
EDITORIAL 

I am delighted to present the Journal’s first topical issue dedicated to 
renewable energy (RE) sources. 

Renewable energy is an area where millions of scientists and 
technologists are working and where outstanding progress has been 
made not only on its applications but also on material cost reductions. 

Certain world leaders, especially in developing countries, have long 
maintained that it is hard to reduce the emissions that are warming 
the planet because they need to use relatively inexpensive - but highly 
carbon-intensive - fuels like coal to keep energy affordable! That 
argument is losing its validity as the cost of clean sources such as 
wind, sunshine, geothermal currents and ocean tides or waves, solar 
continues to fall. 

I believe that nowadays all nations must subscribe to sustainable 
economic development policies and invest in renewable energy sources 
and energy-saving. This is what all ISESCO Member Countries have 
to do, certainly over a medium-term horizon. Moreover, we must not 
lose sight of the economic advantage of renewable energy technologies 
which are not only labor-intensive (they generally create more jobs per 
dollar invested than conventional electricity generation technologies) 
but also use primarily indigenous resources, so most of the energy 
dollars can be kept at home.

I hope that this special issue will serve as an incentive to researchers, 
industry and post graduate students to redouble their efforts to make 
renewable energy cheaper, more efficient and the pre-eminent source 
of energy, and most importantly to make the planet a healthier and 
safer place to live. 

Dr Abdulaziz Othman Altwaijri
Editor-in-Chief
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Abstract

There is no room now for climate change scepticism. It is evident to all that climate change is 
happening – the results can be seen in many countries. Floods, freaks storms, wind speeds 

of more than 80 mph, heat waves, droughts, rising sea levels and disappearing glaciers, largely 
due to excessive use of fossil fuels.

Climate change acceleration began slowly in the 1970s but has now increased beyond our ability 
to stop it or reduce its impact. Using renewable energy effectively on a large scale will put an end 
or considerably slow down this process in many parts of the world. Installations of the 70s and 
80s were limited to kilowatts while in the 2010s we speak in terms of megawatts. The cost of most 
renewable energy systems have been reduced by so much that they have reached parity with fossil 
fuels or are even cheaper.  The most effective progress has been made in photovoltaic systems: the 
cost of turnkey installations say for 5 MW is $6 million. Governments in European countries are 
using Feed-in-Tariffs which has made the payback period of installing a large system less than 
1.25 years. Similarly, Concentrated Solar Power, biomass, wind energy and hydro-power have 
greatly improved payback periods. Countries such as Morocco have pledged to produce 40% of 
their electricity from renewable energy by 2020, while Austria has declared that by 2050 all its 
energy will come from renewable sources.

It is clear from the media and UN Reports that there is no country which is not utilising renewable 
energy to some extent, but what is urgently needed is for this use to be redoubled immediately to 
prevent the earth heating by more than 2 C.

While much is hoped from the outcome of the December 2015 Paris climate summit, realistically 
in the past very few nations honoured their pledges. A great deal of aid has been given to poor 
countries which are suffering from climate change; however the donor nations have failed to 
restrict their own carbon emissions. Many poor countries feel they are being expected to forgo the 
industrial benefits which came from the industrial revolution powered by fossil fuels.  

In this paper all renewable energy potential application and innovation are being discussed so 
that the reader can see the large achievement is reached to make renewable energy a major form 
of energy.

Keywords: Climate change, Photovoltaic progress, Solar thermal applications, Wind energy, 
Biomass and biogas, Fuel cells and Hydropower.
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[1] Science & Tech, January 2016.
[2] The example below from PHOTON Newsletter of November 2015.

Climate Change

It is beyond doubt now that climate change is happening 
and that global temperature is rising to the critical limit 
of 1.5 °C and causing changes all over the world. A 
recent example in the UK is the recurrent large-scale 
flooding that occurred in the winter of 2015/2016 with 
estimated losses of £1.3 billion while over the last ten 
years the total spent was in excess of £3 billion. It is 
generally held that one of the major causes of climate 
change is the excessive emission of CO2 into the 
atmosphere from transport, industry and agriculture. 
From the Figure 1, it can be seen that a volume of more 
than 4.0 t/p (tonne per person)  is now being emitted 
per annum. To keep the temperature rise below the 
critical limit, emissions must be reduced to at least half 
the current level.

How can this be achieved when coal is still being 
used extensively to generate electricity in China, 
India and USA though it causes 75% of all CO2 
emissions? This is a political and not technological 
problems since solutions are available.

Renewable Energy Update

In this section a full review of renewable energy is given 
to show the advances made to date and their low cost, 
as well as their viability to supply all the power needed. 
For example, in the late 60s in Saudi Arabia, a one watt 
PhotoVoltaics (PV) cell was impossible to obtain and 
by the 70s it cost more than US$100. By 1980, they 
were easily obtainable at a cost of US$10 per Watt. In 
the 90s and 00s, applications were specified in kW. The 
market talks about applications in MW only. 

Figure 1. Global carbon emission.

Coal power station in India.

United PV aims to raise $100 million

ET Solar to build two PV plants
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In 2014, General Electric GE supplied 235 turbines of model GE 1.7-103
and related services for the 400 MW Texas Wind Project.

Taiwan allows 500 MW feed-in-Tariff (FIT) in totalling 
10 MW in the UK 2016 

TSK and Enviromena to build 120 MW solar plant in 
Jordan sale of 9 MW

Canadian solar park to Concord Green Energy

Spain’s PV capacity reaches 4,667 MW

1. Wind Energy

The case is similar with wind energy. The most 
efficient and largest wind turbine in 1988 had a 250 
KW capacity, while now 3 MW and 6 MW are readily 
available. Both PV and wind turbine efficiency has 
greatly improved. For example, the 
efficiency of crystalline PV panels has 
risen from 7% to 18%. Wind machines 
have always had gear boxes that were 
costly and inefficient. Nowadays, most 
turbines are gearless. Similarly, their 
cost used to be US$5000 per KW, now 
it is down to US$2000.

Prior to 1980, most wind turbines were 
installed singly or in small groups with 
the aim of supplying electricity for 
small specific applications. However, 
since 2005, most installations are in 
wind farm locations with dozens of 

turbines. In addition to becoming more efficient and 
gearless, their noise levels have also greatly improved, 
thus resolving one of the major popular concerns. In 
terms of size, many are between 2-3 MW though a 6-7 
MW capacity is also available.
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Figure 2. Global installed wind power by October 2015.

While China remains the largest user of wind energy 
as shown in the Figure 2, it meets only a fraction of its 
electricity requirements. Denmark, on the other hand, 
produced 42% of its electricity in 2015 from wind 
energy as reported recently in the Guardian. It was also 
reported that on one day in September, Denmark did 
not use any of its central power stations and was able 
to export some of its electricity abroad. Major users of 
wired energy are shown in Figure 3.

Figure 3. Main countries utilizing wind energy in 2015.

[3] WINDCATOR GLOBAL INDEX – Wind Power Monthly. [4] David Milborrow – UK Consultant

With regard to the cost of wind turbines, Table 1 
below shows the breakdown of the total cost per kW 
of electricity produced by wind turbines onshore and 
offshore in 2015.

TABLE 1. Wind Energy Cost 
Breakdown( in $/kW).

Turbines

Foundations

Roads/transport

Electrical

Grid connection

Finance/legal

Total

Onshore

1400

160

65

210

150

65

2200

Offshore

2100

600

100

300

400

400-600

4000

2. Photovoltaic Technology (PV)

Progress in the area of renewable energy
has exceeded all expectations.  Nowadays, 
there is no country in the world without 
some PV applications no matter how small 
the country or how small the application. 
It is truly a revolution in manufacturing, 
innovation, cost reduction and efficiency 
improvement. For example the 80 MW 
Okhotnykoyo Solar Park in Ukraine (as 
a whole, Ukraine has 13,551 MW with 
one array of 400 MW and plans to have 
50% of its electricity generated from PV 
by 2020), Japan has increased its capacity 
with 537 MW since February 2014, and
Philippines has a renewable energy gene-
ration capacity of 5 GW.    

In terms of technology, several advances 
have been made during the last three 
years. For example:

- Magnolia Solar has produced high 
performance coated glass which 
consists of coating the glass with a 
new class of materials consisting of 
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[5] Global Energy World, 2014. [6] PHOTON Newsletter, 2015

porous silicon dioxide nanorods. The reflection 
losses at the glass-air interface have been reduced 
from approximately 4% to less than 1%. At large 
angles of incidence, the reflection losses have 
been reduced from over 25% to less than 5%.

- Flexible thin-film photovoltaic modules have been
manufactured by Ascent Solar. The light but strong 
EnerPlex Kickr IV can be used on the beach, in 
picnics and on car dashboards. Plastic cells are 
much cheaper and flexible. A UK new study has 
shown that even when using very simple and 
inexpensive manufacturing methods - where flexible 
layers of material are deposited over large areas like 
cling-film - efficient solar cell structures can be made.

- Trina Solar has the highest efficiency record for 
the p-type mono-crystalline silicon solar cell on 
an industrial Cz wafer which integrates advanced 
technologies including back surface passivation 
and local back surface field, reaching an efficiency 
of 21.40% (156×156 mm). According to UK-
based market research firm GlobalData, in 2014, 
Trina produced 3.5 GW of PV, which represents 
7.9% of global production. [5]

- In 2015, the Belgian solar glass manufacturer 
Ducatt NV and the US coating solutions provider 3M, 
unveiled a new water-based antireflective coating 
for solar modules. This increased the module’s 
output by 3 to 5%. The coating was manufactured 
with Ducatt’s 2 mm toughened flat glass and an 
environment friendly production process. [6]

- Germany’s Fraunhofer Institute for Solar Energy 
Systems ISE announced in September 2015 that 
it has achieved 25.1% efficiency for a both-sides 
contacted silicon solar cell.

- In December 2015, Trina Solar reported it has
developed a 156×156 mm2 p-type monocrystalline 
silicon solar cell with an efficiency of 22.13%. 
This improved by 25% the 2x2 cm2 cell developed 
by Martin Green a long time ago.

- First Solar records 17.0% efficiency for a CdTe 
solar module with a cell efficiency of 20.4% in 
2015.

- Boeing set a PV Efficiency World Record of 
37.8% ground-based solar cell without solar 
concentration using a multi-junction of two or 
three materials, as reported by Global Energy 
World in 2013.

- The Energy Department at the National Rene-
wable Energy Lab announced in June 2013 a world 
record of 31.1% conversion efficiency for a two-
junction solar cell under one sun of illumination 
(AM 1.5, 1000 W/m2 made of a gallium indium 
phosphide cell atop a gallium arsenide cell of 0.25 
cm2)

- SolenSphere Renewables produced a cell with
40% efficiency and when combined with the
thermal energy captured by a parabolic concen-
trator, it approaches a total electrical and heat 
energy efficiency of 72%. This is cost effective 
and has a cell area reduction of 1000 (Figure 4 
below). 
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Various advances in PV technology

Figure 4. SolenSphere Renewables

19 rooftop PV systems with a capacity 
of over 30 MW will be installed at the 
port of Jebel Ali, Dubai, UAE. The PV 

systems will cover one third of the port’s 
electricity needs and will be installed on 

parking sheds and in the surrounding 
parking areas. It will be ready in 2016.

The University of Bahrain and Bahrain petroleum company 
(BAPC) installed 5 MW of PV.

[7] World of Renewable, september2012).

UK reached 8.31 GW in PV capacity in 2015.

US has installed13.48GWin2015.

China installed more than 14 GW in 2014.
The total capacity installed by September 2015 was 37.95 GW.

Germany installed a total capacity of 2015 39.553 GW to date.
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Figure 6 shows that the bulk of PV production in 2015 
was from Multi Crystalline Silicon cells of which 
Multi Si = 53 GW, Mono Si = 9.5 GW, while Thin 
Films accounted for approximately 6% with 4.2 GW. 
Production per country as percentages is: Taiwan 24%, 
China 22%, USA 16%, Japan 16%, Korea 2% and EU 
10%.  

[8] PHOTON Newsletter, 2015. [9] Energy Trend October, 2015.

The total renewable energy installed in India will have exceeded 
4.1 GW in 2015. Prime Minister Narendra Modi has set a target of 

100 GW by 2022.

More than 1,463,867 rooftop PV systems, representing 
4.47 GW of installed PV capacity, have been installed 

in Australia by September 2015.

Figure 6: PV production in 2015.
The Netherlands has reached 1.32 GW in PV capacity in 2015.

Switzerland has reached 1.35 GW by December 2015.

Figure 5. The annual PV production over the last 25 years.
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In terms of cost, Figure 7 below shows the progressive 
decrease in PV costs from 1977 to date. The payback 
of any PV system (1 kW – 1 MW) is between (US$ 
2.5 – 0.50).

Figure 7. The progressive decrease in PV costs.

[10] Data: Green et al.: Solar Cell Efficiency Tables (Version 46), Progress 
in PV: Research and Applications 2015.

Figure 8. Efficiency comparison of technologies.

In its report: Photovoltaic Report (November 2015), 
the Fraunhofer Institute stated that the cost of a PV 
system (10kW – 100 kW) in 2015 was US$1.5 per 
Watt. Generally, the cost can be divided into: Cost of 
Balance of System (BOS) including invertors: 52%, 
and module cost: 48%.

3. Hydropower, Ocean Wave and Tide 
Energy

In a report by David Appleyard, chief executive of 
Hydropower & Dams, “Hydropower - leading global 
renewable energy capacity growth”, the author states 

that: “New and authoritative figures from the REN21 
Renewables Global Status Report 2015 indicate some 
37 GW of new hydropower capacity was commissioned 
in 2014, increasing total global capacity by 3.6%. 

Indeed, hydropower forms one 
of a troika of technologies - the 
other two being wind and solar 
power – which have dominated 
new additions of renewable 
energy generating capacity over 
the last year. Globally, total 
installed hydropower broke 
1,055 GW while worldwide 
hydro generation - which 
naturally varies each year with 
hydrological conditions - was 
estimated at 3,900 TWh in 

2014, an increase of more than 3% on 2013. And the 
top countries for hydropower capacity and generation 
remained China, Brazil, the United States, Canada, 
Russia, and India, which together accounted for about 
60% of global installed capacity at the end of 2014. Of 

these, China alone commissioned almost 22 GW over 
the year, bringing its total installed capacity to 280 GW.

Roller-compacted concrete (RCC) dams are increasingly 
available, Jia Jinsheng, Vice president of Chinese 
National Committee on large dams stated in his article 
(7th International Symposium reviews state of the art of 
RCC technology, Hydropower & Dams, Vol. 22, Issue 
6, 2015, page 105) that China now had more than 640 
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RCC type  dams  with some reaching a height of more 
than 200 m. This means that the volume has increased 
so much that more than 223x 106 m3 globally are placed 
in RCC dams.

Dr Ian Masters chairman of Ocean Energy outlined 
at the World Renewable Energy Congress many 
applications in this area, one of the latest being the 
Osmosis Power Plant (OPP) which works on the use of 
a membrane through which water passes but salt cannot, 
resulting in fresh water on one side of the membrane 
and salt water on the other. Fresh water then travels to 
the salt water side due to the concentration gradient, 
effectively pumping water which can then be used to 
power turbines. OPP are still largely experimental and 
as yet expensive. The major challenge is keeping the 
membrane clean.

This system uses the temperature gradient in deep 
tropical waters to produce energy, which precludes its 
application in northern oceans. The system relies on 
the relatively small temperature gradient and the large 
volumes of water available.

Tidal energy has been investigated based on barrages 
and lagoons where a large tidal range is available, e.g. 

A 4kW experimental Osmosis Power plant.

Ocean thermal energy Power system

Bristol Channel, UK.  A reservoir is constructed within 
the tidal area which fills at high tide. At the change 
of the tide, it is emptied through a low head turbine, 
producing power. The River Thames Barrage, London, 
which has a tide height of up to 5 m and uses a low 
head turbine, generates up to 50 MW.

Underwater turbine and wave energy: Tides and 
water currents close to or near headlands or channels 
use underwater turbines to generate electricity. Several 
devices are available. 

AINA CASE ST

Ocean energy is a natural phenomenon due to the tidal 
current which happens twice a day, every 12 hours and
25 minutes. Tides can be thought of as waves; thousands 
of miles in length with the crest as high tide and the 
trough as low tide. Ocean tide is driven by the moon.

Power calculation from tide energy: If E = energy 
stored (J), m = water mass (kg)

g = acceleration due to gravity (9.81m/s2) 

H = head (tidal range) (m), v = volume of water (m3)

r = density of seawater (1025 kg/m3)

A = area of water impounded (m2)

Q = v / t = volume flow rate (m3/s)

t = time (s), P = power (watts)

Potential energy stored:

 E = m g H =r v g H = rA g H2



Prof Ali Sayigh

12

Potential power extracted:

P = E / t = r v g H / t = r g H Q

According to the Betz Limit, only 59% of E can be 
extracted.

Therefore, the instantaneous power for tidal currents 
(stream): Ps = ½ r A v3

Diagram for calculating water movement in the ocean power system.

4. Solar Thermal Applications

Desalination is the major solar thermal application. 
Many countries do not have drinking water which means 
that desalination is of prime importance. Table 2 shows 
some of the major desalination systems in operation.

Solar Water Heaters

Gone are the days when the only application of Solar 
Thermal was the ubiquitous solar heater seen on 
rooftops around the world. This is a comparatively low 
technology application. Nowadays, the most efficient 
system is the evacuated tube collector where losses are 
low and cleaning requirements are minimal. More than 
100 million solar water heaters are expected to be in 
operation in the US by 2050.

Concentrated Solar Power (CSP) is becoming very 
popular due to its combined solar storage facilities. 
There are many systems in operation around the world. 

TABLE 2. Yield and Energy Consumption per process, 
Reverse Osmosis (RO), Multi-Stage System (MS), Multi-Effect 

Desalination (MED)

Process

RO

MS

MED

Seawater 
m3

For
1 m3

Water

22.9 – 1.7

10.0 – 5.0

5.0 – 2.9

Reject 
m3 

For
1 m3

Water

11.9 – 0.7

9.0 – 4.0

4.0 – 1.9

Thermal
Energy

MJ/m3

Water

---------

250-330

145 – 390

Electrical 
Energy

kWh/m3

Water

3.5 – 5.5

3.0 – 5.0

1.5 – 2.5

Various water heater collectors in the market. The main source of energy is direct solar radiation.
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A diagrammatic explanation of the fuel cell in operation using
different fossil fuels, deriving hydrogen and water from

petrochemical fuel and gases (methane, ethanol, methanol, carbon 
monoxide and hydrides).

In southern Morocco, for example, there is system of 
160 MW – Noor 1. Morocco hopes to cover 42% of its 
power needs from renewable energy by 2020.

Concentrating Solar 

There are four types of CSP in operation at present: 
Fresnel Lens, Central Receiver, Parabolic Concentrator 
and Stirling Engine. In 2015, there as 11,500 MW CSP in 
operation, 2100 MW in Spain, and 1820 MW in the US.

Solar radiation intensity in various locations in the world.

Moroccan CSP in the south.

5. Fuel Cells

A fuel cell is a solid-state electrochemical power 
conversion device that directly converts the chemical 
energy of a fuel into electrical energy in a constant 
temperature process. A fuel cell comprises an electrolyte 

and two electrodes, the anode and the cathode, both of 
which are electronic conductors. The electrolyte which 
separates the 2 electrodes acts as an ionic conductor 
and does not allow electron to flow through it.
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In 2014, Ballard Company was powering 27 fuel cell 
buses manufactured by their partner Van Hool NV 
and operating in Oslo, Norway (5 buses), Cologne, 
Germany (2), San Remo, Italy (5), Flanders, Belgium 
(5) and Aberdeen, Scotland (10), while a fleet of  20 
buses has been operating in Whistler, Canada, since 
2010.

TABLE 3. The various types of Fuel Cells.

Fuel Cell Type

Symbol

Operating
Temperature °C

Efficiency

Applications

Alkaline

A

50-200

35-60

Military 
& Space

Proton Ex-
change

Membrane

PEM

50-100

40-60

Transport, 
Portable 

power, Black 
up power &
Small gene-

ration

Direct 
Methanol

DM

60-120

40-60

Portable 
Power

Phosphoric 
Acid

PA

180-220

40

Transport, 
Distributed 
Generation

Molten 
Carbonate

MC

650

50

Electric 
Utility,
Large 

Distributed 
Generation

Solid Oxide

SO

500-1000

45-65

Electric 
Utility,

Auxiliary 
Power and

Large
generation

Low Temperature High Temperature

6. Biomass, Biogas and Waste to Energy

One of the easiest ways of obtaining biogas is through 
the process called ANAEROBIC DIGESTION. This 
is a simple process of creating optimum conditions 
for bacteria growth. As time goes by, the feedstock 
is digested by these bacteria that in turn generate by 
digestate and biogas.
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There are two major methods to produce Biofuel: the 
first uses root crops such as potatoes and sugar beet, 
or cereals such as wheat and maize. Their product is 
bioethonal. The other major method uses oil seeds as 
feedstock: Oil Seed Rope (OSR), sunflower, soybean, 
palm or jatropha, in which cases the product is biodiesel.

- Anaerobic digestion

Some of the large scale biogas digesters:

Westwoods 2,000 kWe

Cassington AD Facility 2,100 kWe

Holsworthy 3,900 kWe

Figure 9. Biofuel and their sources.

However, certain ethical issues are associated with 
biofuel production. WREN was part of a team put 
together by the Nuffield Council and that agreed on the 
following:

1. Biofuels should not be developed at the expense 
of human rights;

2. They should be environmentally sustainable;

3. They should contribute to a reduction of green-
house gas emissions;

[10] Nuffield Council on Ethics, April 2011.
[11]  Direct communication, November 2014.
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4. Their sale should adhere to fair trade principles; 
and

5. The costs and benefits of biofuels should be dis-
tributed in an equitable way.

Many believe that one of the most rewarding sources 
of biofuel is algae fuel. The algae can be grown in 
both fresh and saltwater and yields a large amount of 
biofuel in a reasonably short period of time. Although it 
is costly at present, future technological advances will 
reduce capital and operating costs and produce more 
fuel per unit area than other biomass sources.

The renewable energy fuel company, Muradel, has 
launched Australia’s first demonstration plant producing 
30,000 litres of crude oil a year at Whyalla in South 
Australia. This will be upgraded to a commercial plant, 
producing 500,000 barrels of green crude a year by 
2019 – enough petrol and diesel to fuel 30,000 vehicles 
for a year. 

TABLE 4. Oil production from various crops

Corn

Soybeans

Safflower

Sunflower

Rapeseed

Oil Palm

Micro Algae

18

48

83

102

127

635

500-1500

Gallons of Oil per Acre per Year

- Waste to Energy (WTE)

A new important source of renewable energy is the 
incineration of municipal and agricultural waste to 
produce electricity. Many countries continue to prefer 
dealing with waste products by landfilling despite the 
well-known disadvantages of gas leakage from landfill 
sites. These leakages are harmful to humans and mean 
that the land cannot be used for construction once the 
site is full though it occupies vast tracts of land. Figure 10 
shows waste processing methods.

Figure 10. Percentage of WTE usage in some countries.
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7. Geothermal Energy

Geothermal energy involves drilling into the earth’s 
core and tapping into the hot steam stored at various 
depths. 67 countries now have geothermal applications. 
The US is in the lead (16600MWh), followed by the 
Philippines (9646 MWh), Indonesia (9600 MWh), 
Mexico (7071 MWh) and New Zealand (7000 MWh), 
while several South American countries and Iceland 
also utilize geothermal for electricity generation (see 
Table 5). 

TABLE 5. Total worldwide installed 
capacity from 1995-2015.

Year

1995

2000

2005

2010

2015

2020

Installed 
Capacity

MWe

6832

7972

8933

10897

12635

21443

Produced 
Energy
GWh

38035

49261

55709

67246

73549

[12]Proceedings of the World Geothermal Congress 2015.

Below are two examples of geothermal plants.

Chile: a 12 MW geothermal well, Tol-4, was drilled to a depth of 
2,300 meters and produces high power steam, enough to supply 

45,000 homes with electricity.

US: a geothermal plant. The potential of Geothermal is 3,000,000 
MW. At present the cost is less than 10 cent/kWh.

Conclusions

The progress in renewable energy technology is very
encouraging. The same cannot be said of implementation 
as more commitment from policy makers and governments 
is needed to offset the dangers of climate change. 
Nations must commit themselves to use renewable 
energy NOW, the time for protracted self-interested 
discussions has passed.  Climate change is destroying 
crops, creating health hazards and causing thousands 
of deaths and destruction through famine and floods. 
Fossil fuels can be used for other applications instead 
of transport and electricity generation.   

In brief:

- Wind energy generation costs US$2000 per kW 
and the payback is 3 years. This is of course 
when wind speed is 5 m/s or more. 

- Photovoltaic technology can be used in a wide 
variety of applications from transport, space 
travel, electricity generation, heating and cooling, 
desalination and agriculture. Costs have dropped 
to US$ 0.50 per Watt. Efficiency has improved 
and new technologies are developed every day
including thin films such as CIGS 21.7% and 
passivated emitter rear contact solar cells- 
PERC. The Solar World Company announced 
in January 2016 an efficiency of 22.04%. Trina 
in China has announced that their crystalline 
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cells have reached an efficiency of 21.4%. The 
payback of any system 10kW – 100 kW is less 
than two years.

- As for biomass and biogas and waste to energy 
(WTE), the recent achievements are remarkable 
especially in air traffic fuel. Many countries are 
investing heavily in burning municipal solid 
waste (MSW) instead of landfill processes. 
Following intensive research, it is now possible 
to generate electricity from cultivating algae and 
using it either as liquid fuel as in some cities in 
France, or burning it as solid fuel.

- Many more countries are investing in solar thermal 
power plants – concentrating solar power (CSP).

- The geothermal application has progressed with 
more than 14% in a number of systems in use 
over the previous year.

The EU is to be congratulated on committing every 
member country to generate 20% of their electricity 
from renewable sources by 2020. Spain now generates 
more than 50% of its electricity from renewable 
energies; Germany has pledged that by 2035, 65% of its 
electricity will be generated from renewable sources. 
Remarkably, Denmark has pledged that 100% of its 
electricity will be generated from renewable sources  by 
2050. Additionally, many non-EU countries have also 
pledged that substantial increases will be made in the 
percentage of their electricity coming from renewable 
sources in the next decade.

The way forward now is to increase investments in 
energy conservation, improve the efficiency of all 
renewable energy devices, and provide incentives to 
importers or to users such as feed-in- tariffs (FiT) and 
financial loans to create a level playing field as for all 
other energy sources.
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Abstract

In this study, the effect of hydrogen peroxide concentration (0%-1.25% and 2.5%) combined 
with 1% NaOH and temperature (30°C, 45°C and 60°C) on the composition of pre-treated 

sunflower stalks and fermentable sugars after enzymatic hydrolysis was investigated. Cellulose 
content ranged from 39.50% to 45.46%, and it increased by 15% after pre-treatment with 1.25% 
H2O2 +1% NaOH mixture compared to that obtained with 1% NaOH pre-treatment. For cellulose 
content, the addition of H2O2 in the 1% NaOH solution resulted in a decrease of almost 40% 
in lignin content. Total reduced sugar in pre-treated biomass increased by 39% when the H2O2 
concentration increased from 0% H2O2+1% NaOH to 2.5% H2O2+1% NaOH. Glucose recovery 
(g glucose/100 g initial cellulose) was maximum (63%) in the solid pre-treated with 1.25% 
H2O2+1% NaOH at 45°C for 6 hours (h).

Keywords: Hydrogen, Cellulose.
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1. Introduction

Lignocellulosic agricultural residues are a promising 
natural renewable resource for bioethanol. Lignocellu-
losic materials consist of cellulose, hemicellulose and
lignin. Enzymatic saccharification of cellulose and 
further fermentation of sugars to ethanol are the 
main processes of bioethanol production. Enzymatic 
hydrolysis is a more difficult step than the fermentation 
process. The porosity of biomass, crystalinity of cellulose 
and the complex structure of lignin and hemicellulose 
affect cellulose hydrolysis into fermentable sugars. 
Holocellulose components are generally covered with 
lignin structure. Therefore, an effective pre-treatment 

method is required to increase accessibility of cellulose 
and remove lignin from biomass. Different pre-treatment 
methods, including chemical, biological, and physical 
ones have been developed for lignocellulosic waste pre-
treatment [1]. Among chemical pre-treatment processes, 
alkaline pre-treatment is generally known to be more 
effective in the pre-treatment of bio-mass since alkaline 
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removes lignin (Zhao et al)[2]. In many studies, positive 
results were reported for biomass pre-treatment with a 
combination of NaOH and hydrogen peroxide solution 
(Karagöz et al., 2012)[3]. This process is also known 
as alkaline peroxide oxidation (APO) and promotes 
the depolymerization of lignin via reacting lignin and 
related phenolics (Gould, 1984)[4]. This pre-treatment 
has been successfully applied to corn stower (Selig 
et al., 2009)[5], cashew apple bagasse (Correia et al., 
2013) [6], sugarcane baggase (Rabelo et al., 2008)[7], 
rice straw (Patel and Bhatt, 1992)[8], and other biomass 
(Ayeni et al., 2013)[9]. 

With more than one million tons in annual production 
(TUIK, 2013)[10], sunflower is the largest oil seed source 
for Turkey. After seed harvesting, sunflower stalks can 
be considered as readily available raw material for 
bio-ethanol production. Several studies on the effect 
of pre-treatment methods on the enzymatic hydrolysis 
of sunflower cellulose have been carried out. In pre-
treatment with dilute sulphuric acid, 33 g of glucose and
xylose per 100 g of raw material have been produced 
at the pre-treatment conditions of 167°C and 1.3% 
sulphuric acid concentration (Ruiz et al., 2013)[11]. In
another study, sunflower stalks were pre-treated by steam 
explosion and sodium hydroxide, and subsequently 
saccharified enzymatically. Steam explosion at 1.05 kg/
cm2 pressure for 1.5 h was reported to be the optimum 

pre-treatment condition for the saccharification of 
sunflower stalks (Sharma et al., 2002)[12]. Sulphuric 
acid, hydrochloric acid, maleic acid and acetic acid 
were used in separating sugars from safflower stalks, 
and sulphuric acid was found to be the best separation 
reagent. The optimum hydrolysis parameters of sun-
flower stalks using sulphuric acid were reported as a 
1/30 ratio of solid to acid, reaction time 60 min, and 
reaction temperature 120°C (Du et al., 2012).[13]

The objective of the current study is to investigate the 
effect of H2O2 concentration in 1% NaOH solution 
and of temperature on the composition of pre-treated 
sunflower stalks and fermentable sugars after enzymatic 
hydrolysis. 

2. Material and Methods

2.1 Material

Sunflower stalks used in this study were collected 
from the Trakya region of Turkey. Raw material was 
air dried down to 10% moisture. The dried materials 
were ground and screened with a sieve shaker to obtain 
particle sizes between 0.224-0.850 mm. Samples were 
stored in plastic bags at +4°C for future use. Celluclast 
1.5 L and Novozyme 188 were purchased from Sigma 
Aldrich (St. Louis, USA). Aminex HPX 87P column 

[2] Zhao, Y., Wang, Y., Zhu, J.Y, Ragauskas, A., and Y. Deng. 2008. 
Enhanced enzymatic hydrolysis of spruce by alkaline pre-treatment at 
low temperature. Biotechnol Bioeng 99(6), 1320–1328.

[3] Karagöz, P., Rocha, I.V., Özkan, M., and I. Angelidaki. 2012. Alkaline 
peroxide pre-treatment of rapeseed straw for enhancing bioethanol 
production by same vessel saccharification and co-fermentation. Bio-
resource Technology 104, 349-357.

[4] Gould, J.M. 1984. Alkaline peroxide delignification of agricultural 
residues to enhance enzymatic saccharification. Biotechnol Bioeng 24, 
46-52.

[5] Selig, M.J., Vinzant, T.B.,  Himmel, M.E. and S.R. Decker. 2009. The 
effect of lignin removal by alkaline peroxide pre-treatment on the 
susceptibility of corn stover to purified cellulolytic and xylanolytic 
enzymes. Appl Biochem Biotechnol 155(1-3), 397-406.

[6] Correia, J.A.C., Júnior, J.E.M., Goncalves, L.R.B. and M.V.O. Rocha. 
2013. Alkaline hydrogen peroxide pre-treatment of cashew apple bagasse 
for ethanol production: study of parameters. Bioresource Technology 
139, 249-256.

[7] Rabelo, C.S., Filho, R.M. and A.C. Costa. 2008. A comparison between 
lime and alkaline hydrogen peroxide pre-treatments of sugarcane 
bagasse for ethanol production. Appl Biochem Biotechnol 144, 87-100.

[8] Patel, M.M. and  R.M. Bhatt. 1992. Optimisation of the alkaline peroxide 
pre-treatment for the delignification of rice straw and its applications. J 
Chem Technol Biotechnol 53, 253-263.

[9] Ayeni A.O., Hymore F.K., Mudliar, S.N., Deshmukh, S.C., Satpute, 
D.B., Omoleye, J.A., and R.A. Pandey, 2013. Hydrogen peroxide and 
lime based oxidative pre-treatment of wood waste to enhance enzymatic 
hydrolysis for a biorefinery: Process parameters optimization using 
response surface methodology. Fuel 106, 187-194.

[10] Turkish Statistical Institute (TUIK). 2013. Summary of Agricultural 
Statistics.

[11] Ruiz, E., Romero, I., Moya, M., Cara, C., Vidal, J.D. and E. Castro. 
2013. Dilute sulphuric acid pre-treatment of sunflower stalks for sugar 
production, Bioresource Technology 140, 292-298.

[12] Sharma, S.K., Kalra, K.L., and H.S. Grewal. 2002. Enzymatic saccha-
rification of pre-treated sunflower stalks. Biomass Bioenerg 23 (3), 
237-243.

[13] Du, W., Ren, X., Xu, M., and A. Zhou. 2012. Influencing factors in 
hydrolysis of sunflower stalks by using dilute acid. Original research 
article. Energy Procedia 17, Part B, 1468-1475.
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Figure 1. Effect of H2O2 concentration on the composition of
alkaline pre-treated sunflower stalks at 45°C for 6 hours.

was purchased from Bio-Rad Laboratories (California, 
USA). All chemicals used were standard analytical grades.

2.2 Pre-treatment and enzymatic digestion of sunflower 
stalk

Dried and milled sunflower stalks were pre-treated with 
H2O2 (0, 1.25% and 2.5%, v/v) in 1% NaOH solution at 
different temperatures (30-45-60°C) for 6 h in a water 
bath. The solid to liquid ratio was 1/20. 

Enzymatic hydrolysis was carried out in stoppered 
conical flasks (50 mL). The pH was adjusted to 4.8 with 
acetate buffer, and a mixture of cellulase (60 FPU/g 
of dry biomass) and β-Glucosidase (40 CBU/g of dry
biomass) was added to the pre-treated substrate in a
total working volume of 20 ml. The hydrolysis reactions 
were carried out at 50°C in an incubator for 48 h by 
shaking at 150 rpm. The reactions were stopped in a 
boiling water bath for 15 min and hydrolysates were 
clarified by centrifuging at 5000 rpm for 5 min. The 
supernatants were analysed for glucose and xylose 
using HPLC. 

2.3. Analytical methods

The chemical composition of raw and pre-treated sun-
flower stalks were determined according to National 
Renewable Energy Laboratory (NREL) methods (Sluiter 
et al., 2008a)[14]. 0.3 g solid was hydrolysed by 3 mL of 
72% (w/w) H2SO4 at 30°C for 60 min then the reaction 
mixture was diluted to 4% (w/w) and autoclaved at 
121°C for 60 min. Lignin was determined by solid 
residue, cellulose and hemicellulose amounts were 
determined from filtrate by using High Performance 
Liquid Chromatography (Agilent 1100). The HPLC 
system was mainly equipped with a Bio-Rad Aminex 
HPX-87P column (300 mm × 7.8 mm), and a refractive 
index detector. The analytical column was operated at 
80°C with 0.2 μm filtered HPLC grade water as the 
mobile phase. The mobile phase flow rate was 0.6 mL/
min. 

Total reducing sugars were determined by the dinitro-
salicylic acid (DNS) method (Miller, 1959).[15] Enzyme 
activity of Celluclast 1.5L® was determined by NREL 
protocols and reported as Filter Paper Unit (FPU) 
(Adney and Baker, 2008)[16]. One unit of FPU is defined 
as the amount of enzyme required to liberate 1 μmol of 
glucose from Whatman no: 1 filter paper per minute at
50°C. One cellobiose unit (CBU) is the amount of enzyme 
that converts 1 μmol of cellobiose to 2 μmol of glucose 
per minute. Glucose recovery (%) is calculated as follows:

3. Results and Discussion
3.1. Composition of sunflower stalks

The composition (% dry basis) of the sunflower stalks 
used in this study was shown in Figure 1. Cellulose 
was the most abundant fraction (32.44±1.96%), 
followed by hemicellulose (19.12 ± 1.22%) and lignin 
(15.57 ± 1.18%). These values were consistent with 
those previously reported for sunflower stalks from 
other sources (Monlau et al., 2012)[17].

[14] Sluiter, A., Hames, B., Ruiz, R., Scarlata, C., Sluiter, J., Templeton, 
D. and D. Crocker. 2008a. Determination of structural carbohydrates 
and lignin in biomass. Technical Report NREL/TP-510-42618, revised 
April 2008.

[15] Miller, G.L.. 1959. Use of dinitrosalicylic acid reagent for determination 
of reducing sugar. Anal Chem 31 (3), 426-428.

[16] Adney, B. and Baker J. 2008. Measurement of cellulase activities, Tech-
nical Report, NREL/TP-510-42628.

[17] Monlau, F., Barakat, A., Steyer, J.P. and H. Carrere. 2012. Comparison 
of seven types of thermo-chemical pre-treatments on the structural 
features and anaerobic digestion of sunflower stalks. Bioresource 
Technology 120, 241-247.
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Figure 3. Effect of H2O2 concentration on total sugar and glucose 
contents of alkaline pre-treated sunflower stalks at 45°C for 6 

hours.

3.2. Effect of peroxide concentration on the composition 
of pre-treated sunflower composition 

The effect of peroxide concentration on the composition 
of alkaline pre-treated sunflower at 45°C for 6 h is shown
in Figure 1. Pre-treatment with the mixture of 1.25%
H2O2+1% NaOH resulted in an increase in the compo-
sition of carbohydrate (cellulose and hemicellulose) 
content. Cellulose content ranged from 39.50% to 
45.46%, and increased by 15% after pre-treatment with
1.25% H2O2+1% NaOH mixture compared to the
result obtained with 1% NaOH pre-treatment. Similar
behaviour was observed in the hemicellulose compo-
sition. Hemicellulose content varied between 20.81% 
and 26.11%. Pre-treatment with 1.25% H2O2 + 1% 
NaOH raised hemicellulose content in the pre-treated 
solid by 25% compared to results obtained with 1% 
NaOH. On the other hand, for carbohydrate content, 
the H2O2 addition in the 1% NaOH solution caused a 
decrease of almost 36% in lignin content compared 
to its content in the solid pre-treated with 1% NaOH 
solution. A further increase of H2O2 concentration 
from 1.25% to 2.50% resulted in a slight decrease 
of the composition of both carbohydrate and lignin 
composition.

3.3. Effect of temperature on pre-treated sunflower 
composition

Figure 2 shows the effect of temperature on the sun-
flower composition pre-treated with a 1.25% H2O2+ 
1% NaOH solution for 6 h. Temperature did not affect 
the cellulose content but lignin content decreased at 45°C.

Cellulose content was around 46% in all samples pre-
treated at different temperatures. Hemicellulose content 
slightly decreased (6%) with temperature increases. 
However, when temperature was increased from 30°C 
to 45°C, lignin content dropped by almost 44%.

3.4. Effect of pre-treatment conditions on enzymatic 
hydrolysis of sunflower stalks

The effects of H2O2 concentration and temperature on 
total reduced content, glucose and xylose content of 
pre-treated sunflower stalks are shown in Figure 3 and 
Figure 4, respectively. With the enzyme combination 
used in this study (a mixture of 60 FPU cellulase/g dry 
biomass and 40 CBU β-Glucosidase/g dry biomass),
both temperature and H2O2 concentration and tempera-
ture on total reduced coO2O2 concentration and tempe-
rature on total reduced co concentration positively 
impacted on fermentable sugar production after enzy-
matic hydrolysis. While total reduced sugar content 
ranged from 579 mg/g to 789 mg/g in the sunflower 
stalks pre-treated with H2O2-alkaline at 45°C for 6 h, 

Figure 2. Effect of temperature on the composition of pre-treated 
sunflower stalks with 1.25% H2O2+1% NaOH for 6 hours.
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Figure 4. Effect of temperature on total sugar and glucose content 
of pre-treated sunflower stalks with 1.25% H2O2+1% NaOH for 6 

hours.

Figure 5. Effect of H2O2 concentration on glucose recovery from 
sunflower stalks at 45°C for 6 h.

glucose and xylose contents were between 271 mg/g 
and 318 mg/g, and 71 mg/g and 103 mg/g, respectively. 
Total reduced sugar in pre-treated biomass increased 
by 39% when H2O2 concentration increased from 
0% H2O2+1% NaOH to 2.5% H2O2+1% NaOH. This 
increase was only 17% for glucose content; whereas 
it reached 40% in hemicellulose content. In terms of 
total sugar content, pre-treatment at 60°C resulted in 
maximum total sugar of 792 mg/g (Figure 4). However, 
glucose content did not change when temperature was 
increased from 45°C to 60°C. Recovery of glucose (g 
glucose/100 g initial cellulose) was maximal (63%) 
in the solid pre-treated with 1.25% H2O2+1% NaOH 
at 45°C for 6 h (Figure 5). Further increases in the 
temperature in the pre-treatment condition resulted in a 
decrease of the glucose recovery due to dropping solid 
recovery.

Conclusion

The effects of temperature and percentage of H2O2 in 
the alkaline peroxide oxidation pre-treatment process 
of sunflower stalks after enzymatic hydrolysis showed 
that extensive lignin degradation (up to 60%) was 
achieved. An improvement in cellulose content in pre-
treated solid occurred after the addition of H2O2. The 
condition of 1.25% H2O2+1% NaOH at 45°C for 6 
hours resulted in a 63% glucose yield after enzymatic 
hydrolysis of sunflower stalks. Further research is 
needed to optimize the process conditions of alkaline 
oxidation of sunflower stalks.
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Abstract

This paper describes an experimental study of a parabolic trough collector (PTC). The 
objective of the paper is to perform parametric investigations of the effects of flow rate and 

absorber water inlet temperature on the collector’s thermal efficiency for different levels of solar 
insolation under the climatic conditions of Silchar, Assam, India. The analysis was carried out 
over a year’s period covering different seasons. The optimum values of these input parameters for 
various solar insolation levels are also found out. It was shown that the effect of the mass flow rate 
is more significant than the absorber water inlet temperature as the collector thermal efficiency 
at the optimum mass flow rate is greater than that at the optimum water inlet temperature. 
And it happens at low solar insolation rates such as 552 W/m2. However, the highest thermal 
efficiency of the present collector is 65%, obtained when optimum values of input parameters are 
applied simultaneously. The present study provides insight as to the selection of these operating 
parameters for PTC-based solar water heaters in a low radiation zone like Silchar, Assam, India.
Keywords: Climatic conditions, Optimum mass, Solar insolation, Silchar, Water inlet temperature.
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1. Introduction

Solar concentrator systems transfer heat from the sun to 
water which captures this heat as it circulates through 
the receiver pipe. The hot water thus produced is finally
stored in a tank for domestic use. Solar energy appli-
cations for heat collection/refrigeration and electricity 
generation through various collector designs have become 
popular and received considerable attention [1-8]. Rabl [9] 

compared different solar concentrators in terms of their 

most important characteristics, namely concentration, 
acceptance angle, sensitivity to mirror errors, size 
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of reflector area and average number of reflections. 
Kalogirou et al. [10] presented a parabolic trough solar 
collector system used for steam generation. A modeling 
program called PTCDES written in BASIC language 
was developed to determine the quantity of steam 
produced by steam generating systems. Bakos et al. [11]

conducted an experimental study to investigate the 
effects of using a continuous operation two-ax tracking 
on the solar energy collected. Qu et al. [12] programmed 
a performance model for a solar thermal collector based 
on a linear tracking parabolic trough reflector focused 
on a surface treated metallic pipe receiver enclosed 
in an evacuated transparent tube. The effects on the 
collector’s performance of solar intensity and incident 
angle, collector dimensions, material properties, fluid 
properties, ambient conditions, and operating conditions 
were studied. It was reported that the collector thermal 
efficiency is highest when the incident angle is zero, 
and that the flow rate does not have much effect on 
efficiency. Naeeni and Yaghoubi [13] studied heat transfer 
from a receiver tube of the parabolic trough collector at 
a 250kW solar power plants in Shiraz, Iran, by taking 
into account the variation effects of the collector’s angle 
of attack, wind velocity and its distribution with respect 
to height from the ground. Geyer et al. [14] developed 
a high-performance parabolic trough collector for 
utility-scale generation of steam for heat applications 
and solar power generation using various heat transfer 
fluids in large solar fields. Arasu and Sornakumar [15] 
investigated the performance of a new parabolic trough 
collector-based hot water generation system with a 
well-mixed hot water storage tank. The storage tank’s 
water temperature is increased from 35ºC at 9:30 h to 
73.84ºC at 16:00 h when no energy is withdrawn from 

the storage tank. The average beam radiation during the 
collection period is 699 W/m2. The main contribution 
and novelty of this paper is the parametric investigation 
of the effects of flow rate and absorber water inlet 
temperature on collector thermal efficiency at different 
levels of solar insolation for the climatic conditions of 
Silchar, Assam, India. For this, the optimum values of 
input parameters and highest efficiency of the present 
collector are found out, and finally, various conclusions 
are drawn.

2. Description of experimental set-up 

The heart of the experimental set-up is a linear parabolic 
trough collector (PTC), also called reflector, which is 
a type of solar thermal collector lined with a polished 
metal mirror. The Solar radiations coming parallel to 
the focal line of the parabola are collected at the surface 
of the reflector i.e. parabolic trough collector (PTC) 
and then concentrated on a line focus of the absorber or 
the receiver tube. The receiver’s aperture area is 15.27 
sq. feet. The external diameter of the receiver tube is 
1 inch, and the width of the receiver is 3.8 feet. The 
water which passes through this tube collects the heat 
and heats up. It is then stored in the hot water tank. 
The water temperature at inlet to the absorber tube and 
surface temperature of the absorber tube are measured 
by thermocouple sensors which transmit the signals 
to a data logging facility connected to the present set-
up. A sun tracker continuously tracks the sun and as a 
result the cycle can run efficiently. The tracker tracks 
the sun on an hourly basis by rotating the PTC at a 15° 
angle per hour. In concentrating collectors, the term 
concentration ratio (C) is a very important parameter. It 
is defined as the ratio of the collector or receiver area at 

[10] Kalogirou, S., Efeftheriou, P., Llyod, S. and J. Ward. 1994. Cost High 
Accuracy Parabolic Troughs Construction and Evaluation. Journal of 
Renewable Energy 5 (1) 384-386.

[11] Bakos, G.C. 2006. Design and construction of a two-axis Sun tracking 
system forparabolic trough collector (PTC) efficiency improvement. 
Journal of Renewable Energy 31, 2411–2421.

[12]Qu, M.,  Archer, D.H. and S.V. Masson. 2006. A Linear Parabolic Trough 
Solar Collector Performance Model. Renewable Energy Resources and 
a Greener Future. Vol. VII 3-3, ESC-1C-0611-267.

[13] Naeeni, N. and M. Yaghoubi. Analysis of wind flow around a parabolic 
collector heat transfer from receiver tube. J Renewable Energy 32 
(2007) 1259–1272.

[14] Geyer, M., Lüpfert, E., Osuna, R., Esteban, A., Schiel, W., Schweitzer, 
A., Zarza, E., Nava, P. Langenkamp, J. and E. Mandelberg. 2002. Euro-
trough - Parabolic Trough Collector developed for Cost Efficient Solar 
Power Generation. 11th International Symposium on Concentrating 
Solar Power and Chemical Energy Technologies. September 4-6.

[15] Arasu., A.V. and S.T. Sornakumar. 2006. Performance Characteristics 
of the Solar Parabolic Trough Collector with Hot Water Generation 
System. BIBLID: 0354-9836, 10, 2, 167-174.
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which radiation collects at the absorber area where these 
radiations are concentrated. Thus, with the decrease in 
the absorber area, the concentration ratio increases and 
the quicker a higher temperature is reached. Thus, a 
higher concentration ratio means a higher temperature 
can be achieved. The concentration ratio of such linear 
concentrating collectors can reach a maximum value 
of 212. In the present linear concentrating parabolic 
trough collector, the concentration ratio is 45.83.

Figure 1. Experimental setup at NIT Silchar Figure 2. Schematic diagram of the setup

3. Results and discussion

In this section, a parametric analysis to determine the
performance of the PTC was carried out in the solar 
insolation conditions of Silchar, Assam, India. Since 
the meteorological cycle normally repeats itself every 
year, the results presented here would be invariant of 
change in year. Figure 3 shows the variation of the 
collector thermal efficiency with respect to water inlet 
temperature to the absorber (Ti) for different levels 

Figure 3. Efficiency versus water inlet temperature
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of solar radiation recorded throughout a year at this 
location. 

Figure 3 shows that for a given solar insolation, first 
the efficiency increases with the increasing water 
inlet temperature and after attaining the maximum 
value of efficiency, it decreases with further increases 
of the latter. Therefore, there is an optimum value of 
water inlet temperature at which efficiency is at the 
maximum for any particular solar insolation. Another 
important observation from the same figure is that 
higher radiation levels in the range of 800-900 W/m2 
are not advantageous for this place as these conditions 
decrease the attainable efficiency of the PTC. Similarly, 
a water inlet temperature in excess of 40°C drastically 
reduces the PTC’s efficiency. This implies that to obtain 
maximum efficiency, the fluid inlet temperature should 
be at its optimum value corresponding to a given solar 
insolation level. In the present work, the highest efficiency 
of about 0.46 is obtained at a water inlet temperature of 
36.8°C for a solar insolation of 720 W/m2.  

Figure 4 shows the collector thermal efficiency 
variation with respect to the water’s mass flow rate 
through the absorber tube for different solar insolation 
levels at this location. From Figure 4, it is found that 
the PTC efficiency increases first to a maximum value 
with the increase in the mass flow rate. After reaching 

Figure 4. Efficiency versus mass flow rate

a maximum value, the efficiency starts to decrease with 
further increases in the mass flow rate. The mass flow 
rate at which efficiency is maximal is the optimum 
mass flow rate for a particular solar insolation. Thus, 
for different radiation intensities, different optimal mass 
flow rate values are obtained. However, with regard to
efficiency, a solar insolation higher than 552 W/m2 causes 
a drop in the collector thermal efficiency irrespective of 
the mass flow rate. The highest efficiency of about 0.51 
is obtained at a mass flow rate of 4.8 kg/s for a solar 
insolation of 552 W/m2. The water inlet temperature to 
be set for this radiation level should be around 34.8°C 
as can be seen from Figure 5. It provides an idea about 
the optimum water inlet temperature to be maintained 
at a particular solar insolation so that the collector 
efficiency is the highest at that level of solar radiation. 
Figure 6 shows the relation between optimum mass 
flow rates and solar insolation. Similar to the fluid inlet 
temperature, optimum values of mass flow rate also 
increase along with solar insolation to obtain maximum 
efficiency. Table 1 clearly shows the optimum flow rate 
values and water inlet temperatures to be maintained 
at different radiation levels for a maximum PTC 
efficiency. The optimum lines in Figures 3 and 4 are 
obtained by joining the highest efficiency values at 
various levels of solar radiation.
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Figure 7 shows collector thermal efficiency variations 
with respect to water inlet temperature to the absorber. 
This plot for the present parabolic collector is generated 
for optimum mass flow rate conditions (i.e. 4.8 kg/s) and 
water inlet temperature to the absorber (i.e. 36.8°C). 
This plot shows a comparison of the three different 
efficiencies from three different sources primarily- 
the present collector, previous PTC investigated [17] 
and a flat plate collector investigated at NIT Silchar, 
Assam, India[18]. It is found that efficiency from all 
the three different setups decreases with the increase 
in water inlet temperature. The efficiency variation of 
the present collector matches well with the literature on 
collector efficiency qualitatively. Table 2 clearly shows 
the results of compared efficiencies at various solar 
insolation levels. Quantitatively, the present collector 
has a slightly lower efficiency compared to literature 
[17] because of the unavailability of an evacuated tube in 
the present set up. On average, the present collector’s 
efficiency is lower by about 20% compared to PTC 

Figure 5. Optimum inlet temperature versus insolation

Figure 6. Optimum mass flow rate versus solar solar insolation

TABLE 1. Optimum operating conditions for different 
radiation levels

4.75

4.8

4.84

4.95

4.98

5.1

34

35.8

36.2

36.8

37.5

38.1

489

552

649

720

807

951

Optimum mass 
flow rate, mopt 

(kg/s)

Optimum water inlet 
temperature, Tin,opt 

(°C)

Observed solar insolation 
during different type of a 

year, Ib (W/m2)

Figure 7. Collector efficiency versus inlet water temperature

[16] Price, P., Lupfert, E., Kearney, D., Zarza, D., Cohen, G., Gee, R. 
and R. Mahoney. 2002. Advances in Parabolic Trough Solar Power 
Technology. Journal of solar Energy Engineering 124 111.

[17] Geyer, M., Lüpfert, E., Osuna, R., Esteban, A., Schiel, W., Schweitzer, 
A., Zarza, Z., Nava, P., Langenkamp, J. and E. Mandelberg. 2002. Euro-
trough - Parabolic Trough Collector developed for Cost Efficient Solar 
Power Generation. 11th International Symposium on Concentrating 
Solar Power and Chemical Energy Technologies. September 4-6. 

[18] Milan, K., Kapinjal, K., Hazarika, J., Deori, D. and S. Doley. Performance 
study of flat plate collector. Dissertation B.Tech Thesis. National 
Institute of Technology, Silchar, India, 2015.
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efficiency as presented in literature [17]. However, it 
has a much higher efficiency compared to a flat plate 
collector as presented in literature [18]. Therefore, the 
parabolic trough collector is more suitable than the flat 
plate collector for the climatic conditions of this place. 

4. Conclusion

In this paper, parametric investigations of the effects 
of flow rate and absorber water inlet temperature on 
the collector thermal efficiency were carried out for 
a year for different levels of solar insolation under 
the climatic conditions of Silchar, Assam, India. The 
optimum values of these input parameters for various 
solar insolation levels were also found out. From the 
study, the following conclusions are drawn:

i) There is an optimum value of water inlet 
temperature at which efficiency is the highest 
for any solar insolation. The highest efficiency 
of about 0.46 is obtained at a water inlet 
temperature of 36.8°C for a solar insolation of 
720 W/m2. 

TABLE 2. Comparison of the three efficiencies

Efficiency

Insolation

W/m2

70-75%

700-800

65%

700-800

Literature
parabolic trough 

[Ref. 17]

Present
parabolic 

trough

Flat plate 
collector
[Ref. 18]

65%

700-800

ii) Higher radiation levels in the range of 800-900 
W/m2 and absorber water inlet temperatures in 
excess of 40°C are not advantageous for this 
location as these conditions undermine attai-
nable PTC efficiency. However, the low water
temperature of the working fluid as experimented 
with in this work could be useful for various 
applications such as cleaning, washing, bathing etc. 

iii) There is an optimum mass flow value rate at 
which efficiency is at the maximum for any 
solar insolation. The highest efficiency of about 
0.51 is obtained at a mass flow rate of 4.8 kg/s 
for a solar insolation of 552 W/m2.   

iv) The effect of the mass flow rate is more signi-
ficant than the absorber water inlet temperature 
as the collector thermal efficiency at the optimum 
mass flow rate is greater than that at the optimum 
water inlet temperature. And it happens for 
lower solar insolation levels around 552 W/m2. 

v) The highest thermal efficiency of the present
collector is 65%, obtained when the optimum 
values of input parameters are used simul-
taneously. It is higher than that of the flat plate 
collector though it is a little less than other 
literature PTC efficiency. It can be increased by 
inserting an evacuated tube around the receiver 
tube by preventing convection losses. Thus, the 
present study provides insight as to the selection 
of these operating parameters for PTC-based 
solar water heaters in a low radiation zone such 
as Silchar, Assam, India.
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pressure using mixtures of ethylene carbonate and ethylene glycol. Green 
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1. Introduction

The utilization of lignocellulose materials for bioethanol 
production requires an effective pre-treatment step to 
disrupt the lignocellulose structure and increase the 
accessible surface area and porosity. A range of chemical, 
physical and biological processes has been configured 
to release constituent sugars from lignocellulose [1]. 
Among the pre-treatment technologies, organosolv 
pre-treatment is a promising method to enhance 
the recovery of glucose by improving digestibility. 
Organosolv processes use either low-boiling solvents 

(e.g., ethanol, methanol) or high-boiling solvents (e.g., 
ethylene glycol, ethanolamine) [2].  

Ethylene glycol (EG) is bulk commodity chemical, 
which has low toxicity and high boiling points (197°C). 
EG is a good delignification solvent especially in the 
presence of acid catalysts. Pre-treatment with EG 
alone reported to improve glucan digestibility (65%) 
significantly compared to untreated bagasse. Pre-
treatment of bagasse at 90°C by the EC (ethylene 
carbonate)–EG system recovered the majority of the 

In this study, effect of different high-boiling-organic solvent (ethanolamine, diethylene glycol and 
ethylene glycol) pre-treatments on the chemical composition and enzymatic saccharification of 

hazelnut shells was investigated. Results showed that, ethanolamine was the most effective solvent 
for lignin removal (72% at 150°C), followed by diethylene glycol (35%) and ethylene glycol 
(30%). The temperature effect with ethylene glycol and diethylene glycol pre-treatment on lignin 
removal was higher than that of ethanolamine. Cellulose digestion varied between 32% and 57%. 
The maximum glucose recovery (378.61 mg glucose/g non-pre-treated cellulose) was obtained 
when hazelnut shells were pre-treated at 150°C for 60 minutes (min) with ethylene glycol solvent. 
Thus, ethylene glycol pre-treatment can be applied for efficient enzymatic hydrolysis of hazelnut 
shells for ethanol production.
Keywords: Hazelnut shells, Organic solvents, Pre-treatment.
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glucan component and removed the most of xylan and 
lignin components [2]. 

Ethanolamin was used as organasolv in the ionic 
liquid (1-ethyl-3-methylimidazolium acetate) for the 
pretreatment of corncob and rice straw. Pretreatment 
with EMIM-AC/ethanolamine was improved the 
sugar conversion and lignin was removed efficiently. 
Pretreatment with EMIM-AC/ethanolamine solution 
Comparing with untreated biomasses increased sugar 
conversion 3-5 fold [3].

The aim of the study was to investigate effect of different 
high-boiling-organic solvent (ethanolamine, diethylene 
glycol and ethylene glycol) pre-treatments on the 
chemical composition and enzymatic saccharification 
of hazelnut shells.

2. Material and Methods

2.1. Material

The hazelnut shells used in this study were purchased 
from Beşikdüzü, Trabzon, Turkey. Raw materials were 
air-dried down to 9% moisture. The dried materials 
were ground and screened with a sieve shaker to obtain 
particle sizes between 0.224-0.850 mm. Samples were 
stored in plastic bags at +4°C for future use. Celluclast 
1.5 L and Novozym 188 were purchased from Sigma 
Aldrich (St. Louis, USA). Aminex HPX 87P column 
was purchased from Bio-Rad Laboratories (California, 
USA). All chemicals used were standard analytical grades.

2.2. Pre-treatment and enzymatic digestion of 
hazelnut shells

High-boiling solvent treatment of hazelnut shells was 
performed in a PARR stainless steel reactor at 120°C 
and 150°C for 60 min. Approximately 7 grams of dry 
hazelnut shells were mixed with 70 mL of solvent 
(ethanolamine, diethylene glycol and ethylene glycol) 
in a Teflon liner. The vessel was heated to the desired 
temperature and pre-treatment time was initiated. 

After treatment, the reactor vessel was moved from 
the heating jacket. The content of the reactor was 
cooled down to 80°C. The pre-treated solid was used 
as the substrate for enzymatic hydrolysis. Enzymatic 
hydrolysis was carried out in stoppered conical flasks 
(50 mL). The pH was adjusted to 4.8 with acetate buffer, 
and a mixture of cellulose (60 FPU/g dry biomass) and 
β-Glucosidase (40 CBU/g dry biomass) was added to 
the pre-treated substrate in a total working volume of 
20 mL. The hydrolysis reactions were carried out at 
50°C in an incubator for 48 h by shaking at 150 rpm. 
The reactions were stopped in a boiling water bath for 
15 min and hydrolysates were clarified by centrifuging 
at 5000 rpm for 5 min. The supernatants were analysed 
for glucose and xylose using HPLC. The concentration 
of reduced sugar was determined by DNS method [4].

2.3. Analytical methods

The chemical composition of raw and pre-treated hazel-
nut shells were determined according to the NREL [5,6] 
methods. 0.3 g solid was hydrolyzed by 3 mL of 72% 
(w/w) H2SO4 at 30°C for 60 minute,  then the reaction 
mixture was diluted to 4% (w/w) and autoclaved at 
121°C for 60 min. Lignin was determined by solid 
residue, the cellulose and hemi cellulose amounts were 
determined from filtrate by using High Performance 
Liquid Chromatography (Agilent 1100). The HPLC 
system was mainly equipped with a Bio-Rad Aminex 
HPX-87P column (300 mm × 7.8 mm), and a refractive 
index detector. The analytical column was operated at 
80°C with 0.2 μm filtered HPLC grade water as the 
mobile phase. The mobile phase flow rate was 0.6 mL/min. 

The enzyme activity of Celluclast 1.5L® was deter-
mined by National Renewable Energy Laboratory (NREL) 

[3] Weerachanchai, P., & Lee, J. M. (2013). Effect of organic solvent in 
ionic liquid on biomass pretreatment. ACS Sustainable Chemistry & 
Engineering, 1(8), 894-902.

[4] Miller, G.L. 1959. Use of dinitrosalicylic acid reagent for determination 
of reducing sugar. Anal Chem. 31 (3) 426–428.

[5] Sluiter, B.,Hames, B., Ruiz R.,Scarlata C.,Sluiter J., Templeton D.,and 
D. Crocker. 2008a. Determination of structural carbohydrates and lignin 
in biomass.National laboratory of the U.S. Department of Energy.
Technical Report NREL/TP-510-42618. Revised April 2008. Colorado, 
USA.

[6] Sluiter, A. Ruiz, R.,Scarlata C., Sluiter. J., and D Templeton, 2008b.
Determination of extractives in biomass. National laboratory of the 
U.S. Department of Energy.Technical Report, NREL/TP-510-42619. 
Colorado, USA.
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This study showed that ethanolamine was the most 
effective solvent for cellulose recovery from hazelnut 
shells (Figure 2). Pre-treatment temperature had no 
effect on cellulose recovery.

Figure 3 shows the effects of the organic solvent type 
on delignification. The best result for lignin removal 
was obtained from pre-treatment of hazelnut shells by 
an ethanolamine solution during which more than a rate 
of 72% lignin removal was achieved within 60 min at 
150°C.

protocols and reported as Filter Paper Unit (FPU) [7]. 
One unit of FPU is defined as the amount of enzyme 
required to liberate 1 μmol of glucose from Whatman 
no:1 filter paper per minute at 50°C. One cellobiose 
unit (CBU) is the amount of enzyme that converts 1 
μmol of cellobiose to 2 μmol of glucose per minute. 
Hemicellulose removal (%), cellu-lose digestion (%), 
saccharification yield (%).

3. Results and discussion

Composition of hazelnut shells

Figure 1 shows the composition of dried hazelnut 
shells. Lignin fraction was the main content (51.3 %) 
of the total raw material. Hazelnut shells consisted of 
16.7 % cellulose and 13.3 % hemicellulose.

Figure 1. Composition of hazelnut shells

Figure 2. Effects of pre-treatment temperature and pre-treatment 
solvent on cellulose recovery (%) of hazelnut shells pre-treated for 

60 min.

[7] Adney, B. and J. Baker, 2008.Measurement of cellulose activities.
National laboratory of the U.S. Department of Energy. Technical Report, 
NREL/TP-510-42628.Colorado, USA.
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Pre-treatment with an ethanolamine solution resulted in 
lower cellulose digestion, although ethylene glycol and 
diethylene glycol produced higher cellulose digestion. 
Cellulose digestion (Figure 6) increased from a value 
of 34.72% when the pre-treatment was carried out 
with ethanolamine (150°C), to 57.81% at 150°C with 
ethylene glycol. 

Glucose recovery which is expressed on produced 
glucose over non-pre-treated cellulose is illustrated on 
Figure 7. The pre-treatment temperature for ethanola-
mine pre-treatment had no effect on glucose recovery. 
Figure 7 also shows that glucose recovery can be 
improved by increasing the temperature with ethylene 
glycol, while diethylene glycol had the opposite effect.

Figure 6. Effects of pre-treatment temperature and solvent on 
cellulose digestion (%) of hazelnut shells pre-treated for 60 min.

Figure 7. Effects of pre-treatment temperature and pre-treatment 
solvent on glucose recovery of hazelnut shells pre-treated for 60 min.

Figure 4 shows that solid recovery was impacted by
pre-treatment temperature. Solid recovery after ethano-
lamine pre-treatment was very low because lignin solu-
bilisation with this solvent is very high.

The highest saccharification yield was obtained when
hazelnut shells were pre-treated at 150°C with ethano-
lamine solvent, reaching values close to 85% (Figure 5). 
Although increasing the temperature from 120 to 150°C 
resulted in some positive effects on the saccharification 
yield, this yield did not improve through the use of the 
diethylene glycol solvent. 

Figure 3. Effects of pre-treatment temperature and pre-treatment 
solvent on lignin removal (%) from hazelnut shells pre-treated for 

60 min.

Figure 4. Effects of pre-treatment temperature and pre-treatment 
solvent on solid recovery (%) of hazelnut shells pre-treated for 60 min.

Figure 5. Effects of pre-treatment temperature and pre-treatment 
solvent on saccharification (%) of hazelnut shells pre-treated for 

60 min.
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Conclusion

This study showed that ethanolamine was the most 
effective solvent for lignin removal (72% at 150°C), 
followed by diethylene glycol (35%) and ethylene 
glycol (30%). The maximum glucose recovery 
(378.61 mg glucose/g non-pre-treated cellulose) 

was obtained when hazelnut shells were pre-treated 
at 150°C for 60 min with ethylene glycol solvent. 
Ethylene glycol or diethylene glycol might be used 
for the pre-treatment of hazelnut shells to improve 
enzymatic hydrolysis of hazelnut shells for ethanol 
production.
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Abstract

The buildings of the future should be designed with features that meet the anticipated challenges 
of technological, environmental, and societal progress. When increasingly sophisticated 

communications and control systems are integrated into a building’s design, the door is opened 
to endless innovations; when incorporated into construction procedures, energy consumption is 
contained and the environment is better protected. Through smart construction, a more comfortable 
built environment can be created while simultaneously reducing a site’s carbon footprint. Green 
building combines technology and living practices to modify water efficiency and increase energy 
efficiency. The use of eco-friendly materials and innovative procedures will result in optimised 
energy performance, extra commissioning measurements and verification, and continual carbon 
dioxide monitoring. This is essential as Leadership in Energy and Environmental Design (LEED) 
and Building Research Establishment Environmental Assessment Method (BREEAM) schemes are 
expected to become future requisites for any construction project, large or small. Self-sustaining 
buildings will be the best solution for meeting the ever-growing technological demand on energy, 
as well as many countries’ stated goals of independence from carbon-based energy sources.

Keywords: Buildings, Building Design, Energy Efficiency, Green Buildings, Smart Buildings, 
Sustainable Buildings. 
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1. Introduction

“Green building” is a term used all over the world and 
has become synonymous with sustainability. However, 
this common connection does not mean that all green 
building is, in fact, sustainable. Green building is a 
very important step towards sustainable building and 
is defined as the practical application of sustainable 
methods that takes into account not only the building 
site’s environmental conditions but also strives to 
make the best use of resources throughout the building 
phases. These phases include: site selection, design, 
construction, operation, maintenance, and demolition. 

Green building strives not only for sustainability and 
environmental consideration but to also meet economic 
considerations, including comfort, style, and high 
performance. 

Over the last decades, there has been an increasing 
awareness of the disparaging connection between 
traditional economic development and the over-
exploitation of the world’s natural resources. Pollutants 
and harmful residues from land stripping and the 
production of building materials increasingly stress 
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the environment. After a century on post-industrial 
expansion, urban centres now have an acute sense of 
the impact continual construction inflicts (Fakosh & 
Ahmed, 2012) [1]. According to some estimates, the 
worldwide construction industry consumes about 40% 
of total raw materials at a rate of about three billion 
tons per year. In the United States alone, buildings 
consume about 65% of the total energy consumption 
and cause (30%) of greenhouse emissions (Fakosh & 
Ahmed, 2012) [1]. Since built environments comprise 
such a large and ever-increasing portion of the world’s 
total greenhouse emissions and since the majority of 
those emissions are derived from a building’s life cycle, 
this is obviously the area of urban development where 
meaningful and long-term change must immediately 
be implemented. This awareness and the outcry for 
the reduction of the impact of human activities and the 
concept of sustainable development has matured and is 
defined as “meeting the needs of the current generation 
without compromising the ability of future generations 
to meet their own needs.” (U.N., 1987) [2].

Smart Buildings signify intangible built-up development 
that utilizes the latest technological instrumentation and 
inventions in order to facilitate modern efforts towards 
energy efficiency in cities and society accumulation. 
Mapping out a smart building needs strategic planning 
which seems to rely on many factors to be achieved. 
Stakeholders (local governments, research institutions, 
grassroots movements, technology vendors, property 
developers, etc.), are often driven by conflicting interests.
In order to create better environmental, social and 
economic conditions and enhance cities’ attractiveness 
and competitiveness upgrades to the building infra-
structure and services are to be initiated. In the smart 

buildings/cities there is a multitude of definitions and 
solutions without an existing prevalent or universally 
acknowledged definition[3,4]. Many new categories of 
‘cities’ have entered the policy discourse: ‘sustainable 
cities’; ‘green cities’; ‘digital cities’; ‘smart cities’; 
intelligent cities’; ‘information cities’; ‘knowledge 
cities’; ‘resilient cities’; ‘eco cities’; ‘low carbon 
cities’; ‘liveable cities’; and even combinations.

GCC Energy Situation 

Gulf Cooperation Council (GCC) countries, which 
account for a major portion of the wealth in the Middle 
East, face major energy and environmental challenges, 
as the continuously growing population creates a huge 
demand for energy. The area is experiencing a high 
rate of economic growth and modernization. Figure 1 
shows the annual per capita electricity consumption 
(Asif, 2015) [5] and demonstrates that GCC countries 
are amongst the highest in the world in terms of energy 
consumption. High energy consumption means high 
carbon dioxide levels and therefore GCC countries are 

[1] Fakosh, U. and Ahmed, R. 2012. The employment of technical deve-
lopment to the direction of high-technology buildings within the 
framework of sustainable design. Damascus University Journal of 
Science and Engineering, 226-246. Also available online: http://www.
damascusuniversity.edu.sy/mag/eng/images/stories/229-246.pdf.

[2] United Nations. 1987. Report of the World Commission on Environment 
and Development, General Assembly Resolution 42/187, 11 December 
1987. Retrieved: 2007-11-14.

[3] Allwinkle, S. & Cruickshank, P. 2011. Creating smarter cities: An 
overview. Journal of Urban Technology 18, 1-16.

[4] Komninos, N. and Tsarchopoulos, P. 2012. Towards intelligent 
Thessaloniki: From an agglomeration of apps to smart districts. Journal 
of Knowledge Economy, 4, 149-168.

[5] Asif, M. 2015. Growth and sustainability trends in the buildings sector 
in the GCC region with particular reference to the KSA and UAE. 
Renewable and Sustainable Energy Reviews. 

Figure 1. Annual per capita electricity consumption in MW h (Asif 
2015) [5].
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also amongst the highest in CO2 emissions. Figure 2 
(Asif, 2015) [5] shows annual per capita carbon dioxide 
emissions (tonnes). Qatar, Kuwait and the United Arab 
Emirates are amongst the top six countries in the world 
for CO2 emissions. Qatar is the global leader.

It is clear that the environmental impact is significant and 
a grave matter that could lead to a future environmental 
disaster. 

Energy consumed for cooling and heating in buildings 
is becoming an increasingly serious source of global 
warming. Buildings are responsible for 48% of energy 
consumption and 45% of CO2 emissions within the 
region. Urbanization has increased the demand for 
cooling energy and is accelerating the formation of 
smog. Figure 3 shows sectors of energy consumption 

[6] UNEP. 2007. BUILDI Figure NGS AND CLIMATE CHANGE Status, 
Challenges and Opportunities. 

[7] Abidin, N.Z. 2010. Investigating the awareness and application of 
sustainable  construction concept by Malaysian developers. Habitat Int 
34, 421-426.

[8] Shen, L., Tam, V., Tam, L. and Y. Ji. 2010. Project feasibility study: The 
key to successful implementation of sustainable and socially responsible 
construction management practice. J Clean Prod 18, 254-259.

Figure 2. Annual Per Capita Carbon Dioxide Emissions (tonnes).

Figure 3. Energy consumption sectors.

and illustrates that buildings account for the highest 
amount of energy consumption (UNEP, 2007) [6].

Sustainable Buildings - The Right Solution

The benefits of sustainable buildings are:

• Lower Life Cycle Costs 

• Lower Insurance Fees

• Higher Property Value 

• Higher Productivity

• Improved Image

• Reduced Risks

• Healthier for Tenants and Visitors

• Reduced Effects on Infrastructure

• Better for the Environment and Local Economy

The best and most effective way to protect the envi-
ronment is by using sustainable methods during 
construction (Abidin, 2010) [7]  & (Shen et al., 2010) [8]. 
It is important that all new construction strike a careful 
balance between economic, social, and environmental 
considerations. 

Sustainable building innovation creates an economic 
stability that in turn generates high grades of economic 
growth and employment. These factors improve project 
delivery and increase profitability and productivity. 
Environmental sustainability protects the environment 
by avoiding pollution, enhancing biodiversity and deve-
loping a successful eco-friendly transport plan. It also 
manages natural resources by employing technology, 
education and forecasting to improve energy efficiency 
and ensure the proper utilisation of resources. This 
sustainability is achieved through a social process that
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recognizes the needs of everyone and creates a partner-
ship with local communities to ensure that everyone’s 
needs are satisfied (Akadiri et al., 2012) [9].

Strategic Energy Technology Plan

The strategic energy technology plan is the key 
decision-making support tool for many countries’ 
energy policies. It encourages the development and 
use of low-carbon technologies through the wide 

[9] Akadiri, P.O., Chinyio, E.A. and P.O. Olomolaiye. 2012.   Design of 
a sustainable building: a conceptual framework for implementing 
sustainability in the building sector. Buildings 2(2):126-152. 

[10] Angelidou, M. 2014. Smart city policies: A spatial approach. Cities, Vol 
41, Supplement 1, S3-S11.

Figure 4. Practical framework for sustainability implementation in construction and strategies and methods to achieve 
resource conservation (Akadiri et al., 2012) [9].

dissemination of education and information technology. 
It is characterised by specifying targets that will be 
achieved within a set period of time or by a certain 
deadline [10].

Countries, in general but particularly within the GCC 
area, will need to implement the following initiatives: 

• The Wind Initiative, 
• The Solar Initiative (i.e. photovoltaic and con-

centrated solar power), 
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[11] GORD. 2014. Global Sustainability Assessment System (GSAS). 
Qatar: Gulf Operations for Research & Development (GORD).

[12] Wang, S. 2010. Intelligent Buildings and Building Automation. Oxon 
and New York: Spon Press.

• The Electricity Grid Initiative, 

• The Carbon Capture Initiative, 

• The Industrial Geothermal Initiative, 

• The Transport and Storage Initiative, 

• The Smart Cities and Communities Initiatives, 

• The Fuel Cells and Hydrogen Initiative, 

• The Wave and Tidal Initiative.

Smart Sustainable Buildings 

Smart Buildings will incorporate all of the latest tech-
nological instrumentation and inventions in order 
to achieve energy efficiency goals and long-term 
social sustainability. Mapping out a smart building’s 
design requires strategic planning and depends on the 
actualization of multiple factors. In order to achieve a 
perfect combination, a smart building should not only 
be smart, but also green and intelligent in various design 
and operation prospects. There are three different 
approaches to the definition of intelligent buildings 
(GORD, 2014) [11].

• Performance-based approach

• Services-based approach 

• System-based approach

The performance-based approach reflects the ways in 
which the building is performing according to its users’ 
environment and demands and emphasises the efficient 
use of resources in a cost-effective manner and in 
accordance to international standards and measures. 

The services-based approach perceives the quality of 
services buildings are providing such as: intelligent 
functions, communications, automations, etc. 

The system-based approach refers to all of the available 
high-end technology embedded within the building’s 
design and construction. 

By integrating the right combination and management 
of these three approaches, an optimal composition 
of structure, system, service, and management will 
result in high efficiency building automation, office 
automation, communication network systems, safety, 
and comfort. This combination will adhere to all regu-
lations, to fulfil the smart building philosophy. See 
Figure 5 (GORD, 2014) [11].

Figure 5. An integrated intelligent building system (Wang, 2010) [12].
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High performing buildings’ systems and services include: 

• HVAC Control

• Electrical Lighting

• Vertical Transport Control

• TV and Image Communications

• Voice and Data Communications

• Security & Access Control

• Data and Video Communications

• Fire Alarm Control Systems

• Integrated Building Automation Systems

• Computerised Integrated Systems 

• Enterprise Network Integrated Systems

Additionally, smart buildings will need to be capable 
of integrating into a smart city’s innovative electrical 
grid so as to be able to fully utilise all potential 
renewable energy options. This capacity will require 
computerised power delivery services with the latest 
two-way communication and control systems for the 
smart grid, as well as “smart meters” for commercial 
and residential buildings. 

Smart Buildings and Green Buildings 
Energy Certification

Energy performance evaluations and certifications will 
positively benefit from the ‘intelligent’ technologies 
and facilities incorporated into the smart building 
(Akadiri, et al., 2012) [9].

• Optimize Energy Performance

Using the building simulation package “Energy Cost 
Budget Method”, energy performance is well presented 
and therefore points for assessment are earned 
accordingly.

• Additional Commissioning

Involves an independent commission agent; since a 
smart building includes the integration of all of the 
building’s systems, the additional commissioning will 
meet a certification requirement.

• Measurement and Verification

Smart metering systems and management system 
tools that can track actual usage and cost will provide 
verification requirements for the monitoring of energy 
consumption and reservation.

• Carbon Dioxide (CO2) Monitoring

Using smart technology monitoring systems, HVAC 
system will be adjusted to improve indoor air quality 
and comfort. Zones and individual spaces will be 
controlled by the integrated monitoring systems.

• Controllability of Systems: Perimeter and Non-
Perimeter Spaces

Lighting, temperature, and ventilation of the building 
spaces are smartly controlled allowing credits to be 
awarded for perimeter and non-perimeter spaces. 

• Thermal Comfort: Permanent Monitoring System

Integrating the temperature and humidity measurement 
systems into the HVAC control system automatically 
provides the desired comfort level. Smart technology 
will facilitate data collection for the systems and 
occupants. This data will then be used for performance 
optimization throughout the smart building.

• Innovation in Design

 As the smart building system introduces many inno-
vative ideas not covered by the Green Building Ratings 
System, extra rating points are added and granted by 
the rating systems (Galbraith, 2015) [13].

Smart Grids Impact on Intelligent 
Buildings and Connected Cities

Reasons to incorporate a Smart Grid:

1. A Smart Grid is a more reliable grid, with 
fairer pricing and optimum energy use. These 
qualities make a location a more attractive 
place in which to invest. 

[13] Galbraith, J. K. 2015. How do Smart Buildings Make a Building 
Green? Retrieved from Automated Buildings. Available online at:
http://www.automatedbuildings.com/news/dec07/articles/
s inopol i /071129114606sinopol i .htm
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2. In turn, these investments bring new businesses 
and consumers to the location. (This boosts 
the economy and creates additional customers 
for the utility).

3. A generational change is underway; young 
graduates are very IT literate and very aware 
of the benefits of IT. Their involvement will 
drive change.

4. Shaves usage peaks.

5. Increases grid stability and reliability.

6. Improves efficiency for energy consumption 
and data management.

7. Decreases energy costs.

8. Increases optimal prices.

9. Empowers customers.

Elements of a Smart Energy Building:

- Smart lighting system

- Increased daylight entrance

- On-site electricity generation

- DC grid for DC loads

- Load/generation balancing

- Energy management system

- Electrical & thermal energy storage/buffering

- Energy efficiency practices

• Active / passive techniques for heating and 
cooling

• Glazing

• Insulation

• Shading

• Construction materials

• Pricing incentives

• Low-T Heating / High T- Cooling systems

• Heat-recovery Ventilation High efficiency

• Flexible workspaces

Digital controllers

Building automation 
systems

Local area networks 

Building Automation 
System communication 
standards

Internet technologies

• Computers
• Micro-computers
• Processors
• Digital controllers
• Actuators

• Programming and monitoring
• Building management functions automatic 

processing

• Wireless technology
• LAN technologies

• Integration and Interoperability of Building 
Automation systems (BAS).

• Communication standards for BAS 
networks.

• (BACnet) Building Automation and 
Control Networks.

• (LonWorks) Local operating network.
• (Modbus) Serial communications protocol.
• PROFIBUS (Process Field Bus), is defined 

as a standard for fieldbus communication 
in automation technology.

• EIB (The European Installation Bus (EIB) 
is defined as a field bus designed to 
improve electrical installations at homes.

• Internet protocols

• Internet LAN vs WAN
• Internet technologies at automation level
• Internet technologies at management level

Control and 
Communication 

Systems
Technology and Application

TABLE 1. The main control and communication systems of 
a smart building (Wang, 2010) [12].

Building Rating System

The nature of the Middle East’s extreme climate, 
combined with its continuous population growth, has 
a profound effect on its levels of energy, water, and 
materials consumption. The concept of smart cities 
has established alternatives to traditional building 
methods. Paired with the green building rating systems, 
smart cities will drive this building evolution towards 
a sustainable direction. The most important factors for 
such a rating system are that it is a requirement and that 
it imitates the American LEED and British BREEAM 
rating systems with the assurance that they are adapted 
to local cultural, environmental, societal, historical and 
economic contexts. 
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Countries within the GCC region have used their own 
modified versions of these systems. For instance, Abu 
Dhabi, UAE, introduced the “Estidama” and Pearl 
Building Rating System (PBRS) in 2007 (Council, 
2015) [14], Qatar introduced the Sustainability Assessment 
System (QSAS) in 2010 (GORD, 2014) [11], Egypt 
introduced the Green Pyramid System (GPRS) in 
2011, Jordan introduced the Idama system in 2009, and 
Lebanon introduced the ARZ Building Rating System 
in 2008 (Attia, 2015) [15].

An On-Going Case Study in the UAE

A commercial building has been considered in Ajman, 
UAE, taking in account the climate and energy resources 
of that area. The aim was to create an energy self-
sufficient and carbon neutral green sustainable smart 
building with an extraordinary photovoltaic wall with 
vertical axis wind turbines and a zero-energy footprint 
with no grid support. Energy is to be generated using 
solar and wind technology that are designed specifically 
to match climate and weather conditions over the year.  

A solar thermal cooling system has been selected 
with an efficient innovated system that matches the 
building air-conditioning requirements, discarding all 
old conventional systems. All principles and ideas that 
have been presented in this paper were implemented 
and an integrated smart control system is designed to 
fulfil all Green building rating requirements. More 
details will be published in a later report.

Conclusion

The Middle East, and specifically the GCC countries, 
faces considerable energy and environmental challenges 
which result from its huge energy demands. As GCC 
countries are able to fund projects and engage in 
developing and maintaining better building designs and 
construction, these countries will reduce their carbon 
footprints while simultaneously maintaining high rates 
of economic growth and modernization. Combining 
smart technology with green buildings results in smart-
sustainable-green buildings that can be integrated into 
smart cities. 

[14] Council, A. D. 2015. Estidama & Development Review. Retrieved 
from Abu Dhabi Urban Planning Council: http://www.estidama.upc.
gov.ae/.

[15] Attia, S. 2015. The Usability of Green Building Rating Systems in Hot 
Arid Climates. Retrieved from http://orbi.ulg.ac.be/: http://orbi.ulg.
ac.be/bitstream/2268/164015/1/ID%2312528_Final2.pdf.
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Abstract

The present paper addresses the technology of formation of quantum nanowires PbS in a 
polypropylene matrix. The structure and electro-physical properties of PP+PbS synthesized 

nanocomposites were studied on the basis of polypropylene films irradiated and non irradiated 
by accelerated heavy Xe ions. The structure and morphology of quantum nanowires of PbS in 
a polymeric matrix were studied by scanning electron microscopy and atom-force microscopy. 
The size of the PbS nanowires in the polypropylene was established at 12-13 nm. The electro 
physical properties of PP+PbS nanocomposites were also studied. It was found that the variation 
of dielectric permittivity of the nanocomposite versus frequency is negligible. However, the 
dielectric permittivity of PP+PbS nanocomposites on the basis of PP irradiated by heavy Xe 
ions at different time intervals decreases as a function of the gas discharge duration. At lower 
concentrations, the PbS nanoparticles play the role of a structurant in the polymeric matrix. As 
a result, polar groups, as well as stable electrical traps for electric charges, are created in the 
obtained nanocomposites, leading to the increased dielectric permittivity or improvement of the 
polarizability of these materials. Since nanoparticles themselves behave as individual disperse 
phases and structurants, the further increase of concentration caused their dielectric permittivity 
to become larger than that of pure polypropylene. However, the dielectric permittivity of polymer 
is decreased when its electrical conductivity increases.

Keywords: Heavy ions, Lead sulphide, Nanoparticle, Polymeric nanocomposite, Quantum 
nanowiress.
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1. Introduction

The preparation of nanostructures and of functional 
nanomaterials on their basis is a very important area 
of advanced nanotechnology. Recently, nanomaterials 

have caused a revolution in the production of new 
materials. They can be used in the preparation of 
devices with high-density memory as perspective 
materials, of lasers with changeable wavelength as an 
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active element, in microelectronics and in other fields. 
The unique properties of nanostructured composition 
materials are defined by the special thermodynamic 
and structural energetic state of nanosized compounds. 
The urgency of producing nano and ultradisperce 
materials is defined by the peculiarity of their 
physico-chemical properties. These physico-chemical 
properties serve to prepare new specific materials. 
However, the metastability of nanosized compounds 
hampers the practical use of nanosystems. This 
relates to the increasing surface energy caused by the 
decreasing linear sizes of the particles to nanosizes that 
influence the surface and physico-chemical properties 
of system. The decrease in the particles’ linear sizes to 
nanosize leads to an increase in the chemical activation 
and aggregation of nanoparticles. This problem is 
solved by the preparation of nanosized materials in a 
polymer matrix. This method prevents the aggregation 
of nanoparticles and interaction with the medium, and 
thus facilitates the usage of these materials [1,2].

The latest developments in polymer nanomaterial 
preparation technologies, the modification of new 
directed-polymers i.e. targeted change of surface 
molecular structure of new polymers, led to the 
improvement of its properties. For this reason, nano-
modification of polymer materials and the complex 
control of their properties is the actual problem. 

The basis of most optoelectronic devices is multilayer 
thin-layer structures. These thin-layer (quant pit) 
structures lead to a quantum-mechanical limitation of 
movement of charge carriers to thin layer borders in a 
perpendicular direction.

The results are quant sized effects that emerge in these 
structures and that can be helpful in the preparation 
of optoelectronic devices. The realization of quant 
sized effects in quantum wires and dots leads to 2 
and 3-dimensional limitation of movement of charge 

carriers. This movement limitation of charge carriers 
results in the appearance of an energetic spectrum 
similar to the atomic discrete spectrum. As a result, 
the mode and range of developed devices based on 
quantum wires and dots are better than lasers based 
on quantum pits. Lasers based on quantum structures 
are characterized by few entrance currents and by 
efficiency compared with ordinary lasers based on 
semiconductors. It is possible to change the energetic 
spectrum of devices by modifying the structure sizes.  
For this reason, recent research did not use bulk crystals 
but low sized systems [3,4].

Recently, the method of preparing nanostructures 
with various morphologies in the polymeric matrix, 
such as quantum wires, has begun to rely on nuclei 
technology. With this technology, high-speed heavy 
ions create holes with 5-10 nm diameters in polymer 
during irradiation. The formation of high concentration 
holes in the polymeric matrix’s volume leads to the 
creation of nanostructures for nanoelectronics. These 
holes are selectively treated by an alkali solution with 
the formation of approximately 10000 channels. In 
these formed channels, it is possible to insert different 
atoms and compounds. The treatment of formed holes 
by alkali is the best technique for preparing statistically 
distributed channels in polymeric materials. The 
channel diameters depend on the thickness of the 
polymer film. The geometry of the perforated channel 
(cylindrical, conical, etc.) depends on the irradiation 
conditions and perforation technology.

With the use of this technology, the channels formed 
in the polymeric matrix can be filled with luminescent 
compounds, and quantum wires are thus developed [5,6].

[1] Reutov, V.F., Dmitriev, S.N. 2002. Ion track nanotechnology. Russian 
Chemical Journal 46:74-80.

[2] Flerov, Q.N., Apel, P.J., Didyk A.J., Kuznetsov, V.I. and R.S. Oganesyan. 
1989. Atomic Energy 67: 274.

[3] Golovkov, V.M., Sohoreva V.V. 2009. Ionic-track nanotechnologies of 
reception of membranes and nanostructures. Russian Physics Journal 
52: 413.

[4] Vilenskey, A.I., Olejnikov V.A., Poppies H.T., Mchedlivili B.V. and E.P.
Dontsova. 1994. Polyimide track membranes for ultra-and microfiltration. 
Polymer Science 36: 475.

[5] Apel, P. J., Berezkin, V.V., Vasilev, A.B., Vilensky, A.I. and B.V. 
Mchedlishvili. 1992. Structure-selective properties of nuclear filters 
based on polypropylene. Colloidal Journal 54: 220.

[6] Vilenskey, A.I., Zagorski, D.L., Bystrove, S.A., Michailovab, S.S. 
Gainutdinova, R.V.  et al. 2002. Investigation of latent tracks in polyethy-
leneterephthalate and their etching, Surface Science 507: 911-915.
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Lead sulphide is widely used in the infrared technique 
as well as micro-and optoelectronics. As in other semi-
conductors, the electrical properties of lead sulphide 
vary significantly upon transition from the larger 
crystalline state to the nanocrystalline one. It promises 
new opportunities for applying the lead sulphide’s 
features in the visible and infrared regions. As a narrow 
band semiconductor, the lead sulphide is widely used for 
obtaining temperature sensitive transducers, detectors 
operating in the infrared region (850-3100 nm) of the 
spectrum, photoresistors and selective sensors [7].

The main goal of the present paper is the preparation of 
quantum wires by inserting lead sulphide nanoparticles 
in irradiated polymer films. Additionally, the structures
and dielectric properties of these PP+PbS nanocomposites 
were investigated.

2. Experimentation

2.1. Material

The isotactic polypropylene (PP brand Sigma Aldrich 
Pcode 1001326963) has a density of 0.9 g/ml at 250C, 
refractive index- n20/D 1.49, transition temp - Tg 
-26°C, mol wt - average Mw ~ 250000 by GPC, auto 
ignition temp -> 674°F, mp - 1890S. Lead acetate and 
sodium sulphide were purchased from Sigma Aldrich.

2.2. Research Methods

Scanning electron microscopy (SEM)

For the SEM analysis of polymer nanocomposite 
samples were taken on Scanning Electron Microscope 
JEOL JSM-7600F at an accelerating voltage of 10 kV, 
SEI regime.

Atomic-force microscopy (AFM)

The morphology of nanocomposites was studied by AFM 
on Integra-Prima (NT-MDT, Zelenograd). For scanning, 
special silicon cantilevers were used, prepared by the 

[7] Maharramov, A.M., Ramazanov, M.A. and F.V. Hajiyeva. 2016. 
Structure and Dielectric Properties of Polymer Nanocomposites on 
the base of Isotactic Polypropylene and Lead Sulphide Nanoparticles. 
Journal of Chalcogenide Letters 13, Issue 1:35-40. 

[8] Magerramov, A.M., Ramazanov, M.A., Hajiyeva, F.V. and S.G. Alieva. 
2012. Formation of Nanoporous Structures of Polypropylene Irradiated 
by High Energy Heavy Ions. J. nanomedicine and nanotechnology 
3:141 doi: 10.4172/2157-7439.1000141. 

plasma chemical method of etching with a curvature 
radius of 20 nm and a resonance frequency of 1-5 Hz. 
The scanning area was 5×5 mcm. The measurements 
were carried out following the regime of semicontact 
microscopy on air, and the changes of oscillation 
amplitude of the cantilever’s needle which defines the 
surface topography were set. The rate of scanning and 
number of scanned lines on image were 1,969 Hz and 
256, respectively.

Method of electro physical measurements

The measurements of permittivity and dielectric loss 
tangent tg δ were carried out using the immittance meter 
MNIPI E7-20. Using a broadband immittance meter 
E7-20, measurements were carried out of frequency 
dependence of permittivity and dielectric loss tangent tg 
δ at T=293K in a frequency range of f=25Hz-10 MHz. 
Temperature dependence of resistivity was measured 
at a 10 V in exposure during 30 min. The temperature 
changed linearly at a 1-3 K/min rate.

2.3. Synthesis of nanocomposites

Polypropylene (PP) film samples were prepared 
using the hot thermal pressing method from isotactic 
polypropylene powder with particles sized 0.5-1.0 
micron. The PP film samples were irradiated by an Xe 
ions beam with 1.3 MeV energy at a flow from 108 up 
to 1010 ion/cm2 on cyclotron AC-100 in the laboratory 
of nuclear reaction of the Institute of Nuclear Research 
(Dubna, Russia). The irradiated films were treated by 
0.5 M and 1.5 M KOH aqueous solution at 80°C for 
one hour [8]. 

For synthesis of the polymer+PbS nanowire base, the 
nanocomposite irradiated PP film was treated in lead 
acetate Pb(AcO)2 solutions with various concentrations 
(0,001M; 0,0025M; 0,005M; 0,01M; 0,05M and 
0,25M)  for 30 min using a magnetic stirrer. The poly-
propylene film was then washed with water to remove 
weakly bound Pb2+ ions. Next, this film was treated in 
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Na2S solutions with various concentrations (0.001M; 
0.0025M; 0.005M; 0.01M; 0.05 and 0.25M) during 30 
min and washed with water to remove weakly bound 
S2-. The nanocomposite films were dried for a day in a 
vacuum oven.

The formation of the semiconductor lead sulphide nano-
particles in a polypropylene polymeric matrix occurs by 
chemical reaction between lead acetate Pb(CH3COO)2  
and  sodium sulphide (Na2S) solutions:  

Pb(CH3COO)2 + Na2S = PbS↓ + 2CH3COONa

So, inside the irradiated polypropylene films lead sulphide 
nanoparticles were formed as quantum nanowires.

3. Results and discussion

Figure 1 presents the scanning-electron microscopic 
(SEM) and energy dispersive spectrum (EDS) images 
of PbS nanowires formed in the polypropylene matrix. 
Also, it is clear from the EDS spectra that the nanowires 
thus formed are namely lead sulphide nanoparticles. 
Tracks occur in the polymeric matrix as a result of the 

Figure 1. SEM image and EDS spectrum of PP+PbS  nanocomposite

bombing of the polymeric matrix by heavy ions. The 
formed tracks have a homogenous structure that allows 
for obtaining inside these tracks of PbS quantum wires 
with a uniform diameter. As can be seen from this figure, 
the wires are uniformly distributed over the surface.  In 
membranes obtained as a result of bombardment by 
heavy ions, the PbS quantum wires are nano-sized in 
diameter and micro-sized in length.

Figure 2 shows the AFM images of PP+PbS nano-
particles. It is a known fact that during processing 
of polymer, its irradiation promotes the formation of 
active centres, radicals, defects and tracks, creating 
optimum conditions for the formation of PbS nano-
particles in the free bulk of the polymeric matrix [9-12].
Experimentally, it was found that the sizes of nano-
particles in the polymeric matrix depend on the sizes 
of free spaces existing in the polymeric matrix. It was 
also found that the concentration of nanoparticles 
increases but their sizes remain constant irrespective of 
irradiation time. AFM analysis showed the sizes of PbS 
nanoparticles to be about 15-20 nm.

[9] Magerramov, A.M., Ramazanov, M.A. and F.V. Hajiyeva. 2008.   
Structure and photoluminescence properties on the base of cadmium 
sulphide and polypropylene. J Physics and Chemistry of Materials 
Processing 1:71-74 (Russian).

[10] Hajiyeva, F.V. 2010. The Effect of the Electric–Thermal Polarization 
and Discharge Treatment on the Charge State, Strength, and Photo-
luminescence Properties of Polypropylene and Cadmium Sulphide–
Based Nanocompositions. J Surface Engineering and Applied Electro-
chemistry 5: 120-123.

[11] Magerramov, A.M., Ramazanov, M.A. Hajiyeva, F.V. and V.M. 
Guliyeva. 2013. Investigation of structure and electrophysical 
properties of nanocomposite materials on the basis of zirconium 
dioxide in isotactic polypropylene matrix. Journal of Ovonic Research 
Vol. 9, 5:133-141.

[12] Magerramov, A.M., Ramazanov, M.A., Gadzhieva, F.V. and 
S.G. Alieva. 2011. The effect of the temperature-time mode of 
crystallization on the morphology and properties of nanocomposites 
based on polypropylene and cadmium sulphide. J Surface Engineering 
and Applied Electrochemistry 47:428-432.
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Dielectric properties of PP+PbS nanocomposites synthe-
sized on the basis of polypropylene and irradiated by 
Xe heavy ions were studied as a function of frequency 
and temperature.

Figures 3 and 4 present the frequency dependences for
dielectric permittivity and dielectric losses of PP+PbS 
nanocomposites obtained in a polymeric matrix irradiated 
for different time intervals. As can be seen from 
Figure 3, the variation in the magnitude of dielectric 
permittivity with frequency is negligible. However, 
the dielectric permittivity of PP+PbS nanocomposites 
affected by heavy ions for various time intervals 
decreases depending on the irradiation time.

The variation of dielectric losses versus frequency 

Figure 2. AFM images of PP based PP+PbS nanocomposites obtained from PP, irradiated bXe heavy ions for one and three 
hours respectively.

Figure 3. Frequency dependence of dielectric permitivity for PP based  PP+0,005M PbS nanocomposites irradiated by Xe 
heavy ions  at different time intervals.

depends largely on the irradiation time of polymer 
powder by heavy ions. The values of dielectric losses 
are close at higher frequencies.

At different frequencies, the variation of dielectric 
permittivity versus irradiation time of the polymeric 
matrix is explained by its increase due to the formation 
of quazistable and stable radicals as well as the growth 
of defects and tracks in a polymeric matrix.

The electric conductivity of the polymeric matrix 
increases to a certain value of irradiation time and 
causes a rise in dielectric permittivity. Determination of 
the time involved in this rise of the polymer’s electrical 
conductance and destruction processes leads to the 
optimization of nanocomposite obtaining conditions.
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At the same time, and depending on the duration of  
irradiation, an increase in concentration of charge 
carriers in the polymeric matrix’s volume causes a 
rise of PbS nanoparticles in oxidation centers. The 
presence of extremum in the dependence of dielectric 
permitivity of PbS nanocomposites versus irradiation 
time was observed. Such behaviour in the variation of 
dielectric permittivity of nanocomposites obtained on 
the basis of irradiated polymeric films is explained by 
the change in electric conductivity.

The dependence of permittivity and resistivity nano-
compoistes on the base PP+PbS (Figure 5 and Figure 6) 
were also studied. It was shown that the permittivity of

Figure 4. Frequency dependence of  tangent of dielectric losses  for PP+0,005M PbS nanocomposites on the basis of PP 
irradiated by Xe heavy ions  at different time intervals.

nanocomposites decreases with the increase in tempe-
rature. This was explained by the decrease of polari-
zability with the rising conductivity of nanocomposites 
(Figure 6).

It was experimentally found that extremum exists in the 
dependence of dielectric permitivity on irradiation time. 
Optimum conditions for the formation of nanoparticles 
in the matrix are created up to a definite value of 
irradiation time, which means that PbS nanoparticles 
are formed in quazistable radicals.

The increase of irradiation time causes destructive 
processes that lead to the collapse of the polymeric 
structure. In turn,  the collapse of the polymeric structure 

Figure 5. Temperature dependence of dielectric permitivity  for PP+0,005M PbS nanocomposites on the basis of PP   
irradiated by Xe heavy ions at different time intervals
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Figure 6. Temperature dependence of resistance of PP based  PP+0,005M PbS nanocomposites irradiated by Xe heavy 
ions at different time intervals.

leads to a sharp increase of electric conductance and 
hence to a rapid decrease of dielectric permitivity [13-14].

Conclusion

The present paper addressed the technology of quantum 
nanowires PbS formation in a polypropylene matrix. 
The structure and electro-physical properties of PP+PbS
nanocomposites synthesized on the basis of polypropy-
lene films irradiated by accelerated heavy Xe ions were 
studied. The structure and morphology of quantum 
nanowires of PbS in the polymeric matrix were studied 
by scanning electron microscopy and atomic-force 
microscopy. It was established that the size of PbS 
nanowires in the polypropylene is 12-13 nm. The 
electro physical properties of PP+PbS nanocomposites 
were also studied. It was found that the variation of 

dielectric permittivity of nanocomposite versus frequency 
is negligible. However, the dielectric permittivity of 
PP+PbS nanocomposites on the basis of PP irradiated 
by heavy Xe ions at different time intervals decreases 
as a function of the gas discharge duration. At lower 
concentration values, the PbS nanoparticles play the 
role of a structural formator in a polymeric matrix. As 
a result, the polar groups as well as the stable electrical 
traps for electric charges are created in the obtained 
nanocoposites which leads to an increase in dielectric 
permittivity or improvement of the polarizability of 
these materials. Since nanoparticles behave themselves
as individual disperse phases and structurants upon a 
further increase in concentration their dielectric per-
mittivity becomes larger than that of pure polypropylene. 
However, the dielectric permittivity of polymer decreases 
since its electrical conductivity increases.

[13] Maharramov, M.A., Ramazanov and F.V. Hajiyeva. Structure and 
dielectric properties of Nanocomposites on the basis of high-density 
polyethylene and lead sulphide. J Chalcogenide Letters Vol. 11, No. 
4, p.175-180, 2014.

[14] Sazhin, B.I. 1986. Electrical properties of polymers. PR L Chemistry,  
p. 224.
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Abstract

This study was carried out to investigate the energy consumption and cost of two methods of 
onion cropping consisting of seed planting or seedling transplantation. Plans to reduce the 

level of energy consumption and costs are proposed too. To determine input and output energy, a 
questionnaire was designed to include the types and amounts of applied inputs at different stages 
of crop production. The results indicated that the output/input energy ratios for seed planting and 
seedling transplantation were 0.81 and 0.93, respectively. Furthermore, for these two methods, 
the net energy gain was -56941 and -18651 MJ/ha, and energy productivity was 0.24 and 0.29 
kg/MJ, respectively. Calculations of energy intensity revealed that to produce one kilogram of 
onion, 4.2 and 3.46 MJ energy were consumed for seed planting and seedling transplantation, 
respectively, indicating a 17.6% energy saving with the latter method. In 2013, labor costs 
constituted the major portion of onion production costs as they accounted for 41.9 and 52.44% 
for seed planting and seedling transplantation costs, respectively. Deploying modern irrigation 
systems, appropriate planting and harvesting machines, and following the recommendations of 
agricultural experts on fertilizers, pesticides and seeding rates would substantially reduce energy 
consumption and the cost of onion production.

Keywords: Energy Index, Input consumption, Onion, Yield. 
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1. Introduction

Agricultural sectors depend on energy to provide proper 
and sufficient food for the growing global population. 
Attention to limited natural resources and the adverse 
effects of inappropriate uses of different energy sources 
on human health and the environment have motivated 
the study of energy consumption patterns in agriculture 
(Hatirli et al., 2005) [1]. Unfortunately, in Iran, the 

main purpose of agricultural activity is to maximize 
production profits by targeting maximum yields 
through the consumption of more available inputs. 
Proper analysis of the costs and energy involved in the 
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production of such agricultural products as onions can 
help directors and farmers make the necessary decisions. 
Nearly 2.2 million tons of onions are produced from 
61,500 hectares of farmland. Isfahan, with over 2200 
ha of onion producing lands, is one of the major onion 
producing provinces. Many studies have been carried 
out on energy in agricultural production. (Hatirli et al. 
2005)[1] studied energy consumption and the effects 
of different forms of energy input and energy output 
surfaces in Turkey from 1975 to 2000. Their results 
showed that the ratio of energy output to input declined 
from 1.38 in 1975 to 0.85 in 2000. In other words, the
increase in energy consumption was much higher than
production growth rates. (Samavati et al. 2010) [2]  
assessed the energy used efficiently in garlic crops. 
Results showed that the largest share of improper 
energy consumption and total energy storage is owed 
to fertilizers and fuel, and that farms over three acres 
in size were the most efficient units. In another study, 
(Singh et al. 2004) [3]  showed that using high yielding 
varieties, intensive cropping systems, increased use 
of fertilizers and chemical pesticides and high levels 
of mechanization are the causes of growing energy 
consumption.

(Ozkan et al. 2004) [4]  stated that input energy in 36 
major crops cultivated in Turkey increased from 17.4 
to 47.4 GJ per hectare while the rate of energy output 
increased from 38.8 to 55.8 with fewer sloops. Thus, 
over 25 years, energy efficiency was reduced in Turkey 
from 2.23 to 1.18. According to a study (Kochaki & 
Hosseini, 1994) [5], the energy efficiency of potato 

production was 0.75 and 0.7 in Mashhad and Nishabur, 
respectively. Energy consumption for dryland and 
irrigation wheat production was 10.5 and 10.6 MJ/kg 
in the Saveh region where fuel, main energy consumer, 
represented 67 and 52% of the total energy consumed 
(Safa & Tabatabaeefar, 2002) [6]. (Deike et al. 2008) [7] 
stated that the efficient use of chemical fertilizers, 
especially nitrogen, was among the most important 
parameters of achieving high energy efficiency. 
This is due to the enormous energy costs involved 
in the production of nitrogen mineral fertilizers. 
Hassanzadeh reviewed the energy flow of wheat, 
potato and rice production in the Falavarjan region. 
Energy efficiencies for these three products were 2.7, 
2.27 and 1.3, respectively. Also, for producing each 
protein unit in wheat, potato and rice, 3.98, 5.3 and 9.7 
energy units were consumed, respectively. By studying 
20 years of energy flow in Bangladesh, (Alam et al. 
2005) [8] concluded that despite the enhancement of 
mechanical, chemical energy and seed inputs by about 
2.11, 3.65 and 1.71 times, respectively, output energy 
rose 1.7 times. Onion production involves high costs 
and inputs. Recently, farmers have been cultivating 
onions using the transplanting method to limited 
extents. The advantage of this method is the reduction 
of growing time, reducing water consumption and 
toxins, increasing the yield and adding value to onion 
production. However, due to lack of seedling planters, 
high labor costs in this method have been reported. In 
this study, using an equivalent method, total input and 
output energy in seeding and transplanting onion crop 
was calculated and energy indices were determined. 

[6] Safa, M. and A. Tabatabaeefar. 2002. Energy consumption in wheat 
production in irrigated and dry land farming. Proc Intl Agric, Engg. 
Conf, Wuxi, China Now, 28-30.

[7] Deike, S., Pallutt, B and O. Christen. 2008. Investigations on the energy 
efficiency of organic and integrated farming with specific emphasis on 
pesticide use intensity. European Journal of Agronomy 28: 461-470.

[8] Alam, M.S., Alam, M.R. and K.K. Islam. 2005. Energy flow in agriculture: 
Bangladesh. American Journal of Environmental Science 1(3): 213-220.

[2] Samavatian, N., Rafiei, S.H. and M. Mobli. 2010. Study of energy 
consumption in garlic productivity with data envelopment analyses. 6th 
National Congress of Agricultural Machinery Engineering and Mecha-
nization. Tehran, Iran.

[3] Singh, J.M. 2002. On farm energy use pattern in different cropping 
systems in Haryana, India. MS thesis in Sustainable Energy Systems 
and Management, University of Flensburg, Germany.

[4] Ozkan, B., Akcaoz, H. and C. Fert. 2004. Energy input output analysis in 
Turkish agriculture. Renewable Energy. 29(1):39-51.

[5] Kochaki, H. and M. Hosseini. 1994. Energy Efficiency in the Agricultural 
Ecosystems. Ferdowsi Publications. Mashhad. P 317.
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2. Materials and Methods 

The purpose of this study was to estimate energy 
production and consumption in onion crop planting 
methods using equivalent relations. The planting 
methods were seeding and transplanting crops. For 
this propose, total energy required to produce onions 
(energy input) was grouped into six major categories 
of energy: construction and machinery depreciation, 
fuel equivalent energy consumption, water energy 
requirement, labor energy equivalent, equivalent 
energy of seeds, pesticides and fertilizers, and transport 
energy. Additionally, energy output (energy equivalent 
product) and energy indices were calculated. In 
order to derive inputs and onion-cultivated area, 20 
questionnaires were completed by farmers. Equivalent 
energy inputs used in the production of onions are 
obtained through the following equation:

1- Energy equivalent for machinery, construction 
and depreciation: Equation (1) was used 
to calculate this energy equivalent (Singh, 
2002) [3] . In this equation, Em is the equivalent 
energy of each machine (MJ/ha), M is the 
mass of the machine (kg), L is the useful life 
of the machine (hrs), hop is the operating hour 
per hectare, and Ei is the energy equivalent of 
each mass unit of machine (MJ/kg).

The energy equivalent of machine mass unit 
(farm machinery) from Table 1 and the mass 
and the hours of operating the machine were 
extracted from the questionnaires.

2- Fuel equivalent energy consumption: This was 
obtained from equation (2) where Ef is the fuel 
equivalent energy consumption (MJ/ha), F is 
fuel consumption in each operation (Liter) 
and Ei is the energy equivalent of the fuel unit 
(MJ/Liter). The amount of fuel consumed in
each operation was derived from the question-
naires. The energy equivalent of the fuel unit 
is 47.89 MJ/Liter (energy carriers in Table 1).

3- Equivalent energy of irrigation: This item was 
obtained from equation 3 (Ajabshirchi, 2006) [10].

In this equation, Ee is the equivalent energy 
of Irrigation (MJ/ha), ρ = water density (kg/
m3), g= the gravitational constant (m/s2), h= 
height of the water pump suction (m), Q= the 
volume of irrigation water in farm terms (m3/
ha), ε1= pump efficiency (between 0.7 to 0.9) 
and ε2= total conversion efficiency of electric 
power that is 0.18 to 0.22 for electrical engine 
and 0.25 to 0.3 for diesel engine (Ajabshirchi, 
2006) [9]. In computing and based on the 
questionnaires, the average suction height 

(1)

TABLE 1. Equivalents of agricultural inputs

Inputs 
energy

hour

//

Kg

//

//

//

Kg

//

Liter

Kwh

Kg

//

Kg

//

//

//

Unit

man

woman

N

P2O5

K2O

manure

insects

herbicide

fuel

electricity

tractor

equipment

wheat

beans

   oil seeds

tomato

1.96

1.57

47.14

15.8

9.28

0.3

101.2

238

47.8

10.59

93.61

62.7

25

25

3.6

20.9

Yaldiz, 1993 &  

Mandal, 2002

Yaldiz, 1993 &  

Mandal, 2002

Kaltscmitt, 1996

Kaltscmitt, 1996

Kaltscmitt, 1996

Yaldiz, 1993 &  

Mandal, 2002

Kaltscmitt, 1996

Ozkan, 2004

Hetz, 1992

Açaroglu, 2002

Hetz, 1992

Yaldiz, 1993 &  

Mandal, 2002

Yaldiz, 1993

Çanakçi, 2005

Yaldiz, 1993

Çanakçi, 2005

Energy 
per unit 

(MJ)
Reference

Labor

Fertilizer

Pesticide

Energy 

carriers

Seed

Farm

machinery

(2)

(3)

[9] Ajabshirchi, Y. 2006. Management of Agricultural Energy Consumption. 
Agriculture Faculty. Tabriz University. Iran.
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and the volume of irrigation water were 60 
m and 24 (m3/s), respectively. The losses 
in energy of irrigation were added to the 
equivalent energy of irrigation using equation 
(4) (Streeter, 1951) [10].

In equation (4), Hf= head loss (m), K = 
constant coefficient equal to 163021.8, L 
= height of the water pump suction equal 
to h in equation (3) (m), Q = the volume of 
irrigation water (m3/s), CHW= Hazen-Williams 
coefficient equal to 150 and D= internal 
diameter of pipe. The 10% of Hf was added as 
local loss to Hf. Globally, 1.1 Hf is added to h 
in equation (3) to create the new height of the 
water pump suction. 

4- Labor energy equivalent: The equivalent energy 
of an hour of working for a man and a woman 
is 1.96 MJ and 1.57 MJ (labor in Table 1), 
respectively. Considering the total number of 
workers required and their working time, the 
labor energy equivalent was calculated.

5- Equivalent energy of seeds, pesticides and 
fertilizers: The amount of seed, pesticide and 
fertilizer consumption were obtained from the 
questionnaires and their equivalent energy 
per unit was extracted from Table 1.

6- Transportation energy: The energy required to 
transport the product is considered in the range
of 1.6-4.5 MJ/ton (Ajabshirchi, 2006) [9]. In 
this study, transportation energy was consi-
dered 3 MJ/ton for 500 km traveling on the 
average. 

7- Equivalent of output energy or energy product: 
Crop production includes onion bulbs and 
remains (leaf residue). Equivalent energy 
of bulbs and residue is 1.6 MJ/kg and 12.5 

[10] Streeter, V.L. 1951. Fluid Mechanics. McGraw-Hill. 366 pages.

[11] Sadeghi, R. 2010. Investigation of energy flow and energetic evaluation 
of wheat crop production and proposing guidelines to improve energy 
input utilization (Case study: Mahyar plain in Shahreza). MSC thesis. 
Faculty of Agriculture. Tabriz University. Iran.

[12] Darlington, D. 1997. What is efficient agriculture? Available at URL: 
http://www.veganorganic.net/agri.htm.

[13] Pimentel, D., Pimentel M. and M. Karpenstein-Machan. 1998. Energy 
use in agriculture: A Review.

MJ/kg, respectively (Karimi, 2008; Sadeghi, 
2010) [11] [12] [13].

8- Fees and income: The median of all costs, 
income and onion yield was calculated in the 
2013 fiscal year.

9- Indicator energy assessment: To determine the 
relationship between energy inputs and outputs
for agricultural production, some indices such 
as net energy gain, energy intensity, energy 
productivity and output/input energy ratio are 
defined and used. Using these indices, various 
products or similar products in different crop-
ping systems can be investigated and compared 
in terms of energy indices (Ajabshirchi, 2006)[9]. 
A brief definition of these parameters (energy 
indices) is presented in Table 2.

3. Results and Discussion 

A summary of the equivalent energy of onion crop 
inputs and outputs is presented in Tables 3 and 4. Terms 
attributed with asterisks show the equivalent energy of 
the onion transplanting technique. Based on the results 
in Table 3, the largest share of energy consumption 
in onion cropping was allocated to irrigation energy 
with an average of 117252 MJ/ha. The extracted data 
from the questionnaires showed that during the onion 

(4)

TABLE 2. Energy indices

Energy indices

-

Kg/MJ

MJ/ha

MJ/Kg

Unit

Energy Ratio

Energy Productivity

Net Energy Gain

Energy Intensity

Energy output/ Energy input

Weigh yield/ Energy input

Energy output- Energy input

Energy output/ Value Added

Identification
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cultivation period, 35 irrigation operations were carried 
out. Considering the 10 hours and 24 m3 of water flow 
involved at each irrigation, it is understandable why the 
water energy is high. 

Using new irrigation methods such as sprinkler irrigation 
and micro-irrigation can largely reduce the amount of 
water energy. (Sadeghi 2010) [11] stated that the energy 
equivalent of wheat irrigation was 9700 and 15400 
MJ/ha for a combined wells/ river network and for 
wells, respectively. Thanks to a decrease in watering 
frequency, water energy consumption was reduced 
by 23% with onion transplantation. Transport energy 
(105000 MJ /ha) has the second energy consumption 
rank.

TABLE 4. Data of energy equivalent and onion income

Input

237000 (248200)*

125000

424500 (454450)*

Equivalent energy
(MJ/ha)

Onion production

Residual 

Total

350000 (462000)*

-

350000 (462000)*

Income
(Rial/ha)

* Transplanting

Due to the high onion yield and high volume of traffic 
involved in exporting to other provinces or foreign 
borders, transportation energy is a considerable portion 
of the total energy consumption. The third consuming 
part of the onion crop are chemical fertilizers (47,899 
MJ/ ha) excessively used by farmers. Other research 
has shown that with mechanization advances and 
chemical use in agriculture, energy consumption has 
increased (Darlington, 1997) [12]. Most of the fuel 
energy is related to tillage. There is an energy increase 
of about 10% in the onion transplanting method as 
opposed to seeding resulting from the preparation of 
the onion nursery. The energy of pesticides and labor 
with 8006 and 3292 MJ/ha were categorized as other 
forms of energy consumption.

Because of the shorter crop growth phase in the 
transplanting method, energy consumption is reduced 
by 30% on pesticides. Due to the resistance of pests 
and diseases to existing toxins and failure to use new 
techniques and mixtures, using pesticides has been 
on the increase in onion cropping. The application of 
new pest and plant disease control methods and the 
use of pest-resistant varieties play an important role 
in reducing pesticides and increasing the yield of safe 
products.

The total energy consumed in the seeding and 
transplanting methods was 293941 and 265171 
MJ/ha, respectively. In a research on evaluating 
energy consumption in rice production, total energy 
consumption was 72489 and 68634 MJ/ha, and energy 
productivity was 2.09 and 2.21 in traditional and semi-
mechanized methods, respectively (Peimantel et al., 
2005) [13]. 

Figure 1 shows energy consumption for the seeding 
and transplanting methods. According to this figure, 
in the seeding method, irrigation energy was the 
highest (40.86%) and seed energy was the lowest 
(0.11%) of all energy levels. The energy of machinery 
construction and depreciation, the energy of pesticides 
and fertilizers, fuel energy consumption and labor 
energy were 0.62%, 2.8%, 16.65%, 3.5% and 1.14% of 

TABLE 3. Data of equivalent energy

Inputs

1839

10038 (11042)*

(5016)* 3292

47899

8006 (5604) *

315

117252 (90136)*

105000

-

293941(267151)*

Equivalent energy
(MJ/ha)

Machinery construction 

and depreciation

Fuel

Labor

Fertilizer

Pesticide 

Seed

Irrigation

Transporting

Rent land

Total

6000

-

62380(95380)*

11700

14300

4500

-

-

50000

148880(181880)*

Costs
(Rial/ha)

* Transplanting
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total energy, respectively. In the transplanting method, 
irrigation energy was reduced to 33.7% compared to 
seeding, and due to a 10% increase in the yield of onion, 
transportation energy increased (39.34%). The energy 
of machinery construction and depreciation, the energy 
of pesticides and fertilizers, fuel energy consumption 
and labor energy were 0.68%, 2.1%, 17.9%, 4.1% and 
1.9% of total energy, respectively. Research on energy 
and economic analysis of sugar beet production in 
Turkey showed that the total energy consumption was 
39685.5 MJ/ha, and the portions of chemical fertilizers 
and fossil fuels were 49.3% and 24.1, respectively 
(Erdal et al., 2007) [14].

(Sadeghi 2010) [11] stated that the total energy consumed 
in wheat production in the Mahyar plain was 125674.8 
MJ /ha, and the portion of energy irrigation was 77.1%. 
An estimated cost of onion production (Table 3) shows 
that most of the costs are related to labor. With the 
exception of tillage and cultivation, poor mechanization 
in onion planting and harvesting has resulted in a 
situation where most crop operations, such as planting 
seedling, weeding and harvesting, are performed by 
hand at a high cost. Development and application of

Figure 1. Equivalent energy percentage in onion seedling and 
transplanting.

appropriate machines may reduce production costs. 
Considering the manual planting of seedlings, trans-
planting caused an approximate increase of 50% 
compared to seeding, which in turn resulted in a 22% 
increase in total production costs with the transplanting 
method.

Table 4 shows energy equivalent and income. Accor-
dingly, and due to a 10% increase in onion yield in the 
transplanting method, energy production also increased. 
However, field studies show that the uniformity of 
bulbs and their enhanced shell life in transplanting 
method led to 20% higher prices and 46% higher 
overall revenue compared to seedling. Figure 2 shows 
the cost percentage in onion seedling and transplanting. 
According to this table, the share of labor costs and 
land rent remain the highest in both methods.

Table 5 shows the onion energy indexes for the seedling 
and transplanting methods. According to this table, the 
energy ratio in transplanting is higher than in seedling 
because of lower energy consumption and more energy 
production in transplanting. Measuring productivity 
shows that for a 1 MJ of energy intake, 0.29 and 
0.24 Kg onions are produced in the transplanting and 
seedling methods, respectively.

Figure 2. Cost percentage in onion seedling and transplanting.

The net energy gain is negative in both methods of onion 
production and indicates a negative energy balance in 
the production of onions. However, because of higher 
yields and a considerable increase in irrigation energy, 
the net energy gain in transplanting is 2.65 times higher 

[14] Erdal, G., Esengun, K., Erdal, H. and O. Gunduz. 2007. Energy use 
and economical analysis of sugar beet production in Tokat Province of 
Turkey. Energy 32: 35-41.
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TABLE 5. Cost percentage in onion seedling and 
transplanting

Energy indices

-

Kg/MJ

MJ/ha

MJ/Kg

0.81

0.24

-56941

4.2

Unit

Energy Ratio

Energy Productivity

Net Energy Gain

Energy Intensity

0.93

0.29

-18651

3.46

Quantity

Seedling Transplanting

than in the seedling method. Energy intensity indicates 
that to produce a kilogram of onion, 3.4 and 4.13 MJ 
of energy are required in the transplanting and seedling 
methods, respectively. This reveals that in transplanting, 
25.5% of energy is saved compared to the seedling 
method. (Pashaii et al. 2008) [15] determined the 
energy consumption of greenhouse tomato production. 
They showed that the average energy consumption 
for producing one kilogram of greenhouse tomato 
was 0.8081 MJ. Energy productivity, net energy gain 
and energy ratio were 1.327Kg/MJ, -1225.426MJ/
ha and 0.9899, respectively. Considering the above, 
the transplanting method, as an alternative method to 
seedling, leads to the conservation and reduction of 
energy consumption and costs. This production method 
can increase production and income. Also, by using 

appropriate machines for transplanting and harvesting, 
energy and production costs are reduced.

4. Conclusions

Onion production is associated with high energy 
consumption and cost, and the determination of their 
actual values can provide a new perspective to explore 
and implement ways to reduce energy and costs, 
producers and experts say.

Equivalence of input and output energy in the onion 
seeding and transplanting methods showed that the 
highest energy consumption pertained to irrigation 
(37.28%) and transportation (37.75%), respectively. 
The results also showed that transplanting onions as a 
practical method of reducing energy consumption can 
save up to 17.6% in energy compared to traditional 
(seedling) methods.

One disadvantage of transplanting is the cost of labor, 
especially at planting and seeding times when labor 
costs increase by 50 % and 22 % of total cost. However, 
increasing yield by 10% and 38% of total income not 
only offsets the cost of production, but also increases 
the net income. If suitable transplanting machines are 
developed, a substantial portion of these costs will be 
removed.

[15] Pashaie, M., Hashemi R. and P. Pashie. 2008. Review and determination 
of energy consumption for greenhouse tomato production in 
greenhouses in Kermanshah Province. 5th National Conference on 
Agriculture Machinery Engineering and Mechanization. Ferdowsi 
University of Mashhad, Iran.



5757

Abstract

The government has taken a strong interest in the privatization of the power industry and 
engaged a number of measures to attract private sector cooperation. Reasons motivating this 

choice include, on the one hand, power demand, the growth of subscriber numbers, and the rising 
expectation levels in terms of power quality, and on the other hand the lack of crucially needed 
financial resources. Implementing a policy of guaranteed power purchase by the government 
is one of the measures put in place to supplement financial resources and provide guarantees 
for private investors. In this article, the researcher calculates the tariff of guaranteed purchase 
power from fossil fuel plants and presents a recommended tariff for this purchase. The researcher 
believes that private sector investors would be encouraged by the tariffs applied by the government 
to invest in the infrastructure sector. Additionally, this would constitute a step towards the power 
industry reform.

Keywords: Fossil fuel Power Generation, Guaranteed Pricing, Tariffs.
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content/iran_constitution

1. Introduction

An important and effective step towards the imple-
mentation of Article 44 of Iran’s constitutional law [1] 
is improving the economic structure and ensuring the 
participation of the private sector in infrastructural 
activities. Fulfilling this important target in the country’s 

power industry requires restructuring to establish a 
healthy and competitive environment, privatization, 
optimal resource allocation, the promotion of service 
quality levels, and ultimately improving social well-
being. It should be emphasized that along with the 
enforcement of the law on targeted subsidies since 
2010, changes in the structure and privatization of the 
power industry would be achieved when the private 
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sector is not only confident about the obtained profit, 
but also about investment conditions in the industry. In 
such a situation, the implementation of the supportive 
policy of applying tariffs and the guaranteed purchase 
of power by the government can play a key role in 
establishing conditions conducive to investment and 
the attraction of private sector investors to the power 
industry.

Generally, financial resources and investment funds 
needed by the power industry in Iran are supplied through 
internal industry resources, government budgets, formal 
borrowing from the internal banking system, bond 
sales inside the country, and credit from international 
multilateral and bilateral agencies. However, action 
has been initiated in the power industry to create an 
appropriate environment for the private sector to 
participate in this field, including legal and juridical 
preparation, compilation and notification of rules and 
regulations and executive orientations. One of these 
actions is the supportive policy of applying tariffs and 
the guaranteed purchase of power.

2. Materials and methods

In this study, Benefit-Cost Analysis methods have been
used to evaluate data. To evaluate and measure the
marginal cost of generation unit or the cost of each energy 
generation unit, use was made of this common method 
which identifies the incentive factors recommended for 
guaranteed power purchase and the quality of benefit-
cost ratio (B/C) for comparison purposes.

The Equivalent Uniform Annual Cost (EUAC) and in 
this case the Levelized Cost of Energy (LCOE) is used.

B/C = EUAB / EUAC     (1)

If it is B/C ≥ 1, it is viable for private sector investment, 
and

If B/C < 1, it is not viable for private sector investment. [2]

In this method, annual marginal costs are measured 
with the discounted rate (i=10) for the referenced year 
and then divided over the project’s lifetime.

Loan interest rates are the most important factor in
decision-making in financial cases. All the measurements, 
comparisons and simulations are done at different 
interest rates (7% from the National Development and 
Finance Fund of Iran, 12% and 17% from state  banks 
in Iran, and 25% from private banks) [3]. The share of 
the bank’s financing facility is 85% while the investor’s 
share accounts for 15%. Also, all the indices of this 
research are used to measure and examine suitable 
projects for private sector investments at an IRRE of 
20%. Please note that measurement processes used in 
this research were conducted using COMFAR software. 

In this article, the cost-benefit analysis is used to 
measure and compare the Marginal Cost of power 
generation through all types of power plants such as 
Steam, Large Gas, Small Gas and combined cycle, and 
the recommended incentives for guaranteed pricing 
with respect to B/C ratio. The NPV, IRRE, DPB, NPB, 
IRR criteria are used for measuring and comparing the 
annual cost-benefit related to every technology (Please 
refer to Appendix 2).

In this method, LCOE is calculated as follows:                                                

LCOE=AC + O&M + Pvf/Eout                (2)

The variable terms for the above calculation method 
are defined as follows:

AC: Annual cost of investment ($)

O&M: annual cost of operation and maintenance 
($)

Pvf: annual cost of consumption fuel ($)

Eout: total annual gross electrical energy produced 
by plant (kWh)

[2] Oskounejad, M. 2008. Engineering Economy or Economic Evaluation of 
Industrial Projects, Tehran, 30th Ed, Amir Kabir University Publications. 
420 pages.

[3] Central Bank of the Islamic Republic of Iran: Key Economic Indicators. 
Publisher: Public Relations Department, Tehran. 2014. Available at: 
http://www.cbi.ir
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[4] Available at: http://www.tavanir.org.ir
[5] Ministry of Energy. Energy Balance of Iran: 2011. Tehran. Peyeke Noor, 

2013, p.554.

The annual cost of investment is a uniform cost which 
has a constant value throughout the plant’s life. To 
obtain the annual investment cost, at first the investment 
return coefficient CRF should be multiplied by the total 
cost of the primary investment:

AC = CRF × C                            (3)

C is the total primary investment amount for engineering, 
procurement and construction –EPC, and

CRF = i / 1- (1+i) n                          (4)     
(n is the plant life time and i is the Discount rate)

O&M: Operation and Maintenance 

The cost of Operation and Maintenance is considered 
as a percentage of the annual cost.

Pvf: Annual cost of fuel consumption 

The amount of annual cost of fuel is calculated using 
the following formula:

Pvf = (W × h / Ra × NHv) × Pg            (5)

W: The plant power (MW)

Ra: Plant efficiency

Pg: Base price of consumed fuel ($)

NHv: Heat value of Net fuel (MW)

H: amount of work hours of plant unit in a year (h = 
CR × 8760)

CR: Coefficient of accessibility

Eout: Annual gross value of plant production 

The total annual gross energy production by plant 
(kWh): 

Eout = W × CR × 8760                        (6)

The properties and technical information used in 
this process is based on experts and professionally 
recommended methods in the energy industry and 
selected by the Iran Power Generation Transmission and 
Distribution Management Company –TAVANIR [4], for 
the following types of power plants: Steam, Large Gas, 
Small Gas and combined cycle.

The technical properties and information on all types 
of power plants and the calculations of their cost price 
from an investor’s viewpoint in 2014 were also added 
to the research Appendix from TAVANIR (Please refer 
to Appendix 1).

3. Economic calculations for power 
generation by fossil fuel plants in 
2014

To perform calculations and analysis in this article, three
indices of marginal cost, tariff, and B/C ratio were cal-
culated and compared.

To calculate the marginal cost or uniform expense of 
power generation in fossil fuel plants, the social cost of 
power generation was also considered. The same cost 
was calculated by the researcher based on the energy 
balance sheet in 2011 [5] for a steam plant at 0.93 $¢/
kWh, for a gas plant at 0.43 $¢/kWh, and for the 
combined cycle plant at 0.25 $¢/kWh.

In calculation of the cost price of power produced by 
fossil fuel plants, and for calculations made with the 
assumption of natural gas as a fuel for different types of 
plants, fuel price is the most important factor. According 

TABLE 1. Calculation of some of the Technical-Economical 
parameters

Tax

Annual net
production energy

Income
Annual amortization

Cash flow

Total investment

Levelized Cost of 
Energy – LCOE

(income – cost of exploitation – capital amorti-
zation – loan interest) × tax coefficient

( Access coefficient × internal consumption – 
1) × nominal capacity × production coefficient 
× 8760

Tariff × annual net production energy
Investment cost × plant life time / (Deprecia-
tion coefficient-1)

Income – maintenance cost – rebating loan 
origin – loan interest

Total primary cost + interest of manufacturing 
period

Investment annual cost + annual Maintenance 
and Operation cost + (total annual gross energy 
produced by plant/annual cost of consumption 
fuel)
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to clause b, Article 1 of the law on targeted subsidies, 
the price of natural gas consumed by power plants 
is determined as 75% of the mean price of exported 
natural gas [6], while the mean price of exported natural 
gas in 2014 was estimated at 30 $¢/m3. 

Calculations and analysis would be as follows: 

Figure 1 compares the cost price of generated power 
by four technologies of fossil fuel power plants. Social 
costs attributed to pollution have also been considered.

With a 7% interest rate loan, the cost price of generated 
power in small gas plants has the least value compared 
to all other plants. Behind it come combined cycle, 
large gas, and steam power plants, respectively. The 
difference of cost in the last two categories is less than 
in other options. When the loan interest increases, cost 
follows an ascending trend, but since the curve trend of 
the combined cycle plant is higher, with a loan interest 
of 16%, the cost price of generated power by combined 
cycle and large gas plants would be equal, and the cost 
price of generated power by combined cycle plants 
would come in second position.

Figure 1 shows that since the cost of generated power 
by small gas plants is low and since its increase curve 
is low, this plant can be an appropriate option for power 
generation.

[6] Parliament of the Islamic Republic of Iran/Research Center/Law, 2014. 
Available at: http://rc.majlis.ir/fa/law.

Figure 1. LCOE vs. interest rates with social costs of fossil fuel 
technologies

Figure 2. Tariffs vs. Interest rates without social cost- fossil fuel 
technologies

Figure 2 compares the tariff of guaranteed power 
purchase for four fossil fuel technologies. Since social 
costs are considered as part of externality, they have 
not been included in the tariff calculation.

With 7% loan interest, the tariff of guaranteed power 
purchase from large gas plants is higher than all others,  
steam, combined cycle, and small gas plants. Naturally, 
the difference between tariffs of steam and combined 
cycle power plants is less than other options. As the 
loan interest increases, the trend begins to rise. But 
since the same trend for steam power– particularly at 
and above a 12% interest rate– is higher, the tariff of 
guaranteed purchase of power generated by steam and 
large gas plants would be equal at the interest rate of 
23%, thus placing steam power in the lead in terms of 
tariffs.

This figure shows that since the tariff of guaranteed 
purchase of power generated by small gas plants is 
lower because its increasing trend is low on one hand, 
and since the cost price of generated power by small gas 
plant is lower and its rising trend curve is low on the 
other hand, this category of plant can be an appropriate 
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Figure 3. B/C Ratios vs. interest rates with social cost- fossil fuel 
technologies

option for generating power and also as a candidate for 
support from the government side.

Figure 3 shows the Benefit-Cost Ratios for generated 
power by fossil fuel technology with regard to delivered 
loan interests. This ratio is considered as a profitability 
indicator. The higher this ratio is, the more profitable 
the option is. Social costs attributed to pollution are also 
considered in this ratio. The impact of social costs is a 
drop of the benefit-cost ratio of generated power from 
fossil fuel energy sources. The combined cycle plant 
option of which the cost and tariff in comparison with 
the other three items are average since it generates more 
power, has a higher benefit-cost ratio, and maintains 
these conditions through a range of loan interest rates 
of up to 23%. In the next position come steam, small 
gas and large gas plants. Another relevant point is that 
with loan interests higher than 7%, the ratio decreases 
severely, but with loan interests higher than 13% the 
decrease curve is very slow. This means that the three 
options’ attractiveness in profitability with loan interests 
below 16% would increase. But loan interests higher 
than 16% would not make a difference regardless of  
the value of the loan interest. Certainly, the profitability 
value of large gas plants would not be sensitive to the 
loan interest and may be said to be almost constant. 
Of course, the ratio increase regarding steam power 

plants at a loan interest above 16% should be neglected 
and should be accounted for in determining problem 
conditions (negative cash flow and forced increase of 
tariff). A point of interest is that large gas plants are the 
worst option for generating power and as a candidate 
for government support because. On the one hand, the 
power generation cost price is high and would therefore 
require a high for guaranteed power purchase tariff, and 
on the other hand, the benefit-cost ratio is low.

4. Conclusion and recommendation

According to Figures 1 and 3, the uniform cost of 
generating power by small gas plants is much lower 
than the other three options. However, considering 
benefit-cost ratio charts, and because this ratio is low 
in comparison with other options, this category of 
plant would have no attractiveness for private sector 
investments. Since these plants have the capacity to 
serve as a combined cycle power plants, Combined 
Heat and Power (CHP), and with their enhanced 
efficiency advantages, their widespread use in power 
generation and electrification, the guaranteed purchase 
tariff and the low ascending curve, this type of plant 
can be a suitable option and a candidate for government 
support to attract private sector investments.

Looking at Figures 2 and 1, the combined cycle power
plant has a uniform generation cost and when compared 
with the three other plants, it has an average tariff. 
However, as shown in Figure 3, and because it generates 
more power, it has the highest benefit-cost ratio compared 
to other plants. It maintains this position throughout 
the loan interest spectrum extending up to 25%. Under 
these conditions, it provides the highest attractiveness 
for private investments. Considering that this plant 
has a uniform cost in power generation and also in the 
suggested tariffs, this option could be considered in 
second position as a candidate for government support.

As shown in Figures 2 and 3, and compared with the 
other three options, large gas plants have the lowest 
benefit-cost ratio and the highest suggested guaranteed 
power purchase tariff. It seems that large gas plants are 
the worst option for attracting private investors and 
also government support for power generation.
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With regard to restructuring the power industry and 
attracting the private sector’s cooperation in power 
generation, and in view of the economic justifiability 
of power generation through any of the plants for 
a loan interest rate of 7% and the possibilities of 
loan granting at this rate by the Bank of National 
Development and Finance, the researcher calculated 
the tariff of guaranteed power purchase from each of 
the plants separately (as per Figure 2) and presented 
his suggestions in the following Table 2.

TABLE 2. Tariff proposed by researcher for every power plan 
in 2014*

8.31

9.15

1.09

Small 
Gas

11.13

11.98

1.06

Large 
Gas

12.56

14.23

1.15

Steam

LCOE (¢/kWh)

Tariff (¢/kWh)

B/C

9.68

10.25

1.17

Combined 
Cycle

* Based on research studies

By calculating and analyzing the final cost of techno-
logies, the guaranteed power purchase tariff and 
the B/C ratio for each of the plants, and eventually 
implementing the 2014 law on targeted subsidies in 
Iran, the researcher believes that by implementing 
the following suggestions, private investors would be 
encouraged to invest in this infrastructure field and a 
step forward would be taken in the effort to change the 
structure of Iran’s power industry:

1. Considering the justifiability of fossil fuel power 
generation at a loan interest rate around 7%, it 
is suggested that in order to encourage private 
investors to invest in this field in addition to 

finance, the Bank of National Development and 
Finance would grant loans (at an interest rate of 
7%) to this infrastructure sector.

2. With the aim of reaching a well-balanced 
development of each of the fossil fuel power 
plants, as per Table 2, the following tariffs are 
suggested: 9.15 $¢/kWh for small gas plants, 
11.98 $¢/kWh for large gas plants, 14.23 $¢/
kWh for steam plants, and 10.25 $¢/kWh for 
combined cycle plants.

3. It is suggested that pollution taxes for power 
generation be calculated and applied to fossil 
fuel plants, or a social cost of power generation 
by fossil fuel plants. The economic justifiability 
of power plants has been represented with a 
suggestion of tariffs and with social costs in mind.

4. Considering the capability of such power plants as 
combined cycle and CHP, the efficiency increase 
advantages and widespread generation of these 
power plants in production and electrification, 
and considering the low guaranteed purchase 
price and also its low ascending trend curve, 
this power plant could be an appropriate option 
for the government to support and also for the 
attraction of private sector investors.

5. Large gas plants have the lowest benefit-cost 
ratio and the highest proposed guaranteed 
purchase of power tariff compared to the three 
other options. It seems that large gas plants are 
the worst option for attracting private investors 
and also for government support to power 
generation.
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Abstract

In this paper, a geothermal-based tri-generation energy system with three useful outputs is 
proposed, namely electricity generation, water heating and hydrogen production. For this 

purpose, the three following parts are considered: Organic Rankine Cycle (ORC), Domestic 
water heater and Proton Exchange Membrane (PEM) electrolysis. To have a better view of the 
system’s performance, parametric studies of the effects of geofluid mass flow rate, turbine inlet 
temperature and pressure on the system’s energy and exergy are undertaken. The related energy 
and exergy efficiencies of the overall system are calculated around 35% and 59%, respectively, 
while these efficiencies with electricity generation and hot water production (combined heat and 
power) amount to 34% and 54%. These amounts for electricity generation only are 13% and 
21%, respectively. The amounts of net electricity generation, hydrogen production and domestic 
hot water production in specific design parameter values are estimated to be around 60.84 kW, 
0.026 mol/s and 1.023 kg/s, respectively.

Keywords: Geothermal, Tri-Generation, Organic Rankine Cycle, PEME.
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[1] Dincer, I. and  Zamfirescu, C. Advanced power generation systems. 
Elsevier, 2014.

1. Introduction

As a form of thermal energy, geothermal energy 
is available on some regions of the earth’s crust at 
temperature levels that range between 35 and 500 
°C, even though most geothermal locations provide 
temperature levels of up to 250 °C [1]. This energy 

which comes from the heat of the earth’s inner layers 
can be utilized both directly by applying it to provide 
heating and by conversion into electricity in a power 
cycle. Hydrothermal systems make use of two types 
of systems to generate electric power: open cycle dry 
steam (or flash) plants that utilize the natural produced 
fluids generating power in a steam turbine, and binary 
plants equipped with a closed rankine cycle that uses 
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an organic working fluid to exchange heat with the 
geothermal fluid before being expanded in a turbine [2].

Systems known as multi-generation systems have 
several subsystems to produce simultaneously a 
number of useful outputs [1]. The other significant 
purpose of using multi-generation is to boost efficiency 
and sustainability and reduce environmental impacts 
and cost. Such systems usually present a significant 
potential for global warming mitigation. Hydrogen, hot 
water, heating, cooling and electricity production are 
potential products of a multi-generation system [3].

Reports indicate the existence of ample research on 
integrated and multi-generation systems for various 
applications [4]. Dincer and Zamfirescu [5] studied the 
advantages of multi-generation energy systems powered 
by renewable energy and compared several options in 
term of thermodynamic performance, greenhouse gas 
emissions and payback period. Havelsky [6] developed 
some equations to calculate the energy efficiency of the 
systems that produce cooling, heating and electricity 
and to save primary energy sources. Al-Sulaiman et al. 
[7] proposed a tri-generation system based on biomass 
and analyzed its related energy and exergy efficiencies. 
Also, they proposed a new multi-generation system in 
which solar energy is utilized as the renewable source 
[8]. Ahmadi et al. [9] performed an optimization method 
based on exergy analysis for a multi-generation energy 
system. In this system, a gas turbine is utilized as a 

prime driver to produce heating, cooling, electricity and 
domestic hot water. To reach the optimum parameters 
in system design, researchers often use multi-objective 
optimization. The exergy efficiency and cost of the 
entire system can be used as objective functions in the 
mentioned optimization. Ahmadi et al. [10] conducted the 
exergy analysis of a biomass-based multi-generation 
energy system and performed an environmental impact 
evaluation.

The main purposes of tri-generation application, 
which generally produces three useful outputs from 
one kind of energy input, are intended to enhance 
efficiency and sustainability while decreasing cost and 
environmental impact. The key achievement that the 
present study aims to reach is to develop an integrated 
energy system run primarily by geothermal energy. In 
this system, a domestic water heater, a heat recovery 
unit, an organic Rankine cycle (ORC), and a proton 
exchange membrane (PEM) electrolyzer are utilized 
to produce electricity, hydrogen and hot water. Also, 
the thermodynamic modeling of the system will be 
conducted to study its performance.

In literature, these steps are performed to achieve the 
main objective:

• Modeling the tri-generation system;

• Calculating the related efficiencies of the 
system is energy and exergy and determining 
the effect of design parameter variations for 

[2] Phair, K.A. Getting the most out of geothermal power. ASME Mech Eng 
(1994) 116(9):76–80.

[3] Soltani, R., Dincer, I. and Marc A. Rosen. Thermodynamic analysis and 
performance assessment of an integrated heat pump system for district 
heating applications. Applied Thermal Engineering 89 (2015): 833-842.

[4] Dincer, I. and Zamfirescu, C. Sustainable energy systems and applications. 
Springer Science & Business Media (2011).

[5] Dincer, I. and Zamfirescu, C. Renewable energy based multigeneration 
systems. International Journal of Energy Research 36.15 (2012): 1403-
1415.

[6[] Havelský, V. Energetic efficiency of cogeneration systems for combined 
heat, cold and power production. International Journal of Refrigeration  
22.6 (1999): 479-485.

[7] Al-Sulaiman, F.A., Dincer, I. and Feridun Hamdullahpur. Energy and 
exergy analyses of a biomass tri-generation system using an organic 
Rankine cycle. Energy 45.1 (2012): 975-985.

[8] Al-Sulaiman, F.A., Hamdullahpur, F. and Ibrahim Dincer.  Performance 
assessment of a novel system using parabolic trough solar collectors for 
combined cooling, heating, and power production. Renewable Energy 48 
(2012): 161-172.

[9] Ahmadi, P., Rosen, M.C. and Ibrahim Dincer. Multi-objective exergy-
based optimization of a polygeneration energy system using an evolu-
tionary algorithm. Energy 46.1 (2012): 21-31.

[10] Ahmadi, P., Dincer, I. and Marc A. Rosen.  Development and assessment 
of an integrated biomass-based multi-generation energy system. Energy
56 (2013): 155-166.
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both cogeneration system modes, including 
electricity and hot water and a tri-generation 
system mode. Also, the exergy destruction rate 
of each component is determined.

2. System description

A schematic diagram of the proposed system is shown 
in Figure 1 [11]. In this system, the geofluid’s thermal 
energy is exchanged with a secondary working fluid 
that has a low boiling temperature for use in an ORC 
via a heat exchanger. The working fluid is completely 
superheated. Before being pumped to the heat recovery 
unit, the vapor expands in the turbine and is then 
condensed in an air-cooled condenser. Finally, the 
geofluid enters a domestic water heater to produce hot 
water. The ORC cycle produces electricity [12], part of 
which is used for residential applications depending 
on the building’s electricity needs, and the remainder 

of which drives a PEM electrolyzer for hydrogen 
production. The hydrogen is stored in a storage tank 
for later usage.

3. Thermodynamic analysis

The thermodynamic modeling of the proposed tri-
generation system is described in this section. The 
assumptions considered during this paper are listed as 
follows [13,14]:

a) The system operation condition is steady-state.

b) The fluid has saturated liquid properties in state 
5 (x=0).

c) The turbine and pump have isentropic 
efficiencies.

d) There is a drop in the pressure throughout 
the heat exchangers and the pipelines are 
overlooked. 

[11] Dincer, I. and Marc A. Rosen. Exergy: energy, environment and sustai-
nable development. Newnes (2012). 

[12] Yari, M.  Performance analysis of the different organic Rankine cycles 
(ORCs) using dry fluids. International Journal of Exergy 6.3 (2009): 
323-342.

[13] Cengel, Y.A., Boles, M.A. Thermodynamics: an engineering approach. 
6th ed. New York: McGraw-Hill (2007). 

[14] Ahmadi, P., Dincer, I. and Marc A. Rosen. Energy and exergy analyses of 
hydrogen production via solar-boosted ocean thermal energy conversion 
and PEM electrolysis. International Journal of Hydrogen Energy 38.4 
(2013): 1795-1805.

Figure 1. Schematic of the tri-generation system
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e) The kinetic and potential energy changes are 
negligible.

f) Fresh water properties are used instead of the 
geofluid’s thermodynamic properties.

Four main thermodynamic balances are utilized to 
determine the enthalpy, temperature, entropy, exergy and 
mass flow rate of the states marked in Figure 1 [11]. For 
this purpose, the three following parts are considered: 
Organic Rankine Cycle (ORC), Domestic water heater 
and PEM electrolyzer.

3.1 Energy Analysis

3.1.1. Organic Rankine Cycle

• Heat Recovery Unit

In this component, Isobutane evaporates during the 
heat exchange. The energy rate balance for this can be 
written as follows:

• Turbine: Writing the energy rate balance for the 
turbine gives:

Also,

Where  and  are actual and isentropic 
turbine power outputs.

• Condenser: an energy balance equation for the con-
denser can be written as

• Pump: the power required for the ORC pump can be 
calculated through the following equation:

Also,

Where  and  are actual and isentropic 
pump power inputs.

3.1.2. Domestic water heater

The geofluid leaves the heat recovery unit and then 
enters the water heater to produce hot water at 60 °C. 
The energy rate balance for this component follows:

3.1.3. PEM electrolyzer (PEME)

The PEM electrolyzer’ s schematic diagram is shown 
in Figure 1 in  green. During the electrolysis process, 
electricity required for the hydrogen production will be 
provided by the power generation in the ORC turbine. 
Liquid H2O nurtures the system at the condition of 
environment (i.e. 298.15 K and 1 atm) and enters a 
heat exchanger to bring it up to the PEM electrolyzer 
temperature before it enters the electrolyzer. The H2 
produced in the cathode cools down to environment 
conditions and storage. The O2 gas produced at the 
anode is separated from the H2O/O2 mixture and 
cooled down to environment condition. The remaining 
hot H2O is returned to the PEME inlet for the next H2 
production cycle. The total energy required for PEME 
can be calculated as

Where DG is Gibb’s free energy and TDS is thermal 
energy demand. The values of H, G and S can be found 
in the thermodynamic tables. Hydrogen output flow 
rate is determined by [15]:

Where J is the current density and F is the Faraday 
constant. The PEM electrolyzer voltage is determined 
by:

(6)

(5)

(1)

(2)

(3)

(4)

(7)

(8)

(9)

(10)
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Where V0 is the reversible potential that can be 
deter-mined by the Nernst equation. The respective 
activation over-potential of the anode and cathode are 
represented by Vact,a and Vact,c while the ohmic over-
potential of electrolyte is denoted by Vohm. The ohmic 
over-potential in the PEME is created by the resistance 
of the membrane across which the hydrogen ions are 
transported. The PEM’s local ionic conductivity s (x)
can be calculated by [15,16]:

Where x is the depth in the membrane measured from 
the cathode-membrane interface l(x) and is the water 
content at location x in the membrane. The value of 
the l(x) is expressed in terms of water content at the 
membrane-electrode edges:

Where D is the membrane thickness; and are the 
water contents at the anode and cathode membrane 
interfaces, respectively. The overall ohmic resistance 
can be obtained by: 

An equation that ohmic overpotential can be found 
through is:

By Bulter-Volmer equation, the activation overpotential 
can be calculated:

Whereas J0,i shows the exchange’s current density, the 
subscripts a and c represent the anode and cathode, 

[15] Chan, S. H., and Xia, Z. T.. Polarization effects in electrolyte/electrode-
supported solid oxide fuel cells. Journal of Applied Electrochemistry 32.3 
(2002): 339-347.

[16] Thampan et al. PEM fuel cell as a membrane reactor. Catalysis Today 
67.1 (2001): 15-32.

[17] Ni, Meng, Leung M.K.H. and Dennis YC Leung. Energy and exergy 
analysis of hydrogen production by a proton exchange membrane (PEM) 
electrolyzer plant. Energy conversion and management 49.10 (2008): 
2748-2756.

[18] Kotas, T.J. The exergy method of thermal plant analysis. London: 
Butterworth;1985.

(11)

(12)

(13)

(14)

(15)

respectively. a is the symmetrical factor while z 
signifies the number of electrons involved per reaction. 
For water electrolysis, a and z are found to be 0.5 and 
2, respectively [16]. The activation overpotential of an 
electrode can be found out as follows: 

The electrode’s readiness to proceed with the electro-
chemical reaction is represented by activation over-
potential. The high exchange current density is defined 
as the electrode’s high reactivity. The exchange current 
density can be written as [17]:

where  is the pre-exponential factor and Vact,i is 
the activation energy for the anode and cathode. More 
information needed for the PEM electrolyzer modeling 
can be obtained elsewhere [18].

3.1.4. Energy efficiency

The related energy efficiency of the only power 
generation, Combined Heat and Power (CHP), PEM 
electrolyzer and the overall tri-generation system can 
be obtained, respectively, by:

(16)

(17)

(18)

(19)

(20)

(21)
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Where LHVH2 is the lower heating value of the H2 and 
Qheat,H2O  is the thermal energy to the heat exchanger in 
the electrolyzer system.

3.2. Exergy analysis

Exergy analysis completes the thermodynamic analysis 
of the system. The exergy of a system contains four 
components: physical, chemical, kinetic and potential. 
The latter two are assumed to be negligible. The 
physical and chemical exergy values of H2, O2 and H2O 
can be found in Kotas [19]. Generally, the exergy rate 
balance can be written as follows [11]:

Where subscripts i and e represent the inlet and outlet 
flows, respectively. Further details about this equation 
can be found in ref. [11]. Table 1 presents the exergy 
destruction rate equation of all components in the tri-
generation system.

[19] Ioroi et al. Thin film electrocatalyst layer for unitized regenerative polymer 
electrolyte fuel cells. Journal of Power sources 112.2 (2002): 583-587.

(22)

3.2.1. Exergy efficiency

The exergy efficiency of the ORC power generation 
system, the ORC CHP system, the PEM electrolyzer 
and the overall tri-generation system can be obtained 
respectively by:

TABLE 1. Exergy destruction rate for system components

Component

Heat recovery unit

ORC turbine

ORC pump

Condenser

Domestic water 
heater

PEM electrolyzer

Exergy destruction definition

Where 

Where Tsource is the temperature of the heat source and

4. Results and discussion 

Table 1 summarizes the input parameters of the PEM 
electrolyzer system. The model used to simulate the 
PEM electrolyzer is validated with experimental data 
from literature. The electrolyte used in the experiments 
[19, 20] is Nafion. The thickness of the electrolytes 
tested in Ioroi et al. [19] was 50 µm. Platinum was 
used as the electrode catalyst. The present simulation 
of the PEM electrolysis for the J–V characteristics is 
compared with experimental data from Ioroi et al. [19] 
as shown in Figure 2. The modeling results conform 
very well with experimental data, which indicates the 
accuracy of the present model. It is found that the cell 
potential goes up rapidly when current density is less 
than 300 A/m2.When J is more than 300 A/m2, the cell 
potential rises slightly with J. 4.2. Modeling results

Results of the thermodynamic modeling are presented 
here from several perspectives. The variation effect 
of several design parameters on the whole system 
performance is considered. All thermodynamic 
properties of the states specified in Figure 1 are 
calculated and summarized in Table 3. Since the 
geofluid mass flow rate, turbine inlet temperature and 

(23)

(24)

(25)

(26)

(27)

(28)
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TABLE 4. Input parameters used to model ORC and DWH 
subsystems

Parameter

Working fluid

Pump pressure ratio

Turbine inlet temperature (°C)

ORC turbine isentropic efficiency (%)

ORC pump isentropic efficiency (%)

Pinch point temperature (°C)

Inlet cold water temperature entering DWH (°C)

outlet hot water temperature leaving DWH (°C)

Saturate water temperature at  pump inlet (°C)

Mass flow rate of the geofluid (kg/s)

Value

Isobutene

6

150

80

75

5

20

60

40

1

turbine inlet pressure are more effective on system 
performance, we study the effect of these parameters on 
the system. Table 4 summarizes the input parameters of 
the system shown in Figure 1. 

The geofluid mass flow rate is one of the design 
parameters in this study. Increasing the geofluid mass 
flow input rate increases the power generation and 
hot water mass flow output rate, as shown in Figure 3. 
Electricity generation and the hot water mass flow rate 
increase linearly. The varying mass flow rate of the 
geofluid is seen to have a slight effect on CHP and tri-
generation energy efficiency, but increases their exergy 
efficiency (Figure 4).

Figure 2. Comparison of the model and experiment

TABLE 2. Input parameters used to model PEME 
subsystem [19,20].

Parameter Value Value

1

1

80

90

18

76

10

14

100

170000

4600

Parameter

lc

la

D (mm)

TABLE 3. Thermodynamic properties of states in the tri-
generation system

State

0

1

2

3

4

5

6

7

8

9

10

11

1.001

1.001

1.001

1.001

1

1

1

1.023

1.023

44.33

44.33

P (kPa)

100.0

530.9

3185

3185

530.9

1002

1002

1002

100.0

100.0

100.0

100.0

T ( °C)

25

40

42.23

150

90.58

180

69.78

33.96

25

60

25

34.26

h (kJ/kg)

297

303.7

773.4

709

763.2

292.2

143.1

104.8

251.2

298.6

307.9

s (kJ/kg K)

1.329

1.334

2.576

2.621

2.14

0.9517

0.4904

0.3669

0.8311

5.695

5.726

ex (kJ/kg)

51.36

56.44

156.1

78.17

129.9

13.7

1.454

0

8.158

0

5.686

Figure 3. Effect of geofluid input rate on system efficiencies
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A yet more significant design parameter in this system 
is the turbine inlet pressure. Variation of related 
efficiencies of energy and exergy for the CHP and 
tri-generation system by varying this parameter is 
represented in Figure 5. To explain the effect of the 
ORC turbine inlet pressure on exergy efficiency, we 
should establish the effect of this pressure on the exergy 
destruction rate and net power output. As illustrated in 
Figure 6, the ORC exergy destruction rate decreases 
and the net power output is boosted due to the rise in 
turbine inlet pressure. Based on these variations, total 
exergy efficiency increases. Figure 5 also shows that 
an increase in this pressure decreases energy efficiency. 
Increasing ORC turbine inlet pressure causes a decrease 
in turbine inlet enthalpy while other parameters remain 
stable. An energy balance for a control volume around 
the heat recovery unit shows that when energy input 

from the geofluid is constant, a reduction in turbine inlet 
enthalpy increases the ORC mass flow rate. As a result 
of this increase, energy transfer in the heat recovery 
unit drops, and subsequently the energy efficiency is 
decreased.

The last design parameter of which we studied the 
variation is the turbine inlet temperature. As this 
temperature increases at constant pressure, the working 
fluid is more superheated. Figure 7 shows that an 
increase in turbine inlet temperature results in increasing 
energy efficiency and decreasing exergy efficiency 
for both the CHP system and the overall system. The 
reason for the decline in the exergy efficiency trend is 
that despite the increase in power potential, there will 
be a decrease in power output due to the reduction 
of the working fluid mass flow rate (Figure 8). Also, 

Figure 4. Effect of geofluid input rate on mass flow rate of hot 
water and power generation rate

Figure 6. Effect of turbine inlet pressure on ORC exergy 
destruction and net power output rate

Figure 5. Effect of turbine inlet pressure on system efficiencies Figure 7. Effect of turbine inlet temperature on system efficiencies
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to describe the rising trend of energy efficiency as a 
result of a rise in turbine inlet temperature, it could be 
stated that while increasing the temperature, both the 
heat input and power output would decrease. But the 
heat input decreases at a higher rate than the power 
output due to the decreasing mass flow rate of the ORC 
working fluid (Figure 8 and Figure 9). Finally, the 
exergy efficiency [21] of the system for three types is 
compared in Figure 10. It is considered that the tri-
generation system has a higher exergy efficiency than 
other systems. General results for the overall system 
with the specific design parameter values (Table 3) are 
obtained in Table 5. Also, the exergy destruction rates 
of the main components in the system are illustrated 
in Figure 11. The maximum exergy destruction rate is 

Figure 8. Effect of turbine inlet temperature on ORC working fluid 
mass flow rate.

Figure 9. Effect of turbine inlet temperature on ORC heat

Figure 10. Comparison of exergy efficiency of different types of 
system

Figure 11. Exergy destruction rates of main components

TABLE 5. System modeling specification

Parameter

Net electricity generation,  

Domestic hot water flow rate,  

Hydrogen production,  

CHP energy efficiency (%)

CHP exergy efficiency (%)

Tri-generation system energy efficiency (%)

Tri-generation system exergy efficiency (%)

Value

60.84

1.023

0.026

33.96

53.73

34.96

58.48
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related to the air-cooled condenser which is generally 
due to the temperature difference between two fluids 
passing through it. The next-largest exergy destruction 
rate occurs in the heat recovery unit, the turbine, PEME, 
DWH and pump, respectively.

5. Conclusion

A comprehensive thermodynamic analysis is developed 
for a proposed tri-generation system for electricity 
generation, hot water and hydrogen production. To 
validate the present model, experimental data from 
available literature were utilized. The exergy results 
indicate that the ORC condenser has the greatest 
exergy destruction rate due to the high temperature 
difference of the heat exchanger. System performances 

are studied with the geofluid mass flow rate of turbine 
inlet temperature and turbine inlet pressure variation. 
Additional conclusions follow:

• An increase in the mass flow rate of the geofluid 
increases the electricity, hot water mass flow 
rate and hydrogen production.

• The system’s exergy efficiency can be improved 
by increasing the turbine inlet pressure. However, 
an increase in this pressure reduces energy 
efficiency. 

• The system’s energy efficiency rises with the 
increase in turbine inlet temperature. However, 
an increase in this temperature reduces exergy 
efficiency.

Nomenclature

Membrane thickness, mm
Specific exergy, kJ/kg
Exergy destruction rate, kW
Farady contant, C/mol
Gibb’s free energy, kJ
Specific enthalpy, kJ/kg
Current density, A/m2

Exchange current density, A/m2

Pre-exponential factor, A/m2

Low heating value, kJ/kmol
Mass flow rate, kg/s
Molar mass flow rate, mol/s
Gas constant, kJ/kg K
Pressure, kPa
Heat transfer rate, kW
Proton exchange membrane resistance,  
Specific entropy, kJ/kg K
Work rate, kW

Pump isentropic efficiency, %
Turbine isentropic efficiency, %
Water content at the anode-membrane interface, W-1  
Water content at the cathode-membrane interface, W-1

Water content at location x in the membrane,  
Exergy efficiency, %

D
ex

F
G
h
J
J0

LHV

R
P

RPEM

s

Greek letters
hPump 
hT

la

lc

l(x)
Y

Actual
Combined heat and power
Condenser 
Domestic water heater
Outlet condition
Inlet condition
Isentropic 
tri-generation
Pump
Protone exchange membrane
Turbine 
Reference environmental condition

Chemical
physical
rate

Subscripts
act
CHP
Cond
DWH
e
i
is
tri
P
PEM
T
0

Superscript
ch
ph
 .


