for all case 

studies. The evaluation is based on the LCC present value calculated for 50 years’ 

lifetime. As a reference, the value of Lumar Primus with the highest VfM value is set, 

followed by Canopea and MED. The lowest VfM value is calculated in case of Ecolar. 

 

5 Conclusion 
 

The use of extended VfM comparative evaluation model presents some interesting 

results. When observing construction costs it is important to highlight that all the 

evaluated cases have a very good U-values between 0,07 and 0,14 W/m2K. They are far 

below the legislation minimum. However, the initial construction costs (KGR 300 and 

400) differentiate in net value up to 25%. There are certain specifics identified, as follows. 

In case of high-tech prototype like envelope systems, a high increase of initial 

construction costs is partly repaid by lower supply and disposal. Considering only the 

construction costs, the case of Canopea with best U-value indeed indicates the highest 

initial construction costs. The case of Ecolar with high tech dynamic U-value that was 

expected to reach good results performs only 0,5% lower costs compared to the reference 

case, but produces 22% higher initial construction costs. On one hand, the high-tech 

envelope systems reduce the energy supply costs, on the other hand, due to very high 

maintenance and service costs produce additional operational costs up to 20%. Moreover, 

supply and disposal merely represent 16 to 20% of total LCC net present value. 

 

We conclude that regardless on higher initial construction costs often perceived as an 

investment in expected lower future operational costs seem reasonable, the net present 

value of the building results show another reality. Namely, lower supply and disposal 

costs do not compensate higher replacement and maintenance costs in 50 years’ lifetime. 

In Slovenian case, in which 77% of housing is privately owned, lower initial construction 

costs and less operational costs mean a better net present value and therefore a better 

solution in the owners’ perspective. Although often reported of high-tech external 

envelopes with substantial benefits in energy supply the results offer a new look at the 

feasibility of this type of envelope systems.  

 

The presented comparative evaluation model can be recommended as smart operational 

tool to be introduced in the early design phase. It focuses not only on the cost reduction 

but also on the improvement of the comprehensive value of the building in its lifetime. 

To implement the model in daily practice, the basic data on the main characteristics of 

the layers of external envelope systems is needed. The future research on smart housing 

development shall be focused more on the quality on the comprehensive architectural 

design 

 

  



10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30TH, 2017, BLED, SLOVENIA), ENERGY EFFICIENCY 

M. Jaušovec & M. Sitar: Comparative Evaluation Model for Smart Envelope Systems 

163 

 
References 

 

[1] M. Šijanec Zavrl, H. Gjerkeš and M. Tomšič, Integration of Nearly Zero Energy 

Buildings in Sustainable Networks – a Challenge for Sustainable Building Stock, World 

engineering forum 2012, 2012, p. 163. 

[2] G. Staib, A. Dörrhöffe and M. Rosenthal, Components and Systems, Modular 

Construction – Design, Structure, New Technologies, Munich: Birkhäuser, 2008, p. 10. 

[3] J. Schade, Life cycle cost calculation models for buildings, vol. 18, Luleå: Luleå tekniska 

universitet, 2007, p. 321–329. 

[4] S. M. Far, A. I. Pastrana and C. M. Duarte, Building Information Electronic Modelling 

(BIM) Process as an Instrumental Tool for Real Estate Integrated Economic Evaluations, 

Istanbul: 22nd European Real Estate Society Conference, Proceedings Istanbul 2015, 

2015.  

[5] F. Rangelova and M. Traykova, Project management in construction, Sofia: University of 

architecture, civil engineering and geodesy, 2014, pp. 429-434. 

[6] A. E. Oke, D. O. Aghimien and S. O. Olatunji, Implementation of value management as 

an economic sustainability tool for building construction in Nigeria, Akure: Department 

of Quantity Surveying, Federal University of Technology, 2015, p. 55. 

[7] S. Lee, K. Sunkuk and Y. Na, Comparative analysis of energy related performance and 

construction cost of the external walls in high-rise residential buildings, vol. 99, Elsevier 

B.V., 2015, pp. 67-74. 

[8]  A. Hasan, M. Vuolle and K. Siren, Minimisation of life cycle cost of a detached house 

using combined simulation and optimisation, vol. 43, Elsevier, 2008, pp. 2022-2034. 

[9] M. Leckner and R. Zmeureanu, Life cycle cost and energy analysis of a Net Zero Energy 

House with solar combisystem, vol. 88, Elsevier, 2011, pp. 232-241. 

[10] D. Matic, Economically feasible energy refurbishment of prefabricated building in 

Belgrade, Serbia, vol. 98, Elsevier, 2015, pp. 74-81. 

[11] B. Li, A. Akintoye and C. Hardcastle, VFM and Risk Allocation Models in Construction 

PPP Projects, vol. 12, „Public Private Partnership, CIB TG 72ARCOM Doctoral 

Workshop 12 , 2011, pp. 16-21. 

[12] Building.co.uk, “Building.co.uk,” Building.co.uk, 2000. [Online]. Available: 

http://www.building.co.uk/cost-model-value-for-money/1348.article. [Accessed 18 11 

2015]. 

[13] M. F. Dallas, Value and Risk Management: A Guide to Best Practice, Oxford: Blackwell 

Publishing, 2006, p. 14. 

[14] R. G. Kreider and J. I. Messner, The Uses of BIM: Classifying and Selecting BIM Uses, 

Version 0.9, PA: The Pennsylvania State University, 2013, pp. 10-11. 

[15] Kosten im Bauwesen - Teil 1: Hochbau, Beuth Verlag, 2008.



164 10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30TH, 2017, BLED, SLOVENIA), ENERGY EFFICIENCY 

 



10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND 

ENVIRONMENTAL PROTECTION (JUNE 27TH – 30TH, 2017, BLED, 

SLOVENIA), ENERGY EFFICIENCY 

J. Krope, A.Ghani Olabi, D. Goričanec & S. Božičnik 
 

 

 

Practical Approach for Energy Consumption Optimisation 

in Educational and Research Buildings - Case Study 

Cluster Computers and Data Room 
 

BORIS SUCIC, SANDI CIMERMAN, MARKO PECKAJ & FOUAD AL-MANSOUR 20 

 
Abstract Experience from many modern educational and research 

facilities has shown that energy consumption of cluster computers and 

data rooms represents very significant share in the overall consumption. 

The research work described in this paper presents a practical approach 

for energy consumption optimisation in educational and research 

buildings with the special emphasis on cluster computers and data rooms. 

In the addressed case study, preliminary evaluation of the energy 

performance of the data room revealed the following weak points: poor 

airflow management, overcooling, blending air (hot and cold), unused 

servers and no energy management system for data centre. In the absence 

of a proper energy management system on building level, it was not 

unusual that the certain machines in the data room were running even 

when it was not necessary. Initial testing results are indicating that on the 

annual level 82.3 MWh of electricity can be saved which results in simple 

payback period of 2.2 years. 
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1 Introduction 

 

A systematic approach to energy consumption optimisation in buildings requires proper 

understanding of interactions among the main factors influencing energy performance, 

namely technical systems and end-users preferences. According to [1], electricity 

accounts for 30% of current energy consumption in the buildings sector, but due to strong 

growth it is expected to rise to more than 40% in 2040. Even though that many countries 

have developed comprehensive national energy efficiency action plans where the 

majority of contemporary energy efficiency related policies and instruments are oriented 

to technical systems (building envelope, heating systems, electrical appliances), the soft 

organisational potentials for energy efficiency improvements is unfortunately still very 

underestimated both at the national and at the local level [2,3].  

 

In 2008, the European Code of Conduct for Data Centres has been launched as a voluntary 

market transformation programme addressing primarily data centre owners and 

operators, and secondly the supply chain [4]. According to [5], electricity consumed in 

data centres, including enterprise servers, IT and communication equipment, cooling 

equipment and power equipment, is expected to contribute substantially to the electricity 

consumed in the European Union (EU) commercial sector in the near future. 

Additionally, even though that Eco-design Directive (Directive 2009/125/EC) introduces 

common minimum efficiency requirements just the selection of energy efficient 

equipment is not guaranteeing that the data centre will be efficient. Systematic overview 

of available energy-saving technologies and opportunities for renewable energy 

integration for data centres is presented in [6,7]. 

 

When it goes for small server rooms it has been noticed that inefficiencies mainly resulted 

from organizational rather than technical issues [8]. According to [9], the fear 

experienced by datacentre administrators presents an ongoing problem due to the low 

percentage of machines that they are willing to switch off in order to achieve durable 

energy savings. It is clear that upgrading the data centre cooling facilities is a continuous 

process and in this sense monitoring of energy use and environmental conditions is 

imperative in order to assess overall data centre energy efficiency and thermal 

management effectiveness [10,11]. As it is reported in [12,13], reducing the power 

consumption of the cooling systems is considered as a high priority in the data centres 

operation and significant energy savings can be achieved. According to [14], the use of 

liquid cooling technology allows the infrastructure first to reduce its energy consumption 

due to the possibility to cool down the liquid by free cooling, and second to use the waste 

heat of the IT equipment in other applications such as space heating [14]. The results of 

a case study presented in [15], indicate that potential energy savings of up to 75% are 

achievable when utilising heat pipe based free cooling systems. Economic evaluation of 

seven different cooling strategies presented in [16], are indicating that energy cost 

constituted the largest share of the total costs regardless the type of selected cooling 

strategy. Hartmann and Farkas [17] have recently proposed a power loss model, capable 

of supporting the optimal selection of different subsystems and consequently leading to 
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decreased power losses in the distribution and power conversion infrastructure of the data 

centre. Additionally, Oró et al. [18] have developed dynamic energy model based on a 

component-by-component approach in order to study different energy efficiency 

strategies and to evaluate its effects on the operational conditions, energy consumption 

and carbon footprint of the data centre. According to [19], it is worth to invest time and 

resources to develop the computational fluid dynamics (CFD) model to analyse and 

design thermal air flows in data centres. 

 

Due to characteristics of data centre load profile there are several opportunities how to 

exploit it in the various demand response initiatives [20]. Additionally, data centres can 

play different roles in future development of Smart Grids and providing support for 

numerous necessary auxiliary services [21,22]. 

 

The research work described in this paper was inspired by the recommendations proposed 

by Fernández-Montes et al. [6] and Lajevardi et al. [11], where the future research should 

focus on solutions capable to overcome the fear of data centre administrator and make him 

aware of the energy performance in real-time. Additionally, this paper evaluates the 

effectiveness of the widely used performance indicators like power usage effectiveness 

or data centre infrastructure efficiency in the process of performance monitoring and 

verification of energy efficiency improvements. One of the basic assumptions of the 

presented research work is that the monitored energy consumption, enriched with 

information about its context, can be the basis for the identification of energy profiles and 

future optimisation of operational practice. 

 

2 Methodology 

 

The methodology of the proposed practical approach evolved from the traditional 

management structure, plan-do-check-act (PCDA) model which has been upgraded in the 

integrated performance monitoring system for promotion of energy awareness in 

buildings like it is presented in [23]. The core element of the model is called energy cost 

centre (ECC). The concept of energy consumption monitoring and targeting based on 

network of ECCs has been introduced by Morvay and Gvozdenac [24] and it starts with 

the integration of energy within the activity flow charts, Figure 1. 
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Figure 1. Concept of energy cost centre based modelling [24] 

 

According to [24], an ECC can be any department, section or machine that uses a 

significant amount of energy or creates significant environmental impacts. In each ECC 

loads are called energy cost units (ECU) and classified into controllable and 

uncontrollable loads. Waste energy from one ECU, for example waste heat, can be input 

for another ECU or ECC. After setting up the network of ECCs with associated ECUs it 

is necessary to define the system of relevant and case specific performance indicators 

(PI). Outputs of the performance evaluation are the baseline for progress evaluation, 

directions and targets for performance improvement. The first step in analysing the 

possibilities to improve data centre energy efficiency is to evaluate the historical 

development of the electricity consumption in combination with activities or the useful 

work produced by installed IT equipment. In case of cluster computers an effective PI 

can be defined as a ratio of average cluster load (Cload) to total energy consumption (Etotal) 

and is called cluster energy productivity (CEP). 

 

total

load

E

C
CEP          (1) 

 

Power usage effectiveness (PUE) has been developed by the Green Grid Association and 

is the most widely adopted metric used by the data centre industry [25]. The PUE is the 

ratio of total energy consumption to run the data centre facility to IT equipment energy 

consumption (EIT) and is given by the following equation:  

 

IT

total

E

E
PUE          (2) 

 

Total energy consumption to run the data centre facility beside energy consumption of IT 

equipment includes consumption of all other necessary systems like cooling, lighting and 

others. In terms of energy efficiency lower values of PUE are better. However, according 

to literature review once a low PUE is achieved, power supply efficiency and IT load 

have the greatest impact on its value [11,26]. The reverse metric of PUE is called data 
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centre infrastructure efficiency (DCIE) and it measures the IT equipment energy 

consumption divided by the total energy consumption of data centre facility [25]. DCIE 

is expressed as a percentage and it is given by the following equation: 

 

PUEE

E
DCIE

total

IT
1

       (3) 

 

The next step in the process of improving data centre energy efficiency is the assessment 

of current operational procedures and evaluation of energy management practices 

through energy audit. Vital outputs of energy audit are the baseline for the performance 

monitoring and set of measures how energy efficiency can be improved. The activities 

within the energy audit are not limited on analysis of technical systems but they also 

include the evaluation of the role and impacts of the human factor in the overall energy 

performance of data centre.  

 

3 Results and Disscussion 

 

Described practical approach has been tested at data room located within the complex of 

buildings for educational and research purposes in Slovenia. The objective of this case 

study was to examine how the energy performance of equipment installed in the data 

room at the selected location can be optimised. Slovenian location has provided a real 

testing environment with the full support of management and maintenance staff and open 

access to all requested data for the validation of proposed practical approach for energy 

efficiency optimisation. 

 

Configuration of addressed data room is given in Figure 2. The data room operates 

continuously 24h/7 days a week. Average power consumption of IT load is 38 kW and 

average PUE before implementation of corrective actions was 1.44. 

 
Figure 2. Configuration of addressed data room 
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Preliminary evaluation of the energy performance of the addressed data room revealed 

the following weak points:  

 

• poor airflow management,  

• overcooling,  

• blending air (hot and cold),  

• unused servers and  

• no energy management system for data centre. 

 

In the absence of a proper energy management system on the building level, it was not 

unusual that the certain equipment in the data room was running even when it was not 

necessary. During the energy performance evaluation the addressed data room was 

treated as a single ECC containing all together 6 different ECUs. Data about average 

aggregated load on addressed cluster computers was obtained from the control and 

monitoring system, Figure 3. Once again it has been confirmed that in many modern 

buildings different monitoring and control systems are used, but majority of them are not 

directly connected with the energy consumption optimisation.  

 

 
Figure 3. Aggregated load on one of addressed cluster computers 

 

Additionally, comprehensive set of measurements during testing various cooling 

strategies has been done, Figure 4. 
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Figure 4. Results of comprehensive set of measurements during testing various cooling 

strategies 

 

Inspired by the recommendation from [19] and before actual implementation, identified 

energy efficiency measures related with cooling system were re-examined by using the 

CFD model of the data centre configuration, Figure 5. 

 

 
Figure 5. Results of CFD simulation of thermal air flows in the addressed data room 

 

After implementation of selected corrective actions the issues related with blending air 

(hot and cold) were resolved and appropriate airflow volume to ICT equipment was 

ensured. Additionally, energy management system for data room including measuring, 

alarming, monitoring and targeting is implemented and consequently unused servers are 

turned off. After implementation of above mentioned corrective actions PUE reduced to 

1.37. 
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Summary of main energy, environmental and economy achievements related with the 

improvement of energy performance of addressed data room is given in Table 1. 

 

Table 1. Feasibility of implemented energy efficiency actions 

Potential reduction in electricity 

consumption (MWh/year) 
82,3  

Indirect (electricity induced) CO2 

emission reduction (t CO2 / year) 
42,2 

Cost reduction (€ / year) 6.200 

Payback period (static) (year) 2,2  

Net present value (€) (economic lifetime 5 

years and discount rate 10%) 
9.900 

Internal Rate of Return (%) 36 

Potential reduction in electricity 

consumption (MWh/year) 
82,3  

 

Future activities related with the energy performance improvements of the addressed data 

room will include the additional waste heat utilisation for space heating and sanitary hot 

water preparation, replacement of existing UPS units with new ones with higher energy 

efficiency and additional work with users. 

 

4 Conclusion 

 

Presented research work confirmed that achievement of measurable energy performance 

improvements require significant amount of time, efforts and experience and must be 

supported with the promotion of energy awareness. Performance monitoring is a process 

of learning through people‘s performance evaluation. During the practical 

implementation two main barriers have been resolved, fear of change (the process is so 

complicated) and focus on the primary function. Honest relationship and cooperation 

between energy efficiency experts and IT manager were the two most important factors 

for reaching energy savings. 

 

However, it is important to emphasise the need for continuous upgrade of the proposed 

approach with novel research inputs especially having in mind the recommendations 

presented by Whitehead et al. [27] where future research challenges are related with the 

development of decision support tools for design engineers and data centre operators to 

quickly evaluate the life cycle impact of the decisions they make during the design and 

life time of a data centre facility. 
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Abstract Camelina and crambe are oil crops which are attractive feedstock for 

bioproducts and bio-energy industry due to their valuable properties. The objective of 

a two-year study was to determine the input and the energy efficiency of biomass 

production of camelina and crambe under different, large scale production conditions. 

Production variants were analysed: (i) traditional tillage and reduced tillage systems; 

(ii) with or without foliarly-applied herbicide. 

 

Energy inputs were higher in traditional tillage compared to the reduced tillage system. 

The yield energy value varied widely depending on the year and variant of crop 

production. The highest yield energy value was obtained for crambe cultivation in the 

reduced tillage system and when no foliar herbicide was used (73 GJ ha-1). In this 

production variant, the best energy efficiency ratio (4.9) was obtained as well. The 

value of this ratio for camelina was contained in a wide range from 2.6 up to 4.7. 
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1 Introduction 

 

The main oleaginous plant cultivated in Europe is rapeseed, which can be used for both 

the food and the energy industry. Frequently, this species intended either for consumption 

or energy, is cultivated with the application of the same method. However, in the 

production of a feedstock intended for energy production, biomass production energy 

efficiency is an important factor. Moreover, the energy efficiency ratio of biomass is 

influenced mainly by the crop species and production regime. The production technology 

determines the demand for energy (energy input) and the amount of energy accumulated 

in biomass (energy output) [1, 2, 3].  

 

Camelina (Camelina sativa L. Crantz) and Crambe (Crambe abyssinica Hochst ex R.E. 

Fries) may be an alternative to rapeseed, especially on lower quality soils. Camelina and 

crambe are oil crops which due to their valuable properties such as short growing season, 

resistance to drought and frost, low means of production input requirements (fertilisers, 

plant protection products), high oil content and their valuable composition are becoming 

attractive feedstock for the bio-energy industry. These species have recently been the 

focus of many research centres and companies interested in using oils for bioproducts 

and biofuels. Accordingly, an important issue justifying the use of camelina and crambe 

as a source of biomaterials is to evaluate the energy efficiency of their production. 

Therefore, the objective of this two-year study conducted in north-eastern Poland was to 

determine the input and the energy efficiency of biomass production (seeds and straw) of 

camelina and crambe under different, large scale production conditions. 

 

2 Materials and Methods 

 

2.1 Field experiments 

 

The study involved field experiments performed in 2015-2016, in north-eastern Poland 

on fields owned by the University of Warmia and Mazury in Olsztyn. The soil was 

prepared according to good agricultural practice. Seeds of crambe (Galactica variety) and 

camelina (Midas variety) were sown with a drill; 13 kg ha-1 and 6 kg ha-1, respectively. 

The 2015 experiment was established near Samławki over an area of 1.5 ha (0.5 ha 

crambe + 1 ha camelina). It involved traditional tillage system without foliarly-applied 

herbicide. The experiment of 2016 was organised in two locations of Łężany (A) and 

Kocibórz (B). The Łężany (A) experiment extended over the area of 1 ha (0.5 ha crambe 

+ 0.5 ha camelina) and involved traditional tillage system without foliarly-applied 

herbicide. The crambe plantation on this field was badly infected by diamondback moth 

(Plutella xylostellai) and, apart from the insecticide spraying (Avaunt (indoksakarb) at 

the dose of 0.170 dm3 ha-1), it was impossible to protect the plants. For this reason, no 

crambe seed or straw technological yield was obtained from the Łężany field. On the 

other hand, in Kocibórz (B) reduced tillage systems, with or without foliarly- applied 

herbicide, were used over the total area of 2 ha (1 ha crambe + 1 ha camelina). In this 

study, the following production variants were analysed: (i) traditional tillage and reduced 

tillage systems; (ii) with or without foliarly-applied herbicide. In order to evaluate the 
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possibility of chemical protection of crambe and camelina against weed spread, Gala 334 

SL a post-germination herbicide (chlopyralid and pikloram) was applied at the dose of 

0.35 dm3 ha-1. On each experimental field and in each year, nitrogen fertilizer was applied 

as ammonium nitrate at a dose of 100 kg ha-1 N. 

 

2.2 Input-output and energy efficiency analyses 

 

Energy input-output and energy efficiency analyses were conducted with the application 

of the methodology presented in previous studies [1, 4]. The energy inputs included 

several energy sources: direct energy carriers (diesel fuel), exploitation of fixed assets 

(tractors, machines, equipment), consumption of materials (mineral fertilisers, 

agrochemicals, seeds) and human labour.  

 

The total energy input for crambe and camelina biomass production was calculated based 

on the unit consumption of materials and the energy intensity of their production. The 

energy conversion coefficients for diesel fuel (43.1 MJ kg–1), nitrogen fertilizers (48.99 

MJ kg–1 N) and pesticides (268.4 MJ kg–1 of active substance) were based on the indexes 

presented in literature [5]. The energy input for the use of tractors (125 MJ kg–1), 

machines (110 MJ kg–1) and human labour (60 MJ hour–1) in the production process was 

calculated with the coefficients provided in the literature and data provided in materials 

published by manufacturers of tractors and machines [6, 7]. 

 

Energy gain was the difference between the crambe or camelina biomass yield energy 

value and the total input for its production. The energy efficiency ratio of biomass (seeds 

+ straw) production was the ratio of the yield energy value (energy output) to energy 

input for its production. Energy intensity was the energy consumption per 1 Mg of seeds, 

straw and oil. It was the ratio of total energy input to the yield of each component. 

 

3 Results 

 

The yielding of crambe and camelina varied to a large extent and depended on a species, 

cultivation technology and the experimental year (Fig. 1). The highest camelina and 

crambe seed yield was obtained in 2016 following the application of reduced tillage 

systems without foliarly-applied herbicide. The lowest yield was recorded for the same 

field after foliarly-applied herbicide.  
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Fig. 1. Yield of seeds and straw camelina and crambe depending on the production 

technology and year of study. 

 

Energy inputs, depending on the variety and cultivation technology ranged from 14.57 to 

15.15 GJ ha-1. Energy inputs were higher in traditional tillage (in the 2-4% range) 

compared to the reduced tillage system. Also, the use of foliar herbicide had higher 

energy input (in range 1-2%) compared to when herbicide was not used. Yield energy 

value varied widely, depending on the year and variant of crops production. The highest 

yield energy value (seeds + straw) was obtained for crambe cultivation in the reduced 

tillage system and when no foliar herbicide was used (73 GJ ha-1) (Fig. 2). In this 

production variant, the best energy efficiency ratio (4.9) was obtained as well (Fig. 3). 

The value of this ratio for camelina ranged widely from 2.6 up to 4.7. The energy intensity 

for straw, seeds and oil ranged between 5.4-7.6; 9.8-46.1 and 30.5-124.3 GJ Mg-1, 

respectively (Fig. 4). 

 

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

4,5

Camelina 2015 Camelina 2016 (A) Camelina 2016 (B

without herbicyde)

Camelina 2016 (B with

herbicyde)

Crambe 2015 Crambe 2016 (A) Crambe 2016 (B

without herbicyde)

Crambe 2016 (B with

herbicyde)

Mg ha-1

seeds yield straw yield



10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30TH, 2017, BLED, SLOVENIA), ENERGY EFFICIENCY 

M. Jerzy Stolarski & M. Krzyżaniak: Energy Efficiency of Camelina and Crambe 

Biomass Production Under Different Cultivation Conditions 

179 

 

 
Fig. 2. Camelina and crambe energy value of seeds and straw yield depending on the 

production technology and year of study. 

 

 
Fig. 3. Camelina and crambe energy efficiency ratio of seeds and straw depending on 

the production technology and year of study. 
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Fig. 4. Camelina and crambe energy intensity for seeds, straw and oil production 

depending on the production technology and year of study 
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Abstract It has become evident that Southern Europe will experience 

more adverse climate change effects compared to other European regions. 

The existing educational building stock, which mostly relies on natural 

ventilation during the cooling period, is expected to have a significant 

impact on users’ thermal comfort, well-being and productivity. The study 

presented herein aims to investigate the vulnerability of educational 

buildings in Cyprus in view of future climatic conditions, by means of a 

dynamic simulation software, presenting a methodology for the 

assessment of thermal comfort and energy performance. More 

specifically, the European Standard EN 15251 is employed to assess the 

thermal comfort in naturally ventilated buildings using the adaptive 

comfort approach. Moreover, this paper looks at the overheating criteria 

from CIBSE TM 52 and tests them on a typical archetype. The research 

indicates that educational buildings in southern Europe are unable to meet 

the thermal comfort criteria of the future, creating a major impact on the 

environmental, economic and social interaction of people and buildings. 

The evaluation of the resilience of existing educational buildings is useful 

in understanding the necessity of energy retrofitting measures in view of 

future climate conditions, contributing to energy efficiency policies and 

decision-making regarding retrofit interventions. 
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1 Introduction 

 

The awareness about climate change and the urgent need to decrease carbon emissions in 

buildings, in combination with concerns about occupants’ comfort due to the rise of 

temperature, are increasing. Harmful health impacts resulting from climate change are 

related to increasing heat stress, extreme weather conditions, poor air quality, water and 

vector borne diseases. It has become evident that Southern Europe will experience more 

adverse climate change effects compared to other European regions [1, 2]. In modern 

societies, people spend over 90% of their time indoors. With the exception of their home, 

students spend more time in educational buildings than in any other place, highlighting 

the importance of providing comfortable indoor thermal conditions in these buildings. 

The positive impact of thermal comfort in students’ performance, the promotion of 

healthier conditions and energy saving have been thoroughly studied over the years [3]. 

In cases where comfortable indoor conditions are not met, air-conditioning systems are 

used to provide thermally comfortable spaces which in turn, lead to increased energy 

consumption.  

 

The existing educational building stock, which mostly relies on natural ventilation during 

the cooling period, is expected to have a significant impact on the users’ thermal comfort, 

well-being and productivity as it is expected to cope with conditions for which it was not 

initially designed. The study presented herein aims to investigate the vulnerability of 

educational buildings in Cyprus in view of future climatic conditions by means of a 

dynamic simulation software, presenting a methodology for the assessment of thermal 

comfort and overheating risks. The evaluation of the resilience of educational buildings 

is useful in understanding the necessity of energy retrofitting measures in view of future 

climate conditions, contributing to energy efficiency policies and decision-making 

regarding retrofit interventions.  

 

2 Methodology 

 

The school building is the first contact of a person with a public building. It is, at the 

same time, a highly demanding space as far as comfort levels are concerned. The majority 

of educational buildings in Cyprus consists of typical typologies and construction 

characteristics. For the needs of this particular research, 114 educational buildings of 

secondary education all over Cyprus were investigated. 102 educational buildings of the 

sample under study, i.e. 90.5%, fall in the category of typical school buildings. These 

buildings were designed and erected by the Technical Services of the Cyprus Ministry of 

Education and Culture and are characterized by uniformity in terms of typology, 

morphology and construction. The architectural designs of school buildings show 

significant similarities, extensive standardization of building components and 

construction methods [4].  

 

As overheating is becoming a key problem in building design, the present study aims to 

investigate how educational buildings will perform in view of rising temperatures in the 

future and examine the implications on both energy performance and people’s health. For 
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the assessment of the thermal comfort vulnerability of schools in Cyprus, dynamic 

thermal simulations were undertaken using the Integrated Environmental Solutions-

Virtual Environment (IES-VE). The European Standard EN 15251 [5] is used to assess 

the thermal comfort in naturally ventilated buildings using the adaptive comfort 

approach. Moreover, this paper looks at the overheating criteria from CIBSE TM 52 [6] 

and tests them on a typical archetype. 

 

2.1 Description of the case study  

 

For the evaluation of the thermal performance of educational buildings in future climatic 

scenarios in Cyprus, a typical secondary school in the coastal region (Larnaca), i.e. 

Vergina Secondary school, is selected as a representative case study due to its typical 

characteristics in terms of the typology, construction, as well as integration of 

environmental design principles. 

 

Classrooms mainly consist of two construction moduli, resulting to slightly rectangular 

plans with dimensions of approximately 7.00 × 8.00 × 3.20 m (W × L × H). The linear 

disposition of classrooms in typical educational buildings allows for openings along the 

two long sides of the space. In typical educational buildings, linear building volumes 

appear in all four orientations. In the majority of classrooms, the facade with extensive 

glazed surface is oriented towards the internal courtyard, while the facade with 

clerestories faces the external environment. Access to the classrooms is achieved through 

a linear, semi-open corridor 2.00 m wide (Fig. 1 and 2).  

 

 
Figure 1. Linear disposition of classrooms 

 

Typical educational buildings in Cyprus are not described by climatic consistency as they 

do not exhibit a conscious incorporation of key environmental design principles [7-10], 

particularly in terms of proper insolation, shading [9,11] or natural lighting [12].  
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Four typical classrooms of general education, one in each orientation, were selected for 

in depth analysis. Openings along the two long sides of the space (i.e. extensive windows 

towards the interior side and clerestories towards the exterior) provide solar gains and 

daylighting into the classroom. The openings to floor ratio is 35%. It should be noted that 

openings are not directly shaded by building or plant elements. The direct connection of 

classrooms with semi-open corridors is achieved through an external overhang of 2.00m 

to all windows, allowing the regulation of solar radiation and of natural lighting. The 

clerestories in the other long side of the classroom have no external shading control. It is 

noted that all openings of the typical classroom (both windows and clerestories) have 

internal black-out curtains that allow shading control by users. Internal blinds are needed 

when solar radiation incident on the window is above 120 W/m2 (Table 1). Airtightness 

requirements were set at 10m3/hr/m2 (i.e. 4ac/h) at 50Pa [13]. The existing educational 

building stock relies on natural ventilation during the cooling period. Night cooling is not 

adopted for safety reasons. The classroom has an occupancy profile of 20 students on 

weekdays from 07:30 to 13:35 with 3 small breaks. A summary of occupancy, as well as 

window and blinds operation during the year, is presented in Table 1, while construction 

details are summarized in Table 2. 

 

Table 1. Window / Blinds operation and occupancy 

Schedule 

and Occupancy 

Window/Blinds 

Interim Summer Winter 

07.30-09.00 1 0/0 1/idn>120 0/0 

25 min break 0 1/0 1/0 1/0 

09.25-10.55 1 1/idn>120 1/idn>120 0/idn>120 

15 min break 0 1/0 1/0 1/0 

11.10- 12.40 1 1/idn>120 1/idn>120 0/idn>120 

10 min break 0 1/0 1/0 1/0 

12.50-13.35 1 0/idn>120 0/idn>120 0/idn>120 

0: occupancy off, 1: occupancy on; 

idn>120: direct normal irradiance > 120W/m2 
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Table 2. Construction characteristics and material of a typical school 

Building  

Elements 

Construction 

Detail 

U-Value 

(W/m2K

) 

Effective 

Thermal 

Capacity 

(KJ/m2K) 

 

External 

Wall 

200mm single 

layer of brick 

and three layers of 

plaster (20-25mm) 

 

1.389 

 

120 

 

Internal 

Wall 

100mm single 

layer of brick 

and three layers of 

plaster (20-25mm) 

 

1.235 

 

120 

 

Roof 

Concrete slab 

and asphalt layer 

of 5mm 

 

3.239 

 

240 

Ground 

Floor 

Concrete slab 

and tiles 

 

1.6 

 

232 

 

Window 

6mm single glazed 

and aluminum 

frame 

 

6 
g-value 

0.82 

 

2.2 Dynamic simulation 

 

For the assessment of the thermal comfort vulnerability of schools in Cyprus, dynamic 

thermal simulations were undertaken using Integrated Environmental Solutions-Virtual 

Environment (IES-VE). IES-VE uses the Energy Plus engine which is widely 

acknowledged as a credible and valid tool to evaluate free-running indoor environments, 

in dynamic regimes, using hourly and sub-hourly simulations [14, 15]. For the evaluation 

of thermal comfort, the dynamic simulation was first run under the current climatic 

conditions and then under the climate change projections in all orientations of classrooms. 

 

2.3 Future climatic scenarios 
 

A key objective of this study was to develop a methodology that would allow the 

estimation of the climate change impact on the thermal comfort of educational buildings 

in Cyprus. The 2050s and 2090s were selected as the future time periods for which 

climate data was required through climatic scenarios. The impact of weather changes 

increases in the second half of the century, compared to the first half, according to the 

IPCC [2]. The PRECIS (Providing Regional Climates for Impacts Studies) climate model 

developed by the Hadley Centre was used.  The emission scenario SRES A12 [2] was 

employed for the customized runs. In brief, the A1B scenario represents rapid economic 

growth with a balanced technological development, meaning that no particular energy 

source is heavily relied on but rather, similar improvement rates apply to all energy 
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supply and end-use technologies (fossil fuel and renewable alike). The specific scenario 

was chosen because it rests between the ‘business as usual’ and the ‘united sustainable 

planet’ extremes. 

 

2.4 Thermal comfort criteria  

 

The basic approach to the development of the European Standard, on which TM52 

(overheating) is based, is described by Nicol and Humphreys [16]. Using the data from 

the free-running buildings alone, one arrives at the following relation between the indoor 

comfort temperature calculated from the data and the running mean of the outdoor 

temperature: 

 

)(8.1833.0 CTrmTc        (1) 

 

where, Tc is the predicted comfort temperature when the running mean of the outdoor 

temperature is Trm. 

 

In this standard, there is an implication that building ‘A’ is better than building ‘B’ or 

‘C’. CIBSE recommends that new buildings, major refurbishments and adaptation 

strategies should conform to Category II in BS EN 15251 [5], which sets a maximum 

acceptable temperature of 3 °C above comfort temperature levels (from equation 1) for 

buildings in free-running mode. For such buildings, the maximum acceptable temperature 

(Tmax) is calculated from the running mean of the outdoor temperature (Trm) using the 

formula: 

 

)(8.2133.0max CTrmT        (2) 

 

where, Tmax is the maximum acceptable temperature (upper threshold).  

 

Figure 2 shows the upper and lower thresholds calculated using equation (1). The graph 

highlights the significant range of operative temperatures falling within the acceptable 

range of comfort depending on the exterior conditions (Fig.2).  
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Figure 2. Design values for adaptive models of comfort as a function of outdoor 

temperature running mean. (Source: [5]) 

 

In order to implement the EN15251, the resulting Tc hourly values from simulations are 

compared to the operative temperatures produced by Eq. (1). If the simulated temperature 

is higher than the one produced by the model, the area is taken to be in a discomfort zone 

for that whole hour. The following three criteria, taken together, provide a robust, yet 

balanced, assessment of overheating risks of buildings in Europe [6]. 

 

Criterion 1: Hours of exceedance (He) 

 

The first criterion sets a limit for the number of occupied hours that the operative 

temperature can exceed Tmax during a typical non-heating season (1 May- 30 

September). This number shall not exceed 3 per cent of occupied hours. 

 

Criterion 2: Daily weighted exceedance (We) 

 

The second criterion deals with the severity of overheating within any one day, which is 

given in terms of temperature rise and duration and sets a daily acceptability limit.  

To allow for the severity of overheating the weighted exceedance (We) shall be less than, 

or equal to, 6 in any one day where: 

 

)( wfxheWe  )33()22()11()0( xhexhexhexheoWe         (3) 

 

Where the weighting factor wf = 0 if ΔΤ ≤ 0, otherwise wf = ΔΤ, and hey is the number of 

hours when wf = y. 
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Criterion 3: Upper limit temperature (Tupp) 

 

To set an absolute maximum value for the indoor operative temperature, the value of ΔT 

shall not exceed 4 K. 

 

4max TTupp        (4) 

 

3 Results 

 

Simulation can predict the likelihood of overheating in typical classrooms of educational 

buildings. Table 3 presents the results for the three criteria in the middle class of the 

ground floor for different orientations for the current typical meteorological year, for 

2050, and 2090. Criterion 2 presents the weighted exceedance (in brackets) and criterion 

3 shows the exceedance in hours (in brackets). 

 

For the present TMY, the south and north oriented classroom, i.e. the classroom with the 

largest windows facing south and north respectively and the clerestories facing the 

opposite side, passed the criteria 1 and 3. Specifically, the numbers of hours in the non-

typical heating season that operative temperature exceeded Tmax is exactly 3% of the 

occupied time while indoor temperature never exceeded 4K compared to Tmax. 

However, east and west oriented classrooms failed to pass criterion 1 by 1%; while they 

passed criterion 3. The classroom in all orientations did not meet criterion 2. Looking at 

the future climatic scenarios of 2050 and 2090, there is a clear tendency for severe 

overheating. Classrooms in all four orientations failed all the criteria and were unable to 

cope with overheating predictions solely relying on the current passive cooling strategies. 

In 2050, more than half of the occupied period is predicted to suffer from overheating, 

while in 2090, more than 70% of the time. Moreover, a large amount of hours exceeded 

the limit of maximum absolute value of 4K which indicates that adaptive actions will be 

insufficient to restore personal comfort and the vast majority of occupants will complain 

about excessive heat. North oriented classrooms show the lowest tendency for 

overheating due to lower solar gains. 

 

Increased discomfort hours make the need for cooling predominant in order to achieve 

acceptable comfort conditions.  
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Table 3. TM52 criteria for different classroom orientations in line with climatic 

predictions 

 TMY 2050 2090 

South 

C1 Pass  3% Fail 66% Fail 68% 

C2 Fail  33 Fail  608 Fail  476 

C3 Pass  - Fail  51 Fail  191 

North 

C1 Pass  3% Fail 57% Fail  70% 

C2 Fail 38 Fail  635 Fail  476 

C3 Pass  - Fail  41 Fail  207 

East 

C1 Fail  4% Fail  66% Fail 75% 

C2 Fail  51 Fail  743 Fail  382 

C3 Pass  - Fail  51 Fail  253 

West 

C1 Fail  4% Fail  66% Fail  73% 

C2 Fail  40 Fail  724 Fail  384 

C3 Pass  - Fail  53 Fail  255 

 

4 Future Implementation 

 

This study highlights the problem of temperature rise as a result of climate change and 

the impact on educational buildings in Cyprus. This impact is expected to be further 

aggravated for typical classrooms in the top floors of buildings and in city centres as a 

result of the urban heat island effect. Future research should consider these factors in 

analysing the effect of climate change. The densification of cities, in correlation with the 

increase in living standards, will intensify the overheating scenario.  Furthermore, 

ventilation and occupant behaviour are significant factors affecting the thermal 

performance of the building and thus require further investigation. Alternative strategies 

to deal with overheating in buildings need to be promoted; i.e., strategies that do not fully 

rely on active systems that are often dependent on energy derived from fossil fuels.  

 

The EN 15251 and CIBSE TM52 criteria form a valid approach to predict the 

vulnerability of buildings to climate change and possibly to suggest ways by which they 

can be adapted to assess the long term sustainability of new and existing educational 

buildings. 

 

5 Conclusion 

 

The climate is changing and there are clear indications that temperatures will rise. The 

existing educational building stock, which mostly relies on natural ventilation during the 

cooling period, is expected to have significant impact on users’ thermal comfort, well-

being and productivity. The classrooms in all orientations will require active systems to 
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cope with overheating. Regulations and guidelines need to effectively address this 

scenario and promote solutions to minimise its cooling loads. The development of the 

methodological tool for the evaluation of the resilience of existing educational buildings 

can be of interest to city planners and retrofit decision making agents, as well as 

emergency response planners. 
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Abstract This study covers a comprehensive investigation on heat 

transfer characteristics of CO2 in the vicinity of the critical point. A 

double pipe heat exchanger set-up to study effects of different operating 

parameters on heat transfer performance over a wide range of 

temperatures (298.15 K to 363.15 K) and pressures (5 MPa to 30 MPa) 

has been developed. Heat flux of supercritical CO2 was measured in the 

inner pipe in counter-current with water in the outer pipe. Obtained results 

were compared and assessed with known theoretical correlations and 

literature data. 
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1 Introduction 

 

Study of a heat transfer at supercritical conditions is necessary to design and optimize 

trans-critical CO2 power cycles in refrigeration systems, air conditions, and heat pumps 

as well as in other technological applications of supercritical fluids, mainly extraction, 

particle formation and reaction processes. Every of those applications in its flowsheet 

involves high-pressure heat exchanger that plays an important role to transfer heat from 

one loop to the other one. In supercritical extraction plants, the purpose of heat 

exchangers can be to pre-heat the supercritical fluids before being fed to the high-pressure 

vessel, or cool down supercritical fluids before compression or separation of the 

solubilized solutes. In power cycles, among thermal-hydraulic performance, the heat 

exchanger has a significant effect on total efficiency, compactness, and operating cost of 

the system. 

 

When pressure and temperature of fluids used in heat exchangers approach near its 

critical point, their thermo-physical properties vary complexly. Consequently, the heat 

transfer coefficient (HTC) in that region has much higher values than at subcritical 

pressures. CO2 is beside supercritical water, which has a relatively high critical point 

(Tc=374.14 °C, Pc=22.12 MPa), the most studied fluid at high pressures [2]. On the 

contrary, it has an easily accessible, relatively low critical point (Tc=31.05 °C, 

Pc=7.38 MPa) which means that operating cost are reduced. In recent years, supercritical 

CO2 has been intensely studied as a refrigerant [3]. It has many environmental advantages 

like zero Ozone depletion potential (ODE), low global warm poetical (GWP), and non-

toxicity comparing to halo-hydrocarbon freons.  

 

Heat transfer at high pressure has been widely reported in the literature between the water 

and CO2 systems. Ma et al. [4] studied heat transfer performance of supercritical CO2 in 

double pipe heat exchanger using a supercritical CO2-water loop. They concluded that 

total and supercritical CO2-side heat transfer coefficients with temperature behave 

similarly to specific heat and contribution of buoyancy force to the heat transfer 

performance is large at small mass flux. Duffey et al. [5] presented literature survey, 

where stated three heat transfer modes at supercritical pressures: normal heat transfer 

deteriorated, heat transfer with lower values of the heat transfer coefficient (HTC) and 

improved heat transfer with higher values of the HTC compared to those of normal heat 

transfer. Song et al. [6] established that heat transfer had similar characteristic irrespective 

of heat transfer improvement or deterioration if the ratio of tube length to tube diameter 

and the ratio of heat flux to mass flux were kept constant. Liu et al. [7] performed a 

numerical study of heat transfer characteristic for supercritical CO2 in a heated helically 

coiled pipe. They showed that a circumferential heat transfer distribution in the helically 

coiled tube is influenced by both, the buoyancy force and the centrifugal force. Effect of 

flow direction was investigated among other authors, Li et al. [8] and Bruch et al. [9]. 

While Li et al. found that the heat transfer coefficients were better at downward flow than 

that at upward flow, Bruch et al. came to opposite conclusion in the pseudo-critical 

region. Lia and Zhao [10] investigated heat transfer in the upward and horizontal flow. 

They observed the heat transfer in both horizontal and upward flow was enhanced, while 
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the heat transfer in downward flow was impaired significantly near the pseudo-critical 

region. 

 

Despite numerous investigation of heat transfer to supercritical CO2 and water stated 

above, there are still variations among them and unknowns that need to be clarified. It is 

hard to say that heat transfer deterioration is caused by only one factor. 

 

In the present paper, a double pipe heat exchanger set-up to study effects of different 

operating parameters on heat transfer performance over a wide range of temperatures 

(298.15 K to 363.15 K) and pressures (6 MPa to 30 MPa) have been developed. A brief 

evaluation of the effect of mass flux, heat flux, pressure and temperature on heat transfer 

coefficients is provided. 

 

2 Experimental Setup 

 

Heat transfer coefficients (HTC) have been determined using a new optimized 

experimental setup which enables measurements at high pressures (Figure 1). The 

experimental setup is comprised of two separated closed loops, i.e., supercritical CO2 

loop and water loop. In the supercritical (high-pressure) fluid loop, gas released from the 

tank (CO2 at 5 MPa) was cooled to fully liquefy and was then compressed to desired 

pressures with a high-pressure liquid pump (NWA PM-101) that can operate at the 

maximum pressure of 60 MPa. To minimalize pressure impulsion as an outcome of the 

high-pressure pump, gas was pumped in 1 L buffer vessel and then preheated with 

(LAUDA E-300) heating system to the desired working temperature. Digital differential 

pressure transmitter (WIKA-CHP 6200) was installed to measure the dense gas pressure 

at the inlet and outlet section of the heat exchanger. The accuracy of the transmitter is 

±0.01 MPa. The inlet and outlet temperature of booth setup loops were controlled by the 

heaters, and the K-type thermocouples with an accuracy of ±0.15 K. The supercritical 

fluids flow rate was measured using a mass flow meter (RHEONIK RHM 03) equipped 

with flow indicator (RHEONIK RHE 02) that is suitable for all flow applications with 

high accuracy of measurements up to 90 MPa and 623 K. In the water loop, the flow rate 

of water was measured with needle valve rotameter (LZT-1002-M). Water was circulated 

with a help of a heater with a centrifugal pump (both LAUDA E200). 

 

Heat exchange was measured in a double-pipe tube design with countercurrent flow 

(Figure 2). Previously heated supercritical fluid flows horizontally through the inner tube 

made of stainless steel 304-L with an outer diameter 9.65 mm and a wall thickness of 

2.07 mm, and liquid water flows counter-currently in the annulus tube made of PVC with 

an outer diameter 20.00 mm and a wall thickness of 0.8 mm. To reduce heat losses from 

the heat exchanger and other pipes in the cycle-based system, thermal insulation 

ARMAFLEX with 20 mm of thickness was used. After the heat exchanger, a micro-

expansion valve and cooling vessel were placed to reduced pressure and temperature in 

order to establish conditions that the dense gas could be fully recycled. The reduced 

pressure was measured by an electronic pressure gauge (WIKA, Germany) with an 

uncertainty of 0.01 MPa. 
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Figure 1: The experimental setup consists of two separated closed loops, i.e., 

supercritical fluid (CO2 or ethane) loop and water loop. 

 

 

 
Figure 2: High pressure double pipe heat exchanger. 

 

2.1 Experimental evaluation 

 

The total heat transfer coefficient Utot based on the supercritical fluid-side heat transfer 

area is calculated by: 

 

 

a
tot

SCF

Q
U

A T



,       (1) 

where, Qa is average heat transfer rate, ASCF is the heat transfer area of supercritical fluid 

side, and ∆T is the logarithmic mean temperature difference in the counter current flow 

between the hot and cold sides. The average heat transfer rate is calculated by: 

 

       (2) 

 

 

      (3) 
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      (4) 

 

Where, Qwater is the heat transfer rate on the water side, and QSCF is the heat transfer rate 

on the supercritical fluid (CO2 or ethane) side, Hwater, in, and Hwater ,out are the enthalpy of 

water at the inlet and outlet, while HSCF,in and HSCF,out are the enthalpy of supercritical 

fluid at the inlet and outlet. The thermal physical properties of pure supercritical CO2 and 

ethane in wide range of pressure and temperature have been obtained from the NIST 

database, respectively. According to the thermal resistance network in the double pipe 

heat exchanger, the total heat transfer coefficient USCF can also be calculated by:  
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Therefore, heat transfer coefficients ᾳSCF on supercritical fluid side is calculated by: 
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where, Douter is the outer diameter of the inner tube, Dinner is the inner diameter of inner 

tube, and λ is the thermal conductivity of 304-L stainless steel. Heat transfer coefficient 

(ᾳwater) in the annular space of water side is obtain by taking into account the equivalent 

diameter and Nusselt number for the annular cross-section: 
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Where, Prandtl and Reynolds number are calculated by: 

Pr
pc 
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3 Results and Discussion 

 

Heat transfer coefficients (HTC) of supercritical CO2 and ethane in a water loop have 

been measured over a wide range of temperatures (298.15 K to 363.15 K) and pressures 

(6 MPa to 30 MPa). During the entire process, there was one phase region throughout the 

inner high-pressure tube. Measurements were performed at pressures above the pseudo 

critical pressure and around the pseudo critical temperature. In the displayed figures, the 

variations of the bulk temperature Tb present average values of the output and input 

temperature of supercritical fluids. 

 

3.1 Effect of pressure and temperature 

 

Total and supercritical-side HTC have the highest peaks near the pseudo-critical point of 

investigated fluids. (Figure 3). This is caused by a stronger change of thermo-physical 

properties, especially the larger increase in specific heat at pressures closer to the critical 

pressure [7]. The highest peak value of total HTC occurs at the location where the 

temperature is slightly higher than the pseudo-critical point. A possible explanation could 

be that the temperature of supercritical fluid near the wall in inner tube is lower than in 

the bulk and the average temperature of supercritical fluid in cross-section is not reduced 

to the pseudo-critical temperature, but shows near the wall values closely to the critical 

temperature [4]. The experimental data were obtained from five isobars: 7.5, 8.0, 10, 20 

and 30 MPa. As shown in Figure 4, total HTC of supercritical CO2 decreases with the 

increasing pressure. The supercritical CO2-side HTC peaks reach much higher values 

compared to total HTC under the same conditions (Figures 3, 4).  

 

3.2 Effect of mass flux 
 

Supercritical-side mass flux was kept constant (near maximum operating conditions of 

the high-pressure pump) 0.08 kg/min for supercritical CO2 and 0.05 kg/min for 

supercritical ethane. Effect of supercritical-side mass flux is significantly smaller then 

effect of water-side flux rate on HTC [4]. The influence of water rate flux on the total 

heat transfer coefficients was investigated for pressures near and above the pseudo critical 

point. As shown in the Figure 5, the total HTC increases for more than 25 % when 

increasing the flux rate of water-side from 1 L/min up to 2 L/min.  
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Figure 3: Effect of supercritical CO2-side pressure on total heat transfer coefficients 

(Utot) at average temperature (Tb) of heating fluid and at constant water flux of 1 L/min. 

 

 
Figure 4: Effect of supercritical CO2-side pressure on supercritical CO2-side heat 

transfer coefficient at constant water flux of 1 L/min  
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Figure 5: Effect of water-side mass flux on the total heat transfer coefficient (Utot) 

 

4 Conclusion 

 

Heat transfer coefficients (HTC) have been determined using a new optimized 

experimental setup comprised of two separated closed loops, i.e., supercritical fluid (CO2 

or ethane) loop and water loop. Measurements were performed at pressures above the 

pseudo critical pressure and around the pseudo critical temperature. The main 

conclusions are summarized as follows: 

 

a) Total and supercritical-side HTC have highest peaks near the pseudo-critical 

point of investigated fluid. Total HTC of supercritical CO2 decreases with the 

increasing pressure. The supercritical CO2-side HTC peaks reaches much 

higher values compared to total HTC under the same conditions 

b) The influence of water rate flux on the total and supercritical-side HTC is 

inconsiderable. The total HTC increases for more than 25 % when increasing 

the flux rate of water-side from 1 L/min (700<Rewater<1000) up to 2 L/min 

(1200<Rewater<2000). 

 

Future research will focus on azeotropic mixtures. Ethane is one of a few gases that forms 

azeotropic mixture over a wide range of temperature and pressure that has a minimum 

boiling point that could have improved cooling properties in heat pumps compared to 

pure CO2 
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Abstract Recently developed micro-nano scale coating techniques, for 

modification of surface geometry and chemistry, has been playing an 

important role in the enhancement of boiling and condensation phase 

change heat transfer. Boiling and condensation are important heat transfer 

processes with a wide range of applications i.e. steam power plants, 

thermal desalination, domestic heating and cooling, refrigeration and air-

conditioning, electronic cooling, cooling of turbo-machinery, waste heat 

recovery and many more. Due to its enormous field of applications, any 

slight improvement in this area leads to significant economic, 

environmental and energy efficiency outcomes. Both condensation and 

boiling are surface phenomena and have common variables i.e. surface 

area, thermal conductivity, wettability, porosity, roughness etc. 

Compared to subtractive methods surface coating is more versatile in 

material selection, geometry; simple, quick, robust in implementation; 

and quite functional to apply for already installed systems. A critical 

review of present status of these coatings methods along with their future 

challenges, enhancement potentials, comparison, limitations and 

possibilities of industrial applications are discussed in this paper. 
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1 Introduction 

 

Heat transfer is involved in every energy utilization, conversion, and recovery 

application. Phase change heat transfer is mainly used in processes where high thermal 

energy is needed to be transferred in compact space. Boiling and condensation are an 

important phase change heat transfer due to its vast range of applications i.e. thermal 

power plants, electronic cooling, food processing, desalination, waste heat recovery, 

cooling of turbo machinery, domestic cooling and heating. 

 

In almost all industrial applications, boiling and condensation phenomena are highly 

sensitive to surface properties like roughness, porosity, wettability and nucleation sites. 

Recent developments in the field of micro-nano scale manufacturing and surface 

functionalization have expanded the boundaries for heat transfer enhancement through 

surface treatment.  Compared to other modification methods, surface coating is quick, 

robust and versatile in material selection.  This paper presents a critical review of present 

status of coating techniques for boiling and condensation along with their enhancement 

abilities, limitations, future challenges and possible applications on industrial scale. 

 

2 Boiling 

 

2.1 Enhancement of boiling heat transfer: Overview 

 

High latent heat of vaporization makes boiling an efficient energy transfer process [1]. 

The mechanism of heat transfer through boiling process can be best understood form 

boiling curve introduced by Nukiyama et al. [2], see Figure 1. This section overviews the 

physics involved in boiling heat transfer, using boiling heat transfer curve. Nucleate 

boiling heat transfer (NBHT) to Film boiling (FB) transition, Heat transfer coefficient 

(HTC) and Critical heat flux (CHF) are key factors of this phenomena. 

 

Nucleate boiling heat transfer (NBHT) to film boiling (FB)  

 

NBHT can be best understood by renowned boiling curve, Figure 1. This curve is  initially 

proposed by researchers like Nukiyama, Jacob, Drew and Muller [3]–[5]. In this figure, 

q"s represents heat flux, Tsat is saturation temperature, Ts surface temperature and h is heat 

transfer coefficient.  Boiling process starts when Tsat overcomes Ts . During NBHT 

boiling more mature vapour bubbles nucleate on surface and they quickly leave. These 

bubbles are replaced by new bubbles just after their departure and the process continues. 

This process causes advanced mixing of fluid in region near to the surface and thus caused 

in enhancement in h and q"s [6]. Further increase of heat flow results in an increase in 

nucleation density of bubbles. At point when rate of generation of bubbles overcome its 

rate of departure, the bubbles start to merge together and form blanket of vapours on the 

surface. At this stage, the boiling phenomena is called Film boiling, as shown in Figure 

5. The efficiency of the boiling process decreases drastically during film boiling because 

of low thermal conductivity of vapour. Delaying film boiling and improvement in 



10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30TH, 2017, BLED, SLOVENIA), ENERGY EFFICIENCY 

S. Alim Khan, A. Ali, M. A. Hussien & M. Koc: Critical Review of Micro-Nano Scale 

Surface Modification for Phase Change Heat Transfer 

209 

 

nucleate boiling regime are two desiring goals in enhancement of boiling heat transfer 

process 

 

 
Figure 4. Boiling heat transfer curve [6]. 

 

Critical heat flux (CHF) and heat transfer coefficient (HTC/ h) 

 

CHF represents a performance parameter for boiling heat transfer and it is the maximum 

limit of NBHT. For design, safety and efficiency of boiling process, it is important to 

know its exact value of CHF. The goal  of every NBHT design process is to work close 

to the CHF point and at the same time caution needs to  be taken because any little 

increase in the surface temperature could lead to the a failure of the process [6]. On the 

other hand, HTC is the best representation of thermal efficiency of process and is the 

slope of NBHT curve. 
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Figure 5: Two different conditions for same substrate: (a) Nucleate boiling. (b) Film 

boiling, [6]. 

 

2.2 Surface coatings for boiling heat transfer enhancement 

 

Nature of Surface, working temperature and pressure, and fluid properties such as 

viscosity, thermal conductivity, heat capacity, are the main parameters for NBHT [6]. For 

most of the application it is hard to change working fluid so surface remains as main 

variable to optimize to enhance overall process. Jakob [7] reported for the first time the 

effectiveness of surface roughness in NBHT process. The theory stems from the 

observations of many researchers that cavities on the surface originate the bubbles and 

entrap them inside. This theory was experimentally verified by many researchers [8]–

[10]. Surface coating for boiling can be classified into the following categories.  

 

Metal nanoparticles coating 

 

Coating of nano-particles on substrate started with the study of nano-fluid application for 

boiling. Properties such as high thermal conductivity and enhancement in NBHT with 

very low concentration, make the use of nano-fluid interesting for boiling heat transfer 

[11], [12]. However, the study of Vassallo et al. [13] changed the direction of the research 

by reporting the deposition of nano-particles on the substrate as main source of heat 

transfer enhancement in pool boiling. Kim et al. [14] confirmed this observation recently 

by modifying the surface with alumina, silica and zirconia nanofluids. During bubbles’ 

evaporation, nano particles settle down on the surface and form porous layer [14]. These 

coated nano-particles then act as nucleation points for bubbles generation and also extend 

overall surface area [15], [16].  
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Wettability: Hydrophobic and hydrophilic coatings 

 

Hydrophilic surface helps in delaying dry out by drawing liquid while hydrophobic 

surfaces act as nucleation sites [1], [17]. A combination of hydrophobic and hydrophilic 

coating patterns has a significant effect on the overall heat transfer enhancement [1]. 

Different patterns of both coatings have been studied in literature and reported high 

values for  HTC and CHF as 100 KW/m2K 100W/cm2 respectively [18].  Techniques 

for changing the wettability of the surface are either by altering the surface topology or 

chemistry.  

 

Micro-porous coatings  

 

Microporous surfaces help in increasing the nucleation sites, the overall surface area and 

the capillary effect [19]. These in turn result in lowering the super heat and increasing the 

CHF. Modulated surface results in decreasing the resistance of liquid and vapour flow 

during NBHT. A complete separation of these two phases, during NBHT, could result in 

an optimum enhancement [19]. Researchers have used different methods in the 

preparation of modulated porous surfaces. Some of these methods are: hot powder 

compaction  [19], direct coating of copper foam [20], sintering [21], [22]. 

 

CNT and graphene coatings 

 

Due to significantly higher thermal conductivity and lower wettability, CNT and 

Graphene coating have a positive effect on the overall enhancement of boiling heat 

transfer. Different studies have confirmed the positive role of both multi-wall and single-

wall CNT. For CNT coating on metal substrate, CNT acts as nucleation sites of bubbles’ 

generation while the metal substrate, due to its hydrophilic nature, acts as a source of 

liquid. The study of CNT coating density and length have shown that a higher value of 

these parameters always resulted in a better performance. 
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Figure 6. Comparative study of different NBHT enhancement studies. m represents 

coated or modified surface while b represents bare or uncoated surface. References ( 

from Top row to bottom): [23], [24], [25], [26], [27], [28], [29], [30], [13].   

 

3 Condensation  

 

3.1 Condensation heat transfer enhancement: Overview 

 

Direct contact condensation is the most common type of condensation, which occurs in 

almost all industrial applications due to its lower energy barrier [31]. During this process, 

vapour is brought into a direct contact with a cold substrate. This process results in the 

formation of liquid drops on the surface called Dropwise condensation (DWC). If the rate 

of the formation of drops on the surface overcomes their rate of departure, this results in 

the formation of a thin liquid film on the substrate surface called film-wise condensation 

(FWC), as shown in Figure 7. DWC is most efficient and desiring condensation condition 

which makes sure direct contact of vapour and cold substrate [32]. Surface tension, 

roughness and energy of the surface plays an important role in final form of condensation.  

Direct condensation is surface phenomena and can be easily optimized with surface 

modification.  

 

3.2 Surface coating for condensation: 

 

This paper focuses on surface modification by coating to achieve DWC.  Below are type 

of coating techniques reported in literature for enhancing DWC. 

 

0 1 2 3 4 5 6

Metals Nano Particles

Porous coating

CNT, Graphene, CNF

CHFm/CHFb

CHFm/CHFb
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Figure 7. For same substrate: Film-wise condensation (left) before coating and 

Dropwise condensation (right) after graphene coating [33]. 

 

Coating with noble metals and rare earth oxides: 

 

Nobel metals have low surface energy, hence high contact angle i.e. Au: 55-85⁰, Rh: 65-

82⁰, Ag 68-89⁰, and Pd: 74⁰ [34], and are highly resistant to oxidation and corrosion. 

These metals have high ability to absorb hydrocarbons and impurities which make them 

favourable for DWC [35].  Metals like Gold [36] and silver [37] have been extensively 

studied by researcher for condensation and reported enhanced results.  

 

Similarly to Nobel metals, rare earth oxide also shows significant results in the 

improvement of condensation phenomena due to their hydrophobic  nature [38]–[40]. 

The electronic configuration 5s2p6 of outer shell of these metals decrease their interaction 

with water molecules. Rare earth oxides are used for super hydrophobic surfaces and 

reported significant performance for DWC [41]. 

 

Ion implantation  

DWC phenomena for ion implanted technology modified surfaces were first reported by 

Zhang et al. [42] and Zhao et al. [43] on Copper substrate using HE, Ar, N and H.  These 

layers are durable and have negligible resistance due to their negligible thickness. These 

surfaces were reported better in performance than compared to Silver, Teflon and Gold 

coated surfaces [43].  

 

Polymer coatings 

 

The cost and performance of polymer coating makes it favourable coating for 

condensation as compared to other available coating techniques [44]. However, the 

durability of these coatings is ensured up-to now only for high thickness which results in 

high thermal resistance. Researchers suggested different methods to increase their 

durability i.e. binding material in between of substrate and coated polymer layer [45], 

surface processing. Techniques like Chemical vapour deposition (CVD) [46], initiated 

chemical vapour deposition (iCVD) and Plasma enhanced chemical vapour deposition 

(PECVD) [47] have been used in literature for polymer coating.  
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Self-Assembled Micro/nano Silver (SAM) 

 

SAM have negligible thermal resistance and ensure thin coating up-to individual 

molecular level [48]. They are mostly consisting of polymer with functional group 

attached to one side. One side of polymer are hydrophobic in nature and helps in 

condensation while other ensure adhesion with surface [49]. 

 

Lubricant Infused Surfaces (LIS) 

 

LIS are hydrophobic in nature surfaces coated with lubricant [45]. These surfaces are 

good in formation of drops and also its mobility [50]. Durability and limited application 

are main problems of these coating. 

 

Graphene, CNT, CNF and DLS coating for condensation enhancement 

 

Graphene, CNT and CNF coatings are favourable DWC due to their high thermal 

conductivity and hydrophobic nature. Preston et al. [33] studied single layer thin 

graphene coating on 99.99% pure copper, see Figure 7,  and reported 4 times 

enhancement in HTC through DWC. Also, the durability was observed up-to two weeks. 

Like Graphene, CNT [51] and CNF [52] and DLS [53] coating has also been reported by 

researcher for high DWC performance. 

 

 
Figure 8. Comparative study of condensation enhancement studies. m represents coated 

or modified surface while b represents bare or uncoated surface. References (from top 

row to bottom): [54], [55], [56], [33], [57], [37], [58] 
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Abstract This paper deals with the description of a photovoltaic (PV) 

production prediction by the probability distribution function. Based on 

experimental on-site measured data of PV production, it is observed that 

there are different PV power production levels for the same solar 

irradiation and PV panel temperature. These PV power dispersions (for 

same irradiance and panel temperature) can be caused by different factors, 

including non-ideal working of maximal power point tracking (MPPT) 

devices, device efficiencies, different spectral response of PV panel and 

PV cell used for the solar irradiance measurement, different temperatures 

over the PV panel, and others Due to the stochastic character of these 

occurrences, they can be very difficult take into account in the 

deterministic mathematical models usually used for PV power prediction. 

A probabilistic method for PV power production is proposed based on 

randomly generated PV production using the probability density function 

with respect to the solar irradiation. 
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1 Introduction 

 

The prediction of photovoltaic production is of interest to research in renewable energy 

sources. Due to the stochastic character of the energy source (solar irradiance), the 

probabilistic approach is often employed. In [1], the PV production is predicted based on 

the solar irradiance estimated by using the probability density function of the clearness 

index, which is modelled based on the Bayesian approach here. Bayesian approach to 

prediction PV energy production is also used in [2]. The time series method for PV power 

forecasting depends on the day of the year and the time of day is presented in [3]. In [4] 

the authors use an Artificial Neural Network (ANN) with ambient and panel temperatures 

and irradiance as input data to obtain PV power as output from ANN. ANN is also used 

in [5], [6], [7], [8] and [9] for PV power estimation. In [10], a combination of different 

time series and ANN models tuned by using a Genetic Algorithm (GA) is used for PV 

power prediction. Genetic Programming (GP) to evolve the fuzzy inference system for 

PV power production is presented in [11]. The historical data processed with a data 

mining technique are used in [12] to estimate PV power production. In [13] and [14], 

support vector machines (SVM) using numerically forecast weather data is used for PV 

energy and power prediction. Randomly generated PV power with respect to time of the 

day is presented in [15]. This literature was also one of the motivations for the authors to 

conduct research presented here. 

 

As is known, irradiance and panel temperature have the main impact on PV power. 

During the analysis of the measured data of the PV plant, the authors noticed that there 

are cases in which different PV power levels was measured even though values of 

irradiance and PV panel temperature were the same. The causes of this occurrence can 

be due to the non-ideal work of MPPT, different spectral response of PV panel and PV 

cell used for the solar irradiance measurement, different temperatures over the PV panel, 

different air masses, and other factors. Because of the stochastic character of these causes, 

they bring uncertainty when PV production is estimated. This was the motivation for this 

research. The hypothesis is that this uncertainty can be quantified by using the probability 

density function. The probability density function parameters are determined based on 

historical measured PV plant data at a micro-location in Slovenia. The PV power 

production model only consider irradiance is proposed here because the irradiance has 

main impact to PV power. The proposed method has can use existing software tools to 

avoid too much code writing during the method implementation. The rest of the article is 

organized as follows: the overview of the proposed model is given in Section 2, 

simulation results are presented in Section 3, and in the last section the conclusion is 

given. 

 

2 Modelling Uncertainty of PV Power Production Based on Measurement 

Data 

 

A main idea of the method is that uncertainty in PV power production can be modelled 

by generating random numbers according to normal distribution depending only on 

irradiance. Here, the question is how to estimate mean and standard deviation of the 
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probability density function of the normal distribution. The amount of PV power data at 

specific irradiation is not always large enough for each irradiation values to be 

statistically significant. This is the case even though 15-minute PV power data are 

considered on a monthly level. Two different procedures are proposed here to overcome 

this. Both procedures use the measured data grouped according to irradiance ranges as 

shown in Figure 1. The procedures consider distribution mean and deviation irradiance 

dependence. These dependences are modelled with analytical polynomial functions. The 

coefficients (parameters) in these functions are determined by using a curve-fitting 

technique. In both procedures, the mean is defined in the same way but the distribution 

deviations are not. The distribution mean dependent on irradiance is defined as 

polynomial functions; the best fit all measured PV power data (Nm data of Pm) over 

measured irradiance (Nm data of Gm) range (red line in Figure 1) as: 

 

 1 1

0

H
h

mean m, :Nm m, :Nm h

h

P G,G ,P a G


      (1) 

 

The next step in both of the procedures is calculating the average value of the irradiance 

for each irradiance range (Gavr,i in Figure 1). The irradiance range average value is defined 

as the arithmetic mean of the irradiance range bounds: 
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Figure 1. Grouping measured data in irradiance ranges 

 

In the first procedure (PROC 1), the standard deviations of the measured PV power 

samples for each irradiance range are calculated according to: 
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1

1

iN
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ji
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     (3) 

 

where, i , jPm  is measured the j-th PV power within the i-th irradiance range, iPm  is 

average values (mean) of the measured PV powers of the i-th irradiance range and Ni is 

number of measured PV powers in i-th irradiance range.  

 

Based on deviations calculated according to equation (3) and irradiance range means 

according to equation (2) using a curve-fitting tool, the polynomial function is 

determined: 
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The last step in the proposed procedure is randomly generating PV powers (for any 

irradiance) by using the normal distribution with probability density function has the 

mean according to equation (1) and deviation according to equation (4): 

 

      1meanP G N P G , G     (5) 

 

Equation (5) models the PV power dependent on irradiance, considering uncertainty. In 

the second procedure (PROC 2), the standard deviation of the distribution is determined 

differently than in PROC 1 while all other steps are the same (Figure 2). In PROC 2, the 

distribution deviation is defined by means of the range dispersion factor. The dispersion 

factor of the irradiance range is defined here as: 

 

  
2

1

1 iN
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ji
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       (6) 

 

Pmean in equation (6) is calculated according to equation (1). The distribution deviation 

dependent on the irradiance in PROC 2 is defined as the polynomial function, which fits 

the range dispersion factors (equation (6)) with respect to the irradiance range averages 

(equation (2)): 
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Figure 2. The proposed procedures for generating PV power output involving 

uncertainty 

 

The model of PV power dependent on irradiance considering uncertainty in PROC 2 is 

now defined as: 

 

      2meanP G N P G , G     (8) 

 

The overview of the procedures for generating PV power dependent of irradiance 

considering uncertainty proposed above is given in the form of the flowchart in Figure 2. 
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3 Case Study Simulation Results 

 

Because the source and intensity of the uncertainties can depend on a specific PV system 

(devices used) and weather conditions at a micro-location, the proposed method is applied 

to a case study of the specific PV system. The system used in the case study is installed 

at the town of Krško (45.95915° N, 15.49167° E), Slovenia at the micro-location of the 

Krško-Sevnica School centre. The rated power of the PV system is 1.05 kWp. The PV 

panels used in the system is a Solar World SW175 monocrystalline panel. The irradiance 

and panel temperature are measured with a Sunny SensorBox. The irradiance sensor is 

placed at the same angle as the PV panels. The mathematical implementation of the 

proposed method on the computer is performed in the Python programming environment 

using scipy [16] and numpy [17] packages. The numpy functions “numpy.polyfit” is used 

to find coefficients in polynomial functions in equations (1), (4) and (7). The measured 

data are collected during the year 2013. For the measured data, the polynomials of the 

model distribution mean and deviations are: 
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according to PROC 1: 
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according to PROC 2: 
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    (11) 

 

After the distribution mean and deviation dependent on irradiance are determined, the PV 

power can be generated using the proposed model according to equations (5) and (8) 

taking into account equations (9) – (11). The measured yearly data and the irradiance 

dependent distribution mean are shown in Figure 3. The results of the simulation are 

given in Figures 4-16. 
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Figure 3. Measured PV power in 15-minute intervals during 2013 and fitted distribution 

mean (red line, equation (9)) 

 

 
Figure 4. Measured and generated PV power during 2014 – PROC 1 
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Figure 5. Measured PV power and percentiles for 2014 – PROC 1 

 

Figures 4 and 8 show PV power on a yearly basis (for 2014) generated by using proposed 

model tuned with measured data during the previous year (2013). As can be seen, both 

proposed procedures (PROC 1 and PROC 2) give similar results. In Figure 6, the 

generated PV power data for the month of the winter season are given and in Figure 10 

for the month of the summer season. Figures 12 and 14 show the PV power data generated 

by using the proposed method for the examples of the sunny day and of the cloudy, day 

respectively. 

 

 
Figure 6. Measured and generated PV power during February 2014 – PROC 1 
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Figure 7. Measured PV power and percentiles for February 2014 – PROC 1 

 

 
Figure 8. Measured and generated PV power during 2014 – PROC 2 
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Figure 9. Measured PV power and percentiles for 2014 – PROC 2 

 

 
Figure 10. Measured and generated PV power during July 2014 – PROC 2 
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Figure 11. Measured PV power and percentiles for July 2014 – PROC 2 

 

In addition, the percentiles of the distribution density function obtained according to the 

proposed procedures on yearly (Figures 5 and 9), monthly (Figures 7 and 11), and daily 

(13 and 15) levels are given. 

 

 
Figure 12. Measured and generated PV power on 14.05.2014. – PROC 2 
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Figure 13. Measured PV power and percentiles on 14.05.2014. – PROC 2 

 

 
Figure 14. Measured and generated PV power on 02.11.2014. – PROC 2 

 

It is very interesting to note that the PV energy determined based on the randomly 

generated PV power is very close to the measured energy on yearly, monthly and daily 

basis as can be seen in Table 1. 
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Figure 15. Measured PV power and percentiles on 02.11.2014. – PROC 2 

 

4 Conclusion 

 

This paper presents the procedure for quantification of the PV power production that has 

a stochastic character. The randomly generated number using the probability density 

function of the normal distribution is used for the purpose. Two procedures for 

determining the parameters (mean and standard deviations) of the normal probability 

density function are proposed. As can be seen from the simulation results of the case 

study, the proposed stochastic model is capable of emulating PV system power 

production with respect to solar irradiance. The drawback of the proposed method is the 

need for a large number of previously measured data at a PV system micro-location. The 

proposed stochastic model can be used to predict the PV system production for a given 

irradiance profile. Further research will be about using different timespans of the 

previously measured data (database for determining the model parameters) and different 

probability distributions. 
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Table 1. Comparison of measured PV energy and the energy estimated by means of PV 

power generated by using the proposed model 

Period Wmeas [kWh] West [kWh] Diff [%] 

14.05.2014. 5.264 5.095 -3.21 

02.11.2014. 0.7 0.738 5.43 

01.2014. 3.887 4.033 3.75 

02.2014. 25.286 26.092 3.19 

03.2014. 77.276 75.739 -1.99 

04.2014. 91.856 90.606 -1.36 

05.2014. 131.062 129.551 -1.15 

06.2014. 138.353 140.218 1.35 

07.2014. 124.161 126.713 2.06 

08.2014. 89.182 91.674 2.78 

09.2014. 49.310 50.848 3.12 

10.2014. 33.969 35.225 3.70 

11.2014. 17.746 18.648 5.08 

12.2014. 14.984 14.407 -3.86 

2014. 797.072 803.351 0.788 
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Abstract The paper presents an analysis of different energy performance 

levels for buildings where the result was a direct consequence of its 

envelope compliance in terms of architecture and technical 

characteristics. The methodology employed to calculate the energy 

consumption rests upon the degree day concept of assessing a building’s 

demand for heating energy during the winter period and cooling energy 

during the summer period, while introducing the notion of equilibrium 

external temperature. Annual energy consumption was computed for 

scenarios comprised of different approaches for the envelope, where the 

ratios between the transparent and opaque external elements, solar 

transmission coefficients and different glazing thermal transmittance 

values vary. The results are presented graphically in order to gain a 

synthetic image upon the spectrum of the envelope characteristics that 

lead to near zero energy performance for buildings. 
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1 Introduction 

 

The Directive 2010/31/EU of the European Parliament [1] set up a clear schedule for all 

Member States, to ensure that by the end of December 31, 2020, all the new buildings 

will be nearly zero-energy buildings (nZEB). As the European Union consists of Member 

States that are an inhomogeneous aggregate of countries from a meteorological and an 

energy sector performance point of view, each country must define its own technical and 

legal framework that defines the notion of nZEB. 

 

Throughout the last 25 years, great achievements have been made in the building 

construction sector, starting with one of the first passive houses built in 1994 in Germany, 

the Heliotrope house [4], which is estimated to generate four times more energy than it 

consumes in one year. 

 

Along all this time the focus of building energy efficient houses has gradually shifted 

from innovation and clever design to standardization and clear established performance 

criteria. The main target now is to design and put up energy efficient buildings as a 

standard way for the construction industry. 

 

The pressure now rests on the shoulders of all participant members of the industry, the 

design teams, government institutions, the construction companies, the product 

manufacturers, etc. 

 

One of the most important steps in all this process is represented by the early architectural 

concept design stages, when the building defines its shape and characteristics. In most of 

the cases this is the stage where many of the performance criteria are set up. Going back 

and changing this values usually generates time delays and budget losses. 

 

Because of these reasons, a good starting point can ensure the success in meeting all the 

performance criteria in terms of energy efficiency when designing and constructing 

buildings, leaving aside the trial and error approach. 

 

The study’s aim was to search for patterns, technical characteristics and correlations 

between these characteristics, so that by complying the architecture of the building’s 

envelopes with all of these findings, achieving nZEB efficiency will be enabled from an 

early design stage. 

 

In order to achieve this, the research focused on two main approaches, one being the 

realization of a computer program based on an established methodology of assessing the 

annual energy demand of a building and the other being the possibility to set up a complex 

set of modifiable values for a theoretical generic building that would be placed in different 

geographic areas with clearly defined meteorological profiles in order to analyse the way 

it responds to different external thermal stresses. 
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2 The Generic Building 

 

The object of analysis is represented by a theoretical building, for which a set of 

predefined characteristics were chosen. For the study’s purpose, the building was created 

in such a way that the compactness factor, understood as the ratio between the surface of 

the thermal envelope and the volume of the building, to be in the range of 0.15 and 0.25, 

this way the thermal and solar stresses acting upon the building through the envelope 

won’t dissipate in a very big volume, making the analysis of the effects hard to identify. 

Thus, a building was created where all the points inside are in the vicinity of the façade, 

at a maximum distance of 8.5 m. The choice for the shape was based on the rectangular 

footprint, with a ratio between the width and the length of approximately 1:3, this way, a 

fully exposed façade to the sun was obtained, ensuring clarity in the output data. In the 

picture below there is a graphical representation of the building geometry that was used 

as a model for the study, in two versions, where the glazing ratio is the differentiating 

factor. For the model, a ground floor plus four levels, each having 3.5 m in height, were 

considered. 

 

 
Figure 9. The generic building with different glazing ratio 

 

In the present paper we will refer to this conceptual building model as the “generic 

building”. The main standard values considered for the generic building are as follows: 

 

i. Thermal resistances for the envelope’s elements: 

 

a. Walls, 𝑅𝑤𝑎𝑙𝑙: 1.80 m²K/W; 

b. Glazing, 𝑅𝑤𝑖𝑛𝑑𝑜𝑤: 0.80 m²K/W; 

c. Glazing’s solar factor g: 0.4; 

d. Window’s frame: 0.77 m²K/W; 

e. Roof: 5.00 m²K/W; 
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ii. Building’s characteristics: 

 

a. Windows ratio with the vertical surface of each level: 50%; 

b. Window’s frames ratio out of the total windows area: 15%; 

c. Internal temperature during winter time, 𝑡𝑖0: 20 ºC; 

d. Internal temperature during summer time, 𝑡𝑖0: 24 ºC; 

e. Outside air infiltration rate, 𝑛𝑎: 0.6 h-1; 

f. Orientation: the length is perpendicular to the North-South axis. 

 

The energy sources considered for connecting the building services heating and cooling 

plants, are the natural gas from the local supplier and electricity from the local grid. Gas 

boilers will be connected to the gas distribution for heat production and air cooled 

frigorific machines (chillers) using mechanical compression of Freon vapours for the 

cooling energy production. Inside all spaces 4-pipe fan coil units were considered for 

maintaining the indoor air temperatures during the winter and summer time. In order to 

simulate a real case scenario, efficiencies were considered for the distribution system, fan 

coil units control and energy production, as follows: 

 

iii. Building services efficiencies: 

 

a. Fan coil units control efficiency: 98%; 

b. Distribution form the plants to the fan coil units efficiency: 95%; 

c. Boiler efficiency: 92%; 

d. Chiller ESEER: 3.6 

 

3 Methods 

 

3.1 Thermal connection factor 

 

The algorithm used to evaluate the annual energy demand for heating and cooling the 

generic building’s internal spaces is based on the concept of complex thermal connection 

between the outside meteorological conditions and the indoor microclimate [2]: 

 

�̇�𝑛𝑒𝑐 = 𝐻 ∙ (𝑡𝑖0 − 𝑡𝑒)        (1) 

 

The above equation describes the way the heating or cooling demand, �̇�𝑛𝑒𝑐, is calculated 

using the complex thermal connection coefficient 𝐻. This coefficient denotes the heating 

flux that is exchanged between the external thermal potential, rated at the 𝑡𝑒 temperature 

and the indoor thermal potential fixed by the design criteria at 𝑡𝑖0 temperature. 

 

The  thermal connection coefficient 𝐻 comprises two components, one related to the 

thermal envelope of the building and one related to the outside air infiltration [2]: 
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𝐻 = 𝐻𝑇 + 𝐻𝑉 =
𝑆𝑇

𝑅𝑚
+ 0.34 ∙ 𝑛𝑎 ∙ 𝑉      (2) 

 

The 𝐻𝑇  coefficient is linked to the heat transmission through the thermal boundary of the 

building, namely the envelope, described by its total area 𝑆𝑇 and its average thermal 

resistance 𝑅𝑚. The 𝐻𝑉 coefficient is associated with the outside air infiltration rate 𝑛𝑎 

considering the building’s volume 𝑉. This coefficient bares a unit conversion factor, 

which is 0.34 [
𝑊∙ℎ

𝑚3∙𝐾
], that also comprises the values of the air’s density and specific mass 

heat. 

 

Combining the equations (1) and (2) the building’s heat demand mathematical relation 

will be of the form [2]: 

 

�̇�𝑛𝑒𝑐 = (
𝑆𝑇

𝑉⁄

𝑅𝑚
+ 0.34 ∙ 𝑛𝑎) ∙ 𝑉 ∙ (𝑡𝑖0 − 𝑡𝑒)      (3) 

 

3.2 Degree days 

 

To generate prompt results when the input data is changed, the methodology of evaluating 

the building’s annual energy demand rests upon the degree-days concept [2], [3]: 

 

𝑄𝑎_𝑛𝑒𝑐 = 𝐻 ∙ [∫ (𝑡𝑖0 − 𝑡𝑒(𝜏))𝑑𝜏 + ∫ (𝑡𝑖0 − 𝑡𝑒(𝜏))𝑑𝜏
𝜏𝑐𝑓

𝜏𝑐𝑖

𝜏ℎ𝑓

𝜏ℎ𝑖
]    (4) 

 

Where (𝜏ℎ𝑖 , 𝜏ℎ𝑓) and (𝜏𝑐𝑖 , 𝜏𝑐𝑓) represent the time periods when the building is heated and 

respectively cooled. Integrating the temperature variations, the degree-days values for the 

heating period 𝑁𝐻𝐷𝐷[℃ ∙ 𝑑𝑎𝑦]  and the degree-days for the cooling period 

𝑁𝐶𝐷𝐷[℃ ∙ 𝑑𝑎𝑦] are determined. Thus, using the meteorological records for the location 

where the generic building is placed, the annual energy demand is calculated with the 

formula [2], [3]: 

 

𝑄𝑎_𝑛𝑒𝑐 = 0.024 ∙ 𝐻 ∙ (𝑁𝐻𝐷𝐷 + 𝑁𝐶𝐷𝐷) [
𝑘𝑊ℎ

𝑦𝑒𝑎𝑟
]     (5) 

 

where, 0.024 represents a conversion factor from 𝑊𝑑𝑎𝑦 to 𝑘𝑊ℎ. 

 

3.3 Equilibrium external temperature 

 

In order to encompass the effects of the solar energy and the indoor heat generated by 

human presence, electrical equipment and lighting systems, the equations (4) and (5) were 

modified by introducing the variable 𝑡𝑒𝑒 denoted as the equilibrium external temperature 

[2]: 
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𝑡𝑒𝑒 = 𝑡𝑖0 −
�̇�𝑔𝑎𝑖𝑛

𝐻
         (6) 

 

Where �̇�𝑔𝑎𝑖𝑛 sums the total indoor heat dissipation and the external solar gains. 

 

Plotting the temperatures variations, the degree-days value represents the area between 

the 𝑡𝑒𝑒 segments and the monthly outdoor average temperatures segments, denoted 𝑡𝑒𝑚𝑎, 

as depicted in figure (2): 

 

 
Figure 10. Heating period 

 

4 Results 

 

The methodology described in the previous chapter was translated into a calculation 

algorithm that was used to write a computer program that evaluates the annual energy 

demand of the generic building described in the second chapter. The code, named AVO, 

was written, debugged and validated by the research authors using the Python language. 

All the graphs were generated by AVO, using the matplotlib library. 

 

4.1 Meteorological data 

 

A database was created to hold meteorological information for several places in Romania 

that have different temperature profiles and different availability of solar energy 

throughout the year. The average temperatures and total solar radiation for these places 

are depicted in table (1). 
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Table 2. Yearly average temperatures and total solar radiation for different cities 

City 

Yearly average 

temperature 

Total radiation on 

horizontal plane 

[°C] [W/m²/year] 

Bucharest 10.7 1684.9 

Constanța 12.1 1783.8 

Iași 10 1606.4 

Târgu Mureș 9.2 1644.0 

Târgu 

Secuiesc 
7.2 1631.8 

 

4.2 Energy demand variation with the geographical position 

 

Using the standard input data as described in chapter 2, the generic building was placed 

in each of the five cities, keeping the same orientation (the building’s length 

perpendicular on the N-S axis), for annual energy demand calculations at the connection 

points. The results of the total annual energy demand and the heating and cooling demand 

ratios are depicted in table (2). 

 

Table 3. Annual energy demand comparison 

City 

Annual energy 

demand 

50% glazing 

Heating/Cooling 

ratios 

[kWh/m²/year] [-] 

Bucharest 53.3 71% / 29% 

Constanța 42.2 59% / 41% 

Iași 58.8 77% / 23% 

Târgu 

Mureș 
59.1 80% / 20% 

Târgu 

Secuiesc 
66.0 87% / 13% 
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4.3 Energy demand variation with the glazing ratio and the thermal 

characteristics of the envelope 

 

Fixing the building’s geographical position to Bucharest and considering the thermal 

resistances of the opaque and glazed elements belonging to the envelope’s vertical part, 

together with the glazing’s solar factor, set to the values in table (3), the annual energy 

demands were computed considering the variation of two elements. 

 

Table 4. Envelope's properties 

Thermal 

resistance of 

external walls 

𝑅𝑤𝑎𝑙𝑙  

Thermal 

resistance of 

external 

windows 

𝑅𝑤𝑖𝑛𝑑𝑜𝑤  

Glazing solar 

factor 

g 

[m²K/W] [m²K/W] [-] 

2.00 1.00 0.4 

 

Three scenarios were investigated for which the first element that varies is an 

architectural one, namely the glazing ratio (denoted GR), whose values range from 10% 

up to 90%. For each scenario, a high resolution variation surface was plotted using small 

computation steps for the change in values of the two elements considered. 

 

In the first scenario, the thermal resistance of the walls (𝑅𝑤𝑎𝑙𝑙) ranges between the values 

0.50 and 3.00 m²K/W generating the variation surface shown in figure (3). 

 

 
Figure 11. Variation surface / GR and Rwall 
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In the second scenario, the thermal resistance of the windows (𝑅𝑤𝑖𝑛) ranges between the 

values 0.50 and 2.00 m²K/W generating the variation surface shown in figure (4). 

 

 
Figure 12. Variation surface / GR and Rwin 

 

In the third scenario, the solar factor of the glazing (𝑔) ranges between the values 0.25 and 

0.40 generating the variation surface shown in figure (5). 

 

 
Figure 13. Variation surface / GR and g 
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5 Discussions 

 

From the early stages of the research, the resulting values for the energy demand by 

performing computations on the generic building placed in different geographical places, as 

shown in table (2), reveals the necessity to adapt the building’s performance criteria 

according to the meteorological profile of the construction location. The building’s 

annual energy demand, if the location is Târgu Secuiesc, is 56% more than the annual 

energy demand of the same building placed in Constanța. Breaking down the annual 

energy consumption into heating and cooling demands, shows that more in-depth analysis 

of the envelope’s individual components characteristics is required in order to understand 

how the building responds to the exterior thermal stresses. As shown in table (2) the 

generic building placed in Constanța should have an envelope that complies with a 

meteorological profile that is more demanding during the summer time, opposed to the 

design choices to be taken in order to make the envelope comply with a meteorological 

profile of city Târgu Secuiesc city that is more demanding during the winter time. 

 

Analysing the way the annual energy demand varies with the glazing ratio and solar 

factor, as shown in figure (5), it results that choosing a glazing with a higher solar factor 

it affects in a positive way the heating and cooling consumption profiles for a building 

placed in a geographical area where the thermal stress is much greater during winter time. 

 

Table 5: Târgu Secuiesc / g=0.4 

Heating 

demand 

Cooling 

demand 

Heating 

period 

duration 

Cooling 

period 

duration 

[kWh/m²/yr] [kWh/m²/yr] [h] [h] 

49.8 9.4 4155 3992 

 

Târgu Secuiesc / g=0.25 

Heating 

demand 

Cooling 

demand 

Heating 

period 

duration 

Cooling 

period 

duration 

[kWh/m²/yr] [kWh/m²/yr] [h] [h] 

59.3 6.2 4637 3460 

 

As shown in table (4), reducing the solar factor from 0.4 to 0.25 will result in a 19% 

increase in heating demand. There is also a consequence for the cooling demand, which 

decreases, but taking into consideration that the required cooling energy throughout the 

year is considerably lower compared to the heating energy, overall, choosing a glazing 

with a solar factor of 0.25 will result in an increase of the annual energy demand with 

10.6% compared to choosing a glazing with a solar factor of 0.4. The effects can also be 

seen by analysing the heating period that increases with 482 h when taking the value of 

the solar factor from 0.4 to 0.25, which add up to 20 days. 
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The variation surface in figure (3) shows large curvature values corresponding to areas 

where the wall’s thermal resistance ranges between 0.5 and 1.00 m²K/W. This range 

corresponds to walls that are poorly insulated relative to the performance criteria needed 

for buildings to meet the nZEB requirements. This range can be assimilated to the past 

construction standards according to which a lot of the existing buildings were built. The 

curvature becomes larger as the glazing ratio decreases, meaning there is less solar energy 

to penetrate the building and the average thermal resistance of the envelope becomes less 

efficient. 

 

Looking at both figures (3) and (4) a pattern emerges, pointing to the fact that there are 

sets of values that once applied to the generic building as input data, will lead to a 

resulting annual energy demand that has a very small variation in between the range of the 

glazing ratio, as shown in figure (6). 

 

 
Figure 14. Constant annual energy demand 

 

During winter time, as the glazing ratio increases, more solar energy enters the windows, 

compensating some of the energy lost through the envelope. During summer time the 

effect is opposite, meaning the energy coming from the sun that increases with the glazing 

ratio adds up to the heat that is already building up inside, counteracting the decrease in 

heating energy needed during the winter time, thus keeping the overall annual energy 

demand constant. 

 

6 Conclusions 

 

After computing many annual energy demand values corresponding to different scenarios 

a set of patterns emerged throughout each simulation. One of the first conclusions is 

linked to the meteorological profile of the geographical position. Depending on the ratio 

of the heating period compared to the ratio of the cooling period should the 

spectrophotometric characteristics of the glazing to be chose. In case the outside thermal 

stress is higher during the winter time, windows with solar factors bigger than 0.35 should 
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be considered, in order to allow the solar energy to compensate the heat losses. But if the 

outside thermal energy stress is more demanding for the building during the summer time, 

windows with solar factors lower than 0.35 should be taken into consideration, the 

challenge being to prevent the outside heat as much as possible from getting inside the 

building. 

 

Contrary to the general tendency to endow the buildings with glazing elements that have 

low to very low solar factors, most of our results show that this will only decrease the 

cooling power of the HVAC systems, but the overall annual energy demand will only 

increase compared to using glazing elements with higher solar factors. 

 

We suggest that future researches be done to investigate how a generic building responds 

to outside thermal stresses if it is placed in very different locations from a meteorological 

point of view. What would be an optimum spectrophotometric value for the glazing if the 

location is in south of Europe or if it is in north of Europe? 

 

Another solid pattern shows that for each scenario we investigated there was a set of input 

values that led to small variations in the annual energy demand with the variation of the 

glazing ratio. This means that conforming the characteristic of the envelope with the right 

set of values, the architectural teams have the freedom not to freeze the glazing ratio 

during the early stages of designing the building without having to consider what would 

be the consequences on the targeted annual energy demand. 

 

Future researches should investigate how do the CO2 emissions vary with the glazing 

ratio considering different types of energy sources, like natural gas, electricity from the 

grid and others 
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Abstract Mobile air conditioning systems play a key role in terms of 

refrigerant emission to the atmosphere with their one-third amount due to 

systems faults, service processes and accidents. In this study, a public bus 

(having a capacity of 99 passengers and a volume of 70 m3) and its mobile 

air conditioning unit (utilizing R134a as a refrigerant) are considered. The 

low-exergy (the so-called lowex) analysis method, which has been mostly 

applied to buildings, will be utilized to assess the performance of the 

public bus along with its air conditioning unit (the air-conditioned bus) 

for the first time to the best of the authors’ knowledge. The air-

conditioned bus is evaluated from the energy production to the bus 

envelope stage by stage through the low-exergy method while 

inefficiencies at each stage and the overall energy/ exergy efficiencies of 

the air-conditioned bus are determined under climatic conditions of Izmir 

in Turkey.  Total exergy efficiency values of the whole system (exergy 

demand room/total exergy input) are obtained to be 4.4% and 2.9% for 

the heating and cooling modes, respectively. 
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1 Introduction 

 

Over the last decades energy saving potential became a crucial concept in terms of energy 

efficiency and  sustainability. Buildings account for more than one third of the global 

primary energy demand. For this reason, studies have mostly focused on this area. 

Applications associated with building envelope and environment appears to be active and 

passive systems. While passive systems benefit from immediate environment potential 

(sun, wind, ventilate, etc.), active systems consume various energy sources such as 

electricity and fossil fuels usually with a high valued. In this regard, lowex systems have 

become very  popular due to their low valued energy utilization in heating and cooling 

applications (practically processes occur at a temperature close to room temperature), 

which provides low cost, wide distribution and environment friendly solutions. Also 

when they are compared with the traditional ones, they offer flexible fuel choice and more 

energy efficient. But initial investment might be slightly higher.  

 

Hepbasli [1] performed a comprehensive review study on low exergy technologies and 

applications for sustainable buildings and societies. Strengths and weaknesses of these 

technologies compared to conventional ones were discussed. Also, historical background, 

impact area and calculation method of a lowex 

 

guidebook used on these technologies was introduced. Schmidt [2] emphasised on 

importance of energy management potential (from generation, distribution, consumption 

within the environment) beside energy saving applications and low quality energy source 

utilization simultaneously lowering the heating/cooling demand. Exergy analysis 

methodologies, exergy efficient community supply systems, exergy efficient building 

technology and knowledge transfer, dissemination were introduced as sub tasks of the 

lowex method. Meggers et al. [3] investigated low exergy building systems 

implementation in prototypes, pilots and simulations which maintain low temperature 

lifts led to increase coefficient of performance. They also presented that low temperature-

lift heat pumps were thermodynamically feasible and produced the first prototype.  

 

In this study, differently from buildings, the performance of a public bus along with its 

air conditioning unit was assessed from the lowex point of view.  
 

2 System Description 

 

In this study, a public bus along its HVAC system is regarded as lowex system, as shown 

in Figure 1, is travelled in the city of Izmir, Turkey, in a Mediterranean climate. For 

steady state instantaneous exergy load calculation, indoor comfort temperatures are taken 

to be  20 °C and 26 °C based on EN 14750-1 standard for category A vehicles [4], 

corresponding to 0 °C and 35°C outside air temperatures for heating and cooling options, 

respectively. 
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Figure 1. Lowex System 

 

Main data of the lowex system are given in Table1. Additionally, construction materials 

and their dimensions are galvanized sheet with 0.001 m, polystyrene foam with 0.04 m 

and plywood with 0.004 m, respectively. Besides these values, outdoor and indoor 

convection heat transfer effects are regarded in transmission heat loss calculations. 

 

Table 1. Main Data Used 

Parameters Value Unit 

Length/height/ 

width of the bus 
12/2.3/2.5 m 

Exterior wall area 

lateral/rear-front/floor 
15.2/5.75/30 m2 

Window wall area 

lateral/rear/front 
16/1.5/4.5 m2 

Door/roof area 24/30 m2 

Fresh air rate per passenger 15 m3 

Heat exchanger efficiency 0.8 - 

Solar radiation 1324 W/m2 

Number of standing/siting occupants 66/31 - 

Lightening power 5 W/m2 

 

3 Analysis  

 

Energy and exergy analyses of the considered system are carried out through an Excel 

tool, which has been developed within the framework of International Energy Agency 

(IEA) formed within the Energy Conservation in Buildings and Community Systems 

Programme (ECBCSP) Annex 37. The tool and the calculation approach follow the 

method developed by Schmidt. The main equations of energy and exergy analyses are 

given below [5]. Fresh air effect, which is mandatory for mobile air conditioning systems, 

is added to the ventilation heat losses.  
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3.1 Energy analysis 

 

Heat losses 
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3.2 Exergy analysis 
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3.3  Energy transformation 
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3.4 Energy and exergy inputs 
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3.5 Energy and exergy efficiencies 
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3.6 Exergy destruction and flexibility 
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3.7  Exergy efficiency and sustainable index 
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While applying calculations (1) – (38), assumptions made for heating and cooling modes 

are listed in Table 2.  
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Table 2. Assumptions made 

Parameter Unit Symbol Value 

Air exchange rate ach/h nd 0.6 

Heat exchanger efficiency - V  0.8 

Specific heat of indoor air kJ/kgK Cp 1.005 

Density of indoor air kg/m3  1.2 

Window frame fraction - Ff 0.8 

Total transmittance - gj 0.58 

Solar radiation:      SE to 

SW, NW to NE 
W/m2 

Is,j 

 

20 

50 

Emitted heat per occupant W/person oQ   130 

Specific internal gains of 

equipment 
W/m2 eQ   0.04 

Specific lighting power  W/m2 lp  5 

Specific ventilation power W/m2 Vp  32.142 

Temperature drop K  <5 

Heat loss/efficiency - dis  0.86 

Auxiliary energy  W/kWheat disauxp ,  2.24 

Solar fraction - FS 0 

Radiator inlet temperature °C Tin 35 

Radiator return temperature °C Tret 25 

Auxiliary energy W/kWheat HSauxp ,  0.01 

Max. heat emission W/m2 max,heatp  34 

Heat loss/efficiency - HS  0.95 

    

Efficiency - CB  - 

Primary energy factor 

source 
- FP - 

Quality factor of source - Fq,S - 

Max. supply temperature in 

cooling / heating 
°C TCB,max 11/35 

Auxiliary energy W/kWheat Genauxp ,  10 

Auxiliary energy constant W constgenauxP ,,  - 

Primary energy  electricity 

factor 
- FP,el 3 

 

3 Results and Discussion 

 

In this study, energetic, exergetic and sustainability performances of a public bus with a 

volume of 70 m3 and a floor area of 30 m2 are evaluated. Calculations given by Equations 
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(1) – (38) are made under the climatic conditions of Izmir in Turkey. Using the 

assumptions made given in Table 2, total heating and cooling demands are calculated as 

12,685.40 W and 28,681.25 W, respectively. Heat loss rates based on Equations (1) - (7) 

for the heating mode   are 3,680.12 W for transmission and 10,203.28 W for ventilation, 

fresh air and infiltration. There are no occupants and solar heat gain assumption is made 

for getting maximum heat demand of the system. But internal heat gains from equipment 

utilization, lightning and ventilation power are calculated to be 1.048 W, 150 W and 

1,349.96 W, respectively.  

 

Heat gain rates calculated from Equations (1) - (7) for the cooling mode are determined 

to be 656.05 W for transmission and 10,195.28 for ventilation, fresh air and infiltration 

regarding latent heat loss affect. This effect led to find almost the same amount with the 

value occurs in the heating mode although the temperature difference is 9 °C (almost half 

of the heating mode 20°C).  Heat gain rates are 12,870 W for occupants, 1,048 W for 

appliances, 150 W for lightening and 1,349.96 W for ventilation power, respectively.  

 

 
 

 
Figure 2. Exergy and energy flows through components for heating and cooling modes 

 

After calculations of total heating and cooling demands, both energy and exergy flows 

and losses of the system in a heating or cooling mode in terms primary energy 

transformation, generation, storage, emission, indoor air and envelope amounts are 

determined and can be seen in Figure 2 where one can say that the system has to supply 

19,536.22 W and 29,495.55 W primary energy rates for heating and cooling modes, 

respectively. The highest heat loss occurs after primary energy transformation with 

13,375.74 W both in the heating and cooling modes. For the heating mode, exergy losses 

are followed by 3,785.85 W (generation), 261.48 W(distrubition), 1.366,77 W(emission), 
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187.04 W(inside air) and 895.81 W (envelope) respectively as can be seen from Figure 3 

given below. 

 

 
 

 
Figure 3. Exergy losses/consumption by components for heating and cooling modes 

 

4 Conclusions 

 

In this study, energy and exergy analyses for sustainability are handled and applied to the 

cooling and heating options of a mobile HVAC system for a public bus in Izmir.  

The main concluding remarks can be listed as follows:  

 

• Specific energy input rates (primary and renewable energy + internal and solar 

gains) of the system are 1,045.17 W/m2 and 447.93 W/m3 in the heating mode, 

1,223.47 W/m2 and 524.34 W/m3 in the cooling mode, respectively. 

• Total exergy efficiency values of the entire system (exergy demand room/total 

exergy input) are obtained to be 4.4% and 2.9% for the heating and cooling 

modes, respectively. 

 

Exergy flexibility factor (exergy demand emission/total exergy input) is determined to be 

0.121 for the heating mode 
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Nomenclature 

 

A  area (m2) 

cp specific heat at constant pressure (kJ/kg.K) 

E   energy rate  (W) 

xE
  exergy rate (W) 

ƒ  approximation factor (-) 

F  factor (-) 

g  total transmittance (-) 

I  radiation intensity (W/m2) 

l  length (m) 

N percentage of equipment resistance 

nd  air exchange rate (1/h) 

no  number (-) 

P  power (W) 

 

 p specific power, pressure  

(W/m2, N/m2) 

Q
  heat transfer rate  (kW) 

R  pressure drop of the pipe (Pa/m) 

RR  renewability ratio (-) 

SI  sustainability index (-) 

T  temperature (K) 

U  thermal transmittance (W/m2K) 

v   volumetric flow rate (m3/s)  

V  volume (m3) 

 

Greek letters 

 


  energy efficiency (-) 


  exergy efficiency (-) 

ρ  density (kg/m3) 

Δ  difference 

 

Subscripts 

 

air  indoor air 

aux  auxiliary energy requirement 

circ  circulation 

dest  destruction 

dis  distribution system 

dt  design temperature 

En  energetic 

Ex  exergetic 

e  equipment 

el  electricity 
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env  environment 

ex  external 

f  window frame, parameter 

flex  flexibility 

HP  heat production system 

HPP  heat production system position 

HS  heating system 

h  heat 

heat  heater 

i  indoor, counting variable 

in  input, inlet 

ins  insulation 

j  counting variable 

l  lighting 

loss  thermal losses 

max  maximum 

N  netto 

no  effect of non-orthogonal radiation 

o  outdoor, occupants 

p  primary energy 

pa  per area 

plant  plant 

pv  per volume 

q  quality 

R  renewable energy 

ref  reference 

ret  return 

S  solar 

s  source 

sh  shading effects 

sys  system 

T  transmission 

td  temperature drop 

tot  total 

usf  useful 

V  ventilation 

w  window, water 

x  part x 

 

Superscripts 

 

over dot rate 

 

Abbreviations 

 

COP  coefficient of performance 

DHW  domestic hot water 

ECBCS   energy conservation in buildings and community systems programme 

IEA   international energy agency 

LowEx  low exergy 
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Abstract Ethanol is an ecologically alternative fuel in relation to gasoline 

and diesel, in many situations, the production of ethanol or sugar are at 

market mercy. This work has approached the theme of application of 

cycle of power and steam generation in sugar-energy industries, trying to 

clarify the doubt: “Is there a standardization, with regard of flow diagram, 

at the cycles of power and steam generation in sugar-energy industries?”. 

Therefore, it was accomplished a bibliographic review, introducing the 

historical of sugar-energy sector, introducing too about the process of 

sugar and ethanol production and finally, treated the way that the sugar-

energy industries run at the perspective of final product and the cycle of 

power and steam. At the end of bibliographic review, it has demonstrated 

that the cycle of power and steam differ between the industries by their 

final product and the needs of each sugar-energy industry. 
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1 Introduction 

 

The sugar-energy sector are companies, private limited companies or public limited 

companies, which process biomass to the purpose of obtaining sugar, ethanol and 

electricity energy. According to [1], the production of ethanol can be obtained using 

diverse raw materials, such as sugar cane, corn, potatoes, wheat, among others. 

 

The history of sugar-energy sector varies from country to country. Ethanol production in 

the US from 1980 to 2000 was very low, rising dramatically after 2005 with the first 

standards on renewable fuels, as explains [2]. Just like in Colombia, which, according to 

[3], it is beginning, in recent years, to increase the production of ethanol. 

 

Some factors are responsible for the behavior presented by the history of the sugar-energy 

industries, among them, according [2], [4], requirements for fuels that are less aggressive 

to environment and, as explains [2], [4]–[7], the sugar and ethanol international market. 

 

Brazil is at the vanguard of world sugar and ethanol producers, as assert [3], with around 

45 % of the world’s ethanol production and containing in its territory , more than 400 

plants in operation, as noted in [3], [8]. 

 

The production of sugar in Brazil is an activity that dates back to the beginning of the 

16th century. The mosaic crisis of 1920 provided an increase in the technology of the 

sector, in which new species of sugar cane were developed. Due to the market, the 

production of ethanol had as purpose to absorb the excess of the production of sugar.  

 

The Brazilian production of ethanol suffered a significant increase between the years 

1921 and 1970 due to the policy of ethanol, which aimed at the use of ethanol in mixture 

with imported gasoline, as explains [9]. 

 

In 1970, according to [10], due to the oil crisis, the Brazilian government created the 

Proálcool program, which aimed to stimulate the production of ethanol with the purpose 

of replacing petroleum products, which resulted in the increase of sugarcane industries in 

Brazilian territory up to the present day. 

 

Due to the greater requirements on the environment, the demand for ethanol in the world 

tends to grow, resulting in greater foreign investments in Brazil and in other sugar and 

ethanol producing countries, as assert [5], [7]. Knowing this, it is necessary to clarify a 

doubt, which is not so common: "on the production of sugar and ethanol, is there a 

standardization in the flow chart of the sugarcane plants?". Thus, the objective of this 

work is to seek to answer this question through a bibliographical review.  

  



10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30TH, 2017, BLED, SLOVENIA), ENERGY EFFICIENCY 

M. C. S. Ferreira, J. M. R. Mari, M. V. R. Mari, W. A. S. Conceição & C. M. G. 

Andrade: Cycle of Power and Steam Generation in Sugar-Energy Industries 

263 

 

2 Methodology 

 

The methodology of this work will be, through a bibliographical review, comment on the 

process of obtaining sugar and fuel alcohol and after, it will be comment on the mode of 

operation of the plants with regard to steam flow chart. 

 

3 Process of Sugar and Ethanol Obtainment 

 

Approximately 60% of sugar production marketed in the world comes from sugar cane, 

the other 40%, from beet, as assert [11]. 

 

The method of obtaining sugar for the two raw materials differ only at the beginning of 

the process, as seen in [11]–[15]. 

 

As commented by [12], the name of the stages may vary from industry to industry, but 

the sequence of obtaining sugar and ethanol remains the same. 

 

3.1 Process of sugar obtainment 

 

Initially, as assert [12], the sugar cane is crushed in the hoppers, as can be seen on  Figure 

1, with the intention of extracting the raw juice (cane juice), which is rich in sucrose. At 

the same stage, the bagasse is mix with water in order to extract more sucrose. From the 

stage of hoppers then, obtaining the bagasse and the raw juice. 

 

The initial process for the beet consists of a cleaning with water for the removal of any 

impurity, so the beet is slice into long, thin pieces, called cossetes. The extraction of the 

sucrose then occurs by diffusion, submerging the cossetes in water at 70-73 ° C, obtaining 

raw juice, as asserts [11], [13], [15]. 

 

 
Figure 1. Process of obtainment of sugar by sugar cane. [16] 
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In sequence, for both of raw materials, as comment [12], [14], the raw juice is transferred 

to an alkalization tank and is called the clarification stage. At this stage, raw juice, as 

assert [11], is heated to 80-90 ° C and is clarified by two distinct steps, as discussed in 

[13], first is added calcium oxide (CaO) and subsequent carbonation. This stage aims to 

precipitate the non-sugars from the raw juice for subsequent extraction. The precipitated 

material is remove by filtration while the refined juice goes to the next stage. 

 

The refined juice, is then, heated to the boiling point and transferred to the evaporation 

tanks in order to evaporate the water present in the refined juice, as assert [14]. The 

evaporation stage, according to [12], Consists of about three steps. In the first step, there 

is the refined juice flow through the evaporator, evaporating about 80% water, with the 

resulting product being the syrup. The other two steps aims to further, reduce the 

concentration of water. At the end of this stage, the product is molasses. 

 

The molasses then is transfer to the stage of crystallization, which is form by two stages. 

First the molasses passes through the crystallizer, where the rest of water is evaporated, 

as assert [14], and in sequence is transferred to the centrifugation, where the crystallized 

sugar is separated from the molasses. Of this process, has the sugar and molasses as the 

final product. 

 

3.2 Process of ethanol obtainment  

 

As stated [1], [17]–[21] comment on the possibility of obtaining ethanol for a range of 

raw materials. According to [17], there are three ways of obtaining ethanol, by 

lignocellulose materials (agricultural residues, biomass, etc.), starch-based materials 

(cereals, corn, etc.) and sugar-based materials, such as sugar cane, beet, etc. Products 

(biogas, CO2, etc.), as can be seen in Figure 2. 

 

 
Figure 2. Process of ethanol production by range raw materials. [17]. 

 

The process of obtaining ethanol varies among raw materials. As explains [18], the 

conversion of lignocellulose material to ethanol has four steps. The first stage, called 
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pretreatment, has the purpose of disorganizing the crystalline structure of the biomass, 

removing components that may prevent or hinder the next process. 

 

Then, as assert [18], occurs the hydrolysis, whose purpose is to transform the sugars, 

present in the crystalline structure of the biomass, into pentose and hexose. This step can 

occur by chemical or enzymatic hydrolysis, depending of company-to-company. 

 

The third stage called fermentation; it is at this stage that the pentose and hexose are 

transform into ethanol, using microorganisms, which can be bacteria, fungi or yeasts. The 

product resulting from the fermentation called beer and contains between 7 and 10% of 

ethanol. 

 

Finally, two variants of the distillation may occur, depending on the final product that the 

industry needs. As assert [18], the beer is then distilled by steam, producing hydrated 

ethanol. Depending on the needs of the company, it can distilled a second time the 

hydrated ethanol, producing anhydrous ethanol. 

 

It can be seen of Figure 2, that for sugar-based materials, as explains [19], [20], after the 

extraction of the raw juice, it undergoes fermentation and distillation. For starch-based 

materials, as asserts [17], [21], this it undergoes hydrolysis to obtain pentose and hexose 

and then goes on to fermentation and distillation. Thus, for lignocellulose materials, there 

are four stages until ethanol is obtain, for starch-based materials, three stages and finally 

two-stage for sugar-based materials. 

 

4 Steam Cycle 

 

In sugar-energy industries, the use of steam has the purpose of transferring energy, in 

which energy stored in the form of water vapor supplies the energetic demand of the 

company. According with [22], some industries use steam, not only for energy transfer, 

but for electricity generation. For this, the steam is superheat above the saturation 

temperature in order to undergo expansion in the turbine, generating electricity. The 

steam, after undergoing expansion, leaves the turbine, at different temperatures and 

pressures, and is distributed by the company's processes, as asserts [23], [24]. 

 

The use of steam, as an energy carrier, is not only about for reducing energy prices, but 

also, about the benefits that this process brings to the company, such as operability, 

flexibility and better transient operations, as commented by [22]. [24]–[28] comment that 

steam production can be divide into three parts, high-pressure steam, medium pressure 

steam and low-pressure steam. The high-pressure steam has a configuration of the order 

of 60 bar, the medium pressure steam, 22 bar and the low-pressure steam of the order of 

6 bar. According with [23], in sugar energy industries, the choice of sugar and ethanol 

production influences the company's steam generation, since the need of steam for sugar 

and ethanol processes is different. 

For the process of obtaining sugar, the initial stage is the one that most needs steam, since, 

the medium pressure steam is intended to be used in the hoppers, as asserts [23]–[26], 
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while in stages requiring diffusion, low-pressure steam is used, as commented by [25]. 

Clarification is another stage that uses steam, but in this case, the steam used has low 

pressure, as assert [25]. [29], [30] comment that the evaporation process uses low-

pressure steam, this is done in order to heat and maintain the temperature of the refined 

juice in the evaporators. Finally, the crystallization stage uses low pressure steam, as 

commented by [23], [30]. 

 

In the process of obtaining ethanol, the distillery and hoppers are the stages that most 

require steam, as asserts [24], [30], the hoppers require medium pressure steam and the 

distillery, steam at low-pressure, as commented by [23]. 

 

As studied by [23], the industry has produced steam at 100 bar and 530 ° C, for [24], the 

industry has produced steam at 27,6 bar and 530°C, [25] approaches an industry that 

produces steam at 21 bar and 300°C, for [26], the industry has produced steam at 80 bar 

and 480°C and finally, for [30], 22 bar and 300°C. 

 

On average, the medium pressure steam, that is used in all plants was in the range of 20 

to 22 bar, while the low pressure steam was in the range of 6 to 2 bar, with steam at 6 bar 

being used in the distillery, as assert [23], and the steam between 2 and 2.5 bar, used to 

supply the remaining energy demand, as commented by [23], [25], [26], [29], [30]. 

 

 
Figure 3. Steam cycle flow chart.[30] 

 

The Figure 3 represents the simplified flow chart of the plant studied by [30], in which, 

the steam leaves the boiler (I) at 22 bar and 300 ° C, is expanded in the turbine (II), 

generating electrical energy and then, part of the exhaust vapor is directed to the process 

(III) and the remainder to the Deaerator (IV). 
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The process of steam integration, studied by [23], [25], [26], [28], reduce the steam 

demand in the plant due to the reuse of the vapors generated in the process. However, 

these integrations alter the steam flow diagram in the plants. According with [25], [26], 

The vapor produced in the evaporator, by the evaporation of the water present in the 

refined juice, can be used on steam integration. 

 

Already [25], [30] comment on industries that use high-pressure steam for generation of 

electric power, with this, the same company can have several configurations of steam 

cycles, depending on its purpose. Some variations of the flowchart described by Figure 3 

are described by [30], one of them can be seen in the Figure 4, in which the high pressure 

steam leave the boiler, enters the two-stage turbine, in the first stage, the steam is directed 

to the process and the deaerator, while the exhaust steam (last stage) is directed to the 

condenser. 

 

 
Figure 4. High-pressure steam cycle flow chart.[30] 

 

The Figure 3 and Figure 4 represents only the global change of flow chart between a 

sugar-producing industry, or sugar and ethanol industry to a sugar-energy industry. 

Within process (III), the steam may have a different flowchart from industry-to-industry, 

according to the raw material used and the final product desired, as be seen in [23]–[30]. 

 

It can be observed that there is a heterogeneity in the sugar-energy sector, from centennial 

mills with production of sugar or sugar and ethanol, to new mills, using the latest 

technologies, as commented by [5]. Therefore, due to this heterogeneity, for the sugar-

energy industries, there is no standardization of the steam cycle, that is, each company 

has its own steam cycle that differs from others in the sector 
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5 Conclusion  

 

The sugar-energy industry go back to past centuries, and have evolved considerably over 

the years.  

 
Its main producer of sugar and ethanol is Brazil. Sugar and ethanol can be obtain from a 

number of sources of raw material, changing only the complexity of the stages, where 

complexity varies from one type of raw material to another. 

 
Due to the heterogeneity of the industry, caused by different objectives (generation of 

energy, final product, technology) from company-to-company, there is no standardization 

in the steam cycle, resulting in a difficulty to establish studies of energy and exergy that 

aims to improve the efficiency of the sector generally 
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Abstract Although, in 2012 European Union has promoted the energy 

efficiency in order to ensure a 20% reduction of energy consumption by 

2020, gradually, its targets related to energy efficiency increase and 

extend to new time horizons. Therefore, in 2016, a new proposal for 2030 

of energy efficiency target of 30% has been agreed. However, during the 

last previous years, although the electricity consumption by households 

decreased in the EU-28, the largest expansion was recorded in Romania. 

 

Energy consumption management for residential activities is an important 

measure for energy efficiency improvement. In this paper, we proposed 

an informatics solution as prototype that helps electricity consumers to 

identify those energy intensive appliances. The informatics solution 

includes three modules regarding electricity consumption optimization, 

profiles and forecast. By this solution, the appliances can be scheduled in 

order to minimize the peak consumption and reduce the stress on the grid. 
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1 Introduction 

 

Energy efficiency targets to reduce greenhouse gas emissions, improve energy security, 

enhance competitiveness and sustainable development of entire society. 

 

The European Union has committed itself in 2007 to energy and climate change 

objectives for 2020. It comprises a 20 % reduction of energy consumption by the year 

2020 compared to baseline projections, higher share of renewable energy of 20 % and 

reduction of emissions by 20 % [1]. In 2012, the EU adopted Directive 2012/27/EU on 

energy efficiency that establishes a common framework of measures for the promotion 

of energy efficiency within the EU in order to ensure a 20 % reduction of energy 

consumption by the year 2020. Gradually, the EU targets related to energy efficiency 

increase and extend to new time horizons. Therefore, in October 2014, EU countries 

agreed on a new energy efficiency target of at least 27 % or greater by 2030. In November 

2016, a new proposal for 2030 of binding energy efficiency target of 30 % for the 

European Union came up. 

 

According to Eurostat, during the last ten years, although the households’ electricity 

consumption decreased by 1.3% in the EU-28, among the EU members with higher 

electricity consumption, the largest expansions were recorded in Romania (48.1%), 

Lithuania (27.1%), Spain (21.8%), etc. [2]. 

 

Therefore, starting from the fact that our informatics solution attempts to handle the 

electricity consumption, in this article, we have described the main components of the 

electricity consumption management, proposed prototype architecture, presented 

informatics technologies and a few implemented functionalities for electricity consumers. 

 

2 Related Works 

 

Energy consumption management for residential, industrial and retailers’ activities brings 

significant benefits to consumers, prosumers, suppliers and grid operators. In terms of 

electricity consumption optimization, we showed in [3], [4] that planning of appliances 

operation brings savings to consumers and decrease the hourly demand peak. 

 

Also, in [3] the optimum capacity of a storage device (SD) that significantly contributes 

to peak shaving of electricity consumption for residential consumers is calculated. It is 

based on the solution of two optimization problems: payment minimization and 

consumption peak minimization. In order to minimize their electricity payment (bills), 

the consumers shift to lower tariff rates that are usually at night even though the 

photovoltaic panel does not generate. In case no SD is used, time-of-use tariff will lead 

to new peaks that would increase the electricity payment due to necessary investments in 

order to manage the new peaks. In case we consider the SD, it is noticed that its capacity 

does not depend on the operation of the PV, but rather programmable appliances. Based 

on the results of [3], the best approach is to use SD to effectively contribute to the peak 

minimization and PV to obtain some savings. 

http://ec.europa.eu/eurostat/statistics-explained/index.php/Glossary:Greenhouse_gas_(GHG)
http://www.consilium.europa.eu/en/policies/climate-change/2030-climate-and-energy-framework/
https://ec.europa.eu/energy/en/news/commission-proposes-new-rules-consumer-centred-clean-energy-transition
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In [5], [6], authors developed methods for load profile calculation using self-organizing 

maps and applied classification or clustering in order to calculate accurate dynamic load 

profiles that could be used for electricity consumption forecasts, market settlements and 

optimization of consumption. In [6] based on the obtained results, the self-organizing 

maps are suitable for calculation of dynamic load profiles. Comparative analysis between 

[5] and [6] has shown that the best method for load profiles with specific patterns is 

clustering, while for well-delimited profiles, SOM is the most suitable method. 

 

European Project Optimus aims to create a framework for assessing the local 

characteristics via the instrument OPTIMUS-SCEAF (Smart City Energy Assessment 

Framework) in the cities, develop a decision support system (DSS) to optimize energy 

use, implement it in three pilot European cities (Savona - Italy, San Cugat – Spain and 

Zaanstac - Netherlands) and make necessary training for expanding implementation of 

DSS [7].  

 

Development of DSS for optimizing energy use by Optimus DSS has been initiated due 

to increased energy consumption in cities. They consume about two-thirds of the total 

consumption, are the largest sources of greenhouse gases and may affect about 70% of 

the total environmental footprint [8]. 

 

Optimus DSS is designed with the following modules: predictive module of consumption 

and production for renewable energy sources, statistics analysis module, consumers’ 

profiles module and consumption of electricity and heat optimization module. 

 

In [9] the authors built IntelligEnSia solution (Intelligent Home for Energy Sustainability) 

that is focused on the prediction analytic using Web and Android technologies. For 

prediction of the energy consumption, the authors applied three regression models. Their 

models predict the energy consumption based on the independent variable related to a 

particular day and dependent variables: current, voltage and power. The proposed models 

can support the decision making process in obtaining the energy consumption 

management. 

 

In [10], the authors evaluated the impact of implementation of Energy Management 

System. It is based on energy consumption and contributes towards sustainable 

development. The article performs an experimental design, using Multiple Linear 

Regression to obtain a model that predicts energy consumption 

 

3 Electricity Consumption Management Components 

 

Base on emerging technologies such as smart metering systems, appliances, sensors, and 

communications, the advanced consumption management has been significantly enabled. 

 

In our opinion, the electricity consumption management mainly implies the interaction 

among several components shown in figure 1, such as: smart metering system, 

programmable/non-programmable appliances, sensors, electricity consumption 
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management instances (ECMI), control centre (CC) managed by electricity supplier and 

accessed by grid operator, authorities and/or regulators. 

 

The informatics prototype may assist decisions regarding consumption management and 

is developed as an online accessible solution with three types of users: electricity supplier 

has access to all consumption data and interacts via messages with consumers; consumer 

has access to its consumption data by means of ECMI and grid operator, authority and/or 

regulator have access to consumption data for monitoring, analysing and reporting 

purposes. 

 

Each consumer has access to his own ECMI via web interface that is developed in Oracle 

Application Development Framework (ADF). 

 

Consumption data is considered in the three prototype modules that are built up based on 

methods and specific algorithms: electricity consumption optimization module, profile 

module and forecast module 

 

 
Figure 1. Electricity consumption management components 

 

Through the interface, the consumer's consumption preferences and characteristics of 

electric appliances are added. Also the interfaces display information about the optimized 

consumption, tariff rates, payments, etc. Electric appliances and smart meters are 

connected through a sensors network designed to control electrical devices, storage 

resources (car batteries, UPS and other devices for energy storage), sources of generation 

and operation state (on/off, operation step). In figure 2, we described the main 

components of the control centre and ECMI. Also, through the interface, the consumer 

visualizes the hourly consumption, degree of network load, and various information from 

the supplier: electricity quality; tariff, trends, etc. 

 

Based on customer input regarding appliances and his preferences, the optimization 

module available through CC optimizes the hourly consumption, providing the schedule 

of electric appliances 
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Figure 2. Control centre and ECMI main components 

 

Optimizing individual consumption of each consumer is performed at the control centre 

level, the operation of the electric appliances is stored in the database and subsequently 

in the data warehouse. Consumption optimization process considers also the non-

programmable appliances, such as: refrigerator, lighting etc., but it is achieved mainly 

through programmable appliances, such as washing machine, bread oven etc. 

 

After consumption optimization, CC sends to each ECMI the planning (scheduling) 

consumption for a certain period of time, usually 24 hours. Compared with the present 

situation, when hourly consumption is unknown, based on detailed data collected from 

consumers, the supplier and network operator are able to analyse consumption and 

provide forecasts at the CC, which have a positive impact on grid operation planning and 

actions on electricity wholesale market. Also, based on the consumption data recorded at 

regular intervals of time (15 minutes), the consumption profiles can be obtained at 

different time intervals as well as consumption forecast with high accuracy 

 

4 Prototype Architecture 

 

For consumption management purposes, we developed an informatics prototype that 

allows advanced analyses for suppliers that include data visualization elements via 

dashboards, predictive analyses, what if scenarios, planning and reporting tools that are 

developed with business intelligence (BI) technologies. 

 

Also, the prototype includes functionalities for consumers such as real-time consumption 

and tariff scheme visualization, alerts and consumption thresholds, comparisons between 

their consumption and similar consumption while preserving the data confidentiality, 

consumption estimations and predictions. In figure 3, the prototype architecture based on 

data, models and interfaces levels is shown. The proposed architecture is flexible to new 

technology tendencies related to appliances, sensors, smart meters, Internet of Things 

(IoT) etc 
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Figura 3. Informatics prototype architecture 

 

5 Business Intelligence Interfaces’ Prototype 

 

In order to implement our informatics prototype that is mainly designed to serve the needs 

of consumers and electricity suppliers/grid operators, we used the following technologies: 

Oracle JDeveloper 12c with ADF; Oracle Database 11g R2; Oracle Business Intelligence 

Suite; Matlab R2015a; SAS Enterprise Guide. 

 

After the optimization, the consumer can see the results as in Figure 4 in the form of 

optimum appliances operation schedule for the next 24 hours. Also, the consumer can see 

the information about electricity consumption by category of consumption during a 

selected period. In Figure 4, the consumer can view hourly optimal schedule operation of 

electric appliances for a given place of consumption 

 

 
Figure 4. Appliances operation programming 
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In tables, the hourly consumption/generation data for each appliance is depicted. In 

Figure 5, the supplier views for each existing profile the number of consumers that 

belongs to that profile and their average consumption 

 

 
Figura 5. Consumption profiles management 

 

Also, the supplier views the number of consumers for each profile and distribution on 

profiles of the average, peak and low consumption for a selected date. The supplier can 

reconfigure the existing profiles and this information helps the supplier to make decisions 

on tariff scheme implementation. 

 

6 Conclusion 

 

In this paper we presented an informatics solution for consumption management that 

assist both consumers and supplier in finding the best decisions regarding consumption 

optimization, identification of intensive appliances and profiles. Also, the solution leads 

to peak consumption and payment minimization, improves the consumption forecast 

accuracy and increase the awareness regarding the consumption management. 

 

The solution is developed based on business intelligence technologies that offers friendly 

interfaces, both consumer and supplier being able to visualize data through interactive 

controls such as pivot tables, charts, maps, scenarios and gauges 
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Abstract The future global climate will impact on building energy 

demand. We have modelled the HVAC energy consumption of prototype 

and real buildings under present and future climatic conditions with the 

EnergyPlus model. We have produced detailed meteorological 

information with 50 meters of spatial resolution through dynamical 

downscaling process combining regional, urban and computational fluid 

dynamics models which include the effects of the buildings on urban wind 

patterns. The city of Madrid has been chosen for our experiment. The 

impacts on energy demand are calculated for year 2100 versus 2011 based 

on two IPCC climate scenarios, 4.5 (stabilization of emissions) and 8.5 

(not reduction of emissions).  The results show that climate change will 

have a large effect in the building energy demand, with increments in 

cooling demand for 8.5 and the annual heating gas demand for buildings 

will increase for 4.5. 
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1 Introduction 

 

Heating, ventilation and air conditioning (HVAC) related energy consumption has been 

rising in recent years throughout Europe, in particular in Southern Europe. The buildings 

designed according to the climatic condition of recent years may become increasingly 

costly to operate and maintain in the present and future [1].The energy demand for space 

heating and cooling is sensitive to climate variables, e.g. air temperature radiation and 

wind seep and so on. Space heating and cooling and the associated energy demand is 

affected by climate change [2]. 

 

Cities are areas where the local response to global climate change is most pronounced 

[3], recent studies have suggested that global climate change will have a significant 

impact on local weather [4]. Building energy consumption is vulnerable to climate change 

due to the direct relationship between outside climate and space cooling/heating. The 

urban microclimate is determined by different factors: local wind speed and direction, 

temperature, humidity and solar radiation. To assess how climate change will affect 

buildings energy demand, it is necessary to develop new sets of future climate data to use 

as inputs to the building energy demand model using climate change projections with 

very high spatial resolution. The impact of climate change on heating and cooling energy 

use in different locations will vary because of their different climates, [5]. A detailed 

analysis of heating and cooling energy use in the future is needed to better understand the 

impact of climate change on building energy consumption. 

 

Energy demand sensitivities to climate change should be performed at urban scale 

because global or regional climate is not enough to have geographically distinct impacts 

[6]. In previous studies for the USA [7] and [8], the UK [9] and, Greece [10], climate 

change was found to have significant implications for energy consumption in buildings. 

These studies are regional based and only focus on a few types of buildings, thus could 

not predict the general. Studies of impacts on future energy demands have high 

uncertainty arising from uncertainties in methods of projecting future climate conditions 

[11].  

 

The atmospheric flow and the special microclimate of cities are influenced by the 

characteristics of the urban surface [12]. Global climate models (GCMs) have a spatial 

resolution of approximately one degree, so we need to use higher resolution horizontal 

numerical models to obtain accurate data on the urban microclimate, taking into account 

all its special characteristics [13].Therefore, it must be carried out at a fine scale, as this 

study where climate is calculated at 50 meters of spatial resolution, taking into account 

the shape of buildings, modelled as 3D structures, their effects on the ventilation. 

 

2 Dynamical Downscaling 

 

To calculate the energy consumption of a building every hour of the year, you need data 

of several climatic variables: dry bulb temperature, wet bulb temperature, global solar 

radiation, wind speed, wind direction, humidity and pressure. You need to generate 8760 
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values of these variables each year. The meteorological data is used not only to know the 

hourly response of a building to the climate, but also to dimension the systems of air 

conditioning of the building. We are following the next methodology to get the best 

possible urban meteorological information. 

 

The outputs from the global model (CCSM) are used as boundary and initial conditions 

(BSC and ICs) for the regional scale run (Europe). A nesting approach is used from 

regional (25 km) to urban level (1 km) with the WRF/Chem model (in the urban level the 

urban canopy model is activated). The produced 3D fields of meteorological variables 

are used as BCs and ICs for the street scale runs over the selected urban areas. At this 

scale the Computational Fluid Dynamics (CFD) model called the MICROSYS is applied 

with 50 meters of resolution.  The urban climate model UCM (urban canopy model) was 

used inside of the WRF/Chem model for investigating the impact of the climate 

projections on the local urban climate and air pollution for urban scale level. This 

resolution allows that every building block has its own meteorological datasets. The 

meteorological data are calculated as the spatial average of the 50 meters grid cells which 

are around of the building block. The description of the dynamical downscaling method 

was published already, for detailed information; refer to publication [14]. 

 

The impacts of climate change on energy consumption of buildings for two 

Representative Concentration Runs (RCPs) [15] have been studied, RCP 4.5 and RCP 

8.5. These climate scenarios are currently being used in simulations of global climate 

models for the IPCC's fifth assessment report (AR5). The scenario 8.5 [16]  is due to a 

small effort to reduce emissions and represents a failure to curb warming by 2100. It is 

characterized by increasing greenhouse gas emissions over time RCP 4.5 is a stabilization 

scenario in which total radiative forcing stabilizes around 2050 using a range of 

technologies and strategies to reduce greenhouse gas emissions. This can be considered 

as a weak climate mitigation scenario [17]. The selection of these two possible scenarios 

is due to the fact that we wanted to show the extreme changes that can occur under these 

two scenarios that would correspond to the worst case scenario (8.5) and the best possible 

realistic scenario (4.5). 

 

3 Energy Demand Impacts 

 

The impacts were quantified by calculating the differences between energy demands for 

future minus present for each climate scenario. Energy demand of buildings is modelled 

by EnergyPlus (Department of Energy of USA). It is well-known and accepted tool in 

community building energy analysis worldwide and the model is highly validated. Taking 

into account the local climate of each building, EnergyPlus calculated hourly HVAC 

energy demand of the building to satisfy occupant thermal comfort over a period of one 

year. EnergyPlus is based on complex calculations of gain and loss of heat, including 

different physical processes such as transient heat conduction through the building 

envelope elements. Also it realizes the transfer of heat and mass impacting the sensible 

and latent heat loads due to ventilation and infiltration. The prototypes are based on 

ASHRAE 90.1 Prototype Building Modeling Specifications [18]. It is assumed that the 
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buildings don´t change for the future simulations to isolate effects of the global climate 

on the energy demand of the buildings. 

 

4 Results 

 

Relative (%) spatial differences (50m of spatial resolution) of annual mean temperature 

changes between (the future) 2100 and 2011 (present) for RCP 4.5 and RCP 8.5 in a 

Madrid area of 2 km by 2km are showed in Figure 1 and Figure 2 respectively. The 

temperature has been calculated using the dynamical downscaling approach which was 

explained in the past sections. In Figures 3, largest increases in building energy 

consumption are found in the summer where the outdoor temperature could be increase 

up to 22% in July and the energy demand up to 40 %. 

 

 
Figure 1. Madrid differences (%) between 2100 and 2011 spatial distribution (50 meters 

of resolution) of one-year average mean air temperature with RCP 4.5. 
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Figure 2. Madrid differences (%) between 2100 and 2011 spatial distribution (50 meters 

of resolution) of one-year average mean air temperature with RCP 8.5. 

 

Figure 1 shows than with the scenario 4.5 we can observe a decrease in temperature for 

the year 2100 up to 16% compared to 2011. In Figugre 2, the climate scenario 8.5 results 

in an increase of the temperature for the year 2100 up to 10.9% compared to 2011 in this 

area of Madrid where the energy consumption of 15 prototype building will be analyzed 

in the next section. It is interesting to observe, that between two very close points can be 

differences up to 0.5%., so the location of the buildings is very important from a 

meteorological and energy points of view.  

 

The table 1 compares the impact of climate change on HVAC annual total energy demand 

for fifteen types of prototype buildings by the 2100 respect to 2011 under the two possible 

climate scenarios. 

  



284 10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30TH, 2017, BLED, SLOVENIA), ENERGY EFFICIENCY 

R. San José, J. L. Pérez,  L. Pérez & R. Maria Gonzalez Barras: Changes on Building 

Energy Consumption Using Future High Spatial Resolution Climate Data 

 

Table 1. Change in annual HVAC energy demand for 15 different types of buildings, 

RCP 4.5 and RCP 8.5 

2100 - 2011 

Δ Total 

Energy (%) 

RCP 

4.5 

RCP 

8.5 

Apartment 25,45 0,008 

Hospital 11,81 -4,71 

Large Hotel 31,67 -7,7 

Small Hotel 9,87 4,93 

Large Office 21,94 -4,2 

Medium Office 20,73 5,33 

Small Office 9,75 3.05 

Outpatient Healthcare 4,08 3,7 

Fast Food 30,86 -0,7 

Sit Down Restaurant 26,42 1,21 

Standalone Retail 17,89 2,25 

Stripmall 25,71 2,23 

Primary School 9,41 6,63 

Secondary School 25,03 -1,64 

Non-refrigerated 

warehouse 

16,23 4 

 

In case of the RCP 4.5 climate scenario, the increments of the energy demand is clear and 

important for all type of buildings, it is mainly because they will need more gas for 

heating the building as consequence of an outdoor temperature redaction. For the RCP 

8.5 decreases are observed in big buildings (hospital, large hotels, large office and 

secondary schools) because they will need less gas for heating thank you to warmer 

temperatures, but the rest of type of building will spend more electrical energy for 

refrigerating process. 

 

Figure 3 describes monthly average total HVAC energy demand variations (%) of a 

primary school. Fig. 3 corresponds with climate scenario RCP 8.5. Primary school is the 

type of building which will suffer the major increment of the energy demand (6.63 %). 
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Figure 3. Change 2100-2011 (%) in monthly energy demand (gas and electricity) and 

outdoor temperature for a prototype primer school building of Madrid with RCP 8.5 

climate scenario 

 

Now, full years heating and cooling hourly demands are calculated for each of the 3 “real” 

buildings found in an area of 1km by 1km of Madrid, they are an office, apartment and 

hotel. They are modelled, starting from a prototype where the major characteristics have 

been adapted for each specific simulated building  

 

Because it is intended to be the most realistic possible. Table 2 shows for each building, 

the change (%) on the annual total energy demand, annual electricity demand by the 

HVAC and heating gas demand of the three types of building. 

 

Table 1. Variations on energy demand for 2100 versus 2011 of 3 types of buildings 

2100-2011  (%) Total-Energy Electricity-HVAC Gas-Heating 

Building/Scenar

io 

RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 

Ofice 23,49 -0,46 -7,7 10,36 63,47 -15,49 

Apartment 23,42 -2,09 -7,14 8,18 54,88 -13,52 

Hotel 24,77 0,93 -12,11 19,23 58,35 -16,55 

 

Gas demand shows a significant increase in the RCP 4.5 climate scenario, the increase of 

heating (54-65%) dominates over the decrease of cooling (8-20%).  Total energy demand 

increase between 23.42% and 24.77% by air temperature decrements. The increase in 

heating energy demand is much more dramatic than the decrease in cooling energy 

demand, when responding to the climate scenario. The RCP 8.5 may benefit from global 

warming in terms of the reduction in the energy demand. It is interesting to notice that 

increased future local temperatures translate in lower energy consumption for heating. 
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5 Conclusions 

 

The objectives of this research have been achieved. The impacts of climate change on the 

energy consumption of different types of buildings in Madrid have been shown. For this, 

it was necessary to generate climatic data of very high spatial and temporal resolution 

that have been reduced dynamically from a global scale of 1 to a street scale where a CFD 

model has been applied for a spatial resolution of 50 meters. In this study, the climate 

projections were based on two climatic scenarios of the IPCC: RCP 8.5 and RCP 4.5. 

Heating and cooling energy consumption of fifteen prototypes buildings and three real 

buildings during 2011 and 2100 in Madrid were simulated by using EnergyPlus model. 

We have showed the results for assessing energy demand responses to climate change. 

Results indicate that building energy demand in Madrid is very sensitive to the climate. 

The most serious impacts occur with the RCP 4.5 climate scenario for year 2100. 

 

The scenario RCP 4.5 for 2100 project to increases energy demand by around 23-24%, 

relative to the energy demand in 2011 for the three simulated buildings. Although part of 

the assessment is carried out for specific building prototypes, it demonstrates that both 

increase in heating energy and decrease in cooling energy over the RCP 8.5 can be 

significant due to climate change and the opposite results could be obtained with the RCP 

8.5 with increments of electricity for cooling. The RCP 8.5 will produce climate 

conditions that are more favorable from a building energy demand point of view because 

it is characterized by temperature increments, so only increments for cooling are needed. 

The results through changes modelled in climate indicate that climate change (RCP 8.5) 

will not cause an increment of the energy consumption but if it is combatted (RCP 4.5) 

may increase energy consumption by 2100. In general, decreasing heating energy 

compensates the increased cooling energy. 

 

The established methodology is of interest for its results and that can be applied to other 

buildings in other cities. These types of impacts assessments help to identify solutions 

that will both enhance the resilience of buildings to future climate changes. The large 

variations found in the relationship between climate change and building energy 

consumption highlight the importance of assessing climate change impacts at local scales 
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Abstract Reducing energy consumption is the major issue that building 

managers are facing all over the world. It is not easy, however, to reduce 

energy consumption by controlling occupant behavior in a real building. 

To solve this problem, this study aims to develop an energy simulation-

occupant behavior (ESOB) coupling model that can simulate the current 

state of the target facility with less time and effort. The model is 

developed using the energy simulation program and optimization 

algorithm. This study was conducted in five steps: (i) selection of target 

facility information; (ii) simulation of base energy model with physical 

building characteristics; (iii) Development of ESOB coupling model; (iv) 

simulation modelling with the occupant behavior; (v) calculation of error 

rate of ESOB coupling model. The error rate was reduced below 20%, 

consistent with the ASHRAE guideline 14. Proposed model improved 

calibration between actual building and simulation model with less time 

and effort. 
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1 Introduction 

 

Climate change, one of the most complex and challenging issues, has now become a 

problem facing everyone involved in the construction industry [1]. With population 

growth and economic growth in developing countries, total energy demand in 2035 is 

expected to increase by 48.3% over 2010. Energy consumption accounts for the largest 

portion of the building sector [2, 3]. 

 

In this regard, Building Energy Simulation (BES) plays an important role in predicting 

energy conservation in buildings after estimating energy usage and applying remodelling 

strategies [3]. 

 

BES builds a schedule based on the occupants' behavior after modelling based on physical 

building characteristics of the building. They also play an important role in analysing 

energy savings through remodelling strategies [4-6]. BES has several advantages: (i) 

when the experiment is not possible, the use of the BES can help to obtain results; (ii) the 

results can be analysed through the BES prior to apply a variety of energy conservation 

measures (ECMs); (iii) the BES requires a little more time for analysis; (iv) the base 

model continues to be developed through the BES; (iv) even things difficult to consider 

in the experiment, things such as the weather, can be taken into account in the BES; (v) 

buildings and residents are not disturbed by the BES; (vi) parts that are difficult to 

measure in the experiment can be identified through the BES; and (viii) immediate results 

can be obtained through the BES. 

 

However, the energy consumption result through the BES model differs from the actual 

building result [7,8]. Therefore, the reliability of the BES model depends on how similar 

the simulated results are to the actual usage of the target facility. ASHRAE 14, 

International Performance Measurement and Verification Protocol (IPMVP) and Federal 

Energy Management Program (FEMP) set the benchmark for determining the similarity 

(i.e., error rate) between the BES model and the target facility [9]. 

 

Previous studies utilized several methodologies to minimize the error rate between the 

BES model and the target facility: (i) manual and iterative calibration is performed until 

the criteria are met based on trial-and-error through the user’s experience and proper input 

parameters [7, 9, 10]; (ii) graphical and statistical methods present statistical display and 

graphical representations with respect to the results of the calibration procedures [4-6, 8, 

11-15]; and (iii) automated calibration methods present specific tests and measurements 

through the analytical procedures based on the calibration [3, 16, 17]. 

 

Each of the previous studies has the following limitations: (i) manual and iterative 

calibration requires a lot of time and effort because it meets error rate criteria through the 

manual and repeat performance of the BES model; (ii) graphical and statistical methods 

are designed to calculate the BES model to minimize the error rate by selecting key 

impact variables through statistical analysis, such as sensitivity analysis, which can 
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minimize the error rate through key impact variables. However, the repetitive simulating 

the BES model consumes a lot of time and effort; (iii) automated calibration methods use 

automated optimization algorithms to perform repetitive tasks, which requires less time 

and effort than manual and repetitive tasks. However, accuracy may be reduced by the 

choice of the objective function set by the designer. 

 

In order to solve the above-mentioned limitations, this study aims to develop an energy 

simulation-occupant behavior (ESOB) coupling model that simulates the current state of 

the target facility with less time and effort. This model was developed using energy 

simulation programs and optimization algorithms. The study was conducted in five steps: 

(i) selection of target facility information; (ii) simulation of the basic energy model with 

physical building characteristics; (iii) development of an ESOB coupling model; (Iv) 

simulation modeling using resident behavior; (V) Calculation of error rate of ESOB 

coupling model. 

 

2 Material and Methods 

 

2.1 Selection of target facility information and simulation of the basic energy 

model with physical building characteristics 

 

For the application of ESOB coupling model, basic information gathering and energy 

modelling for standard buildings were conducted. In order to solve the problem of 

standardization of design plan of various buildings, energy modelling was carried out and 

was simulated based on the standard housing design proposed in 'Guidelines for 

Construction Standards and Performance Evaluation of Eco-Friendly Housing Buildings' 

[18]. As a tool for energy modelling, we used Design Builder based on Energy Plus, a 

building energy simulation developed by the US Department of Energy. In order to 

accurately apply the local climate in Korea, we have set up climate data as Seoul. The 

basic conditions of energy simulation for target facility are summarized in Table 1. 
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Table 6. Basic Condition of Target Facility 

Class Detailed information 

Region Seoul, South Korea 

Building area 3 stories, 4,265m² (2,723m²) 

Roof area 1,466m² 

Conditioning system packaged EHP  

(electric heat pump) 

Thermal 

characteristics of wall 

Thickness 

(mm) 

Conductivity  

(W/m·K) 

U-value 

(W/m2·K) 

External wall 180 0.62 3.44 

External wall 

insulation 

34 0.06 1.76 

Internal wall 150 1.35 9.00 

Internal wall 

insulation 

125 0.04 0.32 

Characteristics of 

electrical system 

Air-conditioned zone Non-air-conditioned zone 

Lighting load density 23w/m2 6w/m2 

Equipment load 

density 

16w/m2 

Ventilation air flow 

rate 

36m3/h·Person 36m3/h·Person 

Setting temperature 18 ºC (Winter) 26 ºC (Summer) 

Period (month) 1~4, 10~12 5~9 

 

The study considered external wall insulation (EWI) thickness and conductivity, internal 

wall insulation (IWI) thickness and conductivity. insulation is Korea's insulation criterion 

[19]. 

 

2.2 Development of an ESOB coupling model 

 

An ESOB coupling model was developed to minimize the error rate between the energy 

use of BES model and those of the actual building. This step involves the process of using 

the genetic algorithm to derive the optimal solution of various optimal parameters related 

to building energy (i.e., HVAC and lighting). Furthermore, it aims at minimizing the error 

rate of energy consumption of real buildings and simulation models in a short time. The 

algorithm pseudo-code for developing the automatic correction technique is as Figure 1. 
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Figure 15. Automatic Calibration Pseudo Code 

 

Based on the standard model generated by the automatic calibration technique, the energy 

savings according to occupants’ behavior are predicted. Using the user interface, the user 

can set various occupants’ behavior ranges, and the system automatically changes within 

the parameter range to create various occupants’ behavior. This study used Python-based 

Django server web framework for high productivity and stable web page implementation. 

Django consists of components that help user quickly and easily develop website, and 

can also help user maintain or improve website (refer to Figure 2). 

 

 

 
Figure 16. Flow chart of the ESOB coupling model 

 

2.3 Simulation modelling with the occupant behavior and calculation of error 

rate of ESOB coupling model 

 

The selection of the occupants’ behavior is important to improve the accuracy of 

calibration. For calibration in previous studies, indoor temperatures and the lighting were 

considered as occupants’ behavior [3-9, 14-15]. Table 2 shows detail information on 

occupants’ behavior. 
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Table 7. Information on occupants’ behaviour 

Component Sub component Range Step 

Indoor temperature 
Cooling set point (°C) 26.0 ~ 28.0 0.1 

Heating set point (°C) 18.0 ~ 20.0 0.1 

Lighting 1 efficiency 0 ~ 1 0.01 

Lighting 2 efficiency 0 ~ 1 0.01 

Lighting 3 efficiency 0 ~ 1 0.01 

Lighting 4 efficiency 0 ~ 1 0.01 

Lighting 5 efficiency 0 ~ 1 0.01 

Lighting 6 efficiency 0 ~ 1 0.01 

Lighting 7 efficiency 0 ~ 1 0.01 

Lighting 8 efficiency 0 ~ 1 0.01 

Lighting 9 efficiency 0 ~ 1 0.01 

Lighting 10 efficiency 0 ~ 1 0.01 

Lighting 11 efficiency 0 ~ 1 0.01 

Lighting 12 efficiency 0 ~ 1 0.01 

Lighting 13 efficiency 0 ~ 1 0.01 

 

Occupant can control the indoor temperature and lighting, therefore, indoor temperature 

and lighting efficiency was selected as occupants’ behavior [5,9, 13-15]. In this study, 

the error rate was selected as the objective function. If the results that meet the termination 

criteria are obtained, the optimization is automatically terminated. As shown in Figure 2, 

a flowchart for approaching the minimum error rate was presented through the 

optimization using ESOB coupling model. 
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3 Results and Discussion 

 

As shown in Table 3, the values of occupants’ behavior were presented as a result of the 

optimization. 

Table 8. Occupants’ behavior after optimization  

Component Sub component Value 

Indoor temperature 
Cooling set point (°C) 26.1 

Heating set point (°C) 19.9 

Lighting 1 Efficiency 0.72 

Lighting 2 Efficiency 0.78 

Lighting 3 efficiency 0.74 

Lighting 4 efficiency 0.77 

Lighting 5 efficiency 0.13 

Lighting 6 efficiency 0.51 

Lighting 7 efficiency 0.58 

Lighting 8 efficiency 0.76 

Lighting 9 efficiency 0.74 

Lighting 10 efficiency 0.59 

Lighting 11 efficiency 0.66 

Lighting 12 efficiency 0.94 

Lighting 13 efficiency 0.12 

 

After optimization, the cooling set point was 26.1°C. This indicates that cooling during 

the summer period continues to be maintained. The heating temperature was also 19.9°C, 

confirming that heating continues to be operated during the winter period. With regards 

to the lighting efficiency, lighting efficiency of more than 0.7 was applied to lighting 

1,2,3,4,8,9, and 12, and therefore energy consumption was found to be higher compared 

to other lightings. Meanwhile, the lighting efficiency was relatively low in lighting 

5,6,7,10,11, and 13, suggesting that energy consumption was low. 

 

The ESOB coupling model results show that the error rate is reduced by more than 5% 

compared to the basic energy model. 

 

4 Conclusion 

 

This study aimed to develop an ESOB coupling model that can simulate the current state 

of the target facility with less time and effort. The model is developed using the energy 

simulation program and optimization algorithm. The ESOB coupling model results show 

that the error rate is reduced by more than 5% compared to the basic energy model. 

  

The results of this study allow user to simulate a BES model similar to a real building 

with less time and effort. Based on the results of the ESOB coupling model, a guideline 
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for occupants' behavior can be presented. In addition, with the basic BES model, various 

energy saving techniques can be applied to calculate the effect more easily. 
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Abstract Currently in the industrial sector one of biggest concerns is about 

energetic costs. Some frequent studies have been developing in order to reduce 

energetic losses and at the same time to develop more efficient systems. Exergetic 

analysis is an important tool, because when is compared with energetic analysis 

shows more representative results. Therefore, this work had as objective to 

perform an exergetic analysis in a process plant, where there is a cogeneration 

process, which operates in a Rankine cycle. And also to perform an exergetic 

analysis in this same plant, but now, using all available thermal source coming 

from the same fuel used in the cogeneration process, to generate electric power, 

thus supplying the heat demand by electric resistance. Both situations have 

simulated in EES software (Engineering Equation Solver). After the results 

obtained, it was possible to verify which case showed more satisfactory results. 
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cycle • Exergy •
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1 Introduction 

 

One of the main concerns in the industrial sector nowadays is related to energetic costs, 

whereas they are straightly related to the operational costs and consequently with 

financial and environmental costs as well [1]. In this way, there are some studies aiming 

to develop ways to reduce energetic losses and to improve systems efficiency. Recently 

it has been increasing the interest in applying exergetic analysis in the industrial sector 

[2]. Exergetic analysis aims to identify within a system, places where losses and exergy 

destruction occurs, in order to classify them about their importance, which allows 

operational improvements and to optimize the process. Thus, there is a direct relation 

between exergy and economic value [3, 4, 5]. The first law of thermodynamics states that 

energy can be transformed, but never destroyed, so energy is always conserved [6]. 

Therefore, when a situation involves real processes the first law of thermodynamics 

becomes inadequate. On the other hand, exergy is not conserved and can be destroyed by 

means of irreversibilities. It is closely related to the foundations of the second law of 

thermodynamics [7]. Exergy can be defined as the maximum possible work that can be 

performed by a global system, which is formed by a system and a reference state, also 

called as environment. Thus, exergy is a measure of the deviation between system state 

and environment [5, 8]. A cogeneration plant can supply the energy requirements of 

industries, making the plant energy-independent, besides a possible supplier of electric 

power in the grid [9]. The National Electric Energy Agency of Brazil, at the Normative 

Resolution 235 (2006) defines cogeneration such as the process of transforming thermal 

energy of a fuel into more than one form of useful energy [10]. The most common form 

of energy is mechanical energy, which is used to generate electrical energy and / or to 

move equipments present in the process, whereas the thermal energy is used to meet the 

heat demand in the process, such as for example, at heat transfers, evaporators, etc. The 

main industrial technologies used in the cogeneration process involve cycles that operate 

with gas turbines, as Brayton cycle and steam turbines, as Rankine cycle, it can also be 

operated in a combined cycle, as Brayton-Rankine [11]. By the context presented, the 

work aims to do an exergetic analysis in a process plant that there is a cogeneration 

process, in order to evaluate the exergetic viability of plant. 

 

2 Study of Case 

 

The case study aimed to perform an exergetic analysis in a process plant, taking into 

account two situations. The first situation is to evaluate, exergetically, a cogeneration 

process, in which the energy from biomass is converted into electric and thermal energy. 

The second situation is based on converting all the energy, derived from the same biomass 

used in the first situation, into electric energy, using electrical resistance to supply the 

thermal energy demand in the plant, replacing the equipment that works by steam for 

others that works by electricity. This proposal arises because the electrical system 

presents some advantages, such as lower maintenance cost, ease of monitoring and 

controlling the temperature in a process, being able to be turned off when needed and to 

have a "leaner". After performing the exergetic analyzes in both cases and calculating 
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their respective efficiencies, it was compared which system presented greater exergetic 

efficiency. Figure 17, Figure 18 and Table 9 represent the system. 

 

Table 9. State data for Figure 18 

State Temperature 

(°C) 

Pressure 

(bar) 

Mass flow 

(kg/h) 

1 510 86 - 

2 37 0,06 290.000 

3 Saturated Liquid 0,06 - 

4 41 86 - 

C1 21 1 - 

C2 40 1 - 

T11 21 1 - 

T12 60 1 - 

 

 
Figure 17. Process flow diagram of cogeneration system 
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Figure 18. Process flow diagram of electrical system 

 

3 Equation 

 

In order to do a thermodynamic assessment of each system, it was utilized the software 

Engineering Equation Solver (EES). Some basic equations such as mass balance, energy 

balance and specific exergy were used to development of study. These equations are 

shown below: 

 
𝑑𝑚

𝑑𝑡
=  ∑ �̇�𝑒𝑒 −  ∑ �̇�𝑠 𝑠                                         (1) 

 
𝑑𝐸𝑉𝐶

𝑑𝑡
=  �̇� − �̇� +  ∑ [�̇�𝑒 (ℎ𝑒 + 

𝑉𝑒
2

2
+  𝑔𝑧𝑒)] − 𝑒 ∑ [�̇�𝑠 (ℎ𝑠 +  

𝑉𝑠
2

2
+𝑠

 𝑔𝑧𝑠)]                                            (2) 

 

𝑒𝑥 = ℎ − ℎ0 − 𝑇0(𝑠 − 𝑠0) +  
𝑉2

2
+ 𝑔𝑧               (3)  

 

Where �̇�, �̇�, �̇�, ℎ, 𝑉, 𝑔, 𝑧, 𝑇 and 𝑠 represent, respectively, mass flow, heat, work, 

enthalpy, velocity, gravity and entropy. While the subscripts e, s and 0, refer to input, 

output and dead state, respectively [5]. In order to calculate the exergetic efficiency of 

the whole system, it was realized an exergy balance, for a control volume, which it was 

excluded the boiler, because of both studied cases this component is the same. Thus, the 

Equation 4 shows the exergetic efficiency of system [5]. 
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ɛ𝑥 =  
∑[�̇�𝑓(𝑒𝑥𝑠− 𝑒𝑥𝑒)]+ �̇�𝑙

�̇�𝑞(𝑒𝑥𝑒− 𝑒𝑥𝑠)
                            (4) 

 

Where �̇�𝑓 and �̇�𝑞 represent the cold and hot mass flows, respectively, 𝑒𝑥𝑠
 and 𝑒𝑥𝑒

 the 

specific exergy of output and input, respectively and �̇�𝑙 the liquid work of system [5]. 

 

4 Results and Discussion 

 

The parameters were used for the simulation are available in the Figure 17, Figure 18 and 

Table 9. Except for the vapour quality values at the turbine output of the electrical system, 

which were varied for the quality bands of 1.0, 0.95 , 0.90, 0.85 and 0.80. 

 

Figure 19 shows the results of the exergetic efficiency, as a function of the number of 

stages in the turbines, and the vapour quality at the exit. In Figure 20 we have the useful 

work that must be converted into electricity.  

 

 
Figure 19. Exergetic Efficiency according to the number of stages. 
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Figure 20. Useful work available at the turbine 

 

Comparing the work in the turbine, in relation to the stages and the quality, in Figure 19, 

it is possible to see that the work obtained by the electric system is superior to the work 

of the steam system, for the vapour quality inferior to 0.95. However, in the vapour 

quality of 1, the work behavior in the electrical system starts higher than that of the steam 

system, but, as the stages fall, the work of the electrical system becomes smaller than that 

of the system at steam. This occurs because the steam system has a flow chart inherent to 

its operation process, which in the electrical system, there is not. In that, even with the 

total mass flow cut, for the processes, there would still be a required mass flow rate in 

state 7. Analyzing Figure 19 and Figure 20, with respect to large differences in exergetic 

efficiencies, this occurs due to the increase of the work generated by the turbine, since it 

takes advantage of the latent heat of the steam, besides the sensible heat. 

 

5 Conclusion 

 

It could be seen in Figure 19 that the exergetic efficiency of the electrical system becomes 

better than the steam system by reducing the vapour quality at the output of turbine, this 

occurs because in the electrical system the sensitive and latent energy of the steam are 

better used. In the steam system, the sensitive energy is converted into electrical energy 

at turbine and the total latent energy of the steam is converted into thermal energy in the 

heat exchangers, for the case studied. In the electrical system, the energy of the steam is 

just utilized in the turbine, thus when the vapour quality at the output of turbine is 1, only 

sensible energy is converted into electric energy. However, when the vapour quality at 

the turbine output is less than 1, both the sensitive energy and the latent energy of the 
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steam are converted into electrical energy. The exergy efficiency of the electrical system 

overcomes the steam system, because the total efficiency of the electrical system (turbine, 

generator, transmission, electric heat exchanger) is greater than the efficiency of the heat 

exchanger in the steam system. This analysis is preliminary, with ideal hypotheses. Future 

works could be developed in order to evaluate the exergetic efficiency of real systems. 

Other option could be an economic analysis to give support at assessment. 
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Abstract Application of microalgae has multiple functions such as CO2 

fixation, biomass production, and waste water treatment. Microalgae 

cultivation systems, especially closed photo bioreactors can be 

implemented as components in buildings. Bio-reactors on a building’s 

façade has the added benefit of acting as an effective insulation system. 

This can significantly decrease the energy demand for microalgae culture 

compared to solar standalone units and building energy demand. 

Furthermore, microalgae can give a dynamic appearance with a liquid 

façade that also works as an adaptive sunshade. Yet there are only a 

handful of examples in application and even less information on how 

these systems affect building energy behaviour. In this study, the thermal 

transmittance (U value) of different bio-reactors was determined. 

Experimental design methods were used for parametric study and 

analysis of observed data was performed. Heat transfer behaviour of the 

manufactured panel reactors at different operational conditions, which 

satisfies both thermal comfort in building and microalgae growth 

conditions, was evaluated. 
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1 Introduction 

 

Nearly zero-energy buildings contain systems and renewable energy harvesters which 

help to fulfil current minimum energy performance requirements. Yet they cannot 

actively capture CO2. Algae-culture offers one of the most productive ways to make a 

sustainable energy source. Application of microalgae has multiple functions such as CO2 

fixation, biomass production, O2 generation and waste water treatment. Microalgae 

cultivation systems, especially closed photo bioreactors can be implemented as 

components in buildings. Application of bio-reactors on a building façade has the added 

benefit of acting as an effective insulation system, keeping out the heat of the summer 

and the chill of the winter. This could significantly decrease the energy demand for 

microalgae culture, compared to solar standalone units, [1] and the energy demand of the 

building [2]. Furthermore, microalgae can give a dynamic appearance with a liquid façade 

that also works as an adaptive sunshade [3]. With increasing biomass concentration 

during the cultivation process, the appearance of the building will change in colour and 

transparency. 

 

Although microalgae integrated systems, especially in buildings, has been a hot topic in 

recent years, there are only a handful of examples in application and even less information 

on how these systems affect building energy behaviour. Other studies on microalgae 

mostly focused on single application approach targeting either CO2 utilization through 

biomass production or biofuel production. And this approach resulted in negative net 

energy for produced fuel [4].  

 

Microalgae panel bio-reactors for building façade system addresses three mechanisms; 

increasing thermal resistivity of building facade, creating a constant temperature shell 

around the building and increasing thermal mass. In this study, the thermal transmittance 

(U value) of different bio-reactors was determined. Possible applications for use as a 

building element was investigated. Experimental design methods were used for 

parametric study and analysis of observed data was performed. Heat transfer behaviour 

of the manufactured panel reactors at different operational conditions, which satisfies 

both thermal comfort in building and microalgae growth conditions, were evaluated.  

 

2 Design and manufacture of panel reactors 

 

The evaluated bioreactors were investigated as a façade element at 5-30 cm thickness 

with various wall thickness. To be able to see the insulation effect, the bioreactors were 

considered with and without air layer at the exterior surface. A view of the panel reactors 

is given in Figure 1. The reactor panels were produced from transparent acrylic, 

polymethylmethacrylate (PMMA) sheets. One side of the panel reactor is isolated with 

air inside and the other side is used for as photo-bioreactor. 
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Figure 1. View of an evaluated photo bio-reactor 

 

Experimental design methods were implied in order to determine the effect of design 

parameters on the desired outcomes. For this purpose, the system and/or process were 

identified using the least sources by statistical methods. In this way, the sufficient 

information about the system can be achieved with the minimum number of experiments 

and mathematical models can be set up to achieve optimum results.  

 

Box-Behnken design, which is one of the most referenced experimental design method 

in this field, was used in this study. The number of the experiments was determined as 13 

by Box-Behnken methods with the results of 3-factors experimental design. In total, 13 

different panels were used in experiments. The information about experimental design is 

presented in Table 1.   
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Table 1. Dimensions of 4 different panel reactors tested 

Panel Reactor Name 

dx1 

(cm) 

dx2 

(cm) 

dx3 

(cm) 

PR 1 5 0 1.5 

PR 2 30 0 1.5 

PR 3 5 5 1.5 

PR 4 30 5 1.5 

PR 5 5 2.5 0.6 

PR 6 30 2.5 0.6 

PR 7 5 2.5 2 

PR 8 30 2.5 2 

PR 9 17.5 2.5 0.6 

PR 10 17.5 5 0.6 

PR 11 17.5 2.5 2 

PR 12 17.5 5 2 

PR 13 17.5 2.5 1.5 

 

3 Experimental setup 

 

In order to simulate the building façade application and to determine the required heat 

transmission coefficient and energy requirement behaviour of the system, an 

experimental setup was designed. The view of the experimental setup is presented in 

Figure 2. One surface was heated by circulation of hot water in aluminium heat exchanger 

plate contacted to entire wide side of the panel bioreactor, where the other opposing side 

was cooled by circulation of cold water in another aluminium heat exchanger plate 

contacted. 

 

CO2 needed for microalgae growth is supplied by air feed line from 0.55 kW blower 

equipped with pipelineair rotameter and directly feed to the bottom of the panel reactor 

with a straight supply line in the middle of the reactor. 25 L/min air supplied to the 

reactors during heat transfer experiments. 
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Figure 2. View of the heat transfer experimental setup 

 

 
Figure 3. Cross section of the experimental system 

 

The two sides of the manufactured panels were held at different temperatures by two 

large surfaces connected on the opposite sides of the panels. One side was heated at a 

desired temperature while the other side was cooled at a desired temperature by 

circulating hot and cold water inside the channels of the large surfaces. The cross section 

of the experimental setup is presented in Figure 3. The hot and cold water at constant 

temperatures were supplied by the refrigerator and heating units. The environment and 

panel temperatures were recorded regularly and consistently. In order to measure the 

surface temperature of the panels, five thermocouples were employed as shown in Figure 

4. The surface area of a panel is 0.885 m2. 
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Nanno chloropsis occulata used in preliminary studies and F2 medium was used as the 

growth medium [5]. Optical density was used to monitor the algae growth [6]. 

 

 
Figure 4. Locations of thermocouples on the surface of a panel 

 

Briefly, the temperatures at 16 points of the experimental setup were monitored and 

recorded by data loggers. The locations of the temperature measurement are given below: 

 

- 5 points of the outer surface of the panel for both sides (4 at the corners, 1 at 

the centre) 

- Water temperature in the panel at 3 points, middle of each wall and middle of 

the panel reactor  

- Environment (outdoor) temperature of the experimental setup 

 

When the system reaches steady state, the overall heat transfer coefficient (U) can be 

calculated using the measured temperatures and the heat transfer rate through the panel. 

 

4 Calculation of overall heat transfer coefficient for a panel 

 

Microalgae uses light and some inorganic salts to grow and as they grow. They decrease 

light transmittance due to increased biomass. Heat transfer of a façade system is a 

phenomenon that covers all aspects of heat transfer; conduction, convection and 

radiation. To simplify this, an experimental system was designed in such a way that there 

is no air between panel reactor and heat exchange plates, and entire system is well 

insulated. Thus there is no convection between panel reactor and heat exchange plates 

and radiation terms are negligible. Overall heat transfer coefficient for entire system 
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including; PMMA walls, microalga growth medium and air shell, was calculated by the 

Equation 1 given as follows; 

 

𝑈 =  
𝑄

𝐴 𝛥𝑇
        (1) 

 

5 Results and discussion 

 

Overall heat transfer coefficient (U) value was calculated by using temperature and 

energy consumption data acquired during steady state operational conditions and selected 

heat transfer coefficients from experimental results are given in Table 2. During the 

experiments one side of the reactors were considered at indoor comfort temperature 

condition, 24 °C, while outside temperature of 32 °C, which is average outdoor 

temperature in İzmir, was employed. Panel reactors without stagnant air shell has the 

highest U value, 85.24  W/m2K as expected, even if reactor plate thickness is quite high. 

Addition of an air shell with internal width of 5 cm at outside facing surface decrease U 

value down to 4.54 W/m2K. Increasing reactor growth volume by increasing thickness 

only results in increase of U value from 18.57 to 26.09 W/m2K for 0.6 cm PMMA plate 

thickness reactors with 2.5 cm air shell. 

 

Table 2: Overall heat transfer coefficients for selected panel reactors 

Panel 

Reactor 

Name 

dx1 

(cm) 

dx2 

(cm) 

dx3 

(cm) 

U 

(W/m2K) 

PR 1 1.5 5 0 85.28 

PR 3 1.5 5 5 4.54 

PR 5 0.6 5 2.5 18.57 

PR 9 0.6 17.5 2.5 26.09 

 

Preliminary microalgae growth studies showed also that low and high temperature ranges 

has similar low growth results and light transmittance behaviour. These limiting 

temperatures results in low culture concentration thus system transmits more light to the 

building. Light transmission changes as a function of growth and light transmittance is 

dropped down to %10 for 10 cm thickness of growth medium in 12 days at optimum 

conditions. 

 

6 Conclusion 

 

Possible applications of flat plate photo bioreactors for use as a building element was 

investigated. The results showed that although reactors itself has quite high overall heat 

transfer coefficient, panel reactors coupled with air shells decreased overall heat transfer 

coefficients significantly. Furthermore, even low thicknesses of microalgae growth 

medium has potential to prevent solar radiation to reach building surface and absorb 

radiative heat from outdoors to be directed off the building. 
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Abstract Improvements in energy efficiency are a cost-effective way to 

reduce energy consumption and CO2 emissions internationally. The 

study focuses on determinants of energy efficiency in South Africa to 

understand the drivers of changes in energy use. The model employed 

estimates both a long and a related short run equation for determining 

energy efficiency using time series analysis. In the long run, the use of 

energy is dependent on capital stock, output and investment in the 

economy. The R2 is high, at 0.92. The short run relates changes in energy 

use specifically to the capital/output ratio. A rise in the capital/output ratio 

is found to reduce energy use, whilst a fall in the ratio increases it. The 

research suggests the relationship between energy and capital has to 

change if South Africa is to become energy efficient. Energy policy 

should therefore focus on monitoring the energy/capital ratio to promote 

energy efficiency. 
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1 Introduction 

 

Improvements in energy efficiency are accepted internationally as one of the most cost-

effective means in addressing crosscutting issues such as energy security, climate change, 

competitive-ness, and the promotion of technology transfers to assist countries in 

reducing their energy intensity. By international standards the economy of South African 

is extremely energy intensive with just a few countries having higher intensities. South 

Africa’s primary energy use per unit of GDP is amongst the highest in the world standing 

at 0.13 tonnes of oil equivalent (toe) per thousand 2005 US dollars of GDP calculated 

using purchasing power parities in 2010.  This compares with values for 2010 of 0.22 and 

0.16 for Russia and China and averages of 0.09 and 0.15 respectively for OECD and non-

OECD countries.  According to reference [1] what is a source of concern is the relatively 

small reduction in South Africa’s energy use per unit of GDP of 29% for the period 1990 

to 2010 in comparison to a 38% decline for non-OECD countries on average and a 

reduction of 34% for Russia and 67% for China over this period. 3 

 

The proposed study contributes to the energy efficiency literature by undertaking an 

econometric analysis of energy efficiency in South Africa. The regression estimation 

employs  

 

an energy use index constructed for the country from a decomposition of the economy's 

use of energy. In this manner, the research isolates and highlights the drivers of economy-

wide changes in South Africa's energy use over the period 1971 to 2012.  

 

2 Background 

 

Energy efficiency according to reference [2] and [3] involves a reduction in the energy 

input of a given service or level of economic activity. The resulting reduction in energy 

consumption whilst usually associated with technological changes can also come about 

as a result of better management or improved economic conditions in the sector under 

investigation. Energy efficiency is measured as the change recorded in energy intensity 

in order to account for its quantitative nature. A common definition of energy intensity  

formalised in a study by reference [4]  measures this intensity in terms of energy 

consumption per national production unit such as the J (joule) per US$ of GDP. The study 

here follows this approach. Improving the energy efficiency of production processes is 

generally regarded as a low cost and effective way of curbing energy demand in an 

economy. 

 

2.1 South African Energy Efficiency 

 

Figure 1 shows the aggregate energy intensity of South Africa from 1971 to 2012. The 

trend seems to be decreasing through the years. This should not be interpreted as a 

reduction in the energy consumption over the studied period. Both economic output and 

energy consumption increased through the years but the increase in energy consumption 

was lower than the increase in GDP so the overall ratio decreased. In other words, the 

value of energy intensity shows how many units of energy (in this case TJ) are consumed 
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for the production of 1 unit of economic output (in this case ZAR millions). Given this 

explanation, the total economy decreased its energy demand to produce R1 million from 

1.335 TJ in 1971 to 0.727 TJ in 2012. In other words, the required energy to produce R1 

million decreased by 62.95% from 1971 to 2012, with an average year-on-year decrease 

of 1.49%. 

 

 
Figure 1. Aggregate SA Energy Intensity 

 

Importantly, from the perspective of this study, there is a need to put the energy usage of 

each economic sector in perspective by comparing the energy intensities of the various 

sub-sectors.  

 

 
Figure 2. Energy Intensity per SA Sector 
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Figure 2 shows the energy intensity per sector, defined as energy usage in TJ divided by 

value added in R millions for the years 1971 and 2012. In 1971, the most energy intensive 

sectors of the South African economy were ‘non-ferrous metals’, ‘transport’, ‘iron and 

steel’, ‘non-metallic minerals’ and ‘non-specified industry’. The picture has not changed 

drastically in 2012 with the exception of the non-ferrous metals and transport sectors 

which have seen substantial reductions in their energy intensity over the analysis period. 

These sectors continue however to be the most energy intensive for 2012, as well, with 

‘agriculture’ and ‘mining’ also taking places in the top intensive sectors alongside iron 

and steel, non-metallic minerals and non-specified industry.  

 

3 Methodology 

 

To highlight changes in energy use intensity, the study adopts an index decomposition 

analysis approach as in reference [5]. Decomposition methodology is an extensively 

employed tool, particularly in resource and materials related modelling and research over 

the last two decades. 

 

3.1 Decomposition analysis 

 

The study adopts the fisher ideal index approach to perform a decomposition analysis. 

The main advantage of this method is that it does not involve any residual terms, which 

would make it difficult to interpret the relative importance of structural and intensity 

(technical) effects. Specifically, reference [6] emphasises that perfect decomposition 

methods are preferred in the case of two-factor decomposition owing to their theoretical 

foundation and adaptability, as well as the ease with which their results can be interpreted. 

In this study, changes in South Africa's energy use (et) are decomposed into structural 

and intensity components. Following the decomposition literature, the research problem 

is set in terms of total energy use (E) and total production (Y), as well as sub-indices for 

economic sector (i) and years (t). Thus, the aggregate energy use intensity (e) can be 

written as: 

 

𝑒𝑡 =
𝑒𝑡

𝑌𝑡
=  ∑

𝑒𝑖𝑡

𝑦𝑖𝑡

𝑛
𝑖

𝑌𝑖𝑡

𝑌𝑡
=  ∑ 𝑒𝑖𝑡𝑠𝑖𝑡

𝑛
𝑖       (1) 

 

Equation 1 indicates that a change in energy use may be due to changes in energy intensity 

(e𝑖𝑡) and  structural composition (𝑠𝑖𝑡). One of the main practical advantages of this 

approach is that, by construction, the energy uses in the different sectors need to form a 

partition (i.e., they must not overlap), but the measures of economic activities do not need 

to satisfy this condition. In fact, they do not even need to be expressed in the same units. 

This facilitates the identification of good indicators to account for the structural 

composition (𝑠𝑖𝑡). Following the theory on index numbers, dividing Equation (1) by the 

aggregate energy intensity for a base year (e0) allows a perfect decomposition of the 

aggregate energy use intensity index into intensity (𝐹int) and structural (𝐹str) indices with 

no residual. The result, the fisher ideal index, is a geometric mean of the Laspeyres and 

Paasche price indices. Reference [7] showed that this index satisfied perfect 

decomposition of an expenditure index into a price and quantity component.  In the 
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context of this study, the Fischer Ideal index provides a perfect decomposition of South 

Africa's aggregate energy use intensity index.  

 

e𝑡/e0 ≡ 𝐼𝑡= 𝐹𝑡
str𝐹𝑡

int       (2) 

 

By taking the logarithm of equation (2), it is possible to observe the additive contribution 

of the structural effect (𝐹𝑡
str) and the intensity effect (𝐹𝑡

int) to the total variation in energy 

use per output unit (It).  This decomposition suggests a way to attribute changes in energy 

consumption arising from improvements in energy use intensity. Energy savings (ΔEt) 

due to changes in energy intensity are then defined as: 

 

ΔEt= Et– Eˆ
t        (3) 

 

where Et is actual energy use and Eˆ
t  is the energy use that would have occurred had 

energy use remained at its 1971 level. The study attributes the change in energy use 

between intensity and economic structure as follows: 

 

ΔEt= ΔEt[ln(Ft
str)/ln(It)] + ΔEt[ln(Ft

int)/ln(It)] Ft    ≡ ΔEt
str+ ΔEt

int  (4) 

 

3.2 Data 

 

The data employed in the analysis are obtained from two specific sources. Economic sub-

sector and total energy consumption data is sourced from various issues of the 

International Energy Agency (IEA) reference [2]. In the IEA Energy Balances, the 

economy consists of five sectors (industrial, commercial, agricultural, residential and 

transport) disaggregated in 22 sub-sectors. The identified total energy consumption 

includes consumption of the following fuel types: coal, crude oil, petroleum, gas, nuclear, 

hydro, geothermal, solar, renewables, waste and electricity. The real economic output 

information for the economy and per sectoral contribution is obtained from reference [8] 

the Quantec Easy databases. The data on investment (real gross fixed capital formation, 

excluding residential, 2005 prices) and capital stock (real productive capital stock, total 

excluding residential, 2005 prices) have been taken from the South African reserve bank 

historical data archives. 

 

4 Empirical results 

 

The first results are for the Fisher decomposition of South Africa's energy intensity 

computed by partitioning the country's aggregate energy use into industrial, 

transportation, commercial, agricultural and residential sub-sectors by assigning 

appropriate economic activity measures to each of these energy sectors. Thereafter the 

result of the regression analysis that seeks to determine the main drivers of changes in 

South Africa's energy indexes is presented. 
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4.1 SA Energy Intensity Trends 

 

Figure 3 depicts the results for the South Africa energy indexes with the year 1971 serving 

as the base year in the analysis. Aggregate energy intensity in 2012 is calculated to be 53 

percent of its intensity level in 1971. The activity index was 101 percent basically back 

at the same level it was in 1971 while the efficiency index was 52 percent of its 1971 

level. In other words, had the composition of economic activity not changed between 

1971 and 2012, energy intensity would have been 52 percent of its 1971 level. The forty 

eight percent improvement in South Africa's energy intensity was due to improvements 

in energy efficiency. Similarly, had energy efficiency been fixed at its 1971 levels for all 

sectors, changes in economic activity would have led to a 1 percent increase in energy 

intensity. 

 

 
Figure 3. South African Energy Indexes 

 

Using Equation (4), the study allocates the change in energy use (relative to the amount 

that would have been consumed had energy intensity remained at its 1971 level) between 

efficiency and economic activity. Based on this approach, nearly all of the 53 quads of 

energy reduction arising from improvements in energy intensity can be attributed to 

improvements in energy efficiency.  In contrast to this changes in the composition of 

economic activity have adversely impacted on the country's energy intensity.  
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Figure 4. Energy Savings Relative to 1971 

 

Figure 4 shows the contributions of improve-ments in energy efficiency and 

compositional changes on energy savings between 1971 and 2012. Through out the 

period under investigation changes in energy consumption can be attributed almost 

entirely to improvements in efficiency. The effects of the changing mix of South African 

economic activity has had an adverse impact on the country's energy savings by 

contributing to increases in energy intensity almost throughout but this adverse impacts 

disappears by 2012. It is important to highlight that the decomposition is conditional on 

the particular choice of energy sectors identified in the analysis and used in the 

partitioning of the data. 

 

4.1 Drivers of south africa's energy use 

 

The decomposition results highlight the significance of technological improvements in 

driving changes in South Africa's energy use intensity. The intensity (or technical) effect 

is the dominant factor that contributes to downward pressure on the country's energy 

consumption. This is because the intensity effect works in either of two ways (or a 

combination thereof), namely, (1) technical progress can motivate users of energy to 

substitute other production inputs for energy resources and/or (2) it could encourage them 

to decrease their energy usage through the recycling of energy use. Policy makers should, 

therefore, implement appropriate policies to promote technical progress and the re-use of 

energy resources. Although reductions in energy use intensity embodied in new capital 

may well account for a proportion of the intensity (technical) effect, one would still 

expect this effect to be relatively small and constant over time, and not a driver of the 

large short-run fluctuations in the intensity effect. 
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Turning the study focus on the intensity effect, the decomposition analysis seems to show 

that energy intensity rises during periods of low economic growth and falls in periods of 

high economic growth. It would seem from casual observation that this effect is due to 

higher levels of investment in periods of high economic growth. With the new capital 

stock being less energy-intensive than that which it replaces, there has been a 

corresponding marked improvement in energy use intensity in the economy. Such an 

explanation does not however appear to make intuitive sense. This is because the 

proportion of the total capital stock replaced in any year, even in a year when economic 

growth is high, is relatively low. Furthermore, it is not clear why energy use intensity 

would rise even in periods when investment is low. For even in years when investment 

in South Africa has been low, the level of investment has been more than enough to offset 

depreciation, thereby lifting the country's capital stock.  

 

 
Figure 5. Capacity Utilisation 

 

On closer examination it appears that variations in South Africa's energy use intensity are 

more likely to be due to changes in capacity utilisation (see figure 5). A relatively high 

proportion of energy use in economic activities is fixed, with energy being used for 

cooling, heating, cleaning purposes etc. The remainder reflects changes in production 

levels, and represents the variable proportion of total energy costs. It is changes in these 

variable costs that reflect short-run changes in the aggregate level of economic activity.  

Because of the fixed component, total energy use will not fluctuate as much as output. 

The study derives capacity utilisation for the economy by taking the ratio of capital 

stock/output. Figure 5 indicates that capacity utilisation and the intensity effect track each 

other fairly closely. Remember that the intensity (technical) effect index represents the 

movement in the residual component of the energy/output ratio after adjustment for 

industrial structure. Hence, the intensity (technical) effect index is a good indicator of the 

intensity of energy use. Note that a rise in the capital/output ratio indicates a fall in 

capacity utilisation, and vice versa. Hence, Figure 5 reveals that the energy/output ratio 
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falls as capacity utilisation rises, and rises as capacity utilisation falls. This trend is 

consistent with the notion of having separate fixed and variable costs associated with 

energy usage. 

 

What remains to be explained is why the energy/output ratio would actually rise during 

periods when net investment is positive. To interrogate this, the study runs a number of 

regressions, to verify the magnitude of the various relationships. Regressing the intensity 

effect on the capital/output ratio generates a R2 of 0.74. Regressing the intensity effect on 

investment produces an R2 of only 0.07. The R2 of both series together against the 

intensity effect is 0.82. To check that this is not a result of multi-collinearity between 

investment and the capital/output ratio, the one is regressed against the other; at 0.004, 

the R2 does not suggest a significant relationship between these two series. The regression 

analysis therefore indicates that the intensity effect, or energy use per unit of output, is 

affected by both capacity utilisation and investment, with the equation being: 

 

ln(IE)=5.05+1.10ln(KS/Y)-0.24ln(GFKF)     (5) 

 

where:  

 

IE is the intensity (technical) effect index  

KS/Y is the real productive capital stock/output ratio  

GFKF is the real gross fixed capital stock (investment).  

 

Given that the coefficients of the equation are in logs, we can interpret these as 

elasticities. Hence a 1 percent rise in the capital/output ratio can be expected to result in 

a 1.1 percent increase in the energy/output ratio, while a 1 percent rise in GFKF will 

result in a 0.24 percent fall in the energy/output ratio. Hence both factors are at work. A 

rise in capacity utilisation will lower the intensity of energy use, as will a fall in 

investment. The analysis therefore suggests that when investment levels in South Africa 

are lower than in the previous year, the contribution from investment causes a rise in the 

energy/output ratio. This development still appears to be counter-intuitive. As mentioned 

earlier, even in years when investment falls in South Africa, the level of investment is 

still substantial. It therefore does not seem to follow that an easing in the level of 

investment will necessarily result in a rise in the energy/output ratio. On closer inspection 

investment is found to be highly correlated with output, with an R2 of 0.85. Hence, 

investment may have entered into Equation (5) because of its correlation with output, 

which is the denominator of the dependent variable in this equation, namely: the 

energy/output ratio. 

 

Suppose that the output level is not used as the denominator of energy use (the dependent 

variable) in Equation (5) but instead the regression analysis simply represents the 

variables of interest in the study in levels. That is, the analysis represents energy use as a 

function of the capital stock and the investment level, as in equation (6).  

 

E = f(KSt-1, GFKF)       (6) 
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This representation of energy use makes intuitive sense, especially if the economy's 

capital stock is lagged by one year. That is, energy use is then dependent on last year’s 

capital stock and this year’s increment to the capital stock (investment). This suggests 

that the capital stock level generally determines energy use. But do the data back this up? 

 

A closer inspection of the data sheds light on the changes in the energy/output ratio, which 

in the mid 1980s and early 1990s was due to falls in output. The analysis suggests, energy 

use generally reflects the level of capital stock supporting the view that the fixed 

component of energy use is high. Specifically, energy use in economic activity is related 

to the machinery, equipment and infrastructure of the economy, rather simply the level 

of output produced. The study next adopts a co-integration approach, estimating a long 

run model of energy use based on the economy's capital stock, output, and capacity 

utilisation. The best-fit relationship (with a R2 of 0.92) is for South Africa's energy use 

expressed as a function of the economy's stock of capital.  An interesting feature of the 

long run relationship is the coefficient on the capital stock, which at 0.963, is less than 1. 

This implies that a 1 per cent rise in the capital stock will be accompanied by a 0.96 per 

cent rise in energy use. It points to the country's capital stock becoming less energy-

intensive although the rate of change is slow. 

 

5 Conclusions 

 

The study draws a number of conclusions from the decomposition and regression analysis 

that help inform energy policy within South Africa. Firstly, the decomposition analysis 

suggests that the improvements in South Africa's energy intensity are almost entirely 

driven through the efficiency rather than the activity channel. The regression analysis 

indicates that in the long run, energy use in the South African economy is related to the 

capital stock. It also suggests that the capital stock is becoming more energy-efficient 

over time, but that this change is gradual.  

 

The relationship between energy and the economy's capital stock has to change, if South 

Africa is to become more energy efficient. The study indicates this is far better than 

monitoring the country's energy/output ratio, and drawing strong conclusions from the 

later, as this is fraught with difficulties. The study supports the use of a combination of 

approaches in the management of South Africa's energy resources including information-

based tools such as labelling and the education of producers and consumers. Together a 

mixture of energy management tools will incentivise innovation and the adoption of new 

processes and technologies.  This will reduce the intensity of energy use across all sectors 

of the economy and assist policy makers to decouple energy use and its impact on South 

Africa's economic growth. 
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Abstract An experimental study is carried out to investigate flow 

characteristics of synthetic jet driven by a duty cycle signal in quiescent 

air. A loudspeaker is used as an actuator in order to generate synthetic jet. 

This actuator is driven with different frequencies between 5 and 50 Hz 

and the duty cycle, changing from 10% and 50% with the increment of 

10%, is applied at f = 20 Hz. Single and tandem signals up to five periods 

are obtained by arranging duty cycle frequency. Three different flow 

mode is obtained that are blowing-suction (the first mode), core jet 

velocity (second mode) and losing momentum at core region (third 

mode). For the duty cycle case, the number of peak is always one more 

than driving frequency. 
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1 Introduction 

 

Synthetic jet actuator is one of the most known active flow control methods. Synthetic 

jet (SJ) or Zero Net Mass Flux (ZNMF) can be produced with the help of a piezoelectric 

diaphragm [1]–[3], a piston cylinder mechanism [4], [5] and a loudspeaker [6], [7]. It 

works by ingesting ambient air and expelling air inside cavity through an orifice 

consecutively. SJ actuators have some advantages such as no external air supply and no 

plumbing as compared to continuous jet [8], [9]. They have wide usage areas including 

heat transfer enhancement [9]–[11], flow control [12]–[14] and fuel cell performance 

enhancement [15], [16]. 

 

Qayoum et al. [17] showed that how synthetic jet characteristic changes with variation in 

the voltage and frequency. They reported that the amplitude modulation seriously affects 

the basic synthetic jet characteristics and also increased both the magnitude of rms 

velocity fluctuations and the jet flow direction. Crispo et al. [18] compared the flow area 

by producing synthetic jet with chevron and conventional model nozzle exits. In the 

models, the electric power, Reynolds number and Strouhal number are set the same 

values. This indicated that the flow field clearly depends on the output geometry of the 

nozzles. Feero et al. [8] experimented with cylindrical, conical and contraction models in 

order to show the space change on synthetic jet performance. They noted that the radial 

velocity profiles are the same in all three models, but differ in magnitude. Tesar and 

Kordik [19] defined the vortex lengths which are proportional to the diameter of the 

nozzle with the Tollmien hypothesis. They reported that the vortices are small and slow 

while the Stokes number increases. Travnicek et al. [20] described four different flow 

field regimes by flow visualization in their experimental study. These regimes are 

creeping flow without SJ formation, SJ formation and propagation without vortex rollup, 

SJ with vortex rollup, and vortex structure breakdown-instability-transition to turbulence. 

Their results indicated that the synthetic jet regimes differed in low, medium and high 

Stokes numbers. 

 

The purpose of this study is to investigate the effect of duty cycle changing between 10% 

and 50%.  

 

2 Experimental setup 

 

The experiments were performed to investigate influence of driving signal over 

loudspeaker synthetic jet actuator by measuring the instantaneous velocity via hot-wire 

anemometer. As shown in Figure 1, experimental setup consists of a synthetic jet actuator, 

a hot-wire probe, a two axis traverse mechanism, a computer, a function generator, an 

oscilloscope, a traverse controller, a constant temperature anemometer (CTA), an 

amplifier, a power supply, a current probe, and BNC data acquisition.  
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Figure 1. SJ actuator experimental setup  

 

Loudspeaker driven synthetic jet actuator composes of the loudspeaker, the plexiglass 

sheet creating a cavity volume, plexiglass pipe and cap having diameter (d) of 20 mm. 

The velocity measurement was carried out via 6 channels DANTEC Multichannel CTA 

from 55P11 single wire probe. Desired signal modulations such as duty cycle (DC) and 

shifting phase angle are generate by using AA TECH brand AWG-1010 function 

waveform generator. Generated signal is amplified with BOSS brand 1000 W amplifier 

in order to operate the Jameson brand JW-36 model 1000 W subwoofer loudspeaker. 

Driving signal monitored with oscilloscope. Data collections of instantaneous velocity 

and current signal are carried out with NI PCI-6220 data acquisition card. Tektronix A622 

AC/DC current probe used to obtain driving signal.  

 

Experiments were carried out for the driving frequencies of 5, 10, 20 and 50 Hz in order 

to obtain synthetic jet characteristic of the SJ actuator. Furthermore, the actuator is driven 

with a burst signal having 500 ms period at the duty cycle changing from 10% and 50% 

with the increment of 10%. Experimental uncertainty of the velocity measurements 

calculating by the uncertainty analysis method suggested by Coleman and Steele [21] is 

4.7%. 

 

3 Results 

 

Figure 2 shows the average velocity distributions in the radial direction of the blowing 

frequency at y / D = 1, 2 and 5. Here, it is seen that the velocity distributions are uniform 

in the radial direction -0.5 ≤ r/D ≤ +0.5, which corresponds to low driving voltage in the 

region very close to the nozzle exit (y/D = 1). Moreover, it gradually turns into a parabolic 

form with increasing frequency. It can be seen that the velocity of the jet on the radial 

direction at y/D = 1, 2 and 5 preserve the level of velocity over the jet axis despite the 

expansion in the radial direction. 
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Figure 2. Averaged velocity distribution for continuous driving signal with different 

frequency at y/D=1, 2 and 5 
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Figure 3 shows the current-time variation obtained from the current probe of the actuator 

signal for 5 different states between 10% and 50% of the duty cycle value. At 10% duty 

cycle, sinusoidal signal is obtained as single period. In the case of DC = 50%, 5 

consecutive periods are formed. 
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Figure 3. Current signal - time history for different duty cycle values 
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The instantaneous velocity distributions for these signals are given in Fig. 4 and 5 for y/D 

= 0 and 5 probe positions, respectively. In Fig. 4, red line and black line indicate blowing 

and suction of the actuator, respectively. In the velocity measurements taken from y/D = 

0 position, instantaneous velocity changes in both the blowing and the suction cases as 

the probe stay at just outside of the nozzle. At DC = 10%, the first peak here indicates the 

blowing jet (red line) which is occurred with flowing signal from the zero level to the 

positive amplitude, the second peak indicates instantaneous velocity which is flowing 

from positive signal amplitude to the negative signal amplitude in the suction mode, and 

the third peak indicates the jet formed during the change from negative to zero amplitude 

of the signal. The velocity in suction mode intrinsically has negative value according to 

the axis of the nozzle but the hot wire anemometer independent from measurement axis 

measures the velocity perpendicular to the direction of the wire, therefore the measured 

velocity is shown in the plot as the positive value. 
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Figure 4. Instantaneous velocity distribution for DC = 10%, 20%, 30%, 40% and 50% 

at y/D = 0 
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When examined the velocity distribution at y/D = 5, only the first and third velocity peaks 

are visible because the suction mode is not effective at this position. The number of 

velocity peaks of jets is formed due to the phase angle of the sinusoidal signal starting 

from zero. In other words, when the number of signals generated based on the duty cycle 

mode is 1-5, the number of peaks in the velocity distribution is 2-6. The first and last 

velocity peaks were lower than interval velocity peaks due to the half-amplitude signal. 

It is seen that the maximum velocity values of the jet are up to 20 m/s. 

 

Figure 6 shows the comparisons of the continues sinusoidal signal (fcs=20 Hz) and the 

duty cycle signal in terms of the average velocity distribution along the synthetic jet axis. 

The flow structure here consists of three modes. It can be seen that the average velocities 

decrease rapidly up to y/D=1 denoted as Mode-1. In this first mode, the measured velocity 

includes both suction and blowing velocity.  
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Figure 5. Instantaneous velocity distribution for DC = 10%, 20%, 30%, 40% and 50% 

at y/D = 5 

Since the hot-wire probe is far enough away from the nozzle (up to about 1D), the average 

velocity of the jets only include the blowing of the actuator that is called as second mode. 

The average velocities stay at about the same level because the velocity in the jet axis 

within the core region does not change in the range of y / D = 1-3.5. After this distance, 

it is indicated that the averaged velocity of jet at radial direction is gradually decreased at 

the centre axis between y/D= 3.5 and y/D=10. At these ranges, flow mode is called as 

third mode. When the duty cycle is increased from DC = 10% to DC= 50%, the averaged 

velocity distribution along jet axis is gradually augmented due to increasing the number 

of cycle. In the range of y/D= 1 and y/D=3.5, the averaged velocities for DC=50% and 

fcs=20 Hz are 4.1 m/s and 7.5 m/s, respectively. Even though the number of cycle within 

one second is decreased at rate of 50%, decrease in the maximum velocity is obtained as 

45.3% as compared to continuous sinusoidal signal.  
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Figure 6. Instantaneous velocity distribution for DC = 10%, 20%, 30%, 40% and 50% 

and continuous sinusoidal signal at f = 20 Hz. 

 

4 Conclusıon 

 

Effect of duty cycle changing from 10% and 50% over the performance of the synthetic 

jet actuator is experimentally investigated. Three flow regime for the synthetic jet based 

on y/D is identified. The first mode include blowing and suction of jet up to y/D= 1, the 

second mode involve core jet velocity between y/D= 1 and y/D= 3.5 and third mode 
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indicated the losing momentum up to y/D =10. For the duty cycle case, the number of 

peak is always one more than driving frequency. 
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1 Introduction 

 

Two-phase flow through a porous media is an important topic of research. It has several 

applications in chemical, nuclear, oil, and other industries. In these applications, the high 

surface area of heat and mass transfer, between phases, is looked. But, the heat and mass 

transfer depend, mainly, on the hydrodynamic in the granular medium [1, 3]. So, the 

literature exam shows that several models describing the hydrodynamic are developed. 

Maldonado et al. [1] showed the effect of packing particles on the hydrodynamic. The 

tests are achieved in small values of velocities of phases. Turpin & Huntington [5] studied 

the influence of operating conditions on the pressure drop. In their study, a new model 

was developed and validated. For the same goal, a new model was developed by Yang et 

al. [4]. The model is more accurate than that of Turpin et. al [5].  In another hand, Tung 

& Dhir developed     a new model [2]. In each flow regime and the transition between 

regimes was described by specific equations. The uncertainty of this model is almost 

15%. A new research project of upward flow of two-phases in a granular medium where 

liquid circulation is achieved by an air-lift pump was developed by Oueslati et al. [6-15]. 

In this project the effect of several variables on the hydrodynamic was studied.  The 

originality of this works consists in the combination between airlift pump and a two-

phase flow in a granular medium. The most previous models are validated in restricted 

operating conditions and the uncertainty is relatively high. Although the mistakes in the 

development of equations, the model of Tung and Dhir [3] provides the best accuracy 

and large operating conditions applications. So, the objective of this paper is to develop 

a new model based on that of Tung and Dhir. Therefore, in the new model the variables 

of an airlift pump and the liquid temperature will be considered.  

 

2 Experimental setup  

 

The setup is shown in fig.1. The riser is a glass tube with 2m in length and 72 mm inner 

dimeter. It is filled with glass Rashig rings. The down comer is a glass of 72 mm inner 

dimeter. The upper end of the riser is connected to a collecting tank (6) where the air 

escapes to atmosphere. The air coming from the compressor enters the riser through the 

jacket holes and moves with it, in the upward direction, the liquid. The water, pumped, 

passes from tank (6) to the water feeding tank. Its flow rate is measured by a calibrated 

float flow meter. The water is, already, heated by the heater (12). The level of the liquid 

in the tank (8) is controlled by an automatic regulator (10). 
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Figure-1: Experimental setup 

 

1. compressor, 2. Valve, 3.pressure gauge, 4. Thermometer, 5. Air flow meter, 6. 

Collecting tank, 7. Water flow meter, 8. Water feeding tank, 9.thermometer, 10. Level 

control, 11.heater 12. Heating tank, 13. Valve, 14. Down comer, 15. Air-jacket, 

16.holding tank,  HR. Relative humidity sensor, LC. Level control. PG. Pressure Gauge. 

 

The pressure, the temperature and the flow rate of inlet air are measured by calibrated 

instruments. The relative humidity of air is measured at the foot and at the head of the 

riser by calibrated hygrometers. The humidity ratio is calculated from measured values 

of RH using equation detailed in [15]. 

 

The air injector consists of 63 small holes of 2 mm dimeter uniformly distributed around 

the pipe perimeter in nine rows and seven columns to unsure uniform feed of the air into 

the pipe. Various liquid temperatures for each submergence ratio were investigated in the 

present study. The range of liquid temperature was obtained in increments of 5°C. For 

each liquid temperature and submergence ratio, the air flow rate was varied and the 

corresponding flow rate of water and humidity of air were measured. A procedure of 

specified and planed measurements was followed for each run. 
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Table 1: Physical characteristics of the packing particles 

Type of packing particles  Glass rings 

Density (kg/m3)   2.187 

Average diameter: dp (m)  0.008 

Average length: lp (m)  0.008 

Fixed bed porosity: є  77.3 

Form factor: φ   0.681 

 

3 Modeling  

 

The model is based on the forces balances on fluid phases and the correlations established 

by [2] in the case of sphere glass as a packing. In the present work, we will use the same 

equations of [2] after modification. So, the Forces balance on the gas phase is given by 

the following equation: 

 

−
𝑑𝑃

𝑑𝑧
𝜀𝐺𝜀 = 𝜌𝐺𝑔𝜀𝐺𝜀 + 𝐹𝑝𝐺 + 𝐹𝑖      (1) 

 

Forces balance on the liquid phase is:  

 

−
𝑑𝑃

𝑑𝑧
(1 − 𝜀𝐺)𝜀 = 𝜌𝐿𝑔(1 − 𝜀𝐺)𝜀 + 𝐹𝑝𝐿 − 𝐹𝑖     (2) 

 

We define the dimensionless quantities: 

 

𝑃∗ =
−

𝑑𝑃

𝑑𝑧

𝑔(𝜌𝐿−𝜌𝐺)
        (3) 

 

𝐹∗ =
𝐹

𝑔𝜀(𝜌𝐿−𝜌𝐺)
        (4) 

 

𝜌∗ =
𝜌𝐺

𝜌𝐿
         (5) 

 

Therefore, the forces balances on gas and liquid phases can be written, with 

dimensionless quantities, as follows: 

 

𝑃∗𝜀𝐺 =
𝜌∗𝜀𝐺

(1−𝜌∗)
+ 𝐹𝑃𝐺

∗ + 𝐹𝑖
∗       (6) 

 

𝑃∗(1 − 𝜀𝐺) =
(1−𝜀𝐺)

(1−𝜌∗)
+ 𝐹𝑃𝐿

∗ − 𝐹𝑖
∗      (7) 

 

These equations (6 & 7) contain five variables. So, for solving these equations we need 

three equations. In the following section,  𝐹𝑃𝐺
∗ , 𝐹𝑃𝐿

∗  and 𝐹𝑖
∗ are given by three models.  
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𝐹𝑝𝐺
∗ = 𝑎∗ µ𝐺 𝑈𝐺   

𝑘𝐺
+ 𝑏∗

𝜌
𝐺  𝑈𝐺

2        

𝜂𝐺
      (8) 

 

Where the expressions of  𝑎∗,  𝑏∗, 𝑘𝐺   and 𝜂𝐺 are calculated by the model defined in [2]. 

 

The dimensionless drag force due to the flow of the liquid is given by the following 

relation: 

 

𝐹𝑃𝐿
∗ = 𝑎∗ µ𝐿 𝑈𝐿   

𝑘𝐿
+ 𝑏∗ 𝜌𝐿  𝑈𝐿𝑈𝐿       

𝜂𝐿
      (9) 

 

The permeabilities relative to the liquid phase and the dimensionless interfacial force, 𝐹𝑖
∗, 

are calculated by the model described in [2].  

 

The elimination of the pressure gradient between equations (6) and (7) yields:  

 

𝜀𝐺𝐹𝑃𝐿
∗ − (1 − 𝜀𝐺)𝐹𝑃𝐺

∗ −  𝐹𝑖
∗ =  0      (10) 

 

The pressure gradient can be calculated using either equation (6) or equation (4) or by 

adding the two equations to obtain: 

 

P∗  =  
(1 −εG +ρ∗εG)

(1−ρ∗)
 + FPL

∗  +  FPL
∗       (11) 

 

The volumetric flow rate of gas can be written as: 

 

𝑄𝐺 =
𝑚𝑎𝑠

𝜌𝐺
(1 + 𝑋)       (12) 

 

Where: 

 

𝜌𝐺 = 𝜌0 ∗
𝑇0

𝑇
∗

𝑃

𝑃𝑎
∗

𝛿∗(1+𝑋)

𝛿+𝑋
       (13) 

 

The average absolute humidity is given by: 

 

𝑋 =
𝑋𝑖𝑛−𝑋𝑜𝑢𝑡

𝐿𝑛(
𝑋𝑖𝑛

𝑋𝑜𝑢𝑡
)
        (14) 

 

The water liquid density is calculated by the following equation [15]: 

 

𝜌𝐿 = −0.0038𝑇2 − 0.0505𝑇 + 1002.6       (15) 

 

The dynamic viscosity of water liquid is given by the following equation [15]: 

 

µ𝐿 = 10−5(0,0046 ∗ 𝑇 + 1.7176)      (16) 
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The dynamic viscosity of the gas is given by the formula [15]: 

 

a

vst

v

vs
g PHRPPHR




..

10*81.9 5




       (17) 

 

PVS is given by the DUPRE formula [15].  

 

𝑃𝑉𝑠 = exp [46.87 −
6435

𝑇+273.15
− 3.868 ∗ 𝐿𝑛(𝑇𝑎 + 273.15)]   (18) 

 

The viscosity of the water vapor, µv, is given by the following formula [15]: 

 

µ𝑣 =
3.01472.10−6

1+
673

𝑇+273.15

√
𝑇+273.15

273.15
      (19) 

 

The viscosity of the air is given by the correlation [15]:  

 

µa = 10−5(0.0046 ∗ T + 1.7176)      (20) 

 

The modified model is obtained by considering air humidification. Therefore, the liquid 

temperature is considered as an operating variable. Using this modified model, a 

computer program was developed in order to investigate the air-lift pump performance. 

 

4 Results and discussions 

 

Fig. 2 shows the variation of gas holdup (εG) in   the packed column humidifier with 

superficial gas velocity (UG). The figure shows that εG increases linearly with the increase 

of superficial gas velocity up to certain value. After this value, the effect of superficial 

gas velocity on the gas holdup is weak. So, the variation of gas holdup, with the variation 

of gas velocity, is slowly. This fact is observed for three different values of submergence 

ratio (Sr). 

 

The figure shows also the effect of temperature on gas holdup. Indeed, if temperature 

increases then the gas holdup also increases. This is explained by water evaporation 

which represents an additional source of gas (vapor).  
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Figure-2: Effect of liquid temperature on the gas holdup. 

 

 
Figure-3: Comparison of predicted gas holdup with experimental data. Sr = 0.30; Tw = 

50°C. 
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In addition, the submergence ratio increase has a negative effect on the gas holdup which 

is explained by the increase of liquid flow rate. Therefore, liquid holdup increase and gas 

holdup decreased.  

 

Figs. 3-4 show the variation of gas holdup (εG) in   the packed column humidifier with 

superficial gas velocity (UG). The figure shows the results of the present study and three 

theoretical curves obtained by Turpin & Huntington, Yang & Euzen and Tung & Dhir  

model. We observed that the model of Tung and Dhir is the nearest model to the present 

study results.  

 

This is explained by the accuracy of Tung and Dhir model. In general case, the difference 

between experimental results and that calculated by Tung ad Dhir model is don’t exceed 

15%.   

 

 
Figure-4: Comparison of predicted gas holdup with experimental data. Sr = 0.30; Tw = 

60°C. 
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Figure-5: Comparison of predicted pressure gradient with experimental data. 

 

This is explained by the existence of specific equations for each flow regime. So, this fact 

makes the model of Tung and Dhir, after modification, as the powerful tool of 

hydrodynamic prediction.  The theoretical gas holdup calculated by the models of Turpin 

& Huntington and Yang & Euzen is greater than the experimental values. At high gas 

velocity, the difference between the experimental and theoretical results is more than 

30%. This is explained by the non-accuracy of Turpin & Huntington model and Yang & 

Euzen model. 

 

Figs. 5-6 show the variation of pressure drop (P*) in   the packed column humidifier with 

superficial gas velocity (UG). The experimental results and theoretical values calculated 

by Yang & Euzen and Tung & Dhir models. As, expected, the pressure drop increases 

with the increase of gas velocity and temperature.   In addition, the Tung & Dhir model, 

after modification, is the nearest model to our experimental study.   
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Figure-6: comparison of predicted pressure drop with experimental data. 

 

Therefore the prediction of pressure drop of gas and liquid in upward flow in a granular 

medium is easy even at high temperature. But, at high values of superficial gas velocity 

the difference between theoretical results given in [2] and experimental results is about 

18%.   

 

The basic definition of gas holdup: 

 

𝜀𝐺 =
𝑄𝐺

𝑄𝐺 +𝑄𝐿
 =

𝑈𝐺

𝑈𝐺+𝑈𝐿
       (21) 

 

So, 

 

𝑈𝐺 =
𝜀𝐺

1−𝜀𝐺
UL        (22) 

 

Or, 

 

𝑈𝐺 =
𝑚𝐺

𝐴∗𝜌𝐺
=  

𝑚𝑎𝑠 

𝐴∗𝜌𝐺
∗ (1 + 𝑋)      (23) 

 

𝑈𝐿 =
𝑚𝐿

𝐴∗𝜌𝐿
          (24) 

 

Therefore, 
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𝑚𝑎𝑠 

𝜌𝐺
∗ (1 + 𝑋) =

𝜀𝐺

1−𝜀𝐺

mL

ρL
       (25) 

 

Tung and Dhir model gives the following values of gas holdup which correspond to 

regime flow change: 

 

If 𝜀𝐺 = 0.524; The flow regime changes from bubbly to slug. 

 

If 𝜀𝐺 = 0.6; The flow regime changes from slug to annular.  

 

If 𝜀𝐺 = 0.74; The regime flow is annular. 

 

The last equation (25) can be solved by giving the temperature (T), the vapor content in 

air X (kg v / kg a), gas holdup and dry air mass flow rate.  The results of calculations are 

plotted in fig.7. This fig. shows the influences of gas mass flowrate, the flow regime and 

temperature on the mass liquid flow rate. In addition, the flow regime change varies with 

temperature. 

 

 
Figure-7: Theoretical Flow card regimes with saturated air. 
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So, the increase of liquid temperature makes the flow regime change more before that 

made by the increase of dry air flow rate. This fact is explained by the additional vapor 

comes from liquid phase to air. Indeed, the gas holdup will be increased by the water 

vapor and the flow regime change will occur.  

 

5 Conclusion 

 

The developed model is a first approach able to highlight the local mechanism of the 

effect of liquid temperature on the fluids flow in an airlift packed column. The gas holdup 

and the pressure drop can be predicted using the developed model. The flow pattern was 

also drawn easily with this model. The effect of liquid temperature and air humidification 

on the hydrodynamic can be predicted by the new model. Additional work is necessary 

to obtain accurate quantitative prediction of bubbles sizes, gas and liquid drag forces, and 

slip velocity, etc.  
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Abstract An experimental investigation of humidification process by air 

passing through sea water in air lift packed column is presented. This 

experimental work studied the influence of the operating conditions such 

as the water temperature, the submerged ratio on the vapor content 

difference and humidification efficiency.  

 

The experimental results show that, the vapor content difference and the 

humidification efficiency of the system are strongly affected by the inlet 

water temperature to the evaporator chamber, submersion ratio and 

packing dimensions. The obtained maximum vapor content difference of 

the air was more than 500 gr w/kg a, at 85 °C which is high compared to 

that in literature. 
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1 Introduction 

 

Air humidification is an operation that has many industrial applications and in 

desalination of water. It can be carried out, even at low temperature and under 

atmospheric pressure. A review of the literature shows that the use of packed columns 

[1-16] is more cost-effective than the technique of spraying water in hot air. 

 

The countercurrent flow of water and air in a granular medium is the most effective 

configuration in the humidification of air. The choice of this configuration is aimed at 

maintaining the fixed packing particles. Therefore, bed properties such as porosity, height 

remain fixed during the experimental runs. Air humidification operations do not take into 

account the physicochemical properties of packing such as wettability, construction 

material, etc. 

 

Fadi Al Naimat et al. [2] used a packed column to humidify the air. He attempted to 

establish a relationship between the results obtained and the position of the packing 

particles in the column. 

 

In this article, we will study the diameter effect of glass rings used as packing particles 

on the humidification of the air by direct contact with     seawater. The fluids are flowing 

upward in a packed column operating on the principle of an airlift pump. This co-current 

flow favors the dispersion of the material and a large exchange surface is offered [7]. 

Note that the glass rings favor the transfer of heat and material between the fluids thanks 

to the increase of the gas retention [16]. 

 

2 Theory 

 

The submersion ratio, Sr, is calculated by the following equation:  

 

𝑆𝑟 =  𝐻𝑠/𝐿        (1) 

 

Where: HS and L are the initial height of liquid in the riser before injecting air and the 

packed height column respectively (Fig.1).  

 

The pressure of vapor, Ps, at saturation conditions is given by Dupre [7] which is valid 

between -50°C and 200°C. 

 

𝑃𝑠(𝑇)=𝑒𝑥[46.784−(6435/ (𝑇+273.15))−3.868* 𝑙𝑛 (𝑇+273.15)]   (2) 

 

Where: T is the Temperature in (°C), Ps(T) is the pressure of vapor at saturation 

conditions in (mmHg). The relative humidity, HR, is calculated by the following ratio:  

 

𝐻𝑅 = 𝑃𝑣 (𝑇) / 𝑃(𝑇)       (3) 
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P(𝑇): is the vapor pressure at the temperature T. His value can be calculated by the 

equation (4): 

 

P(𝑇) = 𝐻𝑅∗𝑃𝑆(𝑇)        (4) 

 

The mass of water vapor per kg dry air, X, at a temperature T and a total pressure P is 

given by the following expression: 

 

𝑋=0.622 𝑃𝑣 (𝑇) / (𝑃 − 𝑃𝑣 (𝑇))      (5) 

 

The vapor content difference is defined as:  

 

Δ𝑋= 𝑋𝑜𝑢𝑡 − 𝑋𝑖𝑛        (6) 

 

Where X in, X out are the inlet outlet humidity of the evaporator chamber. The 

humidification efficiency of the evaporator chamber is given by 

 

𝜂ℎ𝑢 = 100× 𝛥𝑋 /  (𝑋𝑜𝑢𝑡 (𝑆𝑎𝑡) − 𝑋𝑖𝑛)     (7) 

 

Where: X (out) sat is the outlet humidity of saturated air. Its value is calculated by equation 

(5) at saturated air conditions.  

 

3 Experimental setup and procedure  

 

The setup is shown in fig.1. The riser is a glass tube with 2m in length and 72 mm inner 

dimeter. It is filled with glass rings. The down comer is a glass of 72 mm inner dimeter. 

The upper end of the riser is connected to a collecting tank (6) where the air escapes to 

atmosphere. The air coming from the compressor enters the riser through the jacket holes 

and moves with it, in the upward direction, the liquid. The water, pumped, passes from 

tank (6) to the water feeding tank. Its flow rate is measured by a calibrated float flow 

meter. The water is, already, heated by an electrical heater (12). 

 

The level of the liquid in the tank (8) is controlled by an automatic regulator (10). The 

pressure, the temperature and the flow rate of inlet air are measured by calibrated 

instruments. The relative humidity of air is measured at the foot and at the head of the 

riser by calibrated hygrometers. The humidity ratio is calculated from measured values 

of RH using equation detailed in [7]. 
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Figure-1: Experimental setup 

 

1. compressor, 2. Valve, 3.pressure gauge, 4. Thermometer, 5. Air flow meter, 6. 

Collecting tank, 7. Water flow meter, 8. Water feeding tank, 9.thermometer, 10. Level 

control, 11.heater 12. Heating tank, 13. Valve, 14. Down comer, 15. Air-jacket, 

16.holding tank,  HR. Relative humidity sensor, LC. Level control, PG. Pressure Gauge. 

 

Various liquid temperatures for each submergence ratio were investigated in the present 

study. The range of liquid temperature was obtained in increments of 5°C. For each liquid 

temperature and submergence ratio, the air flow rate was varied and the corresponding 

flow rate of water and humidity of air were measured.  

 

The experimental runs are carried out considering the following procedure:  

 

(1) The temperatures of the water and air are measured before supplying the electrical 

power to ensure a uniform temperature of the system.  
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(2) The temperature of the water is adjusted to the desired temperatures automatically 

through the digital reading and controller microcomputer thermometer that it operated 

the electrical heater.  

 

(3) The supply air velocity is adjusted to the desired velocity through the compressor 

valve.  

 

(4) The temperatures, inlet and outlet Relative Humidity (RH) of air, water and air flow 

rate are recorded every 15 min until the steady state condition is achieved.This condition 

was satisfied when there was no change on the temperatures, relative humidity, air and 

water flow rates reading with time.  

 

For the relative humidity (RH) measurement , a thermo-hygrometer S.P.S.I. (B) type, 

which gives the measured values of temperature in the range of (-40°C ; 140°C) and RH 

in the range of (0; 100%). The uncertainty of the measurement instrument is about 5% 

according the supplier. The humidity at the inlet and outlet of the evaporator chamber is 

calculated by software. The inlet and outlet temperatures of air and water are measured 

by Thermocouple k type, with accuracy of±1, connected to a digital reading 

microcomputer.  

 

The initial height of water in the riser, Z s, is measured by using graduate lever with 

accuracy of ±1 mm.  

 

4 Results And Discussion  

 

 
Figure-2: Air temperature after humidification. 
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Fig. 2 shows the variation of air temperature (Ta) in   the packed column humidifier with 

liquid temperature (Tw). The figure shows that Ta increases with the increase of liquid 

temperature. This fact is observed for different diameters of solid packing particles (di). 

 

 
Figure-3: Vapor content in air after humidification; mas=5kg/h. 

 

 
Figure-4: air temperature after humidification; Tw= 60°C, mas = 4.5 kg/h. 
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Figure-5: Vapor content in air after humidification; ∆X= F(Sr), mas= 5kg/h, Tw=70°C, 

Ta,in = 18°C. 

 

 
Figure-6: Humidification efficiency; 

 

Sr =0.45; mas = 5kg/h; Ta,in = 18°C 
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Figure-7: Effect of submersion ration on humidification efficiency; Tw=75°C; mas = 

5kg/h; Ta,in = 18°C. 

 

 
Fig-8: Effect king of diameter of packing on the outlet air temperature 

 

The figure shows also the effect of packing diameter on air temperature. Indeed, if the 

diameter of packing is small then the temperature of air will be greater. This fact is 

confirmed by fig.8. This is explained by the small porosity of the packed column which 

makes difficulties against the fluid mixture flow. So, the contact area between air and 

water will be greater. Consequently, the heat transfer will be greater also.  
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Fig. 3 shows the variation of vapor content in air (∆X) after humidification with the 

variation of liquid temperature (Tw). The figure shows that ∆X increases with the increase 

of liquid temperature. This fact is observed for different diameters of solid packing 

particles (di).  

 

 
Figure-9: Effect of dimeter of packing on the vapor content in air 

 

 
Figure-10: Effect of diameter of packing on humidification efficiency (Tw = 75°C) 

 

The figure shows also the effect of packing diameter on vapor content. Indeed, if the 

diameter of packing is small then the vapor content will be greater. This fact is confirmed 

by fig. 9. This is explained by the small porosity of the packed column which makes 
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difficulties against the fluid mixture flow. So, the air will be more heated and its ability 

for vapor transport will be greater. Consequently, the mass transfer will be greater also.  

 

 
Figure-11: Effect of gas flow rate on the relative humidity; Tw = 75°C; Sr = 0.5. 

 

Fig. 4 shows the variation of air temperature (Ta) in   the packed column humidifier with 

submersion ratio (Sr). The figure shows that Ta increases with the increase of submersion 

ratio up certain value. After this value, the effect of submersion ratio on air temperature 

is weak. This fact is observed for different diameters of solid packing particles (di). This 

is explained by the increase of liquid flow rate with submersion ratio which has no effect 

on the heat transfer after certain value. So, after certain value the contact area between 

air and water will be almost constant because the increase of liquid flow rate hasn’t effect 

on the path of fluid.  

 

Fig. 5 shows the variation of vapour content (∆X) after humidification with the variation 

of submersion ratio (Sr). The figure shows that ∆X increases with the increase of 

submersion ratio up certain value. After this value, the effect of submersion ratio on vapor 

content can be neglected. This fact is observed for different diameters of solid packing 

particles (di). The figure shows also the effect of packing diameter on vapor content. 

Indeed, if the diameter of packing is small then the vapor content will be greater. So, as 

expected the high liquid flow rate, can be obtained at high value of submersion ratio, but 

it haven’t effect on the heat and mass transfer between air and water. The same conclusion 

is valuable for the variation of humidification efficiency with the variation of submersion 

ratio shown in fig. 7.  
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Fig. 6 shows the variation of humidification efficiency with the variation of liquid 

temperature. As expected, the humidification efficiency will greater at high and small 

diameter of solid particle packings. This is explained by the favourable conditions of heat 

and mass transfer between air and water. This fact is confirmed by fig. 10. The variation 

of efficiency with the variation of packing diameter follows a logarithmic curve with 

negative slop.  

 

Fig. 11 shows a comparison of the variation of relative humidity (HR), after 

humidification, with the variation of gas flow rate (ma) obtained in this study with that 

obtained by several authors. The figure shows the weak effect of gas flow rate on the 

relative humidity (HR). The results obtained in this study are agreed with that of Iyuke 

[18] from the low values of gas flow rate. At gas flow rate more than 6 kg/hr, the relative 

humidity values are the same obtained in this work and obtained by other authors.  

 

5 Conclusions  

 

A new setup of two-phase upward flow in a granular medium was achieved and tested 

with solid rings as packings in different operating conditions. In this study, the following 

points were concluded:  

 

The vapor content difference increases with the increase of water temperature. 

 

The submersion ratio has an effect on the vapor content up certain value. After this value, 

the effect is weak. So, the liquid temperature and medium value of submersion ratio are 

the favorable conditions of high humidification efficiency.  

 

The small diameters of solid particle packings have greater effect on the characteristics 

of air and on the humidification efficiency than the great diameters. Additional work is 

necessary to obtain accurate quantitative prediction the effect of quality of raw water and 

the characteristics of packings on the humidification rate and the efficiency of the packed 

column.   
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protection, new material technologies are constantly expanding during 

the last few decades. Nanostructured materials offer unprecedented 

opportunity for sustainable energy production. Use of immobilized 

enzymes as bionanocatalysts presents an appropriate tool for energy costs 
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1 Introduction 

 

In recent years, nanomaterials are being developed fast and explosively and attracting a 

huge amount of attention. Nanomaterials and their manufacturing technologies have been 

seamlessly integrated into many applications. Clean energy and environmental 

applications often demand the development of novel nanomaterials that can provide 

shortest reaction pathways (reaction kinetics). Understanding the physicochemical, 

structural, microstructural, and surface properties of nanomaterials is vital for achieving 

the required efficiency, and sustainability in various technological applications. 

 

Applications being developed for nanoparticles include deliver chemotherapy drugs 

directly to cancer tumors [1], resetting the immune system to prevent autoimmune 

diseases, delivering drugs to damaged regions of arteries to fight cardiovascular disease, 

create photocatalysts that produce hydrogen from water, reduce the cost of producing fuel 

cells and solar cells, clean up oil spills, water pollution and air pollution.  

 

Nanoparticle applications in medicine include also use of polymer coated iron oxide 

nanoparticles to break up clusters of bacteria, possibly allowing more effective treatment 

of chronic bacterial infections [2]. The surface change of protein filled nanoparticles has 

been shown to affect the ability of the nanoparticle to stimulate immune responses [3]. In 

the near future, these nanoparticles may be used in inhalable vaccines. Some techniques 

are only imagined, while others are at various stages of testing, or actually being used 

today. 

 

Modern immobilization methods allow enzyme immobilization with or without a carrier 

in the form of micro- or nano-particles. Their applications can be found in various fields, 

such as biomedicine, biosensors or bioreactors for different industries or environmental 

protection. 

 

Cross-linked enzyme aggregates (CLEAs) are immobilized enzymes where no carrier is 

used. 

 

The enzymes in the CLEAs are covalently bound to each other by a cross-linker in order 

to improve the stability of the enzyme against pH, temperature, solvents etc. Leakage is 

extremely low. By using different surface treatments, the polarity of the CLEAs can be 

easily tuned to the reaction, which could improve the efficacy of the enzyme in the 

reaction. Due to their stability and the nature of the immobilization, CLEAs can be also 

recycled many times [4]. 

 

CLEAs have found their role in biosensors and are very suitable for the use in bioreactors 

due to the very high enzyme activity and stability in this form which as a consequence 

enables lower energy demand in such a process.  

 

Since magnetic nanoparticles (MNPs) have unique features (e.g. reaction to a magnetic 

force …), the development of a variety of applications such as drug targeting, enzyme 

immobilization and bioseparation has been possible. Comparing to larger sized particles, 
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the main advantage of MNPs is in their high surface-to-volume ratio, which contributes 

to a higher surface energy and to excellent magnetic properties. 

The optimization of size of MNPs, distribution, agglomeration, coating, and shapes along 

with their unique magnetic properties prompted the application of MNPs in diverse fields. 

They have been shown to serve as recyclable supports in heterogeneous catalysis 

allowing easy separation of the catalyst from reaction mixture with an induced magnetic 

field [5]. A similar process has been shown to be effective for the removal of 

contaminants from water using functionalized MNPs [6]. 

 

1.1 β-galactosidase 

 

β-galactosidase, mostly known as lactase, hydrolyzes lactose into glucose and galactose 

[7]. This process of catalysis occurs in digestion process in living organisms. The enzyme 

can be obtained from a variety of sources like microorganisms, plants, and animals. It can 

be obtained from fruits, such as apples, peaches and almonds. However, the most often 

sources of β-galactosidase are fungi and yeasts [8-9]. One of many industrial applications 

of β-galactosidase is the catalysis of a chemical reaction that converts lactose to 

monosaccharides. This process produces lactose-free foods for lactose intolerant 

individuals that are having difficulties digesting lactose containing foods. Immobilization 

of such enzyme has many beneficial advantages in production of lactose-free products. 

Due to reusability of immobilized enzyme, the production costs could be reduced [10]. 

 

2 Experimental and results 

 

Enzyme β-galactosidase was immobilized via three different immobilization techniques, 

including preparation of: cross-linked enzymes aggregates (CLEA), magnetic cross-

linked enzyme aggregates (mCLEA) and immobilization onto aminosilane magnetic 

nanoparticles (AS-MNPs). 

 

2.1 Carrier-free immobilization 

 

2.1.1 CLEA of β-galactosidase 

 

Enzyme β-galactosidase was mixed with addition of bovine serum albumin (BSA), used 

for stabilization, and with pentaethylenehexamine (PEHA, 0.02 M) in a 2:1:1 ratio. So 

prepared enzyme solution was precipitated into cross-linked enzyme aggregates, using 

ethanol, acetone and 1-propanol as precipitating reagents. As a cross-linker, 

glutaraldehyde (GA) was added. The solution was stirred for 3 hours. Later on, sodium 

cyanoborohydrid (NaBH3CN, 0.1 M) was added to the reaction. The solution was 

centrifuged and residual activity was measured. With all three precipitating reagents we 

managed to obtain high residual activities: 98.06 % in ethanol, 99.53 % in acetone and 

99.61 % in 1-propanol.  
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2.2 Immobilization with carrier 

 

2.2.1 Carrier preparation and characterization: AS-MNPs 

 

Fe2O3 nanoparticles were coated with polymerizing silica (SiO2) and later on, silanization 

reaction by amino silane coupling agent followed to provide highly functionalized 

aminosilane magnetic nanoparticles (AS-MNPs), prepared for surface treatment. 

Preparation of such nanoparticles is described in our previous work [11]. The morphology 

and particle size of AS-MNPs were characterized with scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM) and reveal nanoparticles with the 

average size of about 26 nm (Figure 1 and Figure 2). 
 

 
Figure 1. SEM image of aminosilane magnetic nanoparticles (AS-MNPs) 
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Figure 2. TEM image of aminosilane magnetic nanoparticles (AS-MNPs) 

 

2.2.2 mCLEA of β-galactosidase 

 

mCLEA was prepared with the addition of 5 mg of aminosilane magnetic nanoparticles 

(AS-MNPs) to the enzyme solution. AS-MNPs were mixed with β-galactosidase, BSA 

and PEHA (0.1 M) in a 2:1:1 ratio. So prepared enzyme solution was precipitated into 4 

precipitating reagents: ethanol, acetone, 1-propanol and 2-propanol. As a cross-linker, 

GA was added and the mixture was stirred for 3 hours. Later on, sodium cyanoborohydrid 

(NaBH3CN, 0.1 M) was added to the reaction. The solution was centrifuged and residual 

activity was measured. Very high residual activities of mCLEA in all 4 precipitating 

reagents were obtained: 132.10 % in ethanol, 130.64 % in acetone, 123.90 % in 1-

propanol and 133.63 % in 2-propanol.  

 

2.2.3 Immobilization of β-galactosidase onto AS-MNPs 

 

Firstly, 5 mg of AS-MNPs were activated. GA and PEHA were both added to the AS-

MNPs separately and in combination of both. The mixture was stirred for 2 hours. 

Afterwards, the suspension was rinsed with acetate buffer and separated with a magnet. 

To such activated AS-MNPs, enzyme β-galactosidase with acetate buffer was added in a 

1:9 ratio. The mixture was stirred for 24 hours. With the addition of 2.5 % (v/v) GA, the 

hyperactivation of 138 % was obtained. With the addition of PEHA (20 % (v/v), 0.1 M) 

the highest residual activity of 154 % was obtained. When investigating the combination 
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of both cross-linkers GA and PEHA, the hyperactivation of 125 % was obtained with 2 

% (v/v) GA and 30 % (v/v) PEHA. The results with residual activities, achieved by the 

three different immobilization techniques are presented in Table 1. 
 

Table 1. Residual activities of enzyme β-galactosidase immobilized with three different 

immobilization techniques 

Immobilization method Residual 

activity (%) 

CLEA  

ethanol 98.06 

acetone 99.53 

1-propanol 99.61 

mCLEA  

ethanol 132.10 

acetone 130.64 

1-propanol 123.90 

2-propanol 133.63 

Immobilization onto AS-MNPs 

2.5 % (v/v) GA 138.00 

20 % (v/v) PEHA 154.00 

2 % (v/v) GA + 30 % (v/v) PEHA 125.00 
 

3 Conclusion 

 

Enzyme β-galactosidase was immobilized using three different immobilization methods. 

For carrier-free immobilization, CLEA was investigated. For immobilization with carrier, 

mCLEA and immobilization onto AS-MNPs was investigated. SEM and TEM images of 

AS-MNPs show desirable nanoparticle sizes, which measure around 26 nm. With all 

three immobilization methods, we achieved high residual activities, resulting in 

hyperactivation of the enzyme. All methods show promising results and can be 

considered as immobilization techniques for high efficiency and high residual activity of 

the enzyme. 

 

 
Acknowledgements 

 

The authors acknowledge the financial support from the Slovenian Research Agency (research core 

funding No. P2-0046 - “Separation Processes and Product Design”). 

 

References 

 

[1] E. Pérez-Herrero and A. Fernández-Medarde, “Advanced targeted therapies in cancer: 

Drug nanocarriers, the future of chemotherapy,” European Journal of Pharmaceutics and 

Biopharmaceutics, vol. 93, pp. 52–79, Jun. 2015. 



10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30TH, 2017, BLED, SLOVENIA), ENERGY EFFICIENCY 

K. Vasić, M. Primožič, Ž. Knez & M. Leitgeb: Nanomaterial-Based Biocatalysts 

369 

 
[2] K.P. Miller, L. Wang, B.C. Benicewicz and A.W. Decho, “Inorganic nanoparticles 

engineered to attack bacteria,” The Royal Society of Chemistry, vol. 44, pp. 7787–7807, 

Jan. 2015. 

[3] J. Noble, A. Zimmerman and C.A. Fromen, “Potent Immune Stimulation from Nanoparticle 

Carriers Relies on the Interplay of Adjuvant Surface Density and Adjuvant Mass 

distribution,” ACS biomaterials science & Engineering, vol. 3, pp. 560–567, Apr. 2017. 

[4] R.A. Sheldon, “Cross-Linked Enzyme Aggregates as Industrial Biocatalysts,” Organic 

Process Research & Development,   vol. 15, pp. 213–223, Feb. 2011. 

[5] M.B. Gawande, Y. Monga, R. Zboril and R.K. Sharma, “Silica-decorated magnetic 

nanocomposites for catalytic applications,” Coordination Chemistry Reviews, vol. 288, pp. 

118–143, Apr. 2015. 

[6] M. Kumari, C.U. Pittman Jr. and D. Mohan, “Heavy metals [chromium (VI) and lead (II)] 

removal from water using mesoporous magnetite (Fe3O4) nanospheres,” Journal 

of Colloid and Interface Science, vol. 442, pp. 120–132,  Mar. 2015. 

[7] Z. Grosová, M. Rosenberg, M. Rebroš, M. Šipocz, B. Sedláčková, “Entrapment of β-

galactosidase in polyvinylalcohol hydrogel,” Biotechnol. Lett. vol. 30, 763–767, Apr. 2008.  

[8] A.R. Prazeres, F. Carvalho and J. Rivas, “Cheese whey management: A review,”

  J. Environ. Manage., vol. 110, 48–68, Jun. 2012.  

[9] L.M. Huerta, C. Vera, C. Guerrero, L. Wilson, A. Illanes, “Synthesis of galacto-

oligosaccharides at very high lactose concentrations with immobilized β-galactosidases 

from Aspergillus oryzae,” Process Biochem., vol. 46, 245–252, Jan. 2011.  

[10] P. Torres, F. Batista-Viera, “Improved biocatalysts based on Bacillus circulans β-

galactosidase immobilized onto epoxy-activated acrylic supports: Applications in whey 

processing,” J. Mol. Catal. B Enzym. vol. 83, 57–64, Jun. 2012.  

[11] F. Šulek, M. Drofenik, M. Habulin, Ž. Knez, “Surface functionalization of silica-coated 

magnetic nanoparticles for covalent attachment of cholesterol oxidase,” J. Magn. Magn. 

Mater., vol. 322, 179–185, Jan. 2010.  



370 10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30TH, 2017, BLED, SLOVENIA), ENERGY EFFICIENCY 

 



10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND 

ENVIRONMENTAL PROTECTION (JUNE 27TH – 30TH, 2017, BLED, 

SLOVENIA), ENERGY EFFICIENCY 

J. Krope, A.Ghani Olabi, D. Goričanec & S. Božičnik 
 

 

 

Energy – Water Interactions, Industrial Context 
 

PETAR SABEV VARBANOV, JIŘÍ JAROMÍR KLEMEŠ, ZHI-YONG LIU & ZDRAVKO 

KRAVANJA39 

 
Abstract Responding to the increasing challenges in using natural 

resources for water and energy supply more efficiently, this contribution 

reviews the trends in the global flows of energy and water, identifies the 

inherent limitations and pays attention to the concept of virtual water, 
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1 Introduction 

 

Industrial and residential estates consume large amounts of energy and water, releasing 

gaseous emissions and other effluents. They can be evaluated and optimised using 

environmental footprints – e.g. Greenhouse Gas (GHG), nitrogen and water footprints 

[1]. Dimensionality reduction by Čuček et al. [2] has been one of the key innovations, 

aimed at improving the modelling efficiency. The rising energy and water demands 

increase the cost of delivery and contribute to the depletion and potential scarcity of 

resources. The energy-water nexus is pervasive. It is present at all society levels –from 

the residential and industrial activities, up to supply chains, regions and global trade 

flows.  

 

There have been studies on the energy-water nexus on the case of the Chinese economy 

– e.g. [3], as well as concerning water management with multiple contaminants [4]. 

Simultaneous energy and water minimisation in the industry via heat recovery and water 

reuse networks are reviewed in [5], more recently followed up for non-isothermal water 

network synthesis [6]. 

 

To provide the decision makers with useful guidance, the concepts, interactions and their 

mechanisms should be well understood and their modelling should be enabled in the 

tools. Following this, the current paper reviews the recent trends in water and energy 

supply and the related recent research results. Suggestions are provided for the further 

research, paying attention to the concepts of virtual water and virtual Greenhouse Gas 

Emissions (GHGE). 

 

2 Industry energy / water use 

 

The connection of water with energy supply and use has been apparent for all industrial 

sectors [7]. Energy generation and use impose significant water demands. Water delivery, 

use and treatment carry significant energy demands. Figure 1 [8] illustrates these flows 

for an industrial site. However, also the production of biofuels results in a considerable 

water footprint. Chiu et al. [9] indicated that in producing bio-ethanol, water demand just 

for irrigation is up to 2,140 (L water)/(L bio-ethanol). 

 

It is important to understand the mechanism behind the energy–water nexus. It is caused 

by system links. Industrial utility systems are a good example of how these flows 

intertwine. The nexus works in both directions, amplifying the effect of the applied 

measures. Process flowsheets allow tracing the relevant links. Using them it is possible 

to identify options for combined minimisation of energy and water use. 

 

The most powerful frameworks in industrial optimisation studies have been Process 

Integration (PI) and Mathematical Programming (MP) [10]. MP provides computational 

rigorousness and model scale up. PI is the family of methodologies allowing the 

combination of various process parts and establishing links for the simultaneous 

reduction of the resource intake and emissions to the environment. One of the advanced 
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Process Integration concepts has been the combined Energy and Water Integration – see 

[5] for an exhaustive overview. 

 

 
Figure 1. Hot-and-cold-utilities [15], linking energy and water flows on a site 
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At the site level, the key innovation has been Total Site Integration [11]. Since inception, 

there have been many developments. One issue is to handle the variability of the user 

demands and the source supplies for energy. Varbanov and Klemeš [12] introduced the 

Total Site Heat Cascade as a tool for visualisation of the heat flows and Time Slices, 

denoting heat storage use by heat transfers between Time Slices. Zhang et al. [13] studied 

how to sustain high energy efficiency in existing processes with advanced Process 

Integration Technology. An important extension has been Power Integration [14]. 

 

Nemet et al. [15], developed a framework for the optimal derivation of the time slices 

from supply and demand forecasts. The selection of ΔTmin for Total Site targeting has 

been investigated by Varbanov et al. [16]. They suggested that the values should be 

provided individually for each process, for obtaining more realistic targets. 

 

Wan Alwi et al. [17] developed a graphical approach named “Superimposed mass and 

energy curves” for simultaneous water and heat reduction. That can be used for efficient 

visualisation of the system effects, making it a powerful decision support tool. Following 

up, Wan Alwi and Manan [18] described an advanced Water Pinch Methodology 

accounting for water loss and gain in the water networks. 

 

Ahmetović and Kravanja [19] published a superstructure-based non-convex MINLP 

model for combined heat-exchange and process water networks, accounting for direct 

and indirect heat exchange, and incorporating streams splitting/mixing. It has been further 

extended for process-to-process stream integration [20]. 

 

Beal et al. [21] modelled the combined design of algal biofuel production and wastewater 

treatment, which separately are net energy sinks with a serious water footprint, reporting 

that the plants’ combination is a net energy source. 

 

3 Inter-site, regional and global water flows 

 

At higher levels of resource flows, exchanges between sites, regional and international 

trade supplying resources and products, embodies resources and certain footprint values. 

A recent study [22] analysed the virtual CO2 emissions and virtual water flow trends in 

international trade from a consumption perspective. Figure 2 illustrates the global picture 

in terms of GHGE. 

 

The analysis indicates that: (1) Producers and consumers are located in different parts of 

the world, significantly differing in virtual GHG (Greenhouse gases) emissions. (2) The 

US and the EU have high absolute net CO2 imports. (3) China and other fast-developing 

countries as India and Brazil, are net exporters increasingly carrying the load of virtual 

GHG and virtual water triggered by the consumption elsewhere. (4) By importing 

products with lower carbon emission intensity and less virtual water than in the domestic 

industry, international trade can reduce global environmental pressure. 
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Figure 2. Inter-regional flows of embodied CO2 emissions in 2004 (Mt CO2) [22] 

 

4 Conclusions 

 

An important conclusion is that the energy-water nexus works in both directions. In the 

same way as energy use and water use amplify each other, energy and water savings 

should amplify each other. This has been exploited by the methodologies for combined 

energy and water minimisation. The application has been mainly within for single 

processes and only concerning heating or cooling. This observation points to two 

important new research directions. One is to extend the scope of integration for combined 

energy and water minimisation from process to site level and supply chains. Considering 

the GHGE and Virtual Water flows jointly, leading to combined GHG and Water 

footprinting would allow to directly exploit the energy-water nexus for sustainability 

improvement. Another follow up can be to add power (electricity) into the considerations 

alongside with water and heat. 

 

From the global perspective, key research and development directions are necessary. At 

the site level, in addition to optimisation for resource efficiency and waste streams 

utilisation; a step change can be made by developing conceptually and procedurally the 

site interfaces with other sites and regional actors. This will allow regional and site-level 

optimisation of the exchange of resources and products.  

 

Building upon that, development of concepts is important, for establishing links among 

sites, municipalities and regions complementing each other for resource utilisation and 

material reuse. At the regional and global levels, one of the goals should be minimising 

the overhead emissions from resource and product transportation. 
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Abstract An increasing amount of literature has been published recently 

on the optimization of building energy consumption and improvement of 

indoor daylight. Diverse alternatives for improving building energy 

performance that consider different variables have been studied. The 

main objective of this paper is to determine the most influential variables 

on building energy performance and indoor visual comfort. A statistical 

analysis between variables and performance metrics for a case study has 

been performed. Through an extensive literature review, the most 

important variables have been determined. These variables are thermal 

insulation, the position of insulation, window-to-wall ratio, glazed façade 

orientation, type of glazing and the use of shading devices. A case study 

of office spaces located in three Chilean cities with different climates is 

presented. The metrics evaluated are energy consumption, spatial 

daylight autonomy and annual sunlight exposure. The results show the 

relationship between each variable with metrics for each location. 
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1 Introduction 

 

In recent years, an increasing amount of literature on the optimization of energy 

efficiency [1] and improvement of indoor daylight [2] has been published. Diverse 

alternatives that consider different building variables have been studied to improve 

building performance. 

 

Lechner [3] proposed three levels of approach for sustainable building. The first level 

addresses basic design strategies such as orientation, thermal insulation and the use of 

shading devices. If these are insufficient in meeting the indoor comfort requirements, 

which may occur, for example, in hot climates, a second level will be necessary when 

using hybrid passive systems based on natural energy, evaporative cooling and day/night 

ventilation. In already passively optimized building design, the final level, mechanical 

equipment, can be incorporated into the building as necessary. Conversely, Herzog et al. 

[4] consider the first approach to be the application of strategies such as thermal 

insulation, solar protection or solar heating, infiltration control and the use of 

supplementary strategies such as artificial lighting and air conditioning, if these are 

necessary. 

 

Passive strategies to improve energy and lighting efficiency in office buildings include 

insulation material, insulation position, interior surface reflectance, building materials’ 

thermo-physical properties, ceiling height, type of glazing and the use of shading devices. 

In the following paragraphs, the strategies most studied in the literature over the last 20 

years are analyzed. 

 

Pino et al. [5] show that the glazed area of the building envelope greatly influences the 

energy demand of office buildings. Büllow-Hube [6] concludes that indoor glare 

problems can be caused by excessive natural light incoming through the glazed envelope 

of workplaces. Dubois et al. [7] and Poirazis et al. [8] show that a window-to-wall ratio 

(WWR) between 30% and 40% is reasonable. Values smaller than this provide a 

substantial lighting energy savings and can reduce the risk of overheating, glare and the 

abuse of sun protection (associated with the reduction of natural light). Tzempelikos & 

Athienitis [9] conclude that a 30% WWR is sufficient to guaranteed the availability of 

natural light in the work area during 76% of the work time. In addition, they concluded 

that increasing the window size does not produce a significant increase in the natural light 

in a southeast Canadian office. 

 

Reinhart [10] found that changing glass with high transmittance (75%) to glass with low 

transmittance (35%) reduces energy consumption by 20%. Gratia and De Herde [11] 

showed that in high-glazed office buildings, it is very important to choose an efficient 

type of glass. 

 

Pino et al. [5] conclude that in Chile, cooling demands are usually higher than heating 

demands in office buildings, which highlights the importance of studying window size 

and their orientation. 
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Smeds and Wall [12] conclude that outside the warm season, direct sun due to the low 

angle of solar altitude can cause overheating. Therefore, the use of sun protection is 

highly recommended. Carletti et al. [13] evaluated different solar protections and showed 

that they generally produce a decrease in annual solar gains; in addition, they proved that 

both exterior and interior shading devices significantly improve visual comfort and the 

quality of natural light. Dubois et al. [7] concluded that several types of shading devices 

are necessary to prevent overheating, control the interior lights and prevent glare from 

windows. 

 

Through this extensive literature review, the most important variables have been 

determined; these are insulation level, position of insulation, WWR, glazed façade 

orientation, type of glass and shading devices. 

 

The main objective of this study is to perform a parametric study using an integrated 

lighting and energy simulation tool, considering the primary variables that influence the 

lighting and energy performance of office buildings according to the results of the 

literature review. In particular, the effect of these variables is studied by using a statistical 

analysis of three Chilean cities that have different climates. 

 

2 Methodology 

 

This study involves determining the design variables that have the greatest influence on 

the energy and lighting performance of a single office. This process is performed through 

a parametric analysis of all combinations of these variables. Because the performance 

metrics are the total energy consumption and visual comfort, an integrated daylighting 

and energy simulation tool called mkSchedule is used for lighting and energy simulations 

[14]. This tool efficiently integrates EnergyPlus and Radiance to facilitate the combined 

thermal and lighting analysis of buildings using complex fenestration systems and 

controlled luminaires. Next, a statistical analysis is performed using JMP software to 

qualitatively determine the most influential variables. The following sections provide 

details of the simulation process, a description of the office space, and a description of 

the parametric analysis variables. 

 

2.1 Building 

 

The space to be studied corresponds to an office of 4.0 m x 6.5 m x 2.8 m, as shown in 

Figure 1.  
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Figure 1. Office space model with louvers: (a) Isometric view; (b) Side view; (c) Plan 

view. 

 

The walls, ceiling and floor are adiabatic. Only the glazed façade is exposed to the 

outside. The surface reflectance of the floor, ceiling, and wall are 20%, 70% and 50%, 

respectively. The HVAC system consists of an electric heat pump with COP 3.0 with 

heating and cooling thermostat set points of 20°C and 24°C, respectively. The internal 

heat gains of people and electric equipment are 6.7 W/m2 and 15 W/m2 [15], respectively. 

The office space includes two sets of dimmed luminaires, which are controlled to achieve 

500 lux at the workplane. The internal heat gain due to the lights is 13.85 W/m2. The 

schedules for people, lights, equipment and HVAC are set from 08:00 to 18:00 hrs. 

 

2.2 Variables 

 

Table 1 shows the variables studied and their values, ranges and steps.  

 

Table 1. Design variables. 
Variable Minimum Maximum Step Total 

Orientation 0 360 45 8 

City - - - 3 

WWR 30% 100% 5% 15 

U-value window - - - 

15 SHGC window - - - 

Exterior shading device - - - 

RT of wall insulation 0 1.5 0.1 16 

Inside/outside insulation - - - 2 
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The studied orientations correspond to north, northeast, east, southeast, south, southwest, 

west and northwest. The cities studied are Antofagasta (S 23.43°, W 70.45°), Santiago (S 

33.38°, W 70.78°) and Punta Arenas (S 53.00°, W 70.97°), characteristic climates of the 

north, central and southern zones of Chile, respectively. According to the Köppen-Geiger 

classification, Antofagasta is a BWn, desert climate with low-latitude; Santiago is a Csb, 

dry summer Mediterranean climate; and Punta Arenas is a Cfc, subpolar oceanic climate. 

The thermal resistance range of the insulation covers all possible cases for each thermal 

zone, according to the current thermal regulation envelopes. For windows and shading 

devices, 15 combinations are evaluated; including three glasses (single clear, double clear 

with air and double Low-e with air) and four exterior shading devices (venetian blinds 

set to 0° and 45°, generic woven shades and perforated screen panels - circular). 

 

2.3 Performance Metrics and Simulation 

 

A total of 5400 lighting simulations and 12800 energy simulations were performed. 

The performance of the building was evaluated in terms of the following parameters: 

Total energy consumption (kWh/year), which represents the sum of lighting, heating and 

cooling energy consumption. 

 

sDA300/50% is defined as the percentage of an analysis area that meets 300 lux for 50% of 

the operating hours per year. An sDA300/50% above 50% has been considered as the 

acceptable daylight level according to IES. 

 

ASE2000/400h is defined as the percentage of an analysis area that exceeds 2000 lux more 

than 400 hours per year. An ASE2000/400h lower than 20% has been considered acceptable 

to reduce visual discomfort. 

 

The lighting and energy simulations were performed in mkSchedule, a time-efficient tool 

that was recently developed. This tool performs integrated thermal and lighting 

simulations for fixed and movable CFSs using the three-phase method developed by 

McNeil [16]. mkSchedule uses Radiance for the lighting domain and EnergyPlus for the 

thermal domain. Using a simple case study, [14] demonstrated that mkSchedule integrates 

Groundhog (a SketchUp plug-in), Radiance and EnergyPlus, producing results within a 

short period of time and allowing flexibility to incorporate different design alternatives. 

An hourly annual schedule with the CFS position and the power fraction of the luminaires 

is generated for each city. This schedule is used as an input to the lighting and energy 

simulations, which use Radiance and EnergyPlus, respectively. 

 

3 Results and analysis 

 

In this section, the results of variation between the design variables with respect to the 

performance parameters of lighting and energy are presented.  

 

Figure 2 shows the variation of design variables with respect to the lighting performance 

parameters sDA300/50% and ASE2000/400h.  
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The results show there is a high variation in the cases of the shading device and WWR 

variables. For the shading devices, high variation is expected since they are completely 

different systems in their transmission of light and heat via fenestration. In the case of 

WWR, the high variation agrees with the literature, which identifies it as the most 

important variable and suggests that an increase in the glazing ratio can produce visual 

comfort issues. The other design variables such as orientation of the façade and type of 

glass do not present great variation with respect to the visual comfort. Finally, Santiago 

has the highest glare risk probability. 

 



10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30TH, 2017, BLED, SLOVENIA), ENERGY EFFICIENCY 

D. Uribe, W. Bustamante, S. Vera & M. José Yáñez: Improving the Visual Comfort 

and Energy Performance Of Office Buildings 

385 

 

 
Figure 2. Density graphics for lighting results. 

 

Figure 3 shows a density graphic that compares each design variable with respect to 

lighting, heating, cooling and total energy consumption. 

 

The results show that the design variables that have a significant variation with respect 

to the total energy consumption are the position of the insulation, thermal resistance, 

shading devices and WWR. Orientation has a smaller variation. Finally, the variables that 
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least influence the design are the city, orientation and type of glass. It should be noted 

that the WWR and thermal resistance of the wall tend toward a line in the area with the 

highest density of points. 

 

Therefore, the most important variables are WWR, shading device, thermal resistance of 

the walls and position of the insulation of the wall. The orientation and city are less 

important than are the variables previously named. Finally, the type of glass does not 

greatly affect the performance of the building. 

 

4 Conclusions 

 

The main objective of this paper is to determine the most influential variables in building 

design pertaining to visual comfort and energy performance, and then perform a statistical 

analysis between variables and performance metrics for three Chilean cities. The total 

energy consumption and the visual comfort metrics sDA300/50% and ASE2000/400h are 

obtained by means of energy and lighting simulations. 

 

For the cases of the three Chilean cities, the most important design variables for building 

performance are WWR, thermal resistance, shading devices and position of wall 

insulation. City and orientation were less important and the type of glass was not 

significant. 

 



10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30TH, 2017, BLED, SLOVENIA), ENERGY EFFICIENCY 

D. Uribe, W. Bustamante, S. Vera & M. José Yáñez: Improving the Visual Comfort 

and Energy Performance Of Office Buildings 

387 

 

 
Figure 3. Density graphics for energy results. 

 

An analysis with fit curves for the different climates and façade orientations is needed to 

numerically determine the relationships between the independent and dependent 

variables. 

 

The results and conclusions presented in this paper are specific for the shading devices 

and locations studied. Further studies are recommended to evaluate other strategies, 

shading systems and locations. 
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Abstract The paper presents a distributed energy supply system (DESS) 

which comprises a set of energy suppliers and consumers, heat and 

cooling storage facilities and power transmission lines in a region. 

Production and consumption of electrical power and heat, power 

transmissions, the district heating pipelines, cooling systems and storage 

of heat are taken into account in the DESS model. Nowadays, the 

distributed energy production has an increasingly important role in the 

energy market. Evaluation of the energy production cost is based on the 

daily operation for every season of the year. Optimal design and operation 

of the distributed energy supply system can be characterized by reduction 

of energy consumption, increase of energy efficiency and decrease of 

generation of pollutants and has a huge economical potential. 
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1 Introduction 

 

The paper presents an operational strategy distributed energy supply systems (DESS), 

daily and seasonal, of an energy system made up of a cogeneration plant equipped with 

compression and/or absorption heat pumps, gas fired boiler to meet the energy demands 

of a specific consumers. Distributed energy supply systems (DESS) are complex systems 

with typically excellent economies of scale and distributed units enabling more efficient 

operation [1]. Operation of DESS must be accounted for, i.e., economy of scale of 

equipment investments, limited capacities of standardized equipment, part-load 

performance and minimum operation loads of the equipment as well as multiple 

redundant units [2]. The existing DESS system poses non-trivial problems that need to 

be considered on two levels: 

 

- Design level: Technical specification (capacity, operating limits, etc.). 

- Operation level: Unit commitment (heat output, mass flows, temperatures, 

pressures, etc.). 

 

Cogeneration systems and heat pumps are the most advanced technologies for energy 

savings, providing the most rational means of energy management. Integrating these two 

technologies into a trigeneration plant increases both plant complexity and initial 

investment costs, on the other hand, it greatly augments the advantages offered by each 

individual technology, providing a more usable system which can meet the variable and 

complex energy needs of a consumer. 

 

The existing DESS configuration based on the hourly electrical, thermal and cooling load 

diagrams of a consumer will be upgrade with high temperature heat pumps to use 

renewable energy sources for economic returns maximization over a calendar year and 

calculates the savings. 

 

2 The plant configuration Description 

 

The advantages of cogeneration systems are especially evident in applications where 

electrical and thermal energy is required simultaneously and at a constant ratio. 

 

The energy demands of consumers are characterized by the simultaneous request for both 

heating and electricity, the ratio is not always optimal, due different seasonal energy 

demands and changing during the single day.  

 

For this reason it is very difficult to achieve an optimal operation of the existing DESS 

configuration, however a trigeneration system may offer an efficient means to meet such 

variable energy demands.  

 

Very good energetic and economic results can be obtained from a trigeneration system 

which integrates a cogeneration plant with compression and absorption heat pumps, 
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which are directly fed by the surplus electric and thermal energies produced by the 

cogeneration engine during the winter and summer months, respectively [3]. 

 

The use of compression and absorption heat pumps can guarantee a more constant supply 

of energy, shifting energy demand from electrical to thermal and vice versa and thus 

bypassing seasonal variations in energy loads.  

 

Absorption heat pumps are important heat consuming equipment in the summer, which 

exploits the otherwise dissipated heat surplus generated by the CHP and compensating 

the reduction in heat demand in this season. 

 

The DESS configuration on the fig. 1 is proposed to meet the energy demands of the 

consumer under consideration. 

 

 

Figure 1. DESS configuration 

 

Due different seasonal energy demands and changing during the single day the energy 

storage is a viable approach to balance demand and supply where a heat or cold carrier is 

used in the form of water. A setup includes one or more producers with a stratification 

tanks to shift loads in time and multiple consumers [4]. 

The heat distribution network of the DESS is composed of a high temperature hot water 

circuit to the users of the heating system as well as that needed for sanitary use and a low 

temperature water circuit, which supplies cold water to the refrigeration systems. 
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3 Energy demands of the consumer 

 

The consumer of this study have central energy plant where provides electricity, hot and 

cold water for satisfying the needs of the technological services, hot water in winter, is 

used to run the heating system and sanitary use and the cold water for air-conditioning 

systems.  

 

Figs. 2, 3, 4 and 5 illustrate the typical hourly electric, thermal, and cooling load 

diagrams: a single non-working holiday and working day in the winter months and the 

summer months. 

 

 

Figure 2. Typical hourly electric load 

 
Figure 3. Typical hourly CHP thermal load 
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Figs. 6 and 7 illustrate the electrical and thermal energy production and consumption 

profile of the entire consumer complex throughout the year, which is calculated from the 

monthly bills. 

 

CHP consist from internal combustion gas engines with thermal recovery from exhaust 

gases at high temperatures and from the engine and lubrication cooling system with 

temperatures ranging from 60ºC to 90ºC. 

 

 
Figure 4. Typical hourly total thermal load 

 

 
Figure 5. Typical hourly absorber thermal load 
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Figure 6. Production and consumption of heat by months 

 

The absorption heat pumps used a surplus thermal energy demands for cooling needs in 

the summer and the electric compression heat pumps are used only to cover the missing 

cooling needs. The heat distribution network of the consumer is composed of a high 

temperature circuit, which distributes hot water to various heat users, and a low 

temperature circuit, which distributes cold water for the refrigeration needs. 

 

 
Figure 7. Production and consumption of electricity by months 
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The performance coefficients of the single energy appliances of the existing DESS 

configuration (Fig. 1) are presented in Table 1, with values referring to the standard 

values of common commercially available equipment. 

 

Table 1. The performance characteristics of common commercially available equipment. 

 Efficiency 

Characteristics CHP  

- electrical efficiency at rated power 39.7% 

- the heat efficiency at (70/90°C)  46.6% 

- total efficiency at rated power 86.3% 

Boiler  

- natural gas fired steam boilers 90% 

Absorption heat pump  

- efficiency of cooling at (6/12ºC) COP 0.72 

Compression heat pump  

- efficiency of cooling at (6/12ºC) COP 4.0 

 

4 Upgrading existing DESS 

 

In order to reduce the consumption of natural gas is proposed to upgrade the existing 

DESS by high-temperature heat pump. Low-temperature heat sources of high 

temperature heat pumps can be air, groundwater or downhole heat exchanger [5]. 

 

The high temperature heat pump would be used for heating the water of the return flow 

of the district heating system to the maximum permitted inlet temperature of the CHP. 

The proposed upgrading of the DESS configuration to meet the energy demands of the 

consumer is presented on the fig. 8.  

 

Integration of the high temperature heat pump in the high temperature heating system has 

to further consider the differences between input and output temperature. The higher the 

difference, the lower is the efficiency of the system [6], [7]. 
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Figure 8. Proposed to upgrade the DESS configuration 

 

For this reason, during the winter period with high-temperature heat pump heats the fluid 

of the return flow of high temperature heating system, but at the summer period, are at 

the same time produces the cold water for cooling, and the heat for the sanitary water 

heating. 

 

5 Conclusion 

 

The Renewable Energy Directive (2009/28/EC) establishes an overall policy the EU to 

fulfil at least 20 % of its total energy needs with renewables by 2020. The revised 

Renewable Energy Directive anticipates the EU as a global leader in renewable energy 

and ensures that the target of at least 27 % renewables in the final energy consumption in 

the EU by 2030 is met. 

 

Proposed upgrading of the DESS configuration provides for ensuring the energy needs 

of the consumer, the use of renewable energy sources.  

 

The surplus electricity produced by the CHP, which are now transmitted into the 

electricity grid would be used to drive the compressor high-temperature heat pumps. The 

price of electricity transmitted into the power grid is 30 €/MWh. At the estimated COP 3 

of the high temperature heat pumps, the price of the heat generated will be 10 €/MWh 

and is more than three times less than the price of the heat produced by a gas-fired boiler, 

which is 34 €/MWh. 
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Abstract An innovative solution for energy efficient urban freight 

deliveries has been developed. The solution aims to solve simultaneously 

two problems: the vehicle routing problem and the problem of optimal 

number and location of transhipment points in urban areas. Optimisation 

is based on fuzzy clustering procedure where each customer has a certain 

degree of membership to different transhipment points. Routing 

algorithm uses this information for the purpose of assignment of 

deliveries in case the most optimal transhipment point is occupied. 

Optimisation procedure has been tested on a case study and have 

demonstrated a significant CO2 emissions and energy savings. 
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1 Introduction 

 

Nowadays, transport sector in the EU consumes already 21% of primary energy and 

produces 24% of total CO2 emissions. Road transport is the largest consumer and emitter 

among all transport modes, it consumes 83% share of transport energy and produce 93% 

of CO2 emissions [1]. 

 

The bigest share of energy consumption and production of transport emissions is realted 

to cities. Passenger cars are responsible for more than half of the total transport energy 

consumption and CO2 emissions [2] in European cities, whereby freight vehicles 

contribute to about 19% of energy use and 21% of CO2 emissions [3]. With increasing 

urban population and economic activities in cities, efficiency of urban freight will become 

increasingly important to influence improvement in energy savings and decrease negative 

effects of transport in total.  

 

Efficiency of urban freight is nowadays confronted with challenging task of on demand 

and just-in-time deliveries which results in high fragmentation of urban freight demand 

and supply [4]–[6]. As a consequence, cities are facing an increasing number of poorly 

utilised urban freight transport trips which severely decrease efficiency and increase 

energy consumption and pollution [7], [8].  

 

Recent empirical studies on urban freight transport show an average freight vehicle load 

factor of only 30-40% [9], [10] and more than 20% of vehicles drive empty [11]. Last 

mile is considered also as the most inefficient part of the supply chain. Although it takes 

only a small part of the total travelled distance, it represents a 28% of the total 

transportation costs [12]. 

 

Cities are trying to solve before mentioned problems with testing and implementing 

different policy measures, in particular restricting freight vehicles access to city centres, 

creating Low Emission Zones (LEZs), introducing off-peak hour deliveries, 

implementing Urban Consolidation Centres (UCCs), and many others. Despite these 

efforts, urban freight problems still exist. 

 

Introducing innovative urban delivery solution is quite expensive and long-lasting task. 

For this sake, many models and modelling principles have been introduced. We can 

classify them into [13]: network models (evaluating impacts of policies for reducing 

greenhouse gas emissions from road freight vehicles); fleet models (predicting aggregate 

emissions from the overall fleet); routing models (developing routes that minimise the 

travelling distance); life cycle analysis models (estimating energy consumption and 

emissions of freight vehicles over their life) and other models (fuel consumption, CO2 

emissions, etc.). The most recent significant advances in modelling urban freight are 

associated with the use of alternative transport modes, such as: electric trucks, vans, 

bikes, rail etc. [14]–[16]. When searching for the most efficient and sustainable approach 

Cherrett et al. [17] suggest modelling the option of Urban Consolidation Centres (UCCs) 
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or loading bays (transhipment points located within urban areas) in combination with 

optimal vehicle routing.  

 

Following these suggestions, the way to an innovative system for energy efficient urban 

last mile delivery is proposed. The system makes use of loading bays and a methodology 

to optimize the system performances. This methodology involves: advanced fuzzy based 

clustering of receivers, dynamic assignment of loading bays and optimal vehicle routing.  

 

2 The proposed freight delivery system and the model 

 

The proposed freight delivery system is based on using loading bays. In this article, 

loading bays are considered as physical places within the urban areas where delivery 

vehicle can stop (or park) to perform freight loading, unloading and last mile distribution 

operations, without disrupting traffic flows [18]. 

 

Last mile deliveries takes place in the first phase by freight vehicles (trucks or vans) from 

outside the urban areas, or from UCCs to loading bays. Freight vehicles are then in the 

second phase parked at loading bays, and drivers, or other operators, unload the goods 

from vehicles and deliver them to receivers: on foot, by trolleys, or by freight bikes, 

according to the distance from loading bay to receivers and to the dimension of 

consignments. 

 

In the first phase of the model, the geographical clustering of customers is performed to 

determine cluster centres for predefined number of clusters (NLB). In the second phase, 

approximation methods are implemented to define feasible and acceptable loading bays 

for particular clusters based on maximum acceptable distance, dmax, from the selected 

selected loading bay to the customer. In third step, the final selection of loading bay is 

performed based on optimal routing. 

 

The complete scheme of the model is presented in Figure 1. 
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Figure 1. The complete scheme of the model  

 

In the model, urban last mile delivery problem is therefore divided into two sub-problems: 

the delivery of goods from outside the city to the loading bay; and the delivery of goods 

from the loading bay to the receiver. The two sub-problems are resolved in a reversed 

order.  

 

2.1 The first sub-problem: clustering and deffuzification 

 

In the first sub-problem, i.e. the delivery of goods from the loading bay to the receiver, 

the best loading bay is determined with a fuzzy clustering algorithm (FCM). A constraint 

of the problem is the maximum acceptable distance, dmax, from a selected loading bay to 

a receiver. Location of customers (geographical coordinates) and a predefined number of 

loading bays (NLB) are two main elements needed for defining the optimal location of 

cluster centres. 
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The clustering algorithm chosen in the model is the fuzzy k-means clustering [19]. In the 

fuzzy k-means clustering, each receiver has a certain degree of membership to each 

cluster (uij is the degree of membership of the receiver i to the cluster j), rather than 

belonging to only one cluster [20]. The degree of membership uij of the receiver i to the 

cluster j is inversely proportional to the distance of the receiver i from the centre of cluster 

j (eq. (3) in the sequel). 

 

The fuzzy clustering aims at minimising the following cost function: 
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Where: 

 

- xi = address of the receiver of the delivery i (it is a point in the plane with given 

latitude and longitude) 

- cj = centre of cluster j (it is a point in the plane with given latitude and longitude) 

- uij = degree of membership of receiver i to cluster j 

- m = parameter of fuzziness (after several trials we took it equal to 2) 

- N = number of receivers, 

- nc = number of clusters.           

 

We need to determine the uij and cj values that minimise the cost function f. To solve this 

problem, an iterative procedure has been adopted [21]. 

 

The initial values for the degrees of membership uij (0) of the receiver i to the cluster j 

(i.e. the initialisation step) have been determined assuming the positions of the cluster 

centres uniformly distributed in the area.  

 

At the generic kth iteration, the positions cj
(k) of cluster centres and the degrees of 

membership uij 
(k) are updated according to eq. (2) and (3) [22]:    
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At each iteration k, the algorithm updates a matrix U(k) whose columns refer to clusters 

and whose rows refer to items: 
)()( ][ k

ijij

k uU  .  

 

The fuzzy clustering algorithm stops when for each item i and for each cluster j the degree 

of membership is no longer updated relevantly from an iteration to the next. The 

prescribed level of relevance (accuracy) is taken to be ε = 0.01.  

 

The defuzzification is originally performed according to the maximum membership 

procedure: that is, each cluster element is assigned to the cluster for which the degree of 

membership is the highest [20]. In the model, we take into consideration also lower 

degrees of membership, when searching for alternative clusters.   

 

2.2 The second sub-problem: approximation and routing 

 

In the second sub-problem, i.e. the delivery of goods from outside the city to the loading 

bay, we take advantage of the results obtained when solving the first sub-problem. 

Selection of the loading bay depends on the strategy of choosing the approximation 

method.  

 

In the case of the first approximation method, the nearest loading bay is already the most 

optimal one. In the case of the second approximate method, the algorithm chooses among 

all the acceptable options of feasible loading bays considering their occupation and 

shortest possible path.  

 

If approximation methods are not able to find a loading bay for all customers than the 

dmax is increased and clustering algorithm runs again. The procedure is repeating until all 

the customers are belonging to at least one (feasible) loading bay. 

  

The routing is in both cases performed based on the well-known Dijkstra algorithm. The 

routing algorithm compares travel distances among origins (entrance points to the urban 

area) and destinations (potential loading bays). The most optimal (shortest/fastest) route 

is finally selected in combination with feasible and acceptable loading bays. 

 

2.3 Outputs of the model 

 

In output, the model provides positions of cluster centres, assignment of a particular 

delivery to the most optimal loading bay, optimal routing for each delivery, 

maximal/average time and distances needed for deliveries to and from loading bays. 

  

3 Case study – evaluation of savings 

 

To prove the validity of the model, the overall concept has been applied to the simulated 

case study of the historical city centre of Lucca, Italy.  
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Lucca city centre is a flat oval area, with the diameters of around 1.8 and 1.0 km. Access 

of commercial vehicles to the historical city centre is restricted, due to narrow streets and 

high pedestrian flows. Intensity of restrictions varies during the day as well as the 

demand.  

 

The number of commercial activities in Lucca city centre is 1161. The average number 

of deliveries by day in Lucca city centre each day is 1272 and the number of freight 

vehicles entering in the city centre is 1058 (sales representative vehicles included), which 

results in around 1.2 deliveries performed by each vehicle.  

 

The highest demand is recorded in three periods of the day: A: 8−10 a.m. (291 deliveries), 

B:10−12 a.m. (315 deliveries), and C: 4−6 p.m. (170 deliveries).  

 

These three periods represent also three basically different situations in terms of 

congestion and restrictions. 

 

For each of the three chosen periods of the day customer locations and their demand have 

been identified and the potential loading bays have been determined.  

 

3.1 Environmental impact and energy savings 

 

Environmental performances of the proposed last mile freight delivery system are 

compared with those of the existing scenario (without loading bays). The comparison 

includes only the freight vehicles travel time and distances. The main purpose of 

comparison of the two cases is to find out most environmently friendly option. 

 

Environmental performance of the system is measured in travel times, travel distances, 

CO2 emissions and fuel consumption. Our calculation considers deliveries performed 

with average light commercial vehicle (category N1 - up to 3,5 tons) with diesel engine. 

In urban areas, this kind of vehicles consume on average 11,4 litres of diesel per 100 km, 

which results approximately with 300 g/km CO2 (taking into consideration conversion 

factor (1 litre/100km = 26.5 g/km CO2) [23]. 
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Table 1. Comparison of performance between existing scenario and two approximation 

methods 
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 A 51 23,4 17,0 9,6 5,1 2,9 1,9 1,1 

B 51 23,2 15,9 9,5 4,8 2,9 1,8 1,1 

C 80 37,0 15,3 9,5 4,6 2,8 1,7 1,1 

1
st

 a
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A1 30 17,0 10,6 6,1 3,2 1,8 1,2 0,7 

B1 23 15,6 10,6 5,9 3,2 1,8 1,2 0,7 

C1 31 20,7 10,6 6,1 3,2 1,8 1,2 0,7 

2
n

d
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p
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h
o

d
 

A2 30 15,4 10,6 5,6 3,2 1,7 1,2 0,6 

B2 23 14,5 10,6 5,5 3,2 1,7 1,2 0,6 

C2 31 18,6 10,6 5,5 3,2 1,7 1,2 0,6 

 

The results, shown in Table 1, clearly reveal that the proposed optimisation methods 

highly improves performance of the last mile freight delivery system. 

  

The most significant decrease, in commercial vehicles travel times, is shown in the 

afternoon period. Average travel time decreased from 37 to 20,7 minutes (44%), when 

the first approximation methods is applied, and to 18,6 minutes (50%) when the second 

approximation is applied; while the maximum travel time decreased from 80 to 31 

minutes (61%) in both cases. 

 

Better performance of the system is evident also from the travel distance point of view. 

Average distances decreased from 9,5 km to 6 km (36%), when the first approximation 

is applied and to 5,5 km (42%) in case of the second approximation method. In this case, 

maximum travel distance of 17 km is reported in the early morning period and it 

decreased to 10,6 (37%) in case of both methods. 

 

Because of decreased distances, performance improvement can be observed also from 

the environmental impact point of view. The amount of CO2 emissions for average 

distance trip decreased from 2,9 to 1,8 kg in case of first approximation method and to 

1,7 kg in the case of second approximation method is applied. For the maximum distance 
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trip, decrease from 5,1 kg to 3,2 kg is reported. The same results can be reported for fuel 

consumption. Average fuel consumption is decreased from 1,1itre to 0,7 litres/trip in the 

use of first approximation and 0,6 litres/trip in the case of second approximation method. 

For the maximum trip length, the fuel consumption decreased from 1,9 to 1,2 litres of 

diesel per trip in both cases. 

 

4 Conclusions 

 

The model developed in this article takes into consideration dynamically changing 

demand for urban freight deliveries and provides solution for defining optimal number, 

capacity and location of loading bays. Assignment of deliveries to loading bay is  finnaly 

perfomed with the use of the vehicle routing algorithm.  

 

The functioning of the model has been tested on the case of historical city centre of Lucca 

in Italy. Results clearly show that the proposed solution outerperform existing solution 

with: shorter delivery times and distances and considerable energy and CO2 savings.  

 

The proposed last mile freight delivery system could be applied in any city. The success 

level of implementation depends highly upon booking and management information 

system and enforcement framework set by the city authorities. 
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Abstract This study combines Pinch and Exergy approach to analyse a 

new combined power and cooling cogeneration with ejector absorption 

refrigeration cycle. The cycle, Kalina power-cooling with ejector 

(KPCE), combines Kalina cycle and ejector absorption refrigeration cycle 

with ammonia-water mixture as the working fluid to produce power and 

refrigeration outputs simultaneously. In this study inefficiencies and 

losses are identified through exergy and pinch analyses. The total exergy 

loss for the equipment is quantified to find the potential of equipment 

improvement. Additional losses of energy due to the inefficient heat 

recovery design of the system are then identified by cross pinch heat in 

the process. Evaporator, condenser, and the first flash tank preheater 

devoted the highest potential of improvement from exergy analysis and 

four preheaters showed inefficient design of the heat recovery through 

pinch analysis. After redesigning, the optimized KPCE showed 8% and 

11% increase in power-cooling efficiency and exergetic efficiency, 

respectively. 
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1 Introduction 

 

The low quality and free energy source such as industrial waste heat can be recovered 

and used in power as well as cooling production systems. Several researchers have 

studied the power production performance using low grade heat sources with 

concentrating on unconventional working fluids such as ammonia-water mixture in 

Rankine, Kalina or other cycles [1, 2]. Ammonia-water evaporates and condenses as a 

non-azeotropic mixture, over a range of temperature; therefore, it is enable to achieve a 

better temperature match between the working substance and the heat sources. 

 

Kalina cycle (KC), introduced by Alexander Kalina, is a fairly new thermodynamic 

power cycle using ammonia-water mixture with potential to accomplish efficient energy 

conversion of the low-grade heat sources; Low-temperature geothermal energy [3], solar 

energy  [4], and industrial waste heat [5].  

 

Utilizing and recovering of low-grade heat for cooling purpose have been performed by 

various thermodynamic cycles, such as absorption, adsorption, desiccant and ejection 

cycles [6].  

 

Power and cooling cogeneration systems utilizing low grade heat sources have been 

studied by various researchers. Rashidi et al., have introduced a high efficient power-

cooling cycle integrating Kalina and absorption refrigeration cycles to produce both 

outputs simultaneously [7]. They reported a power-cooling efficiency of 18.8%. With the 

same propose the performance of a combined Rankine cycle with ejector has been 

investigated [8]. Dai et al., proposed a system combined the Rankine cycle and the 

ejector-refrigeration cycle by adding a turbine between the generator and the ejector [9]. 

The performance of different working fluids in a combined organic Rankine cycle and 

ejector refrigeration cycle has been studied [10]. Li et al. proposed a Kalina cycle where 

the ejector has been used to substitute for the throttle valve and the absorber [11]. The 

ejector could increase the pressure difference of working fluid; therefore, the cycle could 

obtain higher thermal efficiency.   

 

Pinch Analysis (PA) and Exergy Analysis (EA), are two powerful analytical methods to 

identify and select concrete technical solutions for improving efficiencies and providing 

optimum manufacturing solutions [12]. Pinch analysis with the idea of setting targets 

prior to design were first introduced and developed in the late 1970s. It has reported 

significant changes in energy saving and several applications in chemical process 

industries [13]. Researchers have done studies on using PA in various power plants to 

simulate and modify the existing sites [14]. EA can obtain a deeper insight with regard 

to process efficiency and potential to improve energy utilization [15]. It has been applied 

since 1975 toward the design, modelling, simulation, and performance evaluation of 

systems [16-18]. Exergy can be a key parameter toward improving engineering systems 

by determining true efficiencies through consideration of the surroundings [19]. 
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According to literature studies on performance of the combined Kalina and ejector cycle 

as a power-cooling cycle is rare. In this paper, we introduce the Kalina power-cooling 

cycle with ejector. The performance of the system is analysed using exergy analysis to 

find the total avoidable and unavoidable exergy losses. The equipment is quantified 

according to exergy losses to find the potential of equipment improvement. Additional 

losses of energy due to the inefficient heat recovery design of the system are identified 

through pinch analysis. According to losses which are identified by EA and PA the 

process is redesigned to improve the performance of equipment and eliminate the cross 

heat transfer.  

 

2 Method and materials 

 

2.1 System Configuration 

 

Figure 1 shows a schematic of the proposed system, Kalina power-cooling cycle with 

ejector, KPCE. The cycle is a combination of KC and ejector absorption refrigeration 

cycle to produce power and cooling simultaneously. After the condenser the working 

fluid (stream 17) enters to the ejector to decrease the pressure drop inefficiencies and 

increase the cooling subsystem performance. Two inputs are considered to pass the 

ejector; primary flow which is a portion of condensed working fluid, and secondary flow 

which is a portion of evaporated working fluid in cooling subsystem. The output of 

ejector at state 18 generates cooling through the evaporator. Following cooling 

generation, the working fluid (state 31) is divided in two parts to be recycled in the 

system; one enters the ejector as the secondary flow (state 31) and the other one is 

absorbed by the absorber (state 33). The primary concentration (XABS) within an 

intermediate range (47%) at state 1 leaves the absorber and is separated through the flash 

tank to the highest (XTUR) and lowest (XLOW) concentration streams (step 4→5, 15). The 

solution with a concentration of XTUR is divided into two portions to produce power and 

cooling through turbine and evaporator, respectively. Cycling the working fluid heat 

recovery happens in two heat exchangers (FTP1 and FTP2) before separation in the flash 

tank and in another heat exchanger (PH) after the before condensation. 
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+  

Figure 1. Schematic representation of Kalina power-cooling cycle with ejector (KPCE) 
 

2.2 Exergy Analysis 

 

The exergy of a system is the maximum work that can be performed by a system 

considering a specified reference environment as a dead state. The reference environment 

is assumed to be infinite, in equilibrium, and enclosed to all other systems [20]. Physical 

exergy is the maximum theoretical useful work that can be performed when the system 

is brought into physical equilibrium with the environment and chemical exergy is the 

separation of the chemical composition of a system from its chemical equilibrium [21]. 

Applying the first and second laws of thermodynamics, the following exergy balance is 

obtained: 

 

    Q i i e e W D

i e

Ex m ex m ex Ex Ex     (1) 

 

where subscripts e and i represent the inlet and outlet specific exergy of the control 

volume, respectively. DEx , QEx , and WEx  are related to exergy destruction, exergy of 

heat transfer, and exergy of work which cross the boundary, respectively. QEx and WEx  

are obtained from equations. (2) and (3): 
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Q i

T
Ex Q

T
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wEx W     (3) 

 

The term Ex is defined as follows: 

 

 ph chEx Ex Ex     (4) 

 

   0 0 0phEx m h h T s s         (5) 

 

where, phEx  is the physical exergy, m  is the mass flow rate (kg/s), h is the specific 

enthalpy, s is the specific entropy, T is the absolute temperature (K), and (0) refers to the 

ambient state [21]. 

 

Since the concentration of NH3-H2O varies through the cycle, chemical exergy of 

working fluid also vary. It can be obtained as follows: 

 

  3 2

3 2

. 1  
NH H O

ch

NH H O

ex ex
Ex x x

M M
    (6) 

 

where exNH3, exH2O, MNH3, and MH2O are the standard molar specific chemical exergies 

and molecular mass of ammonia and water, respectively [22]. The exergy destruction and 

exergy efficiency of each component of the cycle can be obtained using equations (7) and 

(8), respectively[23]. 

 

,


D k k k
Ex F P     (7) 

 

 
k kex P F     (8) 

 

where F, P, and K refer to the fuel, products, and components. The overall exergetic 

efficiency and exergy loss of the cycle can be calculated as follows: 
 

, ex total w QEx Ex     (9) 

 

 loss Q wEx ExEx     (10) 
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2.3 Pinch Analysis 

 

PA has become a general methodology for the targeting and design of thermal and 

chemical processes, and associated utilities. When considering the energy efficiency of a 

process, pinch-based approaches target the identification of the possible energy recovery 

by heat exchange, and define the Minimum Energy Requirement (MER) of the process. 

The Composite Curves (CC) and the Grand Composite Curve (GCC) are two basic tools 

in PA, and they are constructed using temperature versus enthalpy axes[12]. The MER 

targeting procedure with CC is shown in Figure 2. The energy targeting in PA set by the 

CC and GCC are only in terms of heat loads. However, to deal with systems involving 

heat and power, the concepts of both the CC and the GCC should be extended. 
 

 
Figure 2. MER targeting procedure with cold and hot CC[12] 

 

3 Result and discussion 

 

Using the thermodynamic properties and definitions for fuel, product, and losses 

presented in equations (1)-(10), exergy analysis was performed to calculate the exergy 

destruction, exergetic efficiency, and total exergy loss of KPCE components. The input 

conditions for are shown in Table 1, including the ammonia mass fractions, mass flow 

rates, pressure and temperature levels, and mass ratios.  
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Table 1. Reference input condition of KPCE system 

Parameter Unit Value 

Turbine pressure (PTUR) kPa 1500 

Intermediate pressure (PFT) kPa 470 

Absorber pressure (PABS) kPa 80 

Evaporator pressure (PEVAP) kPa 200 

Desorber pressure (PDES) kPa 7.445 

Turbine ammonia mass fraction 

(XTUR) 
% 72 

Absorber mass flow rate  Kg/s 4 

Turbine temperature (TTUR) oC 280 

Absorber temperature (TABS) oC 20 

 

The exergy destruction of components is demonstrated in figure 3. As can be seen FTP2, 

condenser, and evaporator have the major exergy destruction quantities among all 

components. The cycle showed the total exergy efficiency and the total exergy 

destruction equal to 20% and 972kw, respectively. 
 

 
Figure 3.  Exergy destruction of KPCE components 

 

Figure 4 is a diagram of the system with the supply and target temperatures in degree of 

Celsius. C and H refer to cold and hot utilities which are cold water and steam. The figure 

also presents the streams with their numbers that have been described in Table 2.  
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Figure 4.  Diagram of the heat exchanger network of KPCE system 
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Table 2. Stream data of the heat exchanger network in the KPCE system 

stream type T H Cp (kw/oC) 

2 cold 14.1 235.03 16.66879 

3 cold 29.3 468.6 15.99317 

4 cold 17.9 1146.5 64.05028 

5 hot -2.7 -101 37.40741 

6 hot -86.9 -1498 17.2382 

8 cold 35.4 609.7 17.22316 

9 cold 56.7 998.3 17.6067 

10 cold 11.5 31 2.695652 

12 hot -6.67 -215 32.23388 

13 hot -42.3 -1225.1 28.96217 

14 hot -37.79 -162.1 4.289495 

16 hot -47.8 -84.6 1.769874 

20 cold 18 388 21.55556 

21 cold 49.2 885.3 17.9939 

23 hot -11.6 -2384 205.5172 

25 cold 87.45 2618.6 29.9442 

27 hot -58.63 -2386 40.69589 

29 hot -15.7 -31 1.974522 

32 hot -3 -607.6 202.5333 

34 hot -22.37 -637 28.47564 

 

Table 2 summarizes the target temperature difference (T) of heat exchanger network 

streams as well as their corresponding enthalpy difference (H). In the last column Cp is 

the ratio of H to T. to continue the pinch analysis the minimum temperature difference 

ΔTmin is set to 10oC. After finding the pinch point and redesigning the heat exchanger 

network the required hot utility decreased from 4201 kw to 3300kw also the required cold 

utility dropped from 7594kw to 4910kw. The system before modification had several 

pinch problems where cold stream crossed hot stream in 4 points. Obtaining these results 

the modified KPCE system has been analysed from exergy point again. The new system 

demonstrates an exergy destruction decrease in all components especially for evaporator, 

condenser, and FTP2. 

 

Figure 5a shows the comparison between exergy destruction of KPCE system before and 

after modification. As can be seen total exergy destruction has been dropped around 10%. 

Figure 5b compares the power-cooling and exergetic efficiencies of KPCE before and 

after optimization. It can be seen, power-cooling efficiency has increased by 8% and 

exergetic efficiency encounters an increment of 11%. 
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Figure 5.  comparison between (a) component exergy destruction and (b) power cooling 

and exergy efficiencies of KPCE and modified KPCE system 
 

4 Conclusion 

 

Pinch and Exergy analyses are performed in this study to optimize the performance of a 

power and cogeneration system which combines Kalina cycle with and ejector absorption 

refrigeration cycle called KPCE, Kalina power-cooling cycle with ejector. The system 

uses ammonia-water mixture as the working fluid to produce power and refrigeration 
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outputs simultaneously. Using both exergy and pinch analysis inefficiencies of 

components as well as heat exchanger network are identified. Exergy analysis identified 

three components including evaporator, condenser, and FTP1 corresponded with the 

highest exergy destruction among all components. Using pinch method, cross heat pinch 

points were detected and the heat exchanger network was redesigned in order to decrease 

losses through heat recovery in the cycle. By cycle modification and optimization, the 

optimized KPCE achieved 8% and 11% increase in power-cooling efficiency and 

exergetic efficiency, respectively.    
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Abstract The world economy and environment awareness greatly effect 

on ship industry. Many of developed maritime countries already together 

with International Maritime Organization (IMO) adopted strict emission 

legislation. In one decade stronger limitations will take power on global 

maritime level where sustainable energy use and low exhaust gas print 

will be required. This study will be focused on harmonization of followed 

subject topic concerning: ship energetic sustainability, low emission 

print, introduction of low sulfur marine oil as only propellant and 

reincarnation of direct current (DC) power supply following the latest 

technology trends where DC systems are the only perspective. 
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1 Introduction 

 

In today’s society is high demand in goods transport which is still growing in world wide 

economy. Ship transport, where round 84% of total tonnage represents bulk, container 

carriers and tankers [6], is still the cheapest and most energy effective transport when 

comparing by energy consumption parameter according to t/km, bat very far from clean 

and sustainable if comparing by sulfur oxides (SOx), nitrogen oxides (NOx) and particle 

matters (PM) where comparing means of transport are electrified rail or on road transport 

with build in euro 6 internal combustion reciprocate diesel engines (ICD).  

 

As main propellant heavy fuel oil (HFO), with 3.5% sulfur content, is still in use and 

propelling 98% ocean going vessels. [5] Some high developed countries already limited 

the use of HFO while sailing in their waters, global limitation is expected between years 

2020-25 by IMO where HDO with 0.5% sulfur content will be only allowed. This 

limitation will offer us a chance to provide new standard for marine low sulfur oil (LSO) 

which is cleaner and caloric stronger. Implementation of modern technology from on 

road going vehicle engines and big stationary engines will be unavoidable in future to 

achieve together with new fuels higher standards by combustion and exhaust gasses 

emissions on one side and on another reducing heat emission together with heat reuse in 

cogeneration and recuperation. There is growing eligibility to implement again DC 

current system on ships due to the fact that most efficient electrical consumers today use 

DC power where also synchronization of DC power sources is easier and quicker in 

comparison with alternative current (AC) system. Although maritime ICD are high 

effective (50%), there are legitimate expectations and ongoing goals to improve energy 

efficiency index for 30% till 2025 by reduction of exhaust gas and heat emissions together  

with fuel consumption.  

 

2 Diesel Fuels 

 

In year 1903 was lunched first vessel “Vandal” with ICD. Since then ICD slowly take a 

lead and today is integrated on majority of ocean going vessels. With some innovations 

made on ICD it was possible to use HFO first on 2-stroke main engines later 4-stroke and 

even on 4-stroke auxiliary engines (AE). Since that time nothing was drastically changed 

by political decisions on global level to implement higher standards for marine fuels 

causing improvements in combustion and reduction of heat and exhaust gas emissions to 

environment. 

 

2.1 Classical Maritime Fuels 

 

First actual maritime fuel on today’s market is still HFO. HFO contain predominantly 

residues from vacuum distillation or visbreaking where major part represents asphaltenes 

(aromatic hydrocarbons). Without dilution such residual fuel is useless. Dilution must be 

done with cycle-oils to prevent coagulation of aromats. Such residual fuels are also 

problematic in concentration aspect where impurities like are heavy metals and sulfur are 

3 times more concentrated as in crudes. [1] 
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2.2 Near future diesel fuels 

 

Near future marine fuel will have to meet three more parameters where one is 

environmental, another two are technical to reduce emissions. The primary 

environmental problem is sulfur and other impurities. Some see solution for this problem 

in scrubber technology where sulphur is washed away with sea water from exhaust gases. 

This technology is again very energy wasteful on one side and on another side we produce 

sulfuric acid together with carbon acid where both are washed back to sea. The acidity of 

sea is each year higher so this may not be a long term solution. Technical limitations will 

be, to reach higher emission and efficiency standards, in rise of injection pressure and 

installing the catalytic NOx & particulate filters. HFO with its impurities and high 

viscosity will not be suitable any more for new task, where general pressure (15-35 MPa) 

injection nozzle will have to withdraw to high pressure nozzles (150-200 MPa) on 

common rail system on one side and sulfur will also have to be eliminated from fuel while 

clogging the catalytic NOx & particle filters and causing sulfur acid with condensing 

water vapour in high efficiency condensing boiler if implemented (below 130 °C). 

 

2.3 Fuel conclusion 

 

There were several attempts to make some hybrids or to use another kind of fuel as HFO 

is, bat more or less without success. Vessels are huge energy consumer and need energy 

full source where renewable energy sources are far to meet demands, LPG is the most 

expensive fuel (safety), LNG is problematic for storing (cryogenic temperatures or high 

pressure, safety), only non-carbon source of energy is nuclear propulsion where the 

radiation safety is under big trial together with problematic issue of served out reactor 

storing. It is worthy to mention that Norwegians are designing short distances sea carriers 

where power will be stored in batteries.  

 

Explosion safety will be also under big trial when using LPG or LNG (there are some 

trends to implement LNG on vessels as main propellant) on general cargo or passenger 

vessels. If this is specialised vessel for carrying gasses, where owners are reach and the 

proper maintenance is not question, where ports are out from cities, crew is well qualified 

and if something happens there are up to 30 well qualified people to be saved. It is hard 

to imagine what will happen if something goes wrong and LNG/LPG starts to leak on 

one cruiser with 4000 people on board at sea or in port… On cruisers there is also each 

cubic meter important and when placing the LNG tank, we will spend for the same 

amount of energy 2.3 times more space for storage in comparison to diesel fuel in 

practical meaning 3-4 times more. Also the weight can be problematic in connection with 

stability; LNG/LPG tanks are 1.5 times heavier than those for (H)DO. [4] 

 

For cargo vessels the proper maintenance is general problem where ship owners are more 

or less short in money designated for proper maintenance and safety will be continuously 

on test. Also general personal from port stat control or from insurance companies are 

more or less not equal to deal with inspection of any kind design LNG/LPG propelled 

vessels. To inspect such a vessel special equipment, knowledge and familiarity is needed. 
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So, ultra-low sulfur marine diesel oil is seems to be only solution for now in blend where 

changing state of aggregate happens below 20°C to avoid needs for extensive heating 

where by HFO is unavoidable. 

 

 
Figure 1, Summer Sea Temperatures [10] 

 

 
Figure 2, Winter Sea Temperatures [10] 
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Figure 3, Density on shipping routes [9] 

 

When comparing figures no.: 1, 2 & 3 there we can see that there is no needed for 

extensive or even no need at all to heat LSO to keep it in liquid stat with normal transfer 

abilities. In this case the most valuable heat from exhaust gasses (300-400°C) can be 

instead for fuel heating used for indirect electrical power production & water making. 

The low temperature heat (95°C) from engine wetter cooling system can easily cover the 

heating needs for LSO if necessary.  

 

Such a fuel can easily be prepared on land. If we would like to be low carbon society, 

then we can provide energy for preparing LSO from renewable sources of energy or 

nuclear power plants and there will be no need to consume the non-renewable sources, 

“waste” heat can be (re)used in further domestic or industrial objects from refineries. 

Separated sulfur can be later used in other production where needed. LSO contains also 

shorter CH-chains where carbon to hydrogen ratio is some lower else in HFO, what 

means few percent less CO2 when burned. 

The table 1 shows the comparison of energy density among different fissile fuel type. 

[11] 

 

Table: 1 Energy density of fossil fuels 

Fuel Carbon 

content 

kg/kg 

Energy  

density 

MJ/kg 

t/t 

(CO2)/fuel 

Methanol 0.3750 23.0 1.375 

Ethanol 0.5217 29.7 1.913 

LNG* 0.7500 43.0 2.750 

LPG 0.8223 49.9 3.015 

HFO 0.8493 43.0 3.114 

DO 0.8744 44.8 3.206 

* depends on source of exploitation 

 

In table 2 comparisons are done among fuels counted in table 1 where final goal is the 

same amount of released heat. The least amount of CO2 is produced when burning 
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methanol bat also due to lower energy density twice amount has to be burned. Ethanol is 

better option just the question is where to obtain such amounts of alcohols. LPG and LNG 

are problematic for storing, so at the end again DO-LSO is the only solution. 

 

Table: 2 Caloric comparison consumption table where LPG is base 

Fuel 

Energy 

density 

MJ/kg 

kg/kg 

(CO2)/fuel 

kg (CO2) 

produced 

to make 

49.9 MJ 

C 

o 

n 

s. 

CH3OH 23.0 1.375 2.983 2.17 

C2H7OH 29.7 1.913 3.266 1.68 

LNG* 43.0 2.750 3.191 1.16 

LPG 49.9 3.015 3.015 1 

HFO 43.0 3.114 3.613 1.16 

DO 44.8 3.206 3.579 1.11 

* depends on source of exploitation 

 

3 Heat 

 

Heat is after metal second most important subject-meter on any vessel where HFO is in 

use and where main propulsion engine has to obtain stand-by temperature. In many 

working or operating conditions, we cannot obtain enough heat from main engine(s), so 

steam boiler has to be engaged to supply additional heat for engine system. 

 

To fit technical, functional and operational needs the operation and stand-by temperatures 

are approximately the followed: 

 

• main or auxiliary engines heating must obtain standby temperature (ca. 90°C), 

• heavy fuel oil in liquid state (ca. 45°C), 

• fuel and oil separators (ca. 100°C), 

• heating settling tank (ca. 60°C) 

• daily tank (ca. 95°C) 

• before injection in fuel unit HFO is heated up to 145 °C, 

• for heat-vacuum water maker (ca. 80°C), 

• other technical and sanitary water etc. 

 

From ME/AE we can obtain two qualities of heats divided in to temperature classes. First 

is high temperature water from engine cooling system (HT) reaching ca. 95°C and second 

is from exhaust system (EH) reaching 400 °C.  

 

3.1 Current situation 

 

To awaken ship from status of cold ship and to maintain ship in full operational condition, 

heat is produced in large steam boiler(s). If vessel is steaming enough fast the exhaust 
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boiler (heat exchanger on exhaust system) can obtain enough heat from exhaust to reach 

the steam needs. In diagram 1 is presented general distribution of heat and steam flow. 

 

Diagram: 1 Heat circulation from source to sink 

 
 

In many cases due to economic reasons vessels steams in economical speed where the 

support of steam boiler is still needed to maintain the vessel in full operational condition. 

The installed power of steam boilers can exceed MW! In the table 3 is presented one 

example from cargo vessel where MAN 6S70MC-C7-T1 engine is installed. 
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Table: 3 System heat needs table. [12] 

 Consumed 

Energy 

�̇�(𝑘𝑊) 

HFO or  

lube oil 

T (°C) 

HFO storage tank 325 45 °C 

HFO purifier 52 70 to 90 

Lube Oil purifier 55 40 to 90 

ME/AE module 196 up to 145 

Accommodation 

heating 
194  

Hot water 34.5 up to 60 

 

As is evident from table 3, in this example the predominant heat is used for preparation 

and conditioning of the HFO. On passenger ship/cruiser (300m in length) while 

comfortably cruising between the destinations, with capacity of round 4.000 population 

units (PU) the lack of heat from main engines can easily happen and steam boiler has to 

be engaged. The minimum speed where main engines (MAN 12V46/60) diesel generators 

produce enough heat is 18 knots what means that 3 engines has to run on at least 75% 

load to supply enough heat to system that additional source of heat is not needed. 

 

Diagram: 2, General heat balances for MAN engines 8-18V48/60. 

 
 

Each of MAN 12V46/60 has 14.4 MW, when loaded 75% there is theoretical round 10 

MW heat released on each engine. To cover the heat needs, 30MW from three ICDs is 

minimum. In average 80% of cruising time the need of heat is not covered. 
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Figure 4, IR image of oil and fuel separators 

 

The average temperature in separation room is 50 °C even there is intensive blowing with 

fresh air – heat losses are huge. Similar situation is round fuel heating station. 

 

 
Image 5, IR image of daily and settling tanks 

 

Behind the wall are two tanks. Primary is settling (60 °C) and another is daily tank (90 

°C). Again huge amounts of heat are lost in to the space around the tanks. 
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Image 6, IR image of cylinder heads of MAN 12V46/60 with pick power 14.4 MW 

 

3.2 Heat needs when LSO is the only fuel 

 

When & if restrictions will become so rigorous that LSO with state of aggregate phase 

conversion (solid-liquid) between 15-20 °C will be the only allowed fuel for maritime 

vessels the need for heat will significantly drop. Beside where new materials are 

introduced we can also reduce stand-by heating temperatures on main and auxiliary 

engines from 90 to 70 °C. The heat from low pressure cooling system from ME will be 

enough to treat LSO and to maintain it at right temperatures for fuel transfer and 

separation (25-40°C). High quality temperature from exhaust can be used for electricity 

production, later for water making and then for other systems. The most important is that 

there is in use condensing economiser, where concentration of sulfur in exhaust gasses is 

so low that the production of sulfur acid is minor. Diagram 3 shows the situation where 

LSO is in use and how the heat can be transferred. Steam is only present in system for 

propelling the electrical power generation turbine; in other systems the water is present 

for heat transfer. 
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Diagram 3, of LSO heat cogeneration 

 
 

4 Electricity 

 

On vessels we have bigger and bigger needs for electrical power which is running pumps, 

automation, navigation equipment, illumination, ventilation, accommodation equipment, 

galleys equipment, bow thrusters and systems maintaining the steady microclimate 

conditions for cargo if needed etc. The consumers are generally divided in to three 

categories where: low voltage (24V), medium voltage (110-230V) and high voltage 

systems are used (380-690V). If there is indirect propulsion in use such as “Azipod” 

drive, the voltage can rise 10kV and above. The supply is as usual AC 50/60Hz current 

transformed or converted on needed levels with classical cuprum transformer. 
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4.1 Production 

 

The most common production of electricity on ships is from auxiliary engines, rear from 

shaft generators. On picture 7, 8 & 9 are presented three most common installations of 

power production on present vessels. 

 

 
Image 7, most conventional power installation 

 

Image 7 shows most common installation of main and auxiliary engines. Propulsion shaft 

is directly connected to the engine. AC shaft generator will be only engaged if the vessel 

is steaming full ahead to reach the working frequency. 

 

 
Image 8, installation with clutch and often with pitch propellers 

 

Such installation on image 8 is typical for middle & short distance operating vessels, 

where is higher need in own manoeuvrability abilities. The AC shaft generators can be 

used only when sheep is steaming full ahead or engines are obtaining constant speed and 

the pitch propellers are engaged. It is impossible to keep working both AC shaft 

generators together on the same power bus due to unsteady condition while moving 

through the water/sea where maintaining synchronization is impossible.  

 



10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30TH, 2017, BLED, SLOVENIA), ENERGY EFFICIENCY 

Ž. Schäffer, S. Petelin & I. Bajsić: Ship Power Plant Environmental Impact and Costs 

Rationalization 

433 

 

 
Picture 9, most conventional power installation 

 

Installation on picture 9 is typical for vessels where space requirements are in front of 

economy or is requested perfect manoeuvrability. AC generators are obtaining constant 

speed due to frequency requirement. 

 

So if AC electricity is produced from shaft generator the ship mast steam full ahead or if 

there is pitch propeller in use, the engines must run on designedted rounds per minute 

(RPMs) to maintain the frequency 50/60 Hz. Smaller percentage of ships use steam from 

exhaust gas boiler and produce the electricity from steam turbo generator. To fit the costs, 

ships are more or less running in economical speed what means that there is always need 

for auxiliary engines to operate and produce the necessary electrical power. If the vessel 

has two main propulsion shafts (with pitch propellers) – the synchronisation on AC 

system is impossible and when steaming in narrows or ports, there is always need for 

auxiliary engines to run and produce the electrical power. 

 

4.2 Illumination 

 

Illumination on vessel is very various there are mostly in use: neon tubes, compact 

fluorescent lights and in reflectors metal-halid or sodium bulbs and halogen lamps. In 

present time we find rarely classical incandescent bulbs. In illumination is future in light 

emitted diodes LED which are very versatile to serve as reflectors or corridor ceiling 

lights. The most important thing is proper cooling while LED diodes are sensitive to 

overheating. In table 4 is presented comparison among luminous bodies. [3] Table was 

updated with last LED values from Osram GmbH installed in tube T8. The values are 

interpolated to fit the table light output of round 1700 lumens.  
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Table 4, Comparison of luminous body 

Lamp Type Bulb Tube CFL LED 
LED 

(last) 

Teor. 

limit 

Power 

(W) 
100 18 23 15 9 2.5 

Operational 

Frequency 

(Hz) 

AC/DC AC/DC 50/60 DC DC / 

Efficiency 

(%) 
2,2 12 10 21 38 100 

Efficiency 

(Lm/W) 
17 94 74 113 205 683 

Output 

(Lm) 
1.700 1.692 1.702 1.700 1.700 1.700 

 

4.3 E-Motors 

 

Drive from electrical motors (EM) is very versatile and we use them for many purposes 

such are: ventilation, pumping, valve steering, compressing, lifting etc. On cargo ships 

the majority of consumption from EM falls on ventilation and fluid pumping, later 

illumination. Predominant share of electrical power can be consumed also from 

refrigeration compressors for maintaining constant temperature in cargo spaces where 

temperature sensitive goods are carried. This can be in ship holds, containers or semi-

trailers. Most important fact is that in 90% + we will not need the full power of E-motor. 

The latest systems are capable to determine the actual need of E-drive power and savings 

can be significant. Due to that fact the variable speed drive (VSD) was introduced 

together with DC electro motor, where mentioned shows great potential by saving and 

some additional applicable properties over E-motor control like are: speed (it can hold 

constant speed even load is changing) , rotational force and start or working torque. [2] 

It is important to make accent on fact once again that DC electrical motors are capable to 

make heavy starts what is for AC electrical motors mission impossible. 

 

Table 5, Potential energy savings by using VSD 

Average percent  

speed reduction 

Potential 

energy savings 

10% 22% 

20% 44% 

30% 61% 

40% 73% 

50% 83% 

60% 89% 
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4.4 Harmonization of electrical system 

 

Harmonization of two or more DC power supply sources today is much easier and quicker 

as harmonization of two AC systems. The biggest problem in ship industry is if we have 

to steam in slow speed, then we cannot reach frequency 50/60Hz or if we have pitch 

propeller – engine has to run on nominal RPM (in most cases this speed is not 

economical) or two or more AC shaft generator where is impossible to maintain the 

constant speed on both shafts, so auxiliary engines has to run. By DC power supply the 

electronic can govern with extinction the voltage and current. The power output is only 

dependant to final RPM by DC power supply. So there is no need to use auxiliary engines 

(if we have two shaft generators) – even if we are approaching the port or sailing in waters 

with increased level of safe navigation. If anything happen auxiliary source of DC power 

is in les then 10 seconds in grid. 

 

4.5 Why DC system 

 

Now when the electronics is capable to meet high standards in power supply and on 

vessels we don’t have a need for long distance power transport the answer is logic. Use 

of DC system on vessel, where more and more systems are working on DC current and 

where DC system can bring savings by generation of power and in consumption, is more 

& more logical. We can save a lot of cuprum where light energy efficient switchers 

replace huge transformers and the body of vessel can substitute one line. DC/DC 

converters are more efficient in cooperation with AC/DC converters where rectification 

is obligatory and where we lost 1 or 2 % of energy. 

 

When there is no high power consumption the DC generator can work in lower rpm. For 

instance VW 2.0 TDI (2010) engine will consume 0.6l/h when running in idle speed, to 

obtain with no load 1.500 rpm the consumption will rise on 1,5l/h, and on 3.000 rpm 

already 3.6l/h just to maintain the speed! On the vessel with installed AC diesel 

generators, driven by MAN 12V46/60 and “Azipods” this can be seen on efficiency 

parameter where consumption by 75% of load is 198 kg/MWh and when reducing the 

load on 50% by same rpm it raise on 218 kg/MWh. So savings in combination with DC 

shaft generator can be significant. 

 

5 Legislation 

 

In short, maritime legislation is managing energetic systems and fuels in three main lows. 

IMO TIER exhausts standards where NOx, SOx and particle meters will have to be 

reduced, IMO fuel standards, where sulphur will have to be reduced until 2020, with 

possible extension to 2025 on level 0.5% or below worldwide and IMO energy efficiency 

standards where energy savings will have to be reduced for 30% by 2025 on new vessels. 
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6 Conclusion 

 

A lot of effort will be needed to achieve the goal of 30% energy savings on ocean going 

vessels. The easiest problem seems to be savings by illumination where we can already 

today cut the consumption on half by installing LED in present illuminant housings. The 

quality of HDO or LSO is question of political will and how strong will the pressure be 

on refineries to build new facilities.  

 

If political will is going to implement better fuel the ICD manufactures can start 

producing more sophisticated engines that will be even more energy efficient with less 

emissions in CO2, NOx & particle meters. 

 

With implementation of DC system, we can save on non-renewable coper where metal 

vessel body can transport one power side and LSO. The any rpm on main engine with 

DC shaft generator can fit the need of electrical power, and if there are two on two or 

more ICDs with pitch propeller installation, there is no need for auxiliary engines while 

sailing. With isolation and lowering the ICDs temperatures when stand by, we can save 

another amount of heat and maintain the stand by temperature just with waste heat from 

ME or AE. 
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Abstract High-temperature heat-pumps are devices that exploit a low-

temperature heat source in order to produce hot water at high-

temperatures. One of such sources can also be underground water with 

temperature of around 10 °C. This paper presents a comparison between 

two configurations of high-temperature heat-pumps for the purpose of 

district heating with temperatures between 70°C and 90°C. Ammonia was 

used as a refrigerant in high-temperature heat-pump. Theoretical 

calculations were based on the REFPROP property method within Aspen 

Plus software. The simulations showed that the double stage high-

temperature heat-pump could be a feasible solution for exploiting low 

temperature sources. Including a flash unit into the double-stage heat-

pump increases further increases the efficiency by up to 11.1% depending 

on the evaporation temperature and hot water temperature. 
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1 Introduction 

 

Heat-pumps are devices that allow for a reduction in primary energy consumption, 

operating costs and CO2 emissions according to EU climate package [1]. The heat-pump 

technology is well known for heating and cooling purposes. Over the last couple of years 

approximately 800,000 heat pumps were sold every year in the European Union alone 

[2]. Heat-pumps are usually electrically driven and low grade heat is lifted to a higher 

temperature by running a vapour compression cycle. The heat is taken from sources like 

outside air, underground water, or ground. Traditional heat-pumps are suitable for low-

temperature heating systems such as underfloor heating, low-temperature radiators or fan 

convection heaters. On the other hand, district heating systems usually operate at higher 

temperature regimes. High-temperature heat-pump are suitable for those systems.   

 

High-temperature heat-pumps are devices that exploit low-temperature heat sources such 

as geothermal water, waste heat of refrigerators, industrial sources, etc. in order to 

produce hot water that can be used for heating of buildings, production of sanitary hot 

water or in district heating systems.  

 

There are many different refrigerants that are used in high-temperature heat-pumps. R-

717 (ammonia) is perhaps the oldest of all the refrigerants and still widely used in the 

heat pump/refrigeration technologies [3]. It is also one of the more used refrigerants in 

high-temperature heat-pumps. There are a few publications regarding the application of 

ammonia high-temperature heat-pumps [3]–[7].  

 

On the other hand, transcritical heat-pumps that use natural refrigerant carbon dioxide are 

getting an increasing attention [8]. However, those heat pumps don’t have a condenser. 

After the compression the supercritical CO2 is cooled in a gas cooler. It is for this reason 

that supercritical heat pumps are suitable only for applications with high temperature lift 

of the heated fluid, for example preparing hot water in meat or diary industry.  

 

It should  also be noted that ammonia is considered a natural refrigerant, as it has zero 

GWP (global warming potential) as well as zero ODP (ozone depleting potential) [9]. 

Ammonia has an extremely high latent heat, and the acoustic velocity of ammonia is 

much higher than in any other refrigerant, which means that higher gas velocities can be 

used in the design of pipes, valves and fittings without incurring substantial pressure 

losses [10].  Other important advantages of ammonia are tolerance to normal mineral oil, 

low sensitivity for small amounts of water in the system, simple leak detection and low 

price. The disadvantages of ammonia are the facts that it is poisonous and it can burn in 

the air. However, these flaws have been often exaggerated. Ammonia is for example 10-

50 times less toxic than chlorine [11]. Ammonia has an important advantage of smelling 

unpleasantly to most people. The gas can be easily smelled at 5 ppm in air, and according 

to European Commission Directive 2000/39/EC of 8 June 2000 [12] it has an 

occupational exposure limit values of 20 ppm and 50 ppm for eight-hour exposure and 

short term exposure, respectively. 
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The goal of this study is to compare two double-stage high-temperature heat-pumps for 

the purpose of district heating. Three heating regimes were observed during the 

simulations of both double-stage high-temperature heat-pumps. The comparison was 

based on COP values, which were calculated during theoretical simulations using Aspen 

Plus software.  

 

2 Methods  

 

Simulations of both high-temperature heat-pumps were performed using Aspen Plus 

software. The REFPROP Property method was used in all the simulations for all the 

process units. This method is one of the more accurate methods for pure fluid and mixture 

models currently available. It is based on three models for the calculation of the 

thermodynamic properties of pure fluids: equations of state explicit in Helmholtz energy, 

the modified Benedict-Webb-Rubin equation of state, and an extended corresponding 

states (ECS) model [13]. 

 

2.1 Double-Stage High-Temperature Heat-Pump – Principle of Operation 

 

Double-stage high-temperature heat-pump consists of two compressors, with a cooler 

between them, condenser, expansion valve, and evaporator as shown in Figure 1. The 

vapour refrigerant is compressed to an intermediate pressure in compressor 1. After 

intermediate cooling it is further compressed to the condensation pressure. The vapour is 

superheated in stream 4 so it cools down to a condensation temperature, then it condenses 

and further cools down to an outlet temperature in point 5. The heat that is released during 

vapour cooling is transferred to a heating fluid that can be used in district heating or 

heating of greenhouses. The subcooled liquid refrigerant is conveyed to an expansion 

valve where it is reduced in pressure. After the expansion the refrigerant evaporates in 

the evaporator by exploiting a low-temperature heat source such as: underground water, 

heat of ambient air, etc.    
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Figure 1. Double stage high-temperature heat-pump 

 

2.2 Double-Stage High-Temperature Heat-Pump with a Flash Unit 

 

Another configuration of a double-stage high-temperature heat-pump includes a flash 

unit and additional expansion valve in addition to other process units described in the 

previous chapter as shown in Figure 2. The subcooled refrigerant in point 5 is first 

expanded in the expansion valve 2 to an intermediate pressure, then the stream is flashed 

and the vapour phase is conveyed to the intermediate cooler. The liquid is flashed in the 

expansion valve 1 and evaporated in the evaporator.  

 

2.3 Simulations 

 

In the present study, the following simplifying assumptions were taken into account for 

the theoretical analysis of both configurations of high-temperature heat pump: 

 

• Refrigerant at the evaporator outlet was specified as saturated vapour. 

• Zero pressure drop was assumed in all heat exchangers (condenser, gas cooler, 

evaporators, and intermediate cooler) and connecting pipes. 

• It was assumed that heat losses are negligible.  

• An adiabatic, but non-isentropic compression process was assumed with 

isentropic efficiency 0.84 [2], [3] for ammonia compressor, whilst the 

mechanical efficiency was set to 0.97.  
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• The refrigerant temperature at the outlet of the condenser was set to 10°C 

above the inlet temperature of the heated water, which could be used for 

district heating.  

• It was assumed that the low-temperature sources such as underground water 

would be available. It is for this reason that the evaporation temperatures were 

varied between -10°C and 10°C. 

• The heating regime of a district heating was varied between 50/60°C, 60/80°C, 

and 70/90°C. The first number indicated the temperature of the return line and 

the second temperature of the heating fluid (water).   

 

A design specification option was used during the simulations of both heat-pump cycles. 

It was set up to determine the pressure ratio of compressor 1 in order to achieve the 

logarithmic mean temperature difference of 20°C in the condenser in all simulation cases. 

The intermediate cooler was set to cool the refrigerant vapour to 3°C above the saturation 

temperature. COP values were calculated according to Equation (1). 

 

COP
W


      (1) 

 

Where   is the rate of heat flow within the condenser (in W), and W is the work required 

to drive both compressor (in W). The calculations of COP values were done in an MS 

Excel spreadsheet. Afterwards graphs were drawn in the same program.   
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Figure 2. Double stage high-temperature heat-pump with a flash unit 
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3 Results and Discussion 

 

The ammonia was subcooled in the condenser of both high-temperature heat-pumps 

during the simulations within Apsen Plus. Figure 3 shows an example of the temperature 

curves within the condenser of the double stage high-temperature heat-pump with a flash 

unit. Evaporation temperature (Te) was set to -10°C, water was heated from 60°C to 80°C, 

which are the typical temperatures of a heating fluid during district heating. Pinch 

temperature was also monitored during the simulations. The logarithmic mean 

temperature difference was kept at 20°C. It is for this reason that the pinch temperature 

did not change much during the simulations. It was in the range between 11.2°C and 

11.5°C during all the simulation cases.   

 

 
Figure 3. Temperature curves within the condenser of double-stage high-temperature 

heat-pump at Te =-10°C; heating regime 60/80°C 

 

Figure 4 presents the results of calculations of COP values dependent on the outlet 

temperatures of hot water for the double-stage high-temperature heat-pump without a 

flash unit. The inlet water temperatures (or the return line temperatures) were 20°C lower 

than the hot water temperatures in line with the above-mentioned temperature regimes. 

The simulations were undertaken at different evaporation pressures corresponding to 

temperatures from -10°C to 10°C with a step of 5°C. Figure 5 presents the results of COP 

values dependent on the hot water temperature for the double-stage high-temperature 

heat-pump with a flash unit. When comparing the results of both heat-pumps it can be 

concluded that the additional flash unit provides for a better COP of the double stage 

high-temperature heat-pump. Table 1 presents the increase of COP values of the double-

stage high-temperature heat-pump with a flash unit in comparison to the double- stage 

high-temperature heat-pump without a flash unit. The highest increase of COP values 
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was observed at low evaporation temperatures (-10°C), ranging from 6.6% and 11.1% 

and at high water temperature (90°C), ranging from 6.2% to 11.1% 

 

 
Figure 4. COP dependent on the hot water temperature for the double-stage high-

temperature heat-pump without a flash unit  

 

 
Figure 5. COP dependent on the hot water temperature for the double-stage high-

temperature heat-pump with a flash unit  
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Table1. Increase of COP due to a flash unit. 

Te[°C] 

 

Tw [°C] 

-10 

°C 
-5 °C 0 °C 5 °C 10 °C 

70 6.6% 5.5% 4.3% 3.3% 2.6% 

80 8.6% 7.6% 6.3% 5.3% 3.9% 

90 11.1% 9.9% 7.6% 7.5% 6.2% 

 

4 Conclusions 

 

The two configurations of double-stage high-temperature heat-pumps that use ammonia 

as a refrigerant were presented and compared during this research. The simulation models 

were designed in order to calculate the coefficient of performance at different evaporation 

temperatures and different heating regimes. This technology could be used for district 

heating by exploiting a low temperature heat source. It was observed that the COP values 

would increase if a flash unit were to be used in a double stage heat pump.  

 

Flash units usually aren’t expensive, so it is expected that including a flash unit would be 

economically feasible. However, if the evaporation temperatures were to be high and the 

demanded temperature of hot water low, the efficiency increase would be minor.  
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Abstract This paper presents a novel construction of a linear oscillatory 

synchronous generator designed to be used in a free-piston Stirling 

engine. High oscillation frequency and short displacement of linear 

movement present a challenge for the design of the linear oscillatory 

generator. This works proposes a novel construction of a modular linear 

synchronous generator. The novel modular linear synchronous generator 

consists of a basic stationary primary part with concentrated three-phase 

winding and a basic moving secondary part with permanent magnets. 

Modular topology of the proposed linear oscillatory synchronous 

generator enables assembly of different machine lengths according to the 

required power level by stacking together various numbers of basic 

primary and secondary modules. A prototype of the linear oscillatory 

synchronous generator was built and tested. This paper presents the 

electromagnetic design and the results of experimental testing in a 

laboratory environment.. 

 

Keywords: • Stirling engine • synchronous machine • linear oscillatory 

generator • permanent magnets •
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1 Introduction 

 

Stirling engine was designed by Robert Stirling in 1821, and is one of the oldest machines 

with four-phase thermodynamic cycle operation [1-3].  Ever since its invention, 

researchers have been trying to improve it in terms of its construction, used materials, 

gases, and last but not least, application solutions, which would provide higher efficiency 

along with lower costs, leading to its use in daily life. Stirling engine is most often used 

in micro Combined Heat and Power (µCHP) applications [4-7], which are mostly based 

on renewable energy sources. Versions with mirrors [8-12], using solar energy, and 

versions with external combustion of e.g. biomass, are used. 

 

Despite the large amount of research done in connection to Stirling engine, scientific 

literature does not include many works dealing with subject of appropriate electric 

generator design which can be used inside of Stirling engine. Electric generators are 

generally presented only as an addition to the operation description of the Stirling engine 

[8-10]. This paper focuses on novel construction of a linear oscillatory synchronous 

generator designed to be used in a free-piston Stirling engine. A review of existing 

electric generators used in Stirling engines showed that a modular energy-efficient low 

cost product needs to be designed for large-scale production. 

 

2 Stirling Engine & Electric Generator 

 

The basic topology of Stirling engine operation is presented in Figure 1, where the engine 

receives thermal energy and converts it into mechanical movement. Conversion is 

possible with three different types of Stirling engine, alpha, beta or gamma type [2, 3]. 

All three types need an external source of thermal energy. It can be provided by different 

conventional energy sources or renewable energy sources in applications with external 

combustion. 

 

 
Figure 1. Energy conversion in a co-generator with a Stirling engine 

 

A large number of applications also use solar energy directly, as is the case of our Institute 

of Energy Technology, where we use a 10 square meters large concentrator (Figure 2) 

with an installed beta type Stirling engine.    
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Figure 2. Solar concentrator with an installed Stirling engine 

 

2.1 Stirling engine – types 

 

The three basic types of Stirling engine are briefly described below [2, 3].  

 

Alpha type 

 

Alpha type Stirling engine consists of two cylinders. The expansion cylinder (hot piston) 

is maintained at a high temperature, while the compression cylinder (cold piston) is being 

cooled. A regenerator connects both cylinders, as shown in Figure 3.   

 

 
Figure 3. Presentation of alpha type mechanical configuration 

 

Beta type 

 

Beta type Stirling engine consists of one cylinder with a hot space and a cold space. A 

displacer moves the air between the hot space and the cold space. A power piston is at 

the end and moves the electrical generator.  
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Figure 4. Presentation of beta type mechanical configuration 

 

Gamma type 

 

Gamma type Stirling engine is a modified beta type, in which the power piston is placed 

in a special cylinder next to the cylinder with the displacer. Both pistons are connected 

to the same flywheel. Gas can move between both cylinders (Figure 5).  

 

 

 
Figure 5. Presentation of gamma type mechanical configuration 

 

2.2 Electric Generator Used in a Stirling Engine 

 

Different electric generators can be found in scientific literature on Stirling engines, and 

they are briefly described below. Generators are usually linear to avoid unnecessary 

additional conversion of translational movement of pistons into rotation. The generator 

consists of a primary stationary part and a secondary moving part (mover). 

 

Induction machines 

 

In case of an induction machine, it is necessary to note that mechanical energy is 

converted to electric only if the speed of the mover is higher than synchronous speed. An 
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induction machine also cannot generate reactive power, which can be solved with 

capacitors that maintain generator's voltage. Tubular versions with a simple secondary 

part in the shape of an aluminium cylinder [13, 14] or conventional rotational versions 

with a short-circuited squirrel cage [15] are mostly used. 

 

Transverse flux machines 

 

When designing the electric generator, it is necessary to take into account that Stirling 

engines are usually not self-started. It is well known that electric machines operate in 

generator or motor regime. Electric generator therefore needs to be designed in such a 

way that it can produce sufficient force/torque in the motor regime to start the Stirling 

engine. A solution for a linear generator with a transverse flux machine is presented in 

[16, 17]. 

 

Permanent magnet machines 

 

Electric generators with permanent magnets are most commonly used in Stirling engines. 

The magnets are usually placed on the mover and the winding is placed in the cold space 

of the drive. Tubular generators [18-21] are usually installed in prototypes because of 

their small volume. To achieve higher power and better generator efficiency, 

ferromagnetic material needs to be installed on the mover next to permanent magnets. 

Because of the tubular form, soft magnetic composite (SMC) is usually chosen as 

ferromagnetic material, as it enables a more compact generator construction in 

comparison to conventional electrical steel, but leads to lower efficiency in the low-

frequency area because of lower permeability of the SMC material [22, 23].  

 

3 Modular Design of a Linear Oscillatory Generator  

 

Stirling engines are produced in different size categories depending on the power of the 

application. This paper presents a modular design of a linear oscillatory generator with 

the intention of designing a module, which can be used as a basic element in all size 

categories of Stirling engines.  

 

 
Figure 6. Stationary primary part with concentrated three-phase winding  
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This works presents a novel construction of the modular linear synchronous generator. 

The novel modular linear synchronous generator consists of a basic stationary primary 

part with concentrated three-phase winding (Figure 6) and a basic moving secondary part 

with permanent magnets (Figure 7).  

 

 
Figure 7. Moving secondary part with permanent magnets  

 

Modular topology of the proposed linear oscillatory synchronous generator enables 

assembly of different machine lengths according to the required power level by stacking 

together various numbers of basic primary and secondary modules (Figure 8 and 9). 

 

  
Figure 8. Modular topology – stacking concept 

 

 
Figure 9. Joined modules 

 

The basic generator segment is 102 mm wide and depends on the stroke length of the 

Stirling engine. The packet length (lFe) of the primary and the secondary part is 60 mm, 
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meaning that they are both composed of 120 laminated plates with 0.5 mm thickness. 

Other data for the generator and permanent magnets are provided in Table 1.  

 

Table 1. Generator data 

Variable Value 

arrangement  linear 

number of phases 3 

output power of one module  75W 

generator efficiency  ＞90% 

coil resistance per phase 11.3  

number of turns per phase  96 

lamination length 60 mm 

lamination width 102 mm 

air-gap width 0.65 mm 

oscillating piston stroke length 20 mm 

permanent magnet material NdFeB 

remanence Br 1.29 T 

maximum temperature 180°C 

 

Linear generator was constructed with a non-commercial software package TurboSolver, 

which is based on a finite element method (FEM). The basic discretization model of 

primary and secondary part is presented in Figure 10.  

 

  
Figure 10. Discretization of primary and secondary generator part  

 

In the design process of the electric generator geometry, it is necessary to select a correct 

air-gap dimension between the primary and the secondary. In the case that air-gap is to 

high this will results in the poor generator performance, while to small air-gap width 

might results in increased eddy current losses in permanent magnets. Figure 11 presents 

magnetic field distribution at load conditions. 
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Figure 11. Magnetic field distribution at load conditions. 

 

4 Experimental System and Results 

 

The prototype of a linear oscillatory synchronous generator, presented in the previous 

section, was measured with an experimental system described below.  

 

4.1 Experimental system  

 

A measuring system which can drive a linear generator was constructed for verification 

of the constructed generator prototype. The core of the system is a controlled oscillatory 

drive, which can drive the test generator up to 4000 strokes per minute. Installation of the 

two modules of a linear generator inside the experimental system is shown in Figure 12. 

The instruments in the measuring system enable measurement of time-dependent values 

of individual mechanical and electric quantities: position and force needed to move the 

secondary part, and the current and voltage of individual phases. 

 

 
Figure 12. Two modules of linear electrical generator inside the experimental system 
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4.2 Results 

 

Figure 13 shows the measured characteristics of the generated electric power in the case 

of resistive load for single generator module in dependency on different air-gap width 

between the primary and the stationary part of oscillatory generator.  

 

The maximum achieved power with 0.65 mm air-gap width and 2000 strokes per minute 

was 75 W with the line-to-line voltage of 120 V. The target air-gap width in a Stirling 

engine is 0.25 mm, which equals to 100 W of target power of one generator module.  

 

Generator current-voltage characteristic for different air-gap width are shown in Figure 

14 and present the generator's load power ability given as a function of terminal voltage.  

 

 
Figure 13. Generated electrical power in dependency of terminal voltage (single 

module, 2000 strokes per minute) 

 

 
Figure 14. Current-voltage characteristics  

 

During the movement of the secondary part with an oscillating free piston within one 

stroke (stroke length is 20 mm), the speed drops to almost zero in both end points. Induced 
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voltage is zero at that point, and the electric power of the generator is consequently also 

zero (Figure 15).  

 

 
Figure 15. Time waveforms of phase, total and average electric power of the generator 

(single module, 2000 strokes per minute, air-gap width 0.65 mm)  

 

When the secondary part is moving from one end point to the other, it accelerates to the 

highest speed and then decelerates to a full stop. The total time-dependent generated 

power sump  is a sum of individual phase power values: 

 

sum 1 2 3p p p p       (1) 

 

where 1p , 2p  and 3p  are time-dependent individual phase power values. An average 

generating power avep  can be calculated by integration of total power sump  over the 

time period 2 1T T  (2):   

 

2

ave sum
1

2 1

1
d

T

T
p p t

T T


      (2) 

 

For Stirling engine applications it is very important to select appropriate maximum 

working temperature of permanent magnets. In the temperature rise test with continuous 

electric load of 75 W, thermal equilibrium was reached after 45 minutes. The maximum 

temperature inside the generator (winding) was lower than 40 °C at ambient temperature 

22 °C.    
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Figure 16. Temperature distribution inside the generator after the temperature rise test 

 

The maximum temperature inside a Stirling engine housing, where the generator is 

installed, is limited to 120°C. At this limited ambient temperature the magnets and the 

winding permissible over-temperatures due to the electric load will be inside prescribed 

limits as well.   

 

5 Conclusion 

 

This paper deals with a three-phase twelve-slot/ten-pole linear oscillating generator. The 

measured results showed that the proposed design is suitable for free-piston Stirling 

engine applications. Permanent magnets are useful for oscillatory pistons with a short 

stroke in order to increase the power density and the overall efficiency of the generator. 

The results of the temperature rise test at nominal load confirmed that it is possible to use 

it inside a Stirling engine housing. Moreover, results in thermal equilibrium showed that 

the nominal load of the proposed generator could be increased. Finally, the modular 

design enables a cost-effective solution for integration into end-user applications with a 

Stirling engine. 
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Abstract This article describes various combinations of parallel 

operating formaldehyde plants using different catalysts and analyses the 

energetic optimization of such combined operations. Excessive heat is 

transferred directly into electricity the formaldehyde production; 

innovative usage of off-gases form the formaldehyde production has been 

investigated. The efficiency of the various combinations of formaldehyde 

processes using various catalysts is evaluated by comparing the costs per 

mass unit of the produced formaldehyde (calculated as 37% 
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1 Introduction 

 

Formalin is a commercial name for aqueous solutions of formaldehyde and is one of the 

most important products in chemical industry in the category of high tonnage products 

[1] [2].  Despite such high and still increasing manufacturing capacities of formaldehyde, 

the proportion of international trading of formaldehyde is below 2%. This can be 

attributed mostly to formaldehyde’s physical and chemical instability as well as to high 

transport costs for formaldehyde due to the relatively high concentration of water in the 

product [3] [4]. For these reasons, formaldehyde is usually used or processed at the site 

of production or in the nearby areas of production units. Taking into consideration the 

constant increases of energy expenses, an additional condition in the production of 

valuable products is the optimal use of by-product energy, based on off-gases from the 

production of formaldehyde from methanol [5] [6]. 

 

The production of formaldehyde has recently faced constant turmoil, which is evident by 

the following facts: 

 

• Formaldehyde has been classified as a carcinogen; 

• increasing ecological awareness, not only in the developed world, requires 

continuously lower emissions based on total off-gases: mg of chemical 

substances per cubic meter of gaseous emissions (mg/m³) as well as total 

emission in kilograms of chemical substance per time unit (kg/day); 

• high energy needs for the production of formalin lead to considerable costs, 

high CO2 emissions, and as a consequence formalin production processes 

create high amounts of unused by product energy; 

• European legislation has significantly limited the degree of freedom for 

formaldehyde producers by regulating the permitted output of CO2 emissions. 

This has mostly affected the industry of high volume chemicals, which creates 

very low added value per unit of product and therefore the required quantity 

of CO2 coupons cannot be purchased in order to fulfil legally mandated and 

ever lower quotas. 

 

Producers of formalin had to find solutions in a very short time (within three to five 

years), in order to address the following problems: 

 

• compensation for negative effects of the reduction of annual CO2 quotas; 

• adjustment of emissions according to regulations of legal values and 

acquisition of IPPC permission; 

• preparation and execution of energy optimisation of the entire production 

process.; 

• implementation of the »no waste« principle in production.  
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2 The Design of Formaldehyde Production Processes 

 

There are two basic formaldehyde production processes: 

 

• silver catalyst process, operating with methanol surplus and 

• metal oxide catalyst process, operating with air surplus. 

 

2.1 Formaldehyde production process on the basis of silver catalyst 

 

Processes on the basis of silver as a catalyst burden the environment with gas emissions 

in the air, as well as with emissions of excess steam condensates, arising from the contact 

between the flows of products and steam as thermal energy carrier.  

 

The energy flows of the two formaldehyde production processes F1 and F3 as a basis for 

the investigations reported here are presented in Fig. 1, where the red arrows shows the 

steam flow; black arrows the electrical energy flow; green arrows the off-gases from 

silver catalyst process (FOP), and the yellow arrows the natural gas flow for steam 

generation. The torch shows the emission to the environment. 

 
Figure 1: Gas and energy flows of the two formaldehyde production processes F1 and 

F3. 

 

The process of catalytic oxidation and dehydration of methanol in silver catalyst carry 

out the synthesis. The process of catalysis is accomplished in two phases: 

 

CH3OH + 1/2 O2 → CH2O + H2O         -160 kJ/mol    (1) 

 

alternatively: 

 

CH3OH   →   CH2O + H2                       - 84 kJ/mol    (2) 

 

H2 + 1/2 O2   →  H2O                            +232 kJ/mol    (3) 

 

Reaction (3) is exothermic; the thermal energy formed in this reaction maintains the 

temperature of the reactor and at the same time facilitates the shift of the equilibrium to 

the right side in reaction (2), which increases the formation of formaldehyde. Parallel to 
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the main reactions (1, 2, and 3), some side reactions are carried out as well, and those 

reduce the efficiency of the process. Important side reactions are:  

 

CH2O → CO  +  H2      (4) 

 

CH2O  +  1/2 O2  → HCOOH and CO + H2O    (5) 

 

CH2O + O2 →  CO2  +  H2O      (6) 

 

In a following phase, the emission of off-gases from the formaldehyde process (FOP) 

into the air has been replaced with a technical solution in form of co-processing by 

burning these gases in a gas boiler and subsequent co-formation of electrical energy in a 

steam turbine (Fig.2). 

 

 
Figure 2: Gas and energy flows of the two formaldehyde production processes F1 and 

F3: this improved technical solution includes co-processing of the off-gases (FOP) for 

steam generation. 

 

Average values for the composition of the gas mixture (FOP) are in following proportions 

(all numbers in vol. %):  

 

N2 :  H2 : CO2  = 75%  : 21% : 4%      (7)  

 

Lower calorific value = 2.7 MJ/m3      (8) 

 

2.2 Formaldehyde production process on the basis of metal oxide catalyst 

 

During the production of formaldehyde on the basis of a metal oxide catalyst (process 

F2), formaldehyde is formed by partial oxidation of methanol with oxygen. Reactions are 

carried out on a metal oxide catalyst in a reactor with a static layer of catalyst for oxidation 

in gas phase (fixed-bed vapor phase oxidation reactor) and a cooling system, according 

to the reaction: 

 

CH3OH + ½ O2  CH2O + H2O  dH = -157kJ/mol.    (9) 
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For the maintenance of the desired oxidation atmosphere, the required ratio between 

methanol and air is low; the content of methanol in the air is approximately 4 to 10 vol. 

%. Such high surplus of air is possible because a certain portion of the gas from the 

absorber is recycled, resulting in sufficient reduction in concentration of oxygen in order 

to avoid formation of explosive mixtures. The thermal energy released during the reaction 

is discharged from the reactor using thermal oil as liquid medium for the energy transfer, 

and used for the production of steam. 

 

2.3 Work methods and data 

 

Experimental work was based on measurements and analysis of data of various 

production sections for formaldehyde production processes F1, F2 and F3.  

 

Data for the following factors have been collected: 

 

• the origin of energy for production of water vapor for operation of the 

generator, 

• production of electricity, 

• consumption of electricity, 

• withdrawal of vapor from turbine and  

• use and production of vapor during processes. 

 

Each experiment lasted for 24 hours. The preparation of each test run, during which the 

data for the further evaluations had been compiled however, lasted for several days; in 

order to obtain valid results, the system had to stabilise itself to achieve stationary state 

conditions for 3 days. The third day of the stationary state was chosen as a starting point 

for each individual collection of data. 

 

Data collection was carried out with following devices:  

 

• electricity: electrical consumption meters (kW/h), 

• cooling power: digital meters for water consumptions (m³/h) and on-line 

measurements of temperature increase between input and output, 

• natural gas: digital consumption meter (m³/h) with appropriate compensation 

for temperature fluctuations, 

• off-gases from the formaldehyde production process (FOP): digital 

consumption meter (m³/h), 

• methanol consumption: flow meters at individual production units (t/h). 

 

Utilized measuring technique had a ± 5% absolute deviation. 
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3 Optimization of Machinery for Formaldehyde Production 

 

3.1 Formaldehyde production process on silver catalyst (processes F1 and F3) 

and on metal oxide catalyst (process F2): variation 2 

 

After the implementation of the metal oxide process F2 into the total formaldehyde 

production, the parallel production was carried out with all three formalin production 

processes (F1, F3 and F2) system, together with co-generation of electricity from natural 

gas and the usage of the off-gases from the formaldehyde process (FOP) for additional 

steam generation.  

 

The energy flows of the three formaldehyde plants F1, F2, and F3 (variation 2) are shown 

in Fig. 3. 

 

 
Figure 3: Gas and energy flows for variation 2a and 2b. Process F2 directly fuels other 

process with steam but still needs purchase of electrical energy from external network. 

  

The mutual influences are the following: withdrawn quantity of steam from the turbine 

and used for the production of formalin is a function of capacity, ergo more FOP is 

available for production of steam or electricity. 

 

This model is problematic in cases where the consumption of electricity for the processes 

falls below the minimal capacity of the turbine, generator or boiler. In such cases the 

consumption of natural gas increases because of insufficient available quantities of FOP 

in order to operate the generation of electric power; the excess of electrical energy (which, 

however, is not used in the small formaldehyde production) can be traded only for notably 

reduced end prices in comparison to production prices. Table 1 shows the influence of 

the produced quantity of products (formaldehyde + UF resin + PF resin) at the same 

operating regimes of the formaldehyde plants. 

 

Table 1: CO2 emissions for variation 2a and 2b

LABEL

TOTAL 

PRODUCTION

F+UF+PF

(t/day)

SPECIFIC

CONSUPTION

OF NATURAL GAS

(Nm3/t)

SPECIFIC EMISSION 

OF CO2

BASED ON 

PRODUCTS (kg/t)

V2a

V2b

894

771

15,9

31,2

45,1

69,2

 

VARIATION 2a and 2b

PROCESS F1

VAPOUR 

BOILER

STEAM 

TURBINEPROCESS F3
G

NATURAL GAS

45,1 / 69,2 kg CO2/t

37% F+UF+PF

Variation 2a and 2b

FOP

UF/PF

ELECTRICAL ENERGY

LP 

VAPOUR

PROCESS F2
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The specific CO2 emission has increased by 53% in variation V2b compared to variation 

V2a. Due to the low availability of FOP at low formaldehyde production but, on the other 

and due to the minimum allowed capacity of the turbine natural gas had to be used to 

keep the turbine above this lower operational level. Therefore the CO2 emission increases 

due to the higher amount of natural gas in use, whereas the combustion of the FOP does 

not generate CO2. 

 

3.2 Variation 3 

 

In variation 3 (V3) the process functionality of the model has been tested experimentally 

under the condition that the quantities of water vapor are limited as a function of capacity 

of formaldehyde line F2 (Fig.4). The weakness observed is that the production of 

formalin is relatively low in comparison to variation 2. Table 2 shows data for calculation 

of CO2 emissions while taking into account emissions for purchased electricity as well. 

 

 
Figure 4: Gas and energy flows for variation 3. The parallel operation of the two 

formalin processes F1 and F2 enables the production of formalin, UF, and PF resins. 

 

Table 2 shows data for calculation of CO2 emissions under consideration of emissions 

due to the generation of the supplied electrical energy. 

 

Table 2: CO2 emissions for variation 3 

 
 

4 Conclusion 

 

The paper demonstrates that the possibilities of energetic integration and optimization of 

parallel running processes in the formaldehyde production are realistic and feasible. It 

also could be shown that a simultaneous reduction of environmental burden with special 

emphasis on reduction of CO2 emissions is possible. Basic theoretical considerations as 

well as practical test runs enabled the further developments of the formaldehyde 

production process; this includes investments and processes for the transformation and 

VARIATION 3

PROCESS F1 PROCESS F2

TORCH

20,1 kg CO2/t

37% F+UF+PF

Variation 3FOP

UF/PF

EXTERNAL NETWORK

LP 

VAPOUR

ELECTRICAL ENERGY

LABEL

TOTAL 

PRODUCTION

F+UF+PF

(t/day)

SPECIFIC

CONSUPTION

OF NATURAL GAS

(Nm3/t)

SPECIFIC EMISSION

OF CO2

BASED ON 

PRODUCTS (kg/t)

V3 649 0 20,1
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use of excess thermal energy as well as the use of gaseous side streams (off-gases) of the 

formaldehyde process for direct generation of electrical energy during the formalin 

production processes.  
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Abstract Condensation and boiling are effective phase change heat transfer 

processes with a wide range of application form daily life to industrial scale i.e. 

power generation, distribution, heating, cooling, refrigeration and air-

conditioning; turbines/turbo-machinery, desalination, refinery, chemical/food 

processing, waste heat recovery; renewable energy technologies (concentrated 

photovoltaics, fuel cells, batteries, etc.). Copper (Cu) and Stainless steel are most 

common metals used for heat exchangers in industrial applications. Due to poor 

efficiency of condensation and boiling heat exchangers and its wide range of 

application a small enhancement in this area have significant impacts on energy 

efficiency. Both phenomena are surface based and depends on common surface 

properties i.e.  thermal conductivity, wettability, porosity, roughness. Surface 

coating is an effective and robust solution for surface modification and Carbon 

nano fibers (CNF) have favourable properties to improve both boiling and 

condensation. In our study, CNF has coated on Cu, aluminium (Al) and stainless 

steel (SS 316) using electro-spinning technique. CNF has dispersed with PVA 

using ultrasonication in 4:1. Poor adhesion of resulted coating on substrate has 

been observed. This issue is overcome by incorporating metallic nano-particles 

into the solution. Solution has been modified with silver nano-particles which 

resulted in enhanced adhesion after heat treated at 500°C in inert environment. 

Both contact angle for the resultant surfaces were studied as wettability is the 

main parameter in boiling and condensation phenomena. Enhanced boiling and 

condensation heat transfer results are predictable due to combined effect of 

CNF/Ag nano-particles. 
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1 Introduction 

 

Boiling is a multiphase and efficient energy transfer process and is used where a high 

amount of heat is used to be transferred in confined space [1].  Boiling heat transfer have 

a vast range of application such as desalination [2], [3], nuclear power plant [4], [5],  

thermal management data centers and electronic circuit cooling [6]–[8], and microfluidic 

systems [9]–[11]. Therefore, a small improvement in this area leads to high energy 

impacts. Heat transfer substrate, its surface, and working fluid are three main variables 

that can be modified to enhance the overall boiling heat transfer. In most of the cases such 

as desalination and steam power cycle, it is not possible to change the working fluid so 

surface modification remains as one of the main variables to enhance the overall process.  

 

Compared to the subtractive modification techniques, the surface coating provides a 

robust and efficient solution to boiling heat transfer enhancement. Surface modification 

techniques for boiling can be classified as : (1) chemical processes (oxidation, etching 

and photochemical etching [12]–[15]) (2) mechanical shaping processes (machining 

and/or deforming using roughness tools, CNC, laser machining and sandblasting 

techniques (3) [16]–[18]), surface coating processes (CVD, PVD, spraying, plasma),  and 

(4) MEMS/NEMS techniques [46–48].  

 

Thermal conductivity, wettability and nucleation sites on the heating surface are three 

main variables in boiling heat transfer enhancement. Hydrophilic surfaces enhance the 

critical heat flux (CHF) of boiling surface by delaying its dry-out condition, while 

hydrophobic surface helps in starting of bubbles nucleation phenomena and work as 

nucleation points for bubbles generation [22]–[24]. Similarly, nanoparticles coating 

enhances the pool boiling phenomena by working as nucleation points for bubbles 

generation [25], [26].  

 

This material has high potential in heat transfer research due to its high thermal 

conductivity [20], [27], [28]. Tuzovskaya et al. [29] measure the thermal conductivity for 

CNF coating on SS, and reported a range of enhancement from 30% to 75%. These 

properties make CNF a promising material for boiling heat transfer enhancement. 

Polymers coatings are usually hydrophobic in nature and have high thermal resistance, 

specifically at high thickness  [30].  

 

In order to modify surfaces of heat exchangers, according to the enhancement 

requirements of pool boiling phenomena, highly conductive CNF and PVA polymer have 

been coated on Cu, SS316, and Al substrates. To have thin film coating, electrospinning 

is used as the coating technique. Also, Silver nanoparticles have been added to PVA and 

CNF coating on the second step, as these Ag nanoparticles act as nucleation points for 

bubbles generation in nucleate pool boiling.   In order to study the resultant wettability of 

the surface contact angle has been measured for these experiments. 
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2 Experiment 

 

CNF (from sigma Aldrich) and PVA, in 1:4 by mass, has been dispersed in water using 

an ultrasonication probe, (vibra-cell) from Sonics&Materials, for 30 minutes at 60 kHz 

and 450 watts with a 3s pulse, 1s wait cycles. In another coating, AgNO3 has been added 

to the solution i.e. CNF: PVA: AgNO3 in 1:4:4 by mass and solution has been prepared 

by ultrasonication repeated above conditions. Thin Film of PVA: CNF has been achieved 

by electrospinning at the conditions of ∆V = -20.9, volume flow rate of o.3 ml/hour, 

nozzle size of 80 µm and the distance between nozzle and substrate of 8 cm. For a thin 

film of PVA: CNF: AgNO3 these conditions were reported as ∆V = -21.4, volume flow 

rate of 0.4 ml/hour, nozzle size of 80 µm and the distance between nozzle and substrate 

of 6 cm. To ensure uniform coating thickness, all three types of samples i.e. Cu, SS316 

and Al, were placed for coating deposition for the same time in each run of the 

experiment. Although the coating thickness for both types of films is not comparable due 

to different coating time and coating conditions. CNF: PVA coating were performed for 

10 minutes while CNF: PVA: AgNO3 coating time was performed for 2 minutes only 

due to frequent nozzle jam in the case of CNF: PVA: AgNO3 coating. 

 

To perform thermal decomposition of AgNO3 to Ag, the samples were heated treated in 

a tube furnace under Nitrogen ( N2 ). The samples were first heated to 100 ⁰C at the rate 

of 10⁰C/min for 10 minutes to remove water by evaporation. And then heated to 460 ⁰C 

at the rate of 10⁰C/min and kept for 3 hours at this temperature, to ensure complete 

thermal decomposition of AgNO3. 

 

3 Results  

 

In order to investigate the wettability of these modified surface contact angle has been 

measured using rame’-hart, instrument co. as shown in Table 1. The contact angle and 

hence hydrophobicity can be observed to increase in both cases of PVA: CNF and PVA: 

CNF: Ag coating. Although the coating time and hence thickness of PVA: CNF: Ag is 

several times lower than PVA: CNF as observed from coating time and visual observation 

but the increase in contact angle PVA: CNF: Ag is almost equivalent. This indicates 

higher hydrophobicity of PVA: CNF: Ag coating as compared to PVA: CNF coating due 

to the presence of Ag nanoparticles. Strong adhesion was observed for PVA: CNF: Ag 

coating as compared to PVA: CNF, but no standard test was performed. 

 

Table 1: Contact angle for Cu, SS316 and Al substrate after heat treated at 460 ⁰C under 

inert condition. 

Substrate Uncoated 

surface 

PVA:CNF 

coated 

samples 

PVA:CNF:Ag 

coated 

samples 

Cu 50.2 57.7 56.5 

SS316 55.3 66.5 60.4 

Al 61 73.2 66.5 
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4 Conclusion 

 

Both enhancement in thermal conductivity and hydrophobicity were resulted from these 

coatings. Also, Ag particles act as nucleation source for bubble nucleation in pool boiling 

and hence enhanced the overall boiling phenomena. Keeping in view these behaviors of 

above coating, enhanced results are expected for pool boiling. 

 

 
References 

 

[1] A. R. Betz, J. Xu, H. Qiu, and D. Attinger, “Do surfaces with mixed hydrophilic and 

hydrophobic areas enhance pool boiling?,” Appl. Phys. Lett., vol. 97, no. 14, pp. 14–16, 

2010. 

[2] G. Hetsroni, J. . Zakin, Z. Lin, A. Mosyak, E. . Pancallo, and R. Rozenblit, “The effect of 

surfactants on bubble growth, wall thermal patterns and heat transfer in pool boiling,” Int. 

J. Heat Mass Transf., vol. 44, no. 2, pp. 485–497, Aug. 2001. 

[3] C. Bartoli and F. Baffigi, “Effects of ultrasonic waves on the heat transfer enhancement in 

subcooled boiling,” Exp. Therm. Fluid Sci., vol. 35, no. 3, pp. 423–432, Apr. 2011. 

[4] L. Zhang and M. Shoji, “Nucleation site interaction in pool boiling on the artificial surface,” 

Int. J. Heat Mass Transf., vol. 46, no. 3, pp. 513–522, Jan. 2003. 

[5] D. Ciloglu and A. Bolukbasi, “A comprehensive review on pool boiling of nanofluids,” 

Appl. Therm. Eng., vol. 84, pp. 45–63, Jun. 2015. 

[6] A. Jaikumar and S. G. Kandlikar, “Enhanced pool boiling for electronics cooling using 

porous fin tops on open microchannels with FC-87,” Appl. Therm. Eng., vol. 91, pp. 426–

433, 2015. 

[7] A. Kalani and S. G. Kandlikar, “Enhanced Pool Boiling With Ethanol at Subatmospheric 

Pressures for Electronics Cooling,” J. Heat Transfer, vol. 135, no. 11, p. 111002, Sep. 2013. 

[8] A. Schubert, M. Zinecker, M. Hackert-Oschätzchen, M. Lausberg, and A. Schulz, 

“Application of nucleate boiling with micro structured surfaces for electronic cooling,” 

PCIM Eur. Conf. Proc., no. May, pp. 1141–1148, 2014. 

[9] H. A. Mohammed, G. Bhaskaran, N. H. Shuaib, and R. Saidur, “Heat transfer and fluid 

flow characteristics in microchannels heat exchanger using nanofluids: A review,” Renew. 

Sustain. Energy Rev., vol. 15, no. 3, pp. 1502–1512, Apr. 2011. 

[10] T. Dixit and I. Ghosh, “Review of micro- and mini-channel heat sinks and heat exchangers 

for single phase fluids,” Renew. Sustain. Energy Rev., vol. 41, pp. 1298–1311, Jan. 2015. 

[11] A. Mohammed Adham, N. Mohd-Ghazali, and R. Ahmad, “Thermal and hydrodynamic 

analysis of microchannel heat sinks: A review,” Renew. Sustain. Energy Rev., vol. 21, pp. 

614–622, May 2013. 

[12] H. S. Ahn, G. Park, J. M. Kim, J. Kim, and M. H. Kim, “The effect of water absorption on 

critical heat flux enhancement during pool boiling,” Exp. Therm. Fluid Sci., vol. 42, pp. 

187–195, Oct. 2012. 

[13] H. S. Ahn, C. Lee, J. Kim, and M. H. Kim, “The effect of capillary wicking action of 

micro/nano structures on pool boiling critical heat flux,” Int. J. Heat Mass Transf., vol. 55, 

no. 1–3, pp. 89–92, Jan. 2012. 

[14] H. S. Ahn, C. Lee, H. Kim, H. Jo, S. Kang, J. Kim, J. Shin, and M. H. Kim, “Pool boiling 

CHF enhancement by micro/nanoscale modification of zircaloy-4 surface,” Nucl. Eng. 

Des., vol. 240, no. 10, pp. 3350–3360, Oct. 2010. 

[15] S.-W. Chen, J.-C. Hsieh, C.-T. Chou, H.-H. Lin, S.-C. Shen, and M.-J. Tsai, “Experimental 

investigation and visualization on capillary and boiling limits of micro-grooves made by 



10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30TH, 2017, BLED, SLOVENIA), ENERGY EFFICIENCY 

S. Alim Khan, A. Ali, M. A. Hussien & M. Koc: Study of CNF Coating for Pool-

Boiling and Condensatione 

475 

 
different processes,” Sensors Actuators A Phys., vol. 139, no. 1–2, pp. 78–87, Sep. 2007. 

[16] R. Jenkins, R. Lupoi, R. Kempers, and A. J. Robinson, “Heat transfer performance of 

boiling jet array impingement on micro-grooved surfaces,” Exp. Therm. Fluid Sci., vol. 80, 

pp. 293–304, Jan. 2017. 

[17] J. Y. Ho, K. K. Wong, K. C. Leong, and C. Yang, “Enhanced Nucleate Pool Boiling From 

Microstructured Surfaces Fabricated by Selective Laser Melting,” in Volume 1: 

Micro/Nanofluidics and Lab-on-a-Chip; Nanofluids; Micro/Nanoscale Interfacial 

Transport Phenomena; Micro/Nanoscale Boiling and Condensation Heat Transfer; 

Micro/Nanoscale Thermal Radiation; Micro/Nanoscale Energy Devices and Systems, 

2016, p. V001T04A008. 

[18] A. D. Sommers and K. L. Yerkes, “Using micro-structural surface features to enhance the 

convective flow boiling heat transfer of R-134a on aluminum,” Int. J. Heat Mass Transf., 

vol. 64, pp. 1053–1063, Sep. 2013. 

[19] J. Mitrovic, “How to create an efficient surface for nucleate boiling?,” Int. J. Therm. Sci., 

vol. 45, no. 1, pp. 1–15, Jan. 2006. 

[20] S. Launay, A. G. Fedorov, Y. Joshi, A. Cao, and P. M. Ajayan, “Hybrid micro-nano 

structured thermal interfaces for pool boiling heat transfer enhancement,” Microelectronics 

J., vol. 37, no. 11, pp. 1158–1164, Nov. 2006. 

[21] M. Zhang and K. Lian, “Using bulk micromachined structures to enhance pool boiling heat 

transfer,” Microsyst. Technol., vol. 14, no. 9–11, pp. 1499–1505, Oct. 2008. 

[22] J. S. Lee and J. S. Lee, “Conjugate heat transfer analysis for the effect of the eccentricity 

of hydrophobic dot arrays on pool boiling,” Appl. Therm. Eng., vol. 110, pp. 844–854, Jan. 

2017. 

[23] H. Bostanci and N. E. Joshua, “Nucleate Boiling of Dielectric Liquids on Hydrophobic and 

Hydrophilic Surfaces,” in Volume 8A: Heat Transfer and Thermal Engineering, 2015, p. 

V08AT10A036. 

[24] S. Gong and P. Cheng, “Lattice Boltzmann simulations for surface wettability effects in 

saturated pool boiling heat transfer,” Int. J. Heat Mass Transf., vol. 85, pp. 635–646, Jun. 

2015. 

[25] C. M. Patil and S. G. Kandlikar, “Pool boiling enhancement through microporous coatings 

selectively electrodeposited on fin tops of open microchannels,” Int. J. Heat Mass Transf., 

vol. 79, pp. 816–828, Dec. 2014. 

[26] A. Jaikumar and S. G. Kandlikar, “Enhanced pool boiling heat transfer mechanisms for 

selectively sintered open microchannels,” Int. J. Heat Mass Transf., vol. 88, pp. 652–661, 

Sep. 2015. 

[27] K.-J. Park and D. Jung, “Enhancement of nucleate boiling heat transfer using carbon 

nanotubes,” Int. J. Heat Mass Transf., vol. 50, no. 21–22, pp. 4499–4502, Oct. 2007. 

[28] M.-S. Liu, M. Ching-Cheng Lin, I.-T. Huang, and C.-C. Wang, “Enhancement of thermal 

conductivity with carbon nanotube for nanofluids,” Int. Commun. Heat Mass Transf., vol. 

32, no. 9, pp. 1202–1210, Oct. 2005. 

[29] I. Tuzovskaya, S. Pacheco Benito, J. K. Chinthaginjala, C. Reed, L. Lefferts, and T. van 

der Meer, “Heat exchange performance of stainless steel and carbon foams modified with 

carbon nano fibers,” Int. J. Heat Mass Transf., vol. 55, no. 21–22, pp. 5769–5776, Oct. 

2012. 

[30] B. J. Zhang, C. Kuok, K. J. Kim, T. Hwang, and H. Yoon, “Dropwise steam condensation 

on various hydrophobic surfaces: Polyphenylene sulfide (PPS), polytetrafluoroethylene 

(PTFE), and self-assembled micro/nano silver (SAMS),” Int. J. Heat Mass Transf., vol. 89, 

pp. 353–358, 2015. 



476 10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30TH, 2017, BLED, SLOVENIA), ENERGY EFFICIENCY 

 



10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND 

ENVIRONMENTAL PROTECTION (JUNE 27TH – 30TH, 2017, BLED, 

SLOVENIA), NUCLEAR ENERGY 

J. Krope, A.Ghani Olabi, D. Goričanec & S. Božičnik 
 

 

 

The Effects of Zirconium on the Microstructure and 

Mechanical Properties of FeCrAl Alloys For 4r Generation 

Nuclear Power Plants 
 

VICTOR GEANTĂ, IONELIA VOICULESCU, ADRIAN DAN JIANU & HORIA BINCHICIU49 

 
Abstract FeCrAl alloys microalloyed with Zr can be regarded as potential 

materials for use in 4R generation nuclear power plants, operating in 

molten lead or lead-bismuth mixture. Limited quantities of Zr, Ti, Y, Hf, 

Ce in the range of 1-3 %wt. were introduced to improve the mechanical 

characteristics of the FeCrAl alloys and of the oxide layer. The 

effectiveness of Zr stems from the fact that it quickly penetrates the scale, 

by changing its morphology (the columnar structure is replaced by small 

equiaxed grains), while preventing the formation of chromium carbides 

located on grain boundaries. FeCrAl alloys microalloyed with Zr were 

prepared using a VAR (Vacuum Arc Remelting) unit, at 5 x 10-3 mbar and 

in high purity argon atmosphere. Four different experimental alloys were 

prepared using the metallic matrix of Fe-14Cr-5Al, by adding 0.5%wt Zr - 

2%wt Zr. The microhardness values of the experimental alloys were in the 

range of 156 ... 166 HV0.2. The chemical composition on the oxide layer 

and the microstructural features were evidenced by EDAX-SEM analysis. 

The results showed the effect of Zr of forming a continuous oxide layer, Al 

and Zr-rich, on the surface of the FeCrAl alloy. 
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• nuclear plant •

                                                           
CORRESPONDENCE ADDRESS: Victor Geantă, Ph. D. Professor, University Politehnica of Bucharest, 

Faculty of Materials Science and Engineering, Splaiul Independenței 313, 060402, Bucharest, 

Romania, e-mail: victorgeanta@yahoo.com. Ionelia Voiculescu, Ph.D. Professor, University 

Politehnica of Bucharest, Faculty of Engineering and Management of Technological Systems, 

Splaiul Independenței 313, 060402, Bucharest, Romania, e-mail: ioneliav@yahoo.co.uk. Adrian 

Dan Jianu, Ph.D., Karlsruhe Institute of Technology, Institute for Pulsed Power and Microwave 

Technology (IHM), B630, Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, 

Karlsruhe, Germany, e-mail: adrian.jianu@kit.edu. Horia Binchiciu, Ph.D., SUDOTIM AS, 

300223 Bulevardul Mihai Viteazul, nr. 30, Timișoara, Romania, e-mail: 

sudotim_suport@yahoo.com. 

 

https://doi.org/10.18690/978-961-286-050-9.44  ISBN 978-961-286-050-9 

© 2017 University of Maribor Press 

Available at: http://press.um.si. 



478 10TH INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL 

PROTECTION (JUNE 27TH – 30TH, 2017, BLED, SLOVENIA), ENERGY EFFICIENCY 

V. Geantă, I. Voiculescu, A. D. Jianu & H. Binchiciu: The Effects of Zirconium on the 

Microstructure and Mechanical Properties of FeCrAl Alloys For 4r Generation Nuclear 

Power Plants 

 

1 Introduction 

 

The change in the operating principle of generation IV nuclear power plants brought to 

the forefront the problem of more efficient metallic materials than the existing ones, and 

which can ensure high resistance to thermal stress, radiation and corrosive environments. 

Metals with low melting temperature (lead or lead-bismuth eutectic) were proposed as 

coolant fluids for the new types of nuclear power plants. In such conditions, the 

requirements for the set characteristics are stricter due to their erosive and corrosive 

effects on the superficial layers of metallic alloys composing the structure of the reactor. 

Since functional specifications stipulate operating periods of 25 to 30 years without any 

intervention, the new metallic materials must have a permanent capacity to form 

regenerative oxide layers on the surface that comes in direct contact with the metallic 

molten environment [1-5]. The results obtained in this area showed that stainless steels 

with Ni content (austenitic or ferritic/martensitic) do not behave sufficiently well in the 

new operating conditions, although they have the appropriate strength [6-7]. As a result, 

the specialists in the nuclear field opted for FeCrAl alloys, Ni-free and with low carbon 

content (less than 0.1 wt% C), which both behave well at high temperatures (400-800oC) 

and meet the complex corrosion and erosion demands in a liquid metal environment [7-

12]. An important issue in the development of new alloys is the establishment of optimal 

chemical compositions that ensure proper values for mechanical and corrosion resistance.  

 

Therefore, compared with the usual ferritic stainless grades, in the FeCrAl alloys the 

aluminium content was increased to 6-8%wt Al, in order to form an oxide layer on the 

metallic surface, which ensures a good barrier against the specified operating conditions. 

There are known a lot of patents [U.S. Patent, 10] and papers [11-20] which present 

ferritic FeCrAl alloys with additions of rare earth and other alloying elements such as 

Mo, Si, Ti, Mn and with low content of impurities (C, N, O, S, P less than 0.05%) or 

alloying elements such as Ni, Cu (below 0.5%), Mg, Ca (below 0.005%). The low values 

of these alloying elements are required to avoid the negative influence on the oxide 

coating adhesion and to prevent the interference with the aluminium oxide surface, the 

formation of the alumina whiskers [16-18]. The addition of small amounts (<1wt%) of 

reactive elements, especially rare earths (Zr, Ha, Y), allows the increase of the chromium 

dioxide adhesion and of the oxidation resistance of these alloys by decreasing the 

oxidation rates [14, 18-20]. The most important effect of Zr in the FeCrAl alloy is the 

prevention of the Cr carbide formation on the grain boundaries and the suppression of the 

formation of oxides [19, 20].  

 

Zr is probably responsible for the improvement of the oxide layer adherence on the 

FeCrAlY alloy during long term cyclic oxidation tests, allowing the extension of the 

lifetime in high temperature conditions [20]. 

 

The paper shows the microstructural features and mechanical properties of some 

experimental Fe14Cr5Al alloys by adding 0.5 wt% Zr to 2 wt% Zr. There was studied 

the microstructure of the oxide layer, the elemental distribution in the oxide layers and 
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the micro-hardness values for different concentrations of Zr. The superficial oxide layers 

are alumina-rich and contain Zr-rich compounds that contribute to increasing their 

adhesion.  
 

2 Designing and obtaining FeCrAl alloys microalloyed with Zr 

 

The aims of the research were to design and obtain FeCrAl alloys microalloyed with 

zirconium as mini-ingot, using a VAR (Vacuum Arc Remelting) furnace, in order to 

analyse the microstructure and the mechanical characteristics. The samples were 

designed and manufactured in the ERAMET laboratory, at the Politehnica University of 

Bucharest, Material Science and Engineering Faculty using a MRF ABJ 900 furnace [14] 

(www.eramet.wix.com/eramet). 

 

Four experimental FeCrAl alloys were obtained, with different contents of zirconium: 

0.5%wt Zr, 1.0%wt Zr 1.5%wt Zr and 2.5%wt Zr, added into the same metallic matrix of 

the Fe14Cr5Al experimental alloy.  

 

In order to obtain the high alloyed material, high purity alloying elements were introduced 

into the base material, high purity “extra soft” steel: metallic chromium 99.5 % Cr; 

electrolytic aluminium 99.4 % Al; 99.5 % pure zirconium.  

 

The raw material on the plate of the VAR equipment is presented in fig. 1. After obtaining 

the stable vacuum of 1x10-4 mBar, the furnace chamber was filled with argon (Ar 5.3) to 

insure the electric arc stability. Each mini-ingot was remolten and solidified six times, in 

order to obtain the microstructural homogeneity (figure 2). The assimilation coefficient 

for this particular alloy class was over 99.75 %, due to the low vapour losses of the 

components in the electric arc remelting process. The mini-ingots had quasi-constant 

weight (39.83g – 39.97 g) (table 1). 

 

 

Figure 1. Raw material on the plate of the VAR equipment 
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Figure 2. FeCrAl mini-ingot alloyed with Zr obtained in VAR equipment 

 

Table 1. The assimilation efficiency and the weight values for each experimental batch 

and mini-ingot 

Sample code Initial 

batch 

weight, g 

Mini-

ingot 

weight, g 

Assimilation 

efficiency,  

(Ging./Gch.)x100, % 

Global 

efficiency, 

% 

NUC 4 - Fe-14Cr-

5Al-0.5Zr 

40.0 39.97 99.92  

99.75 

NUC 5 - Fe-14Cr-

5Al-1.0Zr 

40.0 39.92 99.80 

NUC 6 - Fe-14Cr-

5Al-1.5Zr 

40.0 39.83 99.57 

NUC 7 - Fe-14Cr-

5Al-2.5Zr 

40.0 39.88 99.72 

 

3 Results and discussions 

 

Each cross section cut from the mini-ingots was processed according to the 

metallographic procedure using abrasive grit paper, followed by a final polishing using 

alumina alpha powder. The metallographic analysis was performed with the aim of 

highlighting the microstructural characteristics of the experimental alloys, in order to 

estimate the distribution of the chemical elements in the superficial oxide layer [14, 18]. 
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The microstructural analysis was conducted using a scanning electron microscope FEI 

QUANTA INSPECT F provided with an electron gun with field emission - EGF with a 

resolution of 1.2 nm and an X-ray spectrometer energy dispersive (EDS) with resolution 

of 133 eV at MnK [18]. 
 

3.1 Chemical composition and microstructural analysis 

 

The chemical composition of the samples was determined by EDAX analysis in four 

successive zones (point 1 located on the surface layer, point 2 located at approximately 

50 μm below the surface, point 3 located at approximately 90 μm and point 4 located in 

the middle of the sample), in accordance with figure 3. The chemical analysis values 

obtained for the four samples NUC 4 – NUC 7 in the centre zone (point 4) of the cross 

section samples are shown in Table 2. 

 

 
Figure 3. Location of chemical analysis in cross sections of FeCrAlZr alloys 

 

Table 2. Chemical composition of alloying elements in the centre of the samples 

Chemical composition, % wt 

NUC 4 NUC 5 NUC 6 NUC 7 

O  K 0.7 O  K 0.73 O  K 0.65 O  K 0.75 

Al K 4.86 Al K 4.71 Al K 5,05 Al K 5.62 

Cr K 14.69 Cr K 15 Cr K 14.66 Cr K 14.29 

Fe K 79.75 Fe K 79.23 Fe K 78.17 Fe K 77.23 

Zr K - Zr K 0.33 Zr K 1.47 Zr K 2.11 

 

The concentration analysis of chemical elements in the centre of the samples (point 4) 

shows good concordance between the design of the FeCrAl alloyed with Zr and the 

chemical composition of each separate batch. The zirconium concentration of the sample 

NUC 4 is below the detection limit of the equipment used. Due to its strong affinity to 

oxygen, zirconium migrated into the surface layer of the mini-ingot. The increase of the 

Zr content in the composition of the batch leads to the increase of the Zr content in the 

centre of the sample. Table 3 shows the chemical compositions of the edge zone of the 
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cross section for the four samples (point 1, figure 3). It is noted that the superficial layer 

contains high amounts of oxygen that will contribute to the formation of the regenerative 

alumina-rich layer, having beneficial influence on the behaviour of the material in the 

molten lead medium (figures 4-9).  

 

Table 3. Chemical compositions in the edge zone of the cross section 

Chemical composition, % wt 

NUC 4 (0.5%wt Zr) NUC 5 (1.0%wt Zr) NUC 6 (1.5%wt Zr) NUC 7 (2%wt Zr) 

O  K 27.46 O  K 38.37 O  K 40.63 O  K 36.08 

Al K 58.43 Al K 40.11 Al K 35.7 Al K 30.34 

Cr K 2 Cr K 0.36 Cr K 0.96 Cr K 0.63 

Fe K 8.87 Fe K 0.73 Fe K 2 Fe K 1.71 

Zr K 0.95 Zr K 20.43 Zr K 20.71 Zr K 31.24 

 

The chemical composition of the edge zone of the samples microalloyed with zirconium 

indicates that the value of the Zr content increases with the increase of the zirconium 

amount in the alloy. This value decreases in the direction of points 1 to 4 due to the 

migration of this element towards the marginal zone, where it combines with the oxygen 

dissolved in the sample. Because of the simultaneous presence of the two elements with 

very high affinity for oxygen (aluminium and zirconium), complex oxides of Al and Zr 

are formed in the marginal crust and their share is given by the amounts of these elements 

in the alloy. For sample NUC 7, wherein the contents of Al and Zr are similar, the 

chemical element distribution is relatively similar. The superficial oxide layer, which 

contains mainly aluminium and zirconium, has different thicknesses. Thus, the thickness 

ranges from 4.668 μm for sample NUC 4 to 32.1 μm for sample NUC 5. The SEM images 

of the cross sections through the superficial layer for samples NUC 4 and NUC 7 are 

shown in figures 4 to 7. Depending on the amount of Zr, the oxide layer thickness is 

different. 

 

The elemental distribution of the elements present in the surface layer shows the 

correlation between the amounts of elements present in the oxide layer for each sample 

separately, i.e. Fe, Cr, Al, Zr. Distribution image of X-radiation relative intensity for the 

main chemical elements detected by EDS analysis: AlKα, CrKα, FeKα, ZrKα and OKα 

(sample NUC 5) is shown in Figure 8. 
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Fig. 4. Oxide layer for sample NUC 4 

 

 
Fig. 5. Oxide layer for sample NUC 5 
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Fig. 6. Oxide layer for sample NUC 6 

 

 
Fig. 7. Oxide layer for sample NUC 7 
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Figure 8. Distribution of the chemical elements in the oxide layer in the case of sample 

the NUC 5 
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3.2 Microhardness measurements 

 

Microhardness measurements HV0.2 were carried out using a Shimadzu HMV 2TE testing 

machine, with a measuring force of 1.9614 N, measurement duration of 10 seconds and 

an extended relative uncertainty of 1.2%. The microhardness measurement results for the 

four analysed samples are presented in Table 4. 

 

Table 4. Microhardness values (HV0.2) 

Sample Individual values* Average value, HV 

0,2 

NUC 4 – Fe-14Cr-5Al-

0.5Zr 

160, 156, 162, 159, 156 159 

NUC 5 – Fe-14Cr-5Al-

1.0Zr 

153, 155, 157, 161, 154 156 

NUC 6 – Fe-14Cr-5Al-

1.5Zr 

158, 159, 160, 157, 168 160 

NUC 7 – Fe-14Cr-5Al-

2.5Zr 

157, 170, 164, 171, 166 166 

*The measurements were carried out on the cross sections of the mini-ingots, in diagonal 

line through the central zone, at distances of at least 1000 microns between indentations. 

 

The primary analysis of the experimental data shows that there is a quasi-constancy of 

the microhardness values, which reflects an increased homogeneity of all samples 

obtained in the VAR equipment. There can be observed, for all the samples, that there is 

a narrow variation of the microhardness values, in the range of 156-166 HV0.2, solely 

due to the influence of the alloying elements in the metal alloy composition and to the 

uniform layout of the constituents in the metal matrix. The Vickers microhardness values 

of these alloys are similar to those of alloys microalloyed with hafnium, titanium and 

yttrium [14, 18]. Furthermore, there is a slight upward trend of the microhardness with 

the increase of the Zr content in the chemical composition of the alloy. 

 

4 Conclusions 

 

The research is aimed at obtaining and characterizing the FeCrAl alloys, microalloyed 

with zirconium, potentially usable in nuclear power plants (generation 4R, type LRF). To 

highlight the effect of alloying with zirconium on the mechanical and microstructural 

characteristics of the alloys, especially on the superficial oxide layers, four samples of 

FeCrAl alloys with variable content of zirconium (0.5 %wt Zr, 1.0 %wt Zr 1.5 % wt Zr 

and 2%wt Zr) were obtained. The distribution of Zr in the alloy is homogenous, the 

content in this element in the superficial layer of oxide increases with the increase of the 

Zr content in the alloy.  

 

The micro-structural aspect of the superficial layer in the cross section shows the presence 

of two main oxides (alumina and zirconia) whose proportions are given by the 
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concentration of these elements in the compositions of alloys. The general appearance of 

the oxide layer in the cross section indicates the presence of zirconium oxide formations 

in an amorphous matrix of alumina. The oxide thickness is variable, ranging from 4.668 

μm in sample NUC 4 to 32.1 μm in sample NUC 5. 

 

The micro-hardness values for FeCrAl alloys microalloyed with zirconium are within the 

range of 156-166 HV0.2, the normal limits for these materials. This value is mainly due 

to the influence of the alloying elements in the metal alloy composition and to the uniform 

distribution of the metallographic constituents in the metal matrix.  
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