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PREAMBLE

The present document is a comprehensive summary and guide to the integration schemes for
concentrated solar power technologies in thermal applications and power cycles. The
deliverable is focused on small scale systems. The document will provide an analysis of
different solar layouts that are relevant for proposed application sectors.

The document is based on the objectives of Sub-Task 11.1.2 “Schemes of integration in thermal
application and power cycle for small scale systems” of WP11, as reported in Annex | —
Description of Work of the Stage STE project Grant Agreement No. 609837. CIEMAT - PSA
is responsible for WP11. FBK is the leader of Sub-Task 11.2.1. FISE is responsible for the
D11.2 hereby presented. The objective of this task is to define the integration schemes between
CSP solar thermal or cogeneration technologies and related industrial applications, including
industrial process heat.

The contact details for FBK and FISE with respect to this document are:

Luigi Crema (FBK) Pedro Horta (FISE)
Tel +39 (0)461 314922 Tel ; +49 (0)761 45882126
Email: crema@fbk.eu email:_pedro.horta@ise.fraunhofer.de

The document has been write with the contributions of different partners:

Loreto Valenzuela (CIEMAT)
Ifiigo Iparraguirre (TECNALIA)
Pedro Horta (UEVORA)
Benoit Senechal (CEA)

Jodo Cardoso (LNEG)
Mattia Roccabruna (FBK)
Fabienne Salaberry (CENER)
Miguel Frasquet Herraiz (CTAER)

1. INTRODUCTION

Industry is responsible for around one third of our total primary energy consumption, 60% of
the energy used coming from process heat! ; and in the EU, 2/3 of these consists of thermal
energy rather than electrical? (as shown in Figure 2).

Whereas the development of solar concentrating technologies was driven from the early 1980's
by Solar Thermal Energy (STE) applications, their ability to operate in the medium temperature
range (100°C < T < 400°C) renders them particularly suitable to applications in industry:

1 Christian Zahler and Oliver Iglauer, “Solar process heat for sustainable automobile manufacturing” - Energy
Procedia 30 (2012 ) 775 — 782, presented at SHC Congress 2012

2 Source: ESTIF, “key issue for renewable heat development in Europe — KARES-H”,
http://www.estif.org/fileadmin/estif/content/policies/STAP/Madrid_SolarRegulation_FullStudyIDAE_English.p
df
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producing heat for industrial processes or to cogeneration purposes. Several industrial processes
require operating temperatures on that range, either due to process temperature or to the
common use of steam as heat carrier in industrial networks.

Withstanding operating temperatures below 150 to 200 °C, conventional (stationary, non-
concentrating) solar collectors can only supply a limited share of this demand. The use of Solar
Concentrating technologies (CSP technologies) in this venue presents not only the ability to
tackle the needs of processes occurring at higher temperature levels but also to enable
integration at supply level, avoiding direct interaction with the processes.

Despite its promising potential, SHIP is facing a number of barriers, low competitiveness, low
awareness and training. Application of solar concentrating technologies in the production of
heat for industrial processes - also referred to as Solar Heat for Industrial Processes (SHIP)
applications, is still at an early stage of development considering the full market application.
New low carbon technological solutions and systems for energy supply to industry are highly
requested at reasonable efficiency and costs3. To make industry more sustainable, new
technologies, optimized integration layouts, simplified and modular technologies should be
identified.

Solar energy can enter into a manufacturing process giving a viable contribution if its
developers will be able to design improved integration layouts, maybe through hybridization of
solar technology with demand side management via conventional energy sources. Design of
CSP systems has to properly manage the temperature level and power supply in the distribution
of energy, feeding properly the industrial process all day long. There are several challenges
around this target, such as minimize the thermal dissipation, calibrate an efficient in-plant
design, transfer the heat from solar circuit to industrial process efficiently.

A commercial system based on the use of Solar Concentrating technologies involves always a
complex integration of active sub-systems. Yet, as recognized by the industry, the use of these
technologies still faces multiple challenges (e.g. improving the optical efficiency of collectors,
researching new heat transfer fluids or procuring higher efficiency components) as illustrated
in Figure 14, providing a Matrix on the Impact on Levelized Cost of Energy (LCOE) /
Probability of commercial deployment for the different technologies.

This matrix confirms that several of the research objectives of the WP11 of STAGE STE project
are indeed strategic and within a prioritization strategy. Improvements in process integration
(for hybridization) in fact lay in the high impact/highest probability matrix for commercial
deployment; on the other hand, Direct Steam Generation and Broader range of Receivers rest
in the highest impact/low-medium probability of commercial deployment. Mirrors and receiver
tubes are considered to be critical components in parabolic-trough plants, and provide an
opportunity for innovation and improvements.

3 Nicolas Cottret and Emanuela Menichetti, “Technical Study Report: Solar Heat for Industrial Processes” - United
Nations Development Programme (UNDP) and United Nations Environment Programme (UNEP). Available
online at http://www.b2match.eu/system/stworkshop2013/files/SHIP.pdf?1357835481

4 http://www.renewableenergyworld.com/ (2015)
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Besides a direct use of these technologies in the production of heat for industrial processes
(following either a supply or process level integration approach), one other possible use of Solar
Concentrating technologies in industry related applications is solar-driven (or assisted)
Cogeneration.

Traditionally used as a means to exploit waste heat potential of conventional heat production
systems enabling the simultaneous production of electricity and thermal energy at suitable
temperatures for the use in industrial processes. Use of Solar Concentrating technologies on
this context might be especially suitable in stand-alone applications, in locations where
electricity supply is not available. On conventional systems can only be regarded as a way to
integrate a solar fraction in waste heat recovery driven systems, including also the possibility
of different hybridization concepts. The most suitable solar integration layout in this case relates
not only to the combination of heat sources but also to the suitable thermodynamic cycle
temperatures.

In brief, application of Solar Concentrating technologies for industrial purposes relies on:

® the potential of industry related energy consumption, amounting to around one
third of the total primary energy consumption, 2/3 of which related to process
heat®; (as shown in Figure 2);

Final Energy Use of the EU - Industry

share of heat and electricity

Electricity
33%

Heat
67%

Figure 2. Final energy use of the EU industry

B industrial process requirements for medium-high temperatures (200 — 400°C) or
steam as a heat transfer fluid. However, conventional, non-concentrating solar
collectors can only provide solar process heat for a limited fraction of this
demand. Consequently, concentrating solar collectors, like parabolic-trough
collectors (PTC), can generate higher temperatures and meet this target;

B There is a clear gap between “solar thermal technologies” and industrial
utilization of solar thermal power in terms of industrial processes. Despite its
promising potential, SHIP is facing a number of barriers, including low
competitiveness, low awareness and training.

5 Christian Zahler and Oliver Iglauer, “Solar process heat for sustainable automobile manufacturing” - Energy Procedia 30 (2012 ) 775 —
782, presented at SHC Congress 2012



The present report addresses some of the most relevant issues related to the use of Solar
Concentrating technologies in industry:

Issue 1. optimization of the integration layout

The integration layout optimization lays down on the best design for the solar technology
integrated with the industrial process. A standardization effort is hereby necessary, to create
classes of integration design categorized in class of applications (e.g. based on direct steam
generation process, in thermal oil based fluid, in superheated pressurized water). The
integration layout can be optimized starting from heat exchangers, thermal storage and/or
insulating materials. All these elements can bring to a significant improvement of
performances, when optimized. Each component layout is an important element affecting the
overall integration layout. Other elements are sensors and actuators, valves, transducers, flow
meters, oil degradation: all involved in the optimization of an integration layout. The dynamic
behaviour of a solar plant with respect to the integration layout and to necessary degrees of
freedom has to be considered.

Considering the industrial application, small to medium CSP technologies at medium
temperatures between 150 and 300 - 350°C) are the best candidates to be integrated in industrial
processes due to the high demand of thermal energy for lot of them.

Issue 2. Classification by temperature level, heat transfer and dynamic behaviour

There are several layouts and integration design classified by temperature level, by heat transfer
potential, by necessary dynamic behaviour of the solar plant and/or hybrid technology. The
working temperature necessary to the industrial plant will affect the design of heat exchangers,
the choice of the thermal fluid, the use of storage media or hybrid configuration, the insulating
materials and several other components and parts. Overall energy efficiency can be maximized
only balancing properly the fluid dynamic versus the heat transfer. The dynamic behaviours are
therefore constrained by energy and mass balance of the system and by demand side
management.

Issue 3. Combination with thermodynamic cycles and distributed cogeneration

The second use of thermal energy directly produced from the solar system is for energy
conversion into electricity through a thermodynamic power cycle. This process, coupled with
thermal power in a cogeneration layout, allow for high-energy efficiency production. Available
technologies will be analysed, matching the double advantage of decentralized power
generation and heat utilization.

Issue 4. Relevant International activities on Solar Heating and Cooling (IEA Task 49)

A similar work based on solar application and integration in industries has been studied inside
the IEA SHC Task 33 and IEA SHC Task 49 [5]. The Technical University of Graz has
presented the wiki-web “Matrix of indicators”, a database on unit operations in industry,
providing information on solar process heat used now in industry and showing possible
integration schemes.



Issue 5. Case studies

Within the subtask of Stage STE 11.1.2, three case study will analyse the integration of specific
solar systems inside industrial processes. The three case studies proposed will be introduced in
the present deliverable and fully described in further documents to be realized within M36 of

Stage Ste project.



2. SYSTEM COMPONENTS, ENGINEERING AND RELATED
TECHNOLOGIES

The present chapter will describe some of the main CSP technology components, highlighting
the related system engineering aspects and providing information on related cooling
technologies, considering their potential for supplying process cooling requirements from
medium temperature heat sources.

2.1. SYSTEM COMPONENTS

MIRRORS: design and realization of new supports for lightweight and low-visual-impact
optical systems, one-axis tracking (only for specific cases will two-axis tracking be applied)
and standard hydraulic connections (rapidity in installation) are the main aspects to take into
account in the design and development of efficient mirrors. Improvement of the overall
integration design involving chemically treated thin glass mirrors, manufacture tailoring and
integration process, are necessary to realize robust and reliable mirrors.

RECEIVERS: there are several technologies used in design and development of receiver tubes,
like vacuum or glass encapsulation. Some of the most diffused layouts are based on two main
different approach (as shown in Figure 3):

m  direct flow receiver (as realized in the DIGESPO project®);
B medium temperature innovative heat pipe receiver.

Specifically, the solution based on the heat pipe receiver paves the way in solving several
integration problems of solar energy in industrial processes such as: (a) avoidance of high
temperature fluids in form of mineral oils, (b) costs reduction through simplification of the
system design, (c) easy adaptation and integration of the solar system to different existing
industrial processes.

6 http://www.digespo.eu/default.aspx
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The integration design has to be optimal solution for what concerns customization, dimensions,
optimized heat transfer and fluid dynamics, optimized materials and sizes.

Heat pipe
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Figure 3. Direct flow receiver developed within DIGESPO project (left) and integration
layout (right) between solar module with heat pipe receiver and the secondary fluid of the
industrial process

DIAGNOSTIC TOOLS: Current diagnostic tools are important for the characterization of
concentrated solar flux distribution on the receiver (e.g. radiometers and CCD camera imaging),
and to evaluate optical errors related to the concentrating optics. The different component
configurations will be evaluated to maximize the performance of the optical system.
Experimental data will be used for validating the numerical radiation model, which is the main
tool in optimizing the optical components and analyse the influence of mirror quality, structure
deformation or tracking errors.

THERMAL FLUIDS: use of the heat pipe receiver can define a solution where only the heat
process fluid is maintained and required. This allows an easier and direct integration of the solar
system within the overall layout. Thermal fluids are mainly used in industrial processes, except
the case of a direct flow receiver, where a primary circuit maintains a thermal fluid in the form
of mineral oil, connected through a heat exchanger with a secondary circuit with the proper
thermal fluid used in the industrial process. Innovative solutions will consider direct steam
generation (DSG), low condensation point molten salts or super critical fluids coupled with heat

pipes.

THERMAL STORAGE SYSTEM: In addition to hybridization using biomass and/or
conventional fossil fuels, the integration layout can include a latent heat thermal storage system
(TES) to manage in a flexible way the demand of thermal energy of the industrial plant. TES
will be mainly designed as an energy buffer, whose purpose is to improve the assembly between
the solar and the boiler and guarantee a fine control on energy and temperature delivered by the
heat transfer fluid. This capability would make possible the integration of traditional boilers,
already available on the installation site, with the TES. Latent heat storage allows maintaining
a desired constant temperature during long periods and small-size storage reservoir. The TES
will be capable to provide an output of an hour at a full capacity level. The charging process of
the TES will take advantage of solar heat overproduction, biomass or fossil fuels as well as
exceeding renewable electricity obtained from the grid, thus increasing the industrial facilities
reliability and reducing CO2 emission.



HEAT EXCHANGERS: heat exchangers are the basic element for heat transfer in energy
systems. In the specific context of CSP systems applied to the industrial heat process [to
industrial process heat], they represent one of the most important components, being at the
interface between the solar plant and the industrial process itself. There are several potential
ways for their improvement, which take in consideration aspects like: energy conversion, the
heat transfer medium, the temperature levels or the time constant involved in the process. In
general, one optimization element for the design of heat exchangers is the minimization of the
entropy generation. In this context of integration, a thermal heater exchanger is classifiable as
either an external or an internal component.

Internal heater exchangers (IHX) are mainly used to directly heat up tanks or baths. These types
of heaters exchanger are cheaper and easier to install. The heater exchangers in this case are
heating jackets, heating coils and tube bundles.

The external ones (EHX) are chosen accordingly to the applied temperature, pressure, space
availability and other specific constrains such as corrosion or viscosity. The main type is
characterized by tubular design like shall tubes. Other types are more compact and present
extended surface design.

2.2. SYSTEM ENGINEERING

Overall engineering activities regarding the integration of system components are required,
aiming the achievement of the following targets:

® Designing standardized components for plug-and-play connections of the
different elements (like optics, tubes, hardware for tracking and fluid circulation)
and to guarantee affordability and sufficient precision for components matching
during the system installation;

B |mproving system modularity to extend the dimensions of the CSP module (in
width and length for all of its components) in order to achieve different working
ranges (with respect to the basic module). In this way, with the addition of
standardized plug-and-play modules to the basic configuration of the collector
(mono or bi-axial), it will be possible to scale up the output (temperature, power
and energy) of the system without significant modification at the existing
circulating system, allowing sensible reduction in terms of time spent in
maintenance services and costs; (see Figure 4)

B Industrial process integration design, showing a detailed view of the overall
flowsheet of the CSP plant must be developed and evaluated under various
operating modes, taking also into account different working conditions within
different scenarios, representing the real industrial applications. The analysis will
provide a preliminary assessment of the system performances on renewable
energy/fuel contribution, thermal storage sizing and potential market niches.
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Figure 4. Concept of the solar technology modularity and standardization

2.3. COOLING TECHNOLOGIES

ABSORPTION SYSTEMS: Absorption chillers are the most distributed thermally driven chillers
worldwide. A thermal compression of the refrigerant is achieved by using a liquid
refrigerant/sorbent solution and a heat source, which is replacing the electric power
consumption of a mechanical compressor. For chilled water above 6 °C, as it is used in air
conditioning, typically a liquid H2O/LiBr solution is applied with water as the refrigerant.
Nevertheless, other liquid solutions can be used like NHs/H-O, which enables producing chilled
water at temperatures below 0 °C.

The main components of an absorption chiller are: generator, condenser, evaporator and
absorber. The mechanical vapour compressor (used in conventional compression chillers) is
replaced by a thermal compressor (see Figure 5), that consists of an absorber, a generator, a
pump, and a throttling device. A solution mixture (in the absorber) absorbs the refrigerant
vapour from the evaporator, in this way releasing heat. This solution is then pumped into the
generator where the refrigerant is re-vaporized by adding heat using, as an example, a waste
steam heat source as shown in Figure 5. The refrigerant-poor solution is then returned to the
absorber via a throttling device.
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Figure 5. Comparison of mechanical and thermal vapour compression system

As for mechanical compression systems, the cooling effect is based on the evaporation of the
refrigerant in the evaporator at very low pressure. The solution is continuously pumped into the
generator, where the regeneration of the solution is achieved by applying the driving heat, such
as that from hot water supplied by a solar collector. The refrigerant moves from the generator
to the evaporator by the described process, condenses through the application of cooling water
in the condenser and circulates by means of an expansion valve again into the evaporator and
follows to the absorber were it is absorbed by the refrigerant poor solution (as shown in Figure
6). The absorption process releases heat that must be removed in order to keep the efficiency
of the process. This is usually done using water from cooling towers, although some prototypes
exist using air cooling both in the absorber as in the condenser.
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Figure 6. Thermal vapour compression circulation process

Figure 7 shows that any thermally driven cooling process operates at three different temperature
levels: with driving heat Qneat SUpplied to the process at a temperature level Tw, heat is removed



from the cold side thereby producing the useful cold Qcoiq at a temperature Tc. Both amounts
of heat are to be rejected (Qreject) at @ medium temperature level Tm. The driving heat Qneat may
be provided by an appropriate designed solar thermal collector system, either alone or in
combination with auxiliary heat sources.

Qh—;-at
I
Tr

\
Q reject

TC
Qcolcl

Figure 7. Principle of thermally driven cooling process

Closed chilled water processes require an external heat rejection, e.g., a cooling tower. The type
of the system heat rejection is one of the main components to be optimized, as it usually is
responsible for a considerable fraction of the remaining energy consumption of solar cooling
systems. A basic number to quantify the thermal process quality in thermally driven chilled
water systems is the coefficient of performance COP, defined as:

Coszcold/Qheat

Thus indicating the amount of required heat per unit of “produced cold” (more accurately: per
unit removed heat). The COP and the chilling capacity depend strongly on the temperature
levels of Th, Tc and Tm. On chilled water systems, a maximum process performance COPigeal
for each temperature level can be derived from thermodynamic laws:

COPigeqr = T Ty =T,

As shown in Figure 8, the ideal performance of a reversible process is far above the performance
obtained in thermally driven chillers today available on the market. In fact, the estimated COP
value ranges from 0.5 to 0.8 in single effects chillers (absorption and adsorption) and may range
to 1.4 in double effect chillers.
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Figure 8. COP values of thermal reversible process

The difference between real and ideal performance of the thermally driven chillers can be
expressed with a process quality number Cpo:

Cpo = COPreal/ COPigeal

The process quality number allows assessing the advantages of an improved process quality
with respect to the required driving temperature. Typical values of (pq, got from market
available products, amount to a value of 0.3 as is shown in Figure 9. The graph represents the
driving temperature as a function of the “temperature lift” AT, which is defined as the
temperature between the heat rejection temperature Twm and the chilled water temperature Tc:

AT=Twm-Tc

As an example, the temperature lift is low in case of high chilled water temperature and wet
heat rejection (low cooling water temperatures) and high in case of low required chilled water
temperatures and dry cooling. Driving temperatures for two different COP values (1.1 and 0.7)
are reported. For each COP-curve, the driving temperature shows a dependency on the process
quality: therefore, two different quality numbers are assumed (0.3 and 0.4) as realistic. The
operation areas of different collector technologies are indicated as well. As an example, a
single-effect chiller with a COP of 0.7, working as AT=35°C, may be still driven with vacuum
tube collectors, if the process requires driving temperatures of approximately 100°C (process
quality number of 0.4). In case of a lower process quality, the required driving temperature is
higher and tracked concentrating collectors are necessary.
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Many products are available in the market, however typical chilling capacities of absorption
chillers are several hundred of kW, mainly used when district heat, waste heat or heat from co-
generation is available. The required heat source temperature is usually above 80°C for single-
effect machines and the COP is in the range from 0.6 to 0.8. Double-effect machines with two
generator stages require driving temperature of around 140°C, but the COP’s may achieve
values up to 1.2. Triple effect chillers are now available in the market, with a COP around 1.7

or 1.8 for driving temperatures in the range 195°C-225°C and capacities between 350kW to
3500kW.

Since many years, several single-effect absorption chillers with capacities below 50 kW are
available. For a long time, the smallest machine available was a Japanese product with a
capacity of 35 kW. Currently, chillers with capacities as small as 3kW can be found in the
market. In systems with absorption chillers, these small units are now often implemented. A
chiller model, newly developed for small capacities, enables part-load operation with reduced
chilling power at a heat source temperature of 65°C and a COP with still a value of
approximately 0.7, which is very promising in combination with a solar heat source. That leaves
open doors for performance improvements of absorption chillers. In fact, new medium/small
size developments have been designed recently by European and Asian manufacturers, which
are convenient for covering the cooling loads of small areas with extensions from 200 m? to
500 m2. The European manufacturers are located in Germany, Austria, Spain, Sweden, Italy
and Portugal. Developments are still being tested in pilot installations.

ADSORPTION SYSTEMS: Adsorption chillers use solid sorption materials instead of liquid
solutions. Market available systems use water as refrigerant and silica gel as sorbent. Recently,
an alternative to silica gel is represented by zeolites, which are used by some manufacturers.
By this way, two technologies are now available: Silica gel/H20 and Zeolites/H20.




The physical machines used in adsorption chillers, as shown in Figure 10, consist of mainly
two sorbent compartments: one evaporator and one condenser. While the sorbent in the first
compartment is regenerated using hot water from the external heat source (e.g. the solar
collector), the sorbent in the second compartment adsorbs the water vapour entering from the
evaporator. Compartment 2 has to be cooled in order to enable a continuous adsorption. Due to
the low-pressure conditions in the evaporator, the refrigerant in the evaporator is transferred
into the gas phase by taking up the evaporation heat from the chilled water loop and thereby
producing useful "cold". If the sorption material in the adsorption compartment is saturated
with water vapour to a certain degree, the chambers are switched over in their function.
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Figure 10. Adsorption chiller system principle

Since today, only a few Asian and European manufacturers produce adsorption chillers. The
two historical actors are Japanese, but now a German manufacturer has entered the market.
Under typical operating conditions with a driving temperature of 80°C, the systems achieve a
COP of about 0.6, but operation is possible even with temperatures of approximately 60 °C.
The capacity of the chillers ranges from 5.5 kW to 500 kW chilling power.

The simple mechanical construction of adsorption chillers and their expected robustness is an
advantage. There is no matter about adsorbing material crystallization and thus no limitation in
temperature ranges. There is no internal solution pump and electricity consumption is thus
reduced to a minimum. A disadvantage is the comparatively large volume and weight.
Furthermore, due to the small number of produced items, the price of adsorption chillers is
currently still high. A large potential for improvements is expected in the construction of the
heat exchangers in the adsorber compartments, which would reduce volume and weight
considerably in future generations of adsorption chillers.



3. SOLAR HEAT FOR INDUSTRIAL PROCESSES AND OTHER
RELEVANT MEDIUM TEMPERATURE APPLICATIONS FOR CSP
SYSTEMS

3.1. INTRODUCTION TO INDUSTRIAL PROCESS HEAT

Thermal energy demand in industry fields accounts worldwide for more than two thirds
of the total global energy demand. The industrial primary energy consumption nowadays
is covered approximately for 40% by natural gas and for 41% by heavy fuel. Half of this
demand is requested in low to medium temperatures ranges (<400°C). Looking in detail
at the energy demand, 75% of the full industry heat demand is requested by energy-
intensive industries, which account for the 5% of all enterprises. The remaining 95% of
all industry plants are small or middle-sized enterprises, which account for only the
remaining 25%. Solar process heat has high application potential in the industry sectors
with high thermal energy demand below 250°C, as in food and beverage sector, as well as
in textiles and paper industry [17]. (see also Figure 11)

By this way, according to current studies, solar thermal applications can satisfy up to 33%
of the industrial energy demand [15], replacing the actual energy generation system
based on gas and heavy fuel with renewable energy solutions, especially if system
regeneration is addressed on energy-intensive industry fields.

Due to individual production schedules, process temperatures (even among plants within
the same industrial sector) and different integration options of solar thermal energy
systems in low or medium temperatures, the design of feasible solutions tailored for
specific application and energy demand require a high effort from the planner side.
Furthermore, lack of expertise on solar thermal technology among industry enterprises
and the actual high investment costs (especially for small enterprises) increase the
implementation barrier and the market penetration of solar process heat. However, with
high temperatures supplied by solar thermal plants and increasing costs for fossil fuels,
solar process heat becomes more and more economically competitive.

In IEA Task 49 [5], an integration guideline is outlined to simplify the feasibility and
design process regarding usage of CSP system for industrial applications, including the
methodology to identify the best integration parameters for solar thermal energy
generation, correlated to solar thermal system designs [16].

The suitability of industrial processes is directly related to their temperature level. As the
decision for installing a solar heating system is mainly based on its economic feasibility, the
solar heat generation costs have to be considered. The feasibility for a selected solar process
heat application is assessed by combining simulation results with a cost analysis of solar heating
systems using different collector types and conventional heat generation costs in industry.

The analysis of industrial sectors shows that many processes seem to be promising for the
integration of solar heat in several sectors. Additionally, similar processes across all industrial
sectors can be categorized into typical applications for solar process heat. The processes listed



below can be found in nearly all industrial sectors and are the three major application of solar
process heat:

e Heating of fluid system - Processes where a cold (or in some cases a preheated) fluid
stream has to be heated up to a certain temperature are classified in this application.
Application of heat for make-up or to boiler feed water, material preheating, wash,
cleaning and sterilization belong to this category;

e Heating of baths/vessels - The processes classified in this application have in common
that a bath or vessel filled with a liquid has to be heated to a certain temperature and/or
kept at this temperature during a production period. Processes like cooking, blanching,
pasteurization, degreasing, bleaching and surface treatment in the machinery and
equipment sector belong to this application;

e Drying - Drying is the process of thermally removing moisture from a wet material to
obtain a solid product. Through the application of heat, a liquid (in most of the cases
water) is separated from a solid, semisolid or liquid feedstock by evaporation of the
liquid. Hence, a drying operation consists of energy transfer from the surrounding
environment to the material and simultaneous mass transfer of moisture from the
interior of the material to the surface and from there to the environment. Most
commonly, energy is transferred to the surface of the material in form of heat by
convection, conduction, radiation or a combination of these. Nevertheless, in other
methods like microwave, radiofrequency or dielectric drying, the energy of an
electromagnetic field directly generates heat internally within the material. The external
mass transfer consists of the evaporation of the moisture at the material’s surface to the
surrounding environment, from where it is carried away by a carrier gas flow or by the
application of vacuum. The process of evaporation depends on the conditions in the
drying vessel like temperature, pressure, air humidity and flow, area of exposed surface
and the method of supporting the solid during the drying operation. [65]

Heterogeneous industrial processes look for different temperatures and working conditions. The
industrial world is so wide that it is quite impossible to give a standard conclusion of the level
and amount based on the industry needs. A classification of thermal energy demands can be
made considering the temperature level of the industrial processes found in different industrial
branches.

The trends of energy demand and of its amount are basilar in developing the right integration
strategy. The thermal energy can be supplied by different techniques, the use of energy for
drying in respect of the simple heating of a bath require different interface components.

Furthermore, other technical specification like characteristics of the buildings, roof orientation,
height of facilities, roof capability to support weight are, at this level, not well quantifiable for
the analysis.

Only a specific investigation inside the selected industrial case, made on the field by a person
with a good technical knowledge and experience will yield a proposal of a system easily
amortizable and efficient.

Based on experience and expertise in design and deployment of medium-temperature solar
thermal application, research efforts should be focused on reducing both technological and final



user barriers, which are currently undermining the market penetration. Addressed technological
barriers are related to efficient conversion, ease of integration, operational requirements and
durability performance. These key targets will be deal with by focusing the research
contribution toward cost reduction, and by selecting and pushing forward improvements on the
major technical factors needed.

Efficiency improvements, thanks to the proposed new solutions, are expected to be in the order
of 10%, leading to a reduction of cost in the order of 50% compared at the current state of the
art (800 €/m?). Previous experience and results in this specific field will provide the initial
guidelines and support, for instance by preferring optical efficiency improvements instead of
coating materials research efforts. Innovation in the approach is thus related to a wider view of
the design-to-user chain, encompassing the technical limitations and explicitly including in the
research chain, from the beginning, any specific needs and preference of the final industrial
users. By moving the design toward a system installed outside any controlled research
environment, the challenges include the preparation of guidelines for the final operator and the
adoption from the early stage of simple and reliable installation procedures.
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Figure 11. Market — Industrial Process Heat (Source The Technology Roadmap * RHC-
Platform 2012)

3.2. SUITABLE PROCESSES AND SECTORS

Among the renewable energy sources, the solar one is the most interesting for application to
industrial process heat. Industries are looking at commercial solutions for peculiar needs,
targeting fuel savings in heat process applications at competitive cost (400 €/m?, 5-9 c€/kWh),
when compared to conventional energy sources.

The potential industrial applications included for the temperature level are wide (Figure 12),
and the aggregated demand at European level is massive. There is great potential for market
developments based on innovations, as 28% of the overall energy demand in the EU27 countries
originates in the industrial sector and the majority of this heat demand is in the temperature
range below 250°C [53].



TEMPERATURE RANGES FOR DIFFERENT INDUSTRIAL APPLICATIONS
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Figure 12. Temperature Ranges for Different Industrial Applications (GESA Research Group)

3.3. STEAM GENERATION AND SYSTEM INTERFACES

The coupling of the industrial heat process with the proper industrial sector has its starting point
in the industrial specific need. The most common system to deliver heat is by introducing a
thermal gradient, using some heat exchangers. They can be placed inside or outside the process
line. Different types of heat exchangers are used to supply heat. Pressures, temperature,
available space, characteristic of fluids as well as cleanliness of the process are elements to be
considered in the choice of the best candidate.

When it comes to integrate solar heat into an industrial plant, the point of integration can be
either on the level of heat supply, such as steam or hot water networks, the so called “supply
level”) or the heat can be directly integrated into a unit operation (heating, washing, drying
processes etc.). Linear concentrating collectors can be applied in solar process heat generation
to generate steam (direct steam generation) or heating a fluid to evaporate water in an
evaporator (indirect steam generation). The solar steam is then integrated to a steam supply
network or directly into a process. Considering this ability, the integration concepts herein
presented are related to steam generation and rely on a supply level integration approach.

Within the IEA SHC Task 49 ‘Solar Process Heat for Production and Advanced Applications’
integration points and methods as well as system concepts for solar process heat with linear



concentrating collectors were developed. The content of the following sections was extracted
from the integration guideline developed within the project work [16].

3.3.1. System Components and Hydraulic Concepts

The selection of a collector type depends on the integration temperature levels, the process
medium and the local annual irradiation characteristics. For integration temperatures below
100 °C, generally non-tracked and usually non-concentrating or low-concentrating collectors
are sufficient. For temperatures above 160 °C, usually concentrating collectors tracking the sun
must be employed. Within the temperature range between 100 °C and 160 °C both collector
types are technically suitable. For a specific site and application, the technology selection must
be based on the lowest heat generation costs during service lifetime. Below it is reported a list
of different concentrating collectors:

Parabolic trough collectors;

Linear Fresnel collectors;

Collectors with tracked receiver;
Parabolic dish;

Heliostats with central tower receiver.

Currently, solar process heat is mostly supplied by linear concentrating solar collector fields
(http://ship-plants.info/). However, there are also a couple of dish collectors in use. [14]

The collector field size depends mainly on the desired solar fraction (share of the energy
supplied to the loads by the solar thermal) and on the available collector mounting area. Another
important parameter is the system utilization ratio, which is influenced by the collector size and
type, storage volume size and type, the required feed temperatures and heat transfer rates at the
integration point(s). With defocussing of concentrating collectors, the maximum energy output
can be controlled and stagnation can be avoided.

The collector fluid type depends on the collector type and on the risk of freezing, but can also
be influenced by the heat transfer fluid (HTF) or by the process medium at the integration point.
If this is air or steam, it is common to supply the heat directly via injection to the process, so
the collector- and the heat transfer medium can be the same. Normally, the collector fluid and
the HTF differ from each other and are separated by heat exchangers. If freezing protection is
necessary, non-evacuated collectors usually use a mixture of about 60 % water and 40 % glycol
in the collector loop. A charging heat exchanger transfers the heat to the storage medium, which
is usually water. For indirect steam production with focussing collectors, water or thermal oil
are used and the HTF evaporates at the integration point, which becomes an evaporator in this
case. For direct steam generation within the collector’s absorber tubes, a steam drum with a
steam separator is needed. Summarizing, the media commonly used in collectors are water-
glycol-mixture, (pressurized) water, steam, thermal oil and air.

The collector loop control manages the operation of the pumps and detects stagnation or
malfunction. Depending on the collector type and system design, it can be necessary or
beneficial to circulate the collector medium only through the collectors, thus bypassing the heat
transfer unit (e.g. charging heat exchanger). By this way, the heat capacity of the collector loop
can be increased, until a certain temperature level is reached and stabilized before starting the
heat (mass) transfer to the storage (or HTF or process medium).


http://ship-plants.info/

Steam generated directly within a collector or through hot fluid and an evaporator, can be
supplied to a steam distribution network to supply several processes. Alternatively, it can be
directly used for purposes like water desalination, enhanced oil recovery, polygeneration etc.
Fluid heated within a concentrating collector field can be used to pre-heat oil for CSP plants or
MED processes. In the following section solar heat generation for industrial steam and hot fluid
distribution networks are explained in more detail.

3.3.2. Steam generation and integration concepts

The contents of this section are based on the integration guideline developed within the IEA
SHC Task 49 ‘Solar Process Heat for Production and Advanced Applications’ (Muster et al.
2015) [16]. Some integrating concepts for linear concentrating collectors will be briefly
introduced and illustrated, using a process flow sheet. Figure 13 shows the most important
symbols used as legend in all the following flow sheets.

N External HEX, heated conventionally Steam injector

@ Internal HEX, heated conventionally Steam throttle

External HEX heated by solar energy Steam trap

Three-way valve
K-type tube bundel (evaporator)

@ Pump
Internal HEX heated by solar energy

A

N

Shut-off valve

m Desalter for raw water Y Drain
U Steam dryer P(v) N Product or process medium

Figure 13. Important symbols for integration concepts

If high temperature levels are needed for the parallel integration of solar heat (solar steam
generation), suitable collector concepts have to be applied. Due of the fact that the required
temperature level for parallel integration of solar heat in conventional steam systems is usually
above 150 °C, concentrating collectors should be applied. Therefore, irradiation data of the
location have to be taken into account for the choice of the appropriate collector concept.

Solar Direct Steam Generation (DSG)

For the integration concept of direct solar steam generation a steam drum is required, fed by
solar concentrating collectors. Boiler feed water is fed to the solar heating system and partially
evaporated. The water-steam mixture is fed to the steam drum where it is separated. The
accumulated water is fed back to the collector loop. In case of a sufficient pressure in the steam
drum, the steam is fed into the conventional steam circuit. Figure 14 shows the schematic of
this integration concept.
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Figure 14. Integration concept for direct solar steam generation

While solar steam is fed into the existing circuit, the conventional steam boiler reduces its steam
production similarly to operation periods with a reduced load. The actual loss of efficiency of
the steam boiler caused by the solar heating system is influenced by the ratio of installed solar
power to conventional capacity, the typical load, and by steam boiler performance (scope of
modulation). This integration concept has been realized within several demonstration plants.

Sola Indirect Steam Generation (I1SG)

Regarding the interaction of the solar heating system with the conventional steam supply
system, this integration concept is similar to the previous one. As shown in Figure 15, for this
concept, concentrating collectors with pressurized water or thermal oil as heat transfer medium
are used to feed a special heat exchanger for evaporation (typically a kettle type reboiler). The
heat exchanger operates at the same pressure as a conventional steam system.
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Figure 15. Integration concept for indirect solar steam generation

For liquid heat transfer media other integration concepts can be applied, as compared to the
concepts for steam. Besides the parallel and serial integration of solar heat, it is also possible to
heat storages or cascades that are integrated into the conventional heat supply system. Due to
the relevance in industry, the main application of these integration concepts is for hot water
circuits. However, they can also be applied to synthetic heat transfer media and thermal oils
that are typically used for a temperature range of 250 <+ 400 °C.

For the parallel integration of solar heat into hot water circuits, the return flow is first divided
to the conventional boiler and partially directed through the solar heating system and fed back
into the flow. Therefore, the control of the solar heating system has to ensure the heating of the
return to the required flow temperature. The integration can be realized directly or indirectly.
For the direct integration, the water of the heating circuit flows directly through the collectors
(cf. Figure 16), while a heat exchanger is used for the indirect integration.
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heat transfer media



Sometimes also, combined heating circuits can be found in Industry, which use steam as the
primary heat transfer medium to generate hot water as secondary heat transfer medium via heat
exchangers or hot water cascades. This also can be vice versa in companies with little low-
pressure steam demand. In this case, hot water is used as primary heat transfer medium and
produces steam via hot water in a small steam drum.

3.4. EXAMPLES AND RELEVANT PROCESSES

3.4.1. Cooling

In 2014, about 50% of the energy demand is used for heating and cooling purposes. That is why
the solar heating and cooling represent a great opportunity to cover this demand.

According to the IEA-SHC, 99% of solar heating and cooling technologies is used to provide
warm water or space heating in residential homes [58].

The cooling demand has been growing worldwide, even in colder climates, and mainly for
tertiary buildings. The air conditioning is the main process used for comfort cooling, and the
solar cooling could therefore reduce considerably the electricity demand, particularly in
summer when the electricity demand increases due to air-conditioning. However, some barriers
exist for this technology: lack of awareness from the public, the limited number of
demonstration projects, the system first installation cost and components’ market availability.

In industry the cooling demand is generally continuous, so the solar cooling can hardly compete
with the conventional electrical cooling, but in some applications this technology is fruitfully
applicable and cost competitive. Solar assisted air conditioning systems are the ideal in
industrial applications where dry air is permanently required, such as in the drying of
agricultural crops and in livestock plants.

For commercial buildings, installing solar cooling systems requires an area of sufficient
extension to install the cooling system’s solar collectors. Therefore, not all commercial
buildings are suitable for solar assisted air conditioning. The most suitable buildings to install
solar cooling systems are commercial buildings with large roof areas, such as supermarkets,
shopping centers, hotels, hospitals and convention centers. (See also Figure 17)

For the space heating and cooling, two different strategies are distinguishable: passive and
active modes. In the passive solar house, all the elements are designed in order to absorb and
store the solar energy, while rejecting solar heat during summer. In this design only the natural
circulation of air by temperature gradient is used to move hot or cold air, without the need of
mechanical and electrical devices. The natural processes that are used for the spontaneous loss
of heat being: cooling by radiation, convection or evaporation, conduction by contact between
two bodies with a lower temperature. Active solar cooling system implies the use of pumps,
solar collectors and storage.

The artificial solar cooling is based on different processes: a chemical one with the dissolution
of a solution in a solvent, another chemical one with phase change of some element, occurring



at low temperature; a mechanical one with expansion of gases previously compressed or,
finally, a thermos-electrical one.

Solar heat

Chilled Water

Thermally-Driven
Cooling Process ]

Conditioned Air

Figure 17. Solar cooling system (ESTIF 2015)

The temperature range for the cooling depends on the applications and will need different
processes. For temperature from 24°C to 14°C the process is called simply cooling and can be
managed in a natural way, but for temperature from 14°C to 0°C the process is called
refrigeration and can be managed by water phase change.
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Figure 18. Cooling process (Guia del Frio Solar, Ahorro y eficiencia energética con
refrigeracion solar, 2011)

As shown in Figure 18, many processes are possible for cooling but not all of them can be used
with solar energy and more particularly with solar thermal energy. To be used for cooling
application, the solar thermal systems as to replace gas driven or electricity-driven
absorption/adsorption chillers or to replace electricity driven, vapour-compressing air
conditioning systems. For refrigeration, different processes are available, based on absorption,
which depends on the capacity of some element of absorbing others.



Solar energy can be converted into cooling using two main principles: Electricity generated
with photovoltaic modules is converted into cooling using well-known refrigeration and air-
conditioning technologies, mainly based on vapour compression cycles. Heat generated with
solar thermal collectors is converted into cooling using thermally driven refrigeration or air-
conditioning technologies, which mainly use the physical phenomena of sorption in either an
open or closed thermodynamic cycle. In the case of solar thermal cooling, the warmed fluid is
used in a device called absorption/adsorption chiller, to drive the cooling of process fluids.

The first solar cooling system invented by Edmond Carré to produce ice from solar energy,
presented in 1850 at the Exposition in Paris, used a sorption technology. Sorption processes are
divided into two branches: periodical sorption processes (which use either a liquid refrigerant
like ammonia or a suitable absorptive substance like water or calcium chloride, or water as a
refrigerant and a solid adsorptive material, such as silica gel or zeolite) or continuous sorption
processes.

Absorption and adsorption chiller systems use liquid or solid refrigerants to cool the
environment.

Among the sorption processes, the most common system for solar cooling is the absorption
chiller, used to regenerate the absorber fluid, which contains the refrigerant after it has been
evaporated. The other chiller type is the adsorption chiller. The two common type of absorption
chillers are: closed absorption chiller systems with ammonia-water (NHs/H20) or water-lithium-
bromide (H20/LiBr) as refrigerant/absorber fluids.

The ammonia-water chiller’s COP is slightly lower than the H20-LiBr machines (because of
the need to rectify the ammonia vapour after generation). In both technologies cooling towers
must be used to remove the heat released at the condenser and absorber. In the case of lithium
bromide chillers this translates into the use of wet cooling towers in order to avoid
crystallization of the water-lithium-bromide solution. Cooling at freezing temperatures demand
the use of ammonia-water chillers and requires higher temperatures in the generator (~ 100-
120°C for single effect units).

Other kind of cooling systems are the desiccant system, which uses a desiccant material to
absorb or adsorb warm water from the air to get it cooled. In this case, the desiccant is
regenerated with solar energy. The efficiency of the systems and the temperature range both
depend on the technology used. For example, the single effect chillers, like desiccant cycles,
have low efficiency but the temperatures required are between 70°C and 100°C. But the double-
and triple-effect absorption chillers have higher efficiencies (COP above 1 and up to 1,8) but
the temperature required is higher: 150-180°C and 200-250°C, respectively.

In the last years, the hot water/steam temperature required for the chillers’ operation has
decreased, with the creation of new companies which offer systems which could be integrated
within hybrid systems. But this way, the solar air-conditioning system could supply lower
temperatures (+20°C to -10°C) using low temperature collectors, such flat plates or evacuated
tubes.

According to a survey from the IEA SHC [60] based on 276 installations studied worldwide, a
measure of the most used technologies and applications can be envisaged. A first rough



classification shows that 113 are large scale solar cooling systems and 163 are small scale
systems. By this way:

e For small-scale installations, the major percentage (38%) of the installations are
dedicated to office buildings, then to private houses (28%), laboratories (9%), industry
(8%), school and universities (7%), and finally sport centres (4%) or others (6%).

e For large-scale installations, the major percentage (53%) of the installations are
dedicated to office buildings, then to laboratories (7%), industry (9%), school and
universities (9%), and others (12%).

Within 269 installations, the most used technology of thermally driven chillers is based on
absorption technology (71%) for large-scale installation and 90% for small-scale installations.
In 2013 [15] more than 1000 solar cooling systems were installed worldwide, of which 135
were large installations. Several hundred solar thermal assisted cooling pilot systems are
already installed in Europe, in the year 2012. According to Daniel Mugnier from TECSOL
Company, in 2014 more than 1200 solar thermally driven cooling systems were installed
worldwide, based on solar thermal collectors, among which more than 800 were installed in
Europe. Really, they represent a small percentage of all the air-conditioning systems, as
compared to the tens of millions compression air-conditioning systems sold annually.

The types of collector used for solar cooling can be conventional collectors and flat-plate or
evacuated tube, when the operating temperature is below 110°C. However, solar cooling
systems such as the one working with multi-stage absorption chillers needs an higher
temperature, so typically use of single-axis tracking with optical concentration is required.

Regarding solar heating for domestic hot water and space heating, one of the solutions recently
introduced is the combi-system. This solution is compact and can reduce installation con and
space required. These systems are mainly used in central Europe, especially in Germany,
Austria, Switzerland and France. In Germany, about 50% of newly installed systems are combi-
systems with usually a 10 to 15 m? flat plate collector and a 600 to 1000 litres of hot water
storage. In a well-insulated building, the solar fraction is about 25% of the overall building heat
demand for DHW and space heating. In Austria combi-systems have a larger collector area of
20 to 30 m?,

The cost of the solar cooling installations is between 2 and 5 times higher than a conventional
cooling system, depending on local conditions, building requirements, system size, and
technology used. In recent studies, first cost for total systems ranged from 2,000 €/kW to 5,000
€/cho|d.

Some reasons for employing line-focus concentrating collectors in solar cooling systems are:
thigh efficient air-conditioning by coupling with double-triple effect chillers, and solar
refrigeration serving industrial end-users, possibly in combination with process heat and steam.

The choice of the best solar configuration for a given application (domestic air-conditioning,
large-buildings air-conditioning, solar refrigeration in the industry, etc.) can be carried out
targeting the highest primary energy saving achievable on a yearly base. The primary energy
savings that could be reached with single stage absorption chillers are quite small. Thus, double
and triple effect absorption chillers with higher COP are required for higher energy savings.
Double and triple effect chillers require high driving temperatures, which can be achieved by



line-focus collectors working at these temperatures with reasonable efficiency. Besides, in
many cases, space restriction on roofs or urban areas makes the utilization of single effect
chillers with large flat plate or evacuated tube collectors not feasible.

3.4.2. Drying

The heat in conventional drying systems at a medium high or high temperature level is usually
supplied by combustion of fossil fuels. In direct-fired heating systems the combustion gases are
directly used as heat transfer medium for the drying process. In indirect fired heating systems,
the heat of combustion is transferred to another fluid (e.g. air, steam or oil) [66]. Solar energy
as a source of heat for evaporation, already has wide application in drying at low temperature
levels [67]. In order to identify the most suitable concentrating solar power technology for the
heat supply of conventional dryers, a classification of drying methods is first given, followed
with an overview of the most common industrial dryer types.

Classification of drying methods

There are over 100 distinct well-tried dryer types available in different industries, not including
a lot of new systems not yet applied in practice. Selection of the appropriate dryer type for a
particular drying operation strongly depends on the nature of the product to be dried and the
thereby required drying conditions. The principal classification criteria for industrial drying
methods depends on the way in which heat is supplied to the material, temperature and pressure
of the drying operation and the handling of the material in the dryer [65].

The possible methods of transferring heat to the material to be dried are based on the three
different heat transfer principles: convection, conduction and radiation. In convective dryers,
also called direct dryers, heat is supplied by a heated drying medium, which is flowing over the
exposed surface of the solid and carries away the evaporated moisture. Over 85 % of the
industrial dryers are convective types. The drying medium can be heated air (most common),
inert gas (e.g. N2), direct combustion gases or superheated steam. In contrast, in conductive
dryers, also called indirect dryers, heat is supplied through heated surfaces, represented by
either stationary or moving parts of the dryer that support, convey or confine the solids. Hence,
the product being dried does not come into contact with the heating medium, which can be oil
or hot water (fluid type) or steam (condensing type) [68]. In indirect dryers, either the
application of vacuum or a stream of gas carries the evaporated moisture away. Additionally,
there is the possibility of combined convective and conductive heat supply. Finally, heat can
also be applied through radiative heat transfer. However, radiative heat transfer is insignificant
at temperatures lower than 700°C and since most drying processes are carried out at
temperatures lower than this, radiant heat transfer will be neglected in the following. [65]

Dryers are usually operated at either near atmospheric pressures or vacuum. Vacuum operation
is expensive but permits drying at lower temperatures. In the case of superheated steam drying,
the systems are operated at either low, near atmospheric or high pressure [69]. The temperature
of the drying operation can be above or below the boiling temperature of the removed liquid.
In most of the systems it is below. In a special case, freeze-drying, the temperature is below the
freezing point, and as for vacuum operation below the triple point of water, the application of
heat directly leads to the sublimation of ice into vapour [65].



Furthermore, a dryer can be operated in continuous or batch mode, the state of the material in
the dryer can be either stationary, moving, agitated or dispersed. The residence time of the
material in the dryer can be short (< 1 minute), medium (1 — 60 minutes) or long (> 60 minutes).
Applying these and further possible characteristics, there exist a lot of different dryer types and
designs, the principle of the most common ones are described in point 2. [65]

Table 1 shows a summary of the mentioned classification criteria and their possible types,
which are shortly described in the sequel.

Table 1. Classification of different drying methods

Drying medium:

air, superheated steam, flue gases

Heating medium:

Steam (condensing type), Oil / water (fluid type)

Convection (direct)

Heating method Conduction (indirect)

Radiation

Combined direct and indirect heat transfer
Drying temperature Below boiling temperature, above boiling temperature, below freezing point
Operating pressure Near atmospheric, vacuum, high pressure

Handling of material in dryer | See examples in point 2

Different industrial dryer types and most suitable STE technology

Below it is reported a short description of the most common conventional dryer types.
According to the typically required conditions of heat supply, for each dryer type the most
suitable concentrating solar power technology is identified. The basic information used for this
purpose is the heat transfer fluid adopted in the dryer and its inlet temperature (see Figure 19).

For direct dryers with hot air as drying medium there is the possibility of using an air-based
CSP collector (e.g. AIRLIGHT) for air inlet temperatures up to 650°C. For lower temperatures
(<400°C) there is also the possibility of Parabolic Trough Collector (PTC) or Fresnel Collector
using heat transfer fluids (HTF) different from air. In this case however, a heat exchanger (HEX
HTF-air) would be needed. For very high air temperatures there is the option of a central
receiver system (CRS, usually volumetric receivers). In addition, the use of hot air as HTF
allows easy thermal energy storage in a packed rock bed. Direct and indirect dryers using
(superheated) steam as heat transfer fluid can integrate either parabolic trough collectors with
direct steam generation (DSG) for steam temperatures up to 450°C, or PTC/Fresnel systems
with a steam generator (SG HTF-steam). For indirect dryer types using thermal oil, the suitable
STE technology is parabolic trough or Fresnel collector.
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Figure 19. Identification of the most suitable STE technology for integration in a
drying process

The thermal load or the size of the drying systems are further important information, especially
when it comes to concrete integration schemes. In general, it ranges between several hundred
KW up to several MW. However, since thermal power loads of particular drying processes
mainly depend on the evaporation load for the amount of water to be removed and thus on the
particular dryer design and scale, categorizing for the different dryer types is not reasonable.
[66]

Below there is an overview of different dryer types, their typical heat supply requirements and
the respectively identified most suitable STE technology for integration. Since this subtask is
focused on linear focusing systems, CRS are not included in the following study.

Flash dryers

Flash drying, also called pneumatic drying, is a direct drying method. A flash dryer consists
basically of a vertical drying tube in which the wet material is dispersed into a stream of the hot
drying medium. The material dries as it is conveyed upward through the tube by the drying
medium. The product of this process is a mixture of dried material and drying medium, which
is separated usually by cyclones and/or bag filters. The temperature of the drying medium
should be as high as possible, without exceeding limits imposed by the thermal sensitivity of
the solids or safety considerations. Table 2 shows the identification of suitable STE
technologies for heat supply of flash dryers. [65, 70]

Table 2. Typically required conditions of heat supply for flash dryer designs and identified
most suitable STE technologies

Heat inout tvpe Drying/heating Inlet temperature of Pressure of heat Suitable STE
puttyp medium heat transfer medium transfer medium technology
Air 400-600°C [65] near atmospheric [65] AIII’ I-based CSB
Direct drying Superheated ggC}F I + HEX
uperheate o . resnel +
steam >230°C high (25 bar) [69] DSG

Spray dryers

A spray dryer is another sort of direct dryer. Liquid feeds are atomized into small droplets and
dispersed at the top of a large drying chamber. There the drying occurs by a stream of hot drying
medium while the droplets fall to the bottom of the chamber. Afterwards the dried particles are
separated from the drying medium by cyclones. Table 3 shows the identification of suitable
STE technologies for the heat supply of spray dryers [65].



Table 3. Typically required conditions of heat supply for spray dryer designs and
identified most suitable STE technologies

Heat inout tvpe Drying/heating Inlet temperature of Pressure of heat Suitable STE
puttyp medium heat transfer medium transfer medium technology
Air-based CSP
Air 200-450°C [65] near atmospheric [65] | coll. PTC/Fresnel +
Direct drying HEX
Superheated <700°C [7] near atmospheric [69] | -
steam

Rotary Drum Dryers

In a rotary drum dryer, the wet material is dried in a rotating cylindrical shell. The solids are
moved through the shell by the combined effect of air flow, gravity, speed of rotation and the
shell slope. The rotary drum system can be applied as direct or indirect dryer or as a combination
of both. In direct rotary dryer models the hot drying medium passes through the shell while the
material is moved through it. There are two principle designs of indirect rotary drum dryers: an
indirect steam-tube dryer, in which steam passes through rows of metal tubes in the interior of
the dryer, and an indirect rotary calciner, which consists of a metal cylinder surrounded by a
fired or electrically heated furnace. There is also the possibility of a combined direct-indirect
design [69]. Table 4 shows the identification of suitable STE technologies for heat supply of
rotary drum dryers. [65].

Table 4. Typically required conditions of heat supply for rotary drum dryer designs and
identified most suitable STE technologies

Heat input type Drying/heating Inlet temperature of Pressure of heat Suitable STE
medium heat transfer medium transfer medium technology
Air-based CSP
Air 200-600°C [65] near atmospheric [65] | coll. PTC/Fresnel +
Direct drying HEX
Superheated o low or near PTC/Fresnel + HEX
steam = SPE e atmospheric [65] DSG
Steam < 300°C (surface not specified PTC/Fresnel + HEX
. . (steam-tube) temperature) [65] DSG
Indirect drying Combustion
. up to 700-900°C [69] not specified -
gases (calciner)

Fluidized Bed Dryers

In Fluidized bed dryers a continuous feed of wet material is dried by contact with warm air that
is blown from below to maintain the material in a fluidized state. The fluidized layer can be
compared in its behaviour to that of boiling liquid: it assumes the shape of the containing vessel,
heavy objects sink and light objects float. The material is dried while suspended in the upward-
moving drying gas. Additionally, heat exchanger panels or tubes can be immersed in a fluidized
bed making available a heat fraction for drying by conduction, which offers the possibility to
deploy lower air/steam temperatures. Table 5 shows the identification of suitable STE
technologies for heat supply of fluidized bed dryers. [65]

Table 5: Typically required conditions of heat supply for fluidized bed dryer designs and
identified most suitable STE technologies



. rying/heating nlet temperature o ressure of heat uitable
Heat inout tvpe Drying/heati Inl f P fh Suitable STE
puttyp medium heat transfer medium transfer medium technology
Air-based CSP
Air 100-600°C [65] near atmospheric [65] | coll. PTC/Fresnel +
Direct drying HEX
Superheated v low, near atmospheric | PTC/Fresnel + HEX
steam SLEEIE [ or high (< 5 bar) [69] | DSG
" . < 300°C (surface L PTC/Fresnel + HEX
Indirect drying | Steam temperature) [65] not specified DSG

Impingement Dryers

Impingement dryers are direct dryers, which are commonly employed for very fragile and wet
crystals, paper or textiles. Through the incident flow of the drying medium in the normal
direction against a moving loosely formed bed of wet feed, the hot gas is made to impinge on
such bed. Moisture evaporates as the material traverses along the length of the ventilated bed
so that the material at the discharge end is dry. Table 6 shows the identification of suitable STE
technologies for heat supply of impingement dryers. [72]

Table 6: Typically required conditions of heat supply for impingement dryer designs and
identified most suitable STE technologies

Heat input type Drying/heating Inlet temperature of Pressure of heat Suitable STE
medium heat transfer medium transfer medium technology
Air-based CSP
Air 100-350°C [65] near atmospheric [65] | coll. PTC/Fresnel +
Direct drying HEX
Superheated o . PTC/Fresnel + HEX
steam >100°C near atmospheric [69] DSG

Through Dryers

Through drying is a direct drying process, in which a pressure differential across a wet, porous
material forces a stream of hot drying medium through the material. The design of through
dryers can be similar to an impingement dryer or a rotary design with a porous cylinder. Table
7 shows the identification of suitable STE technologies for heat supply of rotary drum dryers
[73].

Table 7. Typically required conditions of heat supply for through dryer designs and
identified most suitable STE technologies

Heat input type Drying/heating | Inlet temperature of Pressure of heat Suitable STE
medium heat transfer medium transfer medium technology
Air-based CSP
Air 150-370°C [73] near atmospheric [65] | coll. PTC/Fresnel +
Direct drying HEX
Superheated o . PTC/Fresnel + HEX
steam >100-180°C [74] near atmospheric [69] DSG




Conveyor Dryers

In conveyor dryers, the wet material is carried by either a steel belt, screwing or vibrating
through a chamber, where a hot drying medium is forced through the product bed. This direct
drying method can be applied for a wide range of different products. Table 8 shows the

identification of suitable STE technologies for heat supply of conveyor dryers. [65]

Table 8. Typically required conditions of heat supply for conveyor dryer designs and
identified most suitable STE technologies

Heat input type Drying/heating Inlet temperature of Pressure of heat Suitable STE
medium heat transfer medium transfer medium technology
Air-based CSP
Air 50-175°C [65] near atmospheric [65] | coll. PTC/Fresnel +
Direct drying HEX
Superheated o . PTC/Fresnel + HEX
steam >160°C high (< 5 bar) [69] DSG

Tray Dryers

Tray dryers (also truck or tunnel dryers) are usually direct dryer types. The material to be dried
is placed in pans, trays or on trolleys, which are introduced at one end of a tunnel and discharged
from the other end after having dried in the tunnel by a stream of hot air. However, there is also
an indirect tray dryer type, in which heat is supplied to the material through the pans or trays,
internally heated by oil or steam. Table 9 shows the identification of suitable STE technologies
for heat supply of tray dryers [65].

Table 9. Typically required conditions of heat supply for tray dryer designs and identified
most suitable STE technologies

Heat inout tvpe Drying/heating Inlet temperature of Pressure of heat Suitable STE
puttyp medium heat transfer medium transfer medium technology
Air-based CSP

Direct drying | Air 100-200°C [65] near atmospheric [65] | coll.

PTC/Fresnel + HEX
PTC/Fresnel + HEX
DSG

Steam/ thermal < 300°C (surface

I Es e oil temperature) [65]

not specified

Vittoriosi et al. [75] demonstrate the integration of heat supplied by a solar field into a drying
process for a brick manufacturing process. The whole industrial process includes the mixing,
drying and cooking of bricks. The drying is carried out by a direct dryer — not further specified,
but similar to a tray dryer design — using hot air at temperatures between 200°C and 260°C with
an average thermal load of 2,2 MW. Part of the heat is supplied by heat recovery from the
downstream brick cooking process, carried out in a tunnel kiln at 900°C after drying. A Fresnel
collector field with 2700 m? and a maximal thermal power of 1,2 MW is installed and integrated
in the drying process, in order to replace the formally gas fired heater. Nevertheless, for times
when the solar radiation doesn't suffice for heating the air up to the required temperature, a
back-up natural gas burner is installed. Half of the Fresnel solar field is operated with direct
steam generation and the other half with indirect steam generation (thermal oil — steam). At the
entrance of the dryer, the heat from the solar field is integrated into the drying process by means
of an air to steam radiant heat exchanger [75].



For drying processes a fluid stream has to be heated. However, it is considered separately since
there is the possibility to use different components (e.g. air collectors) and system
configurations for this application.

Inside the “IEA SHC Task 33/IV — Solar Heat for Industrial Process”, 71 solar heating systems
built in industrial companies have been analyzed. 51% of them were used for applications
related to “heating of fluid system”, 14% were integrated in processes of application or “heating
of baths/vessels” and 6% for drying processes. The remaining 29% are spread on other
processes.

The temperature level needed for an industrial processes is crucial for feasibility assessment, as
the annual energy yield of a solar heating system strongly depends on the provided temperature.

3.4.3. Solar Desalination

Concentrating Solar Power (CSP) can perform well when integrated with energy intensive
desalination processes [65] since CSP can provide both thermal and electrical power in large
amount (including base-load production), being able to reliably and economically store energy
to produce at a constant output (using thermal storage or hybridization with renewable or
conventional fuels) even when solar energy is insufficient. CSP can power both thermal and
membrane desalination systems in co-generation or dedicated water production schemes [77]
(see Figure 20).

Heat Only Power Only Combined Heat & Power
Solar Field + Storage Solar Field -+ Storage Solar Field —+ Storage
l solar I sular"—l
heat lfuel heat lfuel
solar gnd
heat Power Power
Plant Plant
1fuel
heat
MED
l RO MED
Water Power Water Power Water Power

Figure 20. Possible configurations for desalination powered by CSP. Left panel: Dedicated
water production scheme using thermal desalination systems (MED presented as an example).
Central panel: Power generation for reverse osmosis. Right panel: Co-generation of
electricity and water using thermal desalination systems (MED presented as an example).[76]

The cogeneration of water and electricity using commercial desalination units powered by fossil
fuelled thermal power plants is not a novelty, particularly in the Middle East region [78],
however there are yet no commercial CSP plants operating in direct cogeneration with
desalination units, and very few experimental projects were actually built. Powering
desalination plants using the CSP technologies represent a challenge regarding optimization of
the installed power and energy storage, operating schedules, and technologies to be chosen.



Also, depending on the price of water and electricity in a determined region, it may be more
profitable to favour water production instead of electricity or vice versa, depending on the time
of the day and time of the year [79].

Thermal desalination systems use thermal energy to produce fresh water from the sea or from
brackish water sources. Thermal desalination systems produce distillate using phase change
(liquid to vapour). Only water molecules pass to the vapour phase, leaving all other constituents
in the unevaporated liquid. Contamination of the distillate produced with dissolved salts is
negligible (~100 ppm for total dissolved solids) [80]. Thermal desalination systems can be split
into two main technologies: multi-stage flash (MSF), which accounts for 21% of the total
installed desalination capacity worldwide [78], and multi effect distillation (MED)
technologies, which accounts for 7% of total capacity [78].

MSF plants use steam at 90 -120°C at around 2.5 to 3 bar of pressure, as a minimum. A typical
MSF plant has a heat requirement of 250 - 330 kJ/kg of water produced, and electricity
consumption in the order of 3-5 kWhe/m?. In a CSP+D co-generation scheme, steam is extracted
from the turbine at the required temperature and pressure level. Considering the aforementioned
figures, this steam extraction would imply a net electrical output reduction equivalent to 6-8
kWhe/m? of clean water produced. A typical performance ratio (ratio of the produced water to
the input heat) of a MSF plant is in the range of 7 to 9 [79].

MED plants operate at top brine temperatures between 55°C and 70°C to limit scale formation
and corrosion, allowing the use of low-grade waste heat if coupled to a steam cycle power plant,
obtaining a better performance than MSF. Also, standard condensing turbines may be used
instead of back-pressure turbines [76]. Low temperature MED plants can have a heat
consumption of 190-390 kJ/kg in the form of process steam at less than 0.35 bar, withdrawn
from the condensing steam turbine, with a specific electricity consumption of 1.5-2.5 kWh/m?®
(for pumping and control) [76]. Figure 21 presents a typical integration scheme for a low
temperature MED powered by parabolic troughs. In this case the production of water and
electricity is coupled since the MED system is used as condenser of the steam cycle.
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Figure 21. Integration scheme for a low temperature MED plant powered by parabolic

troughs in a co-generation scheme [81].

It is also possible to consider a more flexible configuration that enables the decoupling of the
water and electricity productions. Such configuration scheme considers the use of an additional



condenser, connected in parallel with the MED system, able to condense the steam exiting the
low pressure turbine when the MED system is not operating. It is presented in Figure 22.
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Figure 22. Integration scheme for a low temperature MED plant powered by parabolic
troughs in a co-generation scheme including an extra condenser enabling the decoupling of
electricity and water production [77].

MED systems can be combined with heat input between stages from several sources, including
mechanical (MVC) or thermal vapour compression (TVC) ones. TVC-MED systems may have
thermal performance ratios up to 17, while the combination of MED with a heat-absorption heat
pump can reach a ratio of 21 [76]. TVC-MED systems use high pressure steam extracted from
the low pressure turbine (see Figure 23). They have heat requirements similar to MSF, although
presenting lower specific electric power requirements: between 1 to 1.5 kWh/m? of clean water
produced [79].
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Figure 23. Integration scheme for a TVC- MED plant powered by parabolic troughs in a co-
generation scheme [81].

Membrane processes use pressure to force water molecules through thin selective membranes.
There are different types of membranes available with different characteristics. They differ in
thickness, mechanical strength, pressurization capacity, working life, pH stability, and
selectivity and efficiency in removing solutes [93]. Some are used for pre-treatments, like micro
and ultra-filtration with larger pores, which help reducing processes’ loads, as reverse osmosis
(RO) ones that however have more restrictive membranes. The RO process uses high-pressure



water pumps to force saltwater against selective membranes. Other membrane processes use
other techniques, for instance membrane distillation that only allows vapour to flow across
hydrophobic membranes. However, RO clearly dominates the membrane desalination market
accounting for 65% of the total installed desalination capacity worldwide [78]. To power the
RO units, 4-7 kWhe of electricity are required to produce every cubic meter of distilled water,
depending on the plant size and the energy recovery systems used [82]. Since RO plants only
consume electricity from CSP plants, their integration is straight-forward and a generic
schematic diagram of a CSP-RO system can be seen in Figure 24.
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Figure 24. Generic schematic diagram of a CSP-RO system [83].

It is also possible to consider hybrid systems containing both thermal and membrane
desalination processes. This combination is quite suitable for improving the matching
requirements between water and power. A combination of desalination units that use both
thermal energy (MSF or MED) and electricity (RO) can reduce the overall energy requirements
and operating costs for water production and electricity generation [94].

3.4.4. Sterilization

Solar sterilization could help reducing diseases, which are in an amount of 80% caused by water
quality, in developing countries. A simple device was presented by Hammed and Ahmad in
1997 based on the typical black box solar cooking system and could provide 15 litres per day,
which represents half of the water needs for a family of four-six members. Moreover the
minimum temperature to be reached to sterilize water was demonstrated to be 65°C without
boiling need.

Within the applications of solar thermal energy, according to Hans Schweiger [17] and
Kalogirou [35], the sterilization process demand is for different temperature ranges: dairy
(120°C -180°C), canned food (110°C-120°C), beverages (60°C-80°C), flours and by-products
(60°C-80°C). Sterilization is one of the most important industrial processes using heat at a mean
temperature level [35]. Sterilization is used mainly for food processes in industry.



In the milk industry, thermal energy can be used for pasteurization (60-85°C) and for
sterilization (130-150°C according to Kalogirou [35] and 110-135°C according to Hobeikaa et
al.). In food preservation industries, the sterilization (vegetables, fish and meat) with hot water
or direct steam, processes were identified where solar thermal energy could be used. In the fruit
and vegetables industry, the temperature demand range are 120-125°C.

3.4.5. Waste Processing

Refused Derived Fuel

Refuse-derived fuel (RDF) is a solid fuel obtained from non-hazardous waste (mainly
municipal solid waste) after a mechanical biological treatment (MBT). The waste input is
treated and subjected to several mechanical sorting processes. One of the outputs of the MBT
is the RDF (other outputs being recyclable materials, organic waste and rejected waste to be
buried in landfills). RDF receives the designation of solid recovered fuel (SRF) when its
production follows the requirements defined by EN15359 standard [92].

RDF is used as substitute fuel in cement Kilns, coal-fired power plants, lime kilns, industrial
boilers and CHP. However, the use of RDF as alternative fuel is limited by its humidity level
(typically around 40 to 50%). Thermal drying is used in order to reduce the RDF humidity level
(to values around 10%), increasing its low heating value and decreasing its weight (which is
important to reduce costs of RDF transportation).

In order to achieve the required humidity levels, a drying step is included in the RDF production
line. Usually hot air is used to dry the waste within rotating drums or belt dryers. In order to
avoid melting of RDF plastic contents and potential ignition of the fuel, the air maximum
temperature is within the range of 80 to 100°C. For a particular plant, specific consumption of
energy for the drying process amounts to 1 390 MJ per ton of input material, representing the
entire fuel consumption of a plant besides fuel consumed by forklift cars [91].

It is possible to conceive the use of solar thermal energy supplied by CST systems either in co-
generation or in dedicated heat production schemes. In the first case the drying air could be
heated by steam extracted from a back-pressure turbine powered by the solar field. This scheme
would allow the use of the generated electricity to power the mechanical systems used in the
MBT, besides the supply of thermal energy to the hot air used in the drying process, leading to
a decrease of the conventional energy needs of the municipal solid waste treatment plant. In the
second case the solar field would be dedicated to the production of hot heat transfer fluid that
would be used in a liquid-air heat exchanger to heat the air used in the drying process. This case
would not address the plant’s power necessities, but would require a lower temperature level
enabling the use of cheaper collectors, with low concentration ratios and a simplified
installation, leading to low CAPEX and OPEX costs.

An estimated market outlook for the use of SRF in the EU27 by 2020 has a total of 24 to 43 Mt
per year, 20 to 23% used in cement kilns, 17 to 19% used in coal-fired power plants and 58 to
63% in CHP plants [92]. This would represent a potential thermal market in excess of 9.3 TWh
per year.



Sewage sludge treatment

The waste water treatment process produces waste activated sludge that need further
processing, being one of the most significant challenges in wastewater management [84].
Several options are available to process the sludge (figure 25), some of which use thermal
energy.

e I ! >
e

lL Anaerobic Convection drying "\— Monovalent _|Phosphorus

| |stabisisation |]| Incineration "|recovery

[ I | \

- [peroti I [comtaceenns | |- [ »{Added fuet

' stabilisation | combustion

‘ |\_ Solar m |_ Glﬂk&:ﬂt/ . —

Drying beds / Esrthification

Figure 25. Overview of possible options for wastewater sludge treatment and disposal [86].

Thermal energy is used in sludge stabilisation processes [84,85] such as:

e sludge pre-treatment: sequence of processes to improve dewaterability of
sludges, involving heating the sludge at temperatures ranging 60 to 200°C for
time periods between 15 minutes to 5 hours, such as thermochemical pre-
treatment and thermal hydrolysis;

e sludge pasteurization: sludge heating achieving 70°C for at least 20 minutes or
55°C for at least 4 hours;

e sludge digestion: sludge maintained for several days at minimum temperatures
of 35°C (mesophilic anaerobic digestion), 55°C (thermophilic aerobic digestion)
and 40°C (composting). It should be noted that some of these processes are
exothermal thus producing part of the required heat.

Sludge drying appears as an interesting option, after the mechanical dewatering step, since it
recovers more water, reducing the amount of sludge to be handled, facilitating its transportation
and storage, as well as enhancing its stabilisation and hygienic safety and providing for an
increase of the sludge calorific value, thus enabling its use as a secondary fuel. In fact, it is
possible to economically dry wastewater sludge when there is heat available from other
processes or where solar energy can be used and the dry sludge can be sold as a secondary fuel
(for power plants, cement kilns, incineration for phosphorus recovery, etc.) [86].

Several drying processes are currently used such as contact drying, convection drying and direct
solar drying. The drying of wastewater sludge from 25 to 90% of dry solid content (DS)



consumes approximately 70 to 80 kwWh per kg of evaporated water, when using contact and
convection drying techniques. Table 10 presents different drying systems for wastewater sludge
whose heat source can be supplied by CST technologies.

Table 10. Technical characteristics of different drying systems for wastewater sludge[86].

Applied technology Heating DS DS Process Electric energy Thermal
medium sludge sludge temperature [Wh/kg H20] energy [kd/kg
input [%] output [°C] H20]
[%]
Rotary kiln Air 22.5 90 100-130 63 4 250
(direct drying)
Rotary kiln Saturated 30 95 95-130 50 3060
(indirect drying) steam
Direct/indirect Air 25 95 100-140 70 3300
drying belt Thermal oil
Fluidized bed dryer | Thermal oil 20 95 85-115 110 2500
Linear thin film Thermal oil 25 90 115 70 3000
drying
Rotadisc dryer Saturated 27.5 95 115-120 125 2900
steam
Mobile disc dryer | Thermal oil 25 90 110-120 87 2900
Saturated
steam
Mobile drum Air 25 925 120 112 3000
drying
Mobile dryer Air 20 95 110-130 31 3 560




3.4.6. Applications in the cork processing industry

As previously mentioned, different heat processes are required for specific industrial
applications.

As an example, industrial heat processes are used in the cork industry. It is well known that
cork is a natural product obtained from the outer bark of the cork oak tree (Quercus suber). It
is native from the Mediterranean area, where most of its cultivation and industrial processing
is located. Cork is used in a wide range of applications such as: stoppers for alcoholic beverages;
thermal, acoustic and vibratory insulation; decoration and furniture; clothing; automotive
industry; aeronautic industry; chemical and pharmaceutical industry. The industrial processing
of cork presents a wide range of processes some of which require heat at medium and high
temperatures. The most common thermal processes in the cork industry are:

- cork boiling: set of boiling stages where cork is placed in boilers with water heated
to at least 100°C. A first boiling is performed for at least one hour and a second
boiling usually occurs taking at least half an hour;

— cork drying: for some applications granulated cork is mixed with synthetic resins,
and is submitted to a drying step where the mixture is placed in drying kilns where it
is dried using air at temperatures around 130 to 150°C;

- expanded cork agglomerate production: its production involves a step where granules
are placed in autoclaves where they undergo light compression and steam is injected
at more than 300°C, usually between 17 to 30 minutes.



4. COGENERATION (POWER CYCLE)

4.1. INTRODUCTION TO COGENERATION

Cogeneration is a highly efficient way to produce electricity and thermal energy
simultaneously. It is based on the fact that in order to satisfy a specific demand of electrical
energy, different processes with relatively low efficiency are combined to transform different
form of energy into electricity. If the need of energy is relatively small (< 50 kW) [11], the term
used for this specific dimension is "micro-cogeneration”.

The overall efficiency of the cogeneration system can be improved if the thermal energy
normally wasted during the energy transformation process is used for other useful applications
or processes (thermal desalination, refrigeration systems, domestic heat water, industrial
applications, etc.). In addition, the implementation of cogeneration system is attractive because
the energy produced, converted in electricity and used on site, avoids the investment and
maintenance cost of transmission lines for grid distribution of electric energy.

Cogeneration is a highly efficient way to produce electricity and useful thermal energy
simultaneously. It’s based on the fact that many processes used to transform some form of
energy into electricity have a relatively low efficiency due to the waste of heat generated in the
conversion process. This efficiency can be improved if thermal energy, normally wasted by
those devices, can be utilized for other useful application.

Two examples of simultaneous use of electricity and thermal energy are shown in the figures

26 and 27 below:
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Figure 26. Example of cogeneration valid for systems like gas turbines (Brayton cycle),
Internal combustion engines, etc. [43,44]
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Figure 27. Cogeneration scheme representative of a Steam turbine (Rankine cycle). [43,44]

Although there are also other means to implement cogeneration (see Figure 28), the more
obvious candidates to provide electricity and thermal energy at the same time are mainly
thermal engines, such hot air engines (Stirling), Rankine cycles (with water or organic fluids),
Brayton cycles, Internal combustion engines (Otto and Diesel cycles).

The main thermodynamic cycles relevant for conversion of heat to electricity are the following:

Rankine cycle plant (RC): This cycle is one of the most important way to transform thermal
energy into power; main examples being nuclear and coal-fired power plants. The steam
Rankine cycle is the fundamental operating cycle of all power plants where an operating fluid
is continuously evaporated and condensed.

Steam engine (SE): The most familiar steam Rankine engine is the steam engine in which
water is boiled by an external heat source, expands exerting pressure on a piston (instead of a
turbine rotor) and hence producing useful work. This cycle has a great importance from a
historical point of view. Nowadays it has been supplanted by Rankine cycle with a turbine (due
to higher efficiency), but some applications still exists.

Organic Rankine Cycle plant (ORC): An organic Rankine cycle machine is similar to a
conventional steam Rankine cycle energy conversion system, but uses an organic fluid,
characterized by higher molecular mass and a lower ebullition/critical temperature than water.

Kalina cycle plant (KA): The Kalina cycle resembles the conventional Rankine cycle. The
major difference being that a solution of two fluids with different boiling points is used as a
working fluid. Thus, in Kalina cycle heat addition and heat rejection happen at varying
temperature even during phase change, since the fluid is a mixture.

Gas turbine plant (GT) and Micro gas turbine (MGT): The Brayton cycle is the air standard
model for gas turbine engines. Gas turbines were mainly used as internal combustion engines.
However there is no conceptual difference to use such systems with an external heat source.
From a technological point of view an external heat exchanger must be added to transfer heat
from the source to the fluid, after compression. To be rigorous we should add the words
“externally fired” to gas turbine in the name of the cycle. The ideal cycle is described by the



following (ideal) steps: (isentropic) compression, (isobaric) heat transfer in the heater,
(isentropic) expansion through turbine, (isobaric) heat exchange in the cooler.

Closed cycle gas turbine plant (CICGT): In a closed cycle gas turbine, the gas turbine exhaust
is recycled to the compressor after being cooled and thereby forms a closed working fluid
circuit.

Ericsson engine (ER): If isothermal compression and expansion are used, in place of isentropic
processes in the Brayton cycle, the Ericsson cycle is obtained. The corresponding engine is
based on a reciprocating piston-cylinder machine. The cycle can be divided in the following
(ideal) steps: (isothermal) compression, (isobaric) heating, (isothermal) expansion, (isobaric)
cooling.

Stirling engine (ST): Stirling engine is also based on a reciprocating piston-cylinder machine.
This heat engine operates by cyclic compression and expansion of air (or other gas). The cycle
can be divided in the following (ideal) steps: (isothermal) compression in the compression
stroke, (isochoric) heat transfer in the expansion stroke, (isothermal) expansion in power stroke,
(isochoric) rejection of heat to the surroundings.

Thermogenerator (TE): The concept consists in a thermoelectric generator device, able to
convert a portion of the heat flux traveling through the device directly into direct current (DC)
electrical power. The general principle behind this direct energy conversion is the same as a
thermocouple, but the materials used are semiconductors with improved thermoelectric
performances as compared to metals. In fact, these devices are composed of units consisting of
many ‘thermocouples’ arranged electrically in series and thermally in parallel to produce DC
power at a reasonable voltage.

Thermoacoustic generator (TA): A thermoacoustic generator consists of a thermoacoustic
device using a temperature difference to produce high-amplitude sound waves. The acoustic
power can be used directly to generate electricity via a linear alternator or other electroacoustic
power transducer. One of the main advantages is the absence of moving parts. Only few
prototypes were developed to generate electricity. Additional references of such systems exist
for acoustic refrigerators or pulse-tube refrigerators to provide heat-driven refrigeration.
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Figure 28. Cogeneration types [29].

This is true because thermal engines are limited by an efficiency that is below 30 % in most of
practical applications (only very big engines can reach 50 % of thermal efficiency). Thermal
engines need, at least, a heat source at high temperature and a heat sink at low temperature to
work. Coupling a thermal application to the heat sink it’s said to be a cogeneration. This thermal
energy can be used for feeding processes like thermal desalination, refrigeration systems,
domestic heat water, industrial applications, etc.

Another attractive implication in the use of cogeneration is that the energy produced can be
consumed on site (without the use of transmission lines for the distribution of electric energy).

If the need of energy is relatively small (< 50 kW, according to [11]), the term used is "micro-
cogeneration™.

Figure 29 below shows a schema where a micro-cogeneration system can be used to supply a
large part of the energy needs of a house:
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Figure 29. Example of microgeneration system [29].

Due to the possibility of working with thermal energy of relatively low temperature, the ORC
(Organic Rankine Cycle) is a promising mean to exploit heat sources like heat from stationary
solar collectors like FPC (Flat-Plate Collector) or CPC (Compound Parabolic Collector) from
100 °C to around 150 °C, or ETC-CPC (Evacuated Tube Collector-Compound Parabolic
Collector) around 150 °C to 180 °C, or by tracking collectors like PTC (Parabolic Trough
Collector) or Fresnel ones, at temperatures over 200 °C, etc.

Concentrating Solar Power (CSP) systems can be implemented with a variety of collectors such
as the PTC, the LFC, the solar dish or the solar tower. Nowadays, most part of these systems
are designed to provide thermal energy to a steam turbine connected to a cycle power block.
This technology requires a minimum power of a few MWe in order to be competitive and
involves high collector temperatures. Particularly in the case of small-scale systems, an organic
Rankine cycle (ORC) system could be considered. For these kind of applications, at distributed
level there are a number of advantages over the steam cycle. These include a lower working
temperature, the absence of droplets during the expansion, the low maintenance requirements
and the simplicity (fewer components) (S. Quoilin, 2011). Those strengths make the ORC
technology interesting and therefore it deserves to be included within this overview. Despite
medium-scale solar ORCs are already available on the market, work remains to be done for
small-scale units (a few kWe), especially to reduce the specific investment costs and to control
the system in order to avoid the need of an on-site operator. Few experimental studies are
available from literature. (Kane, 2003) studied the coupling of linear Fresnel collectors with a
cascaded 9 kWe ORC, using R123 and R134a as working fluids. An overall efficiency (solar
to electricity) of 7.74% was obtained, with a collector efficiency of 57%. (Manolakos, 2007)
studied a 2-kWe low-temperature solar ORC with R134a as working fluid and evacuated tube
collectors: an overall efficiency below 4% was obtained. (Wang, 2010) studied a 1.6 kWe solar
ORC using a rolling piston expander. An overall efficiency of 4.2% was obtained with
evacuated tube collectors and 3.2% with flat-plate collectors. The difference in terms of
efficiency was explained by lower collector efficiency (71% for the evacuated tube vs. 55% for



the plate technology) and lower collection temperature. As it’ easy to understand a wide room
for research and development is available on this field with many challenges still open.

The simplest regenerative Rankine machine is shown in Figure 30, together with a Ts diagram
of a typical cycle:
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Figure 30. RORC system (a) and its typical Ts diagram (b) [32].

It comprises a pump and an expander (both of them can be either centrifugal or positive
displacer machines), and three heat exchangers (an evaporator, a condenser and a regenerator).

The description of the thermodynamic cycle can be done starting on point 4 of the Figure 32b.
It is desirable for this point to be in the liquid saturated line (it could be situated in the subcooled
region as well). Utilizing a pump (generally driven by an electric motor) the pressure of the
fluid is raised from a low value in the condenser to a higher value in the evaporator (point 1).
Then the liquid passes through a regenerator to receive the heat given from the superheated
vapour of the other part of the cycle going from ’point 1’ to ’point y’. After that, the preheated
fluid passes through the evaporator to receive more heat from an exterior source (as from a solar
field, for example). At this stage the fluid passes from the subcooled region (point 1) to the
overheated (or saturated) vapour region (point 2). Then the fluid expands from ’point 2’ to
"point 3’ into the expander, which runs an electric generator. The still superheated fluid then
passes through the regenerator to transfer heat to the subcooled liquid. From *point x” it enters
the condenser to transfer more heat to the environment or to another application (cogeneration).

The condenser temperature (Tcond) determines if the utilization of a cogeneration device is
possible or not. Due to the fact that the Rankine is a thermodynamic cycle, it is limited by the
Carnot efficiency.

o T
1 max 1 min

NNCarmot = T
This shows how it is affected adversely if the minimum temperature (Tcond in this case) is raised.
It is necessary to study carefully possible combinations of ORC and cogeneration devices that
allow to increase the global efficiency. To consider a cogeneration device linked to the heat
transferred from the condenser of an ORC means always to introduce a penalization in the
efficiency of the thermodynamic cycle.



4.2. INTRODUCTION TO SMALL SOLAR PLANTS
4,2.1. Case study: REELCOOP project

It was defined within REELCOOP project [32] a system which comprises a solar field, a storage
medium, a biomass boiler and the RORC itself. The scheme of such a system is shown below
(Figure 31):

( ORC \
evaporator  expander

generator

[ eledtricity

hot water
40°C

rdurn@

R s

Figure 31. RORC system

The model was implemented entirely in Python. The characteristics of the different components
are collected in the following table 11:

Table 11. Definition of the inputs for each component

Components Inputs
Efficiency curve parameters: iy = 0.623; aq = ().59:}%: y = U.UU%LEE%Z
Flow rate = 0.557%2
Solar field area = 145.92 m?
CPC collector with Collector tilt: adjusted seasonally (fourth per year). Tilt = 51 C, 28 °C,
evacuated tubes 8 °C and 30 °C, depending on period
Collector azimuth = 0 °
Fluid specific heat = 2620 ﬁ (0il THERMOL 5HT)
[TAN data: file created through the values from Table X-IAM for the
global irradiation (stationary model)
Tank volume = 8 m?
Not stratified
Thermal storage Tank losses: negligible
Cold side temperature (from Evaporator) = 140 °C
Cold side flow rate (from Evaporator) = 0.379 kg/s
Rated capacity = 80 kKW
Set point temperature = 180 °C
Useful heat 39.76 kW

Evaporator | Outlet temperature = 145 °C

Boiler

Superheating = 5 °C
Regenerator | Efficiency €,.,, = .82

RORC Cond Condenser temperature = 45 °C or 90 °C
Jondenser

Subcooling = 2 °C
Expander Efficiency njexp = 0.75
Efficiency ngenerator = 0.95
Net electrical power = 6 kW

Generator

Some of the inputs originally used for the REELCOOP project [32] have been modified here to
show the different behaviour of an ORC system with and without a cogeneration application
attached to it. For that reason the condenser temperature has been raised from the original 45 °C



initially considered, to a value of Tcona = 90 °C. The last one is more compatible with a
cogeneration device like an absorption system, for example.

Benguerir (Morocco) local climatic data was used in the model.

As shown in the Table 11, the RORC is conceived in order to give 6 kW of net electric power.
Because the heat flow rate at the evaporator is about 40 kW at the design point for Tcond =45 °C
and about 77 kW for Tcond = 90 °C (lower than the value of 80 kW of the rated capacity of the
boiler, in any event) the RORC can be run at the design point steadily (independently of the
climatic conditions). The results and Ts diagrams representation of the cycles are shown below
in Figure 32:
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Figure 32. Ts diagram of the RORC (a) Tcond = 45 .(b) Tcond = 90 °C.

Table 12. RORC results for Tcond = 45 C and Tcond = 90 °C

| Teond =49 C | Teona =90 C
' working Huid Howrate g (kg/s) (.241 (.590
Quonp (KW) | 39.76 7736
(KW ; 2 .
Evaporator Ququia (kW) ) I8.04 24 ”j
Qpliase change (KW) 19.98 19.05
Qvapour (kW) 1.74 1.28
Qree (kW) 10.84 16.35
Regenerator S = L
€rug | ) 0.82 (.82
AT in reg (°C) 11.31 667
Qeona (KW) 3341 70.98
F (AN =9 y
Condenser Qiiquia (kW) ; .”.').- .I,' “.
Cphose chiniige (kW) 30.51 (15.95
Q vapour (KW) 2.38 3.59
Expander W, (W) [
Pump W, (KW) .30 0.60
Neyeln (70) 15.97 8,25
Generator W (kW) £.32 6.6
Pump Motor Wegu moter (KW) 0.32 0.63
Neboe NET,ORC { 70) 15.09 7.76

Table 12 shows how doubling the value of the condenser temperature from Tcond = 45 °C to
Teond = 90 °C, the value of nelec,NeT,0RC, defined in the following equation, falls from 15.09 % to
7.76 %, almost half of the initial value.

“‘(_; = ‘ivl'nmp motor
(2('\';\[’

Nelee NET.ORC —

For the whole system, monthly and annual values of solar radiation incident on the collector
surface Geon, useful heat gain on the solar collector fluid Quset coll, €nergy supplied by the boiler



Qaux, efficiency of the solar field nsolar field, , and efficiency of the overall system noverai, defined

below:

Qusef coll
Msolar field = — (0
G(‘(l"

Noverall = Msolar field * Neloc NET ,ORC

have been represented in the following tables 13 and 14. The operating period considered for

the system was 24 hours/day.

Table 13. Monthly and annual performance results for Tcond = 45 °C

, Gcoll Quscf coll anx

Month | \iwh) | (MWh) | (MWh) ;
Jan 97.68 7.59 2200 | 0.26
Feb 20.95 5.79 20.92 0.22
Mar 29.21 6.72 22.86 0.23
Apr 30.80 6.96 21.69 0.24
May 33.50 8.14 21.45 0.28
Jun 34.48 8.62 20.01 0.30
Jul 36.10 9.88 19.72 0.33
Aug 33.57 7.64 21.93 0.26
Sep 29.14 7.81 20.81 0.27
Oct 27.77 6.72 2287 0.23
Nov 26.55 7.66 20.95 0.27
Dec 26.63 6.77 22.83 0.23

Annual | 356.37 | 90.30 | 258.02 | 0.26

Table 14. Monthly and annual performance results for Tcond = 90 °C.

| chll Qu:sc[ coll Qnux 4
Month | Nywh) | (MWh) | (MWh) :
Jan 27.68 7.84 49.72 0.14
Feb 20.95 5.96 46.02 0.11
Mar 29.21 6.93 50.62 0.12
Apr 30.80 7.19 48.51 0.13
May 33.50 8.42 49.13 0.15
Jun 34.48 8.91 46.79 0.16
Jul 36.10 10.24 47.31 0.18
Aug 33.57 7.89 49.67 0.14
Sep 29.14 8.09 47.61 0.15
Oct 27.77 6.94 50.61 0.12
Nov 26.55 7.95 47.75 0.14
Dec 26.63 6.98 50.58 0.12
Annual | 356.37 93.35 584.31 0.14
The solar fraction f is defined as:
Quscf coll

J

B Qnsnf coll + mex



Defining an average "solar electrical efficiency™” nsoielectr 8S the net electricity divided by
auxiliary energy:

A W electricity NET
sol. electr —
Q;HL\'

The annual *global electrical efficiency’ neiectr IS defined as the total electrical energy generated
during one year, divided by the sum of all annual energy inputs (boiler input energy plus solar
incident radiation).

W electricity NET
(2:111.\' + C"('u”

Telectr —

The results of those two defined efficiencies are given in the following tables 15 and 16:

Table 15. Annual boiler input energy (Qboiler annual), annual average solar electrical
efficiency (nsolelectr) and the annual global electrical efficiency (neiectr) for Tcond = 45°C

F?__'_'::i_‘::_'_-;-_!z!!_“'*‘ (MWh) | fsoretectr | Nelectr |

————————————————————————————

286.69 .20 0.08

Table 16. Annual boiler input energy (Qboiler annual), annual average solar electrical

efficiency (nsolelectr) and the annual global electrical efficiency (neiectr) for Tcond = 90°C
‘ (2Iv<»ilvl' annual (‘\[\\'1]) Ilsol.electr Tlelectr
\ 649.23 0.09 0.05

As can be seen, noverann is very low in both cases, but this situation changes if ncogeneration, defined
in equation 5, is considered instead of the previous nelec,NeT,0rc N the calculation of Noveran

“i'(: _ ”’l’umkmohu ) + (?uwlnll
(J(T\'ilp

Neogeneration

Toverall, COG = TJsolar field * Tlcogeneration

For example, if only half of the Q.4 could be conceived as useful heat Qs in a

cogeneration application, the global efficiency of the process with Tcong = 90 °C would raise
from the annual noveran = 2.04 % showed on table 4 to noveral, coc = 14.1 %.

This calculus agreed well with the following estimation for an absorption refrigeration system,
represented in the following Figure 33. The description of the cycle is given in many
publications, for example in Moran et al. [30].
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Figure 333. Schematic diagram of a single effect absorption refrigeration system [33].

In Figure 33 g is the generator, she is the solution heat exchanger, a is the absorber, c is the
condenser and e is the evaporator. The definition of COP (coefficient of performance) is given
below:

- ). c),
COP = - -(P--*-:»., ~ L
Qg I l‘.;l Q

Where, according to IDAE [8], Q. can be recognized as useful heat for cogeneration. If the
power of the pump "W is taken as negligible and Qg has exactly the same value of the heat
power given by the ORC condenser Q.,,q4, the global efficiency of the process with Teond =
90 °C and a representative COP = 0.75 would raise from the annual noveran = 2.04 % showed on
table 4 to noveran,cos = 20.1 %.

Below are represented some figures of meteorological data from Benguerir (Figure 34, 35).
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Figure 344. Climatic conditions (monthly mean values at Benguerir, Morocco) (a)
Horizontal Irradiation (kWh/m2) (b) Ambient Temperature (°C)
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The monthly values of auxiliary heat taken from the boiler Qaux and the useful heat provided by
the collectors Qusef con are represented in the following bar diagrams: (Figures)

- Qaux (MWh) 10 Qusef coll (MWh)
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Figure 366. Heat provided to the RORC (monthly mean values) for the case of Tcond = 45
°C.(a) Auxiliar heat from the boiler Qaux (MWh) (b) Usefull heat provided by the solar field
Qusef (MWh)
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Figure 37. Solar fraction f (monthly mean values) for the case of Tcond = 45 °C.
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Figure 38. Heat provided to the RORC (monthly mean values) for the case of Tcond = 90
°C.(a) Auxiliar heat from the boiler Qau,x (MWh) (b) Usefull heat provided by the solar field
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Figure 39. Solar fraction f (monthly mean values) for the case of Tcond = 90 °C.

4.2.2. Case study: ORC coupling with storage and absorption systems

This study aims at analysing the coupling of a medium size CSP plant with absorption systems
and storage. The input parameters are the size of the various items (solar field, storage, cold
power etc.). The location of the plant is assumed to be fixed in the study, and is thus not included
in the varying parameters. A special focus will be done on the equipment’s performance level
and on the cost of energy produced.

The temperature-power diagram shown in Figure 40 is certainly the most useful graph to present
the various available technologies. It reflects the reality of existing plants or prototypes. Such
map is also such a kind of photography of the market.

1000 o e e o oe
*ST  CORC WTA  ATE © o
900 “

®MGT = RC CICGT + KA
800 SE ER 6T "
700 sirrb—o . .
600
500
a00 1111}
300 = &

Maximal Temperature (°C)

200

0 i 5 O :, ol 3 b
0 } [ \ ’f. SN ¥ ‘J x 0 o
G400 —— ;‘? v—*‘l"r‘L\.\CL__‘;_._’-"

100 |

0
0,01 0,1 1 10 100 1000 10000
Electrical Power (kW)

100000

Figure 40. Temperature power diagram for different thermodynamic technologies.



In this second case study, the thermodynamic cycle used is an ORC using R245fa as working
fluid.

Presentation of the tool — main hypothesis of the study

CEA is developing a calculation tool in order to simulate medium size CSP plants running an
ORC cycle. The technology studied corresponds to the following items:

®m  Synthetic oil as thermal fluid in the solar field

B Fresnel mirrors

®  Organic fluid turbine

®  Cooling system upstream the turbine (air cooled heat exchanger)
®  Dual thermocline storage system

®m  Absorption system

B The scheme of the plant given in the following drawing (see Figure 41):

synthetic oil circulation

Power Block (ORC)
= ]
O

I |

Solar field Q

Fresnel

mirrors Storage
} —
(17

, absorption system

Figure 41. Schematic principle of the technology used in the case study

The basic configuration includes only the solar field and the power block (turbine and cooling
system). The user can add any other item among storage, desalination, heat uptake and
absorption systems. Desalination and heat uptake are not shown in the drawing above.

The geographical site chosen for the study is in the neighbours of the city of Larache in northern
of Morocco. This city is on the sea coast and is 35.2°N latitude and -6.1°W longitude.

On the data used for the calculation, the overall year cumulated DNI leads to 2347 kWh/m?/yr.
Figure 42 shows the evolution of the monthly cumulated DNI over the year.
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Figure 42. Monthly cumulated DNI in Larache (Morocco).
The reference plant corresponds to the following parameters:

m  Solar multiple: 2
m  Storage volume: 2500 m3
B ORC turbine nominal power: 5 MW,

The flow rate in the solar field is adjusted in order to reach 300°C at the receiver outlet. The
product of the mirrors total surface by the annual average DNI leads to an amount of energy of
293 GWhlyr.

With these characteristics, the global outputs of the plant are:

®  Annual net electrical production: around 17.9 GWhe
®  Annual thermal energy stored: 34.1 GWhy,

®  Annual thermal energy non valued: 10 GWhy,

Figure 43 shows the monthly net electrical production and the stored and solar thermal energy
dumped along the year:
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Figure 43. Monthly net electrical production in Larache (Morocco)
Study of coupling with absorption system

The absorption system modelled in the tool uses ammonia as the working fluid. Theoretically,
it allows to reach negative temperatures (around -10°C) but in our example the choice of the
cooling temperature is 6°C, which is suitable for district cooling, for instance.

The integration scheme chosen is a basic one, since the concentrator of the machine is fed with
hot oil coming from ORC machine, after a mixing with a recirculation loop in order to decrease
the temperature down to acceptable values. The condenser and absorber are cooled through an
external loop whose fluid is itself cooled down by ambient air. The choice of this scheme is due
to the flexibility on the cold temperatures reached by the system.

Some other schemes could have been designed, one example being the use of ORC heat waste
to feed the absorption refrigerator concentrator. This could be feasible especially in the case
where the plant is located close to the sea (for desalination purposes, for instance) and could
use medium/low temperature [] sea water for the condenser and absorber uses.

In the following sections, the gain from running the absorption system using only the dumped
power is studied, considered as an optimized running. This strategy seems to be consistent with
the fact that cold production is mostly desired on the hottest months of the year, in the case of
district cooling, for instance. The numerical tools allow also a “non-optimized” calculation,
consisting in running the absorption system in parallel with electricity all day long. This strategy
was tested for cost comparison (not presented among the performances below) with a 500 kW
absorption machine.

We consider 4 maximum powers for the absorption machine: 500 KWin-cold, 1 MWih-cold, 5 MWih.
cold and 10 MWi-cold.

These powers correspond to the following approximated needs (according to the hypotheses
given in the previous section):



500 kW 1000 kW 5000 kW 10000 kW
Number o_f_4 people a1 82 410 820
families
Number of office 250 500 2500 5000
workers

With these values, the monthly heat produced is shown on the curves below for all the cases
(see Figure 44):
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Figure 44. Monthly net electrical production coupling the studied system with absorption
system.

The amount of cold produced is thus:
®  0.232 GWh if the limitation is 500 kW
®m  0.454 GWh if the limitation is 1000 KW
®  2.02 GWh if the limitation is 5000 kW
®  3.40 GWh if the limitation is 10000 KW
The other output values are:

®  Annual net electrical production: around 17.9 GWhe

Annual thermal energy stored: 34.1 GWhy,

B Annual thermal energy non valued for a 500 kW machine: 9.439 GWhi,

®  Annual thermal energy non valued for a 1000 kW machine: 8.903 GWh,
®  Annual thermal energy non valued for a 5000 kW machine: 5.139 GWh,
B Annual thermal energy non valued for a 10000 kW machine: 1.880 GWh,

We can see that in the last case (10 MWih-coid), almost all the dumped heat is used for cold
production.



The calculations performed do not account for the output losses due to the starting-up and
shutting-down transients of the absorption system.

Cost analysis

The aim of this section is to provide some first order estimates of the cost efficiency of each
plant configuration studied in previous paragraphs. This will allow comparing the designs and
strategies.

The cost analyses are always much more difficult to perform than energy study. They highly
depend on various hypotheses as direct investment, loan rate and duration, taxes, etc. The
country hosting the plant is also of primary importance. The goal of this report is not to perform
a study of financial engineering. Therefore, all cases are calculated using the same costs
hypotheses and it are chosen to give values normalized to a reference case. The main parameter
studied will be the levelized cost of electricity (LCOE).

The histogram below (see Figure 45) shows the normalized LCOE for all the cases studied:

normalized LCOE
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Figure 45. Normalized LCOE for different cases studied.

In order to account for cold production, it is proposed to convert the KW of the cooling system
in electrical kW by using the usual compression cooling machine as a reference.

The absorption system is then compared to the compression refrigeration unit producing the
same amount of cold but consuming more electricity. This electricity is thus estimated and
added in the LCOE calculation.

For this need, we choose the Energy Efficiency Ratio (EER) cited in paragraph 4.4, which is a
rather high value for a conventional equipment.



This leads to the following results, as reported in Table 17.

Table 17. Electrical consumption for different cases studied.

cold heat produced | equivalent electrical

(KWh th) consumption (kwWh)
500 kW absorption non optimized 1,950,000 433,333
500 kW absorption - optimized 232,000 51,556
1000 kW absorption - optimized 454,000 100,889
5000 kW absorption - optimized 2,017,000 448,222
10000 kW absorption - optimized 3,380,500 751,222

These electrical consumptions are then included in the LCOE values which is shown in Figure
46 below as an adjusted value:

LCOE normalized adjusted
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Figure 46. Adjusted LCOE for different cases studied.

We can see that using a 500 kW absorption system in a non-optimized strategy increases
slightly the LCOE (+0.5%). However, this value is high when considering the small size of the
unit, allowing the provision of cold power for few hundreds of people only. If the absorption
system is run according to an optimized strategy, the LCOE decreases up to 2.5%
(approximately) in the case of 10 MW of cold production. This case seems interesting given
the size of the power plant in the Moroccan context.



4.3. TEMPERATURE LEVEL S POWER CYCLE
TECHNOLOGIES

In Table 18 are reported thermodynamic cycles that can be used in combination with a solar
field. Other cycles like the Otto and Diesel ones are also used in cogeneration, but due to the
fact that these are internal combustion engines, they cannot be used in combination with solar

energy.
Table 18. Thermal cycles and maximum temperatures that can be reached with them

\ Thermal cycle Taisi (2C)
Stirling 1500
Brayton 800 = 1000
Rankine |— Water — il
Organic fluid | Depends on the fluid

As can be seen, the maximum temperature achievable by an ORC (Organic Rankine Cycle)
depends on the characteristics of the employed fluid.

4.3.1. Analysed fluids for ORC: Selecting criteria

There are many possible working fluids available for an Organic Rankine Cycle. Choosing a
suitable fluid for a given application must combine several properties hard to comply:

®m suitable slope of the vapour saturated curve on the Ts diagram. The most
appropriate selection for Rankine cycles with relatively low top temperature are
dry and isentropic working fluids;

B costs;

m safety, health and environmental aspects.

Optimization of an objective function

In order to get the best fluid for a given application, an objective function has to be assumed.
Different authors suggest the following objective functions:

e Heat transfer area net power produced (from Hettiarachchi et al. as cited in [21]): The
use of this function is justified for applications with reduced value of thermal efficiency.
It won’t be used here;

e Overall recovery efficiency: Is the whole efficiency of the cycle taking into account the
influence of heat exchangers like evaporator and condenser;

e Thermal efficiency: Is the thermal efficiency of the cycle only, without taking into
account the influence of heat sources and sinks.

As said in [39], "overall recovery efficiency is the more meaningful parameter, but more
difficult to determine”. For that reason, thermal efficiency has been chosen as the objective
function to optimize.



As any thermal cycle, a ceiling of thermal efficiency of a cycle is given by Carnot’s well known
formula.

Lmax — T'min
NCarnot — __In\—

This expression shows us that efficiency grows up by increasing the maximum temperature and
by lowering the minimum temperature of the cycle. Anyway, according to consulted literature,
use of Tsuperheat > Tevap has no positive consequences in ORC when dry or isentropic fluids are
used. Increasing maximum temperature above the evaporation temperature (Tsuperheat > Tevap) IS
a necessary resource when a wet fluid is used (like water). But this measure is unnecessary
when dry or isentropic fluids are employed. Besides, the use of Tsuperheat diminishes the ratio
h1°2’ h12 which, in turn, relieves the thermal efficiency of the Rankine cycle from that of the

Carnot.

The thermal efficiency of an ORC is given by:

P

W oxgander — W
’ (;)-”. aporator

Where the efficiency of the real cycle is always lower than the efficiency of the theoretical cycle
(Meycle < Mcarnot)- Wexpander and Vi/pump are the work per unit of time (power) of the expander
and the pump respectively. Q. is the thermal power absorbed by the cycle. As seen in Figure
5b, this Q,,; can be expressed as Q;_, or Qy_z depending on whether there is a regenerator or

not. The thermal efficiency ncyce IS increased by growing the efficiency of the regenerator, reg
and the efficiency of the expander, Nexpander

Costs

There are two main costs to take into account when designing an ORC. Acquisition cost and
operational cost.

Operational costs are related to the overall recovery efficiency (or the thermal efficiency, in
first approximation), maintenance and replacement operations, etc.

On the other hand, acquisition costs are related to the dimensions of the different subsystems.
Those dimensions are conditioned by parameters like the mass flux of working fluid [18,19,21]
and, for the expander, the outlet volume flow rate V; = 1,01k V3 = Myork/P3 [21]. The main
goal is to keep them as low as possible.

Due to the technical nature of this text, attention is paid to parameters like the efficiency of the
cycle neycle, the mass flux of working fluid m,,,, and the expander’s outlet volume flow rate
V5, that gives a good criterion to judge the merits of a choice without making an exhaustive
economic analysis.

Safety, health and environmental aspects

Besides the costs and the slope of the vapour saturation curve on the Ts diagram, there are other
important considerations to take into account.



As far as poss

ible, fluids with the following characteristics should be chosen: (see Table 19)
High stability.
Low toxicity.

High autoignition temperature. Autoignition temperature is the minimum
temperature required to ignite a gas or vapour in air without the presence of a
spark or flame [25]

Non-corrosive/high compatibility with materials in contact.

Low ozone depletion potential (ODP). ODP expresses the contribution to ozone
depletion, based upon R11 = 1.0 [29].

Low global warming potential (GWP). GWP expresses the contribution to the
greenhouse effect, based upon CO2 = 1. The timescale must be given (e.g.
GWP100: 100 years). [29]

Moderate pressures in heat exchangers.

Table 19. Considered fluids (ordered according to their critical temperature)

T Pe | Tnpp M ODP | Tautoign | GWP

(°C) (bar) | (°C) (g/mol) (°C) 100 enrs

Water 374.15 | 220.9 | 100 18.02 n/a n/a n/a
Toluene 318.65 | 41.09 | 14.55 92.14 0 535 3.3
Benzene | 289.01 | 48.99 | 80.15 78.11 0 560 3.4
Heptane 266.85 | 27.4 | 98.35 100.20 0 204 3
MM 245.6 | 19.39 | 100 162.37 n/a 340 n/a

Cycle pentane | 238.55 | 45.1 | 49.25 70.13 0 320 < 2.9
SES36 177.55 | 28.49 | 35.6 184.85 0 n/a n/a
Butane 152.0 37.96 ‘ (.49 08.122 0 365 4
[sobutane | 134.7 | 36.4 | -11.75 | 58.122 0 460 3

In the Table 20 above T¢ is the critical temperature, pc is the critical pressure, TNBP is the
normal boiling point temperature, M is the molar mass, ODP is the ozone depletion potential,
Tautoign 1S the autoignition temperature and GWP is the global warming potential.

Only benzene
From the poin

and toluene are toxic [40], but they are considered here for academic purposes.
t of view of ODP and GWP, all fluids are suitable for this application. They have

in addition a good compatibility with most metals commonly used in refrigeration engineering.

All fluids present an auto ignition temperature much higher than their own critical temperature,
except heptane. This feature makes heptane not very appropriate for ORC.

Fluids on the bottom of the table have low critical temperature (Isobutane, Butane, SES36) and

their use in

applications with relatively high temperature heat sources would lead to

supercritical cycles.
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Figure 47. Saturation pressure as a function of saturation temperature for the fluids
considered (except water)

In Figure 47 saturation pressures for the fluids considered are reported, showing for example
that only Toluene, Benzene and Heptane could cope with evaporation temperatures Tevap above
250 °C in a non-supercritical cycle. For every Tevap considered, a fluid with the lowest pevap IS
preferred. In the case of Tevap = 250 °C, Benzene has a lower pevap and is better than Toluene
and Heptane from that point of view.

In Figure 48 Ts diagrams for all the fluids considered are shown:
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Figure 48. Ts diagram for saturated fluids considered.

Where butane, cycle pentane, isobutane and MM are represented for pressures higher than 1
bar.



4.3.2. Operating conditions

A selection criterion for an ORC fluid includes the evaporating and condensing temperatures.
In effect, apart from cycle efficiency results, the operational conditions of a given working fluid,
in terms of its pressure/temperature conditions under the ORC operating regime, are of
paramount importance in the fluid selection process. Such conditions are related to both
evaporation and condensation temperature regimes.

The maximum temperature of the cycle (Tmax) is conditioned, among other factors, by the
working fluid stability and safety-related aspects. It must be taken into account that the higher
the maximum temperature in the cycle, the more efficient the ORC, but the lower efficiency of
the solar collector’s field. Tmax is indirectly linked to the different collector technologies and
this fact is taken into account for their estimation in the following study.

Possible collectors to be considered are:

Stationary Solar Collectors

m Flat Plate Collectors (FPC): They can produce heat for low and medium
temperatures around 100 °C;

m  Evacuated Tube Collectors (ETC): They can produce heat for low and medium
temperatures from 100 °C to around 150 °C;

®  Evacuated Tube Collectors - Compound Parabolic Concentrators (ETC-CPC.).
They can produce heat for low and medium temperatures around 150 °C to 180
°C.

Sun Tracking Concentrating Collectors

®m  Parabolic Trough Collectors (PTC): They produce heat at temperatures over 200
OC,

m  Linear Fresnel Collectors (LFC): They also can produce heat at temperatures over
200 °C.

The condensing temperature (Tcond) iS the temperature related with practical aspects as the
pressure associated to it (it is desirable to maintain the value of the condensing pressure superior
to the atmospheric one, in order to avoid air from outside entering the system). On the other
hand, it can be useful to increase the condensing temperature when it is foreseen to use the heat
rejected by the ORC in any other process (e.g., desalination or cooling). In the present text,
Teond Will be estimated according to the usual values achieved in practical cooling systems and
in cogeneration applications.

Values commonly encountered in literature are:

m  Water cooling. An approximate value for the minimum achievable end
temperature of the process medium could be about 20 °C [26].

®  Water-Air cooling. An approximate value for the minimum achievable end



temperature of the process medium could be about 30 °C [26].

Air cooling. An approximate value for the minimum achievable end temperature
of the process medium could be about 40 °C [26].

Other three Tcond (80 °C, 90 °C and 100 °C) are considered to cover possible cogeneration
applications like desalination or absorption refrigeration. Additionally a Tcond = 150 °C has been
thought to cover process heat applications:

For that reason, the analysis will be focused on a system with the following characteristics:

Tmax Will be one of these seven values: 100 °C, 150 °C, 200 °C, 250 °C, 300 °C,
350 °C or 400 °C.;

Teond Will be one of these seven values: 20 °C, 30 °C, 40 °C, 80 °C, 90 °C, 100 °C
or 150°C;

&reg (efficiency of the regenerator) will be 0 (without regenerator) or 0.8 (with it);
Nt (efficiency of the expander) will be set at a value of 0.8;

np (efficiency of the pump) will be fixed at a value of 0.8.

The mass flow of working fluid () will vary for every fluid in accordance to the imposed
thermal power in evaporator (Q'evapomtor =60 kW).

These give rise to some different theoretical case studies for each fluid (according to different
possible combinations of Tevap and Tcond fOr each regenerator condition) but, in fact, much of
them can’t withstand some or several combinations. In Table 20 below are represented all the
studied possibilities.



Table 20. Fluids represented in the "Results" section

T...
avap
FPC ETC ETC-CPC
100 °C =373 K 150 °C = 42315 K | 200°C =473.15 K
Benzene, Bu-
%0 °C — tane, Heptane, | Benzene, Heptane, | Benzene, Heptane,
cooling ;Lj.-_: lfr) Isobutane, SES36, | SES36, Toluene Toluene
systems ;\ o Toluene
Benzene, Bu-
20 °C — tane, Heptane, | Benzene, Heptane, | Benzene, Heptane,
T eond :'i{]"'i 1',.) Isobutane, SES36, | SES36, Toluene Toluene
I\ - Toluene
Benzene, Bu-
iy tane, Heptane, B(.u,?(.}u.,_ Heptane, Benzene, Heptane,
0 °C = Isobutane. SES36 SES36, Toluene, Toluene. Water
113.15 sobut ane, _ olS40, Water oluene, Water
K Toluene, Water s
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In Table 21 are reported fluids represented in the APPENDIX measurements, like benzene (a),
butane (b), cycle pentane (c), heptane (d), isobutane (e), MM (f), SES36 (g), toluene (h) and
water (i). The cycles working with overheated fluids have been highlighted in red in the
previous table. The criterion for doing this has been:

®m  For water, given an imposed maximum temperature (Tsuperheat), Tevap IS Calculated
in order to have point 3 (exit of the expander) as saturated vapour (without any
possibility for regeneration). This is done because water is a wet fluid;

®m  For other fluids, given an imposed maximum temperature (Tsuperheat), Tevap IS
calculated as being near the critical point, without exceeding it (subcritical cycle).

4.3.3. Preliminary Conclusions

The election of the best fluid depends on a variety of factors like toxicity, risk of inflammation,
stability, ozone depletion potential, etc., but also on its performance for a particular application.
For that reason, an analysis with different maximum and minimum cycle temperatures has been
done and, from the results, some conclusions can be inferred:

Regeneration increases ncycle Whatever the fluid chosen, but some of them, like heptane and
SES36, seems to be particularly sensitive to the presence of a regenerator (more than the other
analysed fluids).

Best fluid to be used with Tmax = 100 °C

The best fluids for Tmax = 100 °C and Tcond compatible with ordinary cooling systems (Tcond =
20 °C, Teond = 30 °C and Tcond = 40 °C) are SES36 and butane using regeneration. They exhibit
the highest value of neycle in all cases. SES36 has a slightly better efficiency and lower values
of pressure than butane, but also a stronger sensitivity to the presence of a regenerator.

Best fluids to be used with Tmax = 200 °C

If Tevap = 200 °C is reached, the best fluid election depends on Tcond (regeneration considered in
all cases):

®m  Heptane for Teond = 20 °C, 30 °C and 40 °C has the highest values of ncycle but it
has a large dependence on the presence of a regenerator as compared with the
possible use of benzene or toluene (both of them are toxic);

B Cycle pentane for Tcong = 80 °C and 90 °C;

B Benzene for Teong = 100 °C has the largest efficiency value of the cycle for the
fluids considered, but due to its toxicity it should be replaced by another one. If
cycle pentane is chosen instead of benzene, a fall of the cycle efficiency has to
be accepted, from neycle = 16.3% (benzene) to neyce = 15.0% (cycle pentane);

B Toluene for Teong = 150 °C has the largest cycle efficiency value among the fluids
considered, but due to its toxicity it should be replaced by another one. If heptane
is chosen instead of toluene, a fall of the cycle efficiency has to be accepted from
Neycle = 9.8% (toluene) to Neycle = 9.0% (heptane).



Best fluids to be used with Tmax = 250 °C

From the point of view of the cycle efficiency, the best fluid to be used when Tmax = 250 °C is
toluene with regeneration, independently of the temperature in the condenser, Tcond. The
exception is for Tcond = 100 °C, where the best option is benzene. Because both of them (benzene
and toluene) are toxic, another fluid should be used instead. For a temperature Tcond between
20 °C and 40 °C the solution could be to use heptane instead, but taking into account that its
Tautoignition = 204 °C (lower than the value of 250 °C considered as the maximum cycle
temperature).

For temperatures Tcond between 80 °C and 100 °C, cycle-pentane with regeneration could be
utilized advantageously to avoid the use of toluene or benzene without excessive loss of cycle
efficiency.

For Teond = 150 °C MM could be used if a fall in its efficiency from 15.0 % (toluene) to 12.3 %
(MM) is acceptable.

Best fluids to be used with Tmax = 300 °C

For Tmax = 300 °C the only fluids considered are benzene, toluene, heptane and water. All of
them have drawbacks. Benzene and toluene are toxic, heptane has an autoignition temperature
much lower than the maximum temperature of the cycle and water could be better employed in
a profitable way by raising the evaporation pressure in a cycle with reheating and regeneration.

Anyway, from the point of view of the efficiency of the cycle, benzene is better than toluene
for Tcond between 20 °C and 40 °C and between 90 °C and 100 °C. For Tcond Of 80 °C and 150
°C the best fluid is toluene.

Best fluids to be used with Tmax = 350 °C

For Tmax = 350 °C the only fluids considered are benzene, toluene and water. All of them have
drawbacks. Benzene and toluene are toxic and water could be better profited raising the
evaporation pressure in a cycle with reheating and regeneration.

Anyway, from the point of view of the efficiency of the cycle, benzene is better than toluene
for Tcond between 20 °C and 40 °C and for Tcond = 100 °C. Toluene is better for a Tcond Value of
80 °C, 90 °C and 150 °C.

Best fluids to be used with Tmax = 400 °C

For Tmax =400 °C (and Tcond > 40 °C) the only fluid considered is water. This is due to the fact
that fluids other than water need a very high degree of overheating and their evaporation



pressures raises to prohibitive values. It must be noted that, accordingly with the increase in the
condenser temperature Tcond, the evaporation temperature raises as well. This is a result of the
imposed rule for having point 3 (condition of the working fluid at the exit of the expander) as
saturated vapour. Cycle efficiency goes from 22.4 % with Tcong = 40 °C to 16.8 % with Tcond =
150 °C.

Water is not a good choice for this application because it needs superheating in order to avoid
having point 3 (see points nomenclature in Figure 5b) on the phase change zone. This measure
prevents water droplets from entering the expander and causing abnormal erosion and/or
corrosion but it also turns drastically away the real efficiency of the cycle ncyce from the
maximum efficiency obtainable ncamot. Moreover, the overheating temperature applied to water
in this document is calculated as a high enough value in order to have point 3 as saturated
vapour, which doesn’t allow the use of a regenerator.

4.4. CASE STUDIES: a short introduction

Within the subtask “schemes of integration in thermal application and power cycle for small
scale system” will be analysed three industrial applications as case studies: a cork industry, a
municipal solid waste treatment plant and a pharmaceutical industry (Digespo project).

Case study | — Insulation cork board (ICB) production

Among the several industrial processes utilized by the cork industry there is one that presents a
high potential of integration of CST technologies: the insulation cork board (ICB) production.
ICB is traditionally used as a thermal, acoustic and vibrational insulator and has recently
acquired a broader range of applications with functional and decorative applications.

The ICB is an agglomerated material exclusively made of cork granules. The granules are
bonded by moulds due to their own resins defined by the autoclave walls where they undergo
light compression followed by steaming at more than 300°C, usually between 17 to 30 minutes.
The superheated steam passes through the granule mass resulting in the secretion of the cork
resins to the granules’ surfaces and in an increase in their volume, which determines their
agglutination. ICB is a completely natural product since its agglomeration process is due to the
cork natural resins and to the granules expansion, without using any glues or additives or other
materials than cork?. Process is described in Figures 49 and 50.

Cork granules Cork granules Cork granules Cork granules Cork granules Stream: Steam +
Organic compounds

T L T T T T3
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Autoclave R Autoclave N Autoclave Tl Autoclave — Autoclave

A

Figure 49. Process diagram for ICB manufacturing.

7 Gil, L. (2007). Technical manual: Cork as a building material. St.2 M.2 de Lamas: APCOR.



Current ICB production lines produce the required steam in boilers using cork dust as fuel or,
in some cases, fossil fuels. Feeding the production line with steam produced by solar heat would
reduce the usage of such fuels. In the case of units still burning fossil fuels this would represent
obvious environmental as well as expected economic benefits. The replacement of cork dust
would also be beneficial, since cork dust retains economic value that could be exploited by
further processing such as the production of pellets or brickets which could be used as
renewable fuel (biomass) in other industries or for domestic hot water and heating production.

Fuel:
Cork dust

‘xhaust gases

Steam:
P=10 bar(g)
T=340°C

. Steam generator
Air

Water‘

Figure 50. Actual process diagram for superheated steam production in cork industry.

The integration of CST systems in a particular ICB plant is being analysed as a case study under
the project STAGE-STE and the results of this analysis will be available under milestone 43.

Case study |l — Refused derived fuel (RDF) drying

Refused derived fuel (RDF) is a solid fuel obtained from non-hazardous waste (mainly
municipal solid waste) after a mechanical biological treatment (MBT). It can be used as
substitute fuel in cement kilns. However, the use of RDF as alternative fuel is limited by its
humidity level (typically around 40 to 50%). It is then needed to dry the RDF produced at the
end of the MBT, reducing its humidity level to values around 10% creating economic value for
the RDF which can then be sold as fuel to co-incineration applications and reduces the amount
of waste placed in landfills.

Concentrated solar energy can be used to supply heat to the drying process where hot air is used
in rotating drums or belt dryers at temperature within the range of 80 °C to 100°C. Both co-
generation or dedicated heat production schemes can be devised. In the first case the drying air
could be heated by steam provided from a back-pressure turbine powered by the solar field,
enabling the production of electricity to power the mechanical systems used in the MBT and
thermal energy for the drying process. In the second case the solar field would be dedicated to
the production of hot heat transfer fluid that would be used in a liquid-air heat exchanger to
heat the air used in the drying process.

The integration of CST systems in a particular municipal waste treatment plant is being
analysed as a case study under the project STAGE-STE and the results of this analysis will be
available under MS43.



Case study I11— micro-cogeneration for industrial and domestic application

The integration of solar fields in the industry had been developed inside the DIGESPO project.
The aim was to integrate solar process heat into the company as micro cogeneration system for
the chain production. The technology is able to provide steam, hot water and electricity.

The system is a modular 1-3 kWe, 3-9 kWth micro Combined Heat and Power (m-CHP) system
based on innovative Concentrated Solar Power (CSP) and Stirling engine technology. This CSP
m-CHP will provide electrical power, heating and cooling for single and multiple domestic
dwellings and other small buildings.

The developed system integrates small-scale concentrator optics with moving and tracking
components, solar absorbers in the form of evacuated tube collectors, a heat transfer fluid, a
Stirling engine with generator, and heating and/or cooling systems. It incorporates them into
buildings in an architecturally acceptable manner, with low visual impact. (See Figure 51)
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Figure 51. The complete small scale m-CHP system developed in DIGESPO project.



Two Cer.Met. coatings have been modelled, realized and tested. The up scaled receiver, in form
of Cer.Met. coating based on TiO>—Nb, has confirmed an absorbance of 0.94 and emittance of
0.1 (at a temperature of 350°C). A second Cer.Met. coating based on SiO2—-W has demonstrated
an absorbance of 0.93 and emittance of 0.09 (at a temperature of 350°C). A full-evacuated solar
tube has been designed and realized, with an absorber of 12 mm in diameter and a length of 2
meters. The system presents a concentration ratio of 12:1, and a single module is 200 cm long,
40 cm wide and 20-25 cm high. Two or more modules can be combined. The evacuated solar
tube, located on the focus, has the selective absorber in a tube with a diameter of 12 mm. A
very thin glass mirror has been developed (thickness < 1 mm). The overall mirror reflectivity
has been measured with a detected value of 0,954.

Research has proposed a high energy density, double acting Stirling engine, provided of
innovative heat exchangers realized through Selective Laser Melting process. The engine is a
low speed (250 RPM), high pressure (130 bar) and compact solution able to be run at 300°C
and to generate 3.5 kW of nominal power.

A solar plant based on the DIGESPO concept has been installed in Malta, supplying the
industrial process of generating steam at 180°C and 6 bar absolute pressure in a first phase, and
supporting the tests for improved technologies in a second stage. The solar collector’s efficiency
is around 50% in presence of 900 W/m? of direct solar radiation and at 300°C.



5. MARKET ANALYSIS AND BUSINESS MODELS

5.1. INDUSTRIAL FUEL PRICING IN EUROPEAN COUNTRIES.

The aim of this paragraph is to gather the industrial fuel pricing which is used by countries in
European Union, especially in those countries with the highest solar irradiation, which
consequently have a higher potential for the use of medium temperature collectors in industrial
processes, in order to reduce energy production from fossil fuels.

In the following paragraphs it is reached the reasonable conclusion that when the viability of a
solar thermal installation on an industrial process is analysed, the cost of heat generated by the
existing fossil fuel based boiler needs to be taken into account. It thus derives that boilers
employing Natural Gas are the worst scenario, as the cost in €/kWh is in general lower than the
cost of natural gas.

In addition, in order to properly calculate the full energy costs, other costs must be considered
related to different factors: inefficiencies of existing boilers working out of full loads, operating
and maintenance costs, etc. This will have an important impact on the heat cost in the industrial
process, making solar thermal technology even more interesting as energy source for different
applications and processes.

5.1.1. Fuels employed at industrial processes.

Natural Gas and Electricity are the most commonly used energy sources in industries inside
European Countries, although renewables, especially biomasses, already are having an
important role too. (See Figure 52)
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Figure 52. Industrial use of energy by source in 2013 [87].

For process heat generation, in some parts of the world coal still is the primary energy source
but in Europe and North America, industrial boilers and heat transfer fluid heaters mainly
employ fossil fuels (natural gas, LPG, diesel fuel, fuel oil). There are also electrical systems
especially for the lowest thermal output models in which electricity utilization is common.
Biomass is widely used in countries such as India and it is becoming interesting also in Europe
as a Renewable Energy Source.

Typically, for low and medium temperatures (below 400°C), process heat is supplied via steam
(commonly generated by fossil fuels in steam boilers at high conversion efficiencies of about
90%).

When defining the target cost of thermal energy provided by a solar thermal installation in a
given process, a comparison with the most widely used energy sources needs to be done. Here,
natural gas has a principal importance as it is by far the most used fuel in industrial processes.

3.1.2. Natural Gas and Electricity price survey methodology.

In year 2007 the methodology for the price survey of electricity and natural gas for industrial
end-users (non-domestic users) was significantly modified to improve the transparency in a
liberalized energy market. In year 2008 this Directive was recasted (Directive 2008/92/EC)
[88]. Some prices are reported in Tables 22 and 23.
The principal changes introduced were:

- Introduction of consumption bands instead of the standard consumers (characterized by

predefined annual consumption).
- Prices based on half yearly averages instead of fixed prices on 1% of January.
- National price data are employed and regional data are considered obsolete.



Table 22. Gas price categories for industrial end-users [88].

Annual gas consumption (G])
Industrial end-user
Lowest Highest
Band-I11 < 1000
Band-12 1 000 < 10000
Band-I13 10 000 < 100 000
Band-14 100 000 < 1000 000
Band-I5 1 000 000 <= 4 000 000

Table 23. Electricity price categories for industrial end-users [88].

Annual electricity consumption (MWh)
Industrial end-user
Lowest Highest
Band 1A < 20
Band 1B 20 < 500
Band IC 500 < 2000
Band 1D 2000 < 20000
Band IE 20 000 < 70000
Band IF 70 000 <= 150000

5.1.3. Natural gas and electricity prices for industrial end-users.

In the next tables, prices for natural gas and electricity in different countries are shown
according to the methodology explained above.

Natural gas.

Table 24 shows the natural gas prices (c€/kWh) for industrial consumers with an annual
consumption in the band 14 (100.000GJ-1.000.000GJ). They include excise duties and exclude
value-added taxes. Important differences are seen between different countries.

Table 24. Natural Gas prices for industrial end-users - annual consumptions [89].

| reference period Germany | Belgium | Bosnia a?d | Bulgaria | Denmark | Estonia | Finland | France | Greece |
Herzegovina

1st half 2008 3,74 3,14 - 1,95 2,81 2,29 2,70 2,96

2nd half 2008 4,09 3,56 - 2,48 2,89 2,87 3,20 3,51

1st half 2009 3,59 3,17 - 2,93 2,51 2,56 2,95 3,06

2nd half 2009 3,29 3,15 - 1,88 2,08 2,21 2,81 2,68

1st half 2010 3,32 2,37 - 2,16 2,75 2,76 2,84 2,73

2nd half 2010 3,48 2,51 - 2,74 3,29 2,74 3,26 2,77

1st half 2011 3,61 2,66 - 2,65 3,62 2,70 4,06 2,72

2nd half 2011 3,62 2,78 5,45 2,93 3,57 3,01 4,73 2,86

1st half 2012 3,45 2,87 5,66 3,33 3,54 3,59 4,59 3,03 -
2nd half 2012 3,49 2,20 5,66 3,69 3,69 3,42 4,67 3,08 5,32
1st half 2013 3,71 2,99 5,66 3,28 3,93 3,57 4,74 3,19 4,93
2nd half 2013 3,80 3,02 5,31 3,17 3,78 3.42 4,75 3,31 4,52
1st half 2014 3,54 2,75 5,31 3,17 3,18 3.44 4,45 3,14 4,36
2nd half 2014 3,19 2,63 5,31 3,06 3,09 3,62 4,38 3,06 4.28;,
1st half 2015 3,16 2,61 5,32 2,84 3,12 3,35 4,34 3,04 3.7%



reference period Ireland | Italy | Croatia I Latwvia |Liechten5tein Lithuania Luxembourg | Macedonia I Netherlands |
1st half 2008 2,90 3,00 - 2,81 - 2,91 2,12 - 3,02
2nd half 2008 3,26 3,68 2,31 3,81 - 3.64 2,53 - 3,27
1st half 2009 3,14 3,28 2,64 3,73 - 2,59 2,67 - 3,21
2nd half 2009 2,321 2,45 2,68 2,48 - 2,30 2,54 - 2,89
1st half 2010 2,31 2,63 3,40 2,45 - 2,87 2,45 - 2,57
2nd half 2010 2,50 2,65 3,94 3,00 - 3,14 2,78 - 2,63
1st half 2011 2,86 2,79 4,05 2,80 - 3,38 3,32 3,79 2,76
2nd half 2011 2,70 3,07 4,32 3,27 - 4,13 3,77 4,08 2,78
1st half 2012 3,11 3,57 3,71 3,52 - 4,38 3,59 4,59 2,94
2nd half 2012 3,26 3,52 4,74 3,83 - 4,61 406 4,72 3,07
1st half 2013 3,48 3,41 4,17 3,58 - 4,23 4,15 4,06 3,21
2nd half 2013 3,59 3,32 3,61 3,54 - 4,18 3,51 3,80 3,08
1st half 2014 3,35 3,16 3,11 3,29 - 3,80 3,28 3,76 3,40
2nd half 2014 3,05 2,96 3,80 3,38 - 3,15 3,14 - 2,78
1st half 2015 3,01 2,92 3,58 3,31 - 2,02 3,15 - 3,07
reference period Austria | Poland | Portugal I Romania | Serbia | Sweden | Slovakia Slovenia I Spain |
1st half 2008 - 2,67 2,37 2,43 - 4,65 3,10 3,31 2,57
2nd half 2008 - 2,98 2,61 2,62 - 4,40 4,35 4,19 3,04
1st half 2009 2,62 2,49 2,56 2,13 - 317 3,64 - 2,69
2nd half 2009 2,57 2,56 2,30 1,86 - 3,920 2,92 2,72 2,34
1st half 2010 2,47 2,66 2,60 2,05 - 408 2,97 4,07 244
2nd half 2010 2,76 2,85 2,20 1,92 - 4,38 3,02 3,59 2,52
1st half 2011 2,93 2,87 2,88 2,12 - 478 3,04 - 2,62
2nd half 2011 3,07 2,74 3,35 2,31 - 4,95 3,25 - 3,05
1st half 2012 3,67 3,04 3,56 2,68 - 4,88 3,33 4,82 3,22
2nd half 2012 3,80 3,36 3,69 2,42 - 4,97 3,21 4,64 3,44
1st half 2013 3,95 3,25 3,66 2,48 3,83 4,89 3,57 4,11 3,48
2nd half 2013 3,64 3,22 3,61 2,42 3.75 4,72 3.47 4,02 3,38
1st half 2014 3,68 3,27 3,64 2,66 3,71 4,24 3,40 3,65 3,26
2nd half 2014 3,39 3,17 3,81 2,76 3,80 4,04 3,45 3,57 3,47
1st half 2015 3,42 3,21 3,55 2,60 4,35 4,19 3,24 3,25 3,24
. . United

reference period |Czech Republic Turkey | Hungary | Kingdom |

1st half 2008 2,96 2,48 2,73 2,62

2nd half 2008 3,68 3,26 3,75 2,99

1st half 2009 3,04 2,74 3,20 2,56

2nd half 2009 2,41 2,17 3,12 1,95

1sthalf 2010 2,73 2,26 2,80 2,02

2nd half 2010 316 2,31 3,40 2,14

1sthalf 2011 2,94 2,12 3,57 2,37

2nd half 2011 3,28 2,09 3,95 2,57

1sthalf 2012 3,12 2,55 4,46 2,95

2nd half 2012 3,17 2,99 4,21 3,05

1st half 2013 3,10 2,99 4,17 3,14

2nd half 2013 3,05 2,63 3,96 3,11

1st half 2014 2,99 2,38 3,31 3,09

2nd half 2014 2,81 2,61 2,87 2,86

1sthalf 2015 2,71 2,77 2,78 2,93

When analysing natural gas prices, there is the need to take into account its expected future
evolution. A solar thermal installation in an industrial process will guarantee an energy
generation also in the years after the installation, thus its comparison against fossil fuel based
solutions needs to be done considering the expected prices in those years.

Considering the uncertainty in this evolution, in this report expected prices in the next years are
not given and current price values are considered. Anyway, in the report by Solarconcentra
technological platform [90] it is shown the expected evolution for the price of natural gas for
the next years at different scenarios (low, medium and high). See Table 25.



Table 25. Price estimation for natural gas in industries in Spain — 2015/2035

Solarconcentra.

CONSUMIDOR INDUSTRIAL | ESCENARIO

PRECIO (€/kWht)

arupo 12 Medio 0.0477 | 0.0745

. Source:

As explained, even if natural gas prices are expected to have an important evolution, for
estimation, current gas prices can be used. Also, for the calculation of the cost of energy for an
industrial process it needs to be taken into account the efficiency of the employed boiler-heater.

This efficiency highly depends on many factors such as the employed fuel, boiler type, control,
flue gas temperatures, maintenance status, working load, etc. With all this, as a reference value
for Spain, for an industrial process with a consumption in band I3 (natural gas price of
0.037€/kWh), and considering a boiler efficiency of 0.87, the current cost of energy based on
natural gas is of 0.042 €/kWhtn. Similar estimations can be done with the available data in this

report for different countries.



Electricity

Table 26 shows electricity prices (c€/kWh) for industrial consumers with an annual
consumption in the band ID (2.000MWh-20.000MWh). They include excise duties and exclude
value-added tax. As in the case of the natural gas prices, important differences are seen between

different countries.

Table 26. Electricity prices for industrial end-users - annual consumptions [89] .

| reference period Germany | Belgium Bosnia and Bulgaria | Denmark | Estonia | Finland | France | Greece |
Herzegovina
1st half 2008 9,59 9.34 - 4,96 8,73 4,83 6,10 5,84 7.37
2nd half 2008 9,57 9,62 - 5,93 10,06 5,23 6,42 5,61 7.98
1st half 200% 10,02 10,09 - 5,98 8,46 5,63 6,57 6,86 8.2%
2nd half 2009 10,07 5,88 - 5,832 5,03 5,72 6,64 6,12 8,11
1st half 2010 2,93 9,81 - 5,78 2.17 6,68 6,79 6,96 8,25
2nd half 2010 10,58 9,29 - 5,98 9,36 7,22 6,68 6,26 8,95
1st half 2011 11,21 8,71 - 5,84 5,66 7.18 7,33 7.42 8,85
2nd half 2011 11,39 10,20 - 5,93 9,02 7,27 7,23 7,00 9,20
1st half 2012 11,45 10,00 6,60 6,34 9.41 7.70 7,20 8,11 10,22
2nd half 2012 11,69 8,70 6,63 6,98 8,67 8,06 7.18 7,00 10,59
1st half 2012 12,78 932 6,47 7,01 10,01 2,05 7,12 8,34 10,68
2nd half 2012 12,73 10,00 6,57 6,30 9,72 8,98 7,17 7,42 10,70
1st half 2014 13,76 2.58 6,65 6,79 .36 8,40 (% 8,30 10,88
2nd half 2014 132,26 9,72 6,55 6,81 9,63 8,51 7,01 7,88 10,64
1st half 2015 13,16 2.56 8,52 6,20 8,97 8,19 6,63 8,78 10,02
reference period Ireland | Italy | Croatia | Latvia Liechtenstein Lithuania | Luxembourg | Malta | Macedonia |
1st half 2008 12,01 12,48 6,19 586 7.01 .18 -
2nd half 2008 12,76 14,21 8.08 712 7.04 13,23 -
1st half 2009 10,70 13,33 7.31 BA49 7.81 9,35 12,30 -
2nd half 2009 9,71 12,24 7.81 8,35 6.66 9,36 8,60 -
1st half 2010 8,38 12,09 2,00 8,26 9,17 7,81 14,90 -
2nd half 2010 8,66 12,98 77 8,50 10,23 7,95 16,00 -
1=t half 2011 8,73 12,95 775 9,05 10,21 731 15,80 -
2nd half 2011 9,77 13,92 762 5,89 10,26 7.32 15,70 -
1st half 2012 10,38 16,29 7.56 8,50 10,75 7.34 15,20 -
2nd half 2012 11,96 16,78 83.03 10,00 10,74 7.50 15,80 -
1st half2013 11,598 1537 8,11 10,44 11,88 746 15,50 764
2nd half 2013 11,64 15,91 7.59 10,65 11,34 7.23 15,50 6,58
1st half 2014 11,58 15,23 8.15 10,75 11,64 6,35 15,70 6,43
2nd half 2014 11,36 1591 7.82 10,68 11,70 6,73 15,80 6,33
1st half 2015 11,64 14,89 7.91 10,81 3.06 6,39 13,50 6,74
reference period Montenegro | Netherlands | Norway I Austria | Poland | Portugal | Romania | Serbia Sweden
1st half 2008 2,03 6,57 9,26 8,34 .07 7.83 6,20
2nd half 2008 9,15 6,78 9,65 7.94 8,17 7.99 6,86
1st half 2009 10,11 6,87 10,86 8.05 8,44 7.34 5,51
2nd half 200% 9,85 6,72 10,81 8,42 8,27 7.14 6,01
1st half 2010 2,85 887 10,32 8,53 8,01 7.18 7,18
2nd half 2010 - 8.68 750 10,32 8.59 8,05 6,94 7,36
1st half 2011 4,94 8,62 .60 10,12 8,62 2.03 7.03 7.8%
2nd half 2011 £,92 8,41 762 10,14 7.89 9,27 7.03 7,08
1st half 2012 5,39 B.44 743 9,83 8.14 10,55 7.30 7,13
2nd half 2012 5,20 8,60 6,96 9,85 8,45 10,40 6,70 - 6,73
1st half 2012 6,25 2,66 789 9,84 7.96 10,41 7.61 4,91 6,90
2nd half 2013 6,18 8.32 7,13 9,80 7.53 10,25 7.06 5,08 6,72
1st half 2014 6,35 9,37 6,45 9,60 7.04 10,10 7.B7 4.61 6,35
2nd half 2014 6,17 8.43 6,54 9,37 7.13 10,09 7.30 6,02 5,98
1st half 2015 6,15 8.17 6,1% 8,97 7.68 10,32 7.48 5.62 5,45
reference period Slovakia | Slovenia Spain I RE;:::I: | Turkey | Hungary | K:Jnr:::l‘:; | Cyprus | Kosovo |
1st half 2008 10,82 7.67 838 9,25 6,43 %99 8,80 1317 -
2nd half 2008 11,70 5,03 8.91 9,39 7.96 10,88 10,10 17,16 -
1st half 2009 12,70 8,10 9.53 9,40 7.24 11,03 10,18 10,83 -
2nd half 2009 12,63 7.98 9.34 9,78 7.21 11,46 5,00 13,62 -
1st half 2010 10,58 8.&6 8927 9,40 8,24 .42 8,74 14,00 -
2nd half 2010 10,88 8.65 8,57 9,69 8,44 .41 8,87 16,20 -
1st half 2011 11,58 8,59 8,16 9.%6 6,99 2,38 8,93 15,15 -
2nd half 2011 11,78 &4 8,37 9,67 6,80 2,35 9,30 18,73 -
1st half 2012 12,18 g,&1 10,15 9,69 7,68 2,16 10,32 20,84 -
2nd half 2012 11,59 8,45 10,02 9,72 2,71 9,65 10,88 22,10 -
1st half 2012 11,82 8,64 10,46 9,72 2,86 9,37 10,61 19,52 6,39
2nd half 2012 11,49 2,42 10,80 9,55 7,59 2,61 11,02 18,97 6,81
1st half 2014 10,37 7,64 10,39 7,85 6,89 £,89 11,732 16,27 6,82
2nd half 2014 10,52 7.55 10,29 7.7l 7.26 8,75 12,14 17,42 7,06
1st half 2015 10,10 7.23 968 7.18 7.88 8,52 13,71 12,56 7,18




Similar to the case of the natural gas pricing per kWh, in the case of electricity the expected
cost evolution should also need to be taken into account. In the same report by Solarconcentra
technological platform [90], expected evolution for electricity prices for industrial end-users
are explained under low, medium and high scenarios. See Table 27.

Table 27. Price estimation for electricity in industries in Spain — 2015/2035 [90].

. ) Precio del kWht (€}
Consumidor Industrial | ESCENARIO

2015 2025 2035
Alto 0.3034 | 0.6413 | 0.9792
Grupo |A Medio 0.2865 [ 0.455510.6244

Bajo 0.2781|0.3626 | 0.4470
Alto 0.1614 | 0.2746 | 0.3877
Grupo IB Medio 0.1558 |0.2123|0.2689
Bajo 0.1529|0.1812 | 0.2095
Alto 0.1215|0.1888 | 0.2561
Grupo IC Medio 0.1181|0.1518|0.1854
Bajo 0.1164 |0.1333]0.1501
Alto 0.1038 | 0.1579]0.2121
Grupo ID Medio 0.1011|0.1281|0.1552
Bajo 0.0997 | 0.1132 | 0.1268
Alto 0.0801 |0.1109 | 0.1418
Grupo IE Medio 0.0785 | 0.0940 | 0.1094
Bajo 0.0778 | 0.0855 | 0.0932
Alto 0.0760|0.1276|0.1792
Grupo IF Medio 0.0734|0.0992 | 0.1250
Bajo 0.0721| 0.085 |0.0979
Alto 0.0633 |0.1168 | 0.1702
Grupo IG Medio 0.0607 |0.0874 [ 0.1141
Bajo 0.0593 | 0.0727 | 0.0861

As in the case of gas, when using electricity for industrial heat generation, the efficiency of the
boiler-heater needs to be taken into account. In this case, efficiency values are much higher and
near a value of 100%, with minor losses. So, for an initial calculation, the cost of energy
employing electricity for an industrial consumer, even for the highest consumption, is greater
than 0.06 €/kWht. Similar calculations can be done for other countries also.

3.1.4. Petroleum derivative prices.

The price of the petroleum highly depends on many factors such as political decision, market
strategies, demand changes, currency exchange rates, etc. Having this into account, it is
understood why different derivatives employed as industrial fuels such as Heating Gas Oil and
fuel oil have such a high price variability with time. (See Table 28)

Table 28. Prices in force on 14/12/2015 inclusive of duties and taxes. Source:
https://ec.europa.eu/energy/en/statistics/weekly-oil-bulletin.


https://ec.europa.eu/energy/en/statistics/weekly-oil-bulletin

Fuel oil -
. . (
Heating gas oil Soufre <= 1%
Sulphur <= 1%
Schwefel <= 1%
1000L t
Austria 583,17 292,70
Belgium 442,00 178,51
Bulgaria 557,73
Croatia 555,88 359,62
Cyprus 735,96 501,88
Czech Republic 561,09 242,08
Denmark 1.145,82 679,40
Estonia 691,00
Finland 720,00
France 597,75 271,89
Germany 510,00
Greece 810,00 297,13
Hungary 1.038,02 354,32
Ireland 564,43 524,91
Italy 1.080,35 267,61
Latvia 644,64
Lithuania 449,23
Luxembourg 431,72
Malta 1.000,00
Netherlands 1.029,00 501,00
Poland 556,78 322,47
Portugal 970,00 453,92
Romania 982,50 406,05
Slovakia 351,73
Slovenia 810,00 44724
Spain 558,10 273,89
Sweden 974,47 733,10
United Kingdom 517,09
CE/EC/EG EUR 28 (1V)
Moyenne pondérée
Wei;hted Fz:lverage 580,74 352,51
Gewichteter Durchschnitt

In the same report by Solarconcentra technological platform [90], Fuel Oil and Heating Diesel
Oil prices are gathered from the same source (Oil bulletin, European Commission).

Current (year 2015) and future expected prices in €/kWht for different evolution scenarios (low,
medium and high) are published in this report, as shown in the next tables. Information is shown
for Spanish market and also for Europe (average). In particular in Tables 29 and 30 Spanish
prices are shown.



Table 29. Price and its expected evolution for Fuel Oil. Source: Solarconcentra.

PRECIO (€/kWht)
ESCENARIO
2015 2025 2035
Alto 0.084 0.132
Fuel Oil Medio 0,0372> 0.060 0.084
Bajo 0.049 0.060

Table 30. Price and its expected evolution for heating Gas Oil. Source: Solarconcentra.

PRECIO [€£/kWht]

ESCENARIO

» |

Alto 146 0.215

Gasoleo C Medio PR 0.111 0.146

Bajo 0.054 0.111

In these cases also, similar to the cases employing Natural Gas and Electricity, boiler-heater
efficiencies need to be taken into account to calculate the final cost of energy produced
employing these fuels.

6. CONCLUSIONS

The Solar Heat Industrial Process (SHIP) sector is one of the direct and more exploitable
directions for CSP systems. A lot of components optimization, system engineering and schemes
for integration between solar technologies and industrial plants, either in hybrid mode or with
energy storage media, is available. Further studies are required to define a combination of
technical requirements with economic aspects required at the market level. Constraints on the
CAPEX, OPEX and LCOE are major elements to be considered and evaluated by each single
project or initiative to be successful in proposing a solution. Modularization and standardization
of components for main system categories will introduce a simplification in the system
proposed to the end-users, where their interest to be leveraged, their acceptance on the
decarbonization target (eventually supported by proper incentives) is still a major priority for a
successful implementation of CSP technologies in industries. Reliable business models with in-
depth analyses on learning curves, target costs, market potential divided by specific sector are
indeed required to create an European roadmap towards an important decarbonization of the
thermal and power consumption in the industrial sector.
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8. APPENDIX

The results of the simulations of an ORC with a heat power exchange in the evaporator of 60
kW and different fluids are presented here. The values on the tables are:

B 1) the regenerator efficiency

B Qnot the evaporator heat power

B Qg the regenerator heat power

B Qcold the condenser heat power

® W, the pump mechanical power

B W,y the expander mechanical power

B Muork the mass flow of working fluid

® v; the specific volume of working fluid at the exit of the expander
® V3 the volume flow of working fluid at the exit of the expander

® h;o/hy, the percentage of heat used to change the phase of the fluid in the
evaporator

B hs4/hya the percentage of heat used to change the phase of the fluid in the
condenser

B pnax the pressure in the evaporator
B pcond the pressure in the condenser

B e the efficiency of the cycle

Results for Tcond = 20 °C and Tmax = 100 °C
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Figure 1: ORC with Tcond = 20 °C and Tmax = 100 °C



Table 1: Results of the cycle for Tcond = 20.0 °C and Tmax = 100.0 °C

Ecng Quie | Qg | Qouta Wy | Wep | Hwark vy Va '-',:“—; 2&’:}- Prcap | Pemtt | Werta

(%) (kW) | (kW) | (W | (W) | (kW) | (kgfs) | (m?/kg) | (m?/s) | (5E) (%) (bar) | (bar) [ (%)

0.0 GO0 0.0 ~50.9 0.1 9.1 0.1 3.172 04963 722 68.1 18 0.1 15.1

Benzene  TRo0 | 600 | 07 | -G0& | 0.1 92 | 0016 | 3172 | 0.967 | 730 | 90.4 | 18 | 0.1 | 16,3
0.0 6o 0o “BlLY 0.4 o 0128 0497 0.025 39 oL 15.4 21 154

Butane 800 | 600 | 32 | 604 | 04 | 104 | 0.135 | .07 | 0.027 | 570 | 979 | 163 | 2.1 | 162
00 | 600 | 00 | -5L6 | 0.1 &5 | 0110 1200 | 0500 | 624 | %16 | 11 01 | 141

Heptwne 00517600 | 70 | -60.6 | 0.4 05 | 0132 1200 | 0568 | 697 | 064 | LI 01 | 167
00 G0 .0 =509 05 9.5 (LS8 (1] 0132 0.018 194 923 199 3.0 119

Isobutiue 800 Ho0 3.2 -on4 0.0 10.0 0148 0142 0.019 520 08,1 0.9 a0 15.7

0.0 60.0 0.0 51T 0.2 L] 0303 0.253 0.077 54.2 S0 6.3 0.6 139

SES36 800 | 600 | 105 | 502 | 0.2 | 100 | 0356 | 0258 | 0.000 | 638 | 944 | 63 | 06 | 163

0.0 60.0 0.0 -62.3 0.1 82 0.118 20650 0.312 722 .1 0.8 0.1 13.6

Toluene: 800 | 600 | 23 | 520 | 01 85 | 0122 | 2650 | 0.324 | 150 | 9852 | 08 01 112

Results for Tcond =20 °C and Tmax = 150 °C
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Figure 2: ORC with Tcond = 20 °C and Tmax = 150 °C

Table 2: Results of the cycle for Tcond = 20.0 °C and Tmax = 150.0 °C

€reg ot | Qeeg | Qlocia W | Wesp | wam V3 Va '—:..'-??— '—'“H- Pevap | Peond | Teycke
)| W) (W) | W) | (WD | W | (heds) | im® ke | (sl | (56 [%) | (bar) [ (bar) | (%)
i SN [EX1] =4T.0 1.1 122 (L1003 R L7 AT 43.5 nus 11 .2

Beuene A0.0 GO 2.5 -47.8 0.1 127 0,107 24380 0,461 50.0 984 6.8 nl 211

0.0 GO0 0.0 -440 0.5 11.0 0.119 0,200 0024 0.4 - A5.0 21 185

Bulane B0 G0 4.4 -48.2 0.4 128 0.127 0,200 0,025 2.8 .7 A5.0 2.1 1.0

.0 GO0 0.0 -45.2 0.1 18 0.100 4620 462 45.8 T4.7 3.8 0.l 17.0

Heptane LI [T 119 =471 0.1 120 0120 4620 0.554 54.0 436 38 .1 214
[T il [T -d%d .2 115 | s 0.149 0.015 145 [ s00 | aan 50 17.4
Izobutane BI0Lib [T AR =470 1.0 134.0 0.135 0.148 L0120 16.7 [T 5.0 S0b 200
[T GO [T 407 1.4 7 | asT 0,273 0070 | a1E | osa7 17.6 (1.4 17.1

SES36 B0 | GO | Q64 | <470 | 0.5 | Lh4 | 0822 | 0278 | 0068 | 347 | @10 | 176 | 06 | 214

.0 GO0 0.0 -4%.1 0.1 11.3 0,104 2687 0,270 57,7 85,3 2.8 01 18,8

Toluene B0 GO 4.7 -48.2 0.1 12,2 0.112 2HRT 0401 62.2 ELER!] 2.8 n1 20,3




Results for Tcond =20 °C and Tmax = 200 °C
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Figure 3: ORC with Tcond = 20 °C and Tmax = 200 °C
Table 3: Results of the cycle for Tcond = 20.0 °C and Tmax = 200.0 °C

Cren Qhﬂ.t Qlt: Q(--lvl “.p “'v'\jl e g va Vi ﬁ,."::' tﬁ' Pevap Poouad ey

(%) | (&W) | (kW) | (kW) | (kW) | (kW) | (keis) | (m*/kg) | (m"/s) | (%) (%) | (bar) | (bar) | (%)

00 | 600 | 00 | <458 | 02 | 144 [ 0093 | 3610 | 0336 | 439 | 387 | 144 | 01 | 237

Benzene s0.0 6.0 4.3 447 0.2 154 0100 3.610 1360 {71 972 144 n1 254

00 | 600 | 00 | 488 | 00 | 119 | 0oso 0.256 0.023 | 154 | 606 | 350 | 21 18.7

Butane 30.0 600 16.2 ~15.8 0.8 15.1 0113 0.256 0.029 194 90.2 350 2.1 238

on 6040 UL ~47.9 0.2 12.2 (.Ox6 S.022 .434 317 H6.5 a8 01 2.1

Heptane 800 | GO0 | 163 | -46 | 02 155 | 0.110 5.022 o652 | 404 | 908 98 0.1 255

o 60 0.0 ~A06 0.7 11.0 0,091 (181 [IX1) g 11.2 61.7 330 5.0 17.2

Iscbutane [TZ00TT 600 | 200 | 461 | 0.0 | 146 | 0122 | 0151 | 0.022 | 150 | 885 | 350 | 30 | 230

B 00 | 600 | 00 | -463 | 01 134 | 0.002 2.775 0256 | #4858 | 823 | 7.5 01 | 222

Toluene 80.0 600 7.3 -45.2 0.1 1.1 0.104 2775 0.288 50.2 955 7.5 0.l 24,9

Results for Tcond =20 °C and Tmax = 250 °C
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Figure 4: ORC with Tcond = 20 °C and Tmax = 250 °C
Table 4: Results of the cycle for Tcond = 20.0 °C and Tmax = 250.0 °C
frog Qe Qevg | Qoom Wi | Woxp | tiwmes va Vs ﬁ,}“_‘- ﬂ,;‘::— Pavap | Posod | Tonvis
(%) | W) | W) | W) | Wl | W) | (kess) | (e /kg) | w?/s) | () | () | (bae) | (e | (%)
00 | 600 | 00 | 446 | 04 | 157 | 0086 | 3816 | 0330 | 204 | %45 | 200 | 0.1 | 256
Benzene 00 | 600 5.9 431 04 173 | 0.005 4816 0.362 323 | 9.1 204 01 28.2
00 | 600 | 00 | 472 | 0.3 | 130 | 0078 | 6434 | 017 | 169 | 6049 | 215 | 01 | 212
Hoptane  [TGo07 [ 600 | 195 | 431 | 04 | 173 | 0103 | 5331 | 0.552 | 20.1 | S84 | 206 | 0.1 | 281
00 | GO0 | 0.0 | -453 | 02 | 148 | 0083 | 2073 | 0.248 | 324 | 68 | 167 | 01 | 244
Tolwene  [T8G0 [ 600 | 07 | 420 | 0.2 | 172 | 0097 | 2073 | 0.288 | 377 | ™42 | 167 | 01 | 253




Results for Tcond =20 °C and Tmax = 300 °C
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Figure 5: ORC with Tcond = 20 °C and Tmax = 300 °C
Table 5: Results of the cycle for Tcond = 20.0 °C and Tmax = 300.0 °C
€reg Quin | Qg | Qeumn Wy | Weg | oo va Vs ",,y'; :,;‘,-‘L Povie | Pewnt | Moy
(%) | (W) | (W) | (W) | (kW) | (kW) | (kefs) | (m®/kg) | (mP/s) | (%) (%) | (bar) | (bae) | (%)
0.0 60.0 | 00 | -438 | 05 167 | D078 4.176 0325 | 132 | 776 | 450 | 0.1 20.9
Benzme 0.0 6.0 83 -41.5 0.6 19.1 1.059 4176 0.373 i5.1 94.1 15.0 0.1 304
00 600 | 00 474 | 03 | 129 | 0.065 060 0392 | %6 0.3 | 250 | 01 210
Heptame 3507 [ 600 | 278 | -41.6 | 04 | 187 | 0.084 | G060 | 0671 | 125 333 | 250 | 01| 805
€ 00 600 0.0 ~44.5 04 158 0079 3000 0,243 176 736 327 0.1 257
Tolwene 173607 | 60.0 | 110 | -4L7 | 0.4 | 157 | 0093 | 3000 | 0.2%8 | 20% | 941 | 327 | 0.1 | 305
Results for Tcond = 20 °C and Tmax = 350 °C
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Figure 6: ORC with Tcond =20 C and Tmax = 350 C
Table 6: Results of the cycle for Tcond = 20.0 C and Tmax = 350.0 C
ényg Quie | Qg | Quona Wi | Wep | i Vi Va 5,:‘-;— ,-:;i“- Pevap | Peond | Teyee
(%) (kW) | (kW) (kW) (kW) | (kW) | (kg/s) | (m?/kg) | (m/s) (%) (%) (bar) | (bar) (%)
00 | 600 | 00 | 437 | 04 16.7 | 0.067 4838 0322 | 113 | 664 | 450 | 01 27.1
Benzene 800 GO0 144 -308 0.6 20.7 0082 4 838 0,399 13,9 904 45,0 0l 336
00 600 | 06O | 444 | 0.4 15.9 | 0.067 3.565 0238 | 109 | 627 | 370 | 01 20.0
Toluene 80.0 600 16.9 -40.0 0.5 20,4 (L0086 3.565 0.305 14.0 R4.2 37.0 [IN] 33.2




Results for Tcond =30 °C and Tmax = 100 °C
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Figure 7: ORC with Tcond = 30 °C and Tmax = 100 °C
Table 7: Results of the cycle for Tcond = 30.0 °C and Tmax = 100.0 °C
es | Qun | Qe | Quua | Wy | Wep | Tawrs | ¥2 HEA A
(%) | 0aW) | (kW) | W) | W) | (W) | (ke/s) | (wPrke) | (w?fs) | (%) | (%) | (bar) | (bar) | (%)
00 | 600 | 00 | -510 | 00 | 82 | 0119 | 1655 | 019 | 748 | 981 | L8 | 02 | 136
Beuzene B0 | 600 n 519 1N 8.3 0.120 1.655 0,10 6 | 993 LN 0.2 137
00 | 600 | 00 | 515 [ 04 [ 87 [ 0034 | 044 | 0019 | 577 | 927 | 153 | 29 | 139
Butane 800 | 600 3.1 -51.1 0.4 0.2 0.141 0.144 0062 | 606 | 983 15.3 2.9 14.6
0on 600 (LK) A26 1N} 77 0.125 1.966 0,245 65.7 850 L1 1 128

Heptane o007 600 | 6.8 | 518 | 01 S RS 1.966 | 0.211 | 7245 | 968 | L1 01 | 142

0.0 60.0 0.0 023 0.5 8.1 0.14% 0.101 0,015 524 02.1 19.9 4.0 12.6

Isobutane [TROGTIT60.0 | 33 | 510 | 06 | 85 | 0157 | 0.101 0016 | 563 | 980 | 199 | &0 | 133

0.0 60L0 0.0 -32.5 0.2 7T 0.320 0178 0.057 572 797 6.5 0.8 125

SES36 500 | 600 | U8 | 513 | 02 0472 | 0178 | D066 | 666 | 949 | 6.3 | 08 | 146

89
0.0 600 0.0 -53.2 (N1 74 0123 1.802 0,221 75.1 4.6 0.8 0.2 124
Toluene 800 | 600 | 19 | -530 | 01 77 | 0127 1.802 022 | 775 | 980 | 08 02 | 128

Results for Tcond =30 °C and Tmax = 150 °C
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Figure 8: ORC with Tcond = 30 °C and Tmax = 150 °C

Table 8: Results of the cycle for Tcond = 30.0 °C and Tmax = 150.0 °C

€ren Qun Qrex Qeuin Wy | Wag | e va Va ’—',;Lf E;;‘j— Pevegr | Poost | Reavin
) | (W) | W) | Wy | W) | ey | (kess) | (mP/ke) | (mPs) | (56) (%) | (bar) | (bar} | (%)
0.0 600 0.4 486 | 0.1 114 | 0106 1.742 0184 | 592 | 933 5.8 0.2 IK9
Benzene 800 | 600 24 -48.1 0.1 119 | 0110 1.742 0192 | 618 | 084 08 0.2 10.7
0.0 600 0.0 -49.5 0.0 112 | 0124 0.149 0018 | 214 | %93 | 350 2.0 172
Butane 800 | 600 1.3 -I8.8 0.9 120 | 0.133 0.140 0.020 229 | 971 35.0 29 185

0.0 600 0.0 <5IL0 0.1 10.2 0104 2,111 (.220 T8 754 I8 0.1 168

Heptau SO0 | 600 115 | -48.1 0.1 12.1 0.124 2.111 0.262 570 | 935 EX 0.1 20.1

0.0 0.0 0o <607 0.9 10.1 0124 UL 0.014 153 TH2 35,0 0 154

Isobutane TRODTTT600 | DA | 402 | 1.0 | 116 | 0043 | G118 | 0006 | 177 | 943 | 850 | 40 | 177
00 | 600 | 00 | -504 | 04 | 100 | 0260 | 0101 | 0.061 | 383 | 607 | 176 | 08 | 160

SES36 800 | 600 | 140 | <480 | 0.5 | 125 | 0336 | 0.101 0060 | 413 | 913 | 176 | 08 | 109
0.0 60.0 0.0 ~49.9 0.1 10.7 0.167 1820 0196 5.7 KRG 28 0.2 178

Touene  [TF00 | 600 | 45 | -a0.1 | 0.1 | 115 | 0016 | 1820 | 0210 | 642 | 9.7 | 28 | 02 | 19.1




Results for Tcond =30 °C and Tmax = 200 °C
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Figure 9: ORC with Tcond = 30 °C and Tmax = 200 °C
Table 9: Results of the cycle for Tcond = 30.0 °C and Tmax = 200.0 °C
fog | Que | Quog | Quusa | Wy | W [ thwan va Va | 25 | ZE | e | Pemd | Bore
(56) | (kW) | (kW) | (kW) | (kW) | (kW) | (kg/s) | (m?/kg) | (mP/s) | (%) (%) | (bar) | (bar) | (%)}
0.0 G0 0.0 ~46.4 0.2 3.7 0085 1.794 0171 45.1 883 144 0.2 225
Benzene  TRG0 T 600 16 | 64 | 02 | 147 | 0.103 1700 | 0.084 | 485 | 974 | 144 | 02 | 242
0.0 6o oo ~49.5 on 11.1 0002 01809 0.7 155 60,1 35.0 29 174
Butane 800 | 600 | 170 | -40.5 | 08 | 142 | 0.018 | .89 | 0.022 | 20 | 90.2 | 350 | 29 | 224
00 | 600 | 00 | 485 | 0.2 | 116 | 0080 | 2206 | 0.206 | 328 | 668 | 08 01 | 1ol
Heptane 800 | 600 | 168 | 458 | 0.2 148 | 0014 2200 0.261 | 41.7 | %05 98 01 243
0n GO0 1.0 ~ala 0.7 0.7 0005 0138 0.013 1.7 6.4 35.0 1.0 15.1
Isobutane TSR G00 | 00 | o098 | 07 97 | 0095 | 0188 | 0013 | 117 | 004 | 350 | 40 | Iod
00 | 600 | 00 | -47.5 | 01 120 | 0005 1906 | 0.82 | 462 | S24 | 75 | 02 | 214
Toluene 3061 600 | 7.2 | 460 | 01 | 145 | 007 | 1006 | 0.203 | 517 | 953 | 7.6 | 02 | 239
Results for Tcond = 30 °C and Tmax = 250 °C
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Figure 10: ORC with Tcond = 30 °C and Tmax = 250 °C
Table 10: Results of the cycle for Tcond = 30.0 °C and Tmax = 250.0 °C
frvg Qx.m Qu. Qeois “"p “‘nnl Miwurk va Va ﬁ,f;ﬂ“ ,—‘ﬁ‘:‘:‘ Pavap Peonat Tlcyrie
(%) | oew) | ) | vy | W) | (kW) | (kess) | (m?/ke) | o?zs) | (%) L (%) | (bar) | (bar) | (%)
00 | 600 | 00 | -452 | 04 | 160 | 0.080 1906 | 0.169 | 301 | 840 | 209 | 02 | 244
Benaene B0 60,0 6.3 -43.7 04 16.6 0008 1.906 0,186 334 96,1 209 0.2 27.0
0o 0.0 00 -47.6 0ni 12.5 0080 2439 0,196 104 G0 21.5 1 20.2
Heptune 800 600 19.7 -43.6 [N 16.5 0107 2439 0.260 21,7 88,6 21.5 0.1 26.9
00 | 600 | 00 | 459 | 02 | 144 | 0086 | 2030 | 0.175 | 333 | 768 | 167 | 0.2 | 236
Toluene SO0 0.0 08 -43.6 0z 16.7 0.100 2039 0.203 BRI 93.9 6.7 02 274




Results for Tcond =30 °C and Tmax = 300 °C
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Figure 11: ORC with Tcond = 30 °C and Tmax = 300 °C
Table 11: Results of the cycle for Tcond = 30.0 °C and Tmax = 300.0 °C
tog | Quor | Qrex | Qo | Wy | Woxp | hwurs Va Va L[ poap | Pt | Heyess
(%) | (kW) | (kW) | (V) | (kW) | (kW) | (keds) | (m/kg) | (m?/s) | (%) (%) | (bar) | (bae} | (%)
0.0 0.0 1.0 -445 | 05 160 | 0080 2070 0165 | 135 | 769 | 450 | 02 | 257
Benzene 0.0 60.0 9.3 421 0.6 184 00492 2070 0.190 15.6 03.9 15.0 0.2 29.7
0.0 0.0 0.0 478 | 0.4 123 | 0066 2772 (184 RA 0.1 | 250 | 01 2040
Heptam |7®0n [ 600 | 270 | w21 |04 [7I80 | 0097 | 2772 | 020 | 128 | B35 | 250 | 00 | 293
5 00 il 0 0.0 449 | 04 15.3 | 0.080 2124 0170 | 180 | 734 | 327 | 02 | 248
Tolueno =00 Gl 11.3 ~42.0 0.5 182 0.045 2124 0.202 213 932 327 0.2 295
Results for Tcond = 30 °C and Tmax = 350 °C
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Figure 12: ORC with Tcond = 30 °C and Tmax = 350 °C
Table 12: Results of the cycle for Tcond = 30.0 °C and Tmax = 350.0 °C
Frew Quot | Qrex Qe Wo | Wosp | e Va Vy '—:‘;‘_L ﬁ,;*::' Povep | Peved | Thyuls
(%) | (kW) | (kW) | (kW) | (KW) | (kW) | (ke/s) | (o /kg) | (w®/s) | (%) (%) | (sar) | (bar) | (%)
0.0 600 0.0 444 0.4 16.0 | 0068 2450 0166 | 115 | 655 | 450 | 02 | 259
Benzeme 0.0 6041 15.2 405 0.3 210 10,085 2,450 .20 14.4 0,1 5.0 0.2 324
N [X1] 0.0 0.0 448 | 0.4 15.4 | 0.068 2,439 0166 | 11 | 623 | 370 | 02 | 250
Toluene S0.0 GO0 17.3 -40.5 0.5 19.8 0.088 2.439 0211 1 89.0 7.0 0.2 32.3




Results for Tcond = 40 °C and Tmax = 100 °C
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Figure 13: ORC with Tcond = 40 °C and Tmax = 100 °C
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Table 13: Results of the cycle for Tcond = 40.0 °C and Tmax = 100.0 °C

Cinx QG | Qo | Qo Wo | Wenp | ttoes va Va %‘L,J; “1}:-2- Povap | Peond | Hevets
(%) | (kW) | (kW) | (kW) | (kW) | W) | (kess) | G fkg) | (mte) | (%) (%) (har) | (bar) | (%)
0.0 60O 0.0 -03.0 0.1 7.2 0,123 1.120 0,138 i) a8.0 1.8 0.4 11.9
Benzene S0.0 6.0 0.7 524 01 7.2 0124 1120 0,139 5.4 09,1 1LY 0.4 12.0
0.0 G600 | 00 027 0.4 74 0.142 0.110 0016 | 609 92.9 15.3 38 11.8
Butane 80.0 60.0 3.2 52,3 0.4 7.8 0.149 0.110 0.016 64.2 98.5 15.3 3.8 124
0.0 500 | 0.0 La3.6 0.1 6.9 INE 1.275 0108 | 69.2 87.2 1.1 0.2 14
Heptano 30.0 60.0 56 53.0 0.1 75 0144 1.275 0.183 75h.6 6.4 Ll 0.2 125
0.0 T ) ad.1 0.5 6.5 0159 0.07% 0.012 | 56.0 1.7 199 5.3 0.9
Isobutane 0G5 60,0 3.5 -03.7 0.6 0.9 0168 0,078 0.013 5.3 97.7 19.9 5.3 10.5
0.0 60.0 | 0.0 .53.4 0.2 6.8 0.339 0.126 0.043 | 60.7 814 6.3 1.2 11.0
SES36 800 | 600 | %0 | 524 | 02 TR | D990 | 0126 | 0049 | GBS | 954 6.3 12 | 126
0.0 600 | 0.0 542 0.1 6.0 0,127 1,366 0171 | 780 05,2 0.8 0.2 11.0
Toluene s0.0 60 16 -54.0 01 [ 0131 1.6 0179 0.1 o980 0ns 02 11.3
Water 0.0 G600 | 0.0 5743 0.1 2.7 0.024 14404 0462 | 633 100.0 0.2 0,1 4.4
Results for Tcond = 40 °C and Tmax = 150 °C
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Figure 14: ORC with Tcond = 40 °C and Tmax = 150 °C
Table 14: Results of the cycle for Tcond = 40.0 °C and Tmax = 150.0 °C
Crox o Qg Q...m “-I' "..--,- Twors va Va :‘:&g‘ ‘A;‘. Powap Poana Neyelw
(%) | W) | (W) | (kW) | (kW) | (kW) | (kg/%) | (" /kg) | (m/s) | (%) (%) (ar) | (bar) | (%)
0.0 0.0 0.0 495 0.1 106 | 0100 1.167 0127 | 611 93.2 58 03 175
Benzeno 8OO B0 2.7 -49.0 0.1 11.1 0114 1167 0,133 | 639 984 5.8 0.3 8.3
0.0 0.0 0.0 505 K} 10,0 | 0131 0.114 0.015 | 225 89,3 5.0 38 154
Butane 800 | GO0 [ 0.8 10 109 | 0.140 0.114 0G| o241 97.1 350 3.8 16.5
0.0 60,0 0.0 -50.8 0l 0.5 0100 1.383 0151 | 499 T6.2 38 0.2 15.7
Heptane 800 6.0 1.2 101 0.1 11.3 0.129 1.383 0178 592 93.5 38 0.2 18.6
0.0 H0.0 1.0 523 0.9 6 0131 0.088 0012 | 161 78.2 5.0 5.3 129
Isobutane [“Fa5 600 10.1 510 11 1010 | 0153 0,088 0,013 | 189 93.7 35.0 6.3 15.1
0.0 60.0 0.0 51.2 04 9.3 0,282 0.136 0039 | 348 70.7 17.6 1.2 14.7
SES36 800 | 600 | 145 | 490 | 05 | 115 | 0351 0.136 008 | 432 | @17 | 176 | 12 | 183
0.0 B0 0.0 506 0.1 100 | 0111 1.376 0,153 | 61.7 880 28 0.2 16.6
Talweoo  TRRGTT7600 | 44 | 09 | 0.0 | 108 | 0119 | 1,376 | 0064 | 662 | 96.6 28 | 02 | 179
Water 0.0 60,0 00 503 0l 48 0,023 8019 0206 | 800 | 1000 0.4 01 79




Results for Tcond = 40 °C and Tmax = 200 °C

650,

3501 =
500 =

X450
-

350,

235600 (] 7000 4000
s [J/kgK]

(a) Th diagrams (b) Ts diagrams
Figure 15: ORC with Tcond = 40 C and Tmax =200 C
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Table 15: Results of the cycle for Tcond = 40.0 C and Tmax = 200.0 C

Cany Qo Qien Qovid W, Wesp | rirwaek vy Vi '{L,i- '—‘n‘x-:- Prap | Poad | Doyt
(%) | (kW) | (kW) | (KW} | (KW) | (kW) | (ke/s) | (w®/kg) | (m¥/s) | (%) (%) (bar) | (bar) | (%)
0.0 0.0 0.0 7.1 0.2 129 | 0098 1.251 0123 16.3 S8.0 144 0.3 21.2
Honzene  (TGEGT 600 | 48 | 61 | 02 | 140 | 0.106 1,251 0133 | b0 072 144 | 0.3 | 220
0.0 .0 0.0 505 0.7 100 | 0005 0,144 0.014 16,4 60,1 350 38 155
Butane S0.0 .0 8.1 -AT.6 0.9 145.0 0.124 0,144 0.018 214 899 350 is 20.2
0.0 [ET] 0.0 -19.2 0.2 110 | 0093 1.503 0140 | 341 67.1 [E] 0.2 18.1

Hoptano  [T550 [ 600 | 162 | -162 | 0.2 | 140 | 0118 1503 | 0177 | 433 | 007 0.8 02 | 23.0

0.0 oh.0 .0 -52.4 0.7 8.3 0.099 0107 auoil 122 589 350 53 127

Isobutane [“ER G600 | 0.0 | 524 | 07 | %8 | 0.009 | 0.007 | 001 | 122 | 589 | 330 | 548 | 127
0.0 | 600 | 00 | -4%2 | 01 | 123 | 0098 | La6s | 014 | 47.6 | 825 75 | 02 | 204

Toluene 800 | 600 | 7.2 | 467 | 01 138 | 0110 1.465 | 0161 | 533 | 952 75 02 | 228
Water 0.0 | 600 | 0.0 | 5348 | 01 67 | 0022 | 11511 | 0255 | 843 | 1000 | 07 | 01 | 112

Results for Tcond = 40 °C and Tmax = 250 °C
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Figure 16: ORC with Tcond =40 C and Tmax =250 C

Table 16: Results of the cycle for Tcond = 40.0 C and Tmax = 250.0 C

tiog | Qo | Qioe | Qeota | Wo | Wisp | thwan Vi Vs e 28 | s | Pt | Mivete

v2 LT

(%) | kW) | (kW) | (KW) | (kW) | (kW) | (ke/s) | (m'/kg) | (m*/s) | (%) [ (%) | (bar) | (bar} | (5%}

0.0 60.0 0.0 -45.9 04 143 0.00% 1,321 0.120 30.9 536 29.9 0.3 232

Benzene 0.0 60.0 6.6 444 0.4 15.9 0101 1.321 0.133 34.3 96.0 209 0.3 258

0.0 60.0 0.0 -48.2 0.3 11.9 0.083 1,596 0.132 16.9 01.2 215 0.2 1.2

Heptane 0.0 60.0 19.9 ~442 0.4 15.8 0.110 1.596 0.176 225 88.7 215 0.2 25.6
0.0 600 0.0 ~16.5 0.2 (B R.] 0088 1.565 0,138 a3 6T 67 0.2 227

Toluene 20.0 .0 0.4 ~44.3 0.2 16.1 0.103 1.565 0.161 39.9 938 6.7 0.2 26.4
Water 0.0 0.0 0.0 -531.5 1 8.5 0.021 6.572 (.141 T4 1000 15 (L8] 4.2




Results for Tcond = 40 °C and Tmax = 300 °C
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Figure 17: ORC with Tcond = 40 °C and Tmax = 300 °C

Table 17: Results of the cycle for Tcond = 40.0 °C and Tmax = 300.0 °C

(g | Qun | Qug | Qud | Wi | Wesp | o vy vV, '5,17 -,\‘—‘L Pewwp | Poona | oyae
(%) | ow) | awy | oewy | W) | kW) | (ks | (m?/ki) | (mPis) | (%3 | (%) | (bar) | (bar) | (%)
0.0 HO.0 0.0 -45.2 0.5 152 0.081 LATS .120 135 T6.3 5.0 .3 245
Benzene 790077500 | 98 | 927 | 06 | 177 | 0095 | 1475 | 0,140 | 160 | 938 | 450 | 03 | 285
00 | 600 | 0.0 | 453 | 03 | 117 | 0.068 | L8z | 0123 | 90 9 | 250 | 02 | 190

Heptane o007 "G00 | 286 | 428 | 05 | 173 | 0100 | L1812 | 0.152 | 133 | S32 | 250 | 02 | 281

0.0 G0.0 0.0 154 04 14,8 0,082 1.629 0.1 184 732 327 0.2 230

Toluene 8.0 650.0 11.5 A2.6 0.5 17.6 0.09% 1.629 0.159 219 093.1 32.7 0.2 285

Water 0. H0.0 O ~49.5 0.1 10.2 0.021 649651 UREE] T 1000 29 0.1 17.1

Results for Tcond = 40 °C and Tmax = 350 °C
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Figure 18: ORC with Tcond = 40 °C and Tmax = 350 °C

Table 18: Results of the cycle for Tcond = 40.0 °C and Tmax = 350.0 °C

Coos | et | Qres | Qust | Wi [ Wiap [ tinea Vi Va | 3% | 25 | powp | Poomt | 7y

(%) | (kW) | (kW) | (kW) | (kW) | (kW) | (kess) | (m®/ke) | (m®/s) | (%) %y | (bar) | (bur) [ (%)

00 | 600 | 00 | -45.1 | 04 152 | 0.060 1.631 0113 | 117 | 647 10 | 0.3 | 246

Henzene "G50 1760.0 | 160 | 412 | 0.6 195 | 0088 1,634 0.143 | 148 | 898 5.0 | 03 | 312
00 | 600 | 00 | 453 | 04 L8 | 0069 1867 0120 | 113 | 619 | 370 | 02 | 240

Toluese 7500~ "G00 | 17.9 | -#0.9 | 045 192 | 0.000 1.867 0168 | 14.7 800 370 | 02 | 312
Water 0o H0.0 (1N)] -48.1 1 1.9 0020 13.11% 0.262 709 Lono 4.2 1 198




Results for Tcond = 40 °C and Tmax = 400 °C
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Figure 19: ORC with Tcond = 40 °C and Tmax = 400 °C

s |J/kgK]
(b) Ts diagrams

Table 19: Results of the cycle for Tcond = 40.0 °C and Tmax = 400.0 °C

breg | Qe | Qrew | Qouia W | W | thecex va Va %-}‘-f 5';1;} Powp | Peomd | Theyels
(%) | (6RW) | W) | (kW) | (kW) | (kW) | (ke/s) | (m™/kg) | (m¥/%) %) (%) (bar) | {bar) (%)
Water | 0.0 | 600 | 00 | <466 | 0.1 135 | 0019 U871 0133 | 670 | 100.0 | 6.4 01 | 224
Results for Tcond = 80 °C and Tmax = 150 °C
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Figure 20: ORC with Tcond =80 C and Tmax = 150 C
Table 20: Results of the cycle for Tcond = 80.0 C and Tmax = 150.0 C
cox | Qun | Qg | Quit | Wy | Woep | e Vi SRR
) | 0wy | W) | oavy | kW | W) | ikess) | Gm® ki) | (mPas) | (%) (%) | (bar) | (bar) | (%)
({X}] o0 on «53.1 0l T 0.126 0,378 07 704 %1 58 Lo 115
Benacne 800 | GO0 | 3.4 | -528 | 0.1 T3 | 0132 | 0478 | 0060 | 740 | 985 5.8 10| 121
00 0.0 o G455 1.1 6.3 (170 0048 07 2493 914 350 10.1 LR
Butane 8O0 [ERN] 3.3 G40 1.1 6.7 (L1s0 [IXIERY os J08 w7 3150 101 9.
00 | 600 | D0 | 521 | 02 | %0 | 0132 | 0050 | 0421 | 641 | 926 | 118 | 26 | 120
Cycle pentane s0.0 .0 3.3 51,7 0.2 K4 0139 0,159 022 676 A4 [TE3 P 136
00 w00 o0 =539 (LN} 6.1 0.131 0.50 0 AR T8 38 o 101
Hegtane s 00 10.1 =529 0.1 T2 (153 0,540 082 700 Wil 33 06 1.8
({X}] (FIR1] o0 -55.% 10 nh 0171 0,083 LRI 210 T8 3o 154 70
Tsobatan: 800 | 600 | 107 | 503 | 11 656 | 0201 | 0038 | 0007 | 247 | 936 | 350 | 134 | 80
00 0 on 54.2 05 6.3 0.359 0441 oG 442 T0.5 176 A8 940
SES36 800 | GO0 | 117 | 531 | 06 | 7.6 | 0429 | 0.1 0018 | h2® | 935 | 176 | 38 | 115
0N 0 onn S35 o1 6.7 0127 0,740 004 T0.5 w3 28 0.5 1.2
Taluene 800 | 600 | 4.3 | 530 | 01 72 | 0136 | 0740 | @101 | 755 | 976 28 05 | 120
Water [{X)] 0 o -H6.8 ol 32 025 2,500 062 w5 100.0 14 0.5 53




Results for Tcond =80 °C and Tmax =200 °C

(a) Th diagrams
Figure 21: ORC with Tcond = 80 C and Tmax =200 C
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Table 21: Results of the cycle for Tcond = 80.0 C and Tmax = 200.0 C

treg | Qo | Queg | Qota | Wi | Wenp | thac ) Vi i,kj— ﬁ,,*;:- Pevon | Phung | Mok
(%) | W) | (W) | OavY | (kW) | W)Y | (kgdsh | (m®/kg) | (/s | (%) (%) | (bar) | (bar) [ (%)
0.4 G0 0.0 -50.4 0.2 9.5 0112 0.400 0046 | 527 87.1 144 1.0 164
Benzene =00 til).0 5.6 ~49.5 0.3 108 0.122 0.40% 0.060 57.6 96.9 144 1.0 17.5
0.0 60,0 0.0 -5 [ 6.1 0115 0,056 0,006 19.8 617 350 10.1 0.0
Butane R0 6l 0.0 545 07 6.l 0115 0.0056 1,006 148 617 35.0 10.1 ol
0.0 60,0 0.0 -19.7 13 106 | 0118 0,167 0020 | 400 36,8 264 2.6 168
Cyele pentave 5o TG00 | 5.7 | 488 | 06 | 116 | 0129 | 0,167 | 0.022 | 438 | 968 | 266 | 26 | 184
0.0 6.0 0.0 -52.0 0.2 8.2 (109 .58 0064 | 398 6.8 0.8 0.6 133
Heptane 800 | 600 164 | -q0s 0.8 104 | 0138 0,584 0081 50.7 015 s 0.4 170
0.0 6.0 0.0 -55.4 0.7 3.1 0.120 0.042 0.005 148 4.7 35.0 134 74
Lsobustane 200 | 600 0.0 551 0.7 5.1 0.120 0.042 0.005 143 akT 35.0 13.4 T4
0.4 6.0 0.0 504 01 (83 0110 0,792 0087 | 53.5 829 75 0.5 15.7
Tolueme 300 | 600 | 7.7 | 494 | 01 | 108 | 0125 | 0792 | 0000 | 603 | 95.9 TH | 05 | 177
Water 0.0 60,0 0.0 547 0.1 5.4 0.024 2,755 no65 | 85.0 100.0 E) 0.5 88

Results for Tcond = 80 °C and Tmax = 250 °C

650 B
550 7 ;
500 3
X450/ !
-
400
3501
300/
25
s |J/kgK]
(a) Th diagrams (b) Ts diagrams
Figure 22: ORC with Tcond = 80 C and Tmax = 250 C
Table 22: Results of the cycle for Tcond = 80.0 C and Tmax = 250.0 C
Creg Qun Qiex Qg “',' “.rxp Mhaun Vi Vs ﬁ,f:f E;l.‘:- Posap Peona Thyiw
(%) | G6W) | oaWV) | vy | aew) | kW) | (kgts) | Gm?fkg) | () | (%) (%) | (bar) | (bar) | (%)
0. G0 [IR}] A0 0.5 115 LEN 12 n.427 [INIFE M 522 200 rn 184
Benzeno Ri)0) £l 7.7 ATH 0.5 3.0 0115 1.427 00449 3 %Al 9 Lo 208
) 00 | 600 | 00 | 495 | 06 | 100 | 0087 | 0192 | 0.019 | 240 | TI& | 350 | 2.6 | 174
Cydle pentane |~Z55 w00 145 | 471 0.7 135 | 0.119 0.1492 000253 201 (7] 350 26 213
00 | oo | o0 | 510 | 04 93 | 009 | 0621 005 | 195 | 618 | 215 | 06 | 149
Heptane 00 | oo |08 | 480 | 08 126 | 0420 n62i 0080 | 262 B0 215 | o6 | 201
- 0.0 | 600 | 0.0 | <488 | 0.2 | 113 | 0008 | Ds42 | 0.082 | a1 763 | 167 | 06 | 184
Toluene 300 | 600 | 108 | <467 | 04 | 143 | 0016 | 0842 | 0.m7 | 450 | #a.0 167 | 06 | 217
Water 0o 6.0 0no -52.7 o1 T3 0023 3397 (X ROR 1000 aa 0.5 12.1




Results for Tcond =80 °C and Tmax = 300 °C
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Figure 23: ORC with Tcond = 80 C and Tmax =300 C
Table 23: Results of the cycle for Tcond = 80.0 C and Tmax = 300.0 C
Creg Qo Qrex Qoora “'5- ""q,- Maneh va Vi 'l't'é' "7&"1‘ Pesnp Peonad Moy o
(%) | W) | (kW) [ oWy | (kW) | (6W) | (ke/s) | (m'fkg) | (mPs) | (%) (%) | (bar) | (bar) | (%)
0.0 [ 600 [ 00 [ 482 | 06 [ 125 [ 0091 | 0463 | 0082 [ 153 | 740 | 450 | 1o | 198
Benzene 75077600 | 117 | 450 | 07 149 | 0108 0,463 0.050 | 183 92.8 450 L0 | 236
00 | 600 | o0 [ -51.2 | 04 92 [ 0076 | 0703 [ 005 | 100 | 492 | 250 | 06 | 147
Heptane 755077600 | 815 | 465 | 06 | 140 | 0116 | 0.703 | 0.082 | 164 | 825 | 250 | 06 | 2256
00 [ 600 | o0 [ <478 | o5 [ 125 [ 0001 | 0574 | o080 [ 209 [ 725 | 327 [ 05 | 200
Toluene 750 [ 600 | 127 | 5.3 0.5 15.1 | 0.110 0.874 0007 | 247 928 327 0.5 23.2
Water 00 | 600 | 00 | 508 | 01 01 | 0022 | 2822 | 0062 | 7548 | 1000 | 7.1 05 | 152

Results for Tcond =80 °C and Tmax = 350 °C
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Figure 24: ORC with Tcond =80 C and Tmax = 350 C
Table 24: Results of the cycle for Tcond = 80.0 C and Tmax = 350.0 C

coog | Qoot | Qron | Qoott | W | Wiap | feuet va Va | 32 ] 2L | powp | Peont [ 71ete
(%) | (&W) | (kW) | (&W) | (W) | (KW) | (kess) | (m® k) | (m®/s) | (%) (%) | (bar) | (bar) | (%)
00 | 600 | o0 | 483 | 05 123 | 0,076 0,522 0030 | 128 | 617 460 | LO | 197
Benzene =00 0.0 1.3 -44.5 0T 16.3 0.100 0.522 0.052 16.9 LU 5.0 1.0 26.0
0o | 600 | 00 78 | 04 121 | 0.076 0.995 0075 | 124 | 602 | 370 | s | 200
Tolueme TG [ 600 | 203 | 437 | 0.6 | 166 | 0.101 0995 | 0101 | 166 | S81 | 47.0 | 05 | 268
Water 1K} Hu.0 ({1 -40.1 1 109 0021 2.569 1,055 708 100.0 11.5 L5 181




Results for Tcond = 80 °C and Tmax = 400 °C
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Figure 25: ORC with Tcond = 80 C and Tmax =400 C
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Table 25: Results of the cycle for Tcond = 80.0 C and Tmax = 400.0 C

g | Quot | Qun | Qoont | Wi | Wiap | hwnes vy Vi %—“—:— -,.'—“ Pesatr | Poanit | Teyuto
(%) | (V) | (kW) | (kW) | (kW) | (kW) | (kets) | (m®/kg) | (mPfs) | (%) (%) (bar) | (bar) | (%)
[ Water | 00 | TG00 | 0.0 475 | o1 125 | 0.021 2,049 0065 | 655 | 100 | 184 | 05 | 207
Results for Tcond = 90 °C and Tmax = 150 °C
ORC | 650, ORC
R . Roaan s
P e . S
2 — Cyth pertare 8 w— Cypth pertare
w— teptace 550/ 3 -—
—matuiterw —
¢ —SESWH -
< BN e '__500 -vs,
e _, .i‘_-aso
7 400
/
7 3501
300,
o 25 o
h (j&g] s [JikgK]
(a) Th diagrams (b) Ts diagrams
Figure 26: ORC with Tcond =90 C and Tmax = 150 C
Table 26: Results of the cycle for Tcond = 90.0 C and Tmax = 150.0 C
Cron Qhnt Qreq [ W, Weap | inas va Vs ?’f EAJ::- Povap | Poomit | Royem
(%) | Wy | W) | (kW) | W) | (W) | (kess) | (m®ke) | (s | (5R) (%) | (ar) | (bar) | (%)
00 | 6o | 00 | 535 | 01 6.6 | 0.131 0.260 | 0085 | 734 | %45 5.8 1.4 105 |
Henzene 00 | 6bo 24 -53.2 01 [ 0.136 0,269 037 76.3 8.8 58 1.4 11.3
0o [HIXL} 0.0 -50.1 11 5.7 0154 040653 G R 930 350 125 T8
Butane S00 | e 25 | -55.0 1.1 [ 0,153 0,063 006 | 333 07,1 a0 | 125 EX|
[IX1] 6.0 0.0 -1 0.2 T 0.139 0124 0nmy 673 03.1 118 3.3 113
Cyele pentane KOL) 6.0 3.0 -HAT 0.2 74 0.146 0124 aos 0.7 085 118 3.3 L
0.0 | Gho | 00 | 54T | 01 54 | 0038 | 000 | 0054 | 634 | 815 as 0.8 SR
Heptaoe 800 L0 03 -53.0 0.1 0.2 0.164) 0,300 0062 731 05.5 3.8 0.8 0.2
0nn (AL} 0o -56.3 1.0 4.7 0187 0.027 s 230 Th 35.0 16.4 0.2
Isobustane S0.0 6.0 10.9 -55.6 1 6.6 0,221 0.027 [ 272 (DX 5.0 16.4 73
S oo nin 0L -55.0 05 5.5 0,387 0.1 ama 77 TSH 176 50 84
SES36 800 | 600 | 107 | 541 | 0.6 | 65 | 0456 | 0.081 0014 | 56,1 041 170 | &0 98
(LK1 Bl 0.0 -54.2 [IN na 0132 (IR &3 sl 741 xR 28 o6 9.6
loduene X6 LR 1.2 SR 0.1 6.2 011 0618 0UsT 783 =0 18 06 1053
Water 0o 60 (LK) -57.3 01 27 0025 2,116 53 2.1 1000 0 0.7 15




Results for Tcond =90 °C and Tmax = 200 °C
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Figure 27: ORC with Tcond =90 C and Tmax =200 C

Table 27: Results of the cycle for Tcond = 90.0 C and Tmax = 200.0 C

Coout Qrus oo Qi W, W [ TR va Va ?:' "‘x.:. Povap | Poowt Teyule

(%) (kW) | (kW) (kW) (KW) | (kW) | (ke/s) | (m?/kg) | (m*/s) (%) (%) (bar) | (bar) (%)

Do | 600 | 00 | 07 | 02 96 | 0116 0.285 | 0033 | 547 | 882 Tid ] 156

Benzene A0.0 | oo | 5.1 4998 | 04 | 104 | 0,126 11285 0nsa | 99 | 97.2 144 i1 16.9
00 | 6o | 00 0.7 b.4 0.122 0.0:44 0005 | 200 | 600 | 350 | 125 | 1.9

Butane 800 | 600 | 00 07 5. 0122 TN 0005 | 200 | 600 | 350 | 125 | 7.9
00 | 0 | bo 0 w9 | 0024 [IRET 0016 | 418 | 87.0 | 266 | a8 5.5

Cyele pentave 7300 [ 600 | 56 . 06 | 108 | 0,085 | 0.131 ODIS | 457 | 6% | 266 | 3.3 17.0
0.0 | 6o | 0.0 2. 0.2 76 | 0.114 0.423 | 0048 | 418 | 98 0.8 0.8 124

Heptane S00 | 60 | I6g | <607 | 0.4 U6 | 0144 0423 061 | 62w | 9y [ s (5]
D0 | 600 | 0.0 | 564 | 07 L3 | D128 0051 0.008 | 157 | 520 | as0 | 16.4 6.0

Isobutane 80,0 1.0 0.0 -56.4 n7 1.3 0.128 0.034 0.004 15.7 52.0 35.0 16.4 6.0
0O | o | o0 | -6t | oa X8 | 0114 0.660 | 0.075 | Hhd %31 7.0 0.0 144

Toluene 500 | 60D | 7.8 | 508 | 0.1 0 | 020 | 0660 | 0085 | 626 | 900 T4 06 | 164

Water 00 | G0 | D0 | 558 | 04 L9 | 0024 2461 0007 | 864 | 1000 S0 o7 8.1

Results for Tcond = 90 °C and Tmax = 250 °C
ORC
s [J/kgK]
(a) Th diagrams (b) Ts diagrams
Figure 28: ORC with Tcond =90 C and Tmax = 250 C
Table 28: Results of the cycle for Tcond = 90.0 C and Tmax = 250.0 C

Creg Qi Qn-; Qoold “.l' “‘l'-u Hewnik ¥a Vi N,,;:J lﬁ‘;‘:' Py Posnd Thyik

(%) (RW) | RW) | (W) | (kW)Y | (kW) | (ks | (o k) | (m/s) | (%) (%) (bar) | (bar) | (%)

0o | 600 | o0 | w2 | 0a 114 | 0106 | 029 0081 | 360 | 830 | 220 | 14 | 180

Benzeno KO0 6.0 7.3 ] 0.5 127 0119 0.298 0.035 10.4 95.6 2949 1.4 20.2
00 | oo | 00 | <603 | 06 102 | 0101 0.151 0016 | 249 | 715 | 350 | 33 | 16

Cydle pontane  [TRG0 [ Gu0 | 139 | <480 | 07 | 126 | 0120 | 0151 D010 | 306 | 922 | 350 | 43 | 195
00 | 600 | 00 | -5l6G | 04 88 | 0100 | 0449 0045 | 203 | 624 [ 215 | 08 | 140

Heptane S00 600 200 ~A8 N 0.6 119 0134 0449 0.060 273 887 215 08 188
0.0 | 600 | 00 | -ih6 | 03 | 106 | 0.101 0.701 0.071 | 394 | 769 167 | 06 | 173

Taluene 800 | 600 | 110 | <477 | 04 | 126 | 0120 | 0701 | 0.084 | 466 | 939 | 167 | 06 | 2056
Water 00 | 600 | oo | -a3o0 | o1 70 | 0023 2.1 0.065 | 817 | 1000 | &0 07 | 116




Results for Tcond =90 °C and Tmax = 300 °C
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Figure 29: ORC with Tcond =90 C and Tmax =300 C
Table 29: Results of the cycle for Tcond = 90.0 C and Tmax = 300.0 C
Crog Qi Qe Qoora Wo | Wep | thwen vy Va ",-7%'}- '-'1}:-:- Pewp | Poona | Mleyim
(%) (kW) | (lK\WW) (kW) (kW) | (kW) (kg/s) Im',/ku) (m" /s) (%) (%) (bar) | (bar) (%)
0.0 G0 0.0 484 o 123 00403 .326 0.0 158 745 B0 14 194
Bengene 800 6ol0 11.5 46,2 0.5 1446 [INRN] 11326 1.6 IS5 03.0 5.0 14 | 231
0.0 [H1E}) 0.0 N Wi 0.4 8.7 0079 1.5409 040 104 49.2 25.0 s 140
Heptune 7550 | 600 | 810 | -47.3 | 06 133 | 0121 1.4 0061 16.0 2 /0 | 08 | 21.2
= 0.0 6o 00 486 05 1LY .04 .728 00649 21.1 724 327 4 19.0
Foluene 800 600 128 -16.2 06 44 (IR 0.728 0.083 2506 925 327 06 230
Water 0.0 [HIEY] 00 -51.2 0.1 4.8 0022 2.07% 0.7 76.1 1000 8T 0.7 147
Results for Tcond = 90 °C and Tmax = 350 °C
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Figure 30: ORC with Tcond =90 C and Tmax = 350 C
Table 30: Results of the cycle for Tcond = 90.0 C and Tmax = 350.0 C
[ Qun Qs Qo W, Wesp | thwans Vi Vs HT‘:' :‘{_:' Powep | Poosd | Teyels
(%) (kW) kW) (kW) (kW) | (kW) (kg/n) [m ',"kg] (1 ',v‘s:l (%) (%) (bat) | (bar) (%)
0o 60.0 0 -43.5 0ns 1211 0077 0.380 0,029 13.1 [ 45.0 14 19.3
Benzene 800 600 194 ~44.8 ny 16.0 0.103 0.380 1.039 7.3 854 15.0 1.4 255
0.0 H0.0 0.0 A%.6 04 1.8 0078 0.527 004 12,7 59.8 37.0 0.6 19.0
Toluene 500600 | 200 | 467 | 0.6 159 | 0105 0827 0087 | 17.2 877 370 | 06 | 250
Water 00 0 oo -49.5 0.1 106 0022 2361 0051 7006 1.0 145 0.7 I7.6




Results for Tcond =90 °C and Tmax = 400 °C

s |J/kgK]
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Figure 31: ORC with Tcond =90 C and Tmax =400 C

Table 31: Results of the cycle for Tcond = 90.0 C and Tmax = 400.0 C

tog | Quor | Qreg | Qeuts | Wi | Weap | 1hwen va Vs %ﬁ— %’I— Posy ' | Prewl: | Theyste
(%) | (kW) | (kW) | (kW) | (kW) | (kW) | (kg/s) | (m?/kg) | (m?/%) | (5%) (%) (har) | (bac) | (%)
[ Water | 00 | 60.0 0.0 7.9 0.1 122 | 0021 1.901 0.M0 | 65.1 oo | 225 0.7 20.3

Results for Tcond = 100 °C and Tmax = 150 °C

s {)/kgK]
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Figure 32: ORC with Tcond = 100 C and Tmax = 150 C

Table 32: Results of the cycle for Tcond = 100.0 C and Tmax = 150.0 C

€reg (019N (s 00 Qv w, Wen | s va Vi ha e Pewe | Pooud | T
90 | kW) | (kW) L W) | (kW) | (kW) | (kg/s) | (o fke) | G s) [ (%) (%) (bar) | (bar) | (%)
00 | 600 | 00 | -589 | 01 | 62 | 0137 | 0211 | 0420 | 766 | 939 5.8 1% | 102
Bougene SO | 600 1.8 53,7 0.1 [ 0.141 (211 0030 | 789 94,1 5.8 1.8 10.5
0.0 () 0.0 56,3 1.1 19 0.200 0.027 0005 | 353 940 350 153 6.3
Butane O] 0.0 1.7 56,2 1.1 50 0211 027 0.006 36.4 965 35.0 15.3 6.5

0.0 0 0.0 -04.4 0.2 5T 0.146 0.100 0.015 71.0 932 11.3 42 0.1

Cyele pentane  [“SFa= 1600 |~ 30 | -54.2 | 02 60 | 0154 | 0000 | 0.016 | 746 | 984 ns | 42 06

(0 60.0 0.0 =50.5 0.1 4.7 0147 0.245 0.003 674 83.5 3.8 1.1 7.6

Heptane 800 | 600 | 82 | 549 | 01 | 53 | 0167 | 0.205 | 0040 | 766 | 960 | 48 ] 8.7
00 | 600 | 00 | 360 | 08 | 37 | 0206 | 0.2z | 0004 | 254 | 764 | 350 | 198 | 47

Lsobatane w00 | 600 | 119 | 563 | 11 15 | 0246 | 0022 | 0005 | 303 | 923 | 350 | 199 | 56
00 | 600 | 00 | 568 1 01 | a3 | 0221 | 0197 | o3 | 601 | 765 50 10 | 71

MM 800 | 600 | 126 | 549 | 01 | 53 | 0267 | 0107 | 0063 | 727 | 911 36 10 | &6
00 | 600 | 00 | 558 | 056 | 48 | 0420 | 0023 | 0010 | 508 | s09 | 176 | 63 | 7.1

SES3t 800 | 600 | 94 | 561 | 06 | 55 | 0486 | 0023 | 0012 | 509 | 948 | 176 | 63 52
00 | 600 | 00 | 562 | 01 a0 | 0138 | .46 | 0061 | 765 | 018 28 | 08 | 84

Toluene S0.0 | 60 | 48 | 549 | 01 52 | 0.147 | 0436 | 0.065 | 81.3 | o081 28 08 50
Water 00 | 600 | &0 | 557 | 01 | 24 | 0026 | 1477 | 0088 | 930 | 1000 | 25 10 | 38




Results for Tcond = 100 °C and Tmax = 200 °C
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Figure 33: ORC with Tcond = 100 C and Tmax = 200 C
Table 33: Results of the cycle for Tcond = 100.0 C and Tmax = 200.0 C
Con | Qnt | Qua | Quin | Wi | Wiap | inus va Vs A
(%) | (W) | (kW) | (kW) | (kW) | (kW) | (keds) | (m®/kg) | (mPss) | (%) (%) (bar) | (bar) | (%)
0.0 | 600 | 0o | -ato | 0.2 9.3 | 0120 | 0219 | 0026 | 568 | 893 | 144 | 18 | 151
Henzene s0.0 (EU] 40 0.3 0 100 0129 021 (L12s [N 974 4.4 1.8 16.
D0 | 600 | 00 | 562 | 0.7 16 | 0.130 | 0036 | 0005 | 223 | 596 | 350 | 153 | 65
Butane S00 | 600 | 0o | 62 | 07 16 | 030 | 0036 | 0005 | 223 | 546 | 350 | 153 | 6.5
00 | Gho | 00 | -ats | 04 K7 | 0130 | 0105 | 001% | 439 | sa0 | 266 | 42 | 137
Cycle peatane 500" [ 60.0 | 5.7 | 510 | 0.6 D6 | 0042 | 0106 | 0015 | 481 | 966 | 266 | 42 | 150
00 | 6o | 00 | 683 | 0.2 T4 | 0120 | 0318 | 0.03% | 438 | 710 9.8 11 14
Heptane s0.0 o0 15.3 -61.5 0.4 K9 0,150 0318 0048 o1 912.0 0.8 11 144
0.0 | tho | Do | Bra | 06 38 | 008 | 0028 | 0.004 | 168 | 04 | 360 | 90 | 46
lsobutane 00 | oo 0.0 571 0.4 3.3 0.1 0028 0.004 168 L] 36.0 19,0 4.6
0o o0 0.0 -5d.2 0na il 0,173 0.216 7 35l 1.6 4 L0 95
MM 800 | oh0 | 227 | 620 | 0.4 K4 | 0238 | 0216 | 0061 | 4854 | 836 X} 0 | 135
D0 | 600 | Do | 521 | 0.1 K1 | 01189 | 0476 | 0057 | 6756 | 8371 75 0F | 132
Toluene 800 | 600 | 7.6 | 511 | 01 9.1 | 0.131 | 0.478 | 000t | Bi& | 96.1 T2 08 | 149
Water 00 | 600 | 00 | -ama | O 15 | 0.025 1620 | 0.040 74 | 1000 | 4.1 10 7.

Results for Tcond = 100 °C and Tmax = 250 °C
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Figure 34: ORC with Tcond = 100 C and Tmax = 250 C
Table 34: Results of the cycle for Tcond = 100.0 C and Tmax = 250.0 C
Creg Qun Qeca Qcatt W, ﬂ'»-u hwuck v Vs E,tf‘ E,:l:“ Peeap | Posst | Reyom
%) | oWy | W) | W) | (kW) | (kW) | (ke/e) | G ike) | o(m®/s) | (%) (%) | (bar) | (bar) | (%)
00 [ 600 | 00 [ 463 [ 05 [ 101 [ 010 [ 0280 | 0026 [ 373 | 838 [ 200 | 18 | 176
Benzeno 00 600 0.9 -48.3 0.5 1234 0122 0.230 0028 4140 958 299 1.8 0.7
00 | 600 | 00 | -ald | 06 02 | 0105 | 0121 D0I3 | 259 | 708 | 450 | 4.2 | 143
Cyele pentane G560 0 MG | 483 1.8 114 0131 0.121 0016 | 322 018 30 4.2 7.7
0.0 | 600 | 00 | -522 | 04 B4 | 0104 | 0339 | 0085 | 212 | 631 | 215 | L1 | 132
Heptune 00 | 600 | 202 | 405 0.6 112 | 0140 0.339 0.M7 | 284 880 21.5 1.1 17.7
0.0 | 600 | 00 | -538 | 0.4 6.7 | 0136 | 0239 | 0033 | 186 | 489 | 150 | 10 | 105
MM B00 | 600 | 342 | 502 | 05 | 104 | 0213 | 0230 | D4l | 292 | %22 | 150 | 10 | 165
) 00 | 600 | 00 | 503 | 03 | 1060 | 0006 | 0505 | 0.068 | 408 | 767 | 167 | 08 | 16.3
Taluene S0 | 600 | 100 | 485 | 04 | 114 | 0124 | 0505 | 0.068 | 48.2 | 939 167 | 08 | 193
Water 00 | 600 | 00 | -5at | 01 66 | 0021 1506 | 0066 | 519 | 1000 | 6o (]




Results for Tcond = 100 °C and Tmax = 300 °C
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Figure 35: ORC with Tcond = 100 C and Tmax = 300 C
Table 35: Results of the cycle for Tcond = 100.0 C and Tmax = 300.0 C
Trmg Quat | Qo | Quota Wa | Wep:| e v Vi 5;‘:} E.-‘;:— Bmp | Peomd | Heyile
(%) (kW) | (kW) (RW) | (kW) | (kW) | (kg/s) | (m® /kg) | (mn®/s) (%) (%) (bar) | (bar) (%)
0.0 .0 0.0 ~48.7 0.7 121 (.08 11.252 0024 16.3 749 45.0 1.8 1.0

Beuzene 0.0 B0 11.2 46,6 X3 14.3 0114 11.252 10,020 19.4 03.0 15.0 1.5 22.6

0.0 LAY 0.0 -52.2 A4 L) 0,082 1).385 0.051 108 494 25,0 1.1 15.1

Heptane 0.0 60.0 32.1 -4%8.1 06 127 0125 1).385 0.048 16.6 824 25.0 1t 2001
0.0 6o 0.0 -5.2 03 6.1 0107 (126K 0020 14.7 382 150 1.0 9.7

MM 0.0 | 600 | 0.0 | 542 | 03 | 61 | 0107 | 0.268 | 0.020 | 147 | 382 | 150 | 10 | 97
o [HIXG 0.0 -49.2 05 1.3 [IXStry 0527 0061 218 726 327 0N 18.0

Toluene  [T8p0 [ 60,0 | 129 | 469 | 0.6 | 137 | 0.118 | 0.627 | 0.062 | 266 | 925 | 327 | 08 | 219
Water 00 | 600 | 0.0 | 515 | 01 a5 | 0.023 1481 0,034 | 764 | 1000 | 105 | 10 | 142

Results for Tcond = 100 °C and Tmax = 350 °C
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Figure 36: ORC with Tcond = 100 C and Tmax = 350 C
Table 36: Results of the cycle for Tcond = 100.0 C and Tmax = 350.0 C
€ Qs Qees | Qo W | Waxp | thwian va Vy -‘{:f ';—-'::- Prenp | Pivad | Teyers
(%) | W) | (kW) | (kW) | (kW) | (kW) | (keds) | (m? k) | (s} | (%) (%) (bar) | (bar) | (%)
00 | 600 | 00 | 488 | 046 | IL8 | 0.080 | 0.29¢ | 0023 | 135 | 6L.7 | 450 | 1.8 | I88
Benzene [TRGTT 600 | 195 | <461 0.7 157 | 0105 0.294 0081 178 884 50 I8 | 200
00 | 600 | 00 | 492 | &5 | 113 | 0080 | 0.600 | 0048 | 13.1 0.6 | 370 | 0% | 180
Toluene TS0 | Go0 | 21.3 | -45.4 0.6 15.3 | 0.108 0.600 0,065 17.7 87.5 370 | 08 | 244
Water an G0 00 -10.8 LN} 10.3 0022 1 670 0037 0.5 100.0 174 10 17.0




Results for Tcond = 100 °C and Tmax = 400 °C
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Figure 37: ORC with Tcond = 100 C and Tmax =400 C
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Table 37: Results of the cycle for Tcond = 100.0 C and Tmax = 400.0 C

000 BO0G 3000

T

UEW]

€rey [N Quue Qo W, Wop | muca va Vs Y v Pevap | Peund | Meyete
%) (kW) | (kW) (kW) (kW) | (kW) | tkg/s) | (m*/kg) | (m?/s) (%) (%) (bar) | (bar) (‘%)
[ Water | 00 | 600 0.0 -48.2 0.1 e | oo2t 1.473 0.031 6e5 | 1000 | 282 1.0 19.7
Results for Tcond = 150 °C and Tmax = 200 °C
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Figure 38: ORC with Tcond = 150 C and Tmax = 200 C
Table 38: Results of the cycle for Tcond = 150.0 C and Tmax = 200.0 C
LI Qi Qg Q...u “'.. “'..., L[ (TN va Vs ""‘;‘j {;‘_‘;t‘ Pevep | LR Myete
(%) | kW) | (RWY | (kW) | (kW) | (kW) | (kg/s) | (m?fkg) | (m?/s) | (%) (%) (bar) | (bar) | (%)
0.0 600 0.1 -55.3 0.2 1.8 013 0072 0011 1.5 9120 144 he Ty
Benzene KO0 60,0 3.7 -55.1 02 6.1 0161 0,072 0012 T8 .1 144 n8 8.2
v 0.0 | 60.0 0.0 5549 | 0.5 I8 | 0175 0.036 0.006 | 594 012 260 | 118 | 7.1
Cyele pentane CED) 6.0 37 55.7 0.6 (] 0150 0,030 0.007 620 "2 26.40 ] T
0.0 | 600 00 | 563 | 02 9 | 0.163 0087 0014 | hos LN ) R 7T
Heptone 800 6.0 97 5.5 0.3 [0 (189 0.087 0.016 694 5.4 us i 9
0.0 | 600 00 | 557 | 03 an | 0.251 0,055 G014 | 610 3T 0 i 70
MM 500 | 600 | 144 | b7 | 04 56 | 0311 0060 | 0017 | 632 | 930 0 6 3.7
: 0.0 | 600 0.4 545 | 01 5.0 | 0.149 0.130 0.019 | 720 | 909 7.5 2K 9.1
Taluene S0.0 | 60.0 12 | 541 | 01 6.0 | 0159 D130 | 002t | 771 98.0 7.5 28 98
Witter 00 | 600 0.0 570 | 0l 24 | 0027 1,351 0010 | 925 | 100.0 BT K 10




Results for Tcond = 150 °C and Tmax = 250 °C

(a) Th diagrams
Figure 39: ORC with Tcond = 150 C and Tmax = 250 C
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Table 39: Results of the cycle for Tcond = 150.0 C and Tmax = 250.0 C

foeg Qha Qg Qe W, LN va Va ]“J; f_f Poonp | Possa | Mopute
(%) | (kW | kW) | kW)Y | (kW) | (KW | (ke/e) | (e ke) | (7 /s) | (%) (%) (bar) | (bar) | (%)
00 | 600 | on | 532 | 06 T2 | 0135 0076 00t | ans B0 29.0 5.8 1.1
Benzene =00 0.0 [0 -H2.5 0.6 L] 0.150 0076 [T N .2 X0 ) 124
00 | 600 | 00 | 553 | 06 55 | 0.133 0.042 0.006 | 32.8 69 | 450 | 118 8.1
Cycle pentane TS50 H00 | 16,2 | 5dh | 08 70 | 0169 a2 0.007 | 4L6 ol B0 | 1Ls | 103
00 | 000 | On | 538 | 05 6.7 | 0.136 0.004 D013 | 276 (B0 5 3R 10.2
Heptane s0.0 1.4y 16.5 -52.1 0.7 () a.173 .00 0016 35.2 [T 215 3K 13.0
00 | 600 | an 351 | 04 5.3 | 0180 0064 D01l | 247 53.5 15.0 16 5.1
MM R0 | 600 | 806 | 625 | 06 R0 | 0.272 0064 0017 | 378 8T 15.0 16 123
00 | 600 | on | 520 | 08 K1 0127 0140 D018 | 485 Bl 167 28 131
Toluene s0.0 60.0 ER ) -50.8 0.3 03 0146 .10 0,020 56.7 056 167 2K 150
Water 0.0 LR 00 555 0t 4.6 0026 0,383 0.0 8h.2 100.0 15.0 48 76
Results for Tcond = 150 °C and Tmax = 300 °C
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Figure 40: ORC with Tcond = 150 C and Tmax = 300 C
Table 40: Results of the cycle for Tcond = 150.0 C and Tmax = 300.0 C
ong Qi (‘Jnh. Q. il W » Wap | e va Vy "\L‘j L'.:‘:‘L Povep | Posnid | Moyt
(%) (kW) | (kW) (kW) (kW) | (kW) | (kefs) | (m Ykg) | (m?/s) (%) (%) (har) | (bar) (%)
0.0 600 0.0 52.1 0.8 55 0.115 0.053 0010 | 195 743 450 | 58 12.9
Benzene 0.0 60,0 12.6 ~50.5 0.9 10.3 0.1349 0,083 0.012 23.6 2. 45.0 ] 15.6
0.0 (0.0 0.0 539 | 05 6.5 0.100 0,109 0011 1.2 50.9 250 | 48 0.1
Heptane 7850 [ 600 | 822 | 506 | 05 | 100 | 0153 | 0.109 0017 | 203 | %33 | 260 | 38 | 166
o 0.0 0.0 -55.7 0.4 1.6 0,133 0074 0oL | 182 380 150 | 36 71
MM S0.0 | 600 | 00 | -55.7 | 0.3 16 | 0133 | 0.07% | 0010 | 182 | 389 150 | 3.6 71
0.0 60,0 0.0 507 0.6 0.7 0,116 0,144 0017 | 260 76.3 327 28 16.2
Toluene T80 "G00 | 11.2 | 490 | 0.7 T RS 0,144 0020 | 309 98 327 28 15.0
Water 0.0 G0.0 0.0 534 0.1 6.7 0,025 0,384 0010 | 780 | 1000 | 210 | 48 1.0




Results for Tcond = 150 °C and Tmax = 350 °C
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Figure 41: ORC with Tcond = 150 C and Tmax = 350 C
Table 41: Results of the cycle for Tcond = 150.0 C and Tmax = 350.0 C
Gie- | Qi || Qoo | Qoata | ‘Wa, | Wean, | henen Vs Vi T | T Py | Poowd [ fleyen
(%) (kW) | (kW) (kW) (kW) | (kW) (kg/s) | (m”/kg) | (m”/s) (%) (%) (bar) | (bar) (%)
0.0 60.0 0.0 -52.3 0.6 8.2 02 0.096 0009 15.56 59.1 15.0 a.8 12.7
Benzene s00 | 60.0 235 | -40.3 0.4 114 0.1238 0.(1M5 0012 216 87.3 45.0 58 177
: on G0 0.0 -50.9 0.5 ah 0002 0. 166 0.015 151 604 370 2K 150
Toluene |07 [ "G00 | 21,7 | -47.6 | 0.7 | 180 | 0.126 | 0.166 | 0,021 | 20.6 | 88.0 | 87.0 | 2.8 | 2045
Water 0 (IR 0.0 AL 01 80 0.024 (). 388 G000 70.6 1000 7a 48 14.1
Results for Tcond = 150 °C and Tmax = 400 °C
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Figure 42: ORC with Tcond = 150 C and Tmax =400 C
Table 42: Results of the cycle for Tcond = 150.0 C and Tmax = 400.0 C
toog | Qhot | Quy Qenta Wy, Wisp | thwack Vi Va LAL‘_L '—',;’-_—-:- Povup | Peund | Texete
(%) | (kW) | (W) | (kW) | (kW) | (kW) | (kg/s) | (m?/kg) | (m¥/8) | (%) (56) (har) | (bar) | (%)
Water oo non 0.0 -50.0 0.2 2 0024 0.377 0.008 u2.4 100.0 580 1.5 14.8




