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Supervisor’s Foreword

The organic Rankine cycle (ORC) is one of the most promising technologies for
low-/medium-grade heat to power conversion. Compared with the steam Rankine
cycle, the ORC is capable to realize more efficient expander at low power and show
better thermodynamic performance at low temperature, etc. The ORC has been
successfully applied in waste heat recovery, biomass energy, and geothermal power
generation. This technology in power range above 100 kW has reached a consid-
erable degree of maturity.

Solar thermal power generation is a new application of the ORC. Solar ORC
from tens of kWe to a few hundred kWe has great potential to meet the residential
demand on heat and power. It has advantages over the highly concentrated solar
power technology in regard to the easier energy collection and storage, and the
ability to supply energy near the point of usage. It also has advantages over solar
photovoltaic technology in regard to heat storage in replacement of battery storage,
cost-effectiveness at relatively high power, and the potential cooperation with
biomass resource.

However, one critical problem associated with solar ORC is the low power
efficiency. In the past 7 years, Jing Li has been devoted to reducing the thermo-
dynamic irreversibility and demonstrating the feasibility of the solar ORC. In this
work, several innovative solutions are proposed, including solar ORC with
collectors for direct vapor generation and solar ORC with PV module. The heat
collection, storage, and power conversion are optimized. These systems are
promising, and seem more reliable, flexible, efficient, and cost-effective than the
conventional one. The design, construction, and test of a prototype are conducted
by Dr. Li. Experimental investigation and thermodynamic analysis of the ORC
under different cold reservoir temperatures are performed. Overall, this work
contains valuable information on the solar ORC.

Hefei, July 2013 Prof. Jie Ji
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Chapter 1

Gradual Progress in the Organic Rankine
Cycle and Solar Thermal Power
Generation

The organic Rankine cycle (ORC) is a technology for low-grade heat to power
conversion. The ORC functions in a similar way as the conventional steam Rankine
cycle. The principle is simple. The organic fluid is pumped into a heat exchanger
where it’s vaporized. The high pressure vapor flows through an expander and
outputs technical work due to the pressure drop. The exhaust from the expander
goes into the other heat exchanger where it’s condensed, and then returns to the
pump. Compared with the steam Rankine cycle, the ORC has several advantages,
including:

€]

(@)

Easier realization of efficient turbomachinery at low power. A water molecule
possesses polar covalent bonds between oxygen and hydrogen atoms. The
latent heat of vaporization of water is much larger than commonly used
organic fluids, as shown in Table 1.1. Given the cycle efficiency, the specific
enthalpy drop of water through the expander shall be much larger. In the low
power range from few kW, to few hundreds of kW,, the expander is expected
to undergo very small mass flow rate when using the working fluid of water.
There are many negative effects associated with the small flow rate, e.g. more
significant friction losses due to smaller blade heights and passages, more
appreciable leakage losses due to larger blade tip clearance relative to size, and
secondary flow losses due to larger relative thickness of blades. These
obstacles will lead to inefficient expansion, but can be overcome when using
some appropriate organic fluids. Besides, the organic fluids can offer simpler
configuration of the turbomachinery. On the condition of hot and cold side
temperatures, the pressure ratio of the organic fluids is lower than that of water
as shown in Table 1.2. Lower pressure ratio may avoid multistage expansion
and complicated turbine.

Excellent thermodynamic performance in utilization of low grade heat sour-
ces. Regulated by the slope of temperature-entropy (7-s) curve of the saturated
vapor, the working fluids for the Rankine cycle can be divided into three
categories: (a) dry fluids with positive slope, (b) wet fluids with negative slope,
and (c) isentropic fluids with slope approximately equal to zero. Water is a
typical wet fluid. To prevent water droplets from hitting and damaging the
turbine blades at a high speed in the expansion process, superheat is generally

© Springer-Verlag Berlin Heidelberg 2015 1
J. Li, Structural Optimization and Experimental Investigation of the Organic Rankine

Cycle for Solar Thermal Power Generation, Springer Theses,
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1 Gradual Progress in the Organic Rankine Cycle and Solar ...

Table 1.1 Latent heat of water and organic fluids

Temperature (°C) Latent heat (kJ/kg)
Water R245fa R123 Pentane Benzene

80 2308.0 152.5 145.5 318.1 394.7
100 2256.4 134.5 134.0 296.4 379.7
120 2202.1 111.8 120.5 271.1 363.7
140 21443 78.8 104.0 240.8 346.6
160 2082.0 / 81.9 202.2 328.0
180 2014.2 / 40.6 147.0 307.4

Note | means supercritical state

Table 1.2 Ratio of the saturation pressure at certain temperature to that at 30 °C for water and

organic fluids

Temperature (°C) Pressure ratio
Water R245fa R123 Pentane Benzene

80 11.2 4.4 4.5 4.5 6.4
100 239 7.1 7.2 7.2 11.3
120 46.8 10.8 10.9 11.1 18.9
140 85.1 15.9 16.0 16.2 29.7
160 145.6 / 22.7 23.0 44.7
180 236.1 / 31.5 31.8 64.6

Note The saturation pressure of water, R245fa, R123, pentane, benzene at 30 °C is 4.2, 177.8,
109.6, 82.0 and 15.9 kPa respectively

required prior to the expansion of the steam. The degree of superheat (AT) is
illustrated in Fig. 1.la and its values on different conditions are listed in
Table 1.3. The peak temperature in the Rankine cycle is restricted by the heat
source. Given the source conditions, a high degree of superheat reduces the
average temperature of water during the heating process. The cycle efficiency
is low according to Carnot’s theorem. Through the replacement of water by
dry fluids, this problem can be solved. Superheat is fended off as depicted in
Fig. 1.1b. With a peak temperature of 150 °C and a condensation temperature
of 35 °C, the efficiency of the ideal steam Rankine cycle with superheater is
only 8.3 %, while it is 18.7 % when the working fluid is R245fa.

(3) Good reaction to low environment temperature. The pressure in the condenser
is critical to the Rankine cycle efficiency as it is linked with the expander
backpressure which limits the amount of energy drawn from the steam or
organic fluids. A lower pressure in the condenser implies a larger specific
enthalpy drop and a higher thermal efficiency. However, in normal operation
it’s very difficult to maintain a vacuum lower than 5 kPa [1]. As for water, the
saturation temperature at 5 kPa is about 33 °C. When water is condensed below
this temperature, no lower backpressure and no more power output can be
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Fig. 1.1 The temperature—entropy curves: a water, b R245fa

realized for the expander. In this case, the power output does not increase with
the decrement in the cold side temperature, which is in contrast to theoretical
expectation. The cycle efficiency may be even decreased as more energy is
needed to heat water at a lower temperature from the condenser. There are also
pressure losses in the condenser, pipes, etc. The realizable backpressure of the
expander in small power system shall be higher than 10 kPa, with a saturation
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Table 1.3 Degree of superheat at the expander inlet in the steam Rankin cycle

pi (kPa) Po (kPa) Tis (°C) T,.s (°C) T, (°C) AT (°C)
47.4 5.6 80.0 35.0 242.2 162.2
198.7 5.6 120.0 35.0 441.5 321.5
618.2 5.6 160.0 35.0 638.5 478.5
70.2 9.6 90.0 45.0 240.6 150.6
270.3 9.6 130.0 45.0 426.3 296.3
792.2 9.6 170.0 45.0 609.2 439.2
101.4 15.8 100.0 55.0 240.0 140.0
361.5 15.8 140.0 55.0 413.8 273.8
1002.8 15.8 180.0 55.0 584.4 404.4
143.4 25.0 110.0 65.0 240.5 130.5
476.2 25.0 150.0 65.0 403.6 253.6
1255.2 25.0 190.0 65.0 563.5 373.5

Note p; and p,, are the expander inlet and outlet pressure. T;, and T, ; are the saturation temperature
at p; and p, respectively. T;, is the required expander inlet temperature. AT is the degree of
superheat of steam at the expander inlet (AT = T;, — T;). Isentropic expansion is assumed

pressure of 45.8 °C for water. From this viewpoint, water is not suitable for low
condensation temperature applications due to the inadequate expansion. It
means in cold seasons the steam Rankine cycle is not able to react properly to
the environment temperature. It cannot extract the exergy in an efficient way
from the available temperature difference between the hot and cold sides. On
the other hand, the organic fluids used in the ORC are characterized by low
boiling temperatures. For most fluids, the saturation pressure at 0 °C exceeds
20 kPa. For example, it is 53, 33, 25 kPa for R245fa, R123 and pentane. The
backpressure of the expander will decrease with the decrement in the con-
densation temperature, resulting in larger enthalpy drop, more power output,
and higher cycle efficiency. Since the environment temperature in many areas
fluctuates from 40 to 0 °C through the year, the ORC has the potential to
provide more annual power output than the steam Rankine cycle.

1.1 Development of the ORC

The Rankine cycle was described in 1859 by William John Macquorn Rankine, a
Scottish polymath and Glasgow University professor. This cycle, in the form of
steam engines, has been very important for producing power since the 19th century,
when it was used for transportation and industrial power generation. Nowadays it
generates more than 85 % of all electric power used throughout the world. For the
past decades, the Rankine cycle has evolved in a number of ways including the
improvement of the steam turbine, refinement in configuration (reheat and
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Fig. 1.2 Howard’s alcohol engine [3]

regenerative features), and the use of different working fluids than water. Although
the Rankine cycle using the organic fluids has never been as important as the steam
Rankine cycle, the concept may be rather old. In the 18th and 19th centuries, water,
alcohol, ammonia (some kind of ‘organics’), together with mercury, air, etc. were
commonly taken into consideration in the thermodynamic investigation on heat
engines. A machine working with alcohol was proposed in 1797 by Cartwright. It
was pointed out that due to the imperfect construction at the time, leakage of the
vapor would make the system very uneconomic [2]. An engine which used the
vapor of alcohol (Howard’s alcohol engine) was patented in 1825 [3, 4]. A sketch
of this engine is shown in Fig. 1.2. Attention was paid to minimize the leakage of
the expensive working medium. An experiment with the mixture of water and
methyl alcohol was performed in 1885, by running a launch engine 24 h with steam
and 24 h with the mixture [5]. The mixture contained 15 % of wood alcohol. The
results showed the cost of wood alcohol must be lower than 1/67 of its market price
in order to enable the binary vapor to compete with water. An ammonia engine was
devised by Lamm in 1869. The engine consisted of an inner tank, water vessel
ammonia boiler, dome, delivery pipe, throttle, etc. It was tested by street railway
companies in New Orleans with satisfactory results [6]. In short, many fluids were
referred in the early heat engine inventions. The steam engine in the Rankine cycle
was a widely used heat engine in the 19th century. It should be reasonable to
consider different fluids when explicating the mechanisms of the Rankine cycle.



6 1 Gradual Progress in the Organic Rankine Cycle and Solar ...

Though it is difficult to clarify the exact time the concept of ORC came up, it is
clear the practical usage of the ORC is accelerated by the need to become less
dependent on fossil fuel. The utilization of fossil fuel, the main resource feeding the
steam Rankine cycle, has caused lots of problems. First, the burning of multiple
types of fossil fuel is responsible for releasing pollutant into the atmosphere. China
is one typical developing country suffering from pollutant. It has a serious problem
of haze. In January 2013, a hazardous dense haze covered Beijing and the nearby
cities, and affected more than 80 million people. In the whole month, there were
only 5 days without haze according to the PM2.5 standards. In the following winter,
China’s eastern coast was blanketed in toxic haze. Pollution spread to southeast of
country that normally remained unaffected. The haze resulted in the cancellation or
delay of many flights. Cars needed headlights to see where they were going even in
mid-afternoon. And people had to wear a respirator on streets. A picture of China’s
haze from space showed much of eastern China was shrouded by heavy smog [7].
The primary factor of PM2.5 is coal burning [8]. Second, the fossil fuel combustion
is the chief culprit in global warming. Its influences on warming of the atmosphere
and the ocean, in changes in the global water cycle, in reductions in snow and ice,
in global mean sea level rise, and in changes in some climate extremes have been
detected [9]. Third, fossil fuel resources are finite. The three major types of fossil
fuel, namely, coal, oil, and natural gas, were formed millions of years ago when
dead plants and animals were trapped under deposits and became buried underneath
land. They cannot be replenished once used. As reported by BP, the proved reserves
of coal, oil, natural gas were 860,938 million tons, 1668.9 billion barrels and
6614.1 trillion cubic feet at the end of 2012. The corresponding reserves/production
(R/P) ratio was 109, 52.9 and 55.7 years [10].

Since the oil-shock in 1970s, there have been significant developments in the
ORC. The advantage of ORC in low temperature and power applications is a good
match for heat sources from the combustion of biomass, geothermal energy, and
industrial exhaust, etc. Biomass is available worldwide. The collection, transporta-
tion, and storage costs motivate decentralized power generation. Though electricity
generation from biomass using steam turbines is an extremely widespread bioenergy
technology, the ORC systems are more suitable when the power capacity is below
3 MWe. The heat from the combustion of biomass is transferred from the exhaust
gases to conduction oil through heat exchangers at a temperature ranging from 150
to 320 °C, and is supplied for the ORC. Exploitable geothermal resources are also
abundant. Hydrothermal systems are traditionally classified as hot water fields (at
temperatures up to 100 °C), wet steam fields (at temperatures exceeding 100 °C) and
vapour-dominated fields (generally at temperature more than 200 °C). Less than
10 % of the hydrothermal systems are vapour-dominated. Most geothermal areas
contain moderate-temperature water [11]. The potential for waste heat recovery from
industrial processes is enormous. For example, about 45 % of America energy
consumption is released to the atmosphere as waste heat. By recovering the waste
heat 440 million tons/year of CO, emissions could be eliminated [12]. The steel
making, cement kilns and glass making, etc. consume and create a large amount of
energy. The exhausts in these sectors often leave a flue as hot as 300 °C and are
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discharged to the atmosphere. For a typical cement kiln line of 2,000 t/d capacity
with a 4-stage cyclone preheater and grate cooler, assuming a preheater waste-gas
temperature of 350 °C and grate cooler exhaust-air temperature of 275 °C, the annual
loss to be attributed to unused process heat is approximately US $1.0-$1.6 million
[13]. All these sources can drive the ORC and produce power.

Hundreds of ORC plants have operated reliably for many years all over the
world. Some information is presented in Table 1.4. By the end of 2013, the installed
capacity of ORC power plants has climbed to approximately 1,700 MW. And the
growth gets faster and faster, as shown in Fig. 1.3. For most of the plants, the heat
source temperature for the ORC is between 110 and 320 °C, with the net electric
efficiency from 9 to 20 %. At present Turboden and Ormat are two the largest
manufacturers in the field. The former has constructed more than 200 biomass
ORC:s and the latter has built up more than 30 geothermal ORCs. Triogen claims
the most efficient ORC in the market with an efficiency of >17 % (150 kW) and also
the most cost-effective one measured in cost per kW installed capacity. And the
payback period is between 2-5 years [14]. The ORC technology in power range
above 100 kW has reached a considerable degree of maturity.

1.2 Challenges for the ORC

The ORC power plants are gaining ever increasing interest. The market shall
expand greatly in the coming years. However, there are challenges the ORC has to
handle.

The industrial waste heat, geothermal energy, and biomass energy are the main
sources for current commercial ORCs. The industrial processes are becoming more
efficient. Many ways have been developed to increase the efficiency of industrial
energy systems. Advanced boilers and furnaces can operate at higher temperatures
while burning less fuel, which have efficiency more than 95 %—insulating flue
stacks and installing heat exchangers that capture waste heat. The efficiencies of
pumps and compressors, etc. depend on lots of factors but often improvements can
be made by implementing better process control and better maintenance practices.
Adjustment of the industry structure is also made from a strategic perspective to
save energy. In industry of high energy consumption, the mainstream trend is the
elimination of small and medium enterprises of low efficiency and high pollution.
This trend can be reflected by the norm of energy consumption per unit products of
cement of China, as shown in Table 1.5. It seems only large production lines can
meet the ever-stricter standard. With enlarged capacity per unit and the increased
efficiency in industrial processes, the quality of waste heat can be reduced. In such
cases, the ORC may become uneconomic. Meanwhile, the ORC faces the com-
petition from the steam Rankine cycle in recovering waste heat in large plants. The
ORC has less technical superiority at higher power.
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Fig. 1.3 Cumulative installed capacity of ORC plants. The data for recent years are obtained from

websites of main manufactures including Ormat, Turboden, Exergy and Triogen

Table 1.5 Permissible range of energy consumption per unit products of cement (clinker) in
China [16, 17]

Plant Year Classification
Below 1,000-2,000 v/d 2,000-4,000 t/d Above
1,000 t/d 4,000 t/d
Integrating E 2006 <135 <130 <125 <120
standard E 2012 | <112 <112 <112 <112
coal N 2006 |/ <120 <115 <110
consumptlon
(ke/t) N 2012 | <108 <108 <108 <108
Integrating E 2006 <78 <76 <73 <68
electricity E 2012 | <64 <64 <64 <64
consumption
(kWho) N 2006 |/ <68 <65 <62
N 2012 | <60 <60 <60 <60

Note E and N denote the existing and new built plants, respectively. ‘Classification” denotes the capacity of
production line. The unit t/d is the abbreviation of ton per day. / means the capacity is not allowed in the new
built plant

Geothermal power is cost-effective, renewable, sustainable, and environmentally
friendly, but has been limited to areas near tectonic plate boundaries. The tem-
perature gradient drives a continuous conduction of thermal energy in the form of
heat from the earth’s core to the surface. Outside of the seasonal variations, the
gradient through the crust is 20—40 °C per km of depth in most regions of the world,
with low values at northerly latitudes. The potential capacity of power generation
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from geothermal energy increases with the increment in the depth of wells. To
extend the market of geothermal ORCs, it is a must to extract geothermal fluids
from the layers which underlie the reservoir now being exploited. As the wells get
deeper the cost increases. Geothermal heat from thousands of meters deep could be
promising, but the exploration and drilling may be prohibitively expensive.

The biomass is a very important renewable energy resource. And the market of
biomass ORCs is growing extremely fast. The number of the total installed ORC
units including biomass, geothermal, waste heat recovery plants in 2012 was about
370 [15]. While in February 2014, the number of under-construction biomass ORC
units alone were at least 40 according to the data from the websites of the main
manufactures. By cogeneration, the biomass ORC units can produce electricity and
hot water for wood drying, sawdust drying, air pre-heating, district heating etc.,
thus meeting different types of consumer needs. However, many of current biomass
ORC:s are installed in companies that produce pellets, lumber, and furniture. It is
easy to realize continuous and stable fuel supply in these applications. As the
market extends, the supply chains will play a key role in cost-effective biomass
ORCs. With the seasonality and low bulk density of most biomass feedstocks, the
cost of transport and storage will be a big hurdle in the development of biomass
ORCs.

1.3 ORC in the Solar Thermal Power Application

Compared with waste heat recovery, biomass and geothermal power generation,
solar power generation is a new application of the ORC. Thermal power generation
is one of the most important approaches in utilizing solar energy. More than 50
stations have been built during the past 5 years all over the world, including Solana
Generating Station (USA, 280 MW, 2013), Solnova Solar Power Station (Spain,
150 MW, 2010), Welspun Solar MP project (India, 150 MW, 2014), Shams (United
Arab Emirates, 100 MW, 2013), Hassi R’Mel integrated solar combined cycle
power station (Algeria, 25 MW, 2011), Kuraymat Plant (Egypt, 20 MW, 2010),
Archimede solar power plant (Italy, 5 MW, 2010), Jiilich Solar Tower (Germany,
1.5 MW, 2008), Liddell Power Station Solar Steam Generator (Australia, 9 MW,
2012), Greenway CSP Mersin Solar Tower Plant (Turkey, 5 MW, 2013), Ain Beni
Mathar Integrated Thermo Solar Combined Cycle Power Plant (Morocco, 20 MW,
2011), Thai Solar Energy (TSE) 1 (Thailand, 5 MW, 2011), Beijing Badaling Solar
Tower (China, 1.5 MW, 2012) [18, 19]. And more than 20 station is under con-
struction with overall capacity of about 2.5 GW [20]. Most of these operational and
constructed stations using concentrating solar power (CSP) technologies such as
parabolic trough, linear Fresnel reflector, heliostat tower, and dish/engine systems.
The solar collectors are of high concentration ratio and the steam Rankine cycle is
commonly adopted. Several disadvantages shall be noted, as follows:
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The technical difficulty in high temperature solar energy collection is great.
Currently, over 95 % of the commercially operational solar thermal power
plants are parabolic trough systems. A parabolic trough collector (PTC) is
constructed as a long parabolic mirror with a linear receiver, running along its
length at the focal point. The specially coated, evacuated receiver tube con-
verts solar radiation into thermal energy, and its durability and efficiency is
crucial for the sustainable profitability of the entire system. The glass-to-metal
sealing of the receiver is a type of tubular sealing, which requires not only
appropriate mechanical strength but also excellent gas tightness under high
vacuum conditions. Due to the thoroughly different characteristics of metal
and glass such as thermal expansion coefficient and wettability, sealing failure/
degradation of the receiver may happen when the operating temperature
fluctuates from about 400 °C at daytime to 30 °C at night. This failure/
degradation has proven to be a big problem in the nine solar power plant
(SEGS) in the USA [21]. Aside from the PTC, a parabolic dish collector is
generally coupled with a small engine at the focus of the collector. By using
many small engines in parallel it is easier to transport electrical energy than
thermal energy from a field of dishes and reduce the energy lost in the
transmission process. One example is the Maricopa Solar Plant in Arizona,
USA. But when located at the focus of a dish, the engine makes the adjustment
of the collector more difficult and casts shadows. For the heliostat, it has the
disadvantage of relatively short life, and the mirror has to be manually rea-
ligned after any prolonged cloudy spell.

A tracking system is required. In order to obtain the necessary temperature for
the power conversion, solar radiation is concentrated in arrays. For most
PTCs, the geometric concentration is more than 60 [22], and one-axis tracker
is favorably used. The geometric concentration of parabolic dish collectors and
heliostats can reach 1,000 or higher, and two-axis trackers are needed. Adding
a solar tracking system means more moving parts and gears, which will call
for regular maintenance and repair or replacement of broken parts. Also solar
collectors with a tracker are prone to be damaged on extreme weather con-
ditions compared with stationary collectors.

Highly concentrated systems collect little diffuse radiation. Diffuse radiation
describes the sunlight that has been scattered by molecules and particles in the
atmosphere. Diffuse radiation does not have a definite direction. The part of
diffuse radiation that can be utilized by a solar collector is inversely propor-
tional to the concentration ratio [23]. The annual diffuse horizontal radiation
and direct normal radiation have the same order of magnitude in lots of areas.
For example, the ratio of the former and the latter in a typical meteorological
year is 1:1.61, 1:0.95 and 1:0.86 for Beijing (N39°54', E116°23"), Hefei
(N31°51’, E117°16") and Haikou(N20°01', E110°19’) [24]. Given a concen-
tration ratio higher than 60, the collector can hardly use any of the diffuse
radiation. In this view, high-temperature solar thermal power generation is
only applicable in certain regions of rich direct irradiation.
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(4) A number of technical difficulties have to be overcome in high-temperature
heat storage. Thermal storage is important to maintain the continuity of solar
power generation. The large-scale utilization of solar energy is possible only if
the effective technology for its storage can be developed with acceptable
capital and running costs [25]. The first SEGS plant (SEGS 1), built in 1984,
included 3 h of heat storage. The plant used a mineral oil as the heat transfer
fluid (HTF) and a two-tank thermal storage system: one held the cold oil and
the other held the hot oil once it had been heated to about 300 °C. This
technology proved to be successful for helping the plant dispatch its electric
generation to meet the utility peak loads during non-sunlight periods. The
mineral oil HTF was very flammable and could not be used for the later, more
efficient SEGS plants that operated at higher solar field temperatures
(approximately 400 °C). The HTF was also expensive, dramatically increasing
the cost of larger HTF storage systems [26]. Latent heat storages are one
possible HTF storage alternative, which are marked by a minimum of nec-
essary storage material. Recently the world’s largest solar thermal plant with
molten salt storage system has come online in Arizona [27]. The 280 MW
Solana Generating Station constructed by Spanish group Abengoa has 6 h of
molten storage capacity. The storage system consists of six pairs of hot and
cold tanks with a capacity of 125,000 metric tons of salt, and the molten salt is
kept at a minimum temperature of 277 °C. However, the low heat conductivity
of the salt is an obstacle which must be overcome to make full use of this
storage technology.

(5) The plants have to be large to be economic. The capital cost per kilowatt of a
solar power plant generally decreases with the increment in installed capacity
[28]. The reason is the fixed costs for a smaller plant are approximately the
same as that for a larger plant, and the cost per kW is higher. In past 5 years,
many plants with capacity larger than 100 MW have been built. These plants
typically occupy several square kilometers land or more for solar energy
collection. Such large plants are likely to be restricted in remote regions and a
consistent amount of sunlight must be available.

(6) There are potential negative impacts on environment along with large scale
solar farm. Though solar thermal power plants produce carbon-free electricity,
environmentalists have hit out at a giant new solar farm in the Mojave Desert.
Mounting evidence has revealed birds flying through the extremely strong
thermal flux surrounding the towers were scorched [29]. The mirrors may also
cause vision problems for pilots. The reflection from the mirrors can be
hazardous and the glare of light is so intense that it completely blinds the pilot
as if looking into the sun [30].

By using the ORC, low-medium temperature solar thermal power system will be
an attractive option that surmounts the above disadvantages. Since a temperature of
about 100 °C or slightly higher is sufficient to drive the ORC, flat plate collectors
(FPC), evacuated tube collectors (ETC) or small concentration ratio collectors will
be competent in solar energy collection for the ORC. Particularly, compound
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parabolic concentrators (CPC) are capable to efficiently harness solar energy in
temperature ranges from 100 to 150 °C. CPCs are non-imaging concentrators. In
order to increase the efficiency of ETC collectors, a highly reflective, weather-proof
CPC reflector is fitted behind, as shown in Fig. 1.4. The special, improved geometry
of the CPC reflector ensures that direct and diffuse sunlight falls onto the absorber,
which considerably increases the energy yield. CPC collectors with small con-
centration ratios can accept a large proportion of the diffuse radiation incident on
their apertures, and direct it without tracking the sun [31]. At lower concentration
ratios (e.g., 3X), CPC performance is substantially better than a double-glazed flat
plate collector at temperature above 70 °C, while requiring only semi-annual
adjustments for year-round operations [32]. The CPC collector exhibits excellent
thermal performance for high-temperature applications such as steam generation,
preparation and treatment of goods, in which operating temperature should be more
than 120 °C [33, 34].

At present the CPC collectors have been mass-produced. Manufacturers have
successfully developed CPC collectors with efficiency greater than 50 % on irra-
diation conditions of 800 W/mz, working temperature of 130 °C, and environmental
temperature of 30 °C [35]. With high-quality, corrosion-resistant and tested mate-
rials of the reflectors and tubes, the system can heat water to 150 °C [36]. New flat
stationary evacuated CPC collectors with a target operating temperature adequate
for industrial applications have been also developed, which exhibit proven system
feasibility [37]. Different flat CPC collectors are available, reflecting the wide
applicability of such technologies. And there are many industrial applications. The
specifications of some commercial CPCs are listed in Table 1.6.

The low-medium temperature solar thermal electricity generation rooted to the
ORC and CPC seems promising. The foreseeable merits include:

(1) CPC collectors with smaller concentration ratios can accept a large proportion
of diffuse radiation incident on their apertures, and direct it without tracking
the sun. Therefore, the cost associated with collectors can be reduced.

Fig. 1.4 CPC collectors



1.3 ORC in the Solar Thermal Power Application

Table 1.6 Specifications of some CPC collectors [38, 39]

15

Ritter solar
CPC

Series CPC 12 OEM

1o in relation to aperture (%) 64.2

¢, with wind, in relation to aperture (W/ 0.89

m? K)

¢, with wind, in relation to aperture (W/ 0.001

m? K?)

Max. working overpressure, (bar) 10

Max. stagnation temperature (°C) 272

Collector material Al/Cul/glass/silicone/PBT/
EPDM/TE

Glass tube material

Borosilicate glass 3.3

Selective absorber coating material

Aluminum nitrite

Consolar
CPC

Series TUBO 12 CPC
Test no. ITW Stuttgart) 06COL457

o> % 62

¢; (W/m® K) 0.395

¢, (W/(m? K?) 0.02

Tube material Borosilicate glass
Transmission through glass (%) 92

Vacuum

5 x 1072 Pa (Getter: Barium)

Lamination

SC layer (steel-copper-aluminum
nitrite)

Emission (%) 5-6
Absorption (%) 93-94
Max. perm. absorber temperature (°C) 250

Reflector material

High-reflectivity aluminum

Note 1, is the optical efficiency, ¢, and c, are the first and second heat loss coefficients

(2) The proposed solar ORC system enables scaling to smaller unit sizes. Elec-
tricity, as well as heating and cooling, can be supplied near its point of use,
making it especially suitable for building-integrated solar energy applications.

(3) The technology of heat storage at temperature below 200 °C is much easier to
realize compared with high-temperature heat storage. Many kinds of phase
change materials can be used for the proposed system; these include paraffin,
magnesium chloride hexahydrate, erythritol, galactitol, etc.

(4) The ORC is one of the most favorable and promising techniques in low
temperature applications. ORC technology is reinforced by the high techno-
logical maturity of most of its components, stemming from their extensive use
in refrigeration applications.

Another compelling motivation of the solar ORC is that it can cooperate with
biomass energy. The physic characteristics of solar and biomass energy resources
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are similar: low energy density, seasonality and abundance. The hybrid solar/bio-
mass ORC system can have three basic modes, as shown in Fig. 1.5. (I) Electricity
is generated by solo solar ORC when irradiation is strong (V1 opens, V2 and V3
close). (I) Electricity is generated by solo biomass-fired ORC (V3 opens, V1 and
V2 close). (II) The system is driven by solar energy as well as biomass energy
when irradiation is available but not strong (V2 opens, V1 and V3 close).

The hybrid solar/biomass ORC system takes complementary advantages of the
biomass-fired ORC and solar ORC. The biomass-fired system is a good thermal
backup to keep the expander inlet temperature constant and to assist the solar
collectors whenever irradiation is unavailable. On the other hand the collectors are
useful for preheating the ORC fluid in the biomass-fired ORC process when irra-
diation is not strong enough for solo solar thermal electricity generation. In seasons
of relatively high elevation angle of noon Sun, there is rich sunlight and photo-
synthesis is performed fast by plants in the hot/warm weather. The heat source of
the ORC is mainly contributed by solar energy. Absorption chillers can also be
driven by the heat source for cooling. In other seasons when rich radiation is
unavailable, the chemical energy of the plants converted from solar energy can be
released to fuel the ORC. With the coordination of the solar collector and biomass
burner, a multifunctional ORC system of great flexibility in operation is realized.
The capacity of storage units for solar and biomass energy can be considerably
reduced or eliminated. The annual usage of the facility is increased and the payback
period can be cut down. An illustration of this kind of system is presented in
Fig. 1.6.
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Fig. 1.5 Hybrid solar/biomass ORC system
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1.4 Recent Research in Low-Medium Temperature Solar
Thermal Electricity Generation Using the ORC

The development of the low-medium temperature solar thermal power generation
from 100 to 200 °C is subjected to the progress in ORC and non-tracking solar
collector technologies. The following sections will focus on the recent research in
these fields respectively.

1.4.1 ORC

In the past decade, ORC research has been very active in the working fluid
selection, system design and optimization, low power expander design and test, etc.
The selection of the working fluid is the most important step for a successful
ORC [40]. The reason is the fluid must have not only thermophysical properties that
match the application but also adequate chemical stability at the desired operating
temperature. There are some optimal characteristics of the working fluid [41]:
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(1) Dry or isentropic fluid to avoid superheat at the expander inlet, for the sake of
an acceptable cycle efficiency;

(2) High chemical stability to prevent deteriorations and decomposition at oper-
ating temperatures;

(3) Non-fouling, non-corrosiveness, non-toxicity and non-flammability;

(4) Good availability and low cost.

However, it is impossible to meet all the desired requirements for each fluid. In
the previous research, numerous theoretical and experimental studies have focused
on ORC fluid selection with respect to thermodynamics: (a) Critical temperature.
Thermal efficiency is a function of critical temperature of the working fluid [42]. By
examining twelve fluids, it is shown that hexane offers the best cycle efficiency
attributed to the highest critical temperature, while the lowest efficiency comes
along with R-227ea which has the lowest critical temperature [43]. Fluid of higher
critical temperature also accompanies lower optimum evaporation pressure [44]. (b)
Latent heat. Fluid of high latent heat is preferred by some researchers because it can
absorb more energy from the source in the evaporator and thus reduce the required
flow rate, equipment size and pump consumption at given power [45]. It can also
offer better cycle efficiency due to higher mean-temperature in the heating process
[46, 47]. On the other hand, fluid of low latent heat would provide better operating
condition with the saturated vapor at the turbine inlet [48]. (c) Hot and cold side
temperatures. The working fluid selection is related to the hot and cold side tem-
peratures. A fluid exhibiting outstanding performance on one condition of the
operating temperatures can hardly behave the same at other temperatures [49-52].
(d) Configuration of the thermodynamic cycle [53-56]. The working fluid selection
for the ORC with an internal heat exchanger or intermediate heat exchanger or
preheater is different from that for a basic ORC. (e) Other indicators as power
output, cost, mass flow rate, efficiency and pinch point temperature [57-60]. There
are generally several indicators rather than one to measure the ORC. A multi-
objective function in comprehensive consideration of the properties and perfor-
mances is more favorite in the fluid selection. Notably, there may be one hundred or
more candidate fluids for the ORC, but in practical systems the fluids are limited.
Siloxanes, toluene, pentane, and their derivatives are favorably used as working
fluids in high-temperature applications. While in low-medium temperature appli-
cations, R245fa, R123 and ammonia are commonly utilized.

Thermodynamic optimization is also widely conducted, including: (a) Para-
metric optimization. Via optimizing the degree of sub-cooling of organic fluid at the
condenser outlet and the mass flow rate of cooling water, the net power is increased
[61]. Choosing a proper nominal state can improve the system output power and
efficiency [62]. Given the turbine inlet pressure, the system irreversibility increases
with the increment in the inlet turbine temperature [63]. (b) Structure optimization.
Employing regenerator [64, 65], ejector [66] and two-stage expanders [67] results
in higher cycle efficiency.
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The expander is the key component of small-scale ORC systems. Yamanoto et al.
designed and tested an experimental ORC with a micro-turbine and nozzle to
determine the optimum design of a turbine blade shape. The maximum rotation
speed and turbine output was 35,000 rpm and 150 W, respectively. The authors
concluded that the ORC could be applied to low-grade heat sources and R123 was
able to improve ORC performance significantly [48]. Badr et al. created a prototype
expander by modifying an existing multi-vane pump. The expander worked through
a reverse pumping process, thereby achieving an isentropic efficiency of over 73 %
[68]. James et al. carried out experimental investigation on relatively cost-effective
gerotor and scroll expanders, which generated 2.07 and 2.96 kW, and had isentropic
efficiencies of 0.85 and 0.83, respectively. Both expanders demonstrated significant
potential to produce power from low-grade energy [69]. Lemort et al. performed an
experimental study on the prototype of an open-drive, oil-free scroll expander
integrated into an ORC that ran on refrigerant R123. The maximum delivered shaft
power was 1.82 kW, and the maximum achieved overall isentropic effectiveness was
68 %. Internal leakages and, to a lesser extent, supply pressure drops and mechanical
losses, were the main losses affecting the performance of the expander [70, 71].

Scroll, screw and turbo expanders are the three main types of expanders used in the
ORC system. Scroll expanders seem to be good candidate for the expansion device of
small scale ORC systems, attributed to the simplicity of operation, reliability (no
valves and few moving parts), low rotational speed and ability to handle high pressure
ratios. At present most of the employed scroll expanders are obtained by modifying
existing compressors. And some experimental works on this kind of expander are
listed in Table 1.7. Screw expanders especially twin screw expanders show higher
degree of technical maturity compared with scroll expanders, and can be commer-
cially produced by companies such as Opcon Group and Jiangxi Huadian Electrical
Power. In general, this kind of expander consists of a pair of helical screws and the
shell casing. The fluid, which can be at superheated state, saturated state, binary state
or liquid state, moves through several grooves and drives the twin helical screws in
opposite directions. The expander has high tolerance for the fluid fluctuation in a wide
range of pressure and temperature and volumetric flow. It also has other advantages as
quick start-up and shut-down operation, no special warm-up, less faults from over-
speeding and turning. Turbo-expanders have the highest degree of technical maturity
and offer many advantages such as compact structure, light weight, small size, good
stability and superior efficiency. Owing to the technical maturity, the turbo-expanders

Table 1.7 Some experimental works based on scroll expanders

Participant Working fluid Expander efficiency Cycle electric efficiency (%)
Peterson et al. R123 0.40-0.50 72

Kane et al. R123/R134a 0.50-0.67 14.1

Manolakos et al. R134a 0.30-0.50 3.5-5.0

Wang et al. R245fa 0.45 5.8

Lemort et al. R123 0.42-0.68 Unavailable

References [70, 75-77, 111]
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are preferred in the existing ORC plants, for which the capacity is generally larger
than 0.5 MWe. In low power application, the advantages of the turbo-expanders over
the scroll and screw expanders become less appreciable regarding the requirement of
multistage expansion or a gearbox to reduce the rotation speed. Scroll and screw
expanders are therefore competitive at low power.

In the recent ORC studies, special attention was paid to small-scale power gen-
eration. Liu et al. developed and evaluated a biomass-fired micro-scale CHP system.
The system generated 284 W electricity, which corresponds to 1.34 % electrical
efficiency and 88 % overall CHP efficiency [72]. Riffat and Zhao designed and tested
a 1.34 kW ORC-based CHP system assisted by fuel gas. The electrical efficiency was
16 %, and the overall efficiency was about 59 %. Further analysis showed that the
proposed system would save primary energy of approximately 3,150 kWh per annum
compared with conventional electricity and heating supply systems. And the energy
savings would, in turn, result in reduced CO, emissions of up to 600 tons per annum
[73, 74]. Kane et al. provided a novel concept of a mini-hybrid solar power plant that
integrates a field of solar concentrators. Laboratory tests were conducted with two
superposed ORCs. The chosen fluids were R123 for the topping cycle, and R134a for
the bottoming cycle. An overall superposed cycle efficiency of 14.1 % was achieved
for a supply temperature of up to 165 °C [75]. Peterson et al. presented a study on the
performance of a small-scale regenerative Rankine power cycle that employed a
scroll expander. The system efficiency was 7.2 % [76]. Manolakos et al. presented the
detailed laboratory experimental results of a low-temperature ORC engine coupled
with a reverse osmosis desalination unit. The results indicated that the efficiency of
the Rankine cycle fluctuated from 3.5 to 5.0 % [77]. Gang et al. examined an inno-
vative ORC system with two-stage evaporators, as well as a regenerative cycle
suitable for domestic applications. System performance was estimated based on the
commercial expander. The thermodynamic irreversibility could be reduced by using
two-stage evaporators, and ORC efficiency could be increased by the regenerative
cycle [78, 79]. Al-Sulaiman et al. carried out the energy and exergy analysis of a
biomass tri-generation system using the ORC. A heating process and a single-effect
absorption chiller were connected with the ORC condenser. It revealed that there was
a significant improvement when tri-generation was used, for which the fuel utilization
efficiency went up to 88 %, as compared with 12 % for solo electrical power [80].
Wang et al. introduced a novel thermally activated cooling concept by coupling an
ORC and a vapor compression cycle (VCC). With both subcooling and cooling
recuperation in the vapor compression cycle, the overall cycle COP reached 0.66 at
extreme military conditions with outdoor temperature of 48.9 °C [81]. Bu et al.
combined the ORC with VCC for ice making driven by solar energy. In terms of
overall efficiency and ice production per square meter collector per day, R123 seemed
the most suitable working fluid for the ORC/VCC [82]. Jradi and Riffat conducted the
experiment investigation on an innovative micro-scale tri-generation system con-
sisting of an ORC-based combined heat and power unit and a combined dehumidi-
fication and cooling unit. It was shown that the proposed system was capable of
providing about 9.6 kW heating power, 6.5 kW cooling power and 500 W electric
power [83].
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Above all, small scale ORC and multifunctional systems are the new research
trend. The interest in these systems is strengthened by the following aspects: (1) The
size of the ORC plant is limited by the low energy density of heat sources. Biomass
typically contains more than 70 % air and void space, and is difficult to collect, ship,
and store. Solar radiation is generally less than 1,000 W/mz, and a large area for
gathering an appreciable amount of energy is not easily accessible. Yet, more than
90 % of available waste heat worldwide is applicable to the 10-250 kW system size
[84]. (2) The size of the ORC plant is also limited by the availability of energy
consumers. Many residential applications require only several to tens of kW for
pumping, refrigerator, air conditioning, etc. (3) The small-scale production of
electricity at or near customers’ homes and businesses can improve the reliability of
power supply. (4) Smaller modular systems may be more easily distributed in the
market because of the possibility of using waste heat as well as electricity, and
offsetting retail electricity costs instead of fossil plant generating costs [85]. In view
of the cost-effectiveness, multifunctional systems are crucial to increase the output
per unit of resource consumption, and to shorten the payback time.

1.4.2 Solar Collectors

CPCs are highly attractive because they do not require complicated tracking system
and are able to collect solar radiation at a wider angular region of the sky, which
includes a substantial portion of diffuse radiation. Research on CPC collectors for
100-200 °C applications is expanding, where the solar heat can be utilized directly
for solar thermal power generation as well as industrial processes, desalination and
solar cooling. There have been significant improvement in material selection and
structure design for the CPCs. Frank et al. developed a non-tracking, flat, low-
concentrating CPC collector for the economical supply of solar process heat at
temperatures between 120 and 150 °C, in which the basic concept is the integration
of an absorber tube and reflectors inside a low-pressure enclosure. A prototype,
with an aperture area of 2.0 mz, was tested and showed efficiencies of about 50 %
on the conditions of operating temperature of 150 °C, radiation of 1,000 W/m?
(900 W/m? direct) and ambient temperature of 20 °C [86]. Gudekar et al. presented
a working model of CPC collector for steam generation at temperature up to
150 °C. An experimental demonstration unit having an aperture area of nearly
30 m?, acceptance angle of 6°, requiring tilt adjustments once a day for a daily
operation of 6 h was set up and tested. The results showed the CPC system had the
potential of improving thermal efficiency up to 71 % [33, 87]. Sagade et al.
investigated the effect of receiver temperature on performance evaluation of silver
coated selective surface CPC with top glass cover. The line focusing parabolic
trough yielded instantaneous efficiency of 60 % with top cover [88]. Liu et al.
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introduced a novel all-glass evacuated tubular solar steam generator with simplified
CPC. Outdoor experiments were carried out to study the actual performance of the
generator in summer under different operating conditions. The results showed that
the maximum steam outlet temperature exceeded 200 °C with pressure of
0.55 MPa. The solar steam generator can steadily produce steam over 150 °C in the
pressure range from 0.1 to 0.55 MPa with a collecting efficiency over 0.30 [89].
Fernandez and Dieste studied a low and medium temperature solar thermal collector
based on innovative materials and improved heat exchange performance. The tra-
ditional metallic materials were replaced by surface treated Aluminum with TiNOx
for the absorber, which simplified the production and assembly process. The
definitive prototype had an aperture area of 0.225 m? and the accumulated effi-
ciency was between 41 and 57 % [90]. Pei et al. tested a CPC-type solar water
heater system with a U-pipe. Through the experimental study and exergetic analysis
of the solar water heater system, thermal efficiency of above 49.0 % (attaining
95 °C water temperature) and exergetic efficiency of above 4.62 % (attaining 55 °C
water temperature) can be achieved [91]. Li et al. developed and tested two trun-
cated CPC solar collectors, which combined the external CPC and the U-shape
evacuated tube. The two collectors had concentration ratios of 3.06 and 6.03
respectively. Experimental results indicated that the tilt angle of the 3X CPC col-
lector did not need daily adjustment, while the 6X CPC collector needed to be
adjusted five times a day. And the daily thermal efficiencies of the 3X and the 6X
CPC collectors were 40 and 46 % respectively at the collecting temperature of
200 °C [92].

Aside from the purpose of medium temperature solar thermal applications, the
need of reducing cost of photovoltaic (PV) cells has been driving the development
of CPCs [93, 94]. By concentrating solar radiation onto a smaller area, the sizes of
PV modules can be largely reduced, resulting in a remarkable cost reduction of the
modules. For example, Mallick et al. presented a detailed comparative experimental
characterization of an asymmetric CPC which was suitable for vertical building
facade integration in the UK [94]. Development of the low concentration solar
concentrators had been also based on refraction of lens [95], in which the functions
and advantages of both the lens and CPC collectors were combined [96]. The lens-
walled CPC had a thin lens-shape wall with mirror coating on its back surface and
larger half acceptance angle for a given concentration ratio, which could result in
the reduction in annual adjustments of the CPC tilt angle, making the device
suitable for building-integrated applications [97]. The analysis with software
PHOTOPIA showed that a lens-walled CPC with a geometrical concentration ratio
of 4 had advantages over a common CPC with a geometrical concentration ratio of
2.5 in terms of actual acceptance angle, optical efficiency and optical concentration
ratio [98]. The experimental results showed that the fill-factor of the mirror CPC
dropped more sharply than that of the lens-walled CPC, which indicated that the
latter had a more uniform flux distribution on PV [99]. The design methodology of
the lens-walled CPCs may be useful for enlarging the acceptance angle in the
medium temperature solar heat collections.
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1.4.3 Coupling the ORC and Solar Collectors

The solar ORC system has been investigated intensively by researchers in the field
of solar reverse osmosis (RO), with respect to parametric optimization [100],
performance assessment [58, 101, 102], economic assessment [103, 104] and
configuration design [105, 106]. For example, Delgado-Torres and Garcia-Rodri-
guez gave the design recommendations for solar RO desalination based on ORC.
The selection of the working fluid and boundary conditions of the ORC, operation
temperature and configuration of the solar field, solar collector and thermal energy
storage technology were discussed. It was recommended that Siloxane MM could
be a good choice for ORC driven by PTCs and other fluids as Solkatherm™ SES36,
isobutene, isopentane, R245ca and R245fa for ORC driven by stationary solar
collectors [107]. Manolakos et al. carried out on site experimental evaluation of a
low-temperature solar ORC system for RO desalination. The system consisted of 54
vacuum tube collectors (Thermomax model TDS 300) of a total gross area of
216 m?, and R134a was used as the working fluid. The results showed the average
efficiency of the Rankine engine was 0.73 and 1.17 % for the cloudy and sunny day.
Despite of the low efficiency, the system operated reliably during the experimental
tests [108]. Nafey and Sharaf performed the design and performance calculations of
the solar ORC using MatLab/SimuLink computational environment. The system
consisted of FPC/PTC/CPC solar collectors for heat input, turbine for work output,
condenser unit for heat rejection, pump unit, and RO unit. Different fluids were
investigated. Toluene and water seemed favorable from the points of total solar
collector area, specific total cost and the rate of exergy destruction [109].

There are also studies in solar ORC for other purposes than desalination. Quoilin
et al. conducted the performance and design optimization of a low-cost solar ORC for
remote power generation with PTCs. With conservative hypotheses and real
expander efficiency curves, an overall electrical efficiency between 7 and 8 % could
be reached [110]. Wang et al. designed, constructed, and tested a prototype low-
temperature solar ORC system. The ORC and solar collectors worked independently.
The ETC and PFC collectors were used, with tested efficiency of 71.6 and 55.2 %
respectively. A rolling-piston expander was adopted and the average expansion work
of the expander was 1.73 kW on using R245fa. The overall power generation effi-
ciency was estimated at 4.2 and 3.2 % for ETC and PFC collectors [111]. He et al.
built a model for a typical parabolic trough solar thermal power generation system
with ORC within the transient energy simulation package TRNSYS. The influences
of the interlayer pressure between the absorber and glass tubes, the flow rate of high
temperature oil inside the absorber tube, solar radiation intensity and incidence angle,
on the performance of the PTC field were analyzed. The heat loss of the solar collector
increased sharply with the increase in the interlayer pressure at beginning and then
climbed to an approximately constant value [112]. Wang et al. carried out the off-
design performance analysis of a solar-powered ORC. The results indicated that a
decrease in environment temperature, or the increases in thermal oil mass flow rates
of vapor generator could improve the performance [113].
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On the whole, research on the multifunctional ORCs and medium temperature
collectors grows rapidly. More progress can be expected in the future. As a
promising renewable technology, the solar ORC is attracting increasing interest and
the room for improvement is large [114—117].

1.5 Scientific Issues and Innovative Features of the Thesis

The thesis investigates and develops the solar heat and power generation system
that combines the advantages of the ORC and CPC. The ORC is driven by solar
energy in the temperature range from 100 to 200 °C. The main scientific issues that
the thesis aims to address are as follows:

D

(@)

3

Optimization of the thermodynamic cycle. The application and performance of
the ORC have been investigated by previous researchers; however, most of the
investigations were focused on the ORC with one-stage evaporator, wherein a
large sum of exergy was lost in the heat exchanger due to the unmatched
temperature between the organic fluid and the conduction oil. And the pump in
small scale ORC was characterized by low efficiency and there was consid-
erable thermodynamic irreversibility in the pressurization process. To solve
these problems in the conventional solar ORC system, innovative configura-
tions are proposed.

The identification of the performance advantages and disadvantages of small-
scale expanders on using organic working fluids rather than water. Although
small-scale ORC units in power ranges below 100 kW exhibit significant
potential for electricity generation and heat supply at or near the site of con-
sumption, the feasibility of small-scale expanders has yet to be demonstrated.
Thorough and comprehensive studies on the performance of small-scale
expanders especially turbo-expanders are essential.

Experimental investigation and thermodynamic analysis of the ORC under
different cold reservoir temperatures. Thermodynamics of the ORC on dif-
ferent cold reservoir conditions is the key scientific issue that is fundamental to
the CHP performance evaluation and optimization. The ORC cold reservoir
temperature varies with environment temperature and the consumer’s demand
on heat and power. It influences the ORC power conversion efficiency,
available energy of the output heat, expansion ratio of the organic fluid at the
expander inlet and outlet, net positive suction head in the pumping process and
heat transfer temperature difference in the exchangers. It is difficult to predict
the cycle performance on the variable operating conditions. At present,
research on this topic is rare.
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Chapter 2
Structural Optimization of the ORC-Based
Solar Thermal Power System

Owing to the low temperature difference between the hot and the cold sides, the
thermal efficiency of solar ORC is much lower than that of fossil-fired steam plants.
The efficiency restriction by thermodynamic laws is extremely critical for small-
scale solar ORCs, in which the expander, generator, pump, etc. are less efficient than
those in the steam Rankine cycle. For the sake of an acceptable power efficiency, it is
necessary to minimize the thermodynamic irreversibility of the solar ORC system.
And structural optimization is performed in this chapter. The total losses of the ORC
can be divided into four parts, i.e. losses in the heating, expansion, cooling and
pressurization processes, with corresponding devices of evaporator, expander,
condenser and pump. Exergy losses in the cooling process are related to the degree
of superheat of exhaust leaving the expander. They are lessened when an internal
heat exchanger is employed. Exergy losses in the expansion process are inevitable
because the expander efficiency is usually lower than 0.85. There is great technical
difficulty in achieving higher expander efficiency. Exergy losses in the heating and
pressurization processes, on the other hand, are of special interest.

The potential of exergy reduction in the heating process is large. The irreversibility
in the conventional single-stage evaporator (SSE) is large because of the great tem-
perature difference between the HTF and the ORC fluid, as illustrated in Fig. 2.1. The
vertical axis is the temperature, and the horizontal is the heat transferred from HTF to
ORC fluid. Adverse current heat exchanger is exemplified. Given the pinch point
temperature (AT}) and the inlet and outlet conditions of the ORC fluid, a high mass
flow of HTF is accompanied with a high HTF outlet temperature while a low one
results in a high HTF inlet temperature. It is difficult to lower the heat transfer
irreversibility in the SSE. And the associated exergy losses amount to about 40 % of
the total ORC exergy destruction [1]. To settle this problem, two structures are
proposed in the solar ORC: collector for direct vapor generation (CDVG), and col-
lector integrated PV module. The SSE is then replaced.

Aside from the evaporator, the pump may play an important role in small scale
ORC:s. To get a close view of this, a comparison between the ORC pump and the
pump used in the steam Rankine cycle can be made.
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Fig. 2.1 Thermodynamic
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First, the overall pumping efficiency in a small ORC is supposed to be much
lower. There are several reasons: (1) The self-efficiency of the ORC pump, which is
defined as the ratio of the theoretical power requirement to the practical power
delivered to the pump shaft [2], is low. Volumetric and centrifugal pumps are
currently widely used to drive refrigerants. The leakage loss due to a gap between
the bottom/top plate and the scrolls, or between the flanks of the scrolls, or between
the back surface of the impeller hub plate and the casing, and the hydro-mechanical
loss attributed by the friction between the organic fluid and the walls, acceleration
and retardation of the fluid and the change of the flow direction generally get more
appreciable as the dimension of the pump is reduced. Though in steam Rankine
cycle it is easy for a centrifugal pump to operate at an efficiency of up to 90 %,
small pumps have a much lower efficiency, which is commonly 45-70 % in kW
range [3-5]. (2) The loss in the pump is just part of total loss in the pumping
process. The shaft power of a pump is transmitted by a prime mover rather than
electricity. The mover can be a diesel, gasoline engine or motor. Among current
drivers for pumps, the induction motor is most widely used owing to its simple
construction [6]. The motor is equipped with a pump and coupling, and its effi-
ciency is expressed by the ratio of the shaft output power to electrical input power
[7]. Similarly to the pump, the motor friction losses, bearing losses, electrical and
magnetic losses become more significant at smaller sizes. An efficiency from 50 to
75 % is normal for a small motor. Working together with the motor, a frequency
converter is favorably used to control the pump in an energy-saving way. Via a
conversion of a current with one frequency to a current with another frequency, the
converter controls the speed and the torque of the motor, resulting in attractive
energy conservation when the power requirement of the ORC pump is not constant.
Nevertheless, power loss exists in this conversion. In regard to these inefficiencies,
the “wire-to-liquid” efficiency in the pumping process can be as low as 30 % even
at design conditions (efficiency of 50 % for pump, 65 % for motor and 88 % for
converter). (3) The ORC will suffer from even lower “wire-to-liquid” efficiency at
off-design conditions. Cogeneration or tri-generation of the ORC leads to energy
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savings compared with stand-alone systems. One challenge is that consumers’
demands on heat and power follow a season cycle, and thus a flexible trade-off
between the needs for heat and power should be permitted. Heat source properties
of the ORC (e.g. the intensity of solar irradiation, the heating value of biomass) also
fluctuate. Variable operation is necessitated for small scale ORC systems [8]. The
off-design operation will lead to further degradation in performance of the pump,
motor and converter. And a global pumping efficiency of around 25 % can be
expected in the practical operation (efficiency of 45 % for pump, 60 % for motor
and 85 % for converter).

Second, the negative power associated with the ORC pump is much more
appreciable. The power consumed by the pump is only 1-2 % of the work gen-
erated by the expander in the steam Rankine cycle [9]. In approximating the net
cycle output, the power for water pumping is usually negligible. But this neglect
will be no more reasonable for the ORC. The ratio of the electricity consumed in the
pumping process and that generated on different conditions is presented in
Table 2.1. The efficiencies of the expander and generator are 0.75 and 0.80,
respectively. The efficiencies of the pump, motor and converter are 0.5, 0.6, and
0.85. In most cases, the electricity consumed and that generated have the same
order of magnitude. For each of the fluid, the ratio increases with the increment in
the evaporation and condensation temperatures. Given the temperatures, the ratio
gets larger when a fluid of lower boiling point is selected. It is clear the negative
work in the small ORC is significant. The net cycle efficiency can even be zero or
negative depending on the electricity consumption in pumping [10]. Among the
components of the conventional ORC, the pump tends to cause the most critical
decline in the thermal efficiency [11].

Third, the technical requirement of the ORC pump is stricter. A common
problem associated with the water pump is the leakage. Unlike water, most of ORC
fluids are either toxic, flammable, ozone layer depleting or have global warming
impact. And the fluids are much more expensive than water. The ORC pump must
be very well sealed to prevent loss of the fluid to the atmosphere. Any inward

Table 2.1 Ratio of electricity consumed and that generated in the ORC, unit: %

Working fluid | Condensation Evaporation temperature (°C)
temperature (°C) | 100 110 120 130 140 150

R245fa 30 15.19 |1742 |20.01 |[23.00 |26.71 |32.27
40 17.33 19.75 2274 |26.16 |30.40 |36.60
50 20.00 [22.82 |26.05 2996 [34.78 |42.12
60 2246 2590 2943 3396 [39.52 |47.81

R123 30 9.26 [10.59 |12.05 13.78 | 15.63 17.91
40 10.45 11.89 | 13.65 15.51 17.66 |20.11
50 12.08 |13.60 |1548 |17.68 |[19.97 |22.77
60 14.09 1594 1790 |20.22 |22.87 |25.87

Note The fluid at the expander and pump inlet is saturated vapor and liquid, respectively
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leakage of air into the pump should be also interrupted. And great attention must be
paid to the compatibility of the sealing material and the organic fluid, which limits
the usage of seals. For example, as a widely used hydrocarbon elastomer Buna-N
has excellent resistance to petroleum-based oils, water, silicone greases, hydraulic
fluids and alcohols, but it is not compatible with R123.

Fourth, cavitation in the ORC pump is more easily facilitated, which is attributed
to the much higher saturation vapor pressure of organic fluids at ambient temper-
ature. The pump’s inefficiency and the fluid’s low heat capacity will result in
significant temperature increment in the pumping process. In a lot of theoretical
analysis, the organic fluid at the pump inlet is assumed to be saturated. However,
when considering the temperature increment during the irreversible pressurization,
the fluid needs to be sub-cooled in practical operation. Measures have to be taken to
increase the inlet pressure in meters head for the pump, such as enlarging the height
difference between the pump and the reservoir.

Fifth, the cost per kW of the ORC pump is higher, which results from the strict
technical requirement and the low power of the ORC pump. As the heat exchanger
area and material cost are almost linearly proportional with the load, the pump will
amount to a larger proportion of the total cost of the ORC at smaller power [12].

To address the above problems associated with the ORC pump, the osmosis-driven
solar ORC is proposed. The pressurization process in the ORC no longer takes place
in the pump.

Above all, this chapter is focused on three types of systems: solar ORC with
CDVG, solar ORC with PV module and osmosis-driven solar ORC.

2.1 System Description
2.1.1 Solar ORC with CDVG

In the previous work by the author, two-stage heat exchangers have been proposed
to reduce the heat transfer irreversibility in the SSE, as shown in Fig. 2.2. The first-
stage heat exchanger is a preheater through which the organic fluid can be heated
from sub-cooled to saturated liquid condition. The second-stage heat exchanger is a
boiler. The two-stage heat exchangers are connected with the CPC collectors
independently. The mass flow rate of HTF in the first-stage heat exchanger (E1) is
lower than that in the second-stage heat exchanger (E2). According to the T-Q
curve, the two-stage heat exchangers can offer a relatively low temperature dif-
ference between the organic fluid and HTF. The average operating temperature of
the collectors is diminished and thus the overall heat collection efficiency is
improved. Notably, in the presence of HTF, more pumps and heat exchangers are
required to transfer solar heat to the ORC.

By employing the CDVG, the HTF can be eliminated. The feasibility of CDVG
has been demonstrated by using the working fluid of water. A low-cost all-glass
evacuated tubular solar steam generator with simplified CPC is capable to produce
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Fig. 2.2 Two-stage heat exchangers: a structure; b T-Q curves

steam exceeding 200 °C with pressure ranging from 100 to 550 kPa, as introduced
by Liu et al. [13]. The generator consists of 60 collecting units and each unit is
comprised of an all-glass evacuated tube, a simplified CPC reflector, and a metal
concentric annular tube inserted inside the evacuated tube. The mixture of con-
duction oil and graphite powder is filled in the annular space between the inner
glass tube and the copper concentric tube for the sake of efficient heat transfer from
the selective absorbing layer to the water/steam in the concentric tube, as shown in
Fig. 2.3. The collector combining the external CPC and the U-type evacuated tube
has also been demonstrated [14, 15]. The cross-sectional structure of the module is
shown in Fig. 2.4. The space between the envelope and the inner tube is a vacuum,
and the inner tube is plated with the aluminum fin used as the heat transfer com-
ponent. The heat absorbed by the inner tube is conducted to the U-type pipe by the
fin. This kind of collector can handle high pressure without leakage of the working
fluid. An efficiency of 46 % at the operating temperature of 200 °C can be achieved
on use of 6X CPC collectors. Though CPC collectors operating with organic fluids
are rarely investigated, they are expected to be competent in direct organic vapor
generation on the use of the metal tube/pipe technologies.

2.1.1.1 Structure and Fundamental

There can be two ways to realize direct vapor generation in solar ORC, which are
characterized by one-stage collector and heat storage unit, and two-stage collectors
and heat storage units, respectively. The former is illustrated in Fig. 2.5. The system
consists of CPC collectors, pumps and a fluid storage tank with phase change material
(PCM), expander (T), generator (G), regenerator (R) and condenser. The CPC
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Fig. 2.3 Cross-sections of a direct steam generator: a the collector; b the inner tube. Reprinted
from Ref. [13], Copyright 2010, with permission from Elsevier

collectors serve as the direct vapor generator. In contrast to the traditional solar
Rankine system, there is an organic fluid storage tank with PCM at the inlet of the
expander. In the practical operation there can be three modes:

(I The system needs to generate electricity and solar radiation is available. In
this mode, valves 1, 2 and 3 are open. Pump 1 is running. The organic fluid is
heated and vaporized through the collectors under high pressure. The vapor
flows into the expander, exporting power in the process due to the pressure
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Fig. 2.4 Cross and profile sections of a U-type CPC. Reprinted from Refs. [14, 15], Copyright

2010, with permission from Elsevier

drop. The outlet vapor is cooled down in the regenerator and condensed to a
liquid state in the condenser. The liquid is pressurized by pump 1 and
warmed in the regenerator. The organic fluid is then sent back to the col-
lectors and circulates. In case the irradiation is too strong, valve 4 would be
open and pump 2 would run to prevent the organic fluid from being

superheated in the collectors and part of the solar energy is stored.

(II)  The system does not need to generate electricity but irradiation is well.
Valves 3 and 4 are open. Pump 2 is running. In this mode, the solar heat is

transferred to the PCM by the organic fluid. Heat storage is in process.
(II) The system needs to generate electricity but irradiation is very weak or

unavailable. Valves 1, 2 and 5 are open and pump 1 is running. Heat is

released from the PCM and converted into power by the ORC.
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Fig. 2.5 Solar ORC with CDVG using one-stage collector and heat storage unit

Mode I presents the simultaneous processes of heat collection and power gen-
eration while Mode II or Mode III is the independent process of heat collection or
power conversion.

The solar ORC with two-stage collectors and heat storage units is illustrated in
Fig. 2.6. There are also three basic modes. In Mode I, valves 1, 2, 3 and 6 are open.
Pump 1 is running. The organic fluid is preheated in the FPC collectors and then is
vaporized in the CPC collectors. In Mode II, valves 3, 4 and 5 are open. Pumps 2
and 3 are running. The dashed lines are for heat storage. Solar heat collected by
FPCs and CPCs is transferred to PCM (1) and PCM (2), relatively. The melting
point of PCM (1) is lower than that of PCM (2). In Mode III, valves 1, 2 and 5 are
open. Pump 1 is running. The organic fluid first absorbs the heat released by PCM
(1) and then is vaporized in the tank filled with PCM (2).
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Fig. 2.6 Solar ORC with CDVG using two-stage collectors and heat storage units

2.1.1.2 Advantages

The advantages of the solar ORC system with CDVG including:

(1) By placing a fluid storage tank filled with PCM at the expander inlet, the
stability of the ORC subsystem can be guaranteed. Owing to the storage unit,
the temperature of the organic fluid in the tank is close to the melting point of
the PCM. Since the fluid is at a binary-phase state, the pressure in the tank and
hence the flow rate through the expander are almost constant. If the vapor
feed-in rate is smaller than that through the expander, the pressure will become
lower than the saturated value, and the liquid in the tank will be vaporized.
Similarly, a larger feed-in rate will be accompanied by a higher pressure than
the saturated, and the residual vapor will be condensed.

(2) Without any complicated control device, the processes of heat storage or heat
release can take place while electricity is being generated. The organic fluid is
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able to exchange energy with the PCM in the storage tank at a relatively low
heat flux (store heat if irradiation is stronger than that on normal condition or
release heat if irradiation is weaker). The temperature difference between the
organic fluid and PCM is then reduced.

The organic fluid is vaporized without any secondary HTF such as conduction
oil. The HTF cycle is eliminated, resulting in a simpler system. Moreover, the
irreversibility in heat transfer from the collectors to the organic fluid is effectively
diminished. This is very useful for the solar ORC since the temperature differ-
ence between the hot and the cold sides is generally small (around 100 °C).
Compared with the collectors linked with a conventional SSE, the collectors in
the CDVG system have a lower mean operating temperature, and thus the
overall collector efficiency is increased.

In order to strengthen the heat transfer in the CPCs, the mass flow rate of the
organic fluid could be increased by pump 2. And the organic fluid at the outlet
of the CPCs doesn’t need to be completely dry.

By employing two-stage collectors and heat storage units, the cost-effectiveness
and thermodynamic performance of the system are improved. Three consid-
erations should be made to understand this advantage. First, although CPC
collectors offer relatively low overall heat loss when operating at high tem-
peratures, efficiency may be lower than that of FPCs in low temperature ranges.
Reflectivity of CPC reflectors and difference between the inner and outer dia-
gram of the evacuated tube result in lower intercept efficiency. Therefore, the
overall collector efficiency may be improved when FPCs are employed to
preheat the working fluid prior to entering a field of higher-temperature CPC
collectors. Second, FPC can absorb energy originating from all directions above
the absorber (both beam and diffuse solar irradiation). Third, FPC currently
costs less than CPC collector, which is attributed to the much larger production
and simpler structure. Many outstanding FPCs are available commercially for
solar designers. In the same way, collector efficiency may be improved in the
heat storage process when two-stage PCMs are employed, with PCM (1) of a
lower melting point as the first stage, and PCM (2) of a higher melting point as
the second stage.

2.1.2 Solar ORC with PV Module

2.1.2.1 Background

Photovoltaic (PV) is the simplest way to generate electricity from solar irradiation.
Both the power efficiency and cost-effectiveness of the cells have been improved
significantly in the past 15 years. One of the challenges associated with solar PV
system is the issue of intermittency. Currently lots of the PV systems are connected
to the electric grid without storage. Solar cells will generate electricity steadily
throughout the day as long as the sun is shining. But when the sky is partly cloudy,
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solar power output from an entire region can fluctuate unpredictably. To mitigate
the impact of this phenomenon, energy storage is a vital component of a more
resilient, reliable and efficient electric grid. The grid’s evolution toward more dis-
tributed energy systems and the incorporation of electric vehicles and plug-in
hybrids is contributing to the growing interest in grid storage. And energy storage
will help lower consumer costs by saving low-cost power for peak times and
making renewable energy available when it’s needed the most, not just when the
sun is shining. Aside from the grid-tied system, the off-grid PV system is preferable
in remote areas for the sake of a silent, emission-free energy source, avoidance of
the high cost of extending a utility line, and independence of homemade energy
production. A backup energy source is essential for the stand-alone PV system.

On the other hand, the deployment of battery storage will dramatically increase
the cost of entire PV system. Take the lithium ion battery for example. It is a
commonly used type of rechargeable battery with a fast-growing market, and has
the advantages of light weight for a given capacity, high open-circuit voltage, low
self-discharge rate (about 1.5 % per month), and reduced toxic landfill. The cost of
lithium ion battery is about 4,500 RMB/kWh in China. The current cost of a PV
system without storage is about 8,000 RMB/kW. When adding a battery storage of
5 h, the total cost becomes 30,500 RMB/kW, which is about 4 times as the initial
[16]. The lead-acid battery is another widely used rechargeable battery and is
relatively cheaper. But it has the problems of sulfation, risk of exploding under
certain conditions, and environmental issues. Sulfation occurs when the battery
becomes old or stays discharged for long enough. Some lead compounds contained
in the battery are extremely toxic. They can cause damage especially to children
who are still developing. Besides, the battery requires replacement every few years.

Compared with battery storage, heat storage is much cheaper. A lots of PCMs
can be applied in the low-medium temperature solar thermal power system. And
some information is presented in Table 2.2. With a capacity of 5 h storage and a
solar thermal electric efficiency of 8 %, the cost associated with the thermal storage
is about 1,300 RMB/kW when using MgCl, - 6H,0, which is one order of mag-
nitude lower than that with battery storage.

To combine the advantages of the PV and thermal storage, the solar ORC with
PV module is proposed.

Table 2.2 Property and cost of some PCMs

Melting Latent heat Conductivity Density Cost

point (°C) | (kJ/kg) Wm K (kgm ) | (RBM/ton)
Paraffin 106 + 2 80 0.65 1,200 4,000
(PNW106)
MgCl, - 6H,O 117 168.6 0.57 1,569 1,000
Erythritol 120 339.8 0.73 1,450 12,000
D-mannitol 167 £ 1 316.4 - 1,520 /
Dulcitol 189 351.8 - 1,470 /

Note The cost of the PCMs is achieved from website of Chinese chemistry product [17]
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2.1.2.2 Structure and Fundamental

Figure 2.7 is the scheme of the solar ORC with PV module. The system mainly
consists of the PV-CPC modules and the ORC subsystem. Figure 2.8 shows the cross
section of an alternative hybrid PV-CPC module. The organic fluid is vaporized in
the tube of PV-CPC module. The PV cells are packed between two transparent layers,
with intermediate layer of high temperature silicone elastomer in between, as shown
in Fig. 2.9. The whole lot of PV cells and transparent layers is pasted over a black
absorber. Metallic panel-groove is put underneath the absorber to improve heat
conduction and the working fluid tube is sealed between the panel-groove and the
absorber. The adhesion process should be under precise pressure control to ensure
good quality thermal conductance [18].

The hybrid system generates electricity directly by the PV cells. And the waste
heat from the cells is used to drive the ORC. From the viewpoint of thermal power
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Fig. 2.7 Solar ORC with PV modules
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conversion, the system works similarly as the solar ORC using two-stage collectors
and heat storage units, with the replacement of solar collectors by the PV module.
However, the primary function of the ORC subsystem is to storage waste heat from
the PV module when the sun is shining and convert the heat into power when solar
irradiation is unavailable, rather than to generate power simultaneously with PV
cells. There are two main modes for the hybrid system. In Mode I, valves 3, 4 and 5
are open. Pumps 2 and 3 are running. Electricity is generated by the PV module.
Waste from modules I and Il is stored by PCM (1) and PCM (2), relatively. In Mode
II, valves 1, 2 and 5 are open. Pump 1 is running. The organic fluid absorbs the heat
from PCM (1) and PCM (2) and drives the expander. Aside from the two modes,
electricity can be generated by both the PV module and ORC to fulfill the demand if
necessary. In this case, valves 1, 2, 3 and 6 are open. Pump 1 is running. Regarding
these modes, there can be three levels of power output from the hybrid system: one
by the PV module (wpy), another by the ORC (wpgrc), and the other by both PV
module and ORC (w,,,,;). On normal conditions, it is expected Worc < Wpy < Wyoral-

2.1.2.3 Feasibility

The solar ORC with PV module seems feasible in view of the follows:

(1) Hybrid photovoltaic/thermal (PV/T) technology at low temperature has been
well demonstrated. The PV/T modules produce electricity and heat simulta-
neously, and thus the overall efficiency in solar energy utilization is significantly
increased. Some PV/T-air and PV/T-water systems are presented in Figs. 2.10
and 2.11. The air or water takes away the waste heat when flowing through the
PV/T module, and is used for space heating or bathing. Lots of research and
development works on the PV/T technology have been done [19]. Many
innovative systems and products have been put forward, and important design
parameters have been identified [20-22].

Fig. 2.10 PV-water system
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The research in PV/T system operating at medium temperature is also active.
A system of this kind is shown in Fig. 2.12. The applications include solar
cooling [23, 24], solar heating [25], and desalination [26]. Some PV cells such
as InGaP/InGaAs/Ge triple-junction and Schottky barrier have been experi-
mentally investigated [27, 28]. These cells can tolerate high temperature up to
170 °C, while maintaining reasonable electric conversion efficiency. Besides,
solar cells are available for commercial missions such as communications
satellites, weather satellites, and earth-orbiting missions, for which the PV
temperature fluctuation may be from —200 to 200 °C [29].

The hybrid solar ORC/PV system may work at temperature around 100 °C, the
PV efficiency loss will not be drastic. And a — Si cell would be economically and
technologically suitable for this application. a — Si cell has relatively low tem-
perature coefficients of maximum power generated, which is about 0.21 %/°C.
And itis relatively cheaper. By using high temperature silicone elastomer o — Si
cell could work at high temperature and remain efficient, e.g. about 85 % of the
standard efficiency at 100 °C. Some o — Si cells available on the market have
already complied with qualification including high-temperature thermal cycle
and damp-heat testing [30].

The overall electricity efficiency of the hybrid system is expected to be higher
than that of a conventional stand-alone PV system [31]. The heat storage helps
improve the device utilization ratio, and leads to a shorter payback time.
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2.1.3 Osmosis-Driven Solar ORC

Figure 2.13 shows the scheme of the solar ORC system using semi-permeable
membrane for tri-generation applications. The system consists of expander, con-
denser, evaporator, absorber, semi-permeable membrane and generator. The
membrane is only permeable to the solvent. The absorber contains dilute solution,
and the generator contains stronger solution. The stronger solution develops a
higher osmotic pressure, which makes the solvent move from dilute solution
towards it spontaneously.

There are two basic modes. Mode I can be described as the combined cooling
and power (CCP) mode. Valves 1, 3 and 5 are open. The solvent is vaporized in the
generator. The vapor of high pressure and temperature goes into the expander and
exports power. The solvent leaves the expander with lower pressure and temper-
ature, and is cooled by water in the condenser. The solvent from the condenser is
throttled, and then flows into the evaporator where it is vaporized and chills the
water. The vapor is absorbed by the solution in the absorber. Finally, the solvent
experiences osmotic flow through the membrane and goes into the generator. The
solvent is heated and circulates in such a way. In this mode, the system provides
both cooling and power. The solution temperature and the solvent mass fraction
distributions in the generator are shown in Fig. 2.14. ‘h’, and ‘I’ denote high value
and low value respectively. The arrow denotes the direction from the high value to
the low value. Take NH3/NaSCN solution for example. NHj; is heated on the way to
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Fig. 2.13 Solar tri-generation system based on semipermeable membrane
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Fig. 2.14 Parameter
distribution in the generator Th

e ] =

X NH 1

RE

the surface. And the solution density decreases significantly as the temperature
increases, which will be validated in the following section. Therefore, the solution
has a much higher temperature at the surface than that near the membrane. In both
absorber and generator, NH; and NaSCN are transferred in a convective diffusion
manner.

In Mode 11, valves 2, 4 and 6 are open. No chiller water is available in this mode.
The exhaust from the expander is cooled in both condenser and absorber. The
absorber can contain either pure fluid or dilute solution. By adjusting the con-
densation temperature of solvent in the condenser, the system can operate in the
mode of solo power generation or CHP generation.

The advantages of the osmosis-driven system over the conventional ORC system
include:

(1) The noise pollution can be reduced due to the absence of pump.

(2) There is no power consumed, and the heat to power efficiency will never be
negative.

(3) The solvent is pressurized by osmosis rather than by motion device, and
therefore leakage can be easily addressed.

(4) The operation pressures at the expander inlet and outlet can be adjusted by the
concentrations of the solutions on the two sides of the membrane, which can
meet various pressure requirements.

(5) The mass flow through the membrane can adjust automatically, which offers
very flexible operation for the system. For example, when the input heat in the
generator goes larger than the design value, the following reactions will occur
sequentially. First, more solvent is vaporized per second and the mass flow
rate of the solvent through the expander becomes larger than that through the
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membrane. Second, the solution concentration in the boiler is increased and
that in the absorber is decreased by the unequal mass flow rates of the solvent.
Third, the mass flow rate through the membrane is increased by the larger
concentration difference between the two side solutions. Finally, the mass flow
rates through the expander and the membrane are equal and the system reaches
steady state again. More power is output automatically as the input heat
increases.

The potential of the semi-permeable membrane for applying in solar ORC
systems can be analyzed as follows:

D

(@)

Semi-permeable membranes have been successfully applied in nanofiltration
(NF), reverse osmosis (RO), and forward osmosis (FO) technologies. The
physical process for semi-permeable membranes is osmosis. One example for
this is water movement from the root of a tree to its top as simply illustrated by
Fig. 2.15, in which the upper side pressure of the membrane is higher. The
membrane’s permeability is determined by the size of the pores, which shall
be large enough to let small particles pass freely but small enough to inhibit
the passage of larger molecules. NF membranes have nominal pore sizes
around 1 nm. They can remove large organic molecules and a range of salts.
RO/FO membranes have smaller pore sizes than NF membranes. They can
remove many types of molecules and ions from solutions. RO and FO are
among the most important technologies for water desalination and purification
nowadays. And the membrane technology has been commercialized.

Traditional NF/RO/FO membranes are applied for systems in which the solvent
is water. However, in the past 10 years the possibility of using NF/RO/FO

Fig. 2.15 Pressurization due
to osmosis

solution
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membranes for non-aqueous solvent systems has increased significantly [32]. It
is now possible to use the membranes to treat organic fluids. Applications
include diafiltration of acetone-methanol, nanofiltration of benzene-lactam and
removal of heavies from organic solvents, etc. [33, 34].

The proposed system favorably uses organic solvents. The optional working
fluids can be NH3/NaSCN, NH5/LiNO3, R22/DMETEG (Dimethyl Ether of
Tetraethylene Glycol), R22/DMF(Dimethyl Formamide), R22/Mesitylene,
R21/DMETEG, R21/DMF, R134a/DMF, etc. These fluids are used in
absorption refrigeration systems. For each pair of working fluids, the solvent is
of low boiling point and small molecular diameter, and the solute is of higher
boiling point and larger molecular diameter. By selecting a suitable pore size,
it is expected that the membrane will be permeable to the solvent and
impermeable to the solute. Particularly, NHj; is similar to H,O in many ways.
The diameters of the two molecules are close (about 0.4 nm). Both NH; and
H,0 exhibit hydrogen bonding. Semi-permeable membranes in water purifi-
cation may be directly used in the solar ORC system.

Osmotic pressure builds up due to the concentration difference between the
solutions on the two sides of the membrane. The osmotic pressure is not the
real pressure of a solution, but the minimum pressure required to nullify
osmosis. In a conventional RO process, the operation pressure of the solution
must be higher than the osmotic pressure to prevent the inward flow of water
across the membrane. In the proposed system, there is no pressure higher than
the osmotic pressure. And the membrane undergoes the FO process. The
osmotic pressure makes the solvent move from a dilute solution to a strong
solution of high solute concentration, in the direction that tends to equalize the
solute concentrations on the two sides. In theory, this movement is sponta-
neous as long as the strong solution operates at pressure less than the osmosis
pressure. Within this pressure limit, the solvent can move in such a way even
if the strong solution operates at higher pressure than the dilute solution. This
is a pressurization process without pump.

Small scale solar ORC systems are characterized by low mass flow rates.
Though pumps are preferable at large mass flow rates, it may be more efficient
to use semi-permeable membranes at small rates, for which large amounts of
membranes can be avoided and the irreversibility of the mass transfer across
the membrane can be reduced.

2.2 Mathematic Models

2.2.1 Thermodynamic Relationships in the ORC

The power generated by the expander and that consumed by the pump are calcu-
lated by Eqs. (2.1) and (2.2), respectively,
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wy =m(h; — o) (2.1)
wp = m(hyo — hy;) (2.2)

The isentropic efficiency for the expander and the pump is defined by Egs. (2.3)
and (2.4),

hti - ht.o

= ——— 2.3

‘ ht,i - ht,as ( )
hp os — hp i

P X — (2.4)
v hp.u - hp,i

where os represents the ideal thermodynamic process.
When a regenerator is settled, the vapor leaving the expander transfers heat to
the liquid from the pump. The regenerator is efficiency is expressed as

S VLY 25
hr,vi - hrﬁvo(T,_w,:Tr.li)

The enthalpy h, o7, ,—7,,) is obtained by assuming that the vapor outlet tem-
perature is equal to the liquid inlet temperature. It is an assumptive value but not the
real enthalpy.

The energy required in the heating process of the ORC is calculated by the
enthalpy increment of the organic fluid from the regenerator to the expander.

q=m(h; — hp) (2.6)

The ORC efficiency is defined by the ratio of the net power output to the heat
supplied,
Wi - &g — Wp

Noge = —2— P 2.7)
ORC q (

For the solar ORC using semipermeable membrane and solution, the energy
required in the heating process is

q = mlh; — (ha/M)] (2.8)

where £, is the partial molar enthalpy of the solvent in the solution, M is molecular
weight of the solvent.

When the solution is NH3/NaSCN, the saturation pressure of NH; can be cal-
culated by [34]
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Inp = 15.7266 — 0.298628X — [2548.65 +2621.92(1 — X)*|/T  (2.9)

where X is the mass fraction of NH3. The units for p and T are kPa and K.
The specific enthalpy of the solution can be expressed as

h(T, X) = H (X) + Ha (X)(T — 273.15) + H3(X)(T — 273.15)* ++ Hy4(X)(T — 273.15)°

(2.10)
where
H;(X) = 79.72 — 1072X + 1287.9X* — 295.67X° (2.11)
Hy(X) = 2.4081 — 2.2814X + 7.9291X? — 3.5137X° (2.12)
H;(X) = 0.01255X— 0.04X* + 0.0306X° (2.13)
Hy(X) = [-0.0333X + 0.1X? — 0.0333X°]10° (2.14)

The partial molar enthalpy of the solvent in the solution is then obtained by
h = MOh(T,X)/dX (2.15)

The density of the solution can be calculated by

p(T,X) = A + B(T — 273.15) + C(T — 273.15) (2.16)
where
A = 1707.519 — 2400.4348X + 2256.5083X* — 930.0637X’ (2.17)
B = —3.6341X +5.4552X* —3.1674X° (2.18)
C=107(5.1X — 3.6X* — 5.4X°) (2.19)

The osmotic pressure IT of the solution fulfills the following relationship

p+I1

—RTlnysxs:/ vdp (2.20)
P

where R is the gas constant; y, is the activity coefficient, often assumed to be 1.0; x;
is the molar fraction of the solvent; p is the saturation pressure of pure solvent at
T, v is the molar volume. This equation can be deduced when considering equi-
librium between the solution and pure solvent. For most liquids, v varies very
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slightly with p. For example, the volume of NHj at temperature of 300 K and
pressure of 1.2 MPa is 28.32 mL/mol, and at 300 K and 2.4 MPa it is 28.27 mL/
mol. Therefore incompressible solution can be assumed, and

IT=—(RT/v)In(yx;) = —(RT /v) In x, (2.21)

When determining the mole fraction of solvent, it is necessary to include the
ionization of salts. For example one mole of NaSCN ionizes to two moles of ions,
and the mole fraction of ammonia reduces accordingly.

2.2.2 Efficiency in Solar Energy Collection

2.2.2.1 Solar System Using Commercial Collectors

For the solar ORCs with CDVG and semipermeable membrane, commercial solar
collectors are adopted. The thermal efficiency of a commercial FPC or CPC col-
lector is generally expressed by

A
G

B

G (T —T,)* (2.22)

”c(T) =MNco — (T - Ta)

The solar collector modules available on the market have effective area between
1.0 and 2.0 m% Their thermal efficiency can be calculated by Eq. (2.22). In a solar
ORC system tens or hundreds square meters of collectors are usually required, the
temperature difference between neighboring collectors is supposed to be small. To
calculate the overall collector efficiency it is reasonable to make the assumption that
the average operating temperature of the collector changes continuously from one
module to another.

The working fluid in the collector is mostly at liquid-phase or binary phase. For
the binary phase region, the temperature is constant and it is easy to calculate the
collector efficiency. For the liquid phase region, in order to reach an outlet tem-
perature Ty, of the fluid with an inlet temperature TF;, the required collector area is
obtained by

S = / %a’T (2.23)

Tyi
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The heat capacity of a liquid can be expressed by a first order approximation
Cp(T) = Cpo + T — To) (2.24)

With ¢; = A/G, ¢; = B/G, the collector area according to Egs. (2.22), (2.23) and
(2.24) is calculated by

me (Tro— Ty — 01) O —T;; + T,

S = —F—=|(Cpa + 20)) N2> 4 (G + ) In ——H——2

' 0G0, - 0y) (Cpa+20)1n Ty —To— 04 + (Cpatal2) nHZ_Tf,uJ"Ta
(2.25)

0, and 0, are the arithmetical solutions of Eq. (2.26) (6; <0, 6, > 0).
n, — 10 — c20* = 0. (2.26)
Cpa = Cpo+ Ty — To) (2.27)

The thermal efficiency of the collectors with liquid is calculated by

myg(hyo — hy;)
= 2.28
e, Gs, (2.28)

The thermal efficiency of the collectors with working fluid in the binary-phase
and the overall collector system are calculated by Egs. (2.29) and (2.30),
respectively,

my(hpo — hp ;)
= Irftbo — Moi) 2.29
Ne, Gs, (2:29)
~ my(hpo — hy) (2.30)

e = G(S;+ Sp)

2.2.2.2 Solar ORC with PV Module

For the solar ORC with PV module, the mathematic models are more complicated
because no commercial PV-CPC collector is available at present. In this case,
Eq. (2.22) is not applicable.

The total radiative heat loss from the PV-absorber can be written in terms of Ag,
Ts and Ty [35]:

4rad S—R+L = gefﬁcASO—(T;! - Tz) (231)
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Eoff = Eeff SL + Eeff sLEer RL/ (8eff sL + €eff RL) (2.32)

where ¢ = 5.67 x 108 W/(m?K) is the Stefan-Boltzmann constant; Ag is the
absorber area; e, is the effective emissivity; The subscripts of S, L, R represent the
absorber, glass cover and reflector, respectively. SL and RL represent the corre-
sponding radiative heat transfer between surfaces S and L, and surfaces R and L.
The emissivities of PV cells and the absorber are assumed to be uniform.

The overall convective heat transfer by the air inside the CPC is given by [36]

qconv,SL = ASUS(TS - TL)/(I + C70'6) (233)
Us = [(gB/V*)PATsPr]* - ¢ - (k1) (2.34)

where Uy is heat transfer coefficient for the absorber surface; k is the conductivity;
[ is the length of the absorber; Pr is the Prandtl number; a and ¢ are constants for
which the values have been suggested by [37]; g is earth’s acceleration; S is the
volume coefficient of expansion; v is the kinematic viscosity; C is the concentration
ratio. Heat flow rate from L to the ambient is calculated by

qr-a = el AL0 (T} — Ty,) + ALUu(T — Tai) (2.35)

Figure 2.16 shows thermal energy network for a single PV-CPC module. The
total irradiation absorbed by a single PV-CPC module is

qs.sol = GALVTLPR,SUZ(XS,SOI (236)
where y is fraction of total irradiation accepted by the CPC; 7, is solar transmissivity

of cover; pg s 18 solar reflectivity of reflector; ag ,,; is solar absorptivity of PV cells
and absorber. And various energy fluxes are given by

qr—a = he-oAL(Ty — T,)
= aALo(T] — Tyy,) + ALUa(TL — Tair) (2.37)

qs—1 = hrs—1As(Ts — T1) + hes—1As(Ts — Tp)

= egpAsa(Ts — T}) + AsUsATs (2.38)
qs—f = hsffAf(TS - Tf) (2.39)
Gf—a = Ur—oAp(Ty — T,) (2.40)

Ay is the heat transfer area of tube; Uy, is the coefficient for heat loss through
insulation material; £, s is the coefficient of radiative heat transfer while A, g, is
the coefficient of convective heat transfer.
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Fig. 2.16 Thermal energy network for single PV-CPC module and connection of PV-CPC
modules in series. Reprinted from Ref. [18], Copyright 2010, with permission from Oxford
University Press

The energy balances among the cover, absorber, PV cell, and working fluid can
be expressed by

qr-a —4s-L =0 (241)
qs,sol = qs—1L — qs—f — Peet = 0 (2.42)
qs—f — qf—a — Gnet = 0 (2.43)

Heat transfer from the absorber to the working fluid is calculated by
qs—r = UmbeTED(TS - 7}) (244)

where U,,,. is the heat transfer coefficient between the wall and working fluid; D is
the diameter of the tube. U,,,;, is determined according to Ref. [35].
Electricity produced by PV cells is obtained by

Pcell = GAL . nPV(T) X (245)
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where x is cover ratio of PV cells.
nPV(T) = ’/Ipv,O - C(T - 25)’1])»’,0 (246)

where 7, ¢ is the maximum PV efficiency on condition of AM1.5, 1,000 W/mfz,
25 °C; c is the temperature coefficient of maximum power produced. The collector
efficiency regarding net heat available for the working fluid is

'/IC(T) = Qnet/(GAL) (247)

PV-CPC modules in series are shown in Fig. 2.16. The differential equations for
PV-CPC collector area and working fluid enthalpy increment are expressed by

ner = 1.(Ts)GdAL = myCp s (Ty)dTy (2.48)
nC(Ts)GdAL = I’)’lf(hfy — ]’lfJ)dX (249)

Equation (2.48) is for liquid region and Eq. (2.49) for binary region of working
fluid. Hp, or Hy, is the enthalpy of the saturated vapor or saturated liquid; X is the
dryness.

2.2.3 Solar ORC System Efficiency

The overall electricity efficiency of the solar ORC is expressed by

Nsys = Norc " Me (250>

2.3 Results and Discussion

2.3.1 Performance of Solar ORC with CDVG

Figure 2.17 shows the variations of overall collector efficiency with the evaporation
temperature when using SSE and CDVG, respectively. The environment tempera-
ture is 20 °C, which keeps constant in the following analysis. The condensation
temperature of the ORC is 25 °C. The organic fluid is R123, which is heated by the
collectors from subcooled state to saturated vapor state. CPC collectors are adopted.
The collector efficiency is proposed according to some product information [38]. The
first heat loss coefficient A is 0.82 W m™2 °C™! the second heat loss coefficient B is
0.0064 W m > °C72, and the maximum efficiency is 0.661. The incident insolation is
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Fig. 2.17 Overall collector efficiency varying with the evaporation temperature at a condensation
temperature of 25 °C

500, 750 and 1,000 W m 2. For the solar ORC with SSE, counter-current concentric
tubes are used as the heat exchanger (evaporator). The inner and outer diameters of
the tubes are 25 and 45 mm. The mass flow rates of R123 and conduction oil through
one tube are 0.1 and 0.9 kg/s, with a total heat exchanger area of 62.8 m*. Based on
these conditions, the inlet and outlet temperatures of the oil are 118.0 and 108.1 °C
when the evaporation temperature of R123 is 100 °C. Under this evaporation tem-
perature, the overall collector efficiencies of the solar ORC with SSE and CDVG are
0.528 and 0.573 for irradiation of 1,000 W m™ 2. The relative increment of the latter
by the former is about 8.5 %. The efficiencies are 0.484 and 0.543, 0.396 and 0.482
corresponding to irradiation of 750 and 500 W m ™. As the irradiation gets weaker,
the relative increment in efficiency with CDVG becomes larger. Meanwhile, when
the evaporation temperature is 150 °C, the relative increment is 65.0, 28.8 and
18.7 % for irradiation of 500, 750 and 1,000 W m~2. The relative increment is
enlarged at higher evaporation temperature. The advantages of solar ORC with
CDVG over the conventional SSE based system are significant in regard to the heat
collection efficiency.

Figure 2.18 shows the variations of overall collector efficiency with the evapo-
ration temperature when the condensation temperature is 55 °C. Compared with
25 °C, a higher condensation temperature results in a lower overall collector effi-
ciency for the CDVG based solar ORC. The efficiency at the evaporation temper-
ature of 100 °C falls down to 0.471, 0.535 and 0.566 for irradiation of 500, 750 and
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Fig. 2.18 Overall collector efficiency varying with the evaporation temperature at a condensation
temperature of 55 °C

1,000 W m™2, which is attributed to a higher average operation temperature of the
collectors. On the other hand, the efficiency for the solar ORC with SSE is almost
unchanged with the condensation temperature. Given a high mass flow rate, the inlet
and outlet temperatures of the conduction oil vary slightly with R123 condensation
temperature. For example, they are 117.3 and 108.8 °C at the evaporation temper-
ature of 100 °C and condensation temperature of 55 °C. The results indicate that the
superiority of solar ORC with CDVG turns weaker at higher condensation
temperature.

Figures 2.19 and 2.20 depict the variations of the solar thermal electricity efficiency
with the evaporation temperature. The efficiencies of the expander, generator, pump
and regenerator are assumed to be 0.75, 0.85, 0.50 and 0.70, respectively. The curves
show that the system electricity efficiency first climbs and then drops down with
increment in the evaporation temperature. The heat to power efficiency of the ORC is
improved by larger temperature difference between the hot and the cold sides,
according to the second law of thermodynamics. But the collector efficiency decreases
with increment in the operation temperature. Due to this tradeoff there shall be an
optimal evaporation temperature (7, ) at which the overall electricity efficiency
reaches the maximum (#ys max). Table 2.3 lists the T,,q 0 aNd #5y5 max on different
conditions of irradiation and condensation temperature. 7, increases with the
increment in solar irradiation and condensation temperature. T, op; for the solar ORC
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Table 2.3 Optimal evaporation temperature and corresponding efficiency of the solar ORC on

different conditions

Condensation Irradiation Solar ORC with SSE Solar ORC with CDVG
temperature (W m™) Tovaopt Hsysopt Tovaropt Hsys.opt
O °C) (%) C) (%)
25 500 <100 >4.31 113 5.36
750 118 5.46 136 6.51
1,000 130 6.24 149 7.27
55 500 115 2.79 128 3.60
750 133 3.86 149 4.70
1,000 144 4.58 >150 >5.33

with CDVG is higher than that with SSE on the same conditions. 77y max 18 also higher,

and the relative increment is about 16.3-29.0 %.

Only the CPC collector is considered in Figs. 2.17, 2.18, 2.19 and 2.20. The FPC
collector seems more cost-effective than the CPC as mentioned in Sect. 1.1. The
comparison of thermal efficiencies of some commercial FPC and CPC collectors is
shown in Fig. 2.21. For the FPC collector, the first heat loss coefficient A is
3.157 Wm 2 °C™!: the second heat loss coefficient B is 0.014 W m~? °C72, and the
maximum efficiency is 0.857. The dash dot lines mean the intersection of the effi-
ciencies of the FPC and CPC. The intersection temperature is 58, 74 and 89 °C cor-
respondingly for irradiation of 500, 750 and 1,000 W m 2. The FPC can offer a higher
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collector efficiency at temperature below the intersection. So the overall collector
efficiency will be improved if the organic fluid is preheated properly by FPCs.

The variations of the required FPC proportion and the overall collector efficiency
with the preheat temperature is displayed in Fig. 2.22. The fluid is preheated by FPCs
and is further heated by CPCs. The proportion is the ratio of the FPC area and the
total area of the collector system. The irradiation is 1,000 W m™ 2. The condensation
temperature is 25 °C. The fluid leaving the CPCs is assumed to be at saturated vapor
state. The FPC proportion increases with the increment in the preheat temperature,
which denotes the temperature at the FPCs outlet. For each efficiency curve, the
overall collector efficiency first climbs as the preheat temperature goes up. However,
the efficiency does not increase in a monotone way. There exists an optimal preheat
temperature, at which the overall collector efficiency reaches the maximum.
According to fundamental mathematics, the derivative of overall collector efficiency
with respect to the preheat temperature is equal to zero at the optimal point (Trpc,opr)-
Trpc,op: shall fulfill the requirement that the local efficiency at FPCs outlet be equal
to that at the CPCs inlet. It means Trpc,q, is equal to the intersection temperature as
marked in Fig. 2.21.

A proof by contradiction can be performed. If Txpc,; should be lower than the
intersection temperature, then a tiny area AS of the CPC collector could be replaced
by the FPC collector, and the overall collector efficiency would be increased. If
Trpcope Should be higher than the intersection temperature, then a tiny area AS of
the FPC collector could be replaced by the CPC collector, resulting in a higher
overall collector efficiency. For both cases the efficiency at Trpc,p 1S nOt maxi-
mum. Therefore, Trpc qp: should be equal to the intersection temperature.
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Fig. 2.22 FPC proportion and overall collector efficiency varying with the preheat temperature
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The overall collector efficiency at Trpc,qop is about 0.62, 0.60 and 0.57 for the
evaporation temperature of 100, 120 and 140 °C respectively. The corresponding FPC
proportion at Trpc o is about 29.0, 26.8 and 24.7 %. Compared with the solo CPC
system (with a FPC proportion of zero), the two-stage collectors provide more effi-
cient solar energy collection. And the relative increment in the efficiency is about 4 %.

The two-stage collectors are advantageous in the simultaneous processes of heat
collection and power conversion from the viewpoint of cost and thermodynamic
performance, where the temperature of fluid entering the collector system is much
lower than the outlet temperature. However, regarding the heat storage the two-stage
collectors may be disadvantageous if only one kind of PCM is used. Figure 2.23
shows the variations of overall efficiencies of the single-stage and two-stage col-
lectors with irradiation in the heat storage process. The FPC proportion is 26.8 %.
The heat from both FPCs and CPCs is transferred to a PCM of melting point of about
120 °C. Thus the operation temperatures of the FPCs and CPCs get alike, and are
assumed to be 120 °C. As illustrated, the two-stage collectors lead to a lower
efficiency in the heat storage process.

To solve this problem, two-stage heat storage units are necessary, in which heat
storage PCM (1) and PCM (2) are connected to the FPC and CPC collectors,
respectively. Because the heat stored by the PCMs will be further used by the ORC,
the heat collection from FPCs in the heat storage process is expected to match the
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Fig. 2.23 Variations of overall efficiencies of the single-stage and two-stage collectors with
irradiation in the heat storage process when only one kind of PCM is used
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enthalpy increment of R123 by PCM (1) in the power conversion process. It means
the ratio of the heat collections from FPCs and CPCs in the storage process shall be
equal to the ratio of heat requirements from PCM (1) and PCM (2) in the power
conversion process. Given the FPC proportion, both ratios are correlated to the
melting point of PCM (1), as shown in Fig. 2.24. The irradiation is 1,000 W m 2.
The evaporation and condensation temperatures are 120 and 25 °C. A higher
melting point of PCM (1) results in lower FPC efficiency, and more energy to heat
R123 from 25 °C to the melting point. So the ratio of heat collection decreases
while the ratio of heat requirement increases with the increment in PCM (1) melting
point. The intersection of the curves can offer a balance between the heat collection
and heat requirement. When the melting point is lower than the intersection, more
heat is stored by PCM (1) than the released, which may cause an inefficient use of
the FPCs and heat. And a higher melting point is accompanied by a lower overall
collector efficiency in the storage process.

Figure 2.25 shows the variations of overall efficiencies of the single-stage and
two-stage collectors with irradiation in the heat storage process when two kinds of
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Fig. 2.24 Variations of ratio of the heat collections from FPCs and CPCs in the storage process,
and ratio of heat requirements from PCM (1) and PCM (2) in the power conversion process with
the melting point of PCM (1)
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Fig. 2.25 Variations of overall efficiencies of the single-stage and two-stage collectors with
irradiation in the heat storage process when two kinds of PCMs are used

PCMs are used. PCM (1) has a melting point of 87 °C. The other conditions are the
same to those for Fig. 2.23. The two-stage heat storage units can improve the heat
collection efficiency especially when the irradiation is strong.

2.3.2 Performance of Solar ORC with PV Module

Figure 2.26 shows the ORC efficiency and overall collector efficiency varying with
R123 evaporation temperature. The PV standard efficiency 7#,, ¢ is 7.27 %; the PV
temperature coefficient ¢ is 0.21 %; the irradiation is 1,000 W m 2. The PV-CPC
module has a concentration ratio of 4.9. The absorber has width of 0.05 m, emis-
sivity of 0.1, and absorptivity of 0.9. The efficiencies of the expander, pump, and
generator are 0.75, 0.85 and 0.5. The tube has an inner diameter of 0.025 m. The
mass flow rate through the tube is 0.2 kg/s. The ORC efficiency increases with the
increment in the evaporation temperature. But the overall collector efficiency gets
lower when the evaporation temperature rises.

Figure 2.27 shows the average PV efficiency and total system electricity efficiency
varying with R123 evaporation temperature. The average PV efficiency turns lower
when the evaporation temperature rises. Notably, the slope of the PV efficiency curve
is smaller than the defined temperature coefficient of maximum power generated of
PV cell, e.g. at the point of evaporation temperature of 100 °C, the tangent slope of
the curve is 0.0014 °C71, about two thirds of the temperature coefficient
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Fig. 2.26 Variations of ORC and overall collector efficiencies with the evaporation temperature
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(0.0021 °C71). This is because that in the PV-CPC system the temperature of one
module is different from another and the fluid is heated from condensation temper-
ature to evaporation temperature. The average temperature of the PV-CPC modules is
determined by the distribution of lower and higher temperature modules, which will
increase more slowly with the increment in the evaporation temperature. The results
indicate the influence of the hot side temperature on the efficiency of PV system
differs from that on a single cell. The former is slighter than the latter.

In a distinctive manner, the system electricity efficiency first climbs up and then
falls down with increment of the evaporation temperature. The increment of evapo-
ration temperature has positive effect on the ORC efficiency, and negative one on the
average PV efficiency and overall collector efficiency. On the given conditions, there
is a maximum system electricity efficiency. Even if the system efficiency is not at the
maximum point, it will be still much higher than the PV efficiency. For example, when
the evaporation temperature is 100 °C, the system electricity efficiency is 11.1 %,
which is about 53 % higher than the PV efficiency at room temperature (7.27 %).

2.3.3 Performance of Osmosis-Driven Solar ORC

The variation of the osmotic pressure (IT) of NH3/NaSCN solution with the mass
fraction of NHj5 is shown in Fig. 2.28. IT increases steeply when NH3 mass fraction
decreases. It is about 3.9, 8.7 and 14.5 MPa respectively when the fraction is 0.9,
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Fig. 2.28 Osmotic pressure variation with the mass fraction of ammonia
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Table 2.4 A specific
parameter distribution in the
osmosis-driven solar ORC
system

State point | X (%) | p (kPa) | T (°C) | h (kJ/kg) | 5 (kJ/ke/°C)
1 100 | 6415.1 [115 |1622.9 |5.18
2 100 |2026.1 | 50 |1551.2 |5.2663
3 100 |2026.1 | 50 | 583.01 |2.2683
5 100 |2026.1 | 40 | 533.14 |2.1115
6

7

80 |6415.1 | 40 39332 |/
70 | 6415.1 | 115 620.30 |/

0.8 and 0.7. IT is influenced slightly by the solution temperature. The variations of
solution density and saturated partial pressure of NH; with temperature are shown
in Fig. 2.29. The NH; mass fraction is 0.7. The density decreases almost linearly as
the temperature increases. Considering the force of gravity, it seems valid that there
is significant temperature gradient in the generator.

Table 2.4 presents a specific case of thermodynamic parameter distribution in the
osmosis-driven solar ORC. The points are marked with circle in Fig. 2.14. CHP
mode is exemplified. The expander and alternator efficiency are 0.80 and 0.85. The
specific enthalpies at Points 6 and 7 are for the solution, which decrease with the
decrement in mass fraction of ammonia (X). NHj; is at a binary state (Point 2) when
leaving the expander. The heat to power efficiency in this case is about 5.0 %. And
hot water of about 50 °C is available.
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Chapter 3
Experimental Study of the ORC Under
Variable Condensation Temperature

Combined heat and power (CHP) system provides easier market entry for the small
scale organic Rankine cycle (ORC). However, in most areas heat is not continuously
desirable through the year. Variable operation of the ORC is unavoidable. The
condensation temperature is a key parameter. It changes with the seasonal weather
condition, and influences the expansion/pressurization ratio and the temperature
difference driving the ORC. The performances of the expander, the pump and the
whole cycle are consequently affected. At present the information on the ORC per-
formance under variable condensation temperature is rare. This chapter conducts a
thorough experimental investigation on this subject. Special attention is paid to the
practical performance of the turbo expander over a wide range of pressure ratio. The
exergetic efficiency of each of the main components varying with the condensation
temperature is revealed.

3.1 Introduction

CHP is important to a cost-effective ORC at low power [1, 2]. Domestic CHP
generation is deemed a new application of the ORC [3]. To an ORC-based domestic
CHP system, the variable operation will be unavoidable through the year due to the
fluctuation of available thermal energy of the heat source and heat sink [4-8]. In
particular, the variable operation with respect to the condensation temperature will
be executed for most ORC-CHP systems. First, the consumer’s demand on space
heating or bathing varies with the seasonal weather condition. In many areas of the
world, a fluctuation of ambient temperature of 40 °C is common and there is no
need of space heating in summer, spring, and autumn. And the amount of hot water
for bathing may also be reduced in some seasons. The exhausted heat from the
condensation of the ORC fluid in hot weather conditions becomes residual, and
may even cause superheat for the residential buildings. So the ORC exhausted heat
is not always desirable. Second, since there is no need for the ORC to operate under
high condensation temperature over some period, the cold side temperature of
the ORC shall be close to the ambient temperature to achieve more power output.
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The condensation temperature for the CHP operation is generally higher than 50 °C.
The ORC power efficiency under this condensation temperature is theoretically
lower than that under the condensation temperature from 20 to 40 °C, which can be
seen by Figs. 3.1 and 3.2. The expander, the pump and the generator efficiencies are
assumed to be 0.7, 0.5 and 0.85. The evaporation temperature is from 100 to
140 °C. The efficiency increases almost linearly with the decrement in the con-
densation temperature for both fluids. It is clear the potential increment of the power
efficiency is significant when the ORC shifts from the CHP generation.

Though the theoretic analysis indicates the necessity of variable operation, the
performance of a real ORC under variable condensation temperature is difficult to
predict. It is convenient to assume constant expander efficiency, constant pump
efficiency, etc. for the analysis on different conditions. However, the devices in the
ORC are designed for certain operating conditions. To investigate the ORC per-
formance at variable operation and to estimate the yearly power generation, it is of
key importance to take into account the part load behavior of the system compo-
nents [9]. At part load operation their behavior may be quite different [10, 11]. The
larger the deviation of the practical condition from the design is, the lower the
efficiency may be. In this case, the constant efficiency assumption seems no longer
rigorous. The higher power efficiency at lower condensation temperature needs
experimental validation.

The influence of the condensation temperature on the performances of the
expander, the pump, etc. in the ORC is much more appreciable than that in the
conventional steam Rankine cycle. The saturation pressure of water is very low at

0.135 —=— 100°C
[ —e— 120°C
0.120 140°C
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Fig. 3.1 The ORC electricity efficiency variation with the condensation temperature using R123
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Fig. 3.2 The ORC electricity efficiency variation with the condensation temperature using R245fa

normal ambient temperature. In practical operation of the fossil fuel-fired power
plant it is difficult to get an outlet pressure of steam turbine lower than 5 kPa. This
technical limit for maintaining a vacuum in the steam condenser has been men-
tioned in previous studies [12—14]. Lower backpressure and larger enthalpy drop
are unavailable for steam turbine at condensation temperature lower than 33 °C.
While in the ORC this technical limit can be avoided. For example, the saturation
pressures of R123 and R245fa at 33 °C are 122 and 198 kPa, respectively. The
saturation pressures drop to 33 and 53 kPa respectively at a condensation tem-
perature of 0 °C, which are still much higher than 5 kPa. Therefore, the ORC can
react well to low condensation temperature. As the condensation temperature gets
lower, the loads of the condenser and evaporator increase, which may enlarge the
heat transfer irreversibility in the heat exchangers. Moreover, as the condensation
temperature changes, the pressure ratio for the expander and the pump will change,
which is shown in Fig. 3.3. The evaporation temperature for R245fa is 100 °C,
while it is 120 °C for R123. As the pressure ratio changes, the enthalpy drop during
expansion and the enthalpy increment during pressurization will vary accordingly.
The performances of the expander, the pump and the whole cycle may seriously
deviate from the design.

The pressure ratio is especially important for the turbo expander. The sound
speeds of most organic fluid are much lower than that of steam, and transonic flow
is the typical flow of ORC expander [15, 16]. The variation of the pressure ratio will
disturb the internal flow of the expander. Shock wave or expansion wave may form
and the energy conversion inside will be consequently affected. Besides, the vari-
ation of the pressure ratio leads to strong deviation of the leaving loss of the



74 3 Experimental Study of the ORC ...

35| —s— R245fa
—e— R123

30 |-
25|

20

15

Pressure ratio

10|

0 1 L 1 L 1 L 1 L 1 L 1
0 10 20 30 40 50

Condensation temperature °C

Fig. 3.3 The pressure ratio variation with the condensation temperature

expander [17]. The expander leaving loss increases with the decrement in the
condensation temperature due to larger specific volume and mass flow rate. It will
go up by about 10 times when the condensation temperature changes from 30 to
0 °C using the working fluids of R123 and R245fa. The leaving loss will account
for an appreciable percentage of the total energy loss in the energy conversion and
considerably influence the expander output power when the condensation temper-
ature drops greatly below the design.

At present the information on the performance of the ORC expander at variable
operation is limited. Zheng et al. analyzed the influence of the variable rotation speed
on arolling-piston expander [18]. The test results showed that the expander normally
ran between 350 and 800 rpm. The expander mechanical efficiency varied with the
rotation speed. A maximum mechanical efficiency of 44 % was achieved at 645 rpm.
Lemort et al. carried out an experimental study on a prototype of an open-drive oil-free
scroll expander working with R123 [19]. The expander shaft power varying with the
imposed pressure ratio was measured. The expander under variable pressure ratio was
modeled in a semi-empirical way. The internal leakages and, to a lesser extent, the
supply pressure drop and the mechanical losses were deemed the main losses affecting
the performance of the expander. Bracco et al. also carried out the experimental test
and modeling of a scroll expander [20]. The registered working parameters and
efficiencies were comparable with those expected from previous studies. The model
revealed a good skill in predicting the main working parameters of the expander and
the ORC. Avadhanulal et al. tested a 50 kW ORC under different conditions of the
heat source and heat sink using a screw expander [21]. Empirical models of high
accuracy were built. The predicted values of the screw expander power output were
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within 7.5 % compared with the experimental data. To the best knowledge of the
authors, experimental investigation of the turbo expander over a wide range of
pressure ratio for small scale ORC application has not been conducted yet.

As for the system, the experimental test with respect to the condensation tem-
perature is rare. Erhart et al. introduced a commercial ORC-CHP plant with
5.3 MWy, and 1 MW, nominal output in Scharnhauser Park, Ostfildern, Germany
[22]. The combustion heat of the wood chips was transferred to the ORC via a
thermal oil system with feed temperature of 300 °C and return temperature of
240 °C. The system efficiency was analyzed for the summer and winter cases
respectively. And the influence of condenser conditions on ORC load character-
istics was investigated. Given a relatively steady inlet temperature of cooling water,
ORC power increased by 1.5 % at full load (winter case) and 1.0 % at part load
(summer case) with the increment in water mass flow rate, resulting from the higher
heat transfer coefficient and lower outlet temperature of water. However, the
detailed behavior of the expander, pump and heat exchangers was not revealed.

All above issues imply great uncertainty of the ORC performance under variable
condensation temperature. This chapter presents a thorough experimental investigation
of the ORC in the condensation temperature range from about 20 to 50 °C with low-grad
heat source. A specially designed turbo expander is used. The feasibility of the turbo
expander and the ORC for small-scale domestic CHP generation is demonstrated.

3.2 Thermodynamic Formulas

The energetic efficiency of the ORC can be calculated by Eq. (2.7). The exergy loss
associated with element i is the difference between the exergy E" flowing into i and
the exergy E{" leaving it [23, 24]:

fi — Em _ Equt
) ! ! (3.1)
~E-F

E} is the available exergy for i, and E} is the used exergy. The exergy efficiency of
i is determined by

EY

Ef (3.2)

nex,i =

The elements in the ORC are mainly expander, pump, evaporator, condenser,
storage tank, separator, pipes, etc.
For the expander

E;l = Ez.i

—E

t,0

(3.3)
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E' =W, (3.4)

where E,;, and E,, are the expander inlet exergy and outlet exergy.
For the pump

El =W, (3.5)

E! =E

v po — E

p.i (36)
where E,; and E, , are the pump inlet exergy and outlet exergy.
For the evaporator

E' = Ep; — Ep, (3.7)
E; =Ero — Ey; (3.8)

where E;,; and Ej,,, E;; and E;, are the exergies of the hot side fluid at the
evaporator inlet and outlet, the exergies of the organic fluid at the evaporator inlet
and outlet.

For the condenser

Eg = Eﬂi - Eﬁ,o (3'9)
E!=E,,—E,; (3.10)

where E,,; and E,, , are the exergies of water at the condenser inlet and outlet.
For the pipes, separator, tank and other elements, throttling process is assumed.
And therefore the used exergy is zero. The available exergy is the difference of the
inlet and outlet exergy at each of the elements.
The total exergy loss of the system is the sum of the exergy losses in the all the
elements:

éORC = ét + ép + 56 + éc + éotherx (311>

The system exergy efficiency is the ratio of the total used exergy to the total
available exergy of the system:
_ Bow _ B/ T E
nex,ORC - E¢ — EZ i Eg .

total

(3.12)

3.3 Experiment Setup

Figure 3.4 shows the test rig of the ORC system. The working fluid is R123. The
system consists of three subcircuits: R123 circuit, conduction oil circuit, and water
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Fig. 3.4 Test rig of the ORC system: / expander; 2 gearbox; 3 generator; 4 condenser; 5 pump; 6
evaporator; 7 separator; 8 temperature controller

circuit. For the first one, R123 is vaporized under high pressure in the evaporator,
and heat is transferred from the oil to R123. The vapor flows into the expander,
exporting power in the process due to enthalpy drop. The outlet vapor is condensed
to liquid state in the condenser, and heat is transferred from R123 to water. The
liquid is pressurized and pumped into the evaporator. R123 circulates in such a
way. A separator is used to prevent the expander from being hit in case there are
droplets at the evaporator outlet. A gearbox of reduction ratio 20:1 is employed to
ensure a lower rotation speed of the generator. For the second circuit, the oil leaving
the evaporator at lower temperature flows into the temperature controller. It is then
heated. The oil at higher temperature is sent to the evaporator. The oil temperature
at the outlet of the controller can be adjusted in the range from the environment
temperature to 200 °C. For the third circuit, the water leaving the condenser at
higher temperature flows into the cooling tower as shown in Fig. 3.5a. It is cooled
down inside. Water at lower temperature is sent back to the condenser. The water
outlet is at the bottom of the tower.

The condensation temperature of R123 is strongly related to the temperature of
water coming from the tower. Normally, the cooling tower is a heat removal device
used to transfer waste heat to the atmosphere. This tower uses the evaporation of
water to remove heat and makes the outlet water of the tower be near the wet-bulb
air temperature. However, by means of insulation it is possible to increase the
temperature of the outlet water as shown in Fig. 3.5b. Water of relatively high
temperature can be observed in Fig. 3.5¢ (water vapor condensed to fine particles).
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Fig. 3.5 The cooling tower (a)

a normal state; b wrapped water inlet pipe
c the inside. / Air-in by fan;
2 air-out by window; 3 door; \ ——
4 water outlet; 5 fins .
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A simplified structure of the system is depicted in Fig. 3.6. The line segments
along with T and P in the figure are the measurement positions for temperature and
pressure. Copper-constantan thermocouples are used to measure the fluid temper-
ature, with an accuracy of 0.5 °C. Two kinds of ceramic pressure transmitters
manufactured by Huba Control Co., which range from O to 25 bar and from —1 to
9 bar (gage pressure), respectively, with an accuracy of £1.0 %, are employed in the
test to measure the pressure. The flow meter for R123 is MFM2081K-60P/DN25,
provided by KROHNE. It is mounted near the outlet of the pump. The zero point
stability and the measurement accuracy are +0.012 kg/min and +£0.15 %MV+Cz
respectively. The rotation speed is measured by the frequency signal output of the
generator. All the signals are recorded and stored on a disk via Agilent Bench Link
Data Logger, a computer data-acquisition system.

The oil temperature controller is AOS-50, provided by Aode Co. The maximum
output heatis 100 kW. And the maximum mass flow rate of the conduction oil is 7.5 L/s.

The pump for R123 pressurization is CR1-30, provided by GRUNDFOS. This
centrifugal pump is connected with a frequency converter. R123 mass flow rate can
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Fig. 3.6 Simplified structure of the ORC
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be adjusted by the converter frequency. The height difference between the pump
inlet and the fluid tank outlet is about 0.8 m.

The generator is 8SC3110, provided by Prestolite Co., which requires excitation
with an input voltage of 24 V. Load to the generator can be adjusted by bulbs. This
generator was originally used in an air-conditioned bus, and was not designed for
the ORC application.

Plate heat exchangers provided by SWEP Co. are used in the heating and cooling
processes. The evaporator is made up of about 130 plates, of a total heat transfer
area of about 7.5 m”. The condenser is made up of about 120 plates, of a total heat
transfer area of about 12.0 m?.

Among the components in this ORC, the expander is the only one that is
unavailable on the market. It has been specially designed and manufactured. It is a
turbo expander. For this impulse-reaction turbine, there is a stator vane and a rotor
blade arrangement. The expansion of working fluid takes place not only in the
nozzle but also over the blades. The blades within the chamber are located radially,
pointing to the radical direction close to the nozzle and gradually turning to the
axial direction. This radial-axial design provides many advantages such as a
compact structure with good manufacturability, high ratio of power to volume, high
efficiency, and a single-stage expansion rate of large enthalpy drop.

The 3-D view of the turbine is shown in Fig. 3.7. The diameter at the turbine
inlet and outlet is 12 and 32 mm respectively. The diameter of the rotor is 50 mm.
The specific parameters for the rotor, the nozzle and the shell are marked in Fig. 3.8.

3.4 Results

Figure 3.9 shows the variations of the temperature and pressure at the condenser
boundary. The water and R123 temperatures go up first, and then fall down. Neither
the increment nor the decrement in the temperatures is smooth. Several turning
points exist, which are marked with A, B, C, D, and E.

At the beginning of the test both windows for air-out and fan of the cooling
tower were wrapped. The door was open for inner observation. The water tem-
perature increased quickly. There was an adjustment in the converter frequency
around Time A. The mass flow rate of R123 dropped as the pump power decreased.
The heat output of the condenser per second was reduced, making the left derivative
of water temperature with respect to time at A higher than the right derivative. From
Time A to Time B, the water temperature was still increased but the slope became
smoother though no adjustment in the frequency was made. The declined slope can
be explained as follows: The heat transferred from R123 to water and the total heat
capacity in the condenser were relatively steady during this period, but the mean
temperature difference between water and air became larger as time went by. The
heat loss from the cooling tower was hence increased. The net input heat for water
per second was reduced and the increment rate of water temperature dropped.
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Fig. 3.7 3-D view of the turbine: a external; b internal; ¢ nozzle; d rotor; e connection of the
nozzle, rotor and end cover

From Time B to Time C, the tower door was close and the convective heat
transfer from water to air was reduced, resulting in a quicker increment in the water
temperature. From Time C to Time D, the door was open again and the fan was
unwrapped. The heat and mass transfer between water and air was accelerated
dramatically. The heat loss from the cooling tower became larger than the heat input
from the condenser, and the water temperature fell down. From Time D to Time E,
the air-out window was unwrapped, which enlarged the heat and mass transfer area,
leading to a sudden decrement in the slope around Time D. As the water temper-
ature decreased, the temperature difference between water and air got smaller and
the temperature curve became smoother. Around Time E the fan was turned on. The
heat and mass transfer coefficients reached the maximum.

The outlet temperature and pressure of R123 varied in a similar way to the water
temperature. There was a small degree of supercool of R123 at the condenser outlet.

The R123 temperature at the evaporator inlet and outlet varying with time is shown
in Fig. 3.10. Due to the oversurfacing of the evaporator, the outlet temperature of
R123 was close to the inlet temperature of the conduction oil, which was assigned
105 °C. The inlet temperature of R123 for the evaporator was related to the con-
densation temperature. The variation of R123 mass flow rate at the evaporator inlet is
also shown in Fig. 3.10. There were sudden increase and decrease around 17:16,
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Fig. 3.8 Dimension of the nozzle and rotor: a nozzle; b rotor

18:09 and 18:28 respectively, which were caused by the adjustment of the converter
frequency for pumping and the opening degree of the expander inlet valve.

Figure 3.11 shows the pump operation pressure and power varying with time.
The pump power and the outlet pressure fluctuated at the startup stage due to
adjustments. After 17:07 the expander inlet valve was fully open and the pump
power kept relatively steady. The pump outlet pressure increased with the incre-
ment in the inlet pressure. A proof by contradiction will show that given a constant
input power, the outlet pressure of the pump can not decrease or be unchanged as
the inlet pressure increases in the ORC: If it could, then the mass flow rate through
the pump would increase due to a lower resisting pressure difference between the
pump outlet and inlet. While the mass flow rate through the expander would
decrease due to a lower driving pressure difference between the expander inlet and
outlet. The mass flow rate through the pump would be higher than that through the
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Fig. 3.10 The variations of R123 temperature and mass flow rate for the evaporator

expander, and the mass balance in the ORC would be broken. This surely is not the
case in a quasi-steady state.

Figure 3.12 shows the parameters for the expander varying with time. The inlet
temperature of R123 was about 101 °C, a little lower than the temperature of R123



84 3 Experimental Study of the ORC ...

—e—power —v— inlet pressure
700 —a— outlet pressure ] 800
600 des0
500 | ©
= - 500 <
B
5 g
Q 4001 2
/S ®
o 4350 ©
o
300 | C
A D
- 200
200 |
100 1 " 1 " 1 " 1 " 1 " 1 " 1 " 50
17:10:30 17:25:30 17:40:30 17:55:30 18:10:30 18:25:30
Time
Fig. 3.11 The variations of the pump power and R123 inlet and outlet pressures
—n— inlet temperature —a— inlet pressure
104} —e— outlet temperature —v— outlet pressure 50
99+
- 600
94| «
o o
o - 450 <
2 o)
T 89 5
2 7
g A B 1300 @
O 84 o
|_
9L D 4150
C
74 1 L 1 L 1 L 1 L 1 L 1 L 1

17:10:30 17:25:30 17:40:30 17:55:30 18:10:30 18:25:30
Time

Fig. 3.12 The variations of R123 temperature and pressure at the expander inlet and outlet

leaving the evaporator due to the heat loss. The outlet temperature fluctuated more
strongly than the inlet temperature. The outlet temperature was influenced by the
pressure ratio and the rotation speed of the expander. From Time A to Time B it
increased with the decrement in the expansion ratio. Though the rotation speed was
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up in this period, its influence on the outlet temperature was secondary. From Time
B to Time C both the rotation speed and the inlet pressure of the expander
increased, resulting in the decreased outlet temperature. From Time C to Time D the
outlet temperature increased again with the increment in the outlet pressure. There
was no significant increment in the inlet pressure and the rotation speed. From Time
D it decreased gradually with the decrement in the inlet and outlet pressures.

The inlet pressure of the expander was correlated with the outlet pressure of the
pump. However, at the beginning of the experiment, it varied differently from the
pump outlet pressure due to the adjustment of the inlet valve of the expander.

Figure 3.13 shows the generator rotation speed, input shaft power and output
electricity varying with time. The input shaft power for the generator set consisting
of the gearbox was defined as the output shaft power of the expander. The gen-
erated electricity increased with the increment in the rotation speed at the begin-
ning, indicating that higher rotation speed led to more adequate expansion of R123.
However, from 17:16, this trend stopped due to the trade-off between the increment
in the expander efficiency and the decrement in the driving temperature difference
of the ORC. After about 17:32, the rotation speed of the generator fluctuated around
1,150 rpm, with a corresponding expander rotation speed of about 23,000 rpm.
Then the condensation temperature and pressure became the primary factor influ-
encing the electricity output.

Figure 3.14 shows the efficiency variations of the pump, generator set and
expander. The efficiency of the generator set was defined by the ratio of the elec-
tricity generated to the expander output shaft power, and thus the gearbox efficiency
was comprised. The pump and the generator set efficiencies were about 0.14 and 0.3
respectively. The efficiency of the pump was low because this kind of pump was
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Fig. 3.13 The variations of the generator rotation speed, input shaft power and output electricity
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Fig. 3.14 The variations of the expander, pump, and generator efficiencies

generally used for water pressurization. When the working fluid was R123, the
vapor pressure ahead of the pump became much higher and cavitation was more
easily facilitated. And the nominal mass flow rate of this pump was 0.32 kg/s,
indicating that it was at off-design operation in the test. The efficiency of the
generator set was low due to losses in the power transit by the gearbox and the
generator. The gearbox was dispensable for the ORC. It could be replaced by an
efficient generator of high rotation speed. The expander efficiency fluctuated
strongly with the pressure ratio and the rotation speed, and the peak value was about
0.54. This efficiency was moderate for the power conversion. After all, the expander
was a small one, and was indigenously designed for the ORC application.

The detailed information on the ORC at eight different times is presented in
Table 3.1 The pressure, temperature, enthalpy, entropy and exergy in Case I rep-
resent the values around 17:10. The parameters in Case II to Case VIII represent the
values around 17:20, 17:30, 17:40, 17:50, 18:00, 18:10 and 18:20 respectively. The
mass flow rates of the conduction oil and water are about 1.8 and 2.1 kg/s, which
vary very slightly with time. The mass flow rate of R123 for Case I to Case VIII is
0.106, 0.118, 0.118, 0.122, 0.12, 0.113, 0.112 and 0.109 kg/s respectively. The
input heat is 21.8, 23.9, 23.6, 24.0, 23.4, 23.6, 23.6, 24.4 kW respectively. It is
around 24 kW except for Case I. In some cases, the exergy presented in the table at
the pump outlet has the same value to that at the evaporator inlet because only one
digit after the decimal point is retained. It is not a hint of isentropic process. The
reference temperature (T,) and pressure (p,) for the exergy are 20 °C and 101 kPa.
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Table 3.1 Specific thermodynamic parameter distributions on the ORC

State point Fluid |p (kPa) |7 (°C) | h (kJ/kg) | s (J/kg/°C) | e (kI/kg)
Case 1 Expander inlet R123 | 569 100.7 | 444.4 1,713 36.0
Expander outlet |R123 | 182 82.3 | 436.4 1,749 17.5
Pump inlet R123 | 171 38.0 | 238.5 1,132 0.5
Pump outlet R123 | 664 40.8 [241.6 1,140 1.2
Evaporator inlet |R123 | 635 41.0 | 241.8 1,141 1.2
Evaporator outlet | R123 | 597 104.0 | 446.7 1,717 37.2
Controller inlet | Oil - 100.1 | 219.5 685 31.2
Controller outlet | Oil - 105.0 | 231.0 716 33.7
Condenser inlet |R123 | 180 82.0 | 436.2 1,749 17.3
Condenser outlet | R123 | 162 38.0 | 238.5 1,132 0.5
Tower inlet Water | - 39.8 | 166.8 570 2.7
Tower outlet Water | - 37.3|156.3 536 2.1
Case II Expander inlet R123 | 624 100.7 | 443.4 1,706 37.1
Expander outlet |R123 |201 79.9 | 434.2 1,738 18.5
Pump inlet R123 | 188 41.0 [241.7 1,142 0.7
Pump outlet R123 | 730 43412443 1,149 1.3
Evaporator inlet | R123 | 695 43.5 | 244 .4 1,149 1.4
Evaporator outlet | R123 | 669 104.3 | 445.7 1,709 38.5
Controller inlet | Oil - 99.3 |1217.8 680.6 30.9
Controller outlet | Oil - 105.0 | 231.0 716 33.7
Condenser inlet |R123 | 177 79.6 | 434.4 1,745 16.7
Condenser outlet | R123 | 175 41.0 |241.6 1,142 0.6
Tower inlet Water | - 42.8 |1 179.3 610 3.5
Tower outlet Water | - 40.2 | 168.5 575 2.8
Case III | Expander inlet R123 | 622 100.9 | 443.5 1,706 37.2
Expander outlet |R123 |212 79.5 | 433.7 1,733 19.5
Pump inlet R123 | 201 43.7 | 244.5 1,151 0.9
Pump outlet R123 | 740 46.2 | 247.2 1,158 1.5
Evaporator inlet | R123 | 698 46.7 | 247.7 1,160 1.5
Evaporator outlet | R123 | 664 104.3 | 445.8 1,710 38.3
Controller inlet | Oil - 99.4218.0 681 30.9
Controller outlet | Oil - 105.0 | 231.0 716 33.7
Condenser inlet | R123 | 200 80.0 | 434.3 1,738 18.6
Condenser outlet | R123 | 192 43.7 | 244.5 1,151 0.9
Tower inlet Water | - 45.41190.2 644 44
Tower outlet Water | - 42.8 [179.3 610 35

(continued)
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Table 3.1 (continued)

State point Fluid |p (kPa) |7 (°C) | h (kJ/kg) | s (J/kg/°C) | e (kI/kg)
Case IV | Expander inlet R123 | 642 101.0 | 4434 1,705 374
Expander outlet |R123 |227 79.7 | 433.6 1,730 20.3
Pump inlet R123 | 213 46.0 | 246.8 1,158 1.1
Pump outlet R123 | 735 48.2 1249.3 1,165 1.6
Evaporator inlet | R123 | 701 48.5 1 249.6 1,166 1.6
Evaporator outlet | R123 | 677 104.2 | 445.5 1,708 38.6
Controller inlet | Oil - 99.3 | 217.7 680 30.9
Controller outlet | Oil - 105.0 | 231.0 716 33.7
Condenser inlet |R123 | 220 79.5 |1 433.6 1,731 20.0
Condenser outlet | R123 | 205 46.0 | 246.9 1,158 1.2
Tower inlet Water | - 475119897 |671 5.1
Tower outlet Water - 449 | 188.1 637 4.2
Case V Expander inlet R123 | 647 101.0 | 443.3 1,705 37.3
Expander outlet |R123 |239 80.2 | 433.8 1,727 21.3
Pump inlet R123 | 229 475 (2484 1,163 1.3
Pump outlet R123 | 755 49.8 [251.0 1,170 1.8
Evaporator inlet | R123 | 713 50.2 |251.4 1,171 1.9
Evaporator outlet | R123 | 685 104.2 | 445.3 1,707 38.7
Controller inlet | Oil - 99.4 | 218.1 681 30.9
Controller outlet | Oil - 105.0 | 231.0 716 33.7
Condenser inlet |R123 |230 80.0 | 433.8 1,730 20.5
Condenser outlet | R123 | 220 475 |248.4 1,163 1.3
Tower inlet Water - 49.0 | 205.2 691 5.6
Tower outlet Water | - 46.3 | 194.0 656 4.7
Case VI | Expander inlet R123 | 611 101.2 | 444.1 1,709 36.9
Expander outlet |R123 | 179 78.5 | 433.5 1,742 16.6
Pump inlet R123 | 170 3542358 1,123 0.4
Pump outlet R123 | 702 37.9 | 238.6 1,131 0.9
Evaporator inlet | R123 | 644 37.9 | 238.6 1,131 0.9
Evaporator outlet | R123 | 619 104.2 | 446.5 1,715 37.6
Controller inlet | Oil - 99.3 12179 681 30.9
Controller outlet | Oil - 105.0 | 231.0 716 33.7
Condenser inlet |R123 | 166 78.6 | 433.8 1,747 15.5
Condenser outlet | R123 | 159 3542358 1,123 0.4
Tower inlet Water | - 37.2 | 1559 535 2.0
Tower outlet Water | - 34.9 | 146.3 504 1.5

(continued)
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Table 3.1 (continued)

State point Fluid |p (kPa) |7 (°C) | h (kJ/kg) | s (J/kg/°C) | e (kI/kg)
Case VII | Expander inlet R123 | 594 101.3 | 444.5 1,712 36.4
Expander outlet |R123 | 170 78.6 | 433.7 1,745 16.0
Pump inlet R123 | 155 33.4|233.7 1,116 0.4
Pump outlet R123 | 691 35.9 | 236.6 1,124 0.9
Evaporator inlet | R123 | 648 36.0 | 236.6 1,124 0.9
Evaporator outlet | R123 | 625 104.2 | 446.4 1,714 37.8
Controller inlet | Oil - 99.5 2179 681 30.9
Controller outlet | Oil - 105.0 | 231.0 716 33.7
Condenser inlet |R123 | 155 78.3 |1433.8 1,750 14.6
Condenser outlet | R123 | 145 33.4|233.8 1,116 0.5
Tower inlet Water | - 35.0 | 146.7 505 1.6
Tower outlet Water - 32.6 | 136.7 472 1.1
Case VIII | Expander inlet | R123 | 571 101.2 | 444.8 1,715 359
Expander outlet |R123 | 127 76.2 | 432.7 1,757 11.5
Pump inlet R123 | 115 21.6 | 221.7 1,076 0.1
Pump outlet R123 | 674 24.2 | 224.6 1,085 0.3
Evaporator inlet | R123 | 630 24.51224.8 1,086 0.3
Evaporator outlet | R123 | 611 104.3 | 446.7 1,716 37.5
Controller inlet | Oil - 99.2 | 217.6 680 30.8
Controller outlet | Oil - 105.0 | 231.0 716 33.7
Condenser inlet |R123 | 115 76.1 | 432.8 1,763 9.8
Condenser outlet | R123 | 107 21.6 | 221.7 1,076 0.1
Tower inlet Water | - 23.8| 99.9 350 0.1
Tower outlet Water | - 21.2 | 89.0 314 0.0

The pressure for the conduction oil and water has not been measured. However, at
liquid state the enthalpy and the entropy of the oil and water are mainly related with
the temperature. For example, the specific enthalpy of water at 40 °C/0.1 MPa,
40 °C/0.2 MPa, 38 °C/0.1 MPa and 38 °C/0.2 MPa is 167.6, 167.7, 159.3 and
159.4 kJ/kg respectively.

With the data in Table 3.1, the energetic and exergetic efficiencies of the system,
and the exergy losses for the main components can be calculated, as presented in
Table 3.2.

The water inlet temperature T, ;, the system input heat Q, the system power
efficiency #,, orc based on the shaft power of the expander, and the system exer-
getic efficiency n,, opc are also listed for each case. For most cases, 1,, orc
decreases with the increment in T, ;. The maximum 7,, opc is 4.1 % at Ty ; =
21.2 °C. The relative decrement of 7,,, orc 18 15 % when Ty ; climbs to 46.3 °C. On
the other hand, #,, og¢ increases dramatically with the increment in T,, ;. When Ty, ;
climbs from 21.2 to 46.3 °C, 1,, ogc increases from 24.1 to 57.8 %. The relative
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Table 3.2 The energetic and exergetic efficiencies

3 Experimental Study of the ORC ...

Evaporator Expander Condenser | Pump | Others

Case 1
Ty =373 °C Available exergy (W) 4,503 1,967 1,784 329
0=218kW Used exergy (W) 3,819 848 1,244 80
Nen.ore = 24 % Exergy loss (W) 684 1,119 539 249 148
Nex.orc = 43.3 %

Exergy efficiency 84.8 43.1 69.8 24.3
Case Il
Ty, = 40.2 °C Available exergy (W) | 5,099 2,193 1,892 307
Q=239 kW Used exergy (W) 4382 1,086 1,548 65
Nen.ore = 3.3 % Exergy loss (W) 716 1,107 346 242 363
Nexorc = 49.0 %

Exergy efficiency 85.9 49.5 82.7 21.1
Case 111
Ty, = 42.8 °C Available exergy (W) | 5,018 2,090 2,091 319
0=236kW Used exergy (W) 4,350 1,156 1,703 76
en.orc = 3.6 % Exergy loss (W) 668 934 388 242 245
Nexorc = 53.6 %

Exergy efficiency 86.7 55.3 81.4 24.0
Case IV
Ty =449 °C Available exergy (W) 5,130 2,090 2,284 305
0 =240 kW Used exergy (W) 4,516 1,196 1,863 55
Nen.ore = 3.1 % Exergy loss (W) 614 894 422 250 196
Nex,orc = 56.3 %

Exergy efficiency 88.0 57.2 81.5 17.9
Case V
Ty, = 46.3 °C Available exergy (W) | 4,995 1914 2,302 312
0 =234kW Used exergy (W) 4413 1,138 1,929 66

=35

len,ORC % Exergy loss (W) 582 776 373 246 262
Nexorc = 57.8 %

Exergy efficiency 88.3 59.4 83.8 21.1
Case VI
Ty, = 349 °C Available exergy (W) | 5,043 2,291 1,703 316
0 =23.6 kW Used exergy (W) 4,147 1,198 1,151 51
Nen.orc = 3.7 % Exergy loss (W) 896 1,093 553 265 204
Nexorc = 43.8 %

Exergy efficiency 822 52.3 67.6 16.2
Case VII
Ty =32.6 °C Available exergy (W) 5,044 2,293 1,584 325
0=23.6 kW Used exergy (W) 4,126 1,210 990 62
Nen.orc = 3.7 % Exergy loss (W) 918 1,083 594 263 311
Nex,orc = 41.0 %

Exergy efficiency 81.8 52.7 62.5 19.1
Case VIII
Ty, =212°C Available exergy (W) | 5,191 2,661 1,058 316
0 =244 kW Used exergy, W 4,056 1319 10 29

=4.1%

flem ORC ? Exergy loss (W) 1,135 1,342 1,048 288 366
Nexorc = 24.1 %

Exergy efficiency 78.1 49.6 0.9 9.0
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increment is about 140 %. The results indicate that as the condensation temperature
increases, the ORC reaches a higher degree of thermodynamic perfection.

The evaporator, expander, condenser and pump are the indispensable elements
in the ORC. The exergy losses in these elements predominate the total system
exergy destruction. There is also thermodynamic irreversibility in the separator,
flow meter, valve, pipes, etc. And the exergy destruction due to flow resistance and
pressure loss in these assistant components amounts to 6—12 % of the system
exergy destruction.

The available exergy for the evaporator is approximately constant except for Case 1.
With an available exergy of about 5,100 W, the exergy efficiency of the evaporator
increases and the exergy destruction decreases with the increment in Ty, ;. Given the
relatively steady hot side temperatures, the sensible heat of R123 from supercool state
to saturation liquid state in the evaporator decreases as the condensation temperature
increases. The process of R123 in the evaporator gets closer to isothermal heating,
which results in a smaller average temperature difference between the oil and R123
and a lower thermodynamic irreversibility. The exergy destruction in the evaporator
amounts to about 25-30 % of the total system exergy destruction.

The available exergy for the condenser increases as T, ; increases. The exergy
destruction in the condenser amounts to about 13-25 % of the system exergy
destruction. This part of exergy destruction is mainly due to the highly superheated
vapor of R123 entering the condenser. Unlike the exergy destruction in the evap-
orator, it is not a monotone decreasing function of the T,,; because the vapor
temperature of R123 at the condenser inlet fluctuates with Ty, ;.

With an input heat of the ORC approximating 24 kW, the heat output from the
condenser is relatively steady. And the water temperature increment through the
condenser is around 2.5 °C. Given an approximately constant temperature increment,
the used exergy of water goes up as Ty, ; increases. A close analysis reveals that the
used exergy is almost proportional to the difference between the water inlet temper-
ature and the reference temperature (T, ; — T,). This result can be verified as follows.

The used exergy of water through the condenser is expressed by

E!=H,—H; —T.(S, —S))
T, 3.13
~m,Cp(Ty, —Ti — T, In ) ( )
T;
where H,, Hy, S;, S, are the inlet enthalpy, outlet enthalpy, inlet entropy and outlet
entropy respectively. T, has a unit of K.

With AT =T, — T; (% < 1), a Taylor series can be done by
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AT is almost constant with the relatively steady output heat from the condenser.
Therefore, E! is approximately proportional to x.

The available exergy for the pump is small and equal to the input electrical
power. However, the exergy destruction in the pump amounts to 7-11 % of the
system exergy destruction due to the low exergetic efficiency for pumping. With the
increment in T, ;, this proportion increases and the influence of the pump on
the ORC performance becomes stronger. The results in Fig. 3.14 and Table 3.2
indicate the exergetic and isentropic efficiencies of the pump are different. A
relationship between the pump exergetic efficiency and its isentropic efficiency is
implied. This relationship can be deduced as follow.

The specific liquid volume of R123 through the pump is almost constant. It is
valid to assume that the pumping process is isovolumic. The exergy efficiency of
the pump is then expressed by
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The first item on the right is the isentropic efficiency of the pump. Since the
reference temperature (20 °C) is lower than the operation temperature of the pump,
the second item is positive. And the two items have the same order of magnitude:
OlvAp] =~ 1073 x 10° = 10%,0[(T — T,)c, A—TT] ~ 10 x 10° x 1/10*> = 10. There-
fore, the exergetic efficiency of the pump is higher than its isentropic efficiency.

The available exergy for the expander varies from 1,967 to 2,661 W. For most of
the cases, it decreases as Ty, ; increases. The exergy destruction also decreases with
the increment in T\, ; due to a lower entropy generation during expansion. The exergy
destruction in the expander amounts to about 32—41 % of the total exergy destruction,
which is the largest among all the component losses. For most cases, the proportion
increases with the increment in T, ;. The exergy efficiency of the expander varies
from 43 to 59 %, and is a little higher than the corresponding isentropic efficiency.

The expander exergetic and isentropic efficiencies variations with the pressure ratio
are of special interest. In some previous studies, the ORC-based CHP system using
turbo expander was proven to operate successfully under small temperature difference
between the heat source and the cold source [25-27]. However, the detailed perfor-
mance of the turbo expander was not revealed. A critical issue with the low pressure
ratio expander has been raised: Atlow pressure ratio the specific enthalpy drop through
the expander is low. The enthalpy drop may be countervailed by the admission losses,
leakage losses, friction losses, etc. of the expander, resulting in an inappreciable power
output. Itis still unknown whether the expander losses play a more important role on the
power conversion, especially when the pressure ratio gets lower.

This issue can be clarified by the results from Figs. 3.15 and 3.16. The energetic and
exergetic efficiencies increase almost linearly as the pressure ratio decreases. No
evidence of stronger influence of the losses on the expander performance at low
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inlet pressure and

pressure ratio has been found. Moreover, the results provide a novel demonstration of
the feasibility of the small scale ORC-based CHP generation with low-grade heat
source. The demonstration is conducted by comparing the ORC performance under

variable condensation temperature:



3.4 Results

Table 3.3 The saturation pressure of some commonly used fluids

95

Fluid R123 R245fa Butane Pentane Ammonia
P, at 50 °C (kPa) 212 344 496 159 2,034
P, at 20 °C (kPa) 76 123 208 57 857

Table 3.4 The pressure ratio and maximum Mach number of the turbo expander on different

conditions

Evaporation Condensation R123 R245fa Butane

temperature temperature Pressure | Max. Pressure Max. Pressure Max.

O O ratio Ma ratio Ma ratio Ma

100 1 22.993 1.672 22.830 1.391 14.235 1.384
12 14.295 1.225 14.183 1.017 9.591 1.056
13 13.720 1.192 13.612 0.989 9.269 1.031
14 13.173 1.160 13.068 0.962 8.960 1.006
15 12.651 1.128 12.551 0.936 8.663 0.983
19 10.800 1.013 10.713 0.839 7.590 0.894
20 10.389 0.986 10.306 0.817 7.348 0.873
30 7.169 0.757 7.113 0.626 5.384 0.691
40 5.085 0.583 5.049 0.482 4.032 0.548
50 3.697 0.449 3.674 0.371 3.078 0.433

120 1 35.095 1.793 34.798 1.484 20.647 1.476
15 19.311 1.226 19.130 1.011 12.564 1.062
16 18.553 1.194 18.378 0.985 12.151 1.038
17 17.830 1.164 17.662 0.959 11.755 1.014
18 17.141 1.134 16.979 0.934 11.374 0.992
22 14.689 1.023 14.550 0.843 9.996 0.907
23 14.143 0.998 14.011 0.821 9.684 0.887
30 10.942 0.838 10.841 0.689 7.809 0.760
40 7.762 0.657 7.696 0.540 5.847 0.613
50 5.643 0.518 5.600 0.425 4.464 0.496

140 1 51.399 1.888 51.068 1.543 29.081 1.534
17 26.113 1.237 25.920 1.007 16.557 1.064
18 25.104 1.206 24918 0.981 16.021 1.041
19 24.142 1.176 23.964 0.957 15.506 1.018
20 23.224 1.148 23.054 0.933 15.012 0.996
25 19.221 1.015 19.081 0.824 12.813 0.895
26 18.524 0.990 18.388 0.804 12.422 0.876
30 16.025 0.900 15.910 0.730 10.999 0.805
40 11.368 0.713 11.294 0.578 8.236 0.656
50 8.265 0.569 8.219 0.461 6.288 0.537
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(i) According to the experiment results, there seems to be no performance
degradation of the turbo expander with regard to the internal losses at low
pressure ratio. Compared with the solo power generation, the CHP generation
(of relatively higher condensation temperature) can provide better thermo-
dynamic performance for the expander. This advantage of low pressure ratio
offered by the CHP generation also exists for volumetric expanders such as
reciprocating expander, scroll expander, and screw expander, etc. Lower
pressure ratio can reduce the leakage loss, which is an important factor
affecting the efficiency of volumetric expanders. Efficient volumetric
expanders generally operated under a pressure ratio lower than 6.0 [28, 29].

(i) Efficient operation at low pressure ratio implies easier design of the

expander. The outlet pressure of the expander is related to the condensation
temperature. For lots of organic fluids, the saturation pressure at 50 °C is
about 3 times that at 20 °C as shown in Table 3.3. It means at the same
evaporation temperature, the pressure ratio of the expander operating in a
CHP system may be only about 1/3 of that in a single-functional system for
power generation. With a lower pressure ratio the specific enthalpy drop
during expansion is reduced. Multistage expansion can be therefore avoi-
ded, offering lower cost and simpler structure of the expander.
More data by theoretical analysis is provided in Table 3.4. The evaporation
temperature is 100, 120 and 140 °C respectively. The expander inlet and
outlet pressures are equal to the fluid saturation pressures at the evaporation
and condensation temperature respectively. The maximum Mach number
denotes the ratio of the maximum available velocity in the expander to the
local sound speed, which can be achieved by an isentropic expansion at the
nozzle outlet with zero degree of reaction. For all the fluids, the Mach
number is higher than 1.0 when the condensation temperature is below
10 °C. If the ORC is designed for single-functional system in cold areas,
single-stage expander will be not preferred because high Mach number may
lead to shock waves and low efficiencies [30]. On the other hand, the Mach
number at the condensation temperature of 50 °C is only about 0.5 even
when evaporation temperature is 140 °C. In this case the design of expander
will be much easier.

Table 3.5 Parameter distributions in an expectable ORC-based CHP system

State point | Pump Evaporator | Expander |Expander | Condenser
outlet outlet inlet outlet outlet
T, =110 °C t (°C) 55.9 108.8 108.3 75.5 55.0
Nenorc = 6.1 % | p (kPa)  |976 951 931 272 247
h (kl/kg) |257.4 444.3 4443 429.6 256.3
s (J/kg/°C) | 1,189 1,690 1,691 1,709 1,187
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(iii) Aside from the expander, the ORC in the CHP generation has higher ex-
ergetic efficiency which means the ORC can reach a higher degree of
thermodynamic perfection when operating in the CHP mode.

3.5 Further Discussion

The CHP generation is advantageous regarding the simpler design of the expander
and higher thermodynamic perfection of the system. Owing to the low temperature
of the heat source, the power efficiency of the ORC for the CHP generation in this
test was low. Notably, the data were the results of the preliminary test. The system
consisted of inefficient generator, gearbox and pump, which were not supposed to
be used in the ORC. And the expander was a preliminary design device. The room
for the performance improvement of these components is large. In a commercially
applicable ORC, the thermodynamic irreversibility in the flow meter, separator,
gearbox, expander, pump, etc. will be avoided or reduced.

An expectable ORC-based CHP system with improved device performance may
has parameter distributions in Table 3.5. The working fluid is R123. The expander,
the pump and the generator efficiencies are 0.7, 0.5 and 0.85 respectively. The
pressure losses in the evaporator, condenser and pipes are taken into consideration.
The hot side temperature 7, denotes the maximum temperature in the evaporator.
The electricity efficiency of 6.1 % is calculated by Eqgs. (3.4) and (3.5). In a similar
way of calculation, the efficiency of 7.6, 8.7 and 9.3 % is for T;, = 130, 150 and
170 °C respectively. The efficiency from 6.1 to 9.3 % may not be so high as that of
large-scale ORCs with high operation temperature, but will be adequate for small-
scale CHP systems for residential buildings. Take Tibet and Qinghai for example.
They are two provinces of China which have the richest solar energy resource.
There are more than 2 million people in the rural areas without access to electricity
[31]. The annual average temperature is about 8—11°C. There is demand on heating
more than 180 days/year. And the load is about 70 W per square area of the
building. Radiant floor heating and Chinese Kang are the popular technologies in
the two areas at present [32]. For a family with building area of 300 m?, an ORC of
output heat of about 20 kW will meet the demand. Water of about 50 °C from the
condenser can be served as the source for radiant floor heating and Chinese Kang.
An electricity power of 1-2 kW is available, which is enough for television,
computer, lighting and video player, etc.
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Chapter 4
Examination of Key Issues in Designing
the ORC Condensation Temperature

The design of the condensation temperature is crucial to the annual power conversion
of the ORC. For an ORC that only generates power, the operating condensation
temperature fluctuates greatly in many areas through the year due to the variation of
environment temperature. For an ORC in the CHP application, the fluctuation of the
condensation temperature is also unavoidable in view of the seasonality of con-
sumers’ demand on heat. In the no demand periods the system shall work under lower
condensation temperature for more efficient power generation. Off-design operation
of the ORC will be executed, accompanied with a degraded performance of the
components especially the expander. The design of the condensation temperature
then influences the efficiency in both CHP generation and solar power generation
(SPQG). If the condensation temperature is designed at a high value or simply based on
the CHP generation, the power conversion will suffer from low expander efficiency at
low operating condensation temperature. An optimum design condensation tem-
perature shall be a compromise among the power outputs over a wide range of
operating condensation temperature. This chapter aims to determine the optimum
design condensation temperature for the ORC. The key issues in the design i.e. the
expander characteristics, ratio of operation times in CHP and SPG modes, evapo-
ration temperature, and annual environment temperature are examined.

4.1 Background

As demonstrated in Chap. 3, domestic CHP generation is one preferred application
of the ORC. The domestic ORC in the power range from several kW to a few
hundreds of kW is attracting increasing attention [1-5]. It avoids large scale col-
lection and storage of renewable energy resources such as solar energy and biomass
energy, and generates both heat and power near the point of usage. It is particularly
attractive for high latitude areas and remote regions without the access to electricity.

One challenge along with the domestic ORC-CHP system is the consumer’s
demands on heat fluctuate with the season. Unlike the large scale steam Rankine
cycle based CHP system, the domestic ORC-CHP system is characterized by highly
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variable operation through the year [6, 7]. The heat source for the system is gen-
erally unsteady. Solar radiation fluctuates with the time of day. The heating value of
biomass varies considerably between species, moisture content, etc. The heat sink
thermal performance also changes with the weather condition. All these factors
have made the variable operation of the ORC-CHP system an important research
field recently [8—14]. The variable operation will be executed, which complicates
the design of the system.

Particularly, the domestic ORC-CHP system will inevitably undertake a wide
range of condensation temperature regarding the seasonality of consumers’ demand
on heat. Take China for example, the longest heating in a year takes place in
Hulunbuir Genhe city with a duration of about 8 months, while the heating period is
generally less than 6 months for other cities. In the non-heating period, the system
shall work under lower condensation temperature for the sake of larger temperature
difference driving the ORC and thus more power output. Table 4.1 presents some
information on the system power efficiency under the condensation temperature of
20 and 60 °C respectively. The evaporation temperature ranges from 100 to 140 °C.
For every evaporation temperature and working fluid, the relative increment of the
power efficiency at 20 °C by that at 60 °C is larger than 48.2 %. The increment gets
more significant at lower evaporation temperature.

The design of the condensation temperature emerges as a critical issue for the
domestic ORC-CHP system. First, it influences the performance of the expander,
pump, heat exchanger, etc. in the practical operation. The operating condensation
temperature is strongly correlated with the expansion ratio of the expander, the
pressurization ratio of the pump and the temperature difference in the heat
exchangers. Once a device in the ORC is constructed according to the design
condensation temperature, its behavior at other condensation temperatures will
obey the performance maps [15]. The expander or the pump at the design condition
is supposed to have a maximum efficiency, which is normally restricted by the

Table 4.1 The ORC power efficiency under different conditions of the evaporation temperature,
condensation temperature and working fluid, unit: %

Evaporation Condensation Working fluid
temperature (°C) | temperature (°C) | R123 | Pentane |R141b |Butane |R245fa
100 60 5.34 5.30 5.53 4.83 4.99
20 10.25 | 10.10 10.59 9.51 9.66
110 60 6.28 6.24 6.55 5.58 5.78
20 10.96 10.79 11.37 10.09 10.26
120 60 7.10 7.04 7.45 6.17 6.44
20 11.58 | 11.40 12.08 10.54 10.74
130 60 7.80 7.72 8.24 6.62 6.93
20 12.12 11.93 12.70 10.87 11.12
140 60 8.38 8.30 8.93 6.84 7.23
20 12.57 |12.38 13.24 11.05 11.34

Note The efficiencies of the expander, pump and generator are 0.7, 0.5 and 0.85 respectively
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technical level. The efficiency decreases when the pressure ratio deviates from the
design [16, 17], which can result from the variation of the condensation tempera-
ture. Second, for different meteorological conditions, the condensation temperature
at design will be different. The design needs to be consistent with the local climate.
In areas of short heating season the condensation temperature at design shall be
lower than that for the CHP generation. Third, the operating condensation tem-
perature in the SPG mode is lower than that in the CHP mode. If the condensation
temperature of the system is designed based on the SPG mode, the ORC will
experience off-design operation in the CHP mode and lead to degradation of the
power efficiency. The opposite is also true. If the condensation temperature is
designed based on the CHP mode, the ORC will suffer from degraded efficiency in
the SPG mode. The optimum design condensation temperature is the compromise
between the outputs in the SPG and CHP modes.

The design of the ORC condensation temperature is important to the system on
the solor purpose of power generation as well. It is common in many areas for an
ORC to experience the environment temperature from O to 37 °C through a year.
The ORC is favorably adopted in low temperature applications, and the variation of
the environment temperature will significantly affect the system power efficiency.
The annual power output can be deemed as the integral of a function with respect to
the operating condensation temperature within a certain interval. And the function
changes with the design condensation temperature.

A careful design of the condensation temperature is essential for both domestic
ORC-CHP and SPG systems. And the first step is to clarify the performance
characteristics of the devices. Among the components in the ORC, the expander
plays a key role in the power conversion.

4.2 Introduction to Performance Characteristics
of the Expander

The operating condensation temperature influences the pressure ratio of the
expander. The efficiency variation with the pressure ratio has been investigated in
some works for volumetric expanders, as shown in Fig. 4.1. Avadhanula and Lin
built two empirical models for a screw expander based on experimental data [18].
The screw expander worked over a pressure ratio range from 2.70 to 6.54. The
expander specific power output in Model I and Model II was expressed by
Eqgs. (4.1) and (4.2) respectively,

nePyvy Ty

1
n.—1 T

] (4.1)

WSE =

WSE = ho(L * W?.o +M W?,o + N * W?.o + 0 * Ws.0 + P) (42)
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where Py, vy, 1, 1, and w, were the expander inlet pressure, inlet specific volume,
pressure ratio, volume ratio, and isentropic power output. /i, was the enthalpy at
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standard temperature and pressure. A, B, C, L, M, N, O and P were the curve-fitting
coefficients, which were determined according to the regression analysis of
experimental data using DataFit software. The results showed the screw expander
power output by Model I and Model II was within 10 and £7.5 % respectively
when compared with the experimental data.

Lemort et al. tested an open-drive oil-free scroll expander [19]. Semi-empirical
model of the scroll expander was established, in which the evolution of the fluid
through the expander was decomposed into the six steps. The shaft power was
expressed by

Wsh = Mj, [hsu,Z - had + Vad (Pad - Pex,Z)} - 2nNr()rTloss (45)

where m;, and N,,, were the expander inlet mass flow rate and rotation speed. A,
v and P were the specific enthalpy, specific volume and specific pressure. The
subscripts su2, ad, and ex2 denoted the inlet for the isentropic expansion, the inlet
for the isovolumic process and the outlet for the isovolumic process. Tj,,, was the
mechanical loss torque, which was a parameter to identify. The results showed the
maximum deviation of the shaft power between the predictions by the model and
the measurements was 5 %.

Bracco et al. carried out the experimental testing and the modelization of a small-
size ORC prototype using a scroll expander [1]. The pressure ratio ranged from
about 5 to 6.3. The numerical modelization was realized with the software LMS
Imagine Lab AMESim. The model revealed a good skill in predicting the main
working parameters of the system, with a mean relative error detected in the
numerical estimations of the shaft power lower than 5 %.

Zhu et al. studied the impact of the expansion ratio on ORC system performance. The
expander was modeled. A correction factor denoting the ratio of the actual expander
efficiency and the design value was proposed. The simulation results showed the cor-
rection factor decreased faster in the under-expansion condition than that in the over-
expansion condition. When the pressure ratio deviated from the design the losses of the
expander became larger, which could be explained through the P-V diagram as illus-
trated in Fig. 4.2. Depending on backpressure of the volumetric expander, the losses
stood for the over-expansion or under-expansion losses as colored in the figure. The
tooth had a constant space volume and was connected to the exhaust orifice. The over-
expansion losses indicated that the work in the green area was not converted, while the
under-expansion losses meant the work was negative [20].

There is also some information on the efficiency variation with the pressure ratio
for turbo expanders driven by air, as shown in Fig. 4.3. Vlasic et al. presented the
design and performance of a high work research turbine (HWRT) [21]. The HWRT
design was aggressive in terms of pressure ratio, stage loading, rotor trailing edge
blockage and flow area speed square. The performance of the turbine was evaluated
through measurements of reaction, rotor exit conditions and efficiency, with and
without airfoil cooling. The rig inlet pressure and temperature were kept constant
and set at 275 kPa and 191 °C, respectively. A sharp drop-off in efficiency was
observed. The rapid drop in turbine efficiency at the design speed began at a rotor
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exit relative Mach number of about 1.15 with a design pressure ratio of 4.5. The
characteristics of the single-stage turbine stage, and in particular the rotor trailing
edge blockage and stage reaction, were the reason for this rapid decrease.
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Woinowsky-Krieger et al. presented the aerodynamic design and cold flow rig
testing of a single-stage compressor turbine with transonic aerofoils and a low-
Reynolds-number blade [22]. This kind of turbine had the advantage of light
weight, low initial cost and easier maintenance. The turbine was fed by a plenum of
air, and the inlet pressure was set to reproduce the engine equivalent sea-level or
altitude stage Reynolds number. The outlet pressure of the turbine was adjusted by
two compressors, which could pull the exhaust pressure down to 13.8 kPa, allowing
for the range of stage pressure ratios and Reynolds numbers necessary for mapping
the turbine characteristics. The effect of the pressure ratio on the turbine efficiency
at off-design conditions was investigated. Seven efficiency-pressure ratio curves
were presented, with corresponding rotation speed of 70, 80, 90, 95, 100, 105,
110 % of the design speed. The results showed the relative deviation of the effi-
ciency was within 2 % when the deviation of the pressure ratio was within 20 % of
the design value. The curves were quite flat in the interval of pressure ratio from 2.5
to 3.5. But drastic declines were formed when the pressure ratio exceeded 4.0.

Above all, the variation of the expander efficiency with the pressure ratio is
evident and significant. The curves open downward. For each curve, there will be a
pressure ratio at which the expander efficiency reaches the maximum. The shapes of
curves for the volumetric expanders are distinguishable from those for the turbo
expanders. For the former, the variation of efficiency at higher pressure ratio seems
smoother than that at lower pressure ratio as shown in Fig. 4.1. For the latter, the
variation is very slight when the pressure ratio is lower than the design value,
making the left part of the curve much smoother than the right part.

This chapter is focused on the design of the ORC condensation temperature with
respect to the performance characteristics of the expander. The expander model is
established. The design methodology of the condensation temperature in various
operating environments such as the evaporation temperature, operation mode and
annual environment temperature, is discussed. The work is a attempt to realize
efficient small scale ORC systems.

4.3 Modeling of the Expander

The evaporation temperature of the ORC and the rotation speed may also affect the
efficiency of the expander. However, the evaporation temperature is restricted by
the nature of heat source. The design of the condensation temperature is generally
independent on the design of the evaporation temperature and the expander rotation
speed. To concentrate on the key terms of the condensation temperature designing,
this chapter makes the assumption of constant ORC evaporation temperature and
expander rotation speed. The two parameters will be invariable during the ORC
operation, which comes true when a heat storage unit and electric equipment of a
certain frequency are used.

On the given conditions of the evaporation temperature and rotation speed, the
relationship between the expander efficiency (¢;) and the pressure ratio () differs
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from one expander to another as shown in Figs. 4.1 and 4.2. The mathematical
function & = f(n;) for each of the curves is complicated. At present a universal,
well-demonstrated model dealing with the expander efficiency over a wide range of
pressure ratio is unavailable. And the aforementioned works in Sect. 4.2 deal with
either the volumetric expanders or the air-driven turbo expanders. Information of
the turbo expander efficiency varying with the pressure ratio for ORC application is
lacked. To design the ORC condensation temperature, the characteristics for a
3.5 kW turbo expander using the working fluid of R123 will be mapped and
modeled. This turbo expander has been designed and manufactured specially for
applying in the ORC. This kind of expander has many advantages such as a
compact structure with good manufacturability, high ratio of power to volume, a
single-stage expansion rate of large enthalpy drop, and high efficiency. Specifics of
the expander and the ORC test rig can be achieved in some works by the authors
[23, 24].

Figure 4.4 shows the efficiency variation of the turbo expander when the rotation
speed is about 36,000 rpm. The inlet temperature and pressure are about 100 °C and
0.5 MPa respectively. The polynomial fit for the experiment data is also depicted in
the figure. The polynomial function is expressed by Eq. (4.6). According to this
equation, the maximum expander efficiency is 0.5966 with a pressure ratio of
4.7937 [25].

T 2
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Fig. 4.4 The turbo expander isentropic efficiency variation under a rotation speed around
36,000 rpm. Reprinted from Ref. [25], Copyright 2014, with permission from Elsevier



4.3 Modeling of the Expander 111

Equation (4.6) is a rudimental model for the expander. The extensive form is
adopted in this chapter, which is expressed by Eq. (4.7). ;¢ is the design pressure
ratio. a and b are the coefficients.

G=a—b- (2 1) (4.7)

0

According to Eq. (4.7), the expander efficiency at a given pressure ratio is affected
by the design pressure ratio. The expander efficiency decreases as the deviation of
pressure ratio from the design gets larger. Notably, the original function revealing the
substantial relationship between the expander efficiency and pressure ratio is com-
plicated, butit can be expressed as an infinite sum of terms by Taylor series expansion

flm) = Ziogf — o) (7, — xo)". And Eq. (4.7) can be deemed as a secondary
approximation of f(7,). This equation might not be applicable for other expanders,
other operation conditions, or extreme deviation of the pressure ratio. However, this
chapter draws interest in 7, from about 2.8 (the ratio of the saturation pressure of R123
at 100 °C and that at 60 °C) to 30 (the ratio of the saturation pressure of R123 at
160 °C and that at 20 °C). In this interval, a secondary approximation can maintain
adequate accuracy. Pursuant to this approximation, the variation of the expander
efficiency with the pressure ratio is shown in Fig. 4.5. The design pressure ratio is 10.
The decrement of the expander efficiency is relatively smooth when the pressure ratio
is lower than the design value, which is consistent with the experiment results by

—=—2=0.5966 b=0.1025
08 —e—2a=0.75 b=0.1025
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Fig. 4.5 Efficiency variation with the pressure ratio according to the turbo expander model



112 4 Examination of Key Issues in Designing the ORC ...

Vlasic and Woinowsky et al. It implies no extra work of the expander is possible when
the pressure ratio exceeds a certain value, which can be called as the limit-load
pressure ratio. The locus of expander limit-load point is an important constraint for
off-design analysis. In concept, given the inlet temperature and pressure, there is a
maximum amount of power that can be produced by an expander and a corresponding
maximum pressure ratio that realizes efficient expansion. This condition is referred to
as limit load of the expander. For single stage turbo expander, limit load occurs after
the rotor has choked at its throat, and further expansion causes the axial Mach number
across its exit to become unity. Beyond this point, the downstream of the rotor has no
influence on the flow through the rotor, and the increment in pressure ratio no longer
enlarges the turbo expander output power [26].
Aside from the turbo expander model, by exchanging the positions of 7, and 7,
a preliminary model for the volumetric expander can be obtained as expressed by
Eq. (4.8).
gt:a,b.(@fl)z (4.8)

T

The expander efficiency variation with the pressure ratio according to Eq. (4.8) is
displayed in Fig. 4.6. Sharp decreases at low pressure ratios show up, which is in
agreement with the results in the previous works [19, 20].

The general variations of the efficiency with the pressure ratio are exhibited by
Egs. (4.7) and (4.8) for the turbo and volumetric expanders. It shall be pointed out
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Fig. 4.6 Efficiency variation with the pressure ratio according to the volumetric expander model
of a =0.5966 and b = 0.35
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that modeling of the expander is a precondition of the condensation temperature
design. Equations (4.7) and (4.8) just serve as examples. In the following sections
the key issues in design of the ORC condensation temperature are examined. The
conclusions of the examination are expected be applicable for other relationships
between the expander efficiency and the pressure ratio.

4.4 Variation of the Efficiency in the ORC Power
Conversion with the Condensation Temperature
in Regard to the Expander Characteristics

The design of the ORC condensation temperature is subjected to the expander
characteristics. Without the variation of the expander efficiency, the design would
become unnecessary because the ORC performances would be then just influenced
by the practical operating temperatures. To make out the role of the expander char-
acteristics in designing the condensation temperature, the ORC power efficiency is
investigated on different conditions of a and b in the expander models. Figures 4.7,
4.8,4.9,4.10 and 4.11 show the variations of the turbo expander efficiency and ORC
power efficiency when the design condensation temperature is 20, 30, 40, 50 and
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Fig. 4.7 Variations of the turbo expander and ORC efficiencies with the operating condensation
temperature for a design value of 20 °C



114 4 Examination of Key Issues in Designing the ORC ...

—=&— expander | a=0.5966 b=0.1025 —o—ORC |
—e—expander Il a=0.75 b=0.1025 —o—ORC |l
- —&— expander Ill a=0.5966 b=0.205 —4—ORC I
0.75 | 1
| - 0.09
070 | ]
- 0.08 3
- L
&) 1 c
& 065 | S
° -4 0.07 &
= | (0]
@ E 9]
o} L S
% 0.60 doos &
e 1 g
W o5 1005 ©
0.50 [~ - 0.04
0.45 . L . 0.03

0 10 20 30 40 50 60
Condensation temperature °C

Fig. 4.8 Variations of the turbo expander and ORC efficiencies with the operating condensation
temperature for a design value of 30 °C
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Fig. 4.9 Variations of the turbo expander and ORC efficiencies with the operating condensation
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Fig. 4.10 Variations of the turbo expander and ORC efficiencies with the operating condensation
temperature for a design value of 50 °C
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Fig. 4.11 Variations of the turbo expander and ORC efficiencies with the operating condensation
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60 °C. The efficiency for the pump and generator is 0.5 and 0.85. The pressure loss in
the evaporator and condenser is assumed to be 45 and 25 kPa. The coefficients
(a, b) in Eq. (4.7) are (0.5966, 0.1025) for Group 1. And they are (0.75, 0.1025) and
(0.5966, 0.205) for Group II and Group III. The evaporation temperature is 100 °C.
The dashed black, red and blue vertical lines denote the maximum ORC efficiencies
for Groups I, IT and III. For most of the cases, the operating condensation temperature
at which the ORC reaches the maximum is lower than the design value by about
10-20 °C. This difference is escalated as the design condensation temperature
increases. It is evident when acknowledging the expander characteristics, the ORC
efficiency no longer increases monotonically with the decrement in the operating
condensation temperature. As the condensation temperature drops from the design
value, the ORC efficiency first increases, and then falls down. The ORC efficiency at
the peak point is higher than that at the design point. The relative increment becomes
more appreciable when the design condensation temperature increases. For example,
the corresponding relative increment is 7.9, 9.0 and 5.2 % for Groups I, II and III
when the design condensation temperature is 20 °C. While it is 35.6,39.3 and 25.5 %
when the design condensation temperature increases to 60 °C. For an ORC which is
designed based on the CHP generation, it is possible to generate more power by off-
design operation in no heating periods.

The temperature at the peak point of ORC efficiency can be defined as the
threshold condensation temperature (Ty,..s). The threshold condensation tempera-
ture is a trade-off between the expander efficiency and the available temperature
difference driving the ORC. As the operating condensation temperature gets lower
than the design, the difference between the evaporation and condensation temper-
ature increases, which has positive effect on the ORC efficiency, but the expander
efficiency decreases. The ORC shall avoid an operating condensation temperature
lower than the threshold. Otherwise more heat will be required from the hot side
without more power output. In other words, the working fluid can be fully cooled
down to achieve more power output when the environment temperature is higher
than the threshold condensation temperature. But when the environment tempera-
ture is lower, it is necessary to take measures to prevent the operating condensation
temperature dropping below the threshold.

The threshold condensation temperature is in relation with the design conden-
sation temperature. For each group of coefficients a and b, the threshold conden-
sation temperature increase with the increment in the design value. And the
difference between the threshold and design condensation temperatures gets larger
at higher design value.

Given the design condensation temperature, the threshold condensation tem-
perature is related to the expander characteristics. Figures 4.12 and 4.13 show the
variations of the threshold condensation temperature and the corresponding ORC
efficiency with the coefficients in Eq. (4.7). The design value is 60 °C. The coef-
ficient b has more significant effect on the threshold condensation temperature when
compared with a. As b decreases, the threshold condensation temperature drops
dramatically, accompanied with a remarkable increment in the maximum ORC
efficiency. It can be deduced that as b approaches to zero the variation of expander
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Fig. 4.14 Variation of the ORC efficiency with the operating condensation temperature based on
the volumetric expander

efficiency will become smoother, and the threshold condensation temperature will
get closer to zero, and eventually there will be no threshold condensation tem-
perature in the practical ORC operation.

Figure 4.14 shows the variation of the ORC efficiency with the operating con-
densation temperature based on the volumetric expander. The coefficients a and b in
Eq. (4.8) are 0.5966 and 0.35. Other conditions are the same to those on the use of
the turbo expander. The dashed magenta lines denote the ORC efficiency at the
threshold condensation temperature. The design condensation temperature is 20, 40
and 60 °C. The curves have a quite different shape from those in Figs. 4.7, 4.9 and
4.11. The efficiency declines sharply when the operating condensation temperature
exceeds the design value, while the variation of the efficiency is relatively smooth in
the low temperature range.

Above all, the ORC power efficiency at a certain operating condensation tem-
perature is a strong function of the coefficients in the expander models, and is thus
linked to the expander characteristics.

4.5 Key Issues in the Condensation Temperature Design

A close examination of the expander characteristics is a necessary but not sufficient
condition for the optimum design of the ORC condensation temperature. The
expander functions upon certain operating environments. And the design of the
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condensation temperature is influenced comprehensively by the expander charac-
teristics, operation mode, evaporation temperature, local climate, etc. The key
issues in the design will be examined in this section. The objective is to realize the
most efficient power conversion through the year.

4.5.1 Expander Characteristics

To investigate the influence of the expander characteristics on the design of the
condensation temperature, Hefei (E117.27°, N31.86°) is exemplified. The evapo-
ration temperature is 100 °C. As the previous section has pointed out that the ORC
operating condensation temperature shall not be lower than the threshold, the
information on the threshold condensation temperature under different conditions is
necessary for the design work, which is shown in Table 4.2.

The variation of the annual environment temperature in Hefei is depicted in
Fig. 4.15. These are the hourly data of the typical meteorological year achieved
from Energyplus [27]. The mean environment temperature through the year is
15.5 °C. And the monthly mean environment temperature from January to
December is 2.8, 3.9, 8.8, 15.3, 19.8, 23.2, 27.8, 25.6, 22.3, 18.0, 11.3 and 6.2 °C
respectively.

The annual power efficiency variation with the design condensation temperature
for the turbo and volumetric expanders is shown in Fig. 4.16. During the yearly
operation, the ORC has two modes: the SPG in warm seasons and the CHP in cold
seasons. The time interval of the SPG is from April 15th to November 15th. The
ratio of the SPG operation time to the CHP time is 5159:3601. When the ORC
operates in the CHP mode, the condensation temperature is determined by the
consumers’ demands on heating, bathing, etc. To guarantee human thermal com-
fort, it is hoped the output heat from the condenser is steady. So the condensation
temperature in the CHP mode is assumed to be unchangeable and has a value of
60 °C. On the other hand, when the ORC operates in the SPG mode the available
cold side temperature is influenced by the environment temperature (Tepyir, spG),
which changes from time to time. In the simulation of the ORC performance in the
SPG mode, the operating condensation temperature is the maximum value of
the Tinres and (Tenvir, spc +3), that is, max{Tires, Tenvir, spG +5}. 5 °C represents the
temperature difference between the organic fluid and cooling water in the
condenser. By this way the power conversion in the SPG mode is optimized.
The annual ORC power efficiency is defined as

- tspG + ‘1
ZWSPG SPG T Ncyp * IcHP (4.9)

n
“ tspG + tcup

where tspg, tcyp are the operation times for the SPG and the CHP modes.
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Table 4.2 The threshold condensation temperature on different conditions

T ond design Turbo expander Volumetric
(°C) expander

a = 0.5966 a=0.75 a = 0.5966 a = 0.5966

b =0.1025 b =0.1025 b =0.205 b =0.35

Tinres Mmax Tinres Mmax Tinres Mmax Tinres Mmax

(°C) (%) °C (%) (°C) (%) O (%)
10 <0 / <0 / 1 8.43 1 8.42
11 <0 / <0 / 3 8.38 1 8.37
12 <0 / <0 / 3 8.33 1 8.32
13 0 8.44 <0 / 4 8.26 3 8.27
14 1 8.39 <0 / 5 8.20 3 8.21
15 1 8.33 0 10.56 7 8.15 3 8.16
16 3 8.28 1 10.49 7 8.09 3 8.10
17 3 8.22 1 10.42 7 8.02 5 8.04
18 4 8.16 3 10.36 8 7.96 7 7.98
19 5 8.10 3 10.29 |10 7.90 7 7.92
20 7 8.04 4 10.21 11 7.84 7 7.86
21 7 7.99 5 10.13 |12 7.77 7 7.80
22 7 7.92 7 10.06 |12 7.71 7 7.74
23 8 7.85 7 9.99 14 7.63 11 7.68
24 10 7.79 7 9.91 14 7.57 11 7.62
25 11 7.74 8 9.83 15 7.49 11 7.56
26 11 7.67 8 9.74 17 7.43 11 7.49
27 12 7.61 10 9.67 17 7.37 12 7.43
28 12 7.54 11 9.60 18 7.30 12 7.37
29 14 7.47 12 9.52 18 7.22 12 7.31
30 14 7.40 12 9.43 20 7.16 12 7.24
31 17 7.34 12 9.34 20 7.09 12 7.17
32 17 7.27 14 9.26 22 7.01 14 7.11
33 17 7.21 15 9.17 22 6.94 17 7.05
34 18 7.14 17 9.10 22 6.86 17 6.98
35 20 7.07 17 9.02 24 6.79 17 6.92
36 20 7.01 18 8.93 25 6.72 17 6.86
37 20 6.93 18 8.84 26 6.65 17 6.80
38 22 6.86 20 8.77 27 6.57 17 6.73
39 22 6.79 20 8.68 28 6.50 17 6.67
40 22 6.72 22 8.59 28 6.43 20 6.61
41 25 6.65 22 8.51 28 6.35 20 6.55
42 25 6.58 22 8.41 30 6.27 20 6.49
43 26 6.51 25 8.32 31 6.19 20 6.42

(continued)
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Table 4.2 (continued)

Teond,design Turbo expander Volumetric
°0) expander

a = 0.5966 a=0.75 a = 0.5966 a = 0.5966

b =0.1025 b =0.1025 b =0.205 b =035

Tinres Mmax Tinres Mmax Tihres Mmax Tinres MTmax

(°O) (%) °0) (%) (O (%) (°C) (%)
44 27 6.43 25 8.24 32 6.12 20 6.36
45 28 6.37 25 8.15 32 6.04 20 6.30
46 28 6.30 26 8.06 34 5.97 20 6.24
47 28 6.22 28 7.98 34 5.90 20 6.18
48 30 6.14 28 7.89 34 5.82 20 6.12
49 30 6.07 28 7.80 36 5.74 20 6.06
50 32 6.00 29 7.70 36 5.66 20 6.00
51 32 5.93 30 7.61 38 5.57 20 5.94
52 34 5.86 32 7.52 39 5.50 20 5.88
53 34 5.79 32 7.43 39 5.43 20 5.83
54 34 5.72 34 7.35 40 5.35 20 5.77
55 36 5.64 34 7.27 41 5.27 20 5.72
56 36 5.57 34 7.18 41 5.19 20 5.66
57 36 5.49 34 7.08 43 5.12 20 5.61
58 38 5.41 36 6.99 43 5.04 20 5.56
59 39 5.34 36 6.90 43 4.96 22 5.50
60 39 5.27 37 6.79 44 4.87 22 5.45

Note Ty, is integer, obtained by the discrete algorithm

For each of the curve, there is an optimum design condensation temperature at
which the annual ORC power efficiency reaches the maximum. For the turbo
expander, the optimum design condensation temperature is about 27 °C, while for
the volumetric expander it is about 47 °C. The results indicate that the optimum
design condensation temperature can change strongly with the expander charac-
teristics. The maximum efficiency for the black, red, blue and magenta curves is
5.57, 7.03, 5.45 and 5.03 % respectively. And the efficiency at the design con-
densation temperature of 60 °C is 4.70, 6.0, 4.47 and 4.78 %. The relative incre-
ment is about 18.5, 17.2, 21.9, and 5.23 %. It is very clear if the ORC condensation
temperature is simply designed based on the CHP operation, the annual power
output will be lower than the optimum. And a more efficient ORC can be realized
by an accurate design of the condensation temperature.

A comparison between the maximum efficiency and the efficiency under the
annual average operating condensation temperature is meaningful. Following the
optimum design, the annual average operating condensation temperature is around
40 °C for both the turbo and volumetric expanders-based ORCs. The efficiency at
40 °C for the curves is 5.42, 6.88, 5.26 and 4.91 %, respectively. Therefore, the
relative increment of the maximum efficiency by that at 40 °C is only 2.77, 2.18,
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Fig. 4.15 Variation of the annual environment temperature of Hefei in 2005
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Fig. 4.16 Variation of the annual power efficiency with the design condensation temperature
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Fig. 4.17 Variation of the hourly power efficiency with time when the design condensation
temperature is optimal

3.61 and 2.44 %. The results hint in case there is no access to the expander
characteristics, a design condensation temperature of the annual average operating
value may be an alternative choice.

The variation of the hourly ORC power efficiency under the optimum design
condensation temperature is shown in Fig. 4.17. For both the curves, the power
efficiency in the SPG mode is about twice of that in the CHP mode. Though the
CHP application is important, heat is not continuously desirable through the year
and it is necessary for the ORC to shift its operating mode for the sake of added
power output. According to the curves, the ORC driven by the turbo expander has
relatively higher efficiency. However, the volumetric expander can offer a more
steady output in the SPG mode.

4.5.2 Operation Mode

Figure 4.18 shows the annual power efficiency variation with the design conden-
sation temperature for complete SPG generation. Compared with the curves in
Fig. 4.16, the optimum design condensation temperature decreases while the
maximum efficiency for each curve increases. The optimum design condensation
temperature for the turbo expander is about 16 °C, and it is about 23 °C for the
volumetric expander. The annual average operating condensation temperature is
about 20 °C. The maximum efficiency for the black, red, blue and magenta curves is
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Fig. 4.18 Variation of the annual power efficiency with the design condensation temperature
without CHP generation

7.32,9.22, 7.24 and 7.13 %. Both the optimum design temperature and efficiency
differ from those with CHP generation.

Figure 4.19 shows the variation of the optimum design and annual average
operating condensation temperatures with the ratio of times of the SPG and CHP
generation. A ratio of zero means the ORC works under the complete CHP mode
through the year. The increment in the ratio means a longer time for the SPG mode
starting on January Ist. The corresponding annual power efficiency is shown in
Fig. 4.20. At a given ratio, the optimum design condensation temperature in the
presence of the volumetric expander is higher than the annual average operating
condensation temperature. But in the case of the turbo expander, it is lower. The
maximum difference between the optimum design temperatures for the volumetric
and turbo expanders occurs in neither the complete CHP mode nor the complete
SPG mode.
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Fig. 4.19 Variations of the optimum design and annual average operating condensation
temperatures with ratio of operation times of the SPG and CHP modes
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Fig. 4.20 Variation of the annual power efficiency with ratio of operation times of the SPG and
CHP modes when the design condensation temperature is optimal
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4.5.3 Evaporation Temperature

Figure 4.21 shows the annual power efficiency varying with the design conden-
sation temperature on the different conditions of the evaporation temperature for the
turbo expander. The coefficients a and b are 0.5966 and 0.1025. The time interval of
the SPG is from April 15th to November 15th. The optimum design condensation
temperature at the evaporation temperature of 120 and 140 °C is 28 and 29 °C. It
indicates that the evaporation temperature has very slight effect on the optimum
design condensation temperature. The difference between the maximum efficiency
and the efficiency at a design condensation temperature of 60 °C is 0.83 and 0.78 %
for the evaporation temperature of 120 and 140 °C.

The results are similar for the volumetric expander, as shown in Fig. 4.22. The
coefficients a and b are 0.5966 and 0.35. The optimum design condensation tem-
perature is about 48 °C. The difference between the maximum efficiency and that at
60 °C for the black and red curves is 0.24 and 0.22 %. For an ORC-CHP system,
the efficiency advantage by a careful design of the condensation temperature is
more obvious at lower evaporation temperature.

—=— evaporation temperature =120 °C
—e— evaporation temperature =140 °C

76 |-
72 -
6.8 -

6.4 -
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6.0 -
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Fig. 4.21 Variation of the annual power efficiency with the design condensation temperature for
the turbo expander at different evaporation temperatures
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Fig. 4.22 Variation of the annual power efficiency with the design condensation temperature for
the volumetric expander at different evaporation temperatures

4.5.4 Local Climate

The annual environment temperature differs from region to region. Figure 4.23
shows the case in Berlin. The monthly average environment temperature from
January to December is 1.9, 0.3, 5.4, 8.3, 14.0, 17.6, 19.1, 18.5, 15.0, 10.2, 4.4, and
2.4. The annual average environment temperature is about 9.8 °C. Figure 4.24
displays the annual power efficiency varying with the design condensation tem-
perature. The time interval of SPG mode is also from April 15th to November 15th.
The optimum design condensation temperature for the turbo and volumetric
expanders is about 20 and 45 °C. The annual average operating condensation
temperature is about 35.7 °C. The shapes of these curves are similar with those for
Hefei. However, with a lower annual environment temperature, the optimum design
condensation temperature is lower and the corresponding annual average power
efficiency is higher.
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Chapter 5
Conclusion and Future Work

This work outlines the perspective on solar ORC technology. The ORC-based
low-medium solar thermal power generation has advantages of easer realization of
heat storage, avoidance of complicated tracker, ability to scale down for decen-
tralization applications, good cooperation with biomass energy, etc.

Structural optimization is important to a stable, flexible, efficient, and cost-
effective solar ORC. Three types of systems are proposed: solar ORC with CDVG,
solar ORC with PV module and osmosis-driven solar ORC. The solar ORC with
CDVG using two-stage collectors and PCMs has many advantages as higher heat
collection efficiency, better reaction to change in solar radiation and lower cost etc.,
when compared with the conventional system. The solar ORC with PV module
seems feasible in regard to the low temperature coefficient and low cost of amor-
phous silicon solar cells, and good performance of ORC in low temperature
application. It can produce more electricity per unit surface area than side by side
PV panels and CPC collectors with ORC. The osmosis-driven solar ORC using the
semi-permeable membrane seems suitable for small scale tri-generation. The
alternative working fluid and membrane have strong technical background in
absorption refrigeration, water desalination and purification, which strengthens the
feasibility of the system.

A detailed study of the ORC performance under variable condensation tem-
perature is conducted. The minimum condensation temperature is restricted by the
environment temperature of about 20 °C and the maximum is about 50 °C for the
CHP application. Compared with the previous works dealing with the static con-
densation temperature, this work provides a novel demonstration of the feasibility
of small scale ORC-based CHP generation with low grade heat. According to the
test results, the expander benefits from the low pressure ratio in the CHP generation.
No appreciable increment in the expander losses has been observed at low pressure
ratio. And the expander efficiency increases with the decrement in the pressure
ratio, reaching the maximum value of about 0.54 at a pressure ratio of 2.6.
Regarding a pressure ratio as low as 2.6 simple expander of only one-stage
expansion is competent for the ORC-based CHP generation.
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Aside from the expander, the ORC system reaches a higher degree of thermo-
dynamic perfection when operating in the CHP mode. With a hot side temperature
of about 100 °C and a cold side temperature of about 50 °C, the exergetic efficiency
of the ORC is 57.8 % and the power efficiency is 3.5 %. The small scale ORC-
based CHP generation seems feasible from the viewpoints of both cost-effective-
ness and thermodynamic effectiveness.

The detailed investigation shows that with the increment in the condensation
temperature, the ratio of the exergy destruction in the evaporator and condenser to
the total system destruction becomes smaller while the ratio for the expander and
pump becomes higher. The results indicate as the condensation temperature
increases the thermodynamic process of R123 in the heat exchangers gets closer to
isothermal heating/cooling, and the expander and pump play more important role in
the cycle for heat to power conversion.

The non-constant efficiency of ORC components especially the expander in
variable operation necessitates a careful design of the condensation temperature.
According to the current and previous experiment results, the turbo and volumetric
expanders behave distinctly when the pressure ratio deviates from the design. For
the former, the efficiency variation is slight when the pressure ratio is lower than the
design, making the left part of the efficiency curve much smoother than the right
part. For the latter, the efficiency drops sharply at low pressure ratio.

A close view of the variation of the ORC power efficiency with the condensation
temperature is presented. It is shown that the ORC power efficiency first increases
and then decreases when the condensation temperature drops from the design value.
Owing to the trade-off between the temperature difference driving the ORC and the
expander efficiency, there is a threshold condensation temperature at which the
ORC efficiency reaches the maximum. The threshold condensation temperature is
important to the operation strategy of the ORC. It can offer significantly higher
ORC efficiency than the design. In the meantime, measures shall be taken to prevent
the condensation temperature declining below the threshold.

The optimum design condensation temperature is determined comprehensively
by the expander characteristics, operating mode, evaporation temperature, and
annual weather conditions. Among these factors, the expander characteristics and
the duration of no-heating operation in a year are most crucial issues. On the given
conditions, the optimum design condensation temperature for the turbo expander
differs from that for the volumetric expander. Generally, the optimum design value
is lower than the annual average operating value for the turbo expander, while it is
higher than the average operating value for the volumetric expander.

In summary, the proposed solar ORCs in this work have advantages. The
experiment results and design methodologies of the ORC are useful for solar CHP
applications. The future work will be focused on building a demonstrating solar
ORC system of tens of kW. The medium temperature solar collector and the small
expander will play the key role in the development of such a system. The PTCs and
CPCs of low concentration ratio are capable to convert solar irradiation to medium-
grade heat with adequate efficiencies. The PTCs have been mass-produced by many
manufactures, but require a tracking system. The CPCs are expected to reach a
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higher degree of maturity in the coming years. Turbo-expanders and volumetric
expanders are both competitive in the small-scale ORC power generation. How-
ever, the turbo-expanders have to overcome the hurdle of high rotation speed at low
power. There will be several solutions including the radial outflow and oil-free
magnetic bearings technologies. The radial outflow configuration is characterized
by multiple stages, radial outflow with or without last axial stage, overhung, oil
sealed, and rolling bearings. Due to the single disk arrangement, it can accompany a
high number of stages without rotor-dynamic limitation and offers low rotation
speed. The magnetic bearings replace conventional oil-lubricated bearings, elimi-
nating high friction losses and mechanical wear. By connecting the expander with
the generator directly, the gearbox becomes unnecessary. All these contribute to
superior power conversion and delivery efficiencies. Volumetric expanders, on the
other hand, seem advantageous in low power application but need to reach a higher
commercialized level.
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