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ABSTRACT

The current thesis provides energy and economic analyses for Organic Rankine Cycle
(ORC) power plants driven by solar and bioenergy. The system comprises of an ORC
power unit, an auxiliary gas heater with evacuated tube collectors or biomass-fired
boiler. Electric power capacity range tested is between 35 kW and 110 kW. An
optimisation process was conducted using SAM software to determine the optimal size
of the solar ORC components. The result showed that the optimal size of the evacuated
tube collector area, tilt angle, storage tank volume and the energy needed from the
auxiliary unit for 35 kW system are 100 m?, 45°, 4 m® and 1636 kWh/year respectively.
The simulation result of the solar part shows that the temperature of the hot water never
falls below 100 °C which is above the temperature determined by the ORC
manufacturer to get the maximum power. Also, the solar fraction of the solar water
heating is calculated to be 0.98. The proposed system of biomass-fired ORC power
plant assumes that the hot water goes directly to the ORC evaporator. The biomass
boiler size determined based on manufacturers information to match the operating
temperature. The economic calculation results showed that solar ORC power plant is
economically feasible while Biomass is not feasible under same operating conditions.
Saving to Investment Ratio (SIR), Internal Rate of Return (IRR), Simple Payback
Period (SPP) and Levelized Cost of Energy (LCOE) for 35 kW ORC power plants are
1.3, 9%, 5.9 years and 0.12 $/kWh respectively for solar ORC, and those values
increase as the power capacity increase. For 35 kW biomass-fired ORC power plant
the values are 0.9, 0%, 6.4 years and 0.19 $/kWh respectively and becomes slightly
high for higher capacities. Furthermore, the sensitivity analysis results showed that

Solar Organic Rankine Cycle (SORC) Power plant is not feasible when the operation



hours become less than 5000 hours and the system becomes more feasible as the power
plant capacity increase while the biomass-fired ORC becomes feasible when the

capacity is more than 40 kW.

Keywords: Solar Organic Rankine cycle, Evacuated Tube collector, Economic

Analysis.



0z

Mevcut tez giines ve Biyoenerji tarafindan yonlendirilen Organik Rankine Cevrimi
(ORC) santraller i¢in enerji ve ekonomik analizler saglar. Sistem bir ORC giig iinitesi,
tahliye TUp koleksiyoncular veya biyokitle-ates kazan ile bir yardimci gaz 1sitici
olusur. Test edilen elektrik gii¢c kapasitesi araligr 35 kW ile 110 kW arasindadir. Bir
optimizasyon siireci giines ORC bilesenlerinin optimum boyutunu belirlemek igin
SAM vyazilimi kullanilarak gergeklestirildi. Sonug¢ olarak, tahliye tiipii toplayici
alaninin optimum biiyiikliigl, egim agis1, depolama tanki hacmi ve 35 kW sistemi i¢in
yardimet {initeden gereken enerji 100 m?, 45 °, 4 m® ve 1636 kWh/yil olarak belirlendi.
Glines boliimiiniin simiilasyon sonucu sicak suyun sicakliginin maksimum gii¢ almak
icin ORC iireticisi tarafindan belirlenen sicakligin iizerinde 100 °C ' nin altina
diismemis oldugunu gosterir. Ayrica, Glines suyu 1sitma Solar fraksiyonu 0,98 olarak
hesaplanir. Biyokiitle tarafindan Onerilen sistem ORC elektrik santrali sicak suyun
ORC evaporatoriine dogrudan gittigini varsayar. Uretici bilgilerine gére belirlenen
biyokiitle kazan boyutu ¢alisma sicakligina uyacak sekilde belirlenir. Ekonomik
hesaplama sonuglari, Giines ORC enerji santralinin ekonomik olarak uygun oldugunu,
ancak biyokiitle aynm1 calisma kosullarinda uygulanabilir olmadigin1 gostermistir.
Yatirim oranina (efendim) tasarruf, I¢ doniis orani (1IRR), basit geri 6deme siiresi (SPP)
ve 35 kW ORC gii¢ santralleri igin enerji levelized maliyet (LCOE) 1,3%, 9, 5,9 yil
ve $0,12/kWh sirasiyla Solar ORC i¢in, ve bu degerler gii¢c kapasitesi olarak artar
Artirir. 35 kW biyokiitle-ORC elektrik santrali I¢in degerleri 0,9, 0%, 6,4 y1l ve 0,19
$/kWh sirasiyla ve yliksek kapasiteler i¢in biraz yiiksek olur. Ayrica, hassasiyet analizi
sonuglari, Giines organik Rankine Cevrimi (SORC) gii¢ santralinin ¢alisma saatleri

5000 saatten daha az oldugunda ve sistemin gii¢ santrali kapasitesi artirken daha uygun



hale geldigi zaman miimkiin olmadigin1 gostermistir Biyokiitle ateslenmis ORC

kapasitesi 40 kW 'dan fazla oldugunda uygulanabilir hale gelir.

Anahtar Kelimeler: giines organik Rankine Cevrimi, vakumlu Tuip Kkollektor,

ekonomik analiz.
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Chapter 1

INTRODUCTION

1.1 Background

The worldwide demand for energy is increasing continuously while traditional power
sources such as fossil fuels are depleting and have many negative environmental
impacts. As a result of the high consumption rate of fossil fuels, the emission of CO>

and other gases will increase the greenhouse effect.

Using renewable energy resources such as solar, geothermal, wind, hydropower and
biomass have an important role in reducing greenhouse gases by reducing CO2
emissions and oil dependency. In general, the initial investment of renewable energy
projects is more than those of fossil fuels, and the availability of renewable energy
may not be uninterrupted. However, they can be cheaper over the life cycle of the
projects. The energy market like every market is driven by economic opportunity.
Public awareness, taxes and penalties affect the economic opportunity associated with

safe and renewable energy technology.

There is a large variety of low-grade energy sources for which neither gas nor steam
cycles offer a technically and economically feasible alternative for electricity
generation. A new technology, Organic Rankine Cycle (ORC) has been developed to
utilize such energy sources. ORC is a technology used with different energy sources

and particularly with medium-low temperature heat sources. Also, ORCs have simpler



plant layout characterised by a limited number of components in comparing with other

closed power cycles which make ORCs competitive from an economic point of view.
1.2 What is ORC?

ORC and Steam Rankine Cycle have the same principle of operation, but instead of
using water as working fluid, an organic fluid is used in ORCs. However, using an
organic fluid as a working fluid in a Rankine cycle makes the heat recovery process
better from low enthalpy heat sources to produce electricity or work due to its lower
boiling temperature. Furthermore, ORCs are an attractive solution for decentralized,
small-scale power plants due to the simplicity in using and availability of its

components. [1]

ORC can utilize heat from renewable resources (Geothermal, solar or biomass
combustion) or industrial waste heat. This work focuses on solar and biomass as the
heat sources of the system. Solar ORCs use solar energy to generate electricity or
mechanical power. The heat is obtained using solar thermal collectors which intercept
incoming sunlight and collect or reflect solar radiation to collection element then heat
is transferred to the heat transfer fluid which used to heat the organic fluid. Likewise,

biomass is converted to heat by combustion of different types of biomass.
1.3 Thesis Objectives

The principle focus of this thesis is performing an economic analysis of small-scale
biomass-fired and solar power plant driven by ORC unit and evacuated tube collectors.
In addition, energy analysis is performed to see the performance of such plants in
Cyprus. In this study, 35 kWe to 110 kWe power plant with Organic Rankine cycle

driven by solar energy or bioenergy is taken as a case study to show the feasibility of



such systems in small scale in Cyprus. The scope and objectives of the present work

can be listed as follows:

a) Determining the optimum sizes of the solar collector array, hot water storage tank
and other related system components for given ORC power plants.

b) Perform transient energy analysis for each ORC power plant.

c) Perform Life Cycle Cost (LCC) Analyses for each considered ORC system.

1.4 Thesis Organization

Chapter 1 is a general introduction about renewable energy, ORC, and the main
objective of this work. In chapter 2, a comprehensive literature review is carried out
and shows the previous work about ORC technology. Chapter 3 describes the proposed
system for ORC power plants driven by solar energy and biomass. Chapter 4 discusses
the results of the simulation of solar hot water part in the proposed system of ORC
power plant driven by solar energy. Chapter 5 shows the cost analysis of the proposed

systems with different scales. Finally, Chapter 6 is the conclusion of the thesis work.



Chapter 2

LITERATURE REVIEW

2.1 Introduction

Many theoretical studies conducted to analyse the performance of ORC power plants
from a technical point of view. In contrast, a few studies performed on the economic
aspect of ORC plants due to the lack of economic data which kept reversed by
manufacturers and suppliers. The focus of this chapter will be on the recent studies
done by researchers related to ORC power plants driven by solar energy and biomass.
This literature referred to studies performed to study the feasibility of SORC power

plants technically and economically.
2.2 Solar Organic Rankine Cycle

Concentrating solar systems are beneficial technologies for power generation on a
small scale such as Stirling engine and a large scale such as solar towers, parabolic
trough collectors. The working principle is concentrating the solar energy using
mirrors to heat a fluid (directly working fluid or heat transfer fluid). However, the
steam cycles high pressure, temperature, and the installed capacity should be high to
be economically feasible. Therefore, it is covering a large area compared with solar
ORC with the ratio (200 to 1) [2] this make the ORCs competitive where the organic
fluid can be heated directly [low operating pressure] or by heat transfer fluid

[continuing the operating at night].



Furthermore, Quoilin, et al. [3] Simulated the performance of 3 kWe ORC coupled
with parabolic trough collectors. The main component of the system was sized
considering the physical and mechanical phenomena occurring in the cycle and the
different working fluids were compared in a single stage and double stage expansion
machine. The result of the simulation shows that the overall efficiency of the system
ranged between 7% to 8% and the most efficient working fluid among those simulated
was solkatherm. Baral, et al. [4] experimentally studied the technical performance and
the feasibility of solar ORC in small scale for electricity generation. The experiment
performed in the laboratory showed acceptable results. The maximum overall
efficiency of the system was 6% at 120 °C with output ranges between 0.4 kW to 1.38
kW. The economic analysis conducted to find the electricity price (0.68 $/kWh) with
payback period 19 years. Authors concluded that the cost of energy per kWh would
become lower if the investment and the annual cost reduced. Furthermore, the small-
scale SORC is expensive in comparing with medium and large scale, and this system
could be successful for rural areas in developing countries where the electricity is
lacking. Garg, et al. [5] conducted a study to investigate the specific costs of power for
16 different working fluids (zero ODP and positive condenser pressure) for heat
transfer fluid supply temperatures between 125 °C and 275 °C. The analysis showed
that specific costs of electricity can a achieve value between 1.25 and 2 $/W for solar

ORC systems using a parabolic trough collector.

An experimental study to determine the cost of 3 kWe Solar ORC system-based
parabolic trough collectors (PTC) was performed by Ref. [6]. The cost of the
components of the plant was taken from suppliers. The result of this study shows that
the installation cost of such plants is approximately 6 $/watt. Similarly,

Thawonngamyingsakul, et al. [7] studied the potential of SORC power plant with
5



evacuated tube collectors for electricity generation under Thailand weather conditions.
The capacity of the plant considered in the study is 280 kWe, and the working fluid of
ORC was R245fa. The Authors conclude that the cost of such plant is 1500 $/kWe
with interest rate 7% and power plant efficiency 4.44%, while the levelized cost of

energy (LCOE) was found to be 0.37 $/kWh.

Meanwhile, Freeman, et al. [8] studied the feasibility of SORC with three types of
solar collectors (PTC with a Tracking system, PTC without tracking system and
evacuated tube collectors) for domestic applications. Authors found that the
performance of evacuated tube collectors (ETC) with SORC is high comparing with
other collectors and can run the system for more hours than others. Furthermore, they
found the installed cost and payback period, 54 pounds/We and 9.5 years respectively
which is less than other collectors. The levelized electricity cost was calculated to be
0.44,0.94 and 0.57 pound/kWh for ETC, PTC without tracking and PTC with Tracking
respectively. Furthermore, Calise, et al. [9] presented a prototype of 6 kWe ORC
power plant coupled with 76 m? ETC for electricity and heat purposes. The simulation
results showed that the system capable of producing heat and electricity all year long.
The study also showed that the economic performance of the system dramatically
depends on the possibility of using the ORC waste heat which means the profitability

of the system is scarce when the waste thermal energy of the ORC not used.

Proper design and sizing of the components of the system are critical to assure
maximum benefit from the system. For solar water heating system, different
constraints affecting the performance of the system such as collector area, storage tank
capacity, tilt angle and solar fraction. These factors depend on the system type and

configuration of the system. Kulkarni, et al. [10] proposed an optimisation

6



methodology which can be applied for different configurations of solar water heating
systems. The methodology represented by tracing constant solar fraction lines on the
storage tank volume and area of the collector. The result showed that for given solar
fraction the maximum and minimum area of the collector and storage tank volume
exist. Based on that, the annual life cycle cost is minimum when the solar fraction is
higher. Likewise, Assilzadeh, et al. [11] works on optimising the components size of
solar water heating system to run a solar air conditioning system. This optimization
process comes to achieve continuous optimum system by using the optimum value for
each factor affecting the system performance. The results showed that the optimum
storage tank when the amount from the auxiliary heater is minimum. Therefore, the
optimum collector area needed to be determined based on the electricity saving which
comes from using solar system. Rayegan, et al. [12] performed a study to determine
the optimal temperature and collector type for power generation using SORC for net-
zero energy commercial building. The study investigates the effect of the solar system
on 11 working fluids for two temperature level 85 °C and 135 °C. The simulation
results showed that the best collector area required is 722.54 m? and 728.16 m? low
temperature evacuated tube solar collector with cyclohexane and isopentane as
working fluid of ORC respectively. In addition, the result showed that the average
incident solar radiation and the variation of power generation per collector unit has the
same pattern. Authors also mention that the CPC collectors could be a good choice to
reduce the required area, but the high cost of CPC collectors could be the main barrier

to use it residentially or commercially.

However, solar energy is the best option for ORC systems due to their high capacity

and lower replacement time. [13]



2.3 Biomass Organic Rankine Cycle

Ten years ago, there were around 100 facilities used biomass around the world as a
source of heat in ORC (47% of them regarding quantity and 5.5% regarding power)
with total capacity 88 MWe [14]. Traditional steam cycles rarely used in biomass
projects due to the high pressure and temperature required for higher output and
optimal efficiency, which leads to increase the engineering and maintenance cost
which means that the capacity should be more than 5 MWe to be economically
feasible, but ORC has low maintenance cost compared with using conventional
Rankine Cycle. [15]. Ordinarily, the heat is transferring from the exhaust gases of
combustion to the working fluid using a thermal oil to avoid overheating and make the
heat exchange at atmospheric pressure, hence a suitable control. However, the working
fluid should be selected carefully in ORC with biomass combustion because many
working fluids has a quite higher vapour pressure. Therefore, the temperature is limited
in this process to about 330 °C [16], and the turbine inlet temperature could be closed

to flame temperature.

The commercial modules of ORC cost around 1600 €/kWe for 1 MWe used for
biomass applications [17]. Duvia, et al. [18] show that the ORC cogeneration units are
feasible when the price of electricity around 10 c€/ kWh for power plant larger than
1.5 MWe and at least 14 c€ / kWh for 1 MWe power plants. Meanwhile, Algieri, et
al. [19] investigated the energetic performance and the feasibility of Combined Heat
and Power (CHP) biomass ORC for a single-family. The result demonstrated that the
biomass ORC — CHP systems very interested in single-family applications.
Specifically, the payback period is eight years when the specific cost of the ORC is

around 10,000 €/kWe and goes down by half when it becomes 5,000 €/kWe. In



addition, Eyidogan, et al. [20] investigated the feasibility of ORC technology in turkey
from the technical and economical point of view. The study shows that the feasibility
of 1 MWe biomass ORC — CHP plants with payback period 2.7 years and annual

benefits reaches 551,500 €/year.

Using of ORC in biomass combustion process has an advantage, which is appropriate
for decentralised applications, and it is a proven technology for power generation up
to 1 MWe [21]. The electrical efficiency for this process lies between 6% - 17%. In
small scale, the cost of power generation is not competitive and to make sure the

profitability from these types of investments the CHP generation is required [22].

Using the gasification process with ORC to generate electricity is more profitable
compared with direct combustion process due to a higher power to thermal ratio, but
the gasification process has higher Initial cost (about 75%) and higher O&M cost
(about 200%) [23]. A study conducted by Rentizelas, et al. [21] shows the cost
difference between gasification and direct combustion processes. The results showed
that ORC has significantly lower O&M cost than gasification and it offers a solution
for lower initial investment. On the other hand, there is a lack of standards of
gasification process that could increase the risk associated with reliability and
performance that may affect the decision of the investors [24], unlike ORC technology
which is a proven technology and used. Generally, in a small-scale ORC power plant
(few kW) control systems are preferred to reduce the operation cost by avoiding the

need of an on-site operator. [25]

Finally, the cost ORC technology is not widely depated in the scientific literature, and
general capital cost functions of ORC are difficult to find, and the available data is for

9



a specific field. Manufacturers and suppliers are the only one who can provide reliable

economic data, but generally, this information kept reversed and rarely conveyed.

10



Chapter 3

SYSTEM DESCRIPTION

3.1 Solar Organic Rankine Cycle

The layout of the SORC power plant under investigation is shown in Figurel. The
proposed system consists of solar hot water (SHW) part with thermal storage tank and
power generation part which is Organic Rankine Cycle unit. Evacuated tube solar
collectors are utilised for capturing the solar energy and using the auxiliary gas heater.
In the current configuration 35 kW, 65 kW and 110 kW ORC units from ElectraTherm

company, USA are used.

An array of evacuated tube solar collectors coupled with a thermal storage tank is the
primary heat source in the SORC system. The hot water is transferred to the evaporator
of ORC. The working fluid leaves the evaporator at high pressure and enters the turbine
to produce power. It then condenses as a saturated liquid in the condenser. The
seawater is proposed to use in the condenser. A recuperator is used as a heat recovery
unit to heat the working fluid before entering the evaporator to improve the cycle
efficiency. The auxiliary unit used to keep the water temperature supplied to the ORC
evaporator optimum and work all the time. This described process is shown in the T-
S diagram in Figure 2. It should be noted that the working fluid used in the ORC unit

is R245fa.

11
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3.2 The Main Components of System

3.2.1 ORC Unit

ElectraTherm is one of the major companies in the area of emission-free electricity
from low-grade heat sources (77-90 °C) [26]. The unit used in this research is ORC
stand-alone configuration type (model: ss-4200) with power output up to 35 KW. The

unit specifications are shown in Table 1 below:

Table 1: ORC unit specification

Rating power 35 kw, 380-500 V
Ambient operation temperature 0-38 °C

Hot water input range 77-116 °C

Max efficiency 9%

Hot water Flow rate range 3.2-12.6 Liter/s
Cooling water input range 4-65 °C

Cooling water flow rate range 13.9 Liter/s
Working fluid R245fa (pentafluoropropane)
weight 3195 kg

Figure 3 shows the power output variation with the water temperature and flow rate.
As can be seen, to get the maximum power from the ORC (35 kW) the hot water flow

rate should be 6 litres/s at a water temperature of 99 °C.
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Figure 3: ORC power output with the temperature of the hot water and flow rate [26]

3.2.2 Evacuated Tube Collectors

Evacuated tube collectors are used in solar hot water systems as a heat source and it
has a much higher temperature for a much longer time than flat plate collectors.
Evacuated collectors consist of some parallel transparent glass tubes evacuated from
the air connected to a header pipe as shown in Figure 4. The rounded shape of the glass
makes the sun’s rays perpendicular to the absorbing tubes most of the day.
Furthermore, removing air between the two tubes acts as an insulator and reduce any

heat loss to the surrounding.
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Figure 4: Evacuated tube collector configuration [27]

ORC is used to adapt low-temperature heat source for electricity generation. However,
evacuated tube solar collectors can provide hot water/glycol at a temperature reaching
more than 120 °C and using this hot fluid as a heat source of small-scale ORC for
power generation and hot water production makes the system compete with other solar
systems for small-scale applications [28]. The specifications of the evacuated tube

collector used in the simulation process shown in Table 2.

Table 2: Evacuated tube collector specifications

Total Area 2.660 m?
Aperture Area 1.49 m?
Max. Working Pressure 10 Bar
Max. Working Temperature 120°C
Frta 0.733
FrUL 2.237 W/m?K
IAM 0.96
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3.2.3 Auxiliary Gas Heater

The auxiliary gas heater is proposed with the model to increase the water temperature
to the set value when the solar collector field cannot reach that temperature, and this
process often occurs at night or sometimes during wintertime.

3.2.4 Storage Tank

An insulated hot water storage tank is used to store the heat coming from the solar
collectors. The storage tank volume is a critical issue in the solar hot water system and
should be optimised to save energy and money.

3.2.5 Pumps

The pumps are used to circulate the hot water between the solar collector and the

storage tank and between the storage tank and the evaporator of the ORC.
3.3 Biomass Driven Organic Rankine Cycle

The layout of the biomass power plant under investigation is shown in Figure 5. The
biomass fuel is fed into the feeder to take it to the combustion chamber of the boiler,
the combustion gases heat the water using a heat exchanger and then the hot water
goes directly to the ORC evaporator. The fuel choice should be made based on
availability and individual needs. However, in this study, wood chips, logs, grass, and
agricultural residue are considered as biomass fuel due to their availability in Cyprus.
The heating value of these different fuels varies between 13 -17 MJ/kg. A value of 15

MJ/kg is considered in the economic calculations.
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Figure 5: Biomass driven ORC power plant system layout

The available commercial biomass boilers in the market are manufactured for large
scale applications and the lack of technical information about this component is an
obstacle in determining the feasibility. Fortunately, there are some suppliers of
biomass boiler such as Glenwood [29] for water heating. The chosen biomass boiler’s

technical data are shown in Table 3.

Table 3: Specific properties of the chosen biomass boiler [29]

Name Glenwood industrial multi-fuel boiler
BTU Output Up to 1,000,000

Thermal Efficiency Up to 85 %

Biomass fuel Wood chips, Logs, grass
Maximum working temperature 120 °C

water capacity 400 Gal.
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Chapter 4

ENERGY PERFORMANCE SIMULATIONS

4.1 System Optimization

System Advisor Model software (SAM, USA 2005) is used to simulate the solar
system. SAM is a software developed by the National Renewable Energy Laboratory
(NREL) in collaboration with University of Wisconsin’s Solar Energy Laboratory. A
number of runs are performed to optimise the factors affecting the performance of the

system. Larnaca weather data is considered in the simulation.
4.2 Mathematical Model

The energy equations used with SAM software are illustrated below.

Solar irradiance transmitted on tilted surface is
I = I; sin(a + B) (1)
Where, I is the solar irradiance on tilted surface, I; is the total incident solar radiation

a and B are the elevation angle and tilt angle.

The useful energy collected by the collector is

Quseful =Fr Ac (Iyta — Uy, (Tf,i -Ty) (2)
Where, Frta is optical losses coefficient, FrU; is thermal losses coefficient, I is the

transmitted solar radiation on tilted surface, Ty is the inlet temperature of the fluid

and T, is the outside temperature.
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The delivered energy by the solar collectors is calculated at the output of the storage
tank as follows

Qaetiv = ™ CP (Taeriv — Tinain ) 3)
Where, m is the mass flow rate, Cp is the heat capacity, Tyq;, 1S the delivered

temperature, and T4, IS the main temperature.

The energy required from the auxiliary to raise the water temperature to the set
temperature is

Qaux = Naux M CP (Tser — Taetiv) 4)
Where, Q4. is the energy needed from auxiliary unit to reach the set temperature,

Naux 1S the auxiliary unit efficiency, T, IS the set temperature.

The amount of energy that would be needed if solar energy was not used is
QAux,only = Naux m Cp (Tset - Tmain) (5)
Where, Q Aux,only 1S the energy required from the auxiliary to reach the set temperature

if the solar energy was not used.

The amount of the energy saved by use solar collectors is
Qsaved = QAux,only - QAux - Ppump (6)
Where, Qsupeq iS the energy saved by the use of solar collector, Pyump is the pumps

power.

The solar fraction, which is the ratio of energy saved by the solar energy system to the

total energy required if the solar energy was not used is expressed as

S F _ Qsaved (7)

QAux,only
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The solar tank heat losses to the room is

Qr=UA; (T:—T,) (8)
Where, U is the heat loss coefficient, A; is the tank surface area, T; is the average

temperature of the water in the tank, and T, is the room temperature.

The mean tank temperature is given as follows during the heat collection process.

aTy _ Quseful_Qr+m Cp (Tt — Tmain ) (9)
dt pViCp

Where, Q, is the heat loss to the room, p density of the water, V, tank volume.

The temperature of the water in the cold side of the tank is

AT cold — Qr,cold"’m CP (Tmain — Tcold ) (10)
dt P Veola Cp

Where, Qmold is the heat loss from the cold side of the tank, and V., is the cold side

volume.

The temperature of the water in the hot side of the tank is

AT hot — Qr,hot (11)
dat P VhotCp

Where, Q,. 5. is the heat loss from the hot side of the tank, and V},, is the cold side

volume.

The last three equation (9,10,11) are approximated for each hour.
4.3 System Optimization Results

4.3.1 The Collector Tilt Angle
Tilt angle of the solar collectors is the key to an optimum energy yield. When the sun’s

rays are perpendicular to the solar collectors, it will become more efficient and tracking
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systems are used for that purpose, but it makes the system more expensive. The fixed
collectors (nonadjustable) should have optimum fixed angle to ensure that the sun rays
are perpendicular for most of the time. The solar fraction and the amount of heat
needed from the auxiliary gas heater for various tilt angles of the collector are shown
in Figure 6. The tilt angle becomes optimum when the amount of heat from the
auxiliary unit is minimum, and the solar fraction is maximum which is 45° for the

evacuated tube solar collector.
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Figure 6: Effect of collector tilt angle on solar fraction and heat from the auxiliary

4.3.2 Pump Flow Rate

The effect of the pump flow rate on the solar fraction is shown in Figure 7. The system
flow rate should be 6 litre/s to get the maximum power from the 35 kW ORC unit, and
as observed, the system flow rate does not have a significant effect on the solar
fraction. The optimum value comes at 0.5 kg/s where the solar fraction is maximum.

Since at 6 kg/s the change in the solar fraction value is very small, so the system can
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work with flow rate 6 kg/s without a major effect on the energy collected from the

solar collectors.
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Figure 7: Effect of system flow rate on solar fraction
4.3.3 The Storage Tank Volume
Storage tank volume plays a vital role in the optimisation of the system. The amount

of heat required from the auxiliary unit for different storage tank volume is shown in

Figure 8. As can be seen, the optimum value of the storage tank volume is 4 m3.
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Figure 8: Effect of storage tank volume on the heat from the auxiliary unit

4.3.4 The Collector Area

The amount of heat from the auxiliary heater against the collector area is evaluated.
As expected, the higher the collector area, the less the auxiliary heat needed as
indicated in Figure 9. Therefore, the optimum value of the collector area needs to be
decided from an economic point of view. As seen in Figure 10, as the area of the
collector increases the energy saved by the solar system becomes constant after 100
m? and the solar fraction as well. That means increasing the area of the collector more
than 100 m? will increase the cost of the investment without any additional energy

saving so the optimum value of the collector area is 100 m?.
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Figure 9: The collector area against the heat from the auxiliary unit

7000 1.2
6000 | kit btk M L
5000 | LT c

0.8 o

§ 4000 g

a 06 £

& 3000 X
2000 04 Q

Q saved (kWh)
1000 0.2
—o— Solar fraction
0 0
0 20 40 60 80 100 120 140 160 180 200 220 240

Collector Area (m?)

Figure 10: The collector area against energy saved by the system

4.4 System Simulation Results

The hot water solar system is simulated using SAM software to evaluate the water
temperature. As mentioned in the previous section, to get the maximum power from
the ORC unit, the inlet hot water temperature should be 99 °C with flow rate 6 litres/s.
The optimum value of each component was performed in the previous section also

used in the simulation, and the results are presented as follow:
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4.4.1 Collector System Performance

The variation of the outlet water temperature from the solar collector and the solar
energy gain for 1 July is presented in Figure 11. The temperature of the water inside
the collector starts to increase at 8:00 am when the sun starts to rise. The rising of the
temperature increases dramatically to reach the maximum value at around 12:00 pm
and then the temperature starts to decrease exponentially. The system should be

pressurised to prevent the evaporation of water.
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Figure 11: Hourly solar collector temperature and energy gain (1% July)

4.4.2 Storage Tank

The variation of the water temperature from the storage tank is shown in Figure 12. As
can be seen from Figure 12, the load temperature never falls below 100 °C which

means the tank should be pressurised to avoid steam generation.
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Figure 12: Hourly temperature of the hot water in the storage tank (1% July)

4.4.3 Auxiliary Gas Heater

The auxiliary gas heater is used to maintain the outlet set temperature. The heater will
be switched on automatically when the temperature is less than the set temperature.
SAM software assumes that an electric gas heater is used to raise the water temperature
to the set temperature, but it also provides a macro code to calculate the energy needs
from an auxiliary gas heater based on the burning efficiency and the tank losses. The
simulation results show that when the auxiliary gas heater’s thermal efficiency is 0.85,

the amount of energy needed to reach the set temperature is 1636 kWh/year.

It is worth mentioning that the same optimisation procedures are performed for the
other scenarios (65 kW and 110 kW) in Appendix A. The optimisation and simulation

summary of the proposed solar ORC power plant components are shown in Table 4.
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Table 4: The optimization and simulation results summary

Component Size

ORC capacity (kW) 35 65 110

Evacuated tube collector area (m?) 100 149 194

Storage tank volume (md) 4 7 3

31 kW Auxiliary gas heater (kWh/year) 1636 1404 1755
0.98 0.98 0.97

Solar Fraction

Biomass ORC components are biomass boiler and ORC unit connected directly

without additional components and there is no need for optimization process.
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Chapter 5

ECONOMIC FEASIBILITY ANALYSIS

5.1 Introduction

Economic calculations are performed for different scenarios of power generation using
ORC technology to show the feasibility of such systems. The cost of the systems
component was taken from the suppliers, some books and publications. Some
additional formulas used in the economic calculation are discussed in next section.

Calculations were done based on present worth technigue.
5.2 Economic Equations

The cost of the gas needed is
Gas Cost = E,,pq(kWh) X F X price(%) (12)
Where, E,,..q is the energy required from the Auxiliary gas heater in the solar system,

F = 0.0741;/\,—‘(;h is the factor represent how much energy in 1 kg gas, and the price is

considered to be 1 ki;g in Cyprus.

To calculate how much money the project saves, equation below is used.
Savings = P (kW) x H(hour) X E(-) (13)

Where, P is the power plant capacity, H is the operating hours, and E is the electricity

tariff and it considered to be 0.166 % in Cyprus.
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The cost of biomass fuels each year is determined as follows:

@)D

. Neh s hr $
= X =X (H)= x o
Biomass Cost HV(E_;) (3600) = (H) or (cost) e (14)

Where, Q,, is the thermal power needed in ORC (from data sheet of ORC), 1 ¢, is

thermal efficiency of biomass boiler, HV is the heating value of biomass (considered

15000 kJ/kg), H is the operating hours, and the cost of biomass is taken as 0.0lk%

Levelized Cost of Energy (LCOE) determined using equation below

Z" [+M+F
t=1(1+i)t

2
t=1(1+i)t

Where, I is the initial cost, M is the maintenance cost, F is the fuel cost, i is discount

LCOE = (15)

rate, E is the energy produced, and t is the year.

Net Present Value (NPV) is calculated using equation below to determine if the

investment of the project will yield net loss or a net profit.

Rt

NPV (i,n) = Tty ot

(16)

Where, R; is the net cash flow after the initial investment, i is discount rate, t is the

year.

Internal Rate of Return (IRR) calculated using equation below.

R
IRR (IRR,1) = Xieg 7y = O (17)

Where, R; is the net cash flow after the initial investment. IRR equal i when the NPV

equal zero.

Saving to Investment Ratio (SIR) is expressed as
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Y. PV Annual saving

SIR = Y. PV life cycle Investment (18)
Where, PV means the present value.

Simple Payback Period determined as follows

SPP=———_ (19)

Annual saving

Where, | is the initial investment.

An excel sheet is prepared in order to perform the economic calculations (see
Appendix C)
5.3 Solar Organic Rankine Cycle Power Plant

The cost analysis calculations of the SORC power plant were performed for different
capacities, 35 kW, 65 kW and 110 kW respectively. Table 5 shows the economic
calculations of proposed system (35 kW SORC power plant) with evacuated tube and
auxiliary gas heater. The cost of the components collected from the suppliers of these
components and an average value is taken. The other values such as construction cost
and insurance were taken from related publications and books. Table 6 and Table 7
show the economic calculations for 65 kW and 110 kW power plant capacity and the
same economic values considered in these calculations. It is worth mentioning that the
proposed systems should be automated which means labour cost considered in these
calculations is for monitoring the system and doing maintenance but for biomass
system, it is different because the system needs to be fed with biomass fuel which

needs manual work.
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5.3.1 35 kW Power Plant

Table 5: The cost analysis of 35kW SORC power plant

maintenance cost

Units / Ref. Description Cost
Operation hours 8000
_ 2 $
Evacuated tube collectors / | collectors cost = 100 m* x 185 — 18500
[30-32]
: i I Th
ORC unit (35 KWe) / [26] (The price from Electre Therm 189 587 $
company including shipping cost)
Storage Tank (4000 liter) / $
g ( ) Tank cost = 2.3—— X 4000 liter 9200%
[31,32] liter
e Gas cost = 1636 kWh X
kg $
Aux. gas heater, gas and * pump $C 0st = 2 pumps X 1781$
pumps / [32-34] 330
e Aux.Cost = 1 gas heater X
1000 $
Construction and
engineering cost (10% 10% from previous component Cost 21907 $
equipment. cost) / [35]
Others (control parts,
pipes, special equipment) 0
: 4 338
(1.8% of Investment cost) 1.8% from the total 3
/ [35]
Total capital cost 245313 $
Labor cost/year (doing $ hr
maintenance and LC =15 o X 8000 — 12 000 $
monitoring system) / [35] r yr
O&M equipment cost (1% .
. 1% f I I 24
of investment cost) / [35] o from total capital cost 53%
Insurance (0.6% of 0 .
. .6% f I 1472
investment cost) / [30,35] 0.6% from capital cost $
Total operating & 15925
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5.3.2 65 kW Power Plant

Table 6: The cost analysis of 65 kW SORC power plant

maintenance cost

Units Description Cost
Operation hours 8000
11 = 149 m? x 185 $
Evacuated tube collectors collectors cost = m* X m2 27565 $
. The price from ElectraTherm
ORC unit (65 KWe) (The price from ElectraThe 219924 $
company including shipping cost)
Storage Tank (7000 liter) Tank cost = 2.3 _l"j; x 7000 liter 16 100 $
1ter
e (Gas cost = 1404 kWh X
kg $
Aux. gas heater, gas and * pump $C 0st = 2 pumps X
pumps pump
e Aux.cost = 1 gas heater X
1000 $
Construction and
engineering cost (10% 10% from previous component Cost 26535%
equipment. cost)
Others (control parts,
pipes, special equipment) 1.8% from the total 5250 %
(1.8% of Investment cost)
Total capital cost 297,137 $
Labour cost/year (doing $ hr
maintenance and LC = 1.5 — x 8000 — 12 000 $
o hr yr
monitoring system)
i o)
O&M _e quipment cost (1% 1% of the total capital cost 2969 $
of investment cost)
0,
Ir?surance (0.6% of 0.6% from capital cost 1782%
investment cost)
Total operating & 16750 $
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5.3.3 110 kW Power Plant

Table 7: The cost analysis of 110 kW SORC power plant

maintenance cost

Units Description Cost
Operation hours 8000
_ 2 s
Evacuated tube collectors Collectors cost = 194 m” x 185 m? 35890 %
ORC unit (110 kwg) | (T price from ElectraTherm company | ¢, o
including shipping cost)
Storage Tank (3000 liter) Tank cost = 2.3 % x 3000 liter 6900 $
e Gascost = 1755 kWh X
kg $
Aux. gas heater, gas and * bump g 0st = 2 pumps X
330 2390 %
pumps pump
e Aux.cost = 1 gas heater X
1600 $
Construction and
engineering cost (10% 10% from previous component Cost 36158 $
equipment. cost)
Others (control parts,
special equipment) (1.8% 1.8% from the total 7159%
of Investment cost)
Total capital cost 404,897 $
Labour cost/year (doing $ hr
maintenance and LC=1.5 o X 8000 — 12 000 $
monitoring system) r yr
O&M equipment cost (1% .
equIp (1% 1% of the total capital cost 4042 %
of investment cost)
| .6% of .
?;tgt];eeﬁ? So.:t;) 0.6% from capital cost 2425 %
Total operating & 18 467 $
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Incomes from the power plant are coming from electricity sale. Saving is calculated
with less amount of the electrical output from the plant (31 kW) to consider the
fluctuations that could happen to the water temperature and the system flow rate.
Furthermore, to consider the downtime of the system during maintenance time. The
electricity tariff in North Cyprus is used in the calculation which is 0.16 $/kWh. The

economic values that used in the calculation shown in Table 8.

Table 8: Economic values considered in the calculations

Savings 31 kKW X 8000% x 0. 166%
Discount Rate 3%

Depreciation Period 20 years

Residual Value 10% of the capital cost

5.3.4 Results of Economic Calculations

The economic calculations were done using an excel sheet to calculate NPV, SIR, IRR
and SPB. As can be seen from Table 9, the proposed solar ORC power plant is
economically feasible as NPV is positive value and SIR above 1 and the values

increases as the capacity of the plant increases.

Table 9: Economic calculation results of different scales of SORC power plant
Solar Organic Rankine Cycle Power Plant

Plant Capacity 35 kwW 65 kW 110 kW
Net Present Value (NPV) $154 855 $689 101 $1455 485
Savings-to-Investment Ratio (SIR) 1.3 2.3 3.3
Internal Rate of Return (IRR) 9% 21% 30%
Simple Payback (years) 59 3.7 2.9
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5.4 Biomass-fired Organic Rankine Cycle Power Plant

Economic calculations for different capacities of biomass-fired ORC power to
compare the results with SORC power plant. The cost of the components was taken
from suppliers, publications and books.

5.4.1 35 kW Biomass Power Plant

Table 10: The cost analysis of 35 kW biomass fired ORC power plant
Unit / Ref. Description Cost

Operation hours 8000

(The price from ElectraTherm company
including shipping cost)
(the price from supplier of biomass 30,000 $ -

ORC unit (35 kWe) 189,587 $

Biomass boiler / [29,40]

boilers, average value is taken) 40,000 $
4508
S
i thyear / [37 BC = — 080 3600-> x 8000 -
Biomass cost/year - = K hr yr
. — 1
39] Equation (14) 150004 08003
$

Construction and
engineering cost (10% 10% from previous component Cost 23,539 %
equipment. cost)

Others (pumps, pipes,
control system) (1.8% of 1.8% of the total 4661 $
Investment cost)

Total capital cost 263,587 $

h
Labor cost/year / [37] LC = 2% X 8000y—; 16,000 $

O&M equipment cost (1%

A 1% from total capital cost 2,636 $
of investment cost)
Biomass cost/ year 10,800 $
0,
_Insurance (0.6% of 1582
investment cost)
Total operating and 31018 $

maintenance cost
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5.4.2 65 kW Biomass Power Plant

Table 11: The cost analysis of 65 kW biomass fired ORC power plant

maintenance cost

Unit Description cost
Operation hours 8000
ORC unit (65 kWe) (The prl_ce from EIec_tra_Therm company 219.924
including shipping cost)

. i (the price from supplier of biomass 30,000 $ -
Biomass boiler boilers) 40000 $
650 X

a0 S hr
BC = —280— %3600 x 8000 —
Biomass cost/year 15000 Ej{ hr yr | 15,600 $
$
x 0.01 k_g
Construction and
engineering cost (10% 10% from previous component Cost 27,053 $
equipment. cost)
Others (pumps, pipes,
control system) (1.8% of 1.8% from the total 5,356 $
Investment cost)
Total capital cost 302,933 $
$ hr
Labor cost/year LC= 2—x 8000— 16,000 $
hr yr
i 0,
ngM equipment cost (1% 1% from total capital cost 3,029 %
of investment cost)
Biomass cost/ year 15,600 $
0
_Insurance (0.6% of 1818$
investment cost)
Total operating and 36.447 $
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5.4.3 110 kW Biomass Power Plant

Table 12: The cost analysis of 110 kW biomass fired ORC power plant

maintenance cost

Unit Description cost
Operation hours 8000
ORC unit (110 KWe) (The price from ElectraTHerm 316.400 $
company including shipping cost) ’
. i (The price from supplier of biomass 30,000 $ -
Biomass boiler boilers) 40,000 $
1600%
080 S
BC = —280 — x 3600~
Biomass cost/year 15000 Ej{ hr 38,400 $
hr $
X 8000—x 0.01 —
yr kg
Construction and
engineering cost (10% 10% from previous component Cost 38,980 $
equipment. cost)
Others (pumps, pipes,
control system) (1.8% of 1.8% from the total 7718%
Investment cost)
Total capital cost 436 498 $
$ hr
Labor cost/year LC = 2—x 8000— 16 000 $
hr yr
i 0,
3%X/eZ?;I§rTiZZSOSt (1% 1% from total capital cost 4 365 $
Biomass cost/ year 38400 %
Insurance (0.6% of
investment cost) 26183
Total operating and 61383 $
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5.4.4 Economic Calculation Results
The economic values such as discount rate and residual value are taken like that for
SORC power plant to determine the feasibility of the biomass ORC power plant at

different capacities. The calculation results listed in Table 13.

Table 13: Economic calculation results of different scales of biomass power plant
Biomass-Fired Organic Rankine Cycle Power Plant

Plant Capacity 35 kW 65 kW 110 kW
Net Present Value (NPV) -$78 596 $401 334 $810 277
Savings-to-Investment Ratio (SIR) 0.9 1.5 1.6
Internal Rate of Return (IRR) 0% 14% 18%
Simple Payback (years) 6.4 3.7 31

As NPV for 35 kW plant capacity is negative, we can conclude that the system is not
feasible and this is because of the higher initial investment of the biomass boiler
compared with evacuated tube collectors. Also, the operating cost of the biomass
power plant is slightly more than that for solar power plant due to the annual cost of
biomass fuel while the solar energy is free.

5.5 Sensitivity Analysis

The sensitivity analysis is done for different parameters to see their effect on the
economic performance of the solar and biomass ORC power plants. The effect of the
ORC power output on the feasibility of both systems (solar and biomass) is performed
as shown in Figure 13. For solar ORC power plant, SIR is increasing as the output
power increases and it would be not feasible if the power output is less than 30 kW
since SIR becomes less than 1. For biomass-fired ORC power plant, the power output
should be more than 40 kW to be feasible, and for higher power output SIR is going

to be constant.
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Figure 13: Effect of ORC power output on SIR for 8000 hours of operation

NPV with different power output is also investigated as shown in Figure 14. The
relationship between power output and NPV is completely linear for solar ORC power

plant which is not for biomass-fired ORC power plant.
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Figure 14: Effect of ORC power output on NPV for 8000 hours of operation
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Figure 15 shows the effect of the power output on the IRR for both powerplants. As
can be seen, the IRR for the solar power plant is much higher than that for biomass

and the difference increases as the output power increases.

5 ¢— Solar

Biomass

0 20 40 60 80 100 120
Rated Power (kW)

Figure 15: Effect of ORC power output on IRR for 8000 hours of operation

Power plants operation hours is an essential parameter due to its effect on the
feasibility of the plants. The economic performance of the plant directly affects the
hours of operation. However, the effect of the operation hours on the feasibility of both
power plants at different capacities is investigated as shown in Figure 16 and Figure
17. For the solar power plant, the feasible operation hours decrease to half when the
capacity of the plant doubled. For higher capacity (110 kW), any change in the
operating hours changes the SIR significantly which makes the system much more

feasible.
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Figure 16: Effect of operation hours on the SIR of SORC power plant

Meanwhile, the effect of operation hours on the biomass power plant has a different
pattern. For small capacity (35 kW) the plant can never be feasible, but for higher
capacities (65-110 kW) the plant becomes feasible when it is working more than 3000

hr/year.
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Figure 17: Effect of operation hours on the SIR of Biomass-fired ORC power plant
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Levelized Cost of Energy (LCOE) is a measure used to compare different method of
power generation by determining the lifetime break-even electricity price. LCOE is an
economic assessment of the average total cost divided by the total energy output over
the project lifetime. The LCEO of both power plants is investigated in Figure 18. As
expected from the previous result, the LCOE for the solar power plant is less than that
for biomass, and it decreases as the capacity increases, but it becomes constant for
biomass power plant when the capacity is more than 80 kW. LCOE for the solar power
plant is 0.12 $/kWh at plant capacity 35 kW, and it is decreasing dramatically to be
0.05 $/kWh when the capacity becomes 110 kW. On the other hand, LCOE for
biomass power plants starts from 0.18 $/kWh; then it is going down sharply to become

steady after 80OkW.

—aA—solar

B— biomass

0.1 -

0 20 40 60 80 100 120
ORC power Output (kW)

Figure 18: Effect of power plant capacity on LCOE for Biomass and Solar ORC at
8000 hours.
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Chapter 6

CONCLUSION AND DISCUSSION

In the current research, a feasibility analysis of small-scale commercial ORC power
plants driven by solar energy and biomass is performed. The proposed system of solar
ORC power plant consists of two parts: solar water heating part using evacuated tube
collectors assisted with auxiliary gas heater and decentralised ORC unit. An
optimisation process was performed on the solar water heating part using SAM
software to determine the optimal component size. The results showed that the optimal
collector area, tilt angle, storage tank volume and the energy needed from the auxiliary
unit are 100 m?, 45°, 4 m® and 1636 kWh/year respectively. The simulation results of
the solar system showed that the delivered water temperature is above 99 °C around
the year which, matches the manufacturer’s proposed temperature to get the maximum

power.

The proposed system of biomass-fired ORC power plant consists of biomass boiler
and ORC connected directly without storage tank and an auxiliary unit. The biomass
boiler was selected based on the manufacturer technical data and the cost taken from

the suppliers.

The economic calculation for both systems showed that solar ORC power plant is
economically feasible, while the biomass is feasible when the plant capacity is more

than 65 kW. The unfeasibility of the biomass power plant (35 kW) comes from the
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higher initial cost of the biomass boiler. Furthermore, biomass fuel is not free by means
the biomass cost take place in operational cost as compared to solar energy that is
available everywhere and is a free source of energy. SIR, SPB and LCOE calculated
for both proposed systems with different capacities to find that SORC power plant is
much more feasible than biomass in small-scale, and the feasibility has a linear
relationship with the capacity of the plant while biomass ORC power plant has a

nonlinear relationship which makes the feasibility less than that of solar by half.

The sensitivity analysis was performed to investigate the effect of operating hours and
the capacity of the plant on the feasibility of the system. The result showed that for
solar ORC power plant the minimum operating hours should be 5000 hours/year to
make a profit and as the capacity of the plant increases, the profit increases on the same
operating hours. On other hand, biomass-fired ORC power plant can be economically
feasible when the capacity becomes more than 40 kW. Nevertheless, this type of plants

could be feasible if it is working as CHP plants.

However, the result of the economic analysis of both the systems showed that solar
ORC power plant with evacuated tube collectors and auxiliary gas heater is much more
feasible than Biomass ORC power plant which makes small-scale, decentralized solar
ORC power plants attractive to build in rural areas and can preserve the lives of

millions of underprivileged people in developing countries.
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Appendix A: 65 kW and 110 kW Solar System Optimization Results

The optimum collector area and storage tank volume for 65 KW system is 149 m? and

7 m? respectively.
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Figure 19: Effect of collector area on energy saved by the system for 65 kW system
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Figure 20: Storage tank volume effect on the heat from the auxiliary unit for 65 kW
system
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The optimum collector area and storage tank volume for 110 kW system is 194 m? and

3 m?® respectively.
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Figure 21: Effect of collector area on energy saved by the system for 110 kW system
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Figure 22: Storage tank volume effect on the heat from the auxiliary unit for 110 kW
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Appendix B: Data Sheets of The Main Components of The Systems

35 kW and 65 kW ORC Data Sheet

T by sivzer GRoUP

ELECTRATHERM 4200 Specification Sheet

SDOWERXR+

GENERATOR®

ElectraTherm's Power+ Generator” produces fuel-free, emission-free power from low grade waste heat using the Organic Rankine
Cycle (ORC) and propri y technology. The pany’s proven, i twin screw expander enables its heat-to-power generating
system to make electricity from waste heat instead of fossil fuel. ElectraTherm’s Power+ Generator represents a dramatic change from
radial or axial turbine technologies, providing a more cost efficient, robust machine to generate fuel-free and emission-free electricity
from a variety of heat sources.

ElectraTherms twin screw expander offers distinct advantages for small-scale ORCs. These advantages include 2 simple and compact
design, low speed operation with the ability to handle heat input variations and dual phase flow of the working fluid, significant part load
capability, no gear bax or oil pump, attractive payback and proven technology.

4200 Power+s CONFIGURATIONS - Up to 35kWe

ElectraTherm’s Power+ Generator® is available in two configurations:

4200 Stand Alone Specifications 4200-FL Specifications
* Dimensions*: 12x2.4x29m
* Dimensions*: 24x2.0x23m « Weight: 6,095 kg / 13,438 Bbs
E. ~—in * Weighe: 3,195 kg /7,044 Ibs « Tumkey inc. liquid Joop
] 3 ' : . 0 izable bal "fl’._"‘ - mmm_ £
%. * Indoat or outdoor installation Ty mi"? '““i"'.'“". Sy,
s ' Retail Price™. $173,587 e SR
, i Retail Price™: $251,935
- — ——

* Renderings ;:a)- not be exact representations of final Power+ product.
** Certification fees for certain countries may apply.
HEAT TO POWER APPLICATIONS

ElectraTherm generates electricity from various heat sources, including:

Oil & Gas, Geothermal Solar Thermal
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4200 PERFORMANCE PARAMETERS - Up to 35kWe

ElectraTherm's Water Cooled Condensing Svstem Perform
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" LLR [ewah] | [ 300-600] HOT WATER SUPFLY FLOW RATE [gpm [ I's])

PERFORMANCE CHARACTERISTICS

Heminal Raring U o 35" & 380 - SOV /3 phase / 50 8060 Ha
Assbrient Dgweration T = 30'C (32°F - 1NFF ~
| | E
Power Facsor Coneestion ludndsnnqtndm:-ﬁmﬂ.'}mi FEATURES INCLUDE
Tutal Hasnsseic Distornies 284 foor Virlvape, 1046 fer © 1L i
E Tero [Closed Bisary Coele) Lt
DEAGN ATTRIBUTES
Refrigerant Plumbing Buslr o ASME and CE Standards

Energy Block Twin Screw Expander
Creneraror Gerid-Tied Inducrion (Brushless Construction, Asynchronous)
Hear Exchasgers Comgacr, Brazed Plare Constnzcrion
Diesign Life 20 Years
Lutrscarion Prowess Lubricarion
Trassbent Voltage Surge Suppression Basic Prosections are Standard
Cirid Prosective Relay (GPR) External Additbonal GPR Incerface Included
SYSTEM DESCHPTION
Warking Fluid R2456n (Pentaffmompropars =
Huat Source Hot Wager 7770 - 1168°C [170°F - 240°F)
Crnling Reqanrment Water 4°C - 65°C (40°F - 150°F)
Consnals I;:"um.-n Controls Sodrware wang Seandard
Programmshle Legic Controller

. Will Incernes MG Satellirz
S T p
Operation Dresigned for Unagrended Operatom
Cabinet WEMA IR Outdoor Rased /AP 54 Compliant
Shipping Ships from Flowery Branch, GA, USA
Dimensions Various Condigarations Available (see first page]
Wheight Various Condfigarations Available (see first page]
Sound Pressare Bildb at 1 meter. Sound Attenuated Opgion: <72db at | meter
:E)u'.pul depends an hot and cold resources

TEEE EnVIraNMEnts require optional equipment
““R1456 i 2 non-Bummable, non-tooce and non-ozane depleting working faid

A/ ;
ELECTRA. THERM
" g amzeR GRoUP
ElectraTherm, Ine. - 4080 Enterprise Way, Flowery Branch, Geargia 30542 USA
P +01 775-396-2680 - Toll Free: 1-877-883-7101 - wanw.electratherm.com At Resised (1,25, 18]
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110 kW ORC Data Sheet

ELECTRA THERM

"V &y sivzer Group

6500 Specification Sheet

A-_ — A

GENERATOR®
ElectraTherm's Power+ Generator” produces fuel-free, emission-free power from low grade waste heat using the Organic Rankine
Cycle (ORC) and proprietary technology. The company’s proven, ¢ i twin screw expander enables its heat-to-power generating
system to make electricity from waste heat instead of fossil fuel. ElectraTherm’s Powers G rep ad ic change from

radial or axial turbine technologies, providing a more cost efficent, robust machine to generate fuel-free and emission-free electricity
from a variety of heat sources.

ElectraTherm's twin screw expander offers distinct advantages for small-scale ORCs. These advantages include a simple and compact
design, low speed operation with the ability to handle heat input variations and dual phase flow of the working fluid, significant part
load capability, no gear box or oil pump, attractive payback and proven technology.

6500 Powers CONFIGURATIONS - Up to 110kWe

ElectraTherm’s Power+ Generator is available in two configurari

6500 Stand Alone Specifications 6500-FL Specifications
+ Dimensions®: 12x24x29m
o+ Weight: 8,553 kg / 19,518 Ibs

* Renderings may not be exact representations of final Power+ product.
** Certification fees for certain countries may apply.

HEAT TO POWER APPLICATIONS

ElectraTherm generates clectricity from various heat sources, includi

Qil & Gas, Geothermal Solar Thermal
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6500 PERFORMANCE PARAMETERS - Up to 110kWe
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Evacuated tube collector data sheet

Il KTU 15 SOLAR COLLECTOR

H

Evacuated tube collector of 1090 W output (at 1000
W/m? irradiance), designed for on-roof portrait in-
stallation. A tube consists of 2 coaxial glass tubes
with vacuum between them. An aluminium lamella
fitting closely to the glass tube collects heat from
the whole inner surface of the evacuated tube, giv-
ing it away into solar fluid inside the copper pipe.
These copper pipes join the collector header, insu-
lated with 30mm of mineral wool.

Code: 7127

Dimensions and weight

helght x width x thickness 1970x 1350 x 141mm
instalation width 1430mm

total area 2850m°

aperture area 149 m*

sbsorber area 1.220m?

empty weight kg

Glazing

material b i glass- 15 d tubes
thickness 1.8mm

Absocber

material borosiicate glass
surface finish ARNAINIAFNIANARN
design type evacuated tube
material and size of connection pipes copper 4 x @ 22mm x 1 mm
material and size of absorber tubes copper 15 x @ 8 mm x 0.5mm
max. working pressure 10 bar

max. working temperature 120°C

stagnation temperature 305.9°C

heat transfer fluid water solution of monopropylene glycal 121, 241
recommended flow rate 60-120Vh

Thermal insulation

absorber vacuum

header mineral wool, 30mm
Frame

frame material aluminum alloy and steel AISI 304 S5
frame color siver

case material steed AISI 204 S5, 0.8 mm thick
Collector efficiency parameters related 1o apertuse/absorber surface area

Ny, 0.723/0834

2 22371273 Wim*K

™

..IA

0.0025/0.0031 W/meK?

Mount and connection kits (portrait mount) Code
Connection kit mo
Kit for 1 collector [for 4 roof anchors or 2 supports + 1 strut] 7414
Kit for 2 collectors [for & roof anchors or 3 supports + 1 strut] 7248
Kit for 3 collectors [for 8 roof anchors or 4 supports + 1 strut] 7246
Kit for 4 collectors [for 10 roof anchors or § supports + 1 strut] 7247
Extension kit for mounting and connecting 1 collector [for 4 roof anchars or 2 supports + 1 strut] 11930

The Connection kit contains an inlet elbow {Cu22 x 3/4" F), outlet pipe cross (Cu22 x 3/4°F + 3/8°F for
an air vent valve and 1/2° F for a temperature sensor sheath), sheath with a temperature sensor and

2 straight couplers (Cu22x3/4" F) with a plug and gaskets.

2o,
* 4 ]
B g T

The mount and connection kits consist of aluminum mounting rails, retaining clamps, bolts and nuts, straight couplers {2 and more

collectors) and pipe insulation.

Energy-saving solutions



Appendix C: The Excel Sheet used to Perform the Economic

Analysis

-

E

inputs

Operation Hours

G000

I

E

unit price

plant Capacity (ks

110

F1E400

Collector arealma]

154

155

Tank walumel(litre]

3000

2.3

Aunlkirhl

1755

1

#Auwiliary

1600

#Pumps

330

Labar

15

Electricity tariff

Cost Calculations

callectar cast
ORC
Tanrk cost
AL, Unik
gas needed cost
pUMmps cost
C&E cast
Other parts cost
Labar cast
O cast

Imsurance
Total Capital cost

Total D&M
annual savings

solar

H
HHH
HHH
HHH
$129.57
i
H
H
H
H
HHH

i
HHEEE
HHEEE

LCCsaolar

0. 1666

[#:uanit]
[#m2)
[¥litre]
[#lkg]
[$!unit)
[$!unit)
Fhour)
Fikhath)

LCEOCsaolar
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put all data in light coloured boges
ewerything will be caloulated automatically
after put all data gota LCC sheet ta see the econor

[#) means numbers of unit

[C&E) means construction and engineering cost
[O#&M] means operaating and maintinance cost
The praotect password is 1234

Biomass LCChiomass LCEQbiomass



TABLE 1

Life Cycle Investment Schedule, from Steps 1, 2, and

Year Mew

Oid Met Amount

=

$0

$0

$0

$0

$0

$0

$0

$0

$0

Wl |dD & | k=

$0

$0

$0

$0

$0

14 $0
15 $0
16 $0
17 $0

$0

$0

Annual Savings
Discount Rate
Analysis period (years)
Residual value

TABLE 3: Savings Calculations Formula: PV Annual Savings

Year

Annual Savings

PV Annual Savings

5141277 | (from Step 3)
3% (from Step 4)
20| (from Step 5)
540,489.71| (from Step 6)
= Annual Savings / (1 + Discount Rate)***" (from Step 7)
: $0
$0
$0

PV Annual Savings

TABLE4: Investments
Year

Formula: PV Life Cycle Investment = Life Cycle Investment / (1 + Discount Rate)*™*"

(from Step 8]

0

Net Life Cyle Investments

$0

PV Life Cycle Investments

$0

PV Life Cycle Investments

$0

Net Cash Flows

$0 $0

$0 $0 $0 $0

$0

$0

$0

$0

$0
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TABLE 5: Results OUTPUTS

Met Present Value (MPV) $1454 683 |(from Step 9)
Savings-to-Investment Ratio 3.2|(from Step 10}
Internal Rate of Return (IRR) 30%| (from Step 10)
Simple Payback (years) 2.9
Dizcount Rate 3%
Analysis period [years 20 Levelized Caost af Energy (LCOE] caloulated by fallawing equation
LCOE (S/kWh) 0.052
| year | It | i3 | |+ | Er
] [Tz 0 404557 | 545000 "M
1 0 #HHEHEEE | 17940 | 823307 Z et
2 0 #1743 | 733321 LCOE = —F—
3 0 whEEEAEE| 15310 | TTR04D Do
4 0 SEREEREE | 18478 | 753437 .
5 a #HHHH4EE 15340 | 731432 where
-] u] ########. 15475 | TI0ET Itis the initial cost
T o] #HHHEE | 10025 | 653502 Mt iz the maintinance cast
g ] #HHFHARE ) 1557 | 663413 Ftiz the fuel cost
3 u} #4162 | 6439321 iiz the discount rate
] a #HH#H4EE 13700 | 630332 Et iz the energy produced
7 0 | 13349 | B12613
1z i} #hBEEEEE | 12960 | 594770
13 u] #2583 | 577447
u 0 HHEEREEE 12216 | SB06Z5
15 u] #HH#H4EE 11067 | 544233
% i} HEBEHEEE | 11515 | G2844E
17 a #HHHH4EE 11180 | 513054
@ il #0854 | 493N
1A i} #hheeaEE | 0535 | 463603
A, E [ u] E F G H | J K
1
2 inputs unit price
3 Operation Hours 2000
4 biemass HV(kIkg) 15000 (#ke)
5 botler effeciency &0 L
g plant Capacity (W) 35 153557 | (5/umat)
7 boiler owtput (kWth) 450 35000 | (Sumat)
g Labor 1 Z (3/hour)
] Electricity tariff 0666 | (31cWh)
0
1 cost calculations
2 boiler cost ¥ 33,000.00
13 ORC ¥ 1RD ZET.OO
14 biomass cost §  10.300.00
15 C&E cost ¥ 23.338.70
16 Other parts cost  § 456056
17 Labar cost $  15.000.00
[]
12 OEDT cost ¥ 2.635.85
18 Insurance 5 1.581.52
20
2 Total f_'a]ﬁ‘ln] cost B 263 58535
22 Total Q&N ¥ 31.017.38
23 annual savings T 4178348
24

solar LCCsolar LCEOsaolar Biomass LCChiomass LCEObiomass
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